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PREFACE 

Manufacturing a product is not difficult, the 

difficulty consists in manufacturing a product of 

high quality, at low cost and rapidly. 

Profound changes will occur in manufacturing in the near future. The competitive 

environment for manufacturing will be significantly different in the next twenty or thirty 

years. Major changes will occur in a number of different areas such as education, customers, 

economics-global and national, agreements and relationships among nations, the workforce 

and social conditions. 

The International Conference on Advanced Manufacturing Systems and Technology 

- AMST is held every third year. The First International Conference on Advanced 

Manufacturing Systemsand Technology AMST' 87 was held in Opatija ( Croatia) in October 

1987. The Second International Conference on Advanced Manufacturing Systems and 

Technology AMST'90 was held in Trento (Italy) in June 1990, the Third International 

Conference on Advanced Manufacturing Systemsand Technology AMST'93 was held in 

Udine (Italy) in April 1993 and the Fourth International Conference on Advanced 

Manufacturing Systemsand Technology AMST'96 was held in Udine in September 1996. 

The Fifth International Conference on Advanced Manufacturing Systems and 

Technology - AMST'99 aims at presenting up-to-date information on the latest 

developments- research results and industrial experience- in the field of machining of 

conventional and advanced materials, high speed machining, forming, modeling, 

nonconventional machining processes, new tool materials and tool systems, rapid 

prototyping, life cycle of products and quality assurance, thus providing an international 

forum for a beneficial exchange of ideas and furthering a favorable cooperation between 

research and industry. 

Elso Kuljanic 



FOREWORD 

The dilemma between detailed scientific work and system approach should be 
overcome. 

The aim of Taylorism, now 100 years old, was to increase productivity, reduce 
process time and reduce time for leaming by job division and job simplification. 
200 years ago Beckmann, a scientist in Gottirrgen Germany, differentiated between 
fine arts and useful arts and described the different crafts in useful arts, calling this 
description 'technology'. The world was split into a cultural and technical world. 
In this last years a specialist has been created who is able to go deeper and deeper in 
understanding and creating new insight and knowledge in his limited world. 

To have competition and to pressure the communication comparisons have mainly 
taken place among one kind of specialists in this area of activity and interest. By this 
procedure, which is also necessary in the future, we are able to achieve more and 
more knowledge and new solutions in special areas. There are scientific 
communities, faculties who do not communicate among each other to a remarkable 
extent. Our organization in enterprises, in govemmental administration, at universities 
and colleges is referring to this perception. Furthermore, our education and training is 
also referring to this perception. We are creating competing individuals and specialists 
speechless to their outside world. 

In manufacturing, for example, we were concentrating on technology, machines, 
tooling, processes and materials achieving by this an increasing productivity, cost 
cutting, quality increase, high income and buying power. 

In the 80's disadvantages came up, when besides cost, price and quality and to some 
extend flexibility, speed in customer need's response and ability to learn and adapt 
were required. The world became global and turbulent. 

The specialists were concentrated in departments and many interfaces along the 
value-added chain were too time and information consuming. Bach interface is a loss 
in time, information, knowledge and know-how. We have explicit and implicit 
knowledge; the last one can only be raised in direct cooperation and teamwork. 

This acknowledgment changed the perception how to manage, structure and organize. 
The specialist able to communicate with other disciplines is required. 1t will influence 
the education at universities and colleges. A professional engineer e.g. should be 
educated 60% in his specific profession, at least 20% in neighboring discipline and 
20% in cultural and ethic questions. 



Because of an increasing knowledge in the world, the individual person is losing the 
understanding of the world; therefore, confidence in the specialists is needed. The 
former requirements in manufacturing remain valid but speed, innovation, saving of 
resources and protections of the environment are added. 

Management must understand to guide and structure that creativeness and innovation 
can break through. 

An individual and each enterprise must focus on becoming a leading specialist in its 
field and simultaneously must be able to cooperate with other specialists to form 
groups for system approach. This must be managed efficiently and effectively in 
networking and project management. 

A manufacturing enterprise will only survive in improving the main factors humane 
resources, machines, tools, materials, processes, organization, methods, control 
simultaneously. 

A vision (target) and at least one competence (know-how) in a specific field are 
needed with continuous improvement. For this knowledge management is an ability 
that is more and more required. 

Hans-Jurgen Warnecke 
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20TH CENTDRY EVOLUTION OF BASIC MACHINING TECHNOLOGY 

AN INTERPRETIVE REVIEW 

M.E. Merchant 

Institute of Advanced Mannfactoring Cincinnati, OH, USA 
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ABSTRACT: Although the machining process came into use in industry at the very beginning of 
the Industrial Revolution in the late 1700's, no technology capable of describing the physics or 
mechanics ofthat process came into being until over 200 years later. Yet such technology is 
essential to establishment of an engineering basis for determining proper machining parameters 
for obtaining predictable, high productivity in applying the machining process in practice. 
Finally, during the 201h century, such technology did begin to evolve. In that period, it has gone 
through three main stages, namely, development of empirical technology, of science-based 
(predictive) technology and of computer-based technology. Empirical technology can be said to 
have had its beginning as an organized process in the late 1890s to early 1900s. Science-based 
technology began to emerge in the 1940s and computer-based technology in the 1970s. Each of 
these three stages was ushered in by a key event. The first originated with F. W. Taylor's 
pioneering engineering research and development of empirical methodology (and empirical 
equations) for estimating reasonably economic machining conditions. The second stage was 
initiated largely by Merchant's physics-based modeling and analysis of the basic force system 
acting between cutting tool, chip and workpiece in a machining process. The third (and major) 
stage was the "watershed" event of the advent of digital computer technology and its application 
to manufacturing in general. That enabled computer-based engineering of the machining process 
and its integration with all of the databases of the full system of manufacturing 
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1. INTRODUCTION 

This paper presents abrief overview, of an interpretive nature, of American contributions 
to the evolution of the basic technology of machining during the 20th century. Such 
technology is of very considerable importance to the world's manufacturing industry, 
since machining is by far the most widely used machine-performed process in the 
manufacture of mechanical products in industrialized countdes today. Its economic 
impact is tremendous. This is due to the fact that today, in those countries, the cost of 
machining now amounts to more than 15 percent of the total value of all products 
produced by their entire manufacturing industry, whether or not these products are 
mechanical. 

Industrial performance of the process of the machining of metals came into being with the 
application of that process during the advent of the Iudustrial Revolution in the late 
1700's. In fact, the prime catalyst of the advent of that Revolution was the development, 
by Wilkinson, in Britain in 1775, of the capability to bare a large cylinder to an accuracy 
equal to the thickness of a worn shilling. That made it possible for James Watt to actually 
produce the steam engine that he bad earlier invented. 

Initially, of course, machining was an art. No technologies existed that were capable of 
describing even the rudiments of the physics or mechanics of the machining process. 
Furthermore, and more importantly at that time, no technologies existed that could 
provide an engineering basis for determining proper machining parameters (such as 
cutting speed, feed rate and cutting tool characteristics) for obtaining predictable and high 
productivity in applying the machining process in practice. The only methods present for 
the selection of such parameters were the non-technological "trial-and-error-based" ones 
developed by each individual machinist 

As could be expected, this Situation resulted in the average productivity of machining 
operations being quite low in practice. Fortunately, this fact was of no serious economic 
consequence at first. However, one would have expected that, by the middle of the 191h 

century, as machine tools began to be manufactured in significant numbers and 
machining began to become one of industry's major manufacturing processes, significant 
efforts would have been instituted to develop technology capable of engineering of 
efficient machining. Surprisingly enough, however, this did not really begin to evolve for 
almost another 40 years. 
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2. EVOLUTION OF MACHJNJNG TECHNOLOGY 

In the 201h century, basic technology for engineering of the machining process finally did 
begin to evolve, going through three main stages in that period. These were: 

I. Development of empirical technology, beginning in (or just prior to) the early 
1900s. 

2. Development of science-based (predictive) technology, beginning in the 1940s. 
3. Development of computer-based technology, beginning the 1970s. 

Each of these stages was triggered by a key event and, interestingly enough, all three of 
these stages today co-exist and synergize each other. W e will describe and interpret the 
main character of each of these three stages and discuss the key event that ushered in 
each. 

3. EMPIRICAL TECHNOLOGY 

The main characteristic of the machining technology driving this early stage is that it was 
limited to use of experimental data as its ba~is. That meant, of course, that the technology 
was not, by its very nature, truly predictive. Thus it was limited to situations where the 
ranges of the parameters of the operation to be dealt with closely mirnicked those 
prevailing during the experiments from which the original data was derived. 
The pioneering figure who stepped forward to institute successful basic technology for 
engineering of the machining process was F. W. Taylor. In 1880, he launched and then 
carried out a massive, wholly factory-based researchprogram at a company known as the 
Midvale Steel Works -- a program that Iasted 26 years. The primary aim of his research, 
as stated by him, was to establish technology that could answer three main questions 
asked by machinists, namely: 

1. What cutting speed shall I use? 
2. What feed shall I use? 
3. What cutting tool shall I use? 

That research produced (in addition to much empirical understanding of machining 
operations) a whole series of empirical equations suitable for use by machinists in the 
form of slide rules. 

3 
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4. SCIENCE-BASED TECHNOLOGY 

The basic characteristic of science-based technology for the engineering of machining is 
that it draws on the established natural sciences, and particularly the science of physics, to 
provide reliable predictive tools for such. Such tools can then be used to carry out reliable 
engineering calculations of the expected behavior or characteristics of a machining 
process , independent of empirical information. 
Development of capability for science-based machining technology was quite dependent 
on the knowledge and understanding of the nature of the machining process developed by 
the research on empirical machining technology. A good example of such was the 

research done by the Ernst-Merchant team at Cincinnati Milling Machine Company (now 
named Milacron) in the period from 1936 to 1957, which culminated in the creation by 

Merchant of the initial science-based model of the machining process. 
Hans Ernst was the company's Director of Research at that time. He was an inquisitive 
and imaginative inventor and researcher. Among other things, he was particularly curious 

about the mechanism by which a cutting tool removes metal from a workpiece; i.e. the 

process of chip formation. To investigate this, he had previously carried out such 
activities as studying the action of chip formation through the microscope during cutting 
and taking high-speed motion pictures of such. He also made photomicrographs of 
sections through chips still attached to workpieces (obtained by suddenly stopping a cut 
while in process) such as that shown in Fig. 1. He published the findings of his research 
in a variety of technical papers, of which his dassie paper titled "Physics of Metal Cutting 

" [2] is typical. As a result of this type of empirical research, he arrived at the concept of 
the "shear plane" in chip formation, i.e. the very narrow plastic zone ("plane") between 
the body of the workpiece and the body of the chip that is being removed by the cutting 
tool. 

Fig. 1. Photomicrograph of chip formation in machining (Ernst, 1936) 
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Merchant joined Ernst's staff (as a graduate student in a unique post-graduate cooperative 
education program at the University of Cincinnati) in 1936, having just graduated from 
the University of Vermont in Mechanical Engineering .. Ernst asked him to undertake 
research on the mechanism of chip formation and, in particular, on the mechanism of the 
sliding friction between the chip and the cutting tool in chip formation. 
As Merchant's friction research progressed (resulting, incidentally, in his theory of the 
nature of friction between chemically clean meta! surfaces that is still in use today), he 
studied, considered and discussed with Ernst the latter's thoughts about chip formation 
and the empirical "shear plane" model. This led Merchant to reason that the chip could 
weil be considered to be a body in stable mechanical equilibrium between the shear plane 
and the tool face. He therefore tried applying the science of the mechanics of solid bodies 
to such a concept. This resulted in the model of the equilibrium force system acting in the 
chip-tool-workpiece system shown in Figure 2. Combining ("condensing") the two equal 
and opposing sets of forces into one (based on the equality of the two opposing resultant 
forces)resulted in the diagram shown in Figure 3. That made it possible to derive the 
mathematical relationships governing such, as set forth in Merchant's paper "Basic 
Mechanics of the Meta! Cutting Process" [3]. The outcome was thus a science-based, 
predictive model of the basic process of chip formation - the first of its kind. That made 
possible engineering calculation of such quantities as the friction force acting between 
chip and tool, the coefficient of friction there, the shear stress at the shear plane, etc 

Fig. 2. Equilibrium force system acting on chip during cutting (Merchant, 1944) [3] 

5 
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The best known and most widely used of these was the equation: 

where V= cutting speed (m/min) 
T = toollife (min) 
n = exponent whose value varies somewhat with machine and work material 

parameters 
C= empirical constant whose value depends on the specific machine and work 

material parameters of the particular operation 

(1) 

This relationship is still widely used today, even though no scientific basis for it appears 
to have yet been established. 

Taylor kept the results of bis research secret for 26 years, handling them as proprietary 
technology that he licensed to client or sponsoring manufacturing companies. Then, in 
1906, he published the results of his research in his mammoth paper entitled "On the Art 
of Cutting Metals." This he presented, in his roJe as president of the American Society of 
Mechanical Engineers (ASME), in the form of the President's Annual Address at that 
Society's 27th Annual Meeting in New York, on December 4, 1906. It was printed in full 
in the Transactions of the Society [1]. It comprises 248 printed pages, 24 huge foldouts 
containing tables and curves, and 64 pages of discussion, ending with the author's closure. 
Some 1,300 persans attended that meeting, requiring the use of the New York Edison 
Company's auditorium to accommodate the crowd of attendees. Thus the results of his 
massive research program finally became generally available to the entire manufacturing 
industry. In the meantime, their application at Midvale, and at his licensed clients and 
sponsors, had resulted in an increase, on average, of 200-300 percent in the productivity 
of their machine tools and of 25-100 percent in the pay of their machinists! 
As a result of the publication of Taylor's work, a strong effort to continue the 
development of a broad base of empirical technology for the engineering of the 
machining process emerged, and then continued unabated through the 1940s. During all 
of the period from 1906 on, substantial progress was made. In cantrast with Taylor's 
work, the effort was no Ionger confined almost wholly to industry, but quickly spread to 
universities as weil. Further, and also in cantrast with Taylor's work, the effort was 
marked by increasingly close cooperation between industry and academia. A substantial 
empirical understanding developed of how to engineer efficient and economic 
applications of the meta! cutting process in practice. A sizable contingent of proficient 
researchers in this field evolved, in both acaclemia and industry, with their "rallying point" 
eventually becoming the ASME Research Committee on the Cutting of Metals, organized 
in I 923. This contingent of researchers coulcl be said to have been the "hard core" of the 
contributors to the development of this empirical understanding. Then, beginning in the 
1940's, a new type of basic machining technology began to evolve, namely science-based 
technology. 
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Fig. 3. Condensed form of tool~chip~workpiece force system showing geometrical 
relationships between force components (Merchant,1944) [3] 

Publication of this initial, basic model suddenly made it clear to those engaged in 
manufacturing research that a new approach to engineering of the machining process was 
actually possible, namely that of science-based, predictive, modeling. That discovery thus 
opened the door to a new era in metal cutting research, that which Komanduri [4] has 
characturized as "the golden age of meta} cutting and grinding research", Iasting from 
about 1940 to 1960. As a result, a worldwide effort to develop a substantial scientific 
basis for the engineering of the machining process gradually emerged, and then continued 
unabated through that whole period. In particular though, it was the academic community 
that responded, with research on science-based machining technology blossorning 
handsomely among manufacturing-oriented university researchers and faculty. During 
the period, substantial progress in developing that science base was made. 

7 
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5. COMPUTER-BASED TECHNOLOGY 

Then, in the 1950s, a watershed event occurred that, in due time, added a still another 
dimension to the field of basic technology for the engineering of machining operations. 
This was the advent of digital computer technology. This technology gave the first strong 
hint of its potential to bring about radical change in the field of machining, by its 
application to digital control of machine tools in the l960s. Soon thereafter, it 
demonstrated powerful capability for engineering the machining process. One of the most 
important strengths of this new technology, as applied to machining, was its capability to 
combine both empirical and science-based technology in the engineering of machining 
Operations. In particular, it proved able to simulate the actual ongoing performance of 
such operations; i.e. it could create "dynamic" models of such. However, of even broader 
significance was the fact that it provided powerful capability to integrale these dynamic 
models of machining performance with the performance of all of the other components of 
the overall system of manufacturing, as first envisioned by Merchant [5] (Fig.4). 

DES16N 
CONCEPTS AND 
REQUIREME'NTS 
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~ 
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PARTS 

Fig. 4. Initial concept of the computer integrated machining system ( 1961) [ 4] 

Accomplishment of such integration in industry (which was weil along by the early 
1970s) enabled the process of performing simulation of machining operations to have full 
online access to all of the total database of the full system of manufacturing. Such 
capability greatly enhanced both the accuracy and the speed of computer-based 
engineering of machining Operations. Currently however, the status of computer-based 
machining simulators is still somewhat rudimentary, generally utilizing a combination of 
empirical and science-based technology, in the form of empirical data in combination 
with finite element analysis (FEA). Nevertheless, this does at least enable them to handle 
fairly complex tool and work material properties, toollchip interactions and non-linear 
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geometric boundaries, such as the surface of the chip. lt is evident, though, that much 
more research must be done before the full potential of computer-based engineering of 
the machining process can be realized. 
Finally, it is worthy of note that one further and very important result of the integration of 
machining process technology with the database of the full system of manufacturing was 
its enablement of the development of fully automated, integrated systems of machine 
tools, (which soon came tobe known as "flexible manufacturing systems"). This advance, 
in itself, has already enabled the machining process and its technology to become much 
more productive than was ever possible in the past. 

6. TODAY 

Today, the synergistic combination of the three types of basic machining technology is 
resulting in the rapid development of engineering capability that considerably outstrips 
that which any one of the three types would be capable of on its own. This is fortunate 
however, since the rapid development of advanced manufacturing technology, based on 
digital computer technology, is presenting many new challenges to the practice of 
machining. These challenges take many forms. Just one example of such is the challenge 
posed by the fact that, in today's proliferating computer integrated manufacturing 
enterprises, machine tools are becoming required to run ever more autonomously. Thus, 
they must become able to autonomously avoid or even correct processing errors or 
failures while machining is underway. Basic to advancement of such capability is 
significant increase in the accuracy and realism of machining process engineering. 
Accomplishment of this will require both increased utilization of the fundamental 
knowledge, empirical or science-based, created by past research on the basic technology 
of machining and the creation of new fundamental knowledge of such through continued 
research on the subject. 
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ABSTRACT: This paper discusses the present and the future of machining with a visionary 
approach in manufacturing challenges. The competitive environment for manufacturing will be 
significantly different in the near future. Some research trends and developments in tool and tool 
monitoring, machinability of conventional and new materials, machining for near-net-shape 
parts, new approach in machining titanium based alloys, high speed machining - high speed 
hobhing and high speed broaching, nonconventional processes, microfabrication and submicron 
manufacturing - nanofabrication are presented. 

1. INTRODUCTION 

Which new machining and jabrication 
processes will be used depend on 
man's imagination. 

The author 

Nowadays the most advanced and the most expensive machining systems apply the 
principle of chip formation used 25000 years ago. The tools in Stone Age had a wedge 
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angle p as our modern tools do, Figure 1. Thus nothing has changed in the principle of 
chip formation. 

After milleniums it seems that we can expect revolutionary changes in this field in the 
next century. 

p 

a) b) 

Figure 1. Wedge angle of the a) stone age tool, 
and b) modern tool 

Some research approaches and developments in tool and tool monitoring, machinability 
of conventional and new materials, machining for near-net-shape parts, new approach in 
machining titanium based alloys, high speed machining, nonconventional processes and 
small-scale production and new processes are discussed. 

2. TOOL AND TOOL CONDITION MONITORING 

The tool has been so important for mankind that a period of time (the Stone Age) was 
named after the tool. The importance of the tool could be seen from the following 
max1m: 

The profit of ajactory "hangs" on the 
cutting edge. 

G. Schlesinger 

The effect of tool material on cutting speed is given in Figure 2. It can be seen that the 
increase of the cutting speed has been approximately thousandfold in the last ninety 
years. Such an increase of the cutting speed, due to tool material, has had a significant 
effect on machining cost and product price, i.e. in the standard ofliving. 

Besides tool material the geometry and the concept of the tool affect the efficiency of the 
machining system. Chip control is very important for efficient operation of unmanned 
machining systems. Therefore, the research in chip formation, tool geometry, and 
chipbreaker are of significant importance. Chip grooves control the size and direction of 
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chips produced during cutting. The inconvenient chip form is the continuous chip, which 
could roll araund the workpiece and tool (tuming) and stop the machining. The chip 
should break away from the workpiece and cutting tool. 
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Figure 2. Effect oftaal material on cutting speed 

By applying grooves as a chip breaker the effective rake angle increases. Since the shear 
angle increases the chip thickness decreases, and that reduces the cutting force, the 
generated heat, thus the total energy required in the cut. The cutting temperature is 
reduced too and the tool life increases. 

A significant research is undertaken in the field of substrates, coatings and edge 
preparation. The cutting edge could be constructed to meet performance criteria set by a 
new workpiece material or to tackle a particular autornative or aerospace part. 

A system approach and optimization ofsome parts oftool system can be applied [1]. 

2.1. TOOL CONDITION MONITORING 

At present the need to apply tool condition monitaring is more critical than it was once 
because of the use of unmanned machining systems, where the tool monitors are key 
elements in the automation package. 

Sensorsare the front-line troops [2] in this "war" to make a product ofhigh quality at low 
cost and in a short time. There are different sensors such as Iaser, vibration, acoustic 
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emission, horsepower, torque and force sensor in order to indirectly detect disturbances 
in machining [3]. Unfortunately, after more than thirty years of research into sensor's 
field, we still do not have a reliable and simple sensor for industrial application, for direct 
on-line measurement or detection of one of the most important parameter- tool wear. 

A new sensor approach based on thin film sensor integration into the coating of a coated 
carbides insert for tuming operation is currently being developed [4]. On Figure 3 is 
shown the concept of intelligent tool. By applying this concept it is possible to measure 
the tool wear and the cutting tool temperature during cutting. The approach is based on 
the development of new thin film sensors, which are integrated into the wear protection 
coating of a cutting insert. 

wireless 

:!ußion~ 
signal 
processing 

Direct measurement of: 
- temperature 
- wear 
Knowledge about: 

EJ 

- thermal Ioad on tool and workpiece 
(workpiece behaviour) 

Possibility to: 
- monitor one-off production 
- compensate thermal expansion 
- adapt cutting conditions 

Figure 3. Concept ofintelligent tool [4] 

The dimensions of the wear zone are monitared on-line using geometrically adapted 
mash of strip conductors. The electrical resistance of these structures during the signal 
processing correlated with their location gives evidence of the wear geometry on the 
coated carbides insert. Schematics of the sensor Iayout for the intelligent tool is given on 
Figure 4, [5], wbich was developed in Fraunhofer Institute for Coating and Surface 
Technology (FhG-IST) in Braunschweig in cooperation (consortium) with Fh-IPT in 
Aachen, Fh-IZM in Berlin and with the Chair of Manufacturing Technology at the 
Labaratory of Machine Tools and Production Engineering (WZL) at the Technical 
University Aachen. 
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main cutting edge 

signal transmission measuring 
strip conductor strip resistance 

Figure 4. Schematics ofthe sensor Iayout for the 
intelligent tool [5) 
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To make such a sensor is very difficult since the conditions close to the cutting edge are 
very severe: rubbing surfaces chip-insert-workpiece at high temperature and high specific 
pressure could be more than 15000 N/mm2 To make such a sensor the solutions have to 
be found in different fields such as thin-film and surface technology, micro structuring, 
bonding technology, system and circuit design, signal transmission and processing, 
cutting technology and cutting process monitoring. 

The solution of such intelligent tool would be very practical due to the direct on-line tool 
wear and temperature measurement, and the possibility for direct on-line process 
monitaring - optimization and adaptive control. 

3. MACHINABILITY OF CONVENTIONAL AND NEW MATERIALS 

The old approach used to be to choose a high quality material, i.e. to make a product of 
high quality regardless of its cost. In our competitive age such an approach is not 
possible. 
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Since there are different materials with similar mechanical properties and different 
machinability, it is better to choose a material with greater machinability. However, there 
are not many machinability data available due to expensive and long Iabaratory testing 
procedures. Also, the reliability of the data is rather low. To increase the reliability, to 
decrease the testing cost, and to make machinability data more comparable the author, as 
a chairman of "Milling" W. G. of Scientific Technical Committee "Cutting" of CIRP 
(Colleä.ge international pour I' etude scientifique des tecniques de production mecanique) 
-Paris, proposed to standardize milling testing through CIRP and ISO. The results oftbis 
work are two ISO documents: Tool Life Testing in Milling Part 1 - 8682/1 - face 
milling, and Part 2 - 8682/2 - end milling, 1985. In order to transmit the knowledge in 
milling from the scientific world to industry the way through ISO was the right one. 

In the meantime the conditions in industry have changed rapidly in the last fifteen years 
that the methodologies given in the ISO documents are not anymore sufficient. There is a 
need to change the concept in machinability testing. 

The author proposed an Integrated Machinability Testing concept- IMT [6] which was 
presented at MIT (Massachusetts Institute ofTechnology) in 1997. The IMT concept is 
an approach in which tool life data and/or tool wear, tool wear images, cutting 
temperature, machining conditions and significant data as dimensions of the machined 
workpiece, surface roughness, chipform etc. are registered and analyzed in an intelligent 
machining system. In practical use all mentioned variables are not indispensable, for 
example, for rough operation the surface roughness, the dimension changing of machined 
workpiece and some other variables might not be important to register automatically and 
to be analyzed. Thus the needed data will be obtained from the machining process in 
industrial conditions. The reliability of the machinability data will be greater than the 
data obtained in Iabaratory conditions. The stiffness of the machining system and other 
real variables are included. The cutting conditions: cutting speed, feed and depth of cut 
will be chosen by a computer applying the design of experiments [7]. The tool wear and 
tool life will be determined by intelligent sensor systems with decision making 
capabilities as described in [ 4]. 

The information obtained from the data analysis can be used for in-process optimization 
of machining conditions and adaptive control, and for on-line machinability data bank 
with more reliable data: Such machinability data bank would be seif-regenerative and 
small factories could have a proper machinability data bank. 

4. SOME TRENDS IN MACHINING 

There are no changes without applying a force. The pushing force to change the 
machining and manufacturing is the strong competition, i.e. to make a product of high 
quality at low cost and in a short time. 
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4.1. MACHINING FOR NEAR-NET -SHAPE PARTS 

The emphasis on cost control in manufacturing has led to an increasing use of near-net­
shape forgings and castings. Notabte examples are found in auto industry. 

Near-net-shape parts offer sharply reduced material waste, machining time, energy 
consumption, i.e. ensuring a product at low cost and to make it in shorter time. The 
tendency is to use higher quality materials - more expensive materials, hence the 
reduction of material waste is very important too. 

However, machining near-net-shape parts is much more difficult than machining a part 
from a bar. The main difference between conventional machining and the machining of 
near-net-shape part is in the shape of cross-section of the chip. The ratio depth of cut a 
and feedfis different as follows: 
- a/f::::: 10 conventional tuming [8], 
- a~f « I 0 machining of near-net-shape part. 

The depth of cut is much smaller in near-net-shape machining, and feed could be greater 
in order to reduce the machining time. Due to the smaller cross-section area of the chip in 
near-net-shape, the chip bends easily but does not break easily. Also, higher cutting 
speed can be applied and the heat generated is greater. Therefore, the chip temperature is 
higher and the chip does not break. Also, the surface roughness or surface irregularities 
ofthe near-net-shape part are much greater, and the hardness ofthe workpiece surface is 
greater due to the cooling effect etc. 

All these factors make the machining near-net-shape parts more difficult. The problern 
can be solved with the selection of an adequate tool, particularly with special insert 
geometry, groove geometry and with stronger insertmaterial in order to provide the edge 
strength needed to handle higher feed rates and withstand part surface irregularities. 

4.2 NEW APPROACH IN MACHINING TIT ANIUM BASED ALLOYS 

Low machinability materials such as titanium and nicket based alloys are used for blades, 
wheels and housing components in the cold and hot sections of gas turbines and aircraft 
engines. The titanium and nicket based alloys are some of the most difficult materials to 
be machined due to physical and mechanical properties. Machining is usually done with 
high speed or carbides tools at low cutting speeds. 

According to F. Klocke et all [9] for tuming titanium based alloys an alternative is 
Polycristalline Cubic Diamond- PCD. Ceramies and Polycristalline Cubic Boran Nitride 
- PCBN for nicket based alloys. They can be used at higher cutting speeds than carbides 
owing to greater hardness and wear resistance. The reliable application in tuming these 
materials depends on the knowledge of machining conditions, cutting speed, feed and 
depth of cut and the wear and performance behavior. 
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Milling is tricky and more difficult operation than turning in general. Milling with 
diamond tools is more difficult due to interrupted cut - entrance and exit conditions of 
the tooth. The following example shows a great possibility of milling titanium blade with 
PCD cutter [I 0, 11]. 

The workpiece was a very "slim" compressor blade of a gas turbine: 191 mm long, 172 
mm wide, and the thickness of the blade was from 1,26 mm to 5,30 mm. From these 
dimensions it can be seen that the stiffness of the blade was extremely low, thus the 
stiffness of the machining system was low too. The workpiece material was TiAI6V4 
titanium alloy heat treated to 400 HB. 

The aim of the research was to determine whether it was possible to use PCD cutter for 
finishing milling ofa "slim" TiAI6V4 compressor blade. The result was unexpected. The 
toollife ofthe PCD cutterwas T= 381 min at cutting speed Vc = 108 rn/min, feed.fz = 
0, 13 5 mm, radial depth of cut a, = 5 mm with cooling. The toollife of carbide cutter was 
approximately T = 20 min for the same milling operation of this blade at much lower 
cutting speed. An explanation for such a long tool life and research results on surface 
roughness, inclination of the cutter, chip formation and the application of cooling 
lubricant is given in [ 11]. 

This example proves that PCD cutter can be used successfully for milling TiAI6V4 at very 
low stiffness ofthe machining system. Also, it is evident that some solutions in machining 
materials with low machinability could be found by applying new tool materials. 

4.3 HIGH SPEED MACHINING 

The advantage of high speed machining is well-known and a Iot of research is going on 
in this field. The common opinion is that high speed machining is usually applied in 
milling and turning. However, high speed machining can be used, for example, in 
hobhing and in broaching. 

High Speed Hobhing 

Hobhing is an operation in which the geometrical accuracy is very important. High speed 
hobhing is dry - without applying coolant due to the protection of the carbides hob. 
Namely, at the exit of a 'tooth the coolant can cause damaging thermal shock on the 
carbides cutting edge. 

1t is known that chips absorb high amount of heat generated during machining in high 
speed machining. In hobhing chips absorb more than 80% of the process energy [12]. 
Approximately 15% of the heat flows into the workpiece and only 5% is taken by the 
hob. There are some problems that have to be solved in high speed dry hobbing. For 
example, chips have to be removed from hobhing machine as quick as possible in order 
to prevent negative effects ofthe heat, such as distortion of different parts. 



Machining - the Present and the Future 19 

The main advantages of high speed dry hobhing are higher productivity and a clean 
process. Oil mist can cause environmental problems. It is certain that the cost for getting 
rid of old oil and contaminated chips will increase in the future. 

The increase of the cutting speed is approximately tenfold than the cutting speed in 
conventional hobbing. 

High Speed Broaching 

Twenty-five years ago the cutting speed was approximately Vc = 3 m/min for broaching a 
gear steel. Today the cutting speed could be Vc = 60 m/min using cermets and more. 

The comparative performance of High Speed Steel (HSS), micrograine carbides and 
cermet in broaching prove that cermet is a suitable tool material [13]. Chip formation is 
much better and without built-up edge in dry broaching with cermet tool at cutting speed 
Vc = 66 m/min. A better surface roughness is obtained as weil. The comparison of tool 
wear of HSS-TiN coated, cemented carbide WC6Co-TiN and cermet uncoated in dry 
broaching is given in Figure 5. lt can be seen that cermet has much Ionger toollife. The 
wear resistance of coated tools after resharpening is much lower since the coated layer is 
taken away. Thus a cermet broach - uncoated has an advantage in comparison with 
coated tools. 
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High speed machining has a great promise for die and mold makers as weil as for !arge 
workpiece machining in aerospace manufacturing. 

5. NONCONVENTIONAL PROCESSES 

Some applications of nonconventional processes seem unreal. For example, it is possible 
to make thousand relief holes on a sealing ring in one second by Iaser [14]. Laser-based 
processes can be applied in different areas. At present small companies find some 
difficulties to use C02 and Nd: Y AG high-power Iasers as machining tools due to 
complexity, cost and sizes of Iaser systems. The conditions of the application of high­
power Iasers may change in the near future. 

Contralied metal building (CMB) combines Iaser deposition welding and high-speed 
milling [14]. The Iaser deposition generates near-net-shape buildings of metallic 
materials. Milling follows the generation of each layer. The Iaser deposition and milling 
are performed on the same machining system automatically. 

The first hot machining research was done by Max Kronenberg in Cincinnati Milling 
Machine Co. at the present Cincinnati Milacron in Cincinnati USA approximately sixty 
years ago. Different heat sources for heating the workpiece can be used such as Iaser, hot 
plasma etc. Laser heats the workpiece material locally that has to be removed by cutting 
This operation is called Iaser assisted hot machining - LAM. The increase in temperature 
softens the material, making it easier to machine. The needed cutting power is lower and 
cutting speed could be much higher. 

Laser assisted hot machining can be used for machining materials with low 
machinability, for example, advance ceramics. A prototype precision lathe with an 
integrated high-power diode Iaser - HPDL has been developed in Germany in close 
collaboration with industry and Fraunhofer Geselschaft. The first lathe will be brought 
onto the market this year. 

Each nonconventional process will be suitable for machining some materials and some 
operations. 

6. SMALL-SCALE PRODUCTION AND NEW PROCESSES 

The trend toward small-scale production components is already present. Microfabrication 
and nanofabrication processes will evolve from laboratory to production processes in the 
near future Extremely small-scale process building blocks that allow for synthesizing or 
forming new material forms and products will emerge [15]. Molecular assembly of 
complex precise functional structures will Iead to the development of microdevices, such 
as sensors, computational elements, medical robots, and macroscopic devices constructed 
from fundamental building blocks. 
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An example of microfabrication is deep x-ray lithography using synchrotron radiation 
[16]. It is possible to make different microstructures made ofpolymethylmethacrylate­
PMI\1A, such as microgear "negative" shape, Figure 6. Electrodeposition should be used 
in order to obtain the final "positive" metallic gear. The diametric pitch is 200 11m, the 
thickness of the gear is I 00 11m and the tooth thickness is approximately 20 11m. 

Figure 6. Negative shape of microgear made by deep x-ray 
lithography using synchrotron radiation [I6) 

Processes that transform materials into products have changed a little in the last twenty 
years. The need for revolutionary processes will be driven by the competitive reality in 
the near future, when the primary differences between manufacturing enterprises will be 
their ability to create and produce new products rapidly to meet the high expectations and 
constantly changing demands of customers [15]. The integration of multiple unit 
processes into a single operation will significantly reduce capital investment, inspection 
time, handling, and processing time. 

Processes that are completely programmable and do not require hard tooling will enable 
the customization of product and rapid switching from one product to another. 
Manipulation at the molecular or atomic Ievel will Iead to the creation of new materials, 
eliminate separate joint and assembly operation, and allow material composition to be 
varied throughout a single part. 

Nanofahrkation technology includes the following types of processes: nanomachining -
in the 0, I to I 00 nm range - to create nanoscale structures by adding or removing 
material from macroscale components, and molecular manufacturing to build systems 
from the atomic or molecular Ievel [I7]. 

In the near future revolutionary changes will occur in larger-scale production components 
too 
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7 CONCLUSION 

In the light ofthe considerations presented in this paper, we may draw some conclusions. 

A system approach and optimization of some parts of the tool as a system should be 
applied. By application of new substrates, coatings and edge preparation, the tool 
performance could be improved. The result of new sensor approach based on thin film 
sensor integration in the coating of a coated carbides insert could be the intelligent tool. 
With the application of such a tool it would be possible to direct on-line process 
monitaring - optimization and adaptive control, as weil as tool wear and temperature 
measurements. The application of Integrated Machinability Testing concept - IMT [6] 
would be much easier with intelligent tool. 

Since the application of new materials depends on manufacturing processes, an extensive 
research in manufacturing processes is needed for such materials. 

Near net-shape-parts offer reduced material · waste, machining time and energy 
consumption. The conditions of chip formation in machining near net-shape-parts are 
more difficult than in conventional machining. Thus a stronger tool material and a 
particular tool geometry and groove geometry are needed. 

Machining of low machinability materials such as titanium based alloys could be 
expensive and time consuming. Finishing milling titanium based alloys with 
Polycristalline Cubic Diamond - PCD cutter on low stiffness machining system gives 
very good results. The tool life of PCD cutter has increased nineteenfold in comparison 
to the tool life of a carbides cutter at much lower cutting speed. The application of new 
tool materials might be a solution for machining some low machinability materials. 

High speed machining can be used not only in milling and turning but also in hobbing, 
broaching and some other operations. The increase of the cutting speed is approximately 
tenfold when using carbides hob for dry hobhing in comparison to conventional wet 
hobhing with HSS hob. High speed broaching can be successful by using cermet broach. The 
cutting speed could be Vc = 60 m/min and more compared with Vc = 3 m/min for HSS broach 
twenty-five years ago. High speed machining has a great promise for !arge workpiece 
machining, for example, i~ aerospace manufacturing and for die and mold makers. 

Each nonconventional process will be suitable for certain operations and for machining 
some materials. At present EDM (Eiectro Discharge Machining) is the best method for 
machining carbide parts, Iaser to make thousand relief holes on a sealing ring in one 
second, Iaser assisted hot machining for machining advanced ceramics, etc. 

In small-scale production- microfabrication and nanofabrication processes will become 
production processes. Revolutionary changes will occur in large-scale production 
components too. 
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ABSTRACT: Europe is faeed with ehallenge of maintaining its standard of living and welfare in 
the era of globalization. This ealls for eompetitive and sustainable industrial growth. 
Manufaeturing Industry has an important role to play for maintaining and generating jobs, direetly 
and through serviees. lt also impaets on sustainable development. 
For European Manufaeturing Industry, mainly SMEs, -whieh sustains 120 million jobs- to be 
eompetitive and sustainable, produets and proeess innovation is required. 
Advaneed Maehinery and Systems (M&S) ean play a very important roJe. They ensure the 
competitiveness and sustainability of all Manufaeturing sectors and are high-teeh "mechatronie" 
products, holding a leading position on the world market. 
The European Machinery and Systems Industry: has a turnever close to that of motor vehicles and 
parts and much higher than aerospace; is the third in terms of added value; employs, in small and 
medium size enterprises (SMEs), people- mainly knowledge workers- whose number is as high as 
that of car industry. 
All this calls for an enlightened and strategie research and innovation policy. 
Tothis end a reference model for manufacturing is presented. lt shows that strategie innovation of 
such a diversified "world" as Manufacturing may be achieved by investing in M&S Research on 
critical transeetorial technologies and their sectorial applications. 
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M&S European lndustry is composed of SMEs. lt is difficult for them to act strategically, although 
European and National R&ST Programmes ask for and enable such approach. 
At this time it is critical for the strategic survival of M&S European lndustry that Research 
Institutesand Universities playafundamental rote as the M&S "innovation motor", integrated and 
embedded within the M&S lndustrial "fabric" of Europe. An Observatory Network may be a first 
step. 

1. INTRODUCTION 

The industrialised world is faced with the challenge of maintaining its high quality of life 
and welfare in the globalisation era. 

A competitive and sustainable industrial growth must be pursued if we want to face, 
effectively, this challenge. 

This requires controlled qualitative and quantitative changes of industrial capacity, which 
must take place within pervasive mutations in the economic, trade, social world 
framework. 

For instance: appropriate actions must be performed tobe competitive, retain employment 
and reverse its decline in the value generating industrial production sector 
(MANUF ACTURING). This should take place while globalisation Ieads to opposite 
changes: economic strategies of companies, as weil as their operations, transcend national 
boundaries. 

Manufacturing Industry -. products and related processes - has indeed an important roJe to 
play. In USA, it has been recognised as: 
- fundamental for keeping jobs and generating new ones; 
- a source for generating services and, hence, jobs. 

This has become a policy guideline and as result of the consequent actions·: 
- new jobs have been created; 
- Machinery Industry is again a great world competitor. 

The new policies adopted in USA related to Manufacturing have contributed a new and 
powerful impulse to world competitive industrial growth. 

Manufacturing Industry is, on the other hand, very important in relation to sustainability as 
it deals heavily with the life cycle of products and related processes (from design, to 
production, to maintenance and recycling). 

To contribute to sustainability, Manufacturing Industry must: 
- move towards a closed life cycle of products and its optimisation, a better use of 

resources (materials, energy, knowledge and skills) and cleaner technologies; 
- apply the same concepts to the processes sustaining the life cycle ofproducts (i.e.: from 

design process to recycling process) and optimise it all. 

Manufacturing Industry may thus contribute, by a great deal, to a sustainable development. 
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2. EURO PE AND MANUF ACTURING 

The European Manufacturing lndustry, covering a high number of sectors, accounts for 40 
million jobs. It moreover sustains services employing 80 million people. The added value 
curve of European lndustrial Production, fig . 1, is flat since 1990, whereas the USA curve 
is rising and the Japan curve is undergoing some problems, but following a long standing 
nse. 

European competitiveness on global market is challenged both by low labour cost and 
technologically advanced countries 
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Fig. 1: Evolution of indusrrial producrion in rhe main industrialised regions 

To improve the competitiveness of production processes Europe has turned mainly to 
technology. The positive role of organization and logistics, skills (knowledge workers) is 
increasingly being exploited. 
With reference to products, while USA and Japan show, respectively, computers and 
consumer electronics as their strongest specialization in export, Europe export 
specialization shows, high quality and style traditional goods (leather goods and fashion) 
followed by technological goods (petrochemical and mechanical engineering). 
For the European Manufacturing Industry- from !arge companies to SME - to remain 
competitive and ensure sustainable growth, products and processes must be, increasingly, 
innovated. Advanced Machinery and Manufacturing Systems (M&S) can play a very 
important role. They ensure the competitiveness and sustainability of all Manufacturing 
sectors. Beside this strategic role, they are "high-tech" mechatronic products, holding a 
leading position on the world market. 

The European Machinery and Systems Industry: 
is the third in terms of added value; 
is the "driving force for technical progress in its customer industry" (as stated in a EU 
Study); 
has a turnover close to that of motor vehicles and parts and much higher than 
aerospace, table I . It employs, in small and medium size enterprises(SMEs), skilled 
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(knowledge) workers whose number is higher than that of assembly of motor vehicles 
and parts; 
was bom in Europe during the first lndustrial Revolution; 
is producer of mechatronic medium-high technology products; 
will help European Manufacturing Industry not delocate. 

All this calls for an enlightened and strategic research and innovation policy, in close Co­
operation between University, Research Institutesand Industry. 

New generations of Machines and Systems should be developed covering all 
manufacturing sectors: from mechanical to wooden, leather, plastic products, from car to 
white goods, etc. They would be competitive and sustainable European "high-tech" 
mechatronics products for global, as weil, intemal market. 

To contribute to the definition ofthe R&TD activities required a reference model has been 
developed and is presented hereafter. 

Manufacturing Production Employment 

sub-sector (billion EURO)(% Manufact.) (employess) (% Manufact.) 

Motor Vehicles 308.0 
and parts 

10,8 1.604.576 8,4 

Machinery 183.1 6,4 1.565.118 8,2 

Aerospace 41.8 1,5 345.795 1,8 

TOTALS 532.9 18,7 2.936.982 18,4 
Source: Panorama of EU lndustry 97 

Table 1: Productwn and Employment m three relevant sectors: 
motor veh1cles and parts, machinery, aerospace 

3. A REFERENCE MODEL FüR MANUFACTURING 

ITIA-CNR Technological Observatory has developed a model (fig. 2), composed of two 
interrelated parts: 
- the reference model for Production; 
- the reference model for Research and Development. 

3.1 The Reference model for Production 

Manufacturing is composed of many sectors. Each of them, in turn, is composed of classes 
of similar Products and related Processes and Organisation. Hence, three levels must be 
considered: 
- product 
- sector 
- meta-sector (Manufacturing Industry) 

At product Ievel a reference model (fig. 2 right side) has been developed based on: 
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- Product Matrix. It relates the product sustainable quality (market expected performances 
and compliance with eco-requirements) to its sw-hw structure (fig.3). 

- Product-processes life cycle Matrix. Each product shows a life cycle involving various 
phases, going from design to recycling (fig.4). Each product phase is implemented by a 
process (including technology, organisation, skills), showing its own sustainable quality 
(performances and compliance with eco-requirements). Any process, in turn, shows a 
life cycle going from design to implementation, use, recycling. The combination of 
product and processes life cycles, i.e. the PPLC Matrix is shown in fig. 5. At each phase 
corresponds a transformation. Using the IDEF presentation, this implies: input, output, 
tools, controls. Each phase will be "structured" according to product complexity and 
will be related to the external context i.e. economy (market), society (eco-requirements), 
technology (state of the art). 

- Actors. Each phase requires one or more "structured" actors, from shop floor to 
extended company Ievel , involving three main areas: technology, organisation and 
logistic competence (fig. 6). 

~ 
~ ~ w u 
:1: Q 
0. .. 

0 "' ...J 
w 
> w 
c 
oll 
::t 
u 
~ 

;'j 

"' w 
~ 

STRATEGIC 

NEEOS 
COMPLIANCES 

·~· • .:. • .:. 1.:1 11 .:. 

CONTEXT 
TACTIC 

NEEOS 
COMPLIANCES 

• - Eap•"•nce 

"11100UCI.-IIOC II I. •lOOt.. .. 

'CNR-UIA 

CURRENT 

NEEOS 
COMPLIANCES 

iti-:-1! .., 
"'" 1 - 2" l>O 

li.W i 
= I J :;jO _c .. n ... 

" ll 
0 r o 

<c 

~g ..... 
n" f;ig 

m 

"' "' 

' :ll l 
l> 0 

llil"iil 
n 0 ... c 0 
ll () 

"' .... ..... ö •• z 

TRAN SECTORtAL SPECIFIC PROOUCT 
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The above model enables a "manageable" representation -at product Ievel- of: 
- a given product and its PPLC; 
- transformations taking place at each PPLC phase and their relationship with the 

economical , social and technological context; 
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- "actors" performing the various phases and, hence, bearing such needs. 

For a given product the above " methodology Matrix " enables to single out needs 
ernerging from context changes in terms of, competitiveness and sustainability, and 
innovative responses required. 

If representative products, within a sector, are chosen, the use of the above " technology 
Matrix " and "common features" approach enables to "represent" a sector in terms of needs 
and requested "responses" showing common features. By applying a similar procedure to 
sectors, we may represent Manufacturing, in terms of common transectorial needs and 
requested "responses". 
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Proc••• l lle cycle 

Fig. 5: The product and related proce.ss I/fe cycle (PPL J Matrix 
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Fig. 6: The "Factory " srructure and conlent 

3.2 The reference model for Research and Development 
The reference model for R&D is shown in fig . 2, left side. It shows: 

31 

the "activation mechanisms": R&TD Programmes(top down approach) and 
Initiatives(bottom up approach) as conceived by Institutions following strategic 
forsigthing; 
the R&TD proposal approach by Research Actors; 
the (schematic) research to production cycle and its results; 
the actors involved at micro (fig. 7) and macro Ievel; 
the network structure (fig.8) bridging production (Physical Factory) and R&D (Virtual 
Factory) within each factory and along the supply chain(extended factory) . 
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Fig. 7· Research-lnnovation "Actor " 

MANUFUTURING 

ci..Nl "' 

Fig. : Production-lnnovation e(Works: VF=R&D, PF=Production: the new industria/ "fabric" 

4. USE OF THE REFERENCE MODEL FOR MACHINERY AND SYSTEMS 
R&TD 

The proposed reference model (fig.2) is a "dynamic" representation of Manufacturing - as 
a Meta-sector, evolving through time by a proactive approach involving from Institutions 
to Industry. It may be used by Institutions and R&TD Actors involved, according to their 
needs. 
Institutions are concerned, see par. 3.2, with the launch of Programmes and Initiatives to 
implement political goals considering: 

the evolution of the strategic context in terms of economical and social needs; 
the technology required to respond to those needs. 

Research actors, fig.7, are concerned with the development- through R&TD projects- of a 
new product or process to respond to future needs. Going from Institutions to Research 
Actors we move from strategy to strategic/tactic R&TD actions. 
In the following paragraphs we will consider the use of the model for both, needs and 
technological responses, as seen by Institutionsand research Actors. 
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4.1 Priority needs for competitiveness and sustainability in Manufacturing 

To single out product and processes needs in relation to competitiveness and sustainability 
it is necessary to introduce: 
- Sustainable Quality (SQ) demand curve, (fig.9) . This results from changes in the 

economical and social context through time; 
- product and/or processes sustainable quality evolution to respond to it (fig. 7) 
- consequent incremental or radical innovation in products and/or processes hard/soft 

configuration (fig.3). 

Fora given product (and Matrix) and consequent PPLC Matrix : 
- considering the above demand curves 
- using the procedure previously presented 
we may single out Sustainable Quality (SQ) demand curve trends and, hence, the needs of 
improvement of products/processes SQ. 

If representative products within each sector are chosen and the "Matrix methodology" and 
"common features" approach are applied, first to each product and then to each sector, it is 
possible to individuate, respectively, specific (to the product) and common (to the sector 
and hence to the sectors) needs for competitiveness and sustainability. The transectorial 
needs -getting across sectors and, hence, Manufacturing- may be assumed as strategic and 
hence having priority for R&D in Manufacturing. 

Off course, the above procedure could also be applied to expected new strategic products. 

Priority needs related to competitiveness and sustainability, -calling for innovation in 
technology, organisation and logistics, skills, from shop floor to extended company (fig.6)­
will arise from any PPLC Matrix phase i.e. from design to recycling. 

Fig 9 Product/Proce.u Response to 11 tainable Q11ality Demand 



34 F. Jovane 

4.2 Innovative technological responses to Sustainable Quality (SQ) needs. 

To respond to needs of improvement in Sustainable Quality (SQ) of Product and/or 
Processes, technological as well organisational innovation is required. 

This, in turn calls for appropriate R&D activities leading to new technologies (hard and 
soft), for products and processes within tactic and strategic horizons. 
At product Ievel, for given: 
- product and related processes; 
- Sustainable Quality (SQ) improvement needs 
the state of art of technology must be assessed and technologies to be developed through 
R&D must be singled out. 

To single out new technologies to be developed and related R&D activities to launch, we 
may make use of the methodology and approach, previously presented. 

If the above procedure is used for each representative product within a sector, we may 
obtain the sectorial technologies to be developed. Having done this for the sectors chosen 
to represent Manufacturing, by using the "common feature" approach, we may determine 
the "distribution" of transectorial technologies and sectorial technologies. 

If we apply the above procedure to the production phase (fig. 5) of the PPLC Matrix for 
various manufacturing sectors we find the distribution of transectorial technologies (bars) 
and sectorial technologies (squares). This is shown by the synergic and strategic 
Machinery and Systems Innovation Matrix (fig. 9). 

The Synergie and Strategie MACHINERY Innovation Matrix 

MANUFACTURING SECTORS 
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Investing in R&D of transectorial technologies may Iead to high savings in R&D costs, 
more efficiency in R&D, high impact on Manufacturing industry as a whole . 

l:' 
";( 
GI 
ii. 
E 
0 
u 

jr-m- a-ch- 1-ne'l 

I functlonal unit I 
component 

~ 

System Ievei 

Fig. II : Mamifac/uring system from componenls 10 extended jactory 

5. A FUTURE FOR MACHINERY AND SYSTEMS: THE ROLE OF RESEARCH 
AND CONCLUSIONS 

Machinery and Systems (M&S): 
contribute to the competitiveness and sustainability of European Manufacturing 
Industry; 
are "high-tech" mechatronic products, holding a leading position on the world market. 

A dynamically and strategically innovating M&S Industrial "fabric" must be implemented. 
It may comply with the reference model presented. Forthis to happen Institutions as weil 
as Research Actors must provide their active contribution. 

At Institutions Ievel: 

the European Commission has addressed the above problern in the FP5 through the 
Key Action "Innovative Products, Process, Organization"(Thematic Programme: 
Competitive and Sustainable Growth). This is coherent with the reference model 
discussed and the transectorial approach discussed. The new problern solving approach 
adopted by FPS transfers to the Actors the definition of Strategie needs and 
technological responses; 

Eureka Factory, through the strategic Project DNA, is addressing the M&S innovation 
problern with particular reference to a sectorial approach. 
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At Actors Ievel we must say that: 
M&S European Industry is composed of SME. They, often, show an incremental 

innovation approach. In general they are not developing M&S based on new technological 
processes or for new products or for the various life cycle phases of current and incoming 
products. 

All this may Iead to a decline of European M&S Industry. Because of its relevance for 
Europe such a decline would be a disaster. To solve this European problem, M&S Industry 
should strategically innovate: its products, its processes, its "industrial fabric". 

Focusing on M&S products and considering the system approach - from components to 
extended factory (fig.ll) - at each system Ievel we should promote the Research­
Development cycle, shown in fig. 2, to develop new tools and methodologies, 
configurations. 

As shown by the proposed reference model unifying approach, strategie innovation of 
M&S may come from !arge R&D investments on transectorial technologies linked to 
sectorial applications. This would require from strategic foresight, to R&D critical mass: 
both difficult to find in the M&S Industry "fabric", composed of SMEs. 

Although Institutions at European and National Ievel have provided Programmes, 
Initiatives, Funds which may allow such a strategic move - as FP5 and Eureka Factory 
show- we may end up with small scattered projects although they may be clustered. 

At this time it is fundamental for the strategie survival of M&S European Industry that 
research institutes and Universities become the driving force of the M&S strategie 
innovation process, the strategic "heart" of the Machinery and System Industry. To do this 
Research Institutesand Universities must take a strategic problern solving approach as: 

foresee and single out the critical M&S transectorial technologies; 
carry out research on them in co-operation with innovative Technology Suppliers; 
work on sectorial application with M&S Industry, mainly SMEs; 
networking to become the strategic "fabric" for innovation, embedded in the European 
M&S Industrial "fabric". 

To play such a strategie roJe - between Institutions political goals and SME strategies - a 
common effort on studying future needs and technological answers is required. An 
Observatory network may be an answer. This Conference is a relevant occasion for 
discussing such an initiative for Europe. 
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PRODUCT DEVELOPMENT MUST CONSIDER ENVIRONMENT AL ASPECTS 

H. Schulz, A. Atik and E. Schiefer 

Technical University of Darmstadt, Darmstadt, Germany 

ABSTRACT: The incorporation of methods and tools for the development of environmentally sound 
products into design processes is frequently not sufficient. The authors present a solution that 
integrates a computer aided system into a usual design environment. Product and process data corning 
from a CAD Systemare aggregated to an ecological index-score using fuzzy sets. This index-score 
supports the designer as a simple and certain aid to accompany decision-making. 

1. INTRODUCTION 

Current activities in the area of environment protection primarily relate to the elimination of 
existing environmental darnage and to the reduction of harm to the environment caused by 
existing products. However, the most significant impact comes from preventive action 
minimising or avoiding right from the start any harm to the environment caused by new 
products in all phases of their entire life cycle from production through use and recycling to 
final disposal. The current type of product development merely considers partial aspects of 
environmental soundness. In particular, there is a lack of easy-to-use methods for holistic and 
prospective evaluation of products and processes with respect to the environmental harm to 
be anticipated. 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lecturcs No. 406, Springer Verlag, Wien Ncw York, 1999. 
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Within a special research project 1 at the Darmstadt University of Technology, engineers, 
scientists and sociologists from nine different institutes are working tagether on methods, 
means and instruments for holistic development of environrnentally proper products, on 
integrating these into current design engineering methods and on implementing a com­
puter-aided design environrnent. The objectives are 

to recognise and evaluate the environmental harm potential of a product already during 
the phase of product development, prospectively for all phases of its usefullife; 
to identify, evaluate and make preventive use ofthe potential for environrnentally proper 
designing possibilities in all phases of design engineering; 
to develop from a combination of ecological, technological and economical criteria fu­
ture-oriented products appropriate both environrnentally and cornrnercially (Fig. 1 ). 

Change 1ask 

Pr... Prodoct- Use End d i fo Pr.,. Product· Use 
Manuloc:bJre Manuloc:bJre Manufoc:bJro Manuf"'*'re 

Life-Cycle-Stages 

Figure 1: Integral Produc I Development 

2. INTEGRA TED DESIGN ENVIRONMENT 

Today the design engineer is supposed not only tothink in terms ofvalue-addition (Fig. 2), 
but also to consider the entire life cycle of a product (Fig. 3). 

1 Granted by the German Research Foundation (DFG) 
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Fig. 2: Value-addition scheme in manufacturing a product 

Fig. 3: Entire life cycle of a product 

This is why in the future a computer-integrated product development environment com­
posed of a CAD and PDM (product data management) system as weil as an information 
system providing ecological data must be available. The latter system will comprise: 

- a /ife-cyc/e model/er specifying the product life cycle co-operatively by attribution of 
(partially predefined) processes to the product life phases and thus forming the basis for 
an ecological evaluation to be performed; 

- an evaluation system for performing an ecological assessment of the product and for 
conditioning the results specifically for use by the product developer while permitting 
identification of ecological weak points as well as oftools for efficient optimisation; 

- an information system providing hypertext-based information on environmentally rele­
vant standards or guidelines as well as supporting the user by application of knowledge-
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based methods in decision-mak.ing (for instance in the environmentally proper choice of 
materials); 

- an object-oriented data bank system providing, apart from organisational and adminis­
trative product data, also the possibility of representing fuzzy set based functional rela­
tionships required for integration ofinput/output balance data into the data bank [1]. 

Fig. 4 shows an example of what such a product development environment may Iook like. 

Fig. 4. : Screenshot of product development environment 

Internal functionalities of the evaluation system can be activated from the CAD system. 
This has made handling of the product development environment much easier. 

3. METHOD FOR ECOLOGICAL EVALUATION 

The ecological evaluation model of the German Federal Environmental Service (UBA) has 
been adapted to the design-related specifications existing within the overall concept while 
considering national and international standardisation efforts [2, 3, 4, 5] 
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components of an eco-balance 

determination 
of objectives 
and investigation 
frame 

input/output 
balance 

estimation 
ofeffects 

evaluation 

direct 
application: 
- product 

development 
- strategic 

planning 
- political decision 

processes 
- marketing 
- other 

Fig. 5: Outfines of an ecological balance as per ISO 14040 [4] 
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The core of the eco-balance (Fig. 5) is represented by the inputloutput balance which lists 
all input and output amounts (referred to as index scores below) over the entire product 
life. Examples of such index scores are data on emissions into the air, input of resources, 
input of energy or waste output. Within the assessment of effects, the index scores deter­
mined within the inputloutput balance are at first attributed to the respective effect catego­
ries on which they have an environmentally harmful impact (step: classification). By multi­
plication with the respective equivalence factors accounting for the variously important 
harmful effects different materials have on the environment, the so-called effect contribu­
tions are determined whose unit is the reference substance of an effect category, such as 
C02 as reference substance for the greenhouse effect. When summing up the effect contri­
butions of the various materials, the result is the effect potential of the various effect cate­
gories: 

effect contribution i CE [kg] = mi [kg] · EF i CE[-] 
' ' 

(1) 

n 

effect potential CE[kg] = L effekt contribution i CE [kg] 
I ' 

(2) 

wherein mi : mass index score type i; EF: equivalence factor; CE: category of effects. 

From the results of inputloutput balancing and effect assessment, appropriate recommen­
dations can be derived such as for the solution alternative to be preferred. 
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4 INPUT/OUTPUT BALANCING OF PRODUCTS 

Known sturlies of metal cutting processes under ecological aspects deal primarily with sub­
sequent or preventive action to protect the environment. Preventive action is in particular 
aimed at environmentally relevant partial improvements, in most cases regarding the re­
duction of coolant use [6, 7, 8, 9]. Until now, metal cutting processes have rarely been 
subjected to comprehensive ecological studies. First approaches to balancing, except for 
one [10], are primarily energy balances [11, 12, 13, 14, 15]. Frequently, the sturlies are re­
stricted to the area ofthe point of chip generation [10, 13]. In other cases, the extent ofthe 
balance is based either on the machine tool [11, 12] or on an area not clearly identified 
[14]. A systematic effort of balancing the energy and material inputs, waste outputs and 
emissions in metal cutting operations supported by valid data do not yet exist. 

A new concept now is the description of the relationships between product configuration 
and harmful effects on the environment with consideration of plant-related fringe condi­
tions so that the design engineer already can, in a properly cause- and product-related man­
ner, assess the energy and material inputs, waste outputs and emissions to be anticipated 
during production [16]. 

5 ENVIRONMENT/PROCESS RELATIONSRIPS 

In metal cutting operations, a great variety of processes are interlinked in a plant. These can 
be attributed to the three balancing sectors of chip generation point, machine tool and proc­
ess peripherals (Fig. 6). 

frequency 
converter 

waste water 
conditioning 

Fig. 6: The balancing sectors of chip generation point, machine tool and process peripher­
als [16] 
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The essential relationships for the area of the chip generation point can be derived from the 
metal cutting theory or taken from Iiterature [13, 17, 18]. For determining the inputs and 
outputs for the machine tool and the process peripherals it is required to perform energy 
and material flow analyses specifically for the plant involved. For this purpose, a balance 
of the energy and material inputs and outputs is made by taking plant-related fringe condi­
tions into account. Many data required for balancing are already available in a plant, such 
as in the purchasing, work planning and production control departments or in maintenance 
plans or controlling. Important factors for a subsequent detailed ecological evaluation are 
precise information and data about the quantity and quality of energy, materials and emis­
sions, the utilisation of any by-products generated, as weil as information about processes 
affected such as recycling. In order to allow product-related assessment of the anticipated 
energy and material flows in the metal cutting operations, environmental characteristics 
specific to process and/or configuration are determined for each input and output. By way 
of functional environmental process relationships, these inputs and outputs are attributed to 
the product involved with proper consideration ofthe causes [16]. 

The energy requirement at the chip generation point can be calculated from the specific 
cutting force kc and the metal removal volume V [13, 18]. Determination ofthe machine 
tool's energy requirements beyond the metal removal energy is made by means of power 
characteristics which by multiplication with production or machine utilisation time result in 
corresponding energy inputs for the product. For the process peripherals (such as coolant 
supply system, exhaust system, lighting and heating of the building), power characteristics 
specific to the machine location are determined and, also by multiplication with machine 
utilisation time, give the amount of energy required by the machine peripherals and specific 
to the product involved. 

On the basis of the chip volume obtained, the material usage and waste amounts occurring 
during the same period are used for calculating usage and waste characteristics related to 
the chip volume for a particular machine location. 

As to the relevant emissions from metal cutting operations, these are primarily coolant 
aerosols occurring due to turbulence and evaporation at the point of chip generation. Since 
modern machine tools are encapsulated and equipped with exhaust systems, merely local 
effects are produced by the amounts of aerosols released into the immediate surroundings. 
Since actual concentrations in the air cannot be predetermined, they have to be measured 
specifically for each plant around the machine involved or must be estimated from the 
product information furnished by the coolant manufacturer [16]. 

Fig. 7 shows an example of calculating the energy requirements for a turned workpiece. 
The metal removal energy contributes merely about 5 %, while the machine tool's energy 
requirements beyond metal removal energy amount alone to about 60 % of the energy total. 
Investigations have shown that in metal cutting operations the great majority of the energy 
is consumed, regardless of Ioad, by the machine tool and the process peripherals [17]. 
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6 RELATIONSHIP OF ENVIRONMENT AND PRODUCT CONFIGURA TION 

As a rule, machining operations and process control are not yet known during the design 
phase. Forthis reason the relationships of environment and product configuration have to 
be developed (Fig. 8) based on the functional environment/process relationships which 
include plant-specific attribution of workpiece and machine tool, plant-specific reference 
data sets for process parameters [18] as weil as a rough estimate ofproduction times. 

These environment/configuration relationships are modelled based on features in an object­
oriented partial model by means of systematic attribution of machining elements. This par­
tial model is an important part of the information model. 

[ Machine tool 

"fuzzy" data 

[ environment-shape-coherences J 
Fig. : Estimate of inpul and outpul data in product deve/opment via environmentl con­

.ftguration relationship 

7 FUZZY MODELLING OF UNCERTAIN ECOLOGICAL DATA 

Ecological data required for eco-balance based evaluation frequently are available in highly 
inexact form only [19]. Viewed over the entire product life, such inexactness can cumula­
tively result in wide variations of the final results of such a balance or evaluation [20]. For 



48 H. Schulz, A. Atik and E. Schiefer 

this reason it is necessary to consider also fuzzy data for ecological evaluation. These will 
provide the product developer with valuable information as to the plausibility of a result. 

The evaluation system must therefore be capable of processing exact figures, intervals and 
fuzzy sets [21, 22]. 

8 APPLICATION OF INFORMATION SYSTEM 

In order to make an evaluation comprising the entire life cycle of a product, it is required to 
model the product life. The objective of the product life modeller is to specify product life 
by fast and easy attribution of processes to product life phases and thus to furnish the basis 
for ecological evaluation [23]. By transfer of the process information describing product 
life (product life modeller) and of the configuration information describing the product 
(CAD system) to the object-oriented data bank, it is possible to generate dynamically the 
specific index scores based on the information model. These index scores represent the 
input data of the evaluation system. 

The design engineer thus can perform a comparative ecological evaluation accompanying 
product development, to find solution alternatives. He can evaluate these alternatives by 
comparison and can obtain the results in the form of aggregated index scores. Thus, the 
product developer has a fast, easy-ta-handle and accurately aimed decision-making aid re­
garding the environmental soundness of the solution alternatives considered (Fig. 9). 
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This result permits conclusions to be made as to the causes of environmental harm. The 
possibility of systematically tracing back the results contributes substantially to trans­
parence. Furthermore, actual weak points can be revealed. Investigation for the causes can 
be made either by input/output balance analyses or by means of effect-based analyses. 
Inputloutput-based analyses fumish a structured representation and analysis of the index 
scores acquired, specifying all input and output flows by types (such as resources, emis­
sions etc.). Moreover there is the possibility of retrieving information about their occur­
rence in the various product life phases. 
Effect-based analysis, in contrast to input/output-based analysis, does not fumish index 
scores but their potential effect on the environment. Since different substances usually have 
different effects on the environment, it is indispensable for ecological evaluation to include 
effect-based considerations. 
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Question Analysis stratevy 

Whlch Impact group Ia the moat Combination of alt cauaing 
relevant? lmpada acc. to contribtA!ng 

Whlch Impact category II wUhln 
the identificated Impact IJ'OUP 
the ma&t relevant ? 

Which Impact contribution ~thfn 
the identiflcated Impact category 
i8 the most relevant ? 

Which life stage ls in a product· 
life cyde the mostrelevant? 

impaa grou~ 

E.xample • Result 

·Regional Impact IJ"OUPM Ia the 
ma.t relevant Impact group 

"Acl<iftcallon· the m01t 
relevant Impact category 

"Sulphur Dioxide" Ia the most 
relevant Indestor with the 

contribution 

Fig. 10: Systematic e.ffect-based investigation of causes by means of the evaluation system 

Based on the resulting ecology index (Fig. 10, Ievel 0), the design engineer has the oppor­
tunity of determining step by step the effect categories, index scores and product life phases 
representing causes. Their relative contributions are visualised, and the different contribu­
tions can be activated directly by mause dick. Colour marking of the most important con­
tribution in each case enables the user to identify relevant aspects fast. Activation of these 
contributions then Ieads to the next lower Ievel so that the causes responsible for each in­
dex score become transparent. 
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6. CONCLUSION 

Systematic investigation of causes thus will permit the ecological weak points in each 
product life phase to be determined. From the ecologically relevant substances and/or 
product life phases identified, "eco drivers" can be recognised. This way it is possible to 
find out immediately which of the various processes are responsible for the environmental 
harm caused or which of the various components and/or machining elements within a sub­
assembly are critical under ecological aspects. 
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ABSTRACT 

In the paper some problems of process design and control in metal forming are taken into 
account. In particular as far as the former aspect is concemed, the problern of the preform 
design in cold forging is analyzed: the contributions offered by several researchers are 
presented and an innovative design procedure is proposed. As weil, the suitability of 
closed-loop control systems for metal forming applications is discussed with particular 
reference to sheet stamping operations; again, after an overview of the state of the art, the 
advantages offered by the application in this field of Artificial Intelligence techiniques is 
pointed out. 

1. INTRODUCTION 

Process design plays a fundamental role in the modern metal forming industry. The high 
Ievel of competition which nowadays characterizes the global market forces the companies 
to reduce costs and time to market of any new product: in this context the development of 
effective design procedures assumes a dramatic importance for the company success. 
In the recent years the availability of powerful and reliable finite element codes, as weil as 
the application of Artificial Intelligence tools and statistical methods, has allowed a 
valuable improvement in process design. In the next sections the approaches proposed by 
some groups of researchers will be presented: their studies have permitted to determine the 
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optimal set of operating parameters, i.e. the set which allows to obtain the final desired 
component free of defects, for several bulk and sheet forming processes. 
It is worth pointing out that the design of the forming process is generally carried out on 
the basis of some assumptions about the process conditions: material properties, frictional 
conditions, tools temperatures are generally fixed and assumed as constants in the design 
activity. As a consequence the design is insensitive to variations of process conditions and 
the selected operating parameters sometimes could result ineffective. 
Due to the above considerations two fundamental research activities are currently 
developed. The former is aimed to a further improvement of the design procedures mainly 
focused on the robustness of the procedure itself: the idea is to make the forming process 
as robust as possible, i.e. allowing for some variation of the process conditions. The latter, 
on the contrary, is aimed to the development of closed-loop control systems: in this case 
one or more relevant operating parameters are automatically adjusted during the process in 
such a way that some representative forming variables follow, as closely as possible, a 
prescribed trajectory. Obviously the latter approach requires a continuous monitaring of 
these variables. 
In the next section some applications of process design will be firstly presented, with 
particular reference to the activity carried out by the authors; in particular the problern of 
preform design in cold forging will be discussed. In the second part of the paper the status 
of the research in the field of closed-loop control systems will be presented: after a detailed 
review of the methods proposed in the literature, the attention will be mainly focused on 
the advantages affered by the application in this framework of Artificial Intelligence tools. 

2. PROCESS DESIGN - THE PROBLEM OF PREFORM DESIGN IN COLD FüRGING 

Cold forging is aimed to modify the initial shape of a billet into an useful product, which 
generally presents a rather complex shape. As a consequence a complete sequence of 
operations is required, since one or more intermediate steps are necessary in order to 
ensure a proper material flow and final properlies conform to the design specifications. 
The design of the forging sequence comprehends several activities: first of all the process 
designer has to select the initial state of the material and the lubricant type. Moreover, even 
in the simplest case of a sequence made by only two operations, he has to select and 
optimize the shape of the tools to be utilized in the former step which supply the preform 
( or "blocker") for the finishing step. Actually the design of preform is of critical 
importance: such design, in fact, has to guarantee that in the finishing step the desired 
product is obtained without shape defects such as underfilling or folding and with a 
minimum materiallass into the flash. 
In the companies preform design is mainly carried out on the basis of the skill and the 
experience of the process engineer, according to some empirical basic guidelines [1 ]. 
Sometimes the effectiveness of the design is verified by means of advanced finite element 
codes, which are certainly able to analyze in detail the process mechanics and therefore to 
predict the insurgence of defects. However numerical models can be utilized only to verify 
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and to validate completed designs, while the design phase is still carried out almost 
manually and requires time consuming and expensive trial and error procedures. 
In the last two decades some researchers all over the world started to focus their attention 
on the development of effective approaches to automate and optimize the preforrn shape 
design. 
The first attempt is probably due to S. Kobayashi and bis coworkers, who proposed the so 
called "backward tracing method" [2]: the desired final component is assumed as the 
starting point for the simulation, which is carried out on the reverse forging process. 
Obviously the contacting sequence has to be inverted in the reverse simulation, i.e. at each 
step reverse displacement have to be imposed to the nodes which are assumed to be in 
contact with the tools. By this way a suitable preforrn shape has been obtained for simple 
forging and rolling [3] processes. Nevertheless the application of this approach for an 
industrial forging process appears very difficult: it is weil known, in fact, that such 
processes are characterized by complex contact conditions, with some part of the 
workpiece coming into contact or releasing the contact during the punch strake. Actually 
the evolution of the contact conditions depends on the process mechanics, which, in turn, is 
largely affected by the preform shape. In other words the effectiveness of Kobayashi's 
approach depends on the suitability of the assumed contact history, i.e. on the choice of the 
nodes on which the displacements are imposed during the reverse forging simulation; 
consequently it decreases when the process complexity increases. Very recently Chang and 
Bramley [4] proposed a new reverse simulation approach for the optimal design of forging 
preforms; in order to deterrnine the boundary conditions they utilized a geometric criterion 
based on the concept of material distribution measurement. 
Oh and Yoon [5] applied a different approach to design the blocker in an axisymmetrical 
rib-web type closed die forging operation. They found that the blocker geometry can be 
generated by eliminating high frequency modes from the finisher geometry and 
consequently developed a procedure which uses low pass filters to convert the finisher into 
the preforrn geometry. The effectiveness of the method was proved using FEM 
simulations. 
Osman and Bramley [ 6] proposed an upper bound modeling based technique to design 
preforrns for forging of rotationally symmetric parts; their approach was applied to the 
precision forging of bevel gears and allowed an improved metal flow as weil as a reduction 
of the energy required in the final stages of the process. 
Finally Fourrnent et al. [7,8] tackled the preform shape design as an optimization problem: 
they assumed an objective function (the prescribed shape to be obtained at the end of the 
process or the forming energy which has to be minimized) and calculated its gradients as a 
function of the preforrn shape, using a BFGS algorithm. The approach was applied to an 
axisymmetrical rib closed die forging process and allowed to obtain a satisfactory 
preforming tool design after few iterations of the optimization procedure. 
In a couple of recent papers [9,10] the authors took into account the closed die forging 
process of an axisymmetric rib-web component and utilized an inverse approach to 
optimize the preforrn design. The basic idea was to find out, utilizing proper statistical 
techniques, the analytical linkage between the preform design parameters and a variable 
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representing the "quality" of the obtained final component: in particular the occurrence of 
underfilling was assumed as the most important defect to be minimized. More details about 
this approach are presented in the next paragraph. 

3. APPLICATION OF AN INVERSE APPROACHTOPREFORM DESIGN 

As above mentioned the effectiveness of the proposed design procedure has been tested 
taking into account the closed die forging process of an axysimmetrical rib-web 
component. Actually the forging process of such type of components presents much more 
difficulties than a similar operation aimed to the production of spherical or blocklike 
shapes. The goveming parameter is in fact the surface to volume ratio: the higher this ratio, 
the stronger friction effects. As a consequence the achievement of a proper metal flow able 
to ensure the complete die filling is more and more difficult. 
Due to the above considerations one or more intermediate forging steps are necessary in 
order to obtain the final desired component. Furthermore the intermediate steps must be 
optimally designed because the preform shape plays a very relevant role in the success of 
the final operation. 
The main difficulty in designing preform shape is to determine an explicit relation linking 
the preform geometry and the objectives to be pursued in the closed die forging process. 
Together with the complete die filling, in fact, preform design should guarantee a defect 
free metal flow, suitable mechanical properlies of the final component and a minimization 
of metallosses into the flash and of die wear in the finish forging operation. On the basis of 
these considerations it is quite obvious that the empirical guidelines available in the 
technical Iiterature are ineffective for an optimal preform design, even if they are very 
useful to define the "direction" of any optimization procedure. As regards the production 
of a rib-web part, for example, the industrial experience [1] suggests that the cross 
sectional area of the preform must be equal to the final part one augmented by the area 
necessary for the flash; moreover all corner and fillet radii of the blocker should be larger 
than the final component ones and finally an upsetting type metal flow is preferred to an 
extrusion type one. Tbus the dimension of the preform in the forging direction has to be 
larger than the final part one: in this way in fact in the finishing operation the material is 
squeezed towards the die cavities, reducing material sliding at the die-workpiece interface 
and consequently frictional effects, total forging Ioad and die wear. 
The investigated problern was a typical closed die cold forging process with flash aimed to 
the production of an AA5052 C-shaped axysimmetrical rib-web component. In particular, 
the geometry of the part was characterized by a rib height vs. rib width ratio larger than 
two, so that a preliminary forging operation is necessary according to the technical 
Iiterature [1 ]. 
The goal to be pursued in the investigation here addressed was the complete filling of the 
finishing die cavity through the optimal choice of the preform shape, i.e. the part obtained 
at the end of the preliminary forging step. Such shape is fully defined by means of the 
following set of operating parameters (fig.1): 
•!• wp (preform rib width); 
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•:• tP (preform web thickness ); 
•!• Rrp (preform fillet radii); 
•!• Rcp (preform corner radii). 
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The optimization procedure was based on a statistical procedure aimed to determine the 
analytical expression which links the above mentioned preform parameters to a variable 
expressing the satisfaction of the selected goal. The unfilled volume of the finishing die 
cavity was assumed as the proper indicator of the final "quality" of the component: then 
once the analytical linkage between the design parameters and the unfilled volume was 
obtained, a minimization procedure was carried out to determine the optimal values of the 
preform parameters which ensure the complete filling. 
It is worth pointing out that the above mentioned analytical function was obtained applying 
a quadratic regression model on a knowledge base built up by means of a set of numerical 
simulations of the process. The numerical investigations plan was designed according to an 
effective design of experiment method commonly known as Central Composite Design 
(CCD) [11 ]: this technique allowed the definition of a four dimensions testing hyperspace 
identifying the set of combinations of the input parameters (WP, tP, Rrp, Rcp) to be utilized in 
each simulation. 

w 

Fig. 1 Preform geometrical parameters 

Once the knowledge base was built up, the quadratic regression model was applied on the 
available data and allowed to determine the following response function: 

y=586.51 +0.826tP 2+6.688WP 2-0.027Rtp 2+2.075tP WP +0.406tpRrp +4.484WpRfp 
-33tP-117WP-30.3Rrp 

where y is the unfilled volume percentage. The variable Rcp is no more involved in the final 
response function, because a low significance of this variable on underfilling was found 
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out. Finally the analytical function was minimized allowing to determine the optimal 
prefom parameters. The optimal preform shape and the final component obtained at the end 
of the forging process are shown in fig.2. 

(a) (b) 

Fig.2 The optimal preform (a) and the final component (b) 

The robustness of the obtained solution was tested at varying the friction coefficient (i.e. 
hypothesizing different lubricating conditions ): again a satisfactory filling of the finishing 
die cavity was found out. A further most relevant test of the solution robustness was 
performed carrying out the whole design procedure (i.e. construction of the knowledge 
base, application of the quadratic regression model and minimization of the analytical 
response function) for different friction conditions. The obtained new optimal solutions 
were only slightly different from the one corresponding to the initially fixed friction 
coefficient proving again the robustness of the solution itself. 

4. DEVELOPMENT OF CLOSED-LOOP CONTROL SYSTEMS FOR FORMING 
PROCESSES 

In the previous sections the importance of an effective process design has been pointed out. 
In particular the representative case of preform design in closed die cold forging has been 
described more in detail. Other typical design problems are for instance the die profile 
design in extrusion [12-15], the pass schedule design in multi-pass extrusion and drawing 
and so on. 
Some interesting applications of process design can be found also in the field of sheet 
forming. As far as deep drawing is concerned (i.e. the basic sheet forming process ), the 
analysis has been mainly focused on a couple of operating parameters, the blank-holder 
force (BHF) and the use of a drawbead. Both of them determine the restraining actions on 
the flange: as a consequence a too low blank-holder force may Iead to wrinkling 
occurrence. On the other hand, a too high blank-holder force (or an excessive drawbead 
penetration) may determine excessive restraining forces on the flange and a consequent 
stop of the meta] flow which may induce ductile fractures. 
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Furthermore both the blank-holder force and the drawbead should introduce in the process 
mechanics a certain amount of the so called "stretching effect", in order to reduce the 
springback phenomenon at the end of the forming process. 
The considerations above reported justify the large number of investigations which have 
been carried out in the recent years on the definition of optimal blank-holder force histories 
and drawbead positioning pattems aimed to the optimization of stamping operations. 
As far as the former are concemed, recent reports showed that drawability can be improved 
utilizing a variable blank-holder force, function of the punch strake. In particular Yossifon 
et al. [16] experimentally predicted the acceptable blank-holder force range in an 
axisymmetrical deep drawing process determining the curves which respectively bound the 
wrinkling locus and the fracture one. Moreover they implemented a variable blank-holder 
force system able to vary the BHF over the punch strake following a predetermined curve. 
In this way they improved the quality and the repeatability of the drawn parts. 
Ahmetoglu et al. [17] investigated the deep drawing process of reetangular boxes, with 
particular reference to the analysis of the effects of the blank shape and the blank-holder 
force: either numerical simulations and experimental tests were developed in order to 
determine BHF trajectories able to improve the drawn part height. 
Finally, a pulsating blank-holderforcewas experimentally utilized by Siegert et al. [18] in 
order to improve the formability obtaining a wider acceptable blank-holder force range. 
On the other band the definition of optimal drawbead positioning pattems was investigated 
by Xu and Weinmann [19]; Michler and Weinmann [20], Weinmann and Kemosky [21] 
and finally Michler et al. [22] focused their attention on the research of the relation linking 
the resulting restraining force and the drawbead positioning during the stamping process. 
The effectiveness of any design procedure strongly depends on the accuracy of the utilized 
data as far as the process variables are concemed. In other words, if during the process the 
frictional conditions vary with respect to the assumed ones, or if the material properlies or 
the initial workpiece or die temperatures are different than the design ones, the selected 
operating parameters could result unsuitable and bring to the failure of the process. 
As far as the frictional conditions are concemed more in detail, any design procedure is 
based on numerical simulations. Actually in FEM codes frictional phenomena are taken 
into account by means of simple friction models, which require the choice of a suitable 
friction coefficient: an incorrect choice of this coefficient could largely affect the validity 
of the numerical simulation of the process. What is more, the friction coefficient is 
generally assumed as constant both during the process and along the blank-tools interfaces. 
On the contrary the lubricant behavior strongly depends on its thickness which may change 
during the process and can locally vary according to the relative pressure value and to the 
surface roughness. 
These considerations have given rise to a new research line, aimed to the development of 
closed loop control systems able to carry out a continuous process monitaring and to adjust 
the process parameters if the actual conditions differ from the design ones. 
Osakada et al. [23] implemented a proportional control logic based on thinning and 
wrinkling criteria. They found out an initial optimal BHF history and applied the control 
logic on the FEM simulation of an axisymmetrical deep drawing process. 
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Siegert et al. [24] utilized the draw-in of the blank edge in a non-axisymmetric deep 
drawing process as indicator of the material flow into the die cavity, so that it was an 
effective index of the stamping process itself. In this way they set up a proportional 
controller working on the scraps between the target draw-in curve and the actual one. 
Furthermore, since the process mechanics is characterized by an uneven metal flow in the 
different regions of the blank, a segmented blank-holder was utilized in order to develop an 
individual control for each region of the component. 
In some recent papers [25-28] the authors proposed a new integrated approach based on the 
use of Artificial Intelligence techniques to establish the logic of the closed-loop control 
system. Such techniques in fact are characterized by a proper knowledge representation and 
by self-learning capability and consequently represent very effective tools to control sheet 
stamping processes. In particular, fuzzy logic provides reliable results since its ability to 
deal with uncertainty in process knowledge representation [29]. 
In the next paragraph some results obtained applying a control system based on neuro­
fuzzy reasoning to the deep drawing process of reetangular box es are presented. 

5. APPLICATION OF AN AI-BASED CONTROL SYSTEM TO THE DEEP 
DRA WING PROCESS OF RECTANGULAR BOXES 

The investigated process was a typical deep drawing operation aimed to the production of 
reetangular ASTM A622M steel boxes with dimensions 50 x 33.3 x 16 mm. Properpunch 
and die radii were chosen on the basis of previous investigations, while the initial blank 
was designed according to the procedure proposed by Lange [30]. 
In the process here addressed, an uneven material distribution arises due to the variation of 

metal flow rates along the straight walls and araund the corners of the deforming flange. 
Thus the process mechanics at the corners is very different from the one occurring at the 
straight sides: in the former zone wrinkling may occur due to the compressive hoop 
stresses so that a suitable blank-holder force is needed to prevent wrinkles; at the flat wall, 
on the contrary, no hoop stresses occur so that the process mechanics can be referred to as 
a bend and straighten one and it is slightly influenced by the blank-holder action. For these 
reasons a segmented blank-holder represents the most suitable solution in order to control 
the process; in particular a segmented blank holder, made of eight independent segments (4 
corners and 4 flat edges, respectively), was assumed in the research here presented. Fig.3 
reports the utilized model: according to obvious symmetry considerations only one quarter 
of the total setup was taken into account. 
First of all the so called design conditions were selected, i.e. the most suitable combination 
of the blank-holder forces (BHFs) for the hypothesized frictional conditions was 
determined: such combination was able to ensure the achievement of a final sound box, 
avoiding both wrinkling and excessive thinning occurrence. 
Nevertheless the lubricating conditions can undergo some variations during the forming 
process, making ineffective the selected BHFs. As a consequence the blank-holder forces 
control is highly requested since a proper adjustment of these variables allows to regulate 
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the restraining forces applied to the sheet, balancing the process mechanics and taking the 
process under control. 
Actually the variations in the process conditions determine an uncertainty which can be 
usefully managed by fuzzy reasoning tools. In particular a fuzzy logic based control system 
permits to overcome the drawbacks of the classical control techniques: it is quite difficult 
in fact to formulate a mathematical and crisp model to govern the controller since it is not 
possible to express deterministic linkages among process variables. On the contrary, fuzzy 
logic allows a linguistic formulation of such relations which is rather useful in order to 
build up a control system. 
The developed system was based on the continuous monitoring of some process variables 
and on the comparison of their paths with the prescribed, "target" paths; if any variation is 
detected, the new process conditions were recognized and the fuzzy controller provided to 
adjust the BHF on each segment in order to balance the process mechanics and take back 
the process in control. In particular the draw-in was assumed as the process variable able to 
monitor the material flow: due to the process geometry draw-in was measured along three 
directions, i.e. along the short and the long edges and at the corner of the deforming flange 
(01, 0 2, Dc, respectively in fig.3). 

Fig.3 The utilized model 

The fuzzy controller development required the linguistic translation of the input variables 
(the draw-in values) and of the control parameters (the BHFs) as weil as the determination 
of the degree of support (DoS) of the If-Then rules (which are the core of the fuzzy 
inference process ). The Iatter task was carried out utilizing a learning procedure based on a 
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neural network approach: the behavior of an ideal controller (i.e. the one able to provide a 
straight adjustment of the BHFs to the most suitable values for the new recognized process 
conditions) was defined and utilized to train the controller. 
The effectiveness of the developed system was tested applying the controller on the FEM 
simulation of the deep drawing process. Once the initial "target" conditions had been fixed, 
the occurrence of a lubricant film breakage was simulated by means of an artificial and 
sudden variation of the friction coefficient value. In particular after a punch stroke equal to 
8 mm, the friction coefficient was varied from 0.1 to 0.3. Four different conditions were 
investigated corresponding to the film breakage on the whole blank-holder or on each 
segment of the blank-holder. 
In particular fig.4 reports the BHFs paths associated to the occurrence of a film breakage 
on the whole blank-holder: the system was able to ensure an effective and quick 
adjustment of the blank-holder force on each segment. These paths permitted to produce a 
soundbox (according to the numerical simulation results), avoiding excessive thinning or 
tearing. 
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Fig. 4 BHF vs. punch stroke paths associated to film breakage 
on the whole blank-holder 

CONCLUSIONS 

In the previous paragraphs an hopefully detailed overview of the state of the research in 
some basic process design and control problems has been presented. 
The most important research lines are nowadays focused on the development of effective 
and robust design procedures, as well as on the setup of closed-loop control systems. 
Taking into account the specific features of the two approaches, the authors believe that the 
former line presents a better suitability from the point of view of industrial applicability. It 
is difficult to imagine, in fact, that the companies could be available to equip their presses 
with complex and expensive monitaring instruments. Nevertheless the development of 
closed-loop control systems still maintains its own theoretical validity and could result 
very effective for the production of particularly complex and expensive components. 
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ABSTRACT: owing to the increasing interest in parallel kinematics different parallel and hybrid 
Systems were proposed and realized in recent years. Due to the different structures and drive 
principles there are a Iot of design possibilities. In order to enable a comparison between the systems 
among each other and with the conventional systems the criteria of comparison have to be adapted to 
the parallel kinematics. Already a comparison between fully parallel kinematics and hybrid 
kinematics appears difficult due to their different characteristics such as workspace, stiffness, isotropy 
and so on. Also, there are a Iot of possibilities of construction. For example, the chosen drive type and 
the applied joints affect the comparison criteria. 
In the paper an overview of the existing parallel kinematics and their applications is given. After that, 
two different systems and their properties are introduced. Thereby different boundary conditions 
(drive system, joint angles, strut arrangement) are taken into account and their influence onto the 
system characteristics is examined. As criteria for the comparison the resulting workspace and 
stiffness were chosen because, on the one hand, the ratio between the workspace and the size of the 
machine is considered as the main disadvantage of parallel kinematics, on the other hand, the high 
stiffness is the main advantage of these systems. 
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I. INTRODUCTION 

Parallel kinematics have become one of the most interesting research areas in production 
engineering in the last years. The main property of parallel kinematics systems is the exis­
tence of a closed kinematics chain within the structure. Hence the possible application area 
for parallel kinematics is not limited and includes robotics, machine-tools, position de­
vices, measurement machines and other special elements or components for production or 
related fields. 

New systems with a different kinematics structure as conventional robots or machine tools 
have been proposed and designed. The axes are connected in a parallel way, which offers 
new system characteristics like improved stiffness caused by the parallel strut arrangement 
or higher dynamics due to the lower masses to be moved. 
In the robotics parallel kinematics are weil known for special applications like high speed 
pick and place tasks. The Hexapod-structure is also used in simulators for a long time. 
However the investigation in parallel kinematics has become a new stimulating impact for 
the machine tool as weil as the robotics sector in the last years. The choice of the system 
structure that fits to the foreseen application is one of the most important tasks for the sys­
tem designer. This means not only the characteristics of the system components but also 
the structure itself e.g. the arrangement of struts and drives. 
New machines have been developed for many different applications. Research institutes, 
laboratories and companies are working on fw:ther developments in order to build ma­
chines, which are competitive to conventional machines in speed, stiffness, accuracy and 
costs. 
In the first part a survey of the state of the art of existing parallel kinematics and their fields 
of application is given. In the second part a comparison of different structure designs for 
these new machines willpointout that a careful design is always necessary. 

2. ADVANTAGESAND DISADVANTAGES 

Taking all theoretical and design basics into consideration, many different designs of par­
allel kinematics are conceivable or have already been realised. All of them have the same 
goal: to achieve some advantages compared to serial robots and/or machine-tools. The 
structural advantages were discussed in many papers before [1,2,3,4]. The main character­
istics can be surnmarised as follows : 

advantages: 
• only compression and tension in the struts; no bending forces, 
• parallel strut construction Ieads to greater rigidity and better stiffness, 
• low masses to be moved enable high dynamics, 
• many equal parts and therefore the possibility ofmodular design as weil as 
• favourable ratio between masses tobe moved and Ioad capacity. 
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disadvantages: 
• unfavourable ratio of system size to workspace, 
• limited dexterity and small tilting angels (±15° ... ±30°) as weil as 
• inherent danger of strut collision; singularities in workspace. 

There are some more drawbacks due to the low practical experience in this new technology 
and the Iack of standardised components and calibration procedures. 
However optimisation steps to design parallel kinematics have the target to support one of 
the listed advantages as far as possible or to avoid one ofthe disadvantages in special. 
Therefore an evaluation of the listed characteristics is absolutely necessary in relation to 
the planned application. An universal solution offering the best performance for all appli­
cations is not realistic. In this field a configuration tool could be very helpful for the system 
designer [5]. 

3. FIELDS OF APPLICA TION IN THE PRODUCTION TECHNIQUE 

The IFW, Hannover, has built up a database that contains the data of 58 different parallel 
kinematics for various applications in production engineering. The following statements 
are based on this database. In figure Ia the distribution of different applications is shown. 
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Figure 1: Applications of parallel kinematics systems 

This figure refers to the number of different systems and not to the total number of manu­
factured systems. It is obvious that the most parallel kinematics applications are machine 
tools, positioning devices or robots. The highest percentage belongs to the machine tool 
sector. But it has to be pointed out that in this field the number of prototypes is much 
higher than the number of commercial systems (figure I b). Up to now there are only few 
systems in industrial use. In most cases only one prototype of each machine has been built. 
Only in the field of robotics the number of marketable systems is higher than the number of 
prototypes. One reason for the different ratio of prototypes to marketable systems in the 
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mentioned applications is caused by the Ionger experience with parallel kinematics in the 
robotics. 
The IFW database contains about 20 different machine tools. Of only five of them an 
amount of more than one item has been set up. In total about 30 machine tools based on 
parallel kinematics are built. Details of different parallel kinematics machine tools, robots 
and devices are listed in [6]. 
In the robotics several systems with over fifty sold items are on the market. This means 
that the total number of all manufactured parallel robot units is about 10 tim es higher than 
the number of parallel kinematics machine tools. 
In the field of positioning devices it is very difficult to Iist the existing systems because 
many research activities in parallel kinematics start with a hexapod based positioning plat­
form, but not all of them are presented in papers. But also in this field some positioning 
platforms are commercially offered. 

4. HYBRID KINEMA TICS STRUCTURES 

Some mechanisms consist of a combination of parallel kinematics and serial kinematics. 
Those mechanisms are called hybrid kinematics structures. In addition to the classical 
Hexapods also Tripods and Tripod-based hybrid kinematics [7], as weil as different other 
hybrid structures were analysed in regard to their adequacy for special applications. 
In figure 2 the ratios of fully parallel to hybrid kinematics structures are presented for all 
known systems and separately for the three main sectors of applications. The figure shows 
that over 80% of the various parallel kinematics systems are fully parallel. This structures 
are mainly Hexapods (6 DOF) but there arealso fully parallel systems with 3 DOF. 

If the system needs a higher dexterity, the system designer has to take into consideration 
the advantages of hybrid structures. Hybrid systems improve the ratio of system size to 
workspace, mainly caused by the increased tilting angle of the end-effector. On the other 
band the aimed advantages ofthe parallel systems especially the stiffness has tobe checked 
carefully. This could be one reason, why in some sectors, where high stiffness is necessary 
like in machine tools or devices, the percentage of fully parallel systems is over 90%. 
In the field of robotics the situation is different. Here the hybrid structures have an amount 
of nearly 42%. This higher percentage of hybrid structures is caused by the need of a 
higher dexterity in the robotics. Furthermore robots require less stiffness than machine 
tools. The scope of application aims at more than the simple handling and assembling. Dif­
ferent companies and research institutes try to construct parallel kinematics for the appli­
cation area between robots and machine tools. This means that the use of parallel kinemat­
ics is applicable for tasks where serial robots do not ensure enough stiffness or accuracy, a 
machine tool's workspace is not big enough or a conventional machine tool is too expen­
sive to be constructed in the needed size. Here hybrid kinematics have a good chance on 
market, because they have higher dexterity compared to hexapod-systems. The Tricept of 
Neos Robotics for deburring and assembling with high forces in Z-axis, the robot Multi-
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Craft 560 for deburring and grinding [8] and the prototype Georg V. for laser cutting, de­
veloped at Hannover University [9] have already proven their advantages. 
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Figure 2: Various parallel kinematics structures in different production sectors 

The high number of sold Tricepts TR 600 ( over 80 items) and MultiCraft 560 robots ( over 
50 items) indicate that a market exists for such robots and machines respectively. With the 
new version of the Tricept called TR 805 the gap to the machine tool performances will 
become smaller once again. However the tripod based hybrid structures are only one possi­
ble solution to build hybrid mechanisms. 

5. WORKSPACE AND MOVEABILITY 

Generally, the determination of the workspace is more difficult for spatial parallel kine­
matics than for serial kinematics [10]. The workspace is the set of all poses which accord­
ing to the kinematics can be reached beginning from the zero position. The difficulty is that 
in contrast to serial tool machines the workspace can not be split up into two independent 
workspaces describing the possible position resp. orientation. In case of parallel kinematics 
the orientation ability depends on the position. The workspace is completely embedded in 

m 6 which can not be conceivably represented. Thus, illustrations of results are restricted to 

cuttings and projections ofthe workspace into m3 or m2 • 
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Often, an intersection through the workspace is used in which the orientation and one space 
co-ordinate is fixed or a cutting of the workspace is applied in which certain orientations 
are possible. 

The workspace is restricted by various boundary conditions. These are restrictions due to 
the limited traverse path of the axes, possible intemal collisions between struts and limited 
angles ofthe passive joints. Also, the workspace can be restricted by singular positions. 

6. SINGULARITIES 

When applying parallel kinematics there are two types of possible singularities. The first 
type of singular positions, also known from serial robots, results in the loss of a degree of 
freedom of the end-effector. A demanded velocity of the end-effector can not be reached 
with finite velocity of the axes. Close to singularities of this type high velocities of the ma­
chine axes appear. In this position the determinant ofthe Jacobi matrix is zero det(J) = 0. 

The other type of singularity occurs if the determinant of the inverse Jacobi matrix is zero 

det(r1) = 0. This position results in an additional degree of freedom. A force onto the 
end-effector can not be compensated with finite forces of the drives. Close to these singu­
larities high forces onto the axes appear. 

These types of singular positions in the workspace have to be avoided at the design stage of 
the structure. The calculation ofthe inverse Jacobi matrix can not always be solved analyti­
cally and to find the roots of the determinant in a closed form is very costly. Thus, often 
numerical or geometrical methods are used in order to find the singular positions [11]. 
These problems of singular positions are well known in the robotics, but up to now un­
common in the field of machine tools. 

7. USABLE WORKSPACE 

In order to clarify whether a certain task can be performed by kinematics a determination 
of the workspace is not sufficient. Beside the fact that the demanded positions are within 
reach other characteristic parameters have to be taken into account. For example, these 
parameters might be the required stiffness and velocity. Thereby, either the absolute values 
or the conformability in the different space directions (minimal anisotropy) are required. 

8. STIFFNESS 

Similar to serial robots the stiffness of parallel kinematics is much more dependent of the 
position compared to conventional machine tools. Flexibility is located mainly in the 
joints, motors and struts. The frame can be made relatively stiff. To calculate the complete 
stiffness of kinematics with length variable struts the stiffness of each single component 
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has to be taken into account. With the stiffness k, of the struts including the joints and 
drives, the over-all compliance matrix C can be calculated via the Jacobi matrix J to 

(1) 

Thereby, K is the diagonal stiffness matrix in the machine coordinate system (MCS) which 
consists of the stiffness of the different struts k;. 

K = diag(k;). (2) 

With the function f( q) the position vector q (MCS) is transformed into the position vector 
x in the Cartesian base coordinate system (BCS) 

X= f{q). (3) 

The Jacobi matrix J can be described by applying the partial derivation of the transform 
function fwith respect to qi (MCS) as 

(4) 

The above relation can also be formulated when using the inverse Jacobi matrix J"1, which 
for parallel kinematics can be easier determined as the Jacobi matrix J. 

The eigenvectors of the compliance matrix C is orientated in the direction of the maximal 
and minimal compliance of the structure. The value of the respective compliance can be 
derived from the related eigenvalues. 

For kinematics with moveable base points the procedure needs more effort. In this case, on 
the one band, the stiffness of the drives and, on the other hand, the stiffness of the struts 
including the joints have to be transformed to BCS by using the two separated Jacobi ma­
trices JA and J8. In the next step they have tobe superimposed. The compliance matrix C in 
the Cartesian reference system results in 

(5) 

A comparison ofthe different drive principles is given in [12]. 
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9. ANISOTROPY 

Generally, the stiffness ofthe parallel kinematics in one operating point varies for the dif­
ferent spatial directions. Thus, it shows an anisotropic behaviour. This means in practice 
that a force onto the end-effector Ieads to a displacement which not exactly follows the 
direction of this force. 

The ratio between maximal and minimal stiffness for a point in the workspace is the con­
dition number c ofthe Jacobi matrix J. Ifthe stiffness is equal for all spatial directions the 
condition number is c = 1. For anisotropic stiffness, c increases to c> 1. Mathematically the 
condition number c is the ratio between the maximal and minimal singular value cr, of J 

O'max • 
c=--~mrn 

O'min 
(6) 

In turn, the singular values are the square roots ofthe eigenvalues A.; of Jr J 

(7) 

In general an anisotropic stiffness is acceptable within certain limits or when the applica­
tion is suitable for the anisotropic system behaviour. 

10. COMPARISION OF HYBRID AND FULLY PARALLEL SYSTEMS 

In order to compare a hybrid and a fully parallel kinematics system a hexapod and a tripod 
system with a serial wrist joint were investigated. Starting point for the Iayout was a trav­
erse path of 900mm for each leg of both systems, with the zero position in middle of the 
traverse path. The hexapod was designed for an optimal isotropy with a method introduced 
in [13]. The radius ofthe fixed platform is rA=2204.5mm. The radius ratio ofthe fixed to 
the mobile platform is 2:1. The length of a strut in the zero position amounts to 2700mm. 
The toollength between the platform and TCP was fixed to 200mm. For the tripod equal 
struts and platforms were applied. The Tripod is equipped with a passive central strut 
avoiding a twist of the moveable platform. The swivelling axis in the wrist joint is limited 
to an angle of ±110° which, usually can be accomplished by robot wrist joints (for exam­
ple, Neos Tricept TR600: 120°). The intersection point of the wrist axes is 200mm below 
the moveable platform. Also, the end-effector itselfhas the length of200mm. 

The stiffness of the joints is determined with ka=200N/J.Lm. This accords roughly to the 
stiffness reached by joints with two or three degrees of freedom [14]. Often ball screw 
drives are applied in order to transform the rotational movement of the motor into a linear 
movement. The stiffness ofthe drives, for example, received by the flexibility ofthe nut of 
the ball screw drive, is determined to kA=50NIJ.Lm. For the length variable struts the product 
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of the elasticity modulus and the cross-sectional area is EA=130000kN. Thus, the length 
depending stiffness of 50N/J..Lm for each single strut is reached when the strut length equals 
u=2600mm. The total stiffness of a single strut ki is composed of the summing-up of the 
stiffness of the two joints, the length depending stiffness of the strut itself and the stiffness 
ofthe drive 

k = (_3__+_! +-1 )-1 
I kG EA kA (8) 

The design for a minimal anisotropy results in restrictions regarding the workspace and, 
especially, the orientation capability. An other possible design goal is an optimal work­
space [15]. However, the design for a minimal anisotropy was chosen because the small 
anisotropy of adequate Hexapods is a special advantage over other kinematics. Due to the 
many different design possibilities the used kinematics can not be seen as typically repre­
sentatives of their classes. However, they enable a comparison of the respective system 
with one another by using the same components. 

1 0.1. COMPARISON OF WORKSPACE 

Figure 4 shows the workspaces of both kinematics depending on the demanded orientation 
ofthe TCP and on the limited angle ofthe passive joints. 

lt is conspicuous that the hexapod requires larger joint angles (±40°) than the hybrid kine­
matics (±15°) in order to cover the complete workspace. 

However, the workspace of the hexapod depends more on the demanded orientation of the 
TCP than the workspace ofthe hybrid kinematics structure. When the demanded TCP ori­
entation is already ±20° the workspace is reduced to the half, when ±30° it is reduced to the 
twentieth part. 

The workspace of a hexapod when the TCP is vertical orientated does not change even 
when reducing the jointangle to ±30°. However, in this case the workspace is heavily re­
duced if a set angle of the TCP is demanded. This trend is obvious looking at the orienta­
tion ±30°, which can not be reached by the chosen hexapod structure with a limit of ±30° 
for the passive joints (see figure 4b ). 

This shows clearly the necessity of considering the mechanical boundary conditions when 
designing a parallel kinematics structure. 
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Figure 4: Camparisan of the workspaces of a hexapod and a tripod with a serial wrist 
joint. rA=2204,5mm, ro=1102,3mm, traverse path u=±450mm, average length 
ofthe struts L1=L2=2700mm 

As expected, the workspace of the hybrid kinematics structure is only slightly limited up to 
the orientation of ±30° due to the wrist joint. There are no limitations of the workspace for 
the chosen system when the joint Iimits are ±15° (figure 4c). 

Ifthe joint Iimit is set to ±10° the workspace is clearly reduced by the joint Iimits. In turn, 
this Iimitation depends on the demanded orientation of the TCP. Fora vertical orientation 
ofthe TCP the joint Iimit results in a shorter travel path in x-direction mainly. This Ieads to 
a I 0% smaller hexagonal-shaped workspace (figure 4d). 
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Generally, it can be seen that forahybrid kinematics structure, up to a demanded setangle 

of the tool of ±90°, a workspace is existing which shows an advantageaus ratio between 

height and width. 

The achievable workspace of the hexapod for a vertical orientation of the TCP is bigger 
( ca.15%) than the one of the tripod structure with a serial joint. Comparing both structures 
it is also obvious that beginning with a demanded TCP orientation of ±15° the workspace 
of the hybrid structure is bigger than the one of the hexapod. The workspace of the hybrid 
structure in figure 4c for a demanded orientation of ±90° is even bigger than the workspace 
of the hexapod shown in figure 4a for a demanded orientation of ±20°. 

Thus, it is obvious that regarding the orientation capability in applications which require a 
flexible tool orientation, a hybrid kinematics has its advantages to a pure hexapod struc­
ture. 

1 0.2. COMPARISON OF STIFFNESS AND ANISOTROPY 

In the following figures the kinematics in the zero position and the Iimit of the workspace 
are shown. The length and direction of the arrows illustrate the displacement of the move­
able platforms caused by a force in x- and z-direction, respectively. Only when forces tak­
ing effect in the direction of the main axes of the compliance matrix the structure evades 
only in the direction of the effective force. 

The hexapod structure is shown in figure 5. The stiffness varies between 20.01N/J..lm and 
69.93N/J..lm. The stiffness vector with the maximum norm is located at the lower edge of 
the workspace in the vertical (z) direction. At this point also the lowest stiffness occurs in 
the horizontal (x) direction. In the upper area of the workspace the ratio between maximal 
and minimal stiffness is balanced with c=l due to the system design for optimal anisotropy. 
Towards the margin and downwards this ratio increases up to c=3.5. 
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displacements caused by a force in x- or z-direction 
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Figure 5: Hexapod structure. The traverse path from the marked zero position 

u=±450mm, average length ofthe struts L1=L2=2700mm, stiffness ofthe 

joints ka=200N/(lm, stiffness ofthe struts ks=EA/1 with EA=130E6N, stiffness 

ofthe drives kA=50NI(lm. 
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displacements caused by a force in x- or z-direction (without wrist) 
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Figure 6 shows the stiffness characteristics of the tripod structure with a stiff wrist. The 
stiffness varies in the workspace between 11.89N/Jlm and 49.54N/Jlm. Due to the steep 
arrangement of the struts the stiffness values in x-direction are lower and the variations are 
stronger than in z-direction. Thus, the ratio between the maximal and minimal stiffness is 
minimal c= 1. 94 at the top of the workspace. Towards the bottom this ratio increases up to 

c=3.5. 
The stiffness vector with the maximum norm is located at the left and right edge of the 
workspace in a nearly vertical direction. The stiffness vector with the minimum norm 
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k_min= 11,89N/J.Lm is located at the lower edge ofthe workspace directed in the horizontal 
(x) direction. 

In a additionally investigation it was proven that the maximum and minimum value of the 
stiffness of the chosen hexapod occurs in the margins of the workspace. This is quit differ­
ent to the analysed hybrid structure. Normally the maximal stiffness in the z-direction is 
located, like in the hexapod structure, at the bottom of the workspace. This behaviour is 
caused by an optimal angle between the direction of the elongated struts and the vector of 
the z-force at the lower boundary ofthe workspace. But for the analysed tripod, the length 
variable stiffness of the strut reduces the total stiffness more than the strut direction in­
creases the total stiffness of the system. 

The maximal stiffness of the hexapod is high er due to the simple fact that the six struts in a 
parallel arrangement are more stiffthan three. 
Moreover, the anisotropy in the workspace is higher for the hybrid system compared to the 
hexapod system. 

It has to be pointed out that the stiffness comparison of the two systems are made for a 
vertical orientation of the end-effector. The influence of the end-effector itself ( of both 
systems) as well as the influence of the wrist of the tripod was ignored for the stiffness 
calculation. Thus in practice, the mounted wrist at the tripod will lead to a significant de­
crease ofthe total stiffness mainly in the horizontal direction. 

11. SUMMARY 

Parallel kinematics were frrst developed and used in the 40's to 60's. These platforms were 
mainly used as simulators. Within the field of the robotics parallel kinematics were devel­
oped for fast handling tasks at the end of 1980's. 
The first experiments, to utilise parallel kinematics for machining and especially for mill­
ing led to intensive discussions and reports in research and industry. Until now many dif­
ferent research institutes and commercial providers developed parallel kinematics for dif­
ferent applications. There are over fifty different build machines, robots and devices. The 
number ofbuild items depends on the application sector. Most ofthe parallel kinematics in 
the machine tool sector are prototypes. Only few companies have build more than one unit 
of their machines. In the robotics there are commercially available systems with higher 
numbers ofbuild items. In this sectoralso hybrid kinematics are used. 

Fully parallel systems and hybrid kinematics systems have different characteristics. This 
was clarified in the examination of main system parameters like workspace, stiffness and 
isotropy. A general comparison between the different kinematics is affected by the diverse 
possibilities of realising such structures. The comparison of parallel and hybrid structures 
was restricted to kinematics with similar geometry and the same drive principle. In this 
comparison the workspace of a fully parallel and a hybrid structure were examined with 
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varying TCP orientations. Thereby, it was shown that the workspace of the considered 
hexapod is slightly bigger than the one of the hybrid kinematics system for a vertical TCP 
orientation. However, the workspace of the hexapod decreases significant for increasing 
tilting angles. Thus, the workspace of the hexapod with an orientation of ±20° is already 
smaller as for the considered hybrid kinematics structure with an orientation of ±90°. 
Moreover, the requirements on the joint angles ofthe parallel part ofthe hybrid are less. 
Thereby, it has tobe taken into account that the achievable stiffness of a tripod (only three 
struts) is lower than the stiffness of a hexapod system. Furthermore the anisotropy is higher 
for a hybrid kinematics system, which mean these systems often have a preference axis of 
stiffness. 
System characteristics of fully or partial parallel systems can be calculated at the design 
stage already, when the characteristics of the mechanical components are known. In the 
investigation both mechanical boundary conditions (like joint Iimits and stiffness of com­
ponents) and requirements on the machine (orientation capability) are covered. System 
characteristics have a strong dependence on the mentioned criteria. However, the systems 
suit to different tasks. The orientation capability and stiffness are the main features to dis­
tinguish the different fields of application. The investigation points out the necessity to 
develop the system design according to the user requirements. 
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ECO SUSTAINABLE TECNOLOGIES FOR PRODUCT AND PROCESSES 
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ABSTRACT: Life Cycle has and shall play an increasing roJe in the future, by influencing indus­
trial management and eco-management putting together producers, suppliers, customers to properly 
face the environment needs. Concurrent ecodesign enables, at design Ievel, to anticipate, many of 
the problems that arise at the end of a product life. Eco-sustainable technologies shall be faced 
with a global monitaring as a summa of sub-monitaring and pre-monitoring activities, together with 
"ad hoc" simulation tools. New methods of costs auditing should be structured, involving the whole 
product life cycles where likely new business areas could arise. 

1. INTRODUCTION 

A paper has been presented by the Author of this key-note paper at the AMST Conference 
(Udine, September 1996)1, in which the investigation of the role of Ecodesign was made, 
along four main guidelines in the area ofLife Cycle: 

Life Cycle Analysis - Engineering - Assessment - Development Concept 

1 Role and Influence ofEcodesign on new products conception, manufacturing and assembly" by 
G.F. Micheletti, AMST'96 (September 1996 Udine Italy) 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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taking into account also the bases of the required ethical and psychological attitudes to­
wards products friendly conceived in respect of the environment. It was already used the 
expression "concurrent design strategy", derived from "concurrent engineering strategy 
(CE)", this one being a concept very well known since several years2, and yet currently ap­
plied in industrial production. The concurrent engineering strategy emphasises a better in­
tegration within the results and a fruitful stimulation, through the establishment in the 
company of groups involving experts from different areas, sustained by their personal expe­
rience and inclined to investigate together many issues of different nature. The Working 
Groups, put in action by "concurrent engineering strategy", include designers, production 
engineers, quality and planning responsibles, market operators a.s.o. 

2. THE ECODESIGN STRATEGY 

The evolution of the concept moving from concurrent engineering strategy to concurrent 
design strategy and now to concurrent ecodesign strategy requires that eco-experts are in­
cluded in the teams together with ecoauditors, and ecodesigners who assure to the teams 
their sensibility to the environment problems. The ecodesigners, being active since the first 
start of the design phase (conception of the product), avoid subsequent corrections that 
bring to time delays and additional costs. The core of this methodology is a flexible compo­
sition of the teams (Enrolling Everyone ), where various competencies integration is accom­
plished both acting inside the company and from outside the company (f.i. suppliers and 
customers issues). Now AMST'99 presents a profitable occasion to verify the subject 
enhancement during the past three years time. Without any doubt, design of new prod­
ucts is more and more addressed to prepare better perspectives in respect of the environ­
ment, to day mostly affected by industrial processes. Similarly, more and more urgent is the 
challenge on how industry is required to increase the integrated approach to such a complex 
scenario in creating environmentally compatible products. I would like to underline firstly 
the word create because, implicitly in the importance to recover and recycle as much as 
possible the dismissed industrial goods, there is the necessity to go up again to the source: 
the product design phase. Secondly, I underline the word integrate: the integrated ap­
proach is in fact a key-factor, since it involves managers, experts, disciplines, materials, 
manufacturers, users, recyclers that are requested to cooperate together along a continuous 
path, whose goals are strongly conditioned by the quality and intensity of the integration it­
self. 

3. CONCURRENT ECODESIGN (CED) 

Tobetter illustrate this interaction, let's have a look on Fig. 1 showing the diagram of Con­
current Engineering (CE) and the loop of Concurrent Ecodesign Strategy (CED); Prospect 1 
and Prospect 2 respectively reproduce the definition of each term. 

2 Since its adoption in USAafter 1989. 
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Prospect 1 
Concurrent Engineering {CE) 

The core is identified in the 
Design Process 

Usual procedures connected_with it are: 
Functional Analysis, Concept, Development, lmplementation, Production; 

!hat involve: 
Software: Tools and programmes appropriate and customised for the company, product and manufacturing 

process; 
Standards: following the norms (f.i. UNIISO 8402; UNI EN ISO 9000; UNI EN ISO 9001) and 

Protocols (f.i. STEP, Standard for Exchange of Product Model Data -ISO 10303 .. . ); 
Value Analysis: evaluation of the activities finalised to optimise the quality Ievei and the costs reduction; 
Time to Market: time (and costs) reduction between design and dispatching; 
Just in time (JIT): analysis to minimise the quantity of material or components or products at the warehause and to 

assure their punctua/ delivery 
Total Quality: conformity to the principles of Quality Assurance and Quality System. 
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Prospect 2 
The concurrent Ecodesign (CEDJ 

The core doesn't change, being the Design Process. 
Ecodesign Guidelines: Rules and suggestions to be applied since the beginning of conception activity for designing 

new products, paying attention to the eco-system. 
Data Banks: collecting and memorising data and information both for considering the requirements of the product, 

and for a proper use ofthe resources (materials, processes, a.s.o.). 
Eco-Software's: info-techniques to support the design and to evaluate the environment requirements of the products, 

processes, materials; there are software tools allowing quantitative evaluations of environmental impacts of the product 
system all Life Cycle lang; they can be grouped in two main categories: LCA (Life Cycle Assessment) and LCI (Life 
Cycle lnventory)*. 

Analher important software tools category is given by: DFX (Focused Analysis Tools, or Dedicated Instruments), for 
special strategies (f.i. to minimise the Use of toxic materials, to Design for recycling, to Design for disassembly**. 

Co-Design (from cradle to grave): a system involving the use of Internet and Intranet in order to include, in the 
design phase, designers placed in different part of the world, connected by terminals; all the actors involved in the 
design join their competence sharing the elaboration and the common responsibility; the connection of all participants in 
real time cancel and overtake the concept of the physical distance between end-users, designers, producers of 
components and dismantlers. 

Eco-standards: The way to follow the international and national Standards (f.i. EMAS standard in EU; ISO 14000 and 
UNI EN ISO 14001 all over the world) 

Eco-Label: specific quality Iabei for environment (to assure that a product has a better environmental approach); 
Eco-Audit: certifications issued to industrial plants following certain standards; 
Design for Services: the identification and the planning of activities accompanying the produclive process; it can be 

extended to companies that offer - for instance - consultancy, organisational strategies, softwaring programmes 
research & development addressed to key aspects of ecodesign. 

lndustrial Symbiosis: plants proper localisation in order to optimise strategically the productions (it may happen !hat 
the waste of a company can become row material for analher placed in the same area), the same symbiosis could be 

planned in spite of geographical distances, depending on the material volume. 
Strategie Design methodology for analysing alternative solutions to the system complexity, with the help of finalised 

hypothesis based on a mix of Design, Management, Technologies, Human Resources; it could assist in managing not 
only products and technologies, but also the philosophy and decision making of the companies: for instance should be 
possible to optimise the results instead of product itself, reaching the goal to simplify the consumers world, increasing 
the design for services and the efficiency of the performance. 

Fuzzy Logic: it is a chapter of logics-mathematics, allowing to attribute a sort of artificial intelligence to components, 
through the use of interactive microprocessors; Fuzzy Logic regards to environment acts in two ways: optimising product 
complexity management du ring their use; proposing a Ionger product life through a friendly behaviour-sharing between 
product and product-owner (better care in the use of product). 

Factor 4,4+ and 10: tend to t;.each the same results in terms of welfare, products and services with a reduction of 
materials used, according to the indexes indicated. 

This doesn't sound to penalise the industrial enterprises, but to assure an help because it should give the opportunity 
to continue the Sustainable Development, reducing the negative aspects especially linked to the materials world. 

* Among them: Boustead Model, Buwal250, ECO-it, EcoScan 2.0, SimaPro, TEAM!DEAMs, LEADS 

**Design for environmental software tool, ECODESIGN TOOL, Idemat, LASeR, P2-EDGE, RECOVERY, 
RECREA TION, ReGrEd/DisPlay, Re Star, RONDA e.s.o. 

Apparently, could appear an easy one the extension from CE to CED, that significantly in­
cludes the environmental factors; but in fact, should induce several difficulties, because 
both the two methodologies are merged in the Concept Design: the first one, limited to the 
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Design Process using the engineering tools interacting with this, while the second one aims 
at introducing information that could become compulsory to manage the complexity of the 
environmental problems. Both CE and CED seem to perform the function of an "umbrella", 
guesting inside many other n.mctions capable to encourage and foster products "willing to 
react" to the environmental requirements. In fact, CED generates Ecodesign, and Net Co­
Design techniques, Strategie Design, Design for Services, extended to the whole cycle of 
the product. Life Cycle Assessment, Industrial Symbiosis, MIPS (Material intensity per unit 
service) represent the further developments to accomplish the objective, that is "closing the 
loop". 

The afore mentioned list of procedures must be enriched by "eco-need" additional defini­
tions, as made clear in Prospect 2. 

4. RUNNING PILOT INITIATIVES 

Some very interesting pilot initiatives have been set out, still running and spread in many 
different industrialised countries: mainly in West Europe, USA, Japan. The pilotinitiatives 
demonstrate that undoubtedly the core of the problern is placed, and must be faced, during 
the initial phase of the product birth: how it is conceived and made feasible for the 
manufacturing processes, taking into account the concrete reality, the technical constraints, 
the management requirements, the economical parameters and, at least, the recycling that is 
the link to soundly and correctly close the environment compatible loop. 

An "ad hoc" Project has been submitted and approved by the European Commission (DG 
XII-C-l Brite-Euram), following the Proposal of a significant number of partners (among 
them, the Politecnico di Torino) in the area of Industrial and Materials Technologies Pro­
gramme for Thematic networks. The subject of the Programme - entitled ECOLIFE - is 
"Closing the Loop of Electr(on)ic Products and Domestic Appliances - From Product 
Planning to End-of-Life Technologies. The Programme will be developed within 3 years 
duration and involves 28 Partners, from the three main areas of Industries, Universities, 
Research Institutions. 

Life Cycle is the starting point that gives the possibility to select and manage the successive 
stages of the product flow: design, manufacturing, packaging, distribution, use, disposal. 
For each stage it's interesting to identify and evaluate the parameters involved as energy, 
water consumption, solid waste, water emission, air emission, raw materials. 

End-of-life aspects should be considered as a prosecution of the chain, the last ring of 
which is reached when closing the cycle; i.e. where are set up the solutions profitably and 
efficiently found. Therefore ecodesigners suggest a reformulation for the existing products, 
to minimise their actual impact on life cycle: some others emphasise the urgency an entirely 
"thinking new", keeping in mind that recycling must become a function not only equal, but 
in some cases even predominant among design specifications. 
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lt's undoubtfull that components and design selection are conditioned by the convergent 
flow of engineering requisites, manufacturability, energy, performance, usage, environ­
mental effects due to hazardous materials, beside cost and time: among them a sort of crea­
tive compromise will be found. The point is to know in advance the dimensions (range, 
feasibility, efficiency) of each contribution, so that decisions agreed and made at the design 
stage affect a positive impact on the subsequent recycling process. 

In addition, the problern is how to put ecodesign also in business perspective, after having 
evaluated the right priorities towards the biggest outstanding issues on implementation. 

5. FROM DESIGN AS "DRA WING AND STYLING" TOW ARDS ECODESIGN AND 
INDUSTRIAL FUNCTIONALITY 

In the Politecnico di Torino is very active an interdisciplinary group of professors, research­
ers, designers working with their students on focusing "ecodesign" (the members of the 
team belong to both Faculties of Engineering and Architecture). They have discussed and 
agreed a sort of dodecalogue as interrelated guidelines, that can be synthesised as follows: 

1. to forecast firstly the entire product's life cycle, including the components, and conse­
quently adopting a design which optimises the production processes and progressively 
aH the other phases, taking into account the re-use, the disposal, a well-balanced obso­
lescence and life-time of all the parts ( or at least for some of the more relevant group ); 

2. to adopt a design aimed at simplifying the object shape, giving preference to modularity 
rather than a rigid standardisation ofvarious elements; 

3. to reduce, where and ifpossible, the dimension and therefore the materials quantity; 
4. to address the design, since its origin, towards disassembly, defining in advance the 

failure area, compacting symmetric parts, adopting modularity, simplification, rationali­
sation and preferring a design conceived "by components"; 

5. to encourage as much as possible the use ofthe same materials or at least similar, easily 
compatible and recyclable, marking each material for a complete identification; 

6. to aim at a design, able to minimise the manufacturing processes and the energy con­
sumption; 

7. to adopt lean technologies, reducing also as much as possible the energy non-renewable 
sources; 

8. to low the noise itself, in ordernot to add too much of insulating materials; 
9. to elaborate eco-budget before the manufacturing stage, improving a progressive opti­

misation; 
10. designing the packaging together with the product itself (parallel design to avoid risks in 

the phase of transport and stocking); 
11. to rethink the results within the frame of an aesthetic image (configuration) of an attrac­

tive styling; 
12. finally to inspire the breath of a new ethics addressed to both the producers and the 

user/consumers. 
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It is evident, but not easy to put in action, the "Orchestration" of the 12 points together. 

6. FUNDAMENTAL MüDES FOR ENGINEERING THE PRODUCT TOW ARDS AN 
ECO-COMPA TIBLE CONCEPT 
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Once agreed that design and engineering should share together the path, it starts the product 
venture within CE and CED frameworks. Connected with the adaptation of the product to 
production exigencies (i.e. engineering), during the phase in which the product is assessed 
from the original design to the version ready for production, two more needs arise, namely 
Designfor Manufacturing (DFM) and Designfor Assembly (DFA), extended to ecological 
requirements. 

The key phases for manufacturing are: 

1. Selection of materials, that must be based on the various parameters and not only on the 
costs, which are affected by weigh, energy consumption to produce the material, con­
taminant substances, and possibility of subsequent re-use; 

2. Number of the components that must possibly be minimised to improve the maintenance 
Operations and the whole quality of the products; n addition, to reach better assembly 
conditions since products with a small number of components are those not having a 
wide variety of materials, not relative motions between the parts and finally not requir­
ing disassembly operations for the maintenance; 

3. Machining process: must be reduced at a minimum, simplified and performed on a re­
stricted number of machines; similarly the semi-manufactured materials from which the 
parts are made must be chosen to minimise the depth of cut; 

4. Assembly operations are closely connected to the shape ofthe components; for instance, 
a symmetric piece does not require orientation; a piece without holes or groove doesn't 
face the danger of hooking in the automatic feeders; on the contrary, chamfers and fit­
ting facilitate the flow; 

5. Connections: better to use screws, if a reversibility is required, or welding and gluing, 
or riveting (if reversibility is not needed); 

6. Disassembly and recycling are connected with the exigencies to plan since the very be­
ginning, to allow the convertibility and the re-use of the product at the end of life. 

7. AN ESPLORING-PRAGMATIC PROPOSAL DEVELOPED AT MIT 

At the opening of this paper integration was mentioned as the predominant postulate. Some 
integration methodologies have been studied and adopted to get, in short times, models and 
analytical tools allowing the designers to correlate the traditional technical parameters with 
the environment corollaries. The Massachusetts Institute of Technology (MIT) turned into 
an experimental way, starting from a CAD programme already set for the design of a PC 
body and investigated how to implement it according the Life Cycle requirements. 
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Though the existing programme was divided into segments in order to manage each seg­
ment separately, giving each one the same Ievel of importance. Each segment has the 
chance to flow along following iterative paths: times are increased, but it is possible to pro­
ceed with sub-optimal solutions reached step by step, each of them in a balanced contest 
there the modules are conceptually separated, but can be later evaluated simultaneously by 
experts with dedicated competencies. 

Mathematical models support the preparation of the product programmes, inclusive of Life 
Cycle requirements. The resulting strategy of a modular integrated production, where every 
module is visible to other modules by means of standard interfaces, allowing to transfer 
information and exchange. The methodology, once applied, can be saved and taken again 
for similar designs. 

An advanced software, based on a virtual configuration, can be adapted on two well de­
fined systems: a logic system and a physical system: 

the logic system relates the production activities: design, planning and management; 
the physical system includes the real entities as materials, machines, jigs and fixtures, 
transportation and 
computers and their network connections. 

The integration between virtual and real infrastructure, using data available in the data base, 
allows a continuous updating both for the new technology at disposal, and for the users ex­
pectations. To ensure a valuable Life Cycle Assessment it is necessary, beside the general 
data base, to set up a personalised software suitable and compatible with an hardware 
properly connected to the production systems. In other words, the available virtual model -
by simulating the real paths of production processes - enables additional logical structures, 
open to the introduction of data never considered before, pertaining chemical, physical, 
metallurgical properties of materials, and toxicity, biodegradability etc. 

8. RECENT TRENDS FOR LIFE CYCLE STUDIES: THE ROLE OF SIMULATION 

Could the Life Cycle Simulation become a resolute factor towards feasible acquisition? 

The introductory aspect of this procedure is represented by intending the maintenance as the 
prediction of potential deterioration of the product components, induced by operational and 
environmental stress. An evaluation ofthe resultant functional degradation can be derived. I 
refer to methods such as FTA (Failure Tests Analysis) and FMEA (Failure Mode and Ef­
fect Analysis) widely used for Quality Assessment. 

Life cycle simulation represents an essential tool for life cycle configuration, whose func­
tion is to estimate how aging processes with specified tasks could be performed under 
specified conditions and constrains. Simulation can be employed in various phases of the 
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life cycle: in the design phase it is effective for reliability and maintainability design; in 
the operation phase, it is useful for maintenance planning. 

Required 
function 

operational and 
environmental 

conditions 

operational 
stress 

evaluation 

Stress exerted 
on components 

Evaluation 
of functional 

Deterioration 
evaluation 

to the next cycle 
of simulation 

Fig. 2: General procedure oflife cycle simulation (S. Takata) 

Operational parameters: torque, speed, temperature 
Stress evaluation: stress exerted onfacility components during the operation 
Deterioration evaluation: induced by exerted stress and resultant changes in the properfies 
Facility model: reflecting the results 
Behavior model based on deterioratedfacility evaluation 
Evaluation of functional degradation: by repeating the procedure, to evaluate the progress of the 
degradation, checking position accuracy and end-effectors 

A three years research has been carried out at Waseda and Kyoto Universities (Japan), fo­
cused on a life cycle simulation system for robot manipulators. The significance of the re­
search arises from the checked methodology that can be profitably transferred to other in­
dustrial items of home appliances. Starting objective: to identify and check a method ena­
bling a quantitative evaluation of the facility, when it operates in a particular environment 
and performs a task with specific conditions. 

The Fig. 2 gives evidence to the simulation procedure, set up by S. Takata and other co­
Authors, referred to a robot example. Since operational and environmental stress are acting 
on the components, perhaps it becomes evaluable the deterioration process, and the resul­
tant functional degradation can be identified: that is the main purpose, because it is ex-



90 G.F. Micheletti 

tremely important to individuate the level ofthe deterioration as a sort ofbreak-even-point, 
not to be overtaken due to the risk to nullify all successive revenues. 

A robust help has been assured to the researchers by an existing "manipulators failure his­
tory" elaborated between 1993-96 to check the modes and effects, using appropriate algo­
rithms, formulas and geometric representation. The components subjected to a faster wear 
being statistically evaluated, modifications have been suggested in respect of used materials 
and design improvements. Unfortunately deterioration is a very complex phenomenon: 
though a high number of factors must be considered, lubrication included. 

Next step forecast: "for making quantitatively accurate prediction of facility life via life cy­
cle simulation, we need to establish a procedure to obtain the data during the operation; 
therefore, to feed them back for improving models parameters to be used in the simulation" 
(S. Takata). A new approach has been recently tried at the University of Tokyo by F. Ki­
mura3 presenting his interesting interpretation of the "closed loop of the product life cycle" 
( Fig. 3). 

Product Quality Evaluation ~ 
i 

Product Behavior Simulation I 
Deterioration i ~ ·~ Up-grade 
Simulafnn Simulation 

Deterioration I Up-grade 

t tj 
y • 

Component, Assembly/System Life 
Part Structure Cycle 

Product Model 

Fig.3: Scheme to illustrate the Simulationmodel structure (F. Kimura) 

Looking at his scheme, a close flow of the product is considered, which envisages the pos­
sibility to re-use the product or part of the product by means of small repair or refurbish­
ment. In this sense, the product maintenance during operation tagether with a periodical up­
grading, facilitate parts/product reuse, giving a sound contribution to reduce the product 

3 "Product quality Evaluation Basedon Behaviour Simulation of Used Products" by F. Kimura, T. Hata, H. 
Suzuki, Annals ofCIRP Vol. 47/1/1998 
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flow and the volume of the materials. Kimura and his co-Authors gave to this concept the 
name of inverse manufacturing. The methodology has been largely discussed during the ex­
perimentation. Theoretically, promising results seem tobe achievable. 

The reasons why it seems rather strong the practical application come from outside the logic 
and physical simulation, due to prevailing variables as: 

1. the rapid development oftechnology that make parts quickly obsolete; 
2. the difficulty to make an identifiable quality assurance of old parts; 
3. modular or standardised design allowing parts re-use, that is somehow redundant; 
4. the cost of collecting and repairing old parts, higher than fabricating new parts. 

Another different approach has been proposed by Kimura, using a rapid product life cycle 
technique: (Fig. 3) that considers deterioration and up-grade simulation in order to deduce 
a simulated product behaviour (in the case of a copying machine as a reference sample ), 
ready for the taking-back products or components to the factory before their total break­
down or functional obsoleteness. This way could modify the current attitude ofthe consum­
ers ( especially in respect of their hausehold appliances ), inclined to keep the product until 
the moment when severe (say dramatic) breakdown will occur: the product is then so old 
and obsoletetoblock any reused perspective. 

9. ECODESIGN COSTS NEED AN ACCOUNTING STRUCTURE EVOLUTION 

Basic question advanced by researchers, designers and producers: How to compare the 
technically defined proposals and needs, in respect of the operating costs, involving the ef­
fects of restrictive environment regulations? The Fraunhofer4 Institute in Stuttgart devel­
oped a new method to calculate the life cycle cost of capital goods as machirres and manu­
facturing systems ( costs of production, installation, usage disposal). The target aimed to an­
ticipate the potential life cycle costs, deriving the approaches from the cost structure when 
covering the entire product durability, that includes also post-sales services (extended to 
teleservices and teleoperations) and disposal activities. 

First consideration: "the traditional accounting methods are not qualified to cover new de­
mands in order to optimise the cumulative benefits" (E. Westkämper). 

How to consider the post-sales various types of service and of disposal? 
Can they represent for the producers new and economical successful business areas, or merely 
negative expenditures? 
How to conciliate the only ones benefits for the producer and the benefit due to a prolonged 
working life of the product when correctly maintained and up-graded by assistance services? 

4 E. Westkämper, O.v.D. Osten-Sacken, Fraunhofer Institute (IPA), Stuttgart 
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Fig. 4: Responsibility ofthe Designer/Manufacturer (E. Westkämper) 

The environmental protection of course claims the second part within the economical cor­
rect confrontation, being now a day available efficient monitaring supports, that lead to op­
erate the product much more effectively, than traditionally clone, and to assume the mainte­
nance as the prevailing strategy due to its crucial impact on revenue. A new word appear 
after the product service-usage: deproduction, that is the phase of decreasing expenditures 
(see Fig. 4, elaborated by Westkämper, giving evidence to the evolutionary process). 
Clearly, the new basis in costs allocation requires three stages: production, usage and serv­
ices, recycling and reuse (these last ones induced by the residual value). 

The conclusion ofthe Fraunhofer Institutresearch is evident: "the /ife cyc/e cost accounting 
has to prove the thesis tkat /ongevity of products inc/uding the permanent up-grading of the 
operafing system is eco/ogical/y and economical/y usefu/, (justifying) innovative products, 
new operation and maintenance concepts, new financing models and cooperation forms ". 

10. PRODUCERS ATTITUDE 

The advancements made in the areas of ecolife simulation, rapid product life cycle, costs 
confrontation certainly will be put under pressure during the next three years: the results are 
essential and their diffusion will mark the success of ecodesign. My experience among 
research departments, brain storming stylists or designers, public rulers and private 
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uncertainties, makes myself partially comprehensive in respect of producers, that could be 
grouped along three basic profiles: 

mainly medium sized enterprises: suspicious and rather intolerant in respect of legal and 
administrative environment regulations, whose costs are very high, not fully allowed to 
be absorbed in the production costs, and therefore acting as cuts of profits; just the com­
pulsory interventions are executed, mainly addressed to pollution macro-effects: 
the following profile includes large and powerful industrial groups, often transnational, 
where some researches addressed to concurrent ecodesign is starting and whose some 
significant examples are pointed-out; certainly the main pioneering task will lay upon 
the shoulders of large companies, as whose responsible for the most important steps to 
enforce such strategies that could induce a sort of "cloning process"; 
the remaining profile (small sized companies) corresponds to the area where no effec­
tive studies are carried out on the subject, except the case of consultancy groups, ex­
pressly focusing Product Life Cycle techniques, ecodesign, models and simulation: 
mainly services than manufacturing. 

11. AESTHETIC ASPECTS WILL FIND THEIR APPEAL. 

Let me take into account the two basic factors such as shape and matter, recalled from the 
philosophy of art. The former predominates in manufacturing world practice. The new eco­
life addresses this concept in a revolutionary fashion. Material should no Ionger be consid­
ered as passive entities used merely to be processed and tumed into consumer products. The 
intrinsic vitality of a material is recognised as a lasting property permitting subsequent 
transformation and re-use. 

The design strategy is tailored to this postulate; it gives evidence of renewed value ensuing 
from transformation and can forecast its further effects. Paradoxically, the principle of "re­
fusing refusals" should be adopted, in the sense of accepting the possibilities extant in a re­
fusal as stimulation by industrial creativity towards successfully attainable re-use later on. 
This is what we should do to promote the aestethics of re-creative duration, instead of de­
structive elimination. It also is what the world requires of design team activity, through 
economic, social and political pressure. lt has been quite rightly said " the scenario of pro­
ducing doesn't only mean making but undoing to remake as well". What the producers 
acting as system head actually do? They mostly put parts together in conformity with some 
technical or safety rule, package them into a shell, and deliver them to the end user. Better 
still if the shell is attractive, when the market requires it as the result of a cosmetic surface 
capable of positioning the item within the imagined expectations created around the market 
itself. In many instances, the shell itself becomes the only support of a message and saves 
the item in question from the indistinct chaos of available commodities, by making it 
prominent and readily identifiable by the consumer, as often happens with domestic appli­
ances and Ieisure goods for example. 
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I would like to draw attention to this interface. The shell should no Ionger exercise its ex­
ternal appeal that reduces its technical content to a sort ofhidden black box unintelligible to 
consurners. lf we follow this logic to the design philosophy we all hope for, manufacture of 
the product is confined to its outside skin, as a precious package and "decor" requiring no 
technical description or conformity with eco-compatibility. Conversely, the skin should re­
ward the clean technology contained inside the package, with an immediately perceivable 
aesthetic message stimulating identity between the concept pf "green" and "beautiful" 
products, that is betweenform and matter. 

We know the industrial world's hardware requires being explored, before transferring the 
center of gravity of today's economic and production interest towards progressive refine­
ment focused on interaction and mutual functionality versus both use and re-use. Logic it­
self will no doubt reshaped. Despite the centuries-old tradition of aggregating and combin­
ing internal parts alone, design and production will have to enter to day's "desegregating for 
recombining" approach respecting each component's individual nature and combinability 
for the respective properties, that reject the fate to live and die merely as a function of prod­
uct's life. 

12. CONCLUSION 

My wish, that I know is shared by the AMST'99 audience, is that next Conference within 3 
years will enjoy a key-note Paper in which encouraging advancements will be described to­
gether with a wider consciousness that the efforts have, and will spread benefits from an in­
dividual to a planet scale, because this auspice is right, is good, is attractive. Specialists are 
linked in real time, working on a common goal in different countries and continents; virtual 
technique will significantly facilitate major design changes, because it is highly interactive, 
allows fascinating representation and navigation; anyone is a part of the decision experi­
menting innovative changes in real time, ensuring a trouble-free virtual solution. New ap­
proaches flow tagether for interpreting environmental protection, stimulating creativity. 

Once again, the world of culture confirms its links and positive interaction powers, when 
sketching the messages of a magmatic scenario, that marks to day and condition tomorrow. 
I would like to renew tlre auspices: an environmental NewAge needs the breath of science, 
technology, fantasy and faith. 
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ABSTRACT: An experimental investigation was performed on a plant providing selected 
raw material to ceramic and tile industry. Sizable single and combined effects of a nurober 
of factors were observed, and valuable information relevant to process planning and 
control was obtained, leading to improved production rate and energy conservation. 
Dynamic aspects of process mechanics were also investigated, since under given 
conditions vibration induced fatigue loading affects critical component integrity. 
Dependence of critical spectral components from process parameters was therefore 
investigated; data obtained include maps of safe operating regions within a broad sample 
space, allowing trouble free operation without impairing production rate. 

l. INTRODUCTION 

Process improvement is perhaps the more natural and consolidated field of application of 
design and analysis of experiments in industry. Classic experimental designs have been 
mostly applied on processes assuming that they are inherently stationary, namely that 
variables involved in the experiment are time-invariant. Yet some difficulties occur when 
this assumption has to be relaxed for some signals measured on the process. However, 
applying a Fourier transformation a time signal may often be surnmarized in terms of a 
small number of spectral components, which account for a !arge fraction of signal's total 
energy. These components in turn lend themselves readily to statistical analysis, provided 
that two source of random variability are considered, namely one related to short term 
repeatability and the other with long term fluctuations in amplitude as weil as in frequency 
ofthe dominant components along time due to non-stationarity. 

Published in: E. Kuljanic (Ed.) Adl'al/ced MwllljiLcturing Srstems and Technology, 
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An analysis of the nature of these peculiar responses and their relevant statistical treatment 
is given in the next section of the paper. The aim is to turn these responses into ordinary 
ones pooling the additional variability due to non-stationarity in the experimental error of 
the statistical model. 
In the remainder an investigation on the dynamic behavior of a mill system for the 
production of fine sand by intergranular grinding of hard minerals by factorial 
experimentation is discussed, where both stationary and transformed non-stationary 
responses are present. The mill's drive train undergoes under particular circumstances 
sizable torsional vibrations, severe enough to entail permanent darnage to critical 
components, and eventually catastrophic failure; only some frequency components 
however were found to correspond to potentially damaging oscillating stresses. Response 
surface methodology was resorted to in order to map safe operating regions in the 
experimental space and evaluate risk of fatigue induced failure elsewhere. Furthermore, 
parsimonious empirical models were arrived at providing practical information for 
economic control of production process. 

2. SPECTRAL COMPONENTS AS EXPERIMENT AL RESPONSES 

Spectral analysis is a primary technique for the study of system dynamics. Describing a 
time-signal in the frequency domain is very revealing for many purposes, like energy 
localization, modal characteristics, system identification and control, detection of non­
linearity. Now some implications will be outlined when a spectral component is taken as a 
response in a planned experiment. 
Consider a time-signal coming from a measurement instrument, either analog or digital. lt 
can be mathematically modeled as an instance of a random process. A continuos-time 
(discrete-time) random process is a signal ~(t) (sequence ~.) defined on some probability 
space. For any time-instant t* (index j) the distribution function for the random variable 
~(t*) (~i) has to be provided, together with all the possible joint distribution functions. In 
the general case a complete definition is practically prohibitive. To deal with the majority 
of real world applications two important sub-classes are defined: stationary and 
cyclostationary processes. Stated in a few words, stationarity means that all the 
probabilistic properties do not depend on time origin but only on the time lag between 
involved RVs; one ofthe consequences isthat all RVs ~(t*) (~) are identically distributed. 
In particular their mean and variance are time invariant. For cyclostationary process 
probabilistic properties do not change when the time origin is shifted by a multiple of a 
period T; mean and variance of all RVs ~(t*) (~) are periodic function of time too. In the 
study of frequency transformed signals, cyclostationary time signal can be seen as the 
counterpart of every frequency component. 
We focus now on gaussian random processes, which are the more frequently encountered 
in the applications. If a linear transformation is applied to a gaussian process, stationary or 
not, the resulting process is still gaussian. Now Fourier transform is a linear operator, 
being the expansion of a signal in terms of a linear combination of orthogonal harmonic 
functions. Therefore every frequency component extracted from the Fourier transform is a 
complex normal RV. Ifthe amplitude spectrum is considered, in principle normality would 
be lost; however it can be easily retained by mirroring the time signal about the y-axis or 
the origin. This modification produces an even or odd signal having a purely real or 
imaginary Fourier transform, so that amplitude is affected by a sign change at the most. On 
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the other band mirroring the signal has a very little effect on the frequency spectrum which 
is only multiplied by a constant factor. Hence real part, imaginary part and amplitude of 
Fourier transform of a gaussian random process are still normal RVs. This consideration 
matches perfectly the assumption of normality ordinarily stated for an experimental 
response. Now we will Iook for an efficient estimate of the response variance, exploiting 
the peculiar nature of the response, which is a spectral component extracted from the huge 
amount of information contained in the observed time window of the signal. The idea is to 
resort to a more informative transformation, capable of capturing the frequency content of 
a signal along time. Such a transformation is known under the generat name of time­
frequency transformation (TFT). 

2.1 Time-frequency transformations 
The Fourier transform and its inverse establish a one-to-one relation between the time 
domain and the frequency domain. These constitute two alternative way of looking at a 
signal. Although Fourier transform allows a passage from one domain to the other, it does 
not allow a combination ot the two domains. In particular, most time information is not 
easily accessible in the frequency domain. While the spectrum X(/) shows the overall 
strength with which any frequency f is contained in the signal x(t), it does not generally 
provide easy-to-interpret information about the time localization of spectral components, 
which is embedded in the phase spectrum in a very entangled way. On the contrary, a TFT 
is a joint function of time and frequency and gives a clear picture of time localization of 
spectral components producing a surface over the time-frequency plane. Note that this 
concept resembles a musical score, which indicates which notes (spectral components) are 
present at which time in a piece of music. Obviously additional information provided by 
this bi-variate transformation is paid with an increase of the computational burden. Among 
existing TFT, linear, quadratic, otherwise non-linear, the first will be considered for the 
desirable property which was previously mentioned. 
The simplest linear TFT is the Short Time Fourier Transform. It is obtained by doing a 
sequence of Fourier transforms on windowed adjacent portians of the time signal. Of 
course the window width determines the time resolution of the spectrum and the frequency 
resolution is accordingly determined on the basis of the uncertainty principle: improving 
the time resolution (by using short a window) results in a loss of frequency resolution and 
viceversa. 
Wavelet transformations, the other important linear TFT, uses the trade-off between time 
and frequency resolution in a flexible way. Here the windowing functions have a variable 
time duration, giving rise to the so called multiresolution analysis. Thus a series of 
increasing time resolutions corresponds to a series of decreasing frequency resolution. For 
the purpose of this paper the first transformation seems more adequate. Basic notions on 
this topic can be found in [4]. 

2.2 Use ofTFT in the analysis ofspectral experimental responses 
The main utilization of TFT in our problern is detection of non-stationarity and estimation 
of random variability on spectral components. Relying upon the Fourier transform only 
can be very misleading for the interpretation of non-stationary signals. Fourier transform 
provides an averaged spectral description, which is only a piece of the information; the 
other piece is variability along time of frequency components. Obviously any conclusion 
drawn from the analysis of the average spectral content is, to a different extent, wrang. 
Remiod that in case of strong departure from stationarity, observation of only a small 
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portion of the signal Ieads to an exceedingly inaccurate analysis. Only when peculiar 
features are to be investigated a restriction of the signal to quasi-stationary time intervals 
can be adopted. TFT just provides the missing information: random variation in the 
statistical model of a frequency component is inferred using the sample counterpart 
evaluated on the TFT units along time at the frequency of interest. Note that this 
technique, compulsory when deaHng with extreme non-stationary signal, is useful in 
general, even for stationary signal, as it provides an efficient estimate of the random 
variability of the statistical model. 

3. CASE STUDY 

MineraH Industriali S.p.A. is one ofthe 13 production units ofGruppo MineraH S.p.A., an 
Italian company involved in extracting, processing and trading raw materials supplied to 
ceramic and glass manufacturers. The philosophy of the Group is aimed at continuous 
improvement by investing in technology. In particular MineraH Industriali has developed 
the roll-press to break silica sanddown to 45J.Lm dispensing with the traditional ball-mill. 
The process of grinding is to have a machine which breaks the grains (ball-mill or roll­
press) and one (classifier) separating the fine from the coarse as required (45, 63, 
1 OOJ.Lm .. . ). Treatment is easy with soft materials (kaolin, talk, calcium carbonate, pumice ), 
but becomes more complex with hard raw materials like feldspar, silica flour, zirconium. 
The principle of the roll-press was already known in Roman times but it had never been 
developed for an energy intensive process like grinding hard sand. Two rotating horizontal 
rolls forced one against the other break up the raw material fed into the gap by a cochlea. 
Usually the raw material is composed by sand with 2mm grain size and the output of the 
machine (in open-circuit) is made up by a sand mix with a range of grain sizes. lf the 
finished material has tobe (for example) all under 75J.Lm it is ground in closed circuit. Fig. 
1 shows a block diagram of the system in closed circuit operation. The roll-press grinds 
fresh and recycled material and sends it to the classifier where fine sand is extracted and 
the coarse is sent back for recycling. 
This outline of the process underlines some of the difficulties in appraising the influence of 
the different parameters on system's performance on a theoretical basis. Systematic 
experimental approach was therefore resorted to in order to collect information. Roll-press 
system design caters for flexible parameter setting, rolls and cochlea being controlled by a 
converter and applied force by an ad hoc device. One plant was fitted with a 
comprehensive instrumentation system exceeding requirements for regular plant operation, 
thus coping with the more exacting demands of specific investigations. 

Fig. 1: Schematic diagram ofroll-press system. 
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Troubles arose in the course of initial operation of the prototype plant as the process is an 
intensive energy one, and insufficient knowledge about the complex pattern of interaction 
among variables led occasionally to abusive loading of components. The roll-press system 
proved successful right from the startup, since it was definitely cost effective even after 
making allowance for the limited service life of some heavily stressed parts. Something 
had to be done to prevent unplanned downtime for repair from upsetting regular 
production flow; such a consideration prompted the study described below. 

4. EXPERIMENTAL INVESTIGATION 

Recognition of both static and dynamic phenomena among those governing plant 
performance, which could not be properly modeled for want of key information, was a 
major factor in suggesting initiation of a systematic testing program. Existence of a 
complex pattern of interactions of substantial magnitude was furthermore suspected in the 
light of preliminary investigations, as results of "one factor at a time" tests were 
inconclusive. Provision for routine data logging during test runs as well under production 
conditions for trouble shooting purposes was made, a precaution more than justified in the 
light of accumulated experience. 
Selection among a host of factors affecting operation was made aiming at parsimony in 
model building, balancing the advantages of concise description against the uncertainty 
entailed. Theoretical considerations based upon energy content as weH as priorities 
suggested by practical experience helped to single out, among others, four main factors, 
related to roll force and speed, feeding cochlea speed and control pressure. Steady state 
test results showed that single and combined effects of these factors account for over 90 % 
of corrected sum of squares, a performance deemed adequate for the investigation at band. 
Along with production rate and power requirement dynamic loading of the instrumented 
drive shaft was retained as one of the main responses, as evaluated by the output of the 
strain gauge bridge fitted on the torque tube. Slip rings were dispensed with using 
inductive coupling for both bridge excitation and signal transmission; provision was made 
for output amplification and signal conditioning on board of rotating shaft with dedicated 
circuitry, thus enhancing substantially signal to noise ratio. Contactless operation, catering 
for rapid drive shaft assembly and disassembly, was a distinct advantage since 
instrumented shafts came to be requested on short notice as the value of torque monitoring 
for trouble shooting purposes became appreciated over a nurober of plants in different 
locations. 
Experimental design in the form of a complete 24 factorial plan, plus a star for squared 
term estimation, was eventually retained, taking into account the requirements of both 
steady state and dynamic investigations. Main factors considered were roll and cochlea 
rotational speed, applied force and control pressure. Control of drift was obtained by 
blocking and center point replication within blocks, with provision for analysis of 
covariance if need be. Operating factor range was as usual a compromise between 
dustering around actua1 operating values, thereby increasing precision at expense of 
generality, and spacing levels wide apart in order to cover an broad sample space. 

5. MAINRESULTS 

Results are depicted as normalized response surfaces in cube plots [2], in terms of 
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nonnalized variables (main factors). The nonnalized output rate ranges in a one to two 
ratio within the sample space showing sizable room for improvement of productivity. A 
clear rise can be observed moving from the lower left to upper right corner in the cube 
plots of Fig. 2, meaning that, by and large, all factors considered entail an increase of 
productivity when present at upper Ievel, whereas two interactive tenns involving applied 
force are responsible for the curvature in the isolevel surfaces. Two covariates are also 
effective, frequency of the ventilation system and product between control pressure and 
elapsed plant lifetime. Productivity increases linearly with frequency and decreases along 
time if a high control pressure is used. These effects are not explicitly accounted for in the 
cube plots shown, which are referred to given Ievels of covariates for reference purposes. 
The energy absorption cube plot for control pressure Ievel = -1 (Fig. 3) degenerates to a 
planar contour plot owing to the interaction between applied force and control pressure. 
Cochlea speed and control pressure are energy dissipating factors, as opposed to cylinder 
speed and ventilation frequency. 
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Fig. 2: Cube plots for productivity, at lower and upper Ievel of control pressure. 
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Fig. 3: Cube plots for energy absorption, at lower and upper Ievel of control pressure. 

Reliability analysis is based upon data collected on torque on transmission shaft, where 
fatigue failures were sometimes experienced in the past; risk of fatigue failure under 
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assigned process operating conditions was accordingly assessed on a probabilistic basis. 
Classical analysis of fatigue induced by a number of harmonic Ioads at different 
frequencies was used, assuming a l/3 variation coefficient, quite a substantial value 
justified by the large scatter typical of fatigue test results and the additional variability 
(compared with Iabaratory tests) due to non-stationary loading conditions during real 
machine operations. 
Typical waveforms sampled for two experimental settings and their FFT amplitude spectra 
are depicted in Figs. 4 and 5. Data acquisition was routinely performed with a .5 kHz 
sampling rate on 40 s blocks of observation. 
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Fig. 4: Typical torque waveforms as measured by strain gauge bridge in one second 
observation window. Torque is normalized dividing by the static signal component. 

Note the different features exhibited by the two signals. 
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Fig. 5: FFT normalized amplitude spectra ofthe waveforms afFig. 4, computed on the full 
40 s observation time. Static component (unit) is not shown. 

Apart from the static component three dominant frequency lines appear. The first two 
frequencies are strictly correlated to the rotation speed of cochlea and cylinders 
respectively, as might be expected. The third one, unrelated to systematic driving terms in 
the process, appears to be a structural resonance frequency. This conclusion is supported 
by the fact that the energy carried by this component is nearly always small in the 
experiment but for a few runs where it resolutely peaks, see Fig. 5. Resonance is initiated 
as soon as a sufficient energy enters the resonance bandwidth. A closer observation of the 
waveform reveals that vibrations at the suspected resonance frequency start rather 
irregularly, however after some energy is injected in the vicinity ofthat frequency. A 
short-time frequency transform shows these events more clearly in Fig. 6. 
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Normalized STFT amplitude 

Fig. 6: STFT ofthe second signal in Fig. 4, observed over about 60s. 

Failure risk was estimated modeling the fatigue response of the material of the 

transmission shaft when an equivalent torque T.q made up of the dominant components is 

applied: 

Teq (t) = A0 + A1 sin(27tf1t) + A2 sin(27tf2t) + A3 sin(21tf3t) (I) 

Components A0 through A3 are extracted from the amplitude spectra of STFT applied on 

the set of sampled signals corresponding to treatment combinations examined. The von 
Mises equivalent stress cr corresponding to strain gauge bridge output signal Ll V is 

calculated as: 

(2) 

where G is the shear modulus of the material, k the calibration factor of the strain gauges 

and V0 the excitation voltage. . 
To evaluate the cumulative darnage produced by the different sinusoidal terms in the above 

equation the Miner hypothesis was used. If N1, N2, N3 are the durations (expressed as 

number of cycles) corresponding to equivalent stresses cr1, cr2, cr3 the fatigue failure occurs 

after a time 
(3) 

where the cycle numbers n1, n2, n3 are determined, according to Miner, so that the 

following holds: 

(4) 

This technique is admittedly a rather crude approximation, however adequate in the light 
of the !arge scatter affecting fatigue phenomena. Combining eq. (1) and (2) yield for 
duration D: 

(5) 

lt is Straightforward to verify that fatigue life is indefinite only if N1, N2, N3 are all oo. 

Hence it is sufficient to check that fatigue life is indefinite for the maximum of the · 
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equivalent von Mises stresses obtained using eq. (2) on the voltage signals related to the 
three sinusoidal torque components. 
Graphical representation of whether the fatigue life is indefinite or not is provided on the 
Goodman diagram. A widely used display for fatigue analysis, it is easy to build and to 
interpret, and provides, in a plane where a generic altemate stress Ioad is represented, a 
closed region within which indefinite life is predicted for a given material at band. Load is 
defined in terms of static and cyclic stress components erm and er., material is characterized 
by yield stress er" ultimate tensile strength R and fatigue Iimit er0 , the latter corresponding 
to a sinusoidal Ioad with a zero static component. Fig. 7 shows experimental points plotted 
with Goodman contour lines plotted at different risk Ievels according to an elliptical 
approximation to the dassie polygonal diagram. Cube plots shown in Fig. 8 depict where 
indefinite life regions are located in the sample space; Iimit surfaces and corresponding 
risk Ievels are also shown. 
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Fig. 7: Goodman diagrams at three risk Ievels, showing experimental points (ermax=c:Jm +er.). 
The most energetic sinusoidal component in each run has been considered. 
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6. DISCUSSION 

Results obtained relate expected component endurance to operating conditions within a 
comprehensive parameter range, and show clearly within the sample space considered 
which regions lend themselves to safe exploitation and which on the other band must be 
avoided. By controlling production process accordingly trouble free operation was 
effectively obtained while boosting production at the same time; no more failures occurred 
and regular maintenance proved adequate to keep the machinery operating day in, day out. 
Cube plots proved their worth once again in conveying effectively information to 
personnet quite capable on the job but unacquainted with statistical analysis. By providing 
the information required in a clear, intelligible format, yet unencumbered with forbidding 
mathematics, plant foremen were empowered and actually encouraged to steer their 
processes along creative, yet inherently safe paths. 
Identification of origin and mechanism of potentially disruptive phenomena enables also 
selection of inexpensive, readily replaced components as mechanical fuses, designed to 
protect expensive pieces of inventory from crippling darnage just in case some control 
went beserk. Apparently a kind of reverse Murphy law went into effect since the 
investigation was performed, since no more failures were experienced over one year of 
operation of several plants, against a previous record of frequent disruption of production 
schedule due to unplanned downtime. 
Independent tests were resorted to in order to validate main conclusions, and to extend 
their field of application to cover several kinds of raw material; incidentally, the basic 
process mechanics were found to be but marginally affected by substantial variations of 
material specification. 
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ABSTRACT: Material removal, at economic rates, from hardened workpieces has always 
presented achallenge and, until quite recently, abrasive machining processes were the only option 
for hard-facings. However, cutting tools based on polycrystalline cubic boron nitride (PCBN) have 
opened up the possibility of tuming and milling as attractive alternatives for abrasion-resistant 
workpiece materials. This paper describes work carried out at the University of Hull to investigate 
the interaction between a high CBN content cutting tool material when tuming an iron-based 
welded hard-facing material. Results of machining triflls are reported and SEM photographs are 
presented, which show the failure mode of CBN. The behaviour of large carbide particles in the 
workpiece is of particular interest and has been studied using a modified 'quick-stop' procedure. 
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1. INTRODUCTION 

Iron-based hard-facings are widely used to provide resistance to abrasive wear in industries 
ranging from mining to food processing [ 1]. Abrasion resistance is achieved by producing 
a microstructure comprising hard carbides dispersed in a relatively soft matrix [2]. Alloys . 
forming chromium carbides are popular because these carbides tend to exist as relatively 
large micro-constituents and present large surface areas to the abrasive material. Weld­
deposited layers of hard-facing, several millimetres thick, are typical and subsequent 
machining is almost invariably necessary to achieve required standards of dimensional 
accuracy and surface finish. This presents a dilemma because a material affering good 
abrasion resistance will, almost invariably, be difficult to machine. Indeed, until quite 
recently, abrasive machining was the only material-removal option for hard-facings. 
However, cutting tools based on polycrystalline cubic boron nitride (PCBN) have opened 
up the possibility of turning and milling as alternatives. 

Cubic boron nitride (CBN) is the second hardest material in the world after diamond and 
polycrystalline CBN tools, unlike diamond, are suitable for machining hard ferrous 
materials. The superior performance of CBN tools, in terms of higher material removal 
rate, has been shown in many areas [3]. Materials suitable for machining with CBN tools 
include hardened alloy steel, cobalt-based alloys, nickel-based alloys and tool steels. In 
addition, cast irons and nickel/chromium cast iron can be machined at very high speeds. 
The ability of CBN to cut these hard materials at high speeds is due to the retention of 
strength at higher temperatures compared with other tool materials, combined with 
excellent abrasion resistance and resistance to chemical reaction with ferrous workpieces. 
CBN tools can also be used to machine very tough materials including Ni-hard [4], 
tungsten carbide and other engineeringceramies [5]. 

CBN tools have been successfully used in machining nickel-based and cobalt-based hard­
facing alloys at a speed of 200-250 inlmin and feed of over 0.2 mm/rev [4]. Round, 
chamfered inserts were used with a depth of cut sufficient to penetrate into the material 
below the very abrasive as-deposited alloy skin. Machining of iron-based hardfacing 
materials has only recently been investigated. Bieker [6] reported an application of CBN in 
milling welded die materials. In this work, welded alloy F41 (56 NiCrMoV) with a very 
irregular surface and varying hardness was successfully machined by a milling process and 
it was shown that the CBN materials used affered considerable benefits. 

CBN tools have great potential for replacing grinding processes in the machining of some 
hard-facings with high hardness but the high price of CBN material implies very high 
tooling cost. CBN tooling products were designed for difficult-to-machine ferrous 
workpieces but none was specifically intended to cope with carbide-containing hard­
facings. Thus the availability of tools for this particular application was limited. Lack of 
understanding of the machining process, especially the deformation process of the 
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workpiece material and the interaction between the tool insert and the workpiece, has 
restricted the application of ultra-hard materials in this field. 

The work reported here is concerned with assessing the ability of a high CBN content 
(>95%) cutting tool material for turning chromium carbide based hard-faced workpiece. 
The investigation included cutting trials and detailed examination of the tooVworkpiece 
and tool/chip interfaces using a 'quick-stop' device. 

2. EXPERIMENTAL DETAILS 

The materials for the cutting tests were prepared from a chromium carbide based hard­
facing layer, nominally 6mm thick, deposited on a mild steel bar (cj>lOO, L300mm) using a 
flux cored arc welding (FCA W) machine. The hardness of the welded layer was HRC 55-
58. The sample was pre-turned to remove the rough welded skin, prior to the cutting tests. 
The tests were conducted, without a coolant, using a Churchill 'Computurn' 290 CNC 
lathe and the cutting conditions were: S70 m/min, F0.25 mm/rev, depth of cut of 0.65 mm. 
The tools used were RNGN070400 solid indexable inserts (7mm diameter with a O.lmm 
edge chamfer) held in a matehing tool holder to give a negative rake of 6°. A tail-stock 
was used in all the tests in order to make the system more rigid. Stages in the wear of the 
flank and rake faces of the cutting tool were monitared and cutting was stopped when ari 
insertwas observed to have lost its ability to cut effectively. 

A 'quick-stop' technique was used to preserve the tool:chip interface, formedunder controlled 
cutting conditions. In this test, the tool holder was pivoted and supported by a shear pin. 
Once steady state cutting was established, the cutting action was suddenly stopped by firing a 
captive bolt gun to break the shear pin and to aceeierate the tool holder away from the work­
piece. The chip, still attached to the work-piece sample, was then sectioned, prepared for 
metallographic examination and etched in Vyella's reagent (5rnl HCL, lrnl picric acid, lOOrnl 
ethyl alcohol), to reveal the carbides and the matrix. Sections normal and parallel to the 
cutting direction on the transient plane of the work-piece material were prepared and 
examined using optical and scanning electron microscopy. 

3. MATERIALS 

The structure of the hardfacing alloy is complex, determined by the processing conditions [2]. 
The basic microstructure of the workpiece was a coarse, hypereutectic of primary carbides in a 
eutectic matrix. The large primary carbides, identified as (Cr, Fe)7C3 [7, 8] formed during the 
welding process. The majority of these were colurnnar with hexagonal cross section, due to 
preferential cooling from the mild steel base .. 
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Tools with high CBN content were considered to offer the best chance of success for 
machining hard-facing materials. The tooling selected for this work was a tough, coherent, 
high strength and chernically stable compact comprised of a rigid network of small sized (5-
8l-!m) cubic boron nitride particles with an AlN intergranular phase. Under processing 
conditions, penetration of the spaces between particles was complete ensuring a fully dense 
material with no voids or cavities. The material hardness was HK36.5. 

4. RESULTS 

Figure 1a is a general view of a cutting tool insert after machining for 15 rninutes. Significant 
deterioration in the tool geometry has occurred, most obviously in the form of flaking of the 
rake face. This has resulted in a reduction in cutting ability and would, ultimately, lead to tool 
failure. Closer exarnination (Figure 1b) reveals small-scale chipping darnage concentrated at 
the lower edge of the charnfer. It is probable that cumulative chipping darnage of this type has 
resulted in the flaking of the rake face. 

jt;,,(1( 2ei(V W(t 3Iiir1 S 2.'481 F' 141~1 
Hlt'l-----

Fig 1a General view of insert after 
15 rninutes cutting 

Fig 1 b Edge chipping in early stages of 
cutting 

A detailed exarnination of. worn tools (Figure 2a) revealed that, within the zone of contact on 
the flank face, cracks propagated araund the primary CBN particles. Therefore, the chipping 
darnage to the near edge region appears to have been due to the removal of individual grains 
or aggregates. The flaking process on the rake face, however, was the result of transgranular 
fracture. Cleavage cracks (Figure 2b) have propagated across CBN particles, with lirnited 
deflection. 



Hard Tuming with PCBN Too1ing 111 

Fig 2a Close up view of the edge region Fig 2b Flaking by transgranular fracture 

Fig 3a Quickstop specimen Fig 3b Chip detail 

The 'quick stop' specimen, shown in Figure 3a, resulted in a clean detachment of the cutting 
tool and retention of the chip to the workpiece. The large, colurnnar (Cr, Fe)?C3 carbides (A) 
can be clearly seen, roughly perpendicular to the cutting edge. The hexagonal grains (B) are 
representative of those roughly parallel to the cutting edge and show some defects, in the form 
of inclusions, at the centre. The region marked C is the eutectic matrix. 
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The hard-facing chips were typically saw-toothed, sernicircular and severely serrated on the 
side near the minor cutting edge. The tool face side was regular and no apparent flow of the 
workpiece was observed. Saw-tooth chips of varying segment size were formed, due to the 
rnicrostructural heterogeneity of the workpiece. It is apparent that both the morphology and 
the quantity of the carbide particles inhibit the chip formation process and the deformation 
within the chip segment (Figure 3b). 

Fig 4a Cleavage cracks in the carbides Fig 4b Deformation of carbides 

Cleavage fracture of the large, colurnnar, primary carbides ahead of the cutting edge was 
observed (Figure 4a) but cracking of the eutectic matrix was not seen. In some cases, 
separation of the carbide and matrix has occurred along the boundary with a chrornium­
depleted zone. After fracture, fragments of the carbide have moved into the chip in the 
subsequent chip formation process and no other movement, e.g. rotation, of these large 
fractured segments of the carbide was observed. A cross-section of the transient surface 
(Figure 4b) revealed the deformation of carbides and the matrix beneath the surface in contact 
with the flank face of the tool during cutting. Cracking and bending of colurnnar primary 
carbides was evident near tbe surface region and it is clear that plastic deformation of the 
carbides has occurred during the cutting process. When a duster of colurnnar primary 
carbides with short free distance has been encountered by the tool, the carbides have been 
severely cracked and bent. In general, the cracks are parallel to the cutting direction and have 
propagated about half way through the carbide crystals. Separation of the carbides and matrix, 
due to bending of the carbides, can be observed. 
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5. DISCUSSION 

Chromium-carbide based hard-facings are very difficult to machine because of the presence 
of !arge discrete carbides. Cutting forces were not measured in this work but it was 
obvious that the lathe was subjected to higher loading when machining hard-facings than 
when machining hardened steel or a titanium alloy. An important aspect of machining hard 
materials is the generation of sufficiently high temperatures to soften the workpiece 
material whilst the tool material retains its strength. It is weil established that CBN cutting 
tools retain their hardness at high temperature [9] but so do carbide-containing hard-facing 
materials [ 1 0]. Thus, the beneficial effects ofthermal softerring cannot be fully achieved. 

From the quick-stop samples and subsequent metallurgical analyses, four distinct areas of 
workpiece deformation were identified. In addition to the usual three deformation zones 
associated with homogeneaus metals [11,12], a further large deformation zone has been 
identified ahead of the cutting edge and extending deep into the workpiece. In this region, 
!arge columnar carbides have cleaved and the subsequent segmented chip-formation 
process has actually occurred within the eutectic matrix and the fractured carbides. The 
fragments and the eutectic carbides inhibit further deformation within the chip segment, so 
that the shearing and cracking process to form the chip segment was limited to a narrow 
region extending from the tool edge to the free surface of the workpiece. 

Two possible processes may have contributed to the formation of this region. Firstly, in 
metal cutting processes, there is a steep stress gradient in advance of the tool and a strong 
stress concentration at the relatively sharp cutting edge [12]. When the matrix is not strong 
enough to absorb the energy, the !arge carbide particles are subjected to bending moments, 
which, if sufficiently !arge, will cause cracking. The second possible source of energy 
input to the matrix is associated with the cutting chamfer. When the insert is forced into 
the workpiece, a stress pattem is generated . around the edge region, with the maximum 
stress at the chamfer [13]. The hard-facing matrix in this regionwill be highly strained due 
to its high workhardening ability and will transfer the energy to the discrete carbides, which 
are of lower fracture toughness. 

The existence of the primary carbides and the eutectic carbide within the microstructure of 
this hard-facing will also increase the energy consumption in the other three deformation 
regions. In the primary zone, the matrix has been effectively strain hardened to fracture the 
eutectic carbides which are perpendicular to the chip formation plane. The eutectic 
carbides parallel to the plane can separate from the matrix along the interface and !arge 
carbide fragments may be pulled out. A much greater energy would be needed to achieve 
this removal of carbide fragments compared with a simple shearing or crack formation 
process. In the secondary deformation zone, the matrix is not sufficiently continuous to 
form a protecting layer and contact with the under side of the chip with fractured carbides 
will exert high mechanical and thermal loading condition to the rake face. In the tertiary 
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deformation zone, interaction of the fractured carbides and the flank face of the insert 
occurs when these two surfaces move at very high relative speed and further deformation 
of the carbide indicates high mechanical and thermal loading. The brittle ductile transition 
temperature (BDT) of many ceramic materials, including carbides, is exceeded at 
operational temperatures above 600°C (0.3 Tm for single crystals [14]). It is clear that the 
carbide particles are capable of significant plastic deformation prior to fracture. 

In most metal cutting operations, toollife is a major consideration because of its impact on 
the continuity of production. Earlier work by the Authors [15] has demonstrated the 
ability of the high CBN-content tool material used here to perform weil in cutting trials 
when turning carbide-containing hard-facings. Its performance was explained, in part, by 
reference to its reluctance to adhere to the workpiece material in quasi-static adhesion tests. 
However, its progressive darnage mode, which directly influences toollife, appears tobe 
closely related tosmall grain size and structural density. 

6. CONCLUSIONS 

1. Chromium carbide based hard-facings can be effectively machined by turning and high 
CBN-content tool materials are particularly suitable for this task. 

2. The relatively poor machinability of chromium carbide based hard-facing materials is 
strongly related to specific features of their microstructure. The machining process 
involves fracture of large carbides ahead of the cutting edge and this requires more 
energy than with less complex materials. 

3. Progressive, small-scale chipping of the cutting edge, leading to flaking of the rake 
face, is the predominant mode of tool failure. 

4. Structural density and grain size are important factors in determining tool failure 
mechanisms and, hence, life. 
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ABSTRACT: When machining magnesium, the part quality is related to adhesive effects between 
workpiece and cutting tool. In addition, the danger of chip ignitions exists when unsuitable cutting 
tool materials and coatings, respectively, are chosen for dry machining. The effect of different tool 
materials and coatings in tuming therefore is investigated. 
Burnishing operations are useful to improve surface and subsurface properties of the machined 
part. The effect of the rolling force being the most influencing rolling parameter is presented. 
Rolling-in ceramic particles in the surface is discussed for improving wear resistance. 

1. CUTTING EXPERIMENTS 

Sandcastbars with a diameterd = 150 mm and a length of 1 = 320 mm were machined. 
The alloy used was AZ91 HP with approx. 9% Al, 0.7% Zn and 0.2% Mn. All tests 
including bumishing experiments were carried out on a CNC inclined-bed lathe 
Gildemeister MDlOS with a main power P =50 kW and a maximum number of 
revolutions of n = 10,000 min-1. A Kistler 9257 B dynamometer was integrated in the 
machine tool to investigate machining forces. Surface roughness Rz and Ra were measured 
with a contact stylus instrument Hommel TlOOO with a tip radius of 5 flm and a tip angle 

IPublished in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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of 90°. The effect of different machining conditions on the surface formation was detected 
by scanning electron rnicroscopy (SEM). 

Uncoated carbide tools and tools with polycrystalline diamond (PCD) tips as weil as TiN 
and PCD-coated carbide tools CCMW 120408 and CCMT 120408 were used in a tool 
holder SCMCN 3225 Pl2. Resulting angles at the cutting edge (tip radius 0.8 mm) were a 
flank angle of a = 7°, a rake angle of y = 0° and a tool angle of K = 50°. The rake for the 
CCMT-geometry is y =5°. Tools with solid PCD tips that aresoldered to a carbide body 
were only available with a rake of y = oo. 

The influence of different cutting tool materials and coatings, respectively, on adhesive 
effects is shown in Fig.l. Cutting conditions were a cutting speed Vc = 900 rnlrnin, a depth 
of cut ap = 1.5 mm, a feed rate f = 0.4 mm and a cutting length lc = 750 m. Flank build-up 
can be observed if uncoated and TiN-coated carbides are used. The variation of the rake 
does not show a significant influence. lf PCD-tipped tools are used, adhesive effects can 
not generally be avoided as workpiece material gets into contact with the carbide body. 
PCD-coated tools show a superior behaviour. No magnesium build-up on the flank is 
observed. However adhered workpiece material is found on the rake of all tools. 

Prerequisites for the formation of flank build-up seem to be 
• a certain affinity between cutting tool material and workpiece material, 
• the existence of a sufficient temperature in the tool-workpiece contact, 
• a soft material component in which a hard phase are embedded [1, 2] as well as 
• high mechanical stresses. 

WOt1<plec8 ; AZ91 HP tcol : HW. HC, PCO 
wttlng opeed : vc• 900 mlmin geanelty : CCMW 12().408 
feed : f •0.4mm CCMT 120408 
depthofcut : ap= 1.5 mm Ql 11 /•l• I oooUng lubricant : none y '• 

7'/ 0'/ 5' /0'/801501 0.8 mm 

HW K10 HW K10 PCD HC llN HC llN HC PCO HC PCO 
CCMW CCMT CCMW CCMW CCMT CCMW CCMT 

314/19017 C IFW 

Fig.l: Influence of cutting tool materials and coatings on adhesive effects 



Manufacturing of Magnesium Parts 119 

Adhesive effects between cutting tool material and workpiece material do not only have a 
negative influence on machining forces, but also lead to an inferior surface quality. Fig.2 
shows SEM photographs of machined surfaces after a cutting length lc = 10 m. Grooves 
caused by the tool feed can be observed. If cemented carbides are used at a cutting speed of 
Vc = 900 m/min additional grooves are caused by the tool material's grains. At a cutting 
speed Vc = 2100 m/rnin magnesium particles are tom out of and welded on to the 
workpiece surface forming flank build-up. Subsequently the microstructure of the flank 
build-up, in contrast to chips and subsurface of the machined element, shows strong plastic 
deformation [2]. 

AZ91 HP 
v.• 900 • 2100 mlmln 
I •0.4mm 
ap=-1 .5 nvn 
none 
HWK10,PCD 
CCMW 120408 

314/19004 C IFW 

Fig.2: Influence of the cutting tool material on the machined surface 

: AZ91 HP 
: v.• 900. 2100 mlmln 
: f •O.Anvn : ••= 1.5 mm 
: none 
: HC 'llN, HC PCD 
: CCMW 120408 

314/19005 C IFW 

Fig.3: Influence of the tool coating on the machined surface 
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According to fig.2, photographs of surfaces machined with TiN and PCD-coated cutting 
tools are shown in fig.3. Adhesive effects can be observed when machining with TiN­
coated tools even at a cutting speed of Vc = 900 m/min. Malten workpiece material can be 
found at Vc = 2100 m/min. PCD-coatings are an adequate mean to suppress adhesion, but 
tracks caused by the pyramidal structure of the coating can be observed within the 
workpiece surface. 

i~l ~·i-I:f:l=t=tl)~:" 
0 300 600 900 . 1200 1500 1800 rnlmin 2400 workpiece 

I~ll'~ t iTl! ! 1 ~ 
iil 0 300 600 900 1200 1500 1800 rnlmln 2400 

cuttlng speed Vc 

AZ91 HP 
v 0= 900 • 2400 mlmln 
f =0.4mm 
ap=1.5mm 
none 
HWK10,PCD 
CCMW120408 

314/19002 C IFW 

Fig.4: Influence of the cutting tool material on machining forces and surface quality 

i:1 :l=t=l=lJ_t:1:P:~~ 
0 0 300 600 900 1200 1500 1800 m/mln 2400 

cuttlng speed v0 

t 1 t 1 H 
900 1200 1500 1800 rnlmln 2400 
cuttlng speed Vc 

WOrkplece 
cutllng speed 
Iead 
depth of cut 
luMcant 
tool matetlal 
lool geometry 

:AZ91 HP 
: V0= 900 • 2400 mlmln 
:f =0.4mm 
:ap=1.5mm 
:none 
: HC llN, HC PCD 
: CCMW 120408 

314120516 C IFW 

Fig.5: Influence of the tool coating on machining forces and surface quality 
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Fig.4 and 5 show the machining force components cutting force Fe and back force Fp for 
carbide tools and PCD-tipped tools and coated cutting tools, respectively for cutting 
speeds from Vc = 300 rnlmin up to 2400 rnlmin (ap = 1.5 mm, f = 0.4 mm, lc =10m). PCD 
tools, either tipped or coated, show lower machining forces and a better surface roughness 
Rz. As machining forces are decreasing, the thermalload on the chip is reduced resulting in 
a lower danger of chip ignition when using PCD tools. TiN-coated cutting tools should be 
avoided in production processes. 

Compared to aluminium, machining forces are reduced to approx. 50% when machining 
magnesium, tool wear for this reason can hardly be observed [3]. 

2. BURNISHING EXPERIMENTS 

An Ecoroll EG 14 bumishing tool was used to carry out bumishing tests on the named 
AZ91 HP bars. All specimens had been prepared by identical tuming operations before 
bumishing. Fig.6 shows the influence of the rolling force on surface quality, hardness and 
the residual stresses in the subsurface layer. Rolling speed and feed rate had only minor 
effect on the experimental results. 

The average roughness Ra can be reduced to approx. 15% of the initial state after tuming 
(Ra= 1.5 llill). However, if the rolling force is chosen too high (e.g. Fr > 3 kN), the surface 
is damaged resulting in increasing Ra values. In spite, the gain in surface hardness is most 
significant for highest rolling forces (108 HVIO for Fr= 5 kN compared to 68 HVIO after 
tuming). Residual stresses parallel to the rolling direction for both rolling forces Fr= 1 kN 
and Fr= 5 kN are compared in the right section of fig.6. It can be shown that 
• compressive residual stresses can be induced in the workpiece subsurface by rolling 

operations, 
• the maximum of residual stresses moves towards the workpiece centre for higher rolling 

forces, 
• the maximum value of residual stresses is independent of the rolling force and 
• for the rolling force Fr = 5 kN tensile residual stresses can be detected in the workpiece 

surface. 
Tensile stresses in tha workpiece surface can cause damages to the workpiece and may 
decrease its working life [4]. 

Surface darnage caused by high mechanicalloads (Fr= 5 kN) are shown in fig.7. Whereas 
surface and subsurface layer appear smooth and undamaged for a rolling force ofFr = 1 kN, 
intercrystalline and transcrystalline cracks as well as a plastic deterioration can be observed 
in SEM photographs of the surface and in photographs of the ground section of the 
subsurface for Fr = 5 kN. However, no grooves caused by the feed of the cutting tool in the 
previous machining process can be detected (compare to fig.2 and fig.3) for both rolling 
forces. 
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WOflqlieee : AZ91 HP 
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Fig.6: Influence of the rolling force Fron surface roughness, hardness and residual stresses 

Fr= 1 kN F,=5 kN 

31<1122219 0 IFW 

Fig.7: lnfluence of the rolling force Fron darnage in surface and subsurface 

Additional experiments have been carried out to roll-in a ceramic reinforcement component 
in a cylindrical functional surface to improve the tribological properties of the workpiece 
by adding a reinforced top layer. Blocky shaped SiC-particles with mean diameters 
of d =5-7 Jlffi and d = 50 - 56 Jlm, respectively, were directly applied to the burnishing 
roller-workpiece contact. The work piece had been prepared by turning operations before. 
Parameters for rolling-in were chosen according to prior broaching experiments (F, = 1 kN, 
Vr = 100 m/min, fr = 0,2 mm). SEM pictures show SiC-particles of both sizes being 
embedded in the workpiece ~, left hand side). Whereas particles of the mean diameter 
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of 50- 56 j.lffi can be crushed by the roller, comparatively small particles remain 
undestroyed. Compared to the machined surface (Ra = 1.5 j..tm), achievable surface 
roughness is improved for small particles (Ra = 1.0 j..tm) and slightly reduced for the coarser 
particles (Ra = 2.2 j.lill). 
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Fig.8 : Rolled-in cerarnic particles and tribological testing 

Prepared surfaces have been subjected to tribological tests. A fixed cemented carbide ball 
( diameter D = 6 mm) is pressed onto the rotating surface ( circumferential speed 
v = 100 m/min) with constant Ioad (FN = 100 N). The indentation tracks caused by the 
sliding contact are shown in Fig. 8, right hand side, for a length of I= 12m (close type 
tribological system). For small particles of d = 5 - 7 j.lm, plastic deformations can be 
observed, the reinforced layer is destroyed. The coefficient of friction is raising from 
1-1 = 0.2 (1 = 0 m) to j.l = 0.5 (1 = 12 m) whereas for the layer of particle size d = 50 - 56 j.lffi 
1-l = 0.3 it remains constant. The latter also shows a good wear resistance. 

3. CONCLUSION 

To observe the interactions between the workpiece material AZ91 and tool materials and 
coatings, respectively, turning experiments have been carried out. When machining 
magnesium dry adhesion between cutting tool and workpiece can Iead to flank build-up at 
cutting speeds of Yc = 900 m/min and more if uncoated or TiN-coated carbides are used. 
Also the danger of chip ignition exists in dry machining if the materials melting point of 
approx. 600°C is exceeded which is especially significant for small depths of cut und small 
feed rates [3]. 

Tools with PCD insert or CVD diamond coating can be used to reduce friction and 
adhesion in the tool-workpiece contact resulting in low machining forces, low chip 
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temperature as well as a superior workpiece surface quality even at high cutting speeds of 
Vc = 2400 m/min. Diamond coatings can also be applied to tools with complex geometries. 

Furthermore, burnishing operations are a useful mean to improve surface quality, surface 
hardness and to induce compressive Stresses in the subsurface if adequate machining 
conditions are chosen. For AZ91 HP a rolling force of Fr= 1 kN gives good results whereas 
Fr = 5 kN leads to serious darnage in the surface and subsurface, respectively. The rolling­
in of a cerarnic reinforeerneut in the top layer of a cylindrical surface can be used to 
increase its wear resistance. Good results were found for SiC-particles of coarse grain 
(mean diameter d = 50 - 56 IJIIl). 
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HIGH-SPEED CONTINUOSAND DISCONTINUOS MACHINING 
OF HARDENED STEEL AND HARD CAST IRON USING SUBMICROMETER 

CERAMICS ON THE BASIS OF AL203 
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ABSTRACT: The performance of very hard and strong pure Al20 3 ceramies with grain sizes of 
0.5-0.7 J.IIll is investigated on machining hardened steel (HRC = 60) and globular hard cast iron 
(HRC = 43). These ceramies are successfully applied even at high speed (300 m/min) or with a high 
feed rate (0.3 mm/rev) and depth of cut (2 mm). Surprisingly, the new ceramies surpass CBN tools 
on discontinuous and interrupted conditions. 
The behaviour of pure submicrometre alumina tools is compared with new Al20 3/Ti(C,O) compos­
ites of the same grain size and with advanced commercial grades. 

1. INTRODUCTION 

Grinding is most common for machining functional surfaces of hardened steel, e.g. in ball 
bearings. In spite of the recent progress in ceramic grits with a submicrometre 
microstructure [1], grinding is time consuming, the equipment is expensive, and deposition 
or recycling of the grinding silt is ecologically and economically difficult. Even without a 
complete substitution of grinding, the working time can be cut to 2/3 if first turning steps 
are combined with final grinding [2]. 
If turning shall be used for the final fmish, important toollife criteria are the surface rough­
ness of the machined workpiece and the stability of the cutting tip position (which deter­
mines the accuracy ofthe machined measure). Tools with low thermal conductivity may be 
preferred to obtain high process temperatures at the cutting tip for softening the hard metal 
surface but, on the other band, it is imperative to keep a constant (high) hardness on final 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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machining. A high wear resistance in dynamic contact with the abrasive carbide particles 
of hardened steel microstructures requires a high hardness combined with a sufficient creep 
resistance at high temperatures and a high chemical stability (preventing oxidation and re­
actions with constituents of iron-based workpieces). With the present understanding of 
microstructural injluences on hardness [3], wear [4], and the power of ceramic grinding 
materials [ 1], an average grain size of less than 1 j..lill and a low frequency of flaws are im­
perative for new cutting ceramics. Additional measures may be required to balance the in­
creasing high-temperature creep rate usually associated with small grain sizes. 
lf the wear resistance is increased by decreasing the grain size, an additional advantage 
comes from an improved quality of the ground cutting edges. For example, reduced wear 
of submicrometre alumina is associated with a decreasing amount of grain pull-out [4], and 
with a constant grinding procedure in finishing alumina cutting inserts the roughness of a 
ground 0.6 j..lill alumina ceramic is about one half of the value on a ground 3.6 11m micro­
structure [5]. The improved quality of cutting edges increases the life-time of the tool at 
low cutting forces and gives a small roughness of the machined surface. 
At present, cubic boron nitride (CBN) is preferred for turning hardened steel, and 
polycrystalline diamond can be used for some applications with hard cast iron [6]. Looking 
for alternatives, the industry has focused investigations on fine-grained Al20/Ti(C,N) 
composites, and a first commercial grade claimed "submicronstructured" appeared on the 
European market in 1997. Compared with conventional Al20 3, such composites may give 
advantages in strength and hardness, but for machining hard materials the technical signifi­
cance of the lower oxidative and chemical stability of Ti(C,N) phases (compared with co­
rundum) is not known a priori. Also, surprisingly few attention is given to possible tough­
ness shortcomings of the submicrometre composites the K1c of which may drop to values 
less than known for pure sintered alumina [7]. 
Contrary to the use of advanced Al20 3/Ti(C,N) composites for machining hardened steel, 
frrst studies with pure, submicrometre sintered Al20 3 inserts did not investigate this ap­
plication but were focused on basic wear mechanisms [8][9]. The objective of the present 
work, however, was machining alloyed hard cast iron and hardened steel. For this applica­
tion we developed new ceramies which are more fine-grained than in previous investiga­
tions [4][7][10] and which may promote the Substitution of grinding by turning. 

2. MATERIALSAND METHODS 

Most manufacturers have started to develop submicrometre composite tools on the basis of 
Al20 3 with TiC or Ti(C,N), but the covalent nature of the carbides prevents pressureless 
sintering at temperatures of 1600 oc or less, and the most fine-grained of new (laboratory) 
composites with TiC concentrations of 25-35 % exhibit average sizes of Al20 3 and TiC 
subregions of about 0.8 - 1 j..lill (associated with a hardness HVlO up to 23 GPa, measured 
at a testing load of 10 kgf) [11]. On the other band, with oxygen introduced into the 
covalent phases of TiC or Ti(C,N) much more fine-grained composites with a higher hard­
ness can be produced associated with a different milling behaviour of these powders [7]. 
Therefore, the performance of these new composites was investigated in the present ex­
periments, Fig. 1 gives the microstructure. 
Two commercial ceramies were used as references. SHl isaweil known Al20lfi(C,N) 
composite manufactured by CeramTec (Plochingen, Germany). Additionally, a 
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"submicronstructured" composite introduced into the market with special emphasis to the 
machining of hardened steel was investigated. Its major microstructural merit is the elimi­
nation of slightly agglomerated carbide structures which are not perfectly avoided in other 
grades. 

Fig. 1: Microstructure of composite A T60A. The scanning electron micrograph gives an 
average size of single phase subregions of 0.44 J.Im (Ti(C,O)) and 0.84 J.lffi (Al20 3) [av­
erage size ... 1.56 · average intercept length]. Additional TEM studies have shown that 
alumina subregions are typically composed of about 1.5-2 grains. Hence, the size of indi­
vidual grains is about,0.4-0.5 J.lffi for both the alumina matrix and the Ti(C,O) crystals. 

It is not clear if carbide-reinforced tools will meet the thermodynamic and chemical de­
mands for tuming hardened steel. On the other hand, pure sintered corundum ceramies as­
sociate the advantage of highest chemical and oxidation resistance with a hardness that af­
ter pressureless sintering is in no way inferior to hot-pressed carbide-reinforced composites 
[3], and their strength of 800-900 MPa [10] equals or even exceeds the strength of compos­
ites. Such cutting inserts were prepared from a high-purity powder of 99.99 % Al20 3 by 
cold isostatic pressing and pressureless sintering, the microstructure is given by Fig. 2. 

Fig. 2: Microstructure of pure Al20 3 inserts with submicrometre grain size. 
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The investigated ceramic inserts are characterized by Table I; all data were measured in 
our laboratory. Commonly, the hardness is evaluated on polished surfaces, and these data 
are given here to enable a wide comparison. However, the surfaces of technical ceramic 
tools are ground and exhibitadifferent hardness [4][7]. Therefore, in Tab. I the data for 
ground surfaces are more representative to illustrate the cutting behaviour. 

Tab. I. Ceramic tool materials for machining hard cast iron and hardened steel. 

Composition 

Pure alumina 
AC41 Al20 3 

Composites 
AT60A Al20 3 

+ 33 vol-% 
TiCo.730o,14 

AT62 Al20 3 
+ 33 vol-% 
TiCo,420o,23No,3s 

Commercia/ references: 

SH1 Al20 3 
+ 33 vol-% Ti(CN) 

"submicron" Al20 3 
+ 33 vol-% Ti(C,N) 

Density 
absolute (relative) 

[ g/cm3 ] [%] 

Grain size 

[iJm] 

Vickers hardness 
(testing Ioad = 10 kgf) 

[ GPa] [ GPa] 

(for composites [cp. Fig. 1]: surface preparation: 
size of single phase subregions polished ground 

[average of a/1 phases]) 

3.96 (99.3%) 0.56 20.2 ± 0.2 22.1 ± 0.9 

4.325 (1 00 %) 0.70 20.8 ± 0.2 22.8 ± 0.8 

4.355 (1 00 %) 0.70 20.2 ± 0.3 21.1 ± 0.6 

4.352 1.52 19.6±0.3 21.2±0.2 

4.356 1.63 19.6±0.2 21.2±0.5 

The cutting performance of inserts SNGN120412 (12.7·12.7·4.76 mm3, radius 1.2 mm, 20° 
chamfer I width 0.2 mm) was tested on a 35 kW CNC lathe (NILES, Chernnitz, Germany, 
1990) with a feed rate f = 0.1 mm/min and a depth of cut a = 0.2 mm in most of the tests. 

The plates were positioned with a rake angle y = 6°, an inclination angle A. = -4°, and a 

large entering angle K = 45° chosen to maximize the selectivity of the tests (related to the 
tool materials) by high Ioads at the cutting tip. In some additional experiments with an en­

tering angle K = 75° it was shown that K does not affect the flank wear width, but it is clear 

that the choice of K = 45° result in a larger roughness. Three parameters were measured: 

(l)The flank wear width VB is the usually evaluated wear parameterat the primary cutting 
edge. 

(2) The cutting edge displacement CED determines the degree of precision in machining a 
hard metallic workpiece. lt was measured optically as an independent parameter at that 
point of the insert radius where the normal direction of the cut metal surface meets the 
radius ofthe cutting tool perpendicularly. 
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(3)The quality of the cut meta! suiface is an important criterion for the value of tools on 
precise-machining hard cast iron or hardened steel. Two parameters are important: 

(i) The roughness was measured as a function of the cutting time with Ra as the sta­
tistical average depth of the profile and Rzo as the arithmetic average of a number of 
measurements that assess the maximum depth for some measuring distance. 

(ii) On tuming hardened steel at high velocities > 250 m/min there is a significant 
input of heat not only into the chips but also into the cut surface of the shaft. Depending 
on the state of wear of the tool, cutting forces and process temperatures increase and 
cause a softening of the hardened steel. Therefore, the decrease of the hardness was re­
corded as an additional parameter in such tests, and an intermittent machining operation 
at a low velocity (180 rnlmin) was required to restore a surface with the original hard­
ness before every new experiment with v > 250 rnlmin. 

The tools were run up to an upper flank wear width VB= 0.15-0.25 mm. A minimum of 
two tests series at least were performed with each grade. 

Two different iron-basis workpieces were machined ( Germanstandard notations): 
- alloyed globular hard cast iron G-X300CrMo153 (0.3 wt-% C, 15 wt-% Cr, 3 wt-% 

Mo) with an averageRockweil hardness HRC = 42.9 ± 1.3 (controlled after each cut), 
- hardened steel 90MnCrV8 (0.86 wt-% C, 0.2 wt-% Si, 1.98 wt-% Mn, 0.43 wt-% Cr, 

0.14 wt-% Cu, 0.10 wt-% Al, 0.08 wt-% V) with HRC = 58.4 ± 1.5. 
The rough, macroscopically uneven surfaces of the as-delivered shafts had to be pre­
machined to get equally prepared surfaces exposing constant conditions for all tested in­
serts. This preparation is difficult for shafts of hard cast iron or hardened steel because it 
associates the high hardness of the counterpatt and discontinuous cutting conditions with a 
changing frequency and power of impacts. Cubic boron nitride inserts (dreborid®, Lach 
company, Hanau/Germany) failed on machining the hard cast iron, and hardmetal inserts 
(WC + 6 % Co, Vickers hardness = 16 GPa, K1c = 9 MPav'm) were not able to cut the 
rough outer shell of the hardened steel shaft (neither at v = 50-100 rnlmin nor at higher ve­
locities). The same negative result applied for both commercial cerarnic composites. 
Therefore, the new laboratory grade ceramies designed for precise machining had to be 
used for this severe cutting operation. 

3. RESULTS 

3.1 Machining hardened steel 

3.1.1 Discontinuous cutting 

1t is commonly assumed tbat Al20 3 ceramies with toughness values K1c < 4 MPav'm cannot 
be used for interrupted machining or with high feed rates. With the failure of all com­
mercial tools, however, the submicrometre alumina and Al20 3/Ti(C,O) inserts had to be 
applied and were used at v = 120 m/min with a large feed rate f = 0.3 mrnlrev and a depth 
of cut a = 1.5 mm. In regions with substantial deviations from circular cross-sections, a = 
1.5 mm is an average value because some parts of the circumference where not cut at all 
whereas the depth of the first cut was more than 2 mm at other positions. Such interrupted 
conditions are associated with severe thermal shock indicated by the fluctuating appear­
ance of the red colour at the cutting tip and documented by video recording. 
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The number of two rough shafts (hardened, 1350 m long) in the investigations determined 
the number of interrupted tests . To increase the significance of individual data, similar re­
sults obtained with the composites AT60A/ AT62 were pooled to enable a qualitative com­
parison between the different groups of ceramies (composites- pure Al20 3) . 

Fig. 4 gives the flank wear. Both commercial grades (SHI , submicrometre) failed by frac­
ture within 1-2 min, the roughness of the cut metal surface was Ra= 4-5 J.lm at t < 1 min. 
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Fig. 4. Severe discontinuous cutting of hardened steel with submicrometre tool ceramics. 

On the contrary, both the pure alumina insert (AC4l) and the submicrometre composites 
AT60A/AT62 were successfully applied. The new, submicrometre alumina tools did not 
only not fracture macroscopically during one hour of severe cutting (with one tip) but re­
tained microscopically nearly perfect cutting edges providing a high surface quality of the 
hardened shaft in the first cut (Ra~ 2 J.lm fort~ 30 min). 
Fig. 4 gives the flank wear. Surprisingly, under these severe conditions the general per­
formance of pure alumina ceramies (AC41) is even more prospective than the behaviour of 
the new submicrometre composites A T60A and AT62. 

3. 1.2 Continuous cutting: Fracture behaviour and wear at v = 200-250 mlmin 

Figs. 5-7 give the results for continuous cutting hardened steel. The high hardness of the 
steel and the low thermal conductivity of the tool materials cause a !arge input of heat into 
the metal chips which appear rather flaming than red-glowing. 
For the references (SHl and the commercial submicrometre composite), this feature is as­
sociated with a critical influence of the cutting velocity between 200 and 250 m/min: the 
flank wear was small at 220 m/min, but already at 235 m/min a greater crater-wear was ob­
served. At this higher velocity, more than 50% of the commercial inserts exhibited a sud­
den, strong increase in the flank wear during the first 10-20 minutes of cutting ac­
companied by local or global fracture at the cutting edge, and it was difficult to record the 
flank wear continuously up to VB = 0.2 mm. As a consequence, it was impossible to meas­
ure the cutting edge displacement of the reference tools on tuming hardened steel with 
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Fig. 6. Cutting edge displacement on tuming hardened steel at 220 m/min. 

same ranking as also observed on machining hard cast iron (Fig. 8), and also the smaller 
influence of the cutting velocity on the wear of alumina inserts compared with composites 
(Fig. 5) was similarly noticed on cutting hard cast iron. 
Contrary to the new laboratory grade tools, most commercial"submicrometre" inserts frac­
tured within the frrst 5-10 minutes at v = 300 m/min (Fig. 7). 
At v = 300 rnlmin, increasing with time wear deteriorates the cutting edge, increases the 
cutting forces and the input of heat into the surface of the machined steel. The resulting de­
crease of the hardness of the workpiece is gi ven as an additional parameter in Fig 7. 
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Fig. 7. Flank wear width VB on tuming hardened steel at v = 300 m/min. HRC0 is the 
original hardness of the steel surface in the cut region before the test. 
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3.2 Moderate demands: Machining globular hard cast iron 

In Fig. 8 the composites show a fair ranking with their grain sizes: The commercial 
"submicrometre" tool exhibits Iess wear than the other reference SHl, and wear is further 
reduced in the new Ti(C,O) reinforced submicrometre composite AT60A, apparently due 
to its higher hardness (Tab. 1). When nitrogen is introduced into the covalent oxycarbide 
phase (AT62), the hardness drops to the same Ievel as also observed for SHl (Tab. 1), and 
A T62 exhibits a similar wear behaviour in spite of its reduced grain size (Fig. 8). 
Much more surprising is the leap of decreasing wear of pure alumina (AC41). This leap is 
not explained by the hardness which is just intermediate between the (lower) hardness of 
the commercial composites and the (higher) value of the A T60A composite. Also, the grain 
size of the sintered corundum material (Tab. I) is not very different from the 
microstructural data given in Fig. 1 and Tab. I for the Al20 3/Ti(C,O) composite AT60A. 
At a lower cutting speed of 150 rnlmin, the advantage of the pure alumina tools (AC41) 
compared with the commercial composites was about the same as given in Fig. 8 (220 
rnlmin), and the behaviour of the new submicrometre composite A T60A was close to 
AC41. Unfortunately, the composite deteriorates at v > 200 rnlmin (Fig. 8). 
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Fig. 8. Flank wear VB on turning globular hard cast iron at 250 m/min. 

Another important criterio.n for the quality of tools in precision tuming of hard materials is 
the obtained roughness of the cut meta! surface. Fig. 9 describes the time dependent in­

crease of the average roughness Ra. A fixed ratio RzofR.a"" 5 between the statistically av­
eraged ma.ximum depth of roughness and Ra was observed in all of the tests and is given as 
a note to Fig. 9. The arbitrary scatter of roughness data was rather large, and no significant 
difference was observed between the surfaces cut by SHl or by the commercial "submicro­
metre" tool. However, all other inserts show the same ranking as observed for the flank 
wear in Fig. 8: improved results are provided by the (very hard) oxycarbide-reinforced 
composite A T60A, but a more significant progress results from the use of the pure 
submicrometre alumina insert AC41. 
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Fig. 9. Surface quality on tuming hard cast iron with different ceramic tool materials. 

4. DISCUSSION 

Different results are obtained on machining globular hard cast iron and hardened steel. For 
hard cast iron, the wear rates of composites reinforced by Ti(C,N), Ti(C,O) or Ti(C,O,N) 
and the qualitative leap to reduced wear of pure submicrometre alumina tools suggest: 
- Reducing the grain size of composites with TiC, Ti(C,N) or Ti(C,O) increases the hard­

ness and may reduce the wear on tuming hard cast iron, but the effect is not !arge. 
- The reason is indicated by the much higher wear resistance of pure, thermodynarnically 

highly stable alumina (which does not offer a higher hardness!). Probably, tribo­
chemical interactions between the iron and the carbide phases at the cutting tip of com­
posites increase the wear. 

In fair agreement with this idea, the advantage of the very hard Al20/fi(C,O) composite 
compared with the commercial Al20/fi( C,N) tools decreases at higher cutting velocities 
(i.e: with increasing process temperatures at the cutting tip), whereas the pure alumina tool 
retains its advantage over the whole range of cutting velocities investigated here. 
On tuming hardened steel, again both the pure alumina (AC41) and the laboratory grade 
composite A T60A exhibited less wear than the commercial cutting tools, but the ranking of 
AC41 and A T60A ceramies shows interesting changes. Without investigations of micro­
scopic wear mechanisms, this is not the place for speculations, but it is obvious that the 
technical behaviour of the two ceramies is affected by some important basic properties: 
(a)lt has been shown for Al20/TiC composites that even at room temperature and with al-

most inert conditions (e.g. dry air, fretting wear against alumina) chemical interactions 
cause preferential (local) wear of the covalent carbide constituents of the composite -
with the consequence that at equal crystallite sizes pure sintered corundum is more wear 
resistant than the composite [12][13]. The same ranking was observed here on turning 
hard cast iron (Fig. 8). 

(b )On machining hardened steel, flaming chips indicate a much higher process temperature 
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than on turning hard cast iron at similar speed. Whereas pure submicrometre alumina 
exhibits intense creep at T > 1100 °C, a continuous network of covalent crystals reduces 
the creep rate in composites with more than 25 vol-% of TiC, Ti(C,N) or Ti(C,O). In­
deed, comparing at v ~ 250 m/min the machining of hard cast iron and hardened steel, 
the increasing temperature increases the wear of the alumina tool more than the wear of 
the best composite AT60A. This feature changes their ranking in a way that on rnachin­
ing hardened steel it is now AT60A which (at a similar submicrometre grain size as 
AC41) exhibits the smallest wear (Fig. 6). 

(c) This advantage of composites is lost when at yet higher temperatures oxidation of the 
Ti(C,O,N) phases or more intense chemical reactions start. On machining hardened 
steel, high cutting speeds > 250 m/min cause a more intense deterioration of the wear 
resistance of even the best composite AT60A than observed for pure alumina (AC41): 
already at 235 m/min both ceramies exhibit the same wear (Fig. 5), and at 300 rnlmin 
sintered corundum shows the best performance (Fig. 7). 
The same behaviour of a stronger influence of the cutting velocity on the flank wear 
(Fig. 5) was also observed on machining hard cast iron. 

The influence of high-velocity tuming on the hardness of the workpieces (Fig. 7) is impor­
tant for different aspects in the deve1opment of new machining technologies. With a high 
velocity, the softening of the steel promotes high material removal rates even at small feed 
rates, and tuming of hardened steel with cutting ceramies that are less expensive than cubic 
boron nitride (CBN) becomes possible. On the other band, fmal precision machining has to 
conserve a constant high hardness of the cut surface. This feature defines criticallimits for 
the cutting velocity (~ 250 m/min in the present investigations) or, at higher speed, for the 
tolerable tool wear (Fig. 7: VB ~ 0.15 mm at v = 300 m/min). 
The fracture behaviour of cutting edges is affected by time dependent wear processes. 
Hence, the high frequency of fracture of commercial inserts on tuming hardened steel at v 
~ 220 m/min and the surprising Iack of such events with the new laboratory grades even on 
pre-machining rough shafts for about one hour (with one cutting tip I discontinuous condi­
tions!) cannot be compared readily with the bending strengthat room temperature. For the 
commercial grades, the manufacturer gives a strength of 600 MPa for SH1 (no data for the 
submicrometre grade available). The bending strength of the new composite AT60A is 
about 800 MPa, and about 900 MPa were reported for AT62 [7]. A lower strength of 
about 650-700 MPa was observed for the submicrometre A120 3 ceramic [10]. The fracture 
toughness of alt of the laboratory grades is 3.3-3.8 MPa--Jm, whereas surprisingly high val­
ues of 5.5 MPa--Jm (SHl) and 6.6 MPa--Jm (submicron commercial composite) are given by 
manufacturer's informati.Pn for these reference tools. None of these data explain the frac­
ture risk of the commercial tools and the extremely high reliability of the new laboratory 
grades on machining hardened steel. Complex wear-induced processes of flaw-generation 
will have to be investigated to understand the high global and microscopic stability of the 
new submicrometre ceramics. 
It is the unique message from these results that the leap to cutting ceramies on the basis of 
alumina which stand both the high temperature on high-speed rnachining and the mechani­
cal impacts of hardened steel on discontinuous cutting comes with the submicrometre grain 
size and the thermodynamic stability of these tools. A grain size < 0.7 IJ11l seems tobe the 
first, most important requirement, probably associated with a strength > 600 MPa. The 
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fracture toughness K1c and the creep resistance give additional influences but, surprisingly 
and contrary to the common opinion, their influence is of only secondary importance. 

5. CONCLUSIONS 

Advanced submicrometre ceramies can be successfully applied to machine hard cast iron 
and hardened steel. Properly adjusted microstructures improve the cutting performance of 
covalent-phase reinforced composites and give rise to a qualitative leap obtained with pure 
sintered alumina. Associated with different advantages and limitations in important basic 
properties (chemical stability, creep resistance, hardness), the ranking of these two groups 
of tool ceramies is different depending on the microstructural properties of the machined 
materials and on the process temperatures that develop at the cutting tip. 
The surprising excellence of pure sintered alumina compares with recent advances in the 
grinding efficiency enabled by the same corundum microstructure [1]. Conventional Al20 3 
tools disappeared from the market 25 years before and were totally replaced by composites 
reinforced with Zr02 and Ti(C,N). On the contrary, the present investigations indicate that 
new submicrometre alumina tools can be successfully applied not only for the precision­
machining of hard materials on continuous cutting with small feed rates, but likewise under 
severe discontinuous conditions with high feed and depth of cut. 
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INFLUENCE OF THE GRINDING PROCESS ON THE PROCESS BEHA VIOUR 
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ABSTRACT: In the context of this paper the results of grinding and the subsequent use of basic 
and complex cutting tools such as drills should be acquired. Apart from investigating the grinding 
of cemented carbides, tools manufactured from cermet are also be included in the studies. In order 
to determine the thermal and mechanical stresses on the cutting material when tools are ground, 
the finite element method is employed. This involves demonstrating connections between the 
grinding of tools on different conditions and the later wear behaviour of the tools when in use. 

1. INTRODUCTION 

In the machining processes used at the moment (e.g. HSC, dry machining) the tool is 
subjected to high thermal, mechanical and chemical Ioads. In order to deal with this 
collection of stresses adequately the highest demands must be placed on the cutting tool 
with respect to the c.utting tool material, the geometry of the tool and the quality of the 
grinding process. 

When tools are being ground, dimensional and geometrical accuracy are of the utmost 
importance. Aspects such as surface quality, surface near-zone characteristics and surface 
texture play an important role with respect to the application behaviour of the tools [1]. A 
central problern during the grinding process is especially the thermal stress on the tools. If 
the process temperatures are too high, certain application properties of the tool can be 
changed and under certain conditions Iasting darnage to the tool, such as microstructural 
changes or microcracks, can be caused [2-4]. 

1Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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In order to describe the fundamental relationships between grinding conditions and the 
application behaviour of geometrically determined cutting tools, both cemented carbide 
and cermet tools were used. Cermet is characterised by a higher wear resistance than 
conventional cemented carbides [5, 6]. However, at present there arestill some significant 
problems associated with the production of tools such as drills in cermet [7]. In the 
investigations cutting tips were used as model tools. Single-edge gundrills and short drills 
were also employed. The tool grinding process was basically completed by varying the 
process parameters (e.g. cutting speed, feed rate) and the specifications for the grinding 
wheel (e.g. grain size, bonding). In order to evaluate the grinding process the process forces 
and temperatures were ascertained. To determine the grinding temperatures measurements 
and basic analytical calculations were employed. Furthermore, the thermal stress on the 
tool during the grinding process was simulated by the finite element method. The quality of 
the ground tool was determined on the basis of the state of stress, the surface topography, 
the surface near-zone influences (e.g. formation of cracks) and the quality of the edge. The 
ground tools were then used in cutting tests where the process forces, the wear behaviour 
and chip formation were evaluated. Metallographie analyses of the tools complemented the 
investigations that were undertaken. In the following sections, and based on specific 
examples, the important parameters affecting the quality of a cutting tool, which result 
directly or indirectly from the grinding process, will be explained. 

2. INFLUENCE OF THE GRINDING PROCESS PARAMETERS 

In the investigations single-edge gundrills made of cemented carbide and cermet were used. 
It must be mentioned here that up to now no cermet gundrills have been commercially 
available. The fabrication of the cermet gundrills proved to be extremely difficult. To 
produce them first the grinding processes and the grinding process parameters applied 
when producing conventional cemented carbide grundrills were used. This meant that the 
grinding of the rake face was achieved by lateral grinding. This resulted in drill-head 
breakage during the grinding process (Fig. 1). Cracks also appeared on the rake face of the 
tool. 

rake face 

drill head: cermet P25 

lateral grlnding of the rake face 
with oil cooling lubrlcation 

Fig. 1: Tool breakage of cermet single-edge gundrills 
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Crack formation or tool breakage can be mainly traced back to the stresses present in the 
tool material. Since cermet has a lower thermal conduction value than conventional 
cemented carbide, the result is that the heat induced in the tool is concentrated in the 
surface near-zone, which means that large temperature gradients arise. Through the 
combined action of the !arger thermal coefficient of expansion for cermet compared to 
cemented carbide and the hindering of expansion, greater stresses are induced in the 
surface near-zone of the tool. Therefore, the fabrication of these cermet drills was possible 
only because the process parameters were drastically reduced and the lateral grinding of the 
rake face was replaced by peripheral grinding. The smaller process parameters and the 
shorter contact length of the grinding wheel during peripheral grinding resulted in a lower 
tool temperature. The formation of cracks on the surface could in this way be reduced, but 
not however completely suppressed. Because of this darnage the cermet tools were 
destroyed directly at the beginning of the subsequent drilling process. 

Similar effects could be observed at the cutting tips. Basically two types of both cemented 
carbide and cermet were at the centre of these investigations. The application groups PlO 
and P25 were employed for both cutting tool materials. The grinding of these cutting tips 
was accomplished by, among other things, as mentioned above, varying the cutting speed 
and the specific material removal rate. The cutting tips were then used in tuming 
experiments. Fig. 2 shows paradigmatically the dependence of the crater depth KT on the 
grinding conditions of the cutting tips. 

Compared to cemented carbide cutting tips the cermet cutting tips show substantially less 
wear. This can be explained by the greater temperature hardness, better oxidation stability 
and lower tendency to diffusion relative to steel. These characteristics are a result mainly of 
the high percentage of TiC and TiN in the tool material [8]. 
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Fig 2: Wear behaviour of ground cemented carbide and cermet cutting tips 

While grinding cermet during the course of the experiments, the specific ~a~erial remoyal 
rate could be increased from 1 mm3/mms to 5 mm3/mms through specifiCally apphed 
measures. Above the latter value however tool breakage occurred. It should be mentioned 
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here that the measures essential mainly responsible for this increase were the use of shoe 
jets for cooling the grinding contact zone as weil as the use of grinding wheels having high 
thermal conductivity. 

With an increase in the specific material removal rate during grinding of the tools a slight 
decrease in tool wear could be observed. In the case discussed here the feed rate also 
increased proportionately relative to an increase in the material removal rate. A greater feed 
rate Ieads to a lower surface temperature and to a smaller penetration depth of the process 
heat that is produced. During the tests compressive stresses in the immediate vicinity of the 
surface could be detected at the cutting tips after the grinding process. These compressive 
stresses increased with an increase in the material removal rate, a fact which can be 
explained by the lower surface temperature. The result was at first a greater wear resistance 
of the cutting tool material, which bad been ground with a high material removal rate. An 
increase in the material removal rate and thereby in the feed rate also led however to a 
greater stress gradient in the material, whereby, however, the danger of crack formation 
increased. 

When the grinding cutting speed increases, an increase in crater depth for both cermet and 
cemented carbide tools can be noticed. An increase in cutting speed during grinding Ieads 
to greater thermal stress on the whole tool. A thermal overload can have a harmful effect 
on the surface (e.g. crack formation). This darnage accelerates the wear progress -
especially abrasive wear- when the cutting tips are used in turning. 

Similar to the situation described for gundrills above breakage can occur during the 
grinding process when there is a thermal overload of the cutting tool material cermet. A 
three-dimensional simulation of the grinding process shows interesting correspondences 
between the temperature distribution and the forms of darnage noted on the cermet cutting 
tips (Fig. 3). The cracksrunparallel to the simulated isotherms, whereby a u-formed crack, 
which has often been observed, on the runout edge encloses the area of maximum 
temperatures. This reinforces the assumption that above the temperatures as weil as their 
distribution in the tool are mainly responsible for the development of cracks. 

crack formatlon 
temperature fleld 

Fig 3: Forms of darnage when grinding cermet cutting tips 
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3. INFLUENCE OF THE GRINDING WHEEL SPECIFICATION 

In the investigations various grinding wheel specifications were employed and their effect 
on the wear behaviour of the cutting tools was analysed. Fig. 4 shows the influence of 
various abrasive grain sizes on the process forces when ground cutting tips are employed. 
For cutting tips that were ground using a grinding wheel having a small grain size (D46) 
the process forces were substantially smaller than when the grinding was done with 
grinding wheels having medium-sized or large-sized grains (D64 or D91). This fact can be 
attributed to the surface roughness which increases with an increase in the grain size of the 
grinding wheel. In use an increase in surface roughness Ieads to a greater hindrance of chip 
flow and thus to an increase in the mechanical stress on the tool. The least amount of tool 
wear was observed however when the grinding was done using medium-sized grains. 
Several simultaneous effects have to be mentioned here. A small grinding wheel grain size 
results in high thermal stress on the tool during grinding. This can be attributed to a greater 
role played by friction due to the smaller penetration depth of the individual grain tips 
during grinding. A greater thermal stress on the tool during grinding can result in tool 
damage, which can then lead to more intensive tool wear when the tool is later used. On the 
other hand, a large grain size leads to intense and increased tearouts on the cutting edge of 
the tool as well as to a lower edge stability. Further tearouts that occur when the tool is 
being used give rise to a an automatic grooving of the tool and thereby increase the wear. A 
large-sized grinding wheel grain should therefore only be used in rough grinding. Optimal 
results with respect to application behaviour of the tool were observed during the tests 
when a grinding wheel grain size D64 was used for both cermet and cemented carbide 
tools. These findings could be confirmed in talks with tool manufacturers. 
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Fig. 4: lnfluence of various abrasive grain sizes on the process forces of ground cutting 
tips 

A further important parameter is the thermal conductivity of the grinding wheels. In our 
studies resin bonded grinding wheels with a high percentage of Cu/Si resulted in the lowest 
tool temperatures during grinding. A small thermal load on the tool during grinding leads 
to, as already described above, high tool quality and thus to good wear and application 
behaviour. 
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4. INFLUENCE OF SURFACE TOPOGRAPHY 

During the investigations it was noticed that t.he texture of the grinding marks plays an 
important role on influencing the wear behaviour of the tool. In the tests ground cutting tips 
having different orientations of the grinding marks to chip flow were employed during 
longitudinal tuming (Fig. 5). 

cuttlng tlp: cemented carblde P10 
grlndlng process 
grindlng wheel: 1A1-125 064 CSO resln bonded 
parameters: oll coollng lubr1cation; ~= 20 m/s 

dressing: 
turnlng process 
worllpiece: 
parameters: 

KT 

v,. = 10 mm/s; a." = 0,2 mm 
SIC-wheel 

42CrMo4 V 
v" = 130 m/mln; 11 = 0,1 mm; 
a,. = 1 mm; te = 7 mln 

KB VB 

worllplece 
chlp ftow II grindlng marks 

Fig 5: Influence of the grinding mark direction on the wear behaviour of ground cutting 
tips 

When the grinding marks were perpendicular to chip flow a greater crater depth KT and 
width of wear land VB of up to 30 % more could be observed depending on the cutting tool 
material used and the application conditions than when the direction of the grinding marks 
was parallel to chip flow; the crater width KB however was smaller by the same amount. 

The chip flow is bindered when the grinding marks are perpendicular to the direction of 
movement, meaning that a poorer sliding off of the chips is the result. The consequence of 
this is increased chip compression, which then in turn Ieads to greater mechanical and 
thermal stress on the cutting wedge. The process temperatures favour the diffusion 
conditions existing between the cutting tool material and the workpiece material and 
thereby the tribochemical wear processes, which manifest themselves in increased crater 
depth. 

In the case of grinding marks perpendicular to chip flow, as mentioned above, the 
mechanical Ioad on the cutting wedge is increased. This can be seen by an increase in the 
shearing and normal stresses in the contact area between the chip and the rake face, which 
has an effect extending deep into the workpiece material. Since the workpiece material is 
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deformed not only plastically but also elastically, the stress on the flankfacealso increases, 
which can be seen by an increase in the width of wear land. 

In order to study the influence of the direction of the grinding marks on the machining 
process various model tests were made using a tribological testing stand. The construction 
of the model testing stand is based on the kinematics of longitudinal turning. A test body is 
pressed against a rotating counter body. In order to realise an open systems structure found 
in real machining processes a translatoral feed motion is added so that areas of the material 
that have not been stressed can be constantly brought into contact with the test body. 

Fig. 6 shows scanning electron microscope pictures of the contact area which was ground 
parallel or perpendicular to the direction of the friction motion and subsequently used on 
the model testing stand. While in the photo on the left only very small deposits in the wear 
area can be seen, the photo on the right shows that the whole contact area is marked by 
pick-ups. Here too we can see that the grinding marks oriented perpendicular to the 
direction of movement offer greater resistance to the material sliding away over them. This 
is also substantiated by the values for the coefficient of friction from both tests. In all the 
tests considered the values for the coefficient of friction for grinding perpendicular to the 
direction of movement are 2-7 % above those values for parallel grinding. 

test body: cemented carblde P25 
grlndlng process: wheel: 12A2-150 064 C100 resln bonded 
parameters: vcv = 30 m/s; without cooling lubrlcation 
counter body: C 60, 0 80 
friction velocity: vR = 80 rnlmin 
normal force: F n = 1 00 N 

grinding dlrection II 
tuming direction 

grinding direction .1. 
tuming direction 

Fig 6: Tribological tests of grinding mark direction 

5. CONCLUSIONS 

During the course of numerous experiments the ~asic correlat~ons bet~een grinding 
conditions and the application behaviour of geo~etr~cally determmed cuttmg too~s were 
ascertained. In this context, the influence of the grmdmg process on cemented carbtde and 
cermet cutting tools was investigated. 
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In structuring the tool grinding process one has to pay special attention to the choice of 
appropriate process parameters and grinding wheel specifications. In addition to these 
aspects the surface topography has also proven to have an important influence on the wear 
behaviour of the tool. 
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ABSTRACT: This paper is the result of a cooperation between the Institute for Production 
Engineering and Machine Tools (IFW), University of Hannover, Germany and the Department of 
Mechanical Engineering of the University of Brescia, Italy. The aim of the work is to validate the 
reliability of a Finite Element code in simulating orthogonal cutting Operations. Experimental tests 
on orthogonal cutting have been realized at the IFW while FE simulations were carried out at the 
University of Brescia. The collected data have been used to define the inputvariables of the FE code 
and to analyze the FE outputs. The experimental data in terms of cutting forces and chip morphology 
have been compared with the FEM results. The good agreement between experiments and 
simulations shows that FEM can be a valid help in tool designing and in identifying the process 
parameters also for the study of cutting operations. 

1. INTRODUCTION 

In cutting processes, the final part quality is influenced by changes in tool geometry, chip 
flow, temperature generation, heat flow and tool wear. The understanding of these 
interactions during the cutting process is a fundamental task. In fact, this knowledge enables 
the manufacturer of cutting tools to evaluate the performance of the cutting tool design prior 
to manufacturing and expensive field testing. It also enables the users of cutting tools to 
evaluate the effects of the working conditions on toollife and on the quality of the final part. 
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Finite element codes have proved to be effective for simulating large elastic-plastic 
deformation problems including temperature dependent material properties and high strain 
rates (e.g. forging, extrusion, bending). Attempts to apply Finite Element techniques to 
machining have been made by many researchers. Most of these studies deal with a static 
situation and not with the problern of chip formation and breakage, of friction in the contact 
zone between tool and material, of temperature increase, and of cutting speed [1, 2]. Other 
models are able to consider the above defined parameters but require the use of non­
commercial, ad hoc FE codes [3-9]. 
The model proposed to simulate the cutting process uses the commercial code DEFORM 
2D. To simulate continuous chip formation the default remeshing procedure has been 

changed. 
The advantage of using a commercial FE code consists in the input model definition and in 
the analysis of the output variables. To validate the FE model a real orthogonal cutting 
process has been studied. Several experimental tests have been conducted changing cutting 
speed and tool material. Experimental data, in terms of cutting forces, chip morphology, 
normal and shear stresses (friction) and temperature, have been collected and compared with 
the simulation results [10]. The obtained results are in good agreement with experiments. 

2. THE EXPERIMENT AL SETUP 

For analysing the temperature distribution on the rake of a cutting tool, the use of new 
developed sensors is required due to the small extensions of the contact zones in orthogonal 
turning. Furthermore, the contact zones are not accessible during the cutting process using 
standardised measuring devices without influencing chip formation, chip flow and thermal 
and mechanical behaviour of the cutting tool. In the past, devices making use of thermal­
electric effects, chemical and thermal reactions of the cutting tool or an indicating material 
and thermal radiation were used. These methods are either not suitable to determine 
temperature distributions, they influence the contact characteristics or can only be used at 
elevated temperatures. 
At the IFW sensors have been developed using thin film technology. The principle of 
measurement makes use of the effect that conducting materials change their electric 
resistance at the presence of changing thermal or mechanical load. If temperature is raised, 
usually the electric resistance of a conducting material increases as weil, whereas an 
increasing mechanical load results in a decreasing electric resistance. These effects, 
however, are strongly depending on the used material. Pure metals usually are very little 
sensitive to changes in mechanical load. The thin film sensors for this reason are made of 

platinum, to ensure that only the influence of thermal load is detected. Calibrations have 
shown, that the sensors output influenced by mechanicalload can be neglected for the used 
application. 
The thin film sensors are applied to standard cutting tools made of Ah03-Zr02 ceramies 
(Figure 1) by PVD processes. The sensors size is 0.2 11m in thickness and 25 !..liD in width. 
Due to their small extension, up to twelve sensors can be arranged in the contact zone 
between cutting tool and chip without changing the cutting tools mechanical and thermal 
properties. To protect the sensors against abrasion, to avoid short circuits when machining 
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conducting materials and to ensure that contact characteristics between tool and workpiece 
are not influenced, the sensors are covered by an Al20 3 layer of 2 11m in thickness. 
Compared to other measuring devices, the use of the presented thin film sensors avoids the 
disadvantages named above. 

principle of measurement thin film sensors 
on cuttin tool 

a p : pressure coet!lclent 

aT : temperature ooeftk:lent 

R : reslstance 
T : lernpersture 
p : pressure 

314/11901 @ IFW 

Figure I : Thin film en or 

The change in electric resistance of each sensor caused by variations in temperature is used 
to calculate the local temperature from calibration tests performed in advance. If the 
temperature at up to twelve locations placed along the contact zone is known, the 
temperature distribution can be evaluated. 
In order to describe the mechanicalload on the rake face, in our investigations a split tool is 
used (Figure 2): A gap divides the tool into two elements, one including the rake face only, 
the other including the flank and part of the rake face. The tool elements consist of 
cemented carbide inserts. Forces normal and parallel to flank and rake facc can be measured 
directly, as the wedge angle is 90° and the clearance angle of 6° is neglected. The resulting 
cutting force Fz is split into the components normal and shear force on the rake (Fny, Fsy) as 
well as normal and shear force on the flank (F0 a, Fsa). Therefore the cutting force Fe equals 
the normal force on the rake Fny plus the shear force on the flank Fsa· Accordingly, normal 
force on the flank Fna and shear force on the rake Fsy both form the feed force Fe. In 
orthogonal cutting the passive force Fp equals the feed force Fe. Interactions between the two 
cutting tool elements are determined by a calibration that has to be performed before each 
experiment. 
The position of the gap on the rake face can be changed by using different flank elements. 
Differences within the forces after varying the gap position are then related to the difference 
of the contact area belonging to the rake face element (Figure 2). It is assumed that the 
cutting process is not affected by the gap. Due to small contact lengths between flank and 
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new machined workpiece surface, the use of the split tool is restricted to measurements for 
stress distributions in the rake face only. 

rake etement 

flank element 

systemof y 
coordinates x y z 
- tool 

314/16491c 0 IFW 9926 

Figure 2. Split cutting tool 

3. THE FEM MODEL 

To study the cutting process with DEFORM 2D [11] it was necessary to modify the 
remeshing module ofthe FE code [1, 2]. 
To represent the experimental tests, the orthogonal cutting process is modeled with plane 
strain deformation and non-isothermal (Figure 3), while the Simulation type is irreremental 
(the step increment is defined to cut 1 mm with 100 steps). Two objects, the workpiece and 
the tool (Figure 4) are defined. Their parameters are reported in Table 1. The flow stress of 
the workpiece material ( cr) is assumed to be strain, strain rate and temperature dependent. 
Since cr values were not available for !arge strains, in this range cr is assumed to remain 
independent of strain (Table 1). 
The workpiece and the tool are characterized by non-uniform mesh distributions, as 
illustrated in Figure 4. Very small elements are required in the contact area between tool and 
workpiece because of the very large temperature gradients that will develop in this region. 
Larger elements are tolerable in the area of the workpiece and of the tool not affected by the 
cutting process. 

4. COMPARISON OF PREDICTIONS WITH EXPERIMENTS 

To evaluate the cutting model, the experimental data provided by the IFW are compared to 
the results of the simulations using the same cutting conditions (friction, workpiece material 
and tool geometry). In these comparisons, the effect of temperatureisalso considered. 
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Parameter Workpiece Tool 

Model for the object: Plastic Rigid 

Geometry Height= 5mm Rake angle a = - 60, 
Width=20mm Clearence angle e = 6°, 

Tool Tip Radius r = 0.05mm 

Material Aluminium Alloy AlCuMgPb Alz03-Zr02 

Number of elements 1800 600 

Thermal Properties: 

Thermal Conductivity: 204 W/(mK) 28 W/(m K) 

Heat Capacity: 879 J/(Kg K) 850 J/(Kg K) 

Emissivity: 0.75 0.75 

Interface Heat Transfer Coef.: 10kW/(m2 K) 10kW/(m2K) 

Friction: Variable friction law (experimental) 

Cutting Feed: 0.2mm 

Cutting Speed: 200, 400, 600, 800 rnlmin 

Initial Temperature: 20°C 20°C 

Flow Stress Law 

cr = 311.5 E o.ts MPa (~ = 20°C) 

0' = 74.4 E 0·695 MPa (~ = 3000C) 

cr = 51.6 E o.JJ MPa (~ = 4000C) 

cr=35.1e 0155 MPa (~ = 500°C) 

Table 1: Parameters of the simulation 

secondary shear zone 

h =C> 
Vc 

workpiece primary shear zone 

after G.Warnecke 0/18791c© IFW 0389 

Figure 3: Chipformation in orthogonal tuming 
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Figure 4: Geometry and mesh of piece and tool in the realised model 

Figures 5 - 9 give the plots of the computed and experimental results for cutting and feed 
forces, contact length between tool and chip, cutting ratio (the ratio between the undeformed 
chip thickness t and the chip thickness tc ,Figure 3), and tool and chip temperatures. The 
agreement between experiments and simulations is obvious. The difference between the 
calculated forces and the forces obtained in experiments is about 10% and due to the 
simplifying assumptions (friction condition, property of the workpiece material, limited 
workhardening, strain rate, and temperature effects). Only for the cutting ratio (figure 8) the 
difference between experiments and simulation is evident (20% for 200,400 and 600 m/min 
and 50% for 800 m/min), but it must be considered that at high cutting speed the influence 
of strain rate and temperature on flow stress is consistent and it is difficult to find reliable 
input data for the simulation program (we did a simple linear interpolation), thus the 
comparison is not significant . 
The influence of cutting speeds was evaluated, a review of the results, presented in Figures 
5-11, indicates that with varying cutting speed: 
• The total cutting force remains almost constant. It is possible to see a slight increase in 

the cutting force as the cutting speed decreases, this is due to the thermal softening of 
the workpiece material (Figure 5). 

• The maximum temperatures of chip and rake face of tool are increasing with increasing 
cutting speed (Figure 9). In fact the energy required for cutting increases. Figure 10 
shows the temperature distribution in the workpiece and in the tool for a cutting speed of 
800 rnlmin. A comparison between experimental and calculated temperatures as in 
simulation a steady state was not reached. 

• The shape of the mesh presents an increase in chip curling as the cutting speed 
increases, which results in a decrease in the contact length between tool and chip. This is 
due to the increase of temperature which affects the deformation and encourages the 
curling of the chip [12] (Figure 11). 



FEM Simulations and Experimental Evidence in Chip Formation 

400 eoo 
OJtting Speed (m'nin] 

Figure 5: Cutting force vs Cutting Speed 
(tool path 6 mm) 
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Figure 6: Feed force vs Cutting Speed 
(tool path 6 mm) 
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Figure 7: Contact Length vs Cutting Speed 
(tool path 6 mm) 

Clltting Speed [m'rrin] 

Figure 8: Cutting ratio vs Cutting Speed 
(tool path 6 mm ) 

CUtting VelOCity [ m'rri n] 

Figure 9: Max. Temperature vs Cutting Speed (simulation, tool path 6 mm) 

The results obtained with the 2D FEM code DEFORM so far seem to indicate that the 
implemented model can simulate the orthogonal cutting process and predict the reality with 
satisfactory accuracy. 
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Figure 10: Temperature distribution (cutting speed 800 m/min, tool path 6 mm) 

Figure 11: Influence of cutting speed (200, 400, 600 and 800 m/min) on chip geometry (tool 
path 6 mm) 
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5. CONCLUSIONS 

The model presented aims to understand the mechanics of the cutting process and to identify 
how critical cutting parameters effect the chip flow, cutting forces, and temperatures. 
In the Simulations the chip flow is continuous i.e. the chip is deformed plastically without 
breakage. It is suitable for the simulation of cutting ductile materials and for all cutting 
conditions under which the chip does not break. The simulation results in terms of cutting 
forces, temperature and chip morphology have been compared with experiments. 
The results indicate that: 
The simulation of cutting by FE code is possible. The prediction of cutting forces is within 
an acceptable range of accuracy of 10%. Additional comparisons with experiments are 
planned to evaluate the validity of the FEM model under various cutting conditions. 
The results are in good agreement with experiments in terms of estimating chip geometry 
and tool workpiece contact length. 
To estimate chip and tool temperatures it is necessary to run Ionger simulations or to 
increase the heat transfer coefficient between chip and tool to reach a steady state within an 
acceptable cutting length. 
It is possible to study the influence of cutting parameters upon cutting forces and heat 
generation. This capability could be useful in designing cutting tools (manufacturer of 
cutting tools) or in defining process variables (user). 

REFERENCES 

1. E. Ceretti, P. Fallböhmer, W. T. Wu, T. Altan, "Application of 2D FEM to chip 
formation in orthogonal cutting", JMPT, vol. 59, pp. 169-180, 1996. 

2. E. Ceretti, E. Taupin, T. Altan , Simulation of metal flow and fracture Applications in 
orthogonal cutting, b1anking and cold extrusion", Annals of the CIRP, Vol. 46/1/1997. 

3. Hashemi, J., Tseng, A. A., & Chou, P. C., (1993). Finite element modeHing of high 
speed orthogonal cutting process Int. Conf. on Processing Materials for Properties, pp. 49-
52. 

4. Heinstein, M., Yang, H. Y. T., Shih, J. M., ( 1989). Adaptive 2D finite element simulation 
of metal forming processes, Int. Jou. for Numerical Methods in Engineering, vol 28. 

5. Iwata, K., Osakada, K., & Terasaka Y., (1984). Process Modeling of Orthogonal Cutting 
by the Rigid-Plastic Finite Element Method, Trans. of the ASME, J. of Engineering for 
lndustry, vol. 106, pp. 132-138. 

6. Lin, Z.C., & Liu, C.C. (1996). Analysis of Orthogonal Finish Machining Using Tungsten 
Carbide and Diamond Tools of Different Heat Transfer Coefficients. Int. J. Mach. Tools 
Manufact., Vol. 36, No. 1, pp. 73-88 

7. Marusich, T. D., Ortiz, M. (1995). Finite element simulation of high speed machining, 
NUMIFORM '95, (Simulation of Materials Processing: Theory, Methods & Applications) 
Shen&Dawson, eds., pp. 101-108. 



154 E. Ceretti, B. Karpuschewki and J. Winkler 

8. Shaw, M. C .. , Vyas, A. (1993). Chip formation in the machining of hardened steel, 
Annals of the CIRP vol. 42, pp. 29-33. 

9. Strenkowski, J. S., Mitchum, G. L., (1987) An improved finite element model of 
orthogonal metal cutting, Proc. N. Am. Manufacturing Res. Conf., pp. 506-509. 
10. Tönshoff, H.K., Karpuschewski, B., Winkler, J. (1996). Analysis of the Effect of 
Thermal and Mechanical Stress on Tool Wear in Continuous Cutting, Society of 
Tribologists and Lubrication Engineers, Annual Meeting 

11. DEFORM, Scientific Forming Technologies Corporation. (1993), Metal Forming 
FEM code. Columbus, OH. 

12. Jawahir, I, Zhang, J.(1995). An Analysis of Chip Curl Development, Deformation and 
Breaking in Orthogonal Machining. Transactions of NAMRI/SME, Vol. 23, pp. 109-114 



PERFORMANCES OF THREE LA YERED CERAMIC COMPOSITES INSERTS 
FOR STEEL CUTTING 

S. Lo Casto and V.F. Ruisi 
University of Palermo, Palermo, Italy 

E. Lucchini and 0. Sbaizero 
University of Trieste, Trieste, Italy 

S. Maschio 
University of Udine, Udine, Italy 

KEY WORDS: Alumina zirconia, Layered ceramics, Steel cutting, Wear 

ABSTRACT: Sandwich-structured three-layered ceramic inserts were made with the aim of 
obtaining ceramic cutting tools with an increased usefullife. 
Alumina was chosen for the extemallayers because of its high hardness and chemical inertness. 
Mixtures of Al203 and tetragonal Zr02 were used for the inner layer since it is possible to 
predetermine the tensile stresses on the rak:e faces by varying the ratio between the two oxides of 
the inner layer. The fired compacts were machined in order to obtain cutting tools with the desired 
geometrical dimensions. Tests were performed by cutting an AISI 1040 steel at speeds ranging 
from 1.7 to 7.8 m/s. The performances of three-layered composites were similar to those of 
monolithic Al203-Zr02 commercial inserts. In particular, the prestressed layered ceramies 
exclude the "chipping" caused by metal infiltration during, and by thermal stresses after, cutting. 
Scanning electron microscope investigation of the used inserts confirmed that all wear 
mechanisms can be related to Al203 plastic deformation during tuming tests. 
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1. INTRODUCTION 

In previous works, studies were made of the wear performances of commercial ceramies 
when cutting carbon-steels [1,2]. Specifically, it was demonstrated that alumina-zirconia 
inserts perform better than carbide tools at high cutting speeds. These performances are 
due to the chemical inertness of alumina and zirconia against the workmetal. When cutting 
speeds exceed 5.5 mls, the temperature on the rakeface can rise above 1500°C [3] so that 
chemical reactions between steel and some components of the inserts may occur. 
From this point of view, alumina and zirconia are very interesting because they exhibit 
negligible solubility in iron [4]. They are however sensitive to high temperatures. In 
particular, two wear mechanisms related tothermal effects were established. 
The frrst is related to plastic deformation of alumina grains above 1 000°C when a 
sufficient load is applied [5]. This phenomenon was observed in the crater zone of some 
alumina-zirconia inserts. In use, this is the area where the temperature is highest and at the 
same time the metal chips exercise heavy shear stresses on the ceramic surface. Brandt 
proposed a wear mechanism based on the formation of "ridges" which are broken 
cyclically by subsequent chip flows [5]. 
The second wear mechanism is a consequence of thermal stresses induced by the 
temperature gradients across the inserts. Ceramies have low thermal conductivity and low 
toughness. The resulting tensile stresses are located on the flank of the insert and can often 
exceed the material strength [6]. Microcracks are generally not catastrophic but the 
resulting flaws are then filled by the steel, which oxidizes at high temperatures. The 
volume of metal increases when it is transformed into oxide and causes detachment of 
small ceramic particles (chipping) [6]. 
Analysis of these wear mechanisms prompted us to develop new ceramic composites in 
order to avoid these shortcomings [7]. Laminated composites were considered for this 
purpose. In such materials, the outer surfaces can be prestressed in compression by using 
an inner layer with a thermal expansion coefficient higher than that of the outers. During 
cooling, outer surfaces are therefore stressed in compression. The compressive stresses are 
a function both of the mismatch between the thermal expansion coefficients and of layer 
thickness. In this paper, we present the preliminary results regarding the wear 
performances of "laminated" inserts when cutting steel. 

2. MATERIALS AND METHODS 

The hardness of alumina is higher than that of zirconia so additions of zirconia to pure 
alumina lowers tool hardness. Since hardness is one of the most important properties 
required by all cutting tools, it was decided to use pure alumina for the outer layers. 
Sintered Al203 has lower toughness than Al203-Zr02 compacts but it was assumed that 
the increase in toughness caused by compressive stresses in the three-layered monolithic 
materials would be sufficient to offset the toughening effect of the tetragonal-monocHnie 
transformation of zirconia. 
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The inner layer contained 60 % vol Al203 and 40 % vol Zr02 (partially stabilized with 
12% mol Ce02). In view of the higher thermal expansion coefficient of zirconia, rake 
faces of the too1s were prestressed in compression after the sintering process; the resulting 
compressive stress can be calculated by the following equation [7]: 

Where E 1 and E2 are respectively the outer and inner layer elastic modula, d2 is the inner 
layer thickness, v is the Poisson ratio and dcO is the thermal expansion mismatch. 
Layer thicknesses were maintained constant. The inner layer was set to 1.5 mm and the 
two symmetric outers were set to 2.7 mm. With this geometry, the residual compressive 
stress in the outer layers of our samples was calculated tobe 150 MPa whereas the inner 
had a tensile stress of 450 MPa. The global rupture strength of the samples was 350 MPa 
and toughness was 6.3 MPa m112. The h~dness of the outer layer was 17GPa, which is 
similar to the value of unstressed pure alumina. 
The production process used for the inserts is described elsewhere [7]. In the present work 
the green samples were fired 2 hat 1550°C. 
The sintered bodies were machined in order to obtain cutting tools complying with insert 
number SNUN 12 07 08. The rake faces were polished with a 12 mm diamond paste. 
The tools were tested in continuosdry turning on AISI 1040 steel whose characteristics are 
reported in table I. 

Chemical composition: 

C=0.43%, Mn=0.76%, Si=0.28%, S=0.027%, P=0.016% 

Tensile strength R=620 MPa 

Hardness HBN (2:51187 .5)= 182 

Table I. Properties of AISI 1040 steel. 
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All tests were carried out with a Boehringer DM 550/1000 lathe and the tools were 
mounted on a commercial tool holder with the following geometry. 

rake face "( = -6° 
clearance anglea = 6° 
side cutting edge angle 'lf= 15° 
inclination angleA. = -6° 

The tools were tested under the following cutting conditions: 
depth of cut, d = 2.20 mm- feed, f = 0.25 mm/rev. - speeds V= 5.5rn!s and 7.8 rn!s. 
The flank wear criterion (VBB=0.3 mm) was chosen to evaluate toollife. 
Tools and chips were examined after testing using an Assing Stereoscan Scanning electron 
microscope (SEM) coupled with an EDAX apparatus. 

3. RESULTS AND DISCUSSION 

The VBB criterion was adopted because preliminary tests showed that the rakeface did not 
suffer severely from the chip flow. These results were confirmed by masurements made by 
a a profilometer. At present, we are unable to explain the better performances of the 
Iaminated inserts with respect to wear on the rake face for the compressive stresses do not 
increase the hardness of the Al203 outer layers. Fig. 1 shows the aspect of a Iaminated 
tool tested at 7.8 rnls for 200 s. It is possible to observe that, in spite of the high cutting 
speed, wear in the crater zone is modest. No cracks, rnicrocracks or chipping phenomena 
were observed in flank zones after the tests. This is an important result because these wear 
mechanisms were observed on alurnina-based commercial tools tested under similar 
cutting conditions [1]. It therefore seems reasonable to assume that the compressive 
stresses of the outer layers inhibit the formation and propagation of cracks. 
Examination of flank wear after the tests revealed the presence of plastic deformation. 
Fig. 2 shows the aspect of the flank after a test at 7.8 rnls for a period of 200 s. This kind 
of wear was observed in alumina-based commercial tools at cutting speeds below 5.5 rn!s. 
Above this value, only chipping phenomena were present. Probably both plastic 
deformation and chipping actually occur but darnage caused by chipping hides deformed 
alumina grains. In the case of inserts with a Iaminated structure, compressive stress 
excludes chipping and AI203 deformation is evident. 
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Fig. 1. Aspect of Iaminated ceramic insert after testing at 7.8 m/s: cratering is negligible. 

In spite of the better resistance of Iaminated tools to the chipping, they exhibited a life (VBB 
criterion) 30% - 40% shorter than commercial tools testedunder the same cutting conditions. 
It is therefore possible to infer that they are more sensitive to the plastic deformation wear 
mechanism in the flank. The significance of this result is not clear. 

Fig. 2. Aspect of flank tool after testing at 7.8 m/s for 200 s. Alurnina plastic deformation is 
evident. 

Two hypotheses may be put forward. The frrst is related to the different preparation methods 
used. Commercial inserts are machined out from hot pressed large compacts whereas our 
tools are pressureless sintered in air. The hot pressed alumina bodies have small grains 
whereas Iaminated compacts exhibit coarser microstructures. It follows that, in commercial 
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inserts, sliding of the crystallographic planes is partially inhibited by the high number of 
grain boundaries. 

Fig. 3. Brittle fracture in cut zone depth after turning test. 

The second hypothesis is related to the different compositions of the tools. Commercial tools 
contain tetragonal zirconia inclusions whose pinning effects reduce alumina deformation. 
Work is now in progress to explain such different behaviour in similar inserts . 

... 

Fig. 4. Voids on surface of Iaminated insert. The evident brittle fractme in the D. O.C. was 
probably caused by a similar defect. 
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Some of the tools failed during the cutting operations in the depth of the cut zone (see fig. 
3). SEM Observations revealed that this shortcoming may be due to the presence of surface 
flaws, which are evident in fig. 4. 
These defects derive from the incomplete sinterlog process or from over-energetic 
grinding. This drawback can be avoided by using a hot pressing preparation technique. 
However the cost of inserts will rise correspondingly. 

4. CONCLUSIONS 

Ceramic inserts with outer layers in compression are promising tools for machining steel 
or other materials. Chipping and cratering are drastically reduced. Some drawbacks, such 
as high plastic deformation in the flank and random breakages in the depth of cut zones, 
could be removed using hot pressing techniques and/or alumina containing some 
toughening agents with low solubility in the metals. 
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ABSTRACT: In finish turning operation, it has already shown, that for the sake of control the 
dimensional accuracy and the micro-geometry of the worked surface, the wear parameters 
employed in rough turning operations are not suitable. In the present work the study of wear in 
fmish turning operations, is carried out, employing a particular groove survey methodology, 
already proposed in a previous paper, that is based on the techniques of acquirement and processing 
of images. In order to verify the applicability of the proposed technique two kind of alumina-based 
inserts and two kind of sintered carbide inserts have been tested. The experimental tests have 
confmned the validity of the technique in the prediction of tool lifetimes for several couples tool­
workpiece materials. 

1. INTRODUCTION 
The employ of new materials in turning operation is the main factor that has determined 
improvements in industrial production. 
Nowadays in machining operation the choice of new geometries and materials for cutting 
tools is oriented to the optimisation of the single cutting operation. 
Particular attention has been dedicated on materials able to resist at high temperature 
gradients due to the increased cutting speed. Between them alumina-based materials has 
shown good attitude to be employed in cutting Operations. Alumina-based tools offer high 
wear resistance, very good resistance to high cutting temperatures, thermal stability and 
chemical inertia [1, ... ,4]. 
Actually the best results can be obtained with the proper choice of the tool geometry and of 
the couple tooVworkpiece material, depending on the particular step of the working 
schedule, on the machine performances, etc ... 
With the use of alumina based tools in finish turning operations, a valid alternative to the 
grinding of hardened materials is obtained. This operation, in fact, is more versatile than 
grinding because of the wide range of complex shapes that is possible to obtain and 
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because ofthe higher productivity due to the reduced setting times. Moreover, by this way, 
it's possible to realize high quality products with lower costs related to machines and tools, 
and lower machining times. 
In fmish turning operation, it has already shown, that for the sake of control the 
dimensional accuracy and the micro-geometry of the worked surface, the wear parameters 
employed in rough turning operations (i.e. crater wear-KTIKM and flank wear-VB8) are 
not suitable [5,6]. 
The value of the theoretical roughness depends on tool geometry, on tool position with 
respect to the workpiece and on feed [7,8]. The value of the actual roughness can be 
greater than the theoretical one because of several factors, between them one of the most 
significant is the wear of the minor cutting edge [9]. 
Depending on the couple tool-workpiece material these kind of wear can manifest itself 
with the generation and growth of equally spaced grooves perpendicularly to the secondary 
cutting edge. The number of grooves and their depth influence heavily the actual roughness 
ofthe workpiece surface [10]. 
The survey of the geometrical characteristics of the workpiece or of the tool wear plays a 
very important role in the automated machining systems. Actually, the in-process [11] or 
on-line [12] measurement techniques employed until now, need great times and costs for 
the measurement of the roughness for the employment of complex software or expensive 
instruments (profilometers, tool-room microscopes, SEM, etc ... ). 
In a recent paper the Authors proposed a technique for on-line survey and analysis of the 
grooves on the minor cutting edge in fmish turning operations [ 13]. Actually, in the present 
work, the study of wear in fmish turning operations for several tool materials (sintered 
carbide and alumina-based materials) during the machining of some kind of structural steel 
is carried on, for sake ofverify the applicability ofthe proposed technique. 

2. TOOL WEAR EXPERIMENTS 
2.1 The grooves survey methodology 
The grooves survey methodology employed is based on the techniques of acquiremeot and 
processing of iroages [ 13]. 

Tool holder 

display 
Video camera 

Storage 

Figure. l. Experimental set-up. 

Pc with 
video 

grabher 
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At the end of the cut the image of the part of the insert showing both the minor cutting 
edge and a part of the radius between the edges, is acquired with the system showed in 
figure 1. 
This image is processed to obtain the highlighting of the grooves generated during the 
cutting operation. In this way with appropriate software it's possible to count the number 
of grooves, to store and compare it with the one found at the previous cut. 
The suggested methodology indicates the moment in with the tool has to be changed 
because the values of Ra exceed the tolerance limits, as the one where the number of 
grooves starts to decrease. 

2.2 Experimental Set-up 
The fmish turning tests have been carried on two different kind of structural steel: AISI 
1040 and 39CrMo4 (their characteristics are reported in table 1), employing two kind of 
alumina based inserts and two kind of sintered carbide inserts; their composition and their 
geometry are reported in the following table. 

AISI 1040 39CrMo4 

Chemical c = 0,43%, Mn= 0,76%, C = 0,42%, Cr = 1,1 %, Mo = 0,22%, 
COIDJ>OSition Si= 0,28%, P = 0,016% Mn= 0,78%, Si= 0,28%, P = 0,016% 
Hardness HBN(2,51187,5130) = 208 HBN(2,51t87,5!3o) = 390 

Tensile strength R=700N/mm2 R= 1150N/mm;l 

Table 1. Charactenstlcs ofthe employed matenals. 

The commercial materials selected for the tests, according to the insert number 
TNGA160408, were as follows: 
• Zirconia-toughtened alumina (Ah03 -7vol%Zr02), 

in the following called with its commercial name CC620. 
• Mixed-based alumina (Ah03 -TiN. TiC-Zr02), 

in the following called with its commercial name CC650. 
• Sintered carbide grade SlP (WC-TiC-Co ). 
• Sintered carbidegrade SM30 (WC-TiC-TaC-Co). 
For each kind of insert and each workpiece material several cutting parameters have been 
used, namely the ones reported in table 2. 

Geometry Cutting parameters 

Rake angle y= -60 Depth of cut: d=0,5 mm 

Clearance angle a=5° Feed: ft=0,05 mm/rev, 6=0,lmm/rev 

Side cutting edge angle \jJ = oo Cutting speed Vct=3,3 m/s, Vc2=4,16 m/s, Vc3=5 m/s 

IncHnation angle ')..,= -60 

Table 2. Geometry and cuttmg parameters employed durmg the tests. 
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The fmish-turning tests were performed on a NC lathe, at the end of each cut the image of 
the insert was acquired using the system showed in figure 1. By means of a television 
camera CCD the image of the insert, that is positioned on a support of an optical bench, is 
acquired and sent to a personal computer where it can be processed; subsequently the 
determined value of VBs and the number of grooves are stored. At the same time the 
roughness of the workpiece was measured on six longitudinal profiles in different radial 
positions by means of a profilometer (Taylor- Hobson, Series Form Talysurf). 

3. ANALYSIS OF THE RESUL TS 
For all the couples ofthe cutting parameter above mentioned the toollifetimes are reported 
in tables 3a,b for both sintered carbide and alumina based inserts working Al SI 1040 and 
39CrMo4 steels respectively. The lifetimes are evaluated on the base of a Iimit roughness 
of 3.5 J.llfl· 

AISI1040 
tool S1P SM30 CC620 CC650 

V~.f 0,05 0,1 0,05 0,1 0,05 0,1 0,05 0,1 

3,33 95 120 45 60 290 310 315 340 

4,16 95 71 45 40 203 215 265 285 

5 80 60 38 28 184 202 250 230 

Table 3a. Inserts hfetimes working AISI 1040. 

39CrMo4 
tool S1P SM30 CC620 CC650 

Vc\f 0,05 0,1 0,05 0,1 0,05 0,1 0,05 0,1 

3,33 36 40 15 27 93 105 98 120 
4,16 32 38 10 18 70 85 80 100 

5 10* 6* 8* 6* 42 53 50 60 
Table 3b. Inserts hfetunes working 39CrMo4. 

For the two kinds oftools working both AISI 1040 and 39CrMo4 steels, for all the cutting 
parameters, it has been observed that the roughness reaches the imposed Iimit when the 
number of grooves on the secondary edge decreases. This behaviour is shown in figure 2 
where the roughness and the number of grooves are reported versus the cutting time. 
In the same figure the trend of the flank wear (VBs) is reported to show that its value is 
lower than 0,3 (suggested as the critical one in [14]). For this reason the technique 
proposed to determine the lifetime has shown to be the most suitable to be applied. 
For all the cases the lifetime is estimated employing the proposed technique of groove 
survey and counting. 
In table 3b the values marked with (*) are the lifetimes evaluated for VB8=0,3 mm; in this 
conditions, i.e. working at higher cutting speed, the sintered carbide tools showed a 
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different behaviour finishing 39CrMo4 steel. Actually, a relevant flank wear is generated 
and its presence causes the increasing of the roughness and it overcomes the imposed 
Iimits before that the nurober of grooves decreases; see figure 3. 

-+-Ra 
6 

-+-VB 5 
n• groows 

)()( )()EI( )( )( )( )( )( 4 

2 3 

2 

Figure 2. Roughness, nurober of grooves and flank wear versus cutting time for CC650 
insert working AISI 1040 steel. (Vc=5mls, f=0,05 mmlrev). 

Figure 3. The SlP insert after 6 min working 39CrMo4 steel. (Vc = 5mls, f= O,lmmlrev). 

In the following the sequence of images 4a, ... d, shows the generation of the grooves on the 
minor cutting edge during the cut of AISI 1040 steel employing CC650 tools (Vc=5 m/s, 
f=0,05 mm/rev) and their counting realised on the correspondent binarized image by the 
appropriate software. 
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Figure 4a- Minor cutting edge and the correspondent bmarized image. 
Vc= 5 m/s, f=0,05 mm/rev, cutting time= 45 min . 

.I:'Igure4b- Minor cutting edge and the correspondent binarized image. 
V c= 5 mls, f=0,05 mm/rev, cutting time = 110 min. 

Figure 4c - Minor cutting edge and the correspondent binarized image. 
Vc=5 m/s, f=0,05 mm/rev, cutting time= 215 min. 
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Figure 4d - Minor cutting edge and the correspondent binarized image. 
V c=S m/s, f=0,05 rnmlrev, cutting time= 250 min. 

It's important to notice that, during the cutting of not alloyed steel (see table 4), the 
Zirconia-toughtened alumina tools and Mixed-based alumina tools show much greater 
lifetimes than the sintered carbide ones. This occurrence offers the possibility to reduce the 
machining times and the associated costs related to machines and tools. 
The alumina tools can be utilised in the working of steels with high hardness where, 
instead, carbide tools have very short lifetimes; thus they can be employed in finish and 
super-fmish turning affering an alternative to grinding operations. 

4. CONCLUSIONS 
On the basis ofthe above reported results it's possible to reach the following conclusions: 

• The proposed methodology can be properly implemented as on-line survey of the wear 
reached by the tool and consequently ofthe micro-geometry ofthe worked surface. 

• The control is performed in real time, by this way a great reduction of the costs is 
attained compared to other techniques usually applied to achieve the data on the tool 
wear and on the roughness of the workpiece. 

• This methodology has been tested both on different workpiece materials and on several 
kind oftools (alumina based and sintered carbide inserts). All the tools exhibit the same 
wear mechanism which permit to apply this kind of survey when working alloyed and 
not alloyed steel. 

• During the tests the alumina based tools showed much greater lifetimes than the carbide 
ones that brings the reduction of machining times and the associated costs related to 
machines and tools. 
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EFFECT OF MICROSTRUCTURE ON ULTRAPRECISION MACHINING 
OF COPPER-BERYLLIUM ALLOYS 
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ABSTRACT: This paper investigates the micromachinability of Cu-Be alloys and the effect of 
microstructure. The material temper, tool material, Iead content, and machining parameters were 
varied to assess their effects. Similar chip formation mechanisms were found when the depths of cut 
varied from few millimeters to submicron Ievels. Good agreement between predicted and measured 
data was obtained providing grain boundaries were visible on a machined surface. A flatness of 20 
nm over the 9.5 mm diameter rod, and roughness of 2 nm Ra and 8 nm R, were achieved. Beryllide 
inclusions and the precipitates degraded the micromachinability, while the Iead particles improved it. 

1. INTRODUCTION 

The effect of surface quality of a diamond-tumed metal surface on its optical performance 
(e.g., reflectivity) is known [1]. Copper alloys, such as copper beryllium (Cu-Be), are used in 
electronics industry as connectors, springs... for their high conductivity, modulus, and 
strength. The alloys are also used in optical industry for laser or infrared applications since 
the materials exhibit the highest darnage thresholds for the long wavelength and high energy 
beams [2]. 
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Limited studies on micromachining of copper alloys were found. Simulation works were 
performed to study the ultraprecision machining of coppers [3-6]. The materials within a 
grain deformed along the slip systems, and a noticeable change of cutting force across a 
grain boundary was found. Other experimental works were also published. Most of the 
researchers used oxygen-free (OF) copper that might include silver and boron [7,8]. Others 
used Cu-0.55wt% Te alloy [9] and Cu-0.04 0 alloy [10] in their studies. 

Arnold et al micromachined OF coppers and Cu-Be alloys [11,12]. A machined OF. 
copper sample retained residual stresses with magnitudes from -27.3 to +4.1 MPa. Depths 
of cut, ranging from 1.27 to 38.1 ).lm, did not affect the resulting surface finish. Three 
commercial Cu-Be alloys were machined: Cl7200 (Berylco 25: Cu, 1.9 wt% Be), C17300 
(Berylco 33-25: Cu, 1.9 Be, 0.4 Pb), and Cl7500 (Berylco 10: Cu, 2.5 Co, 0.6 Be). These 
authors used sing1e-crystalline diamond too1s with 3.17 5 mm nose radius, feed rate of 5. 08 
).lmlrev (0.16% of the nose radius). Some samples machined well while others caused 
"excessive tool wear" and produced a poor surface quality. The peak-to-valley surface 
roughness, R1, of those successfully machined samp1es were measured to be in the range 20-
41 nm. The C17500 samples exhibited an orange-pee1 texture for all tempering conditions, 
whi1e the C 17200 samples showed the grain boundaries for all tempering conditions. 

With 1imited pub1ished information on micromachining of copper alloys and the 
popu1arity of Cu-Be alloys, there was a need to understand the effect of secondary processes 
and microstructure on micromachinability. The objectives of this study were to (i) obtain 
the best possib1e surface quality of Cu-Be alloys by micromachining, and (ii) study the 
effects oftempering and microstructure on the surface quality. 

2. EXPERlMENT 

Two main alloys were used in this study. The same processes were applied to fabricate and 
ultraprecision machine samples from both alloys. The CA17200 was the unleaded version 
of the C17300. The later had the composition of Cu, 1.84 wt% Be, 0.23 Co, 0.02 Ni, 0.04 
Fe, 0.1 Si, 0.03 Al, 0.24 Pb. Large rods were solutionized at 790°C then water quenched. 
Their diameters were reduced 37% to 9.525 mm in a cold drawing process to attain the full­
hard (H) temper. One rod was then peak-aged at 3l6°C for 2 hrs (HT temper). 
Microhardness across the cross section of a rod was measured along different radial 
directions such that all measured points were at least 10 indentation apart. Short coupons 
were cut and mounted with wax on a fixture, then were faced in either continuous or 
interrupted modes on a ultraprecision machining system (Precitech 2800). Compressed air 
or a mixture of air and baby oi1 was used to blow the microchips away from a machined 
surface. A factorial engineering experiment was design, and relevant machining parameters 
and tooling were tabulated in Tables 1 and 2. 

After being machined, a sample surface was analyzed with a scanning-probe microscope 
(SPM, Digital Instrument Nanoscope lila), a profilometer (FT, Form-Talysurf 120L), a 
phase-shift interferometer (PSI, WYCO NT2000), a Iaser interferometer (Zygo GPI-XP) 
and a scanning-electron microscope (SEM, Leica S360). The Energy Dispersive X-ray 
technique was used to identify inclusions or elements on a sample surface. At least two 
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areas per sample were analyzed: at 0.5 mm and at 4.0 mm from the center of the sample. All 
physical scans were performed in the direction perpendicular to the feed marks. All 
feedrates were normalized to a percentage of tool nose radii. In this way, different tools 
could be used and a comparison with published data can be made. Tool edge sharpness 
( edge radius) and tool crystallographic orientation were measured with a SPM. The 
crystallographic orientation of a rake face was measured twice on a X-ray diffractometer 
(Philips X'Pert-MPD) using Cu Ka radiation. 

Table 1. Details of tested diamond tools 
Tool Tool geometry* Edge radius Crystallographic 

(nm) orientation, rake face 
0 -25-++5, 0, 5, 5, 30, 0, 0.03-+2.00 mm 20-+80 (100) 
c -25-+0, 0, 7, 7, 30, 0, 0.64-+0.77 mm 20-+80 N/A (synthetic) 
s 0, 0, 7, 7, 30, 0, 0.30-+0.50 mm 500 .... 750 N/A (polycrystalline) 

* Amencan Standard Assoc1at10n's tool nomenclature 

T bl 2 M h" . a e ac mmg parameters or acmg operatlons. fl ti . 

Parameter High value Lowvalue 
Circurnferential speed (rn/min) 75 30 
Coolant a1r oil mist 
Depth of cut (Jlm) 1.0 0.2 
Feed (% tool nose radius) 5.0 0.5 
Material temper HT H 
Material C17300 C17200 

3. RESULTS AND DISCUSSION 

Results of surface finish measurement were collected by different techniques and compared. 
Since the contact-type surface measurement was probe dependent, the optical-based PSI 
was the preferred technique. 

The cold-drawing process changed the mechanical and crystallographic properties of a 
rod. Different crystallographic orientations of workpiece grains contributed to different 
ultraprecision machining characteristics [4,5]. The crystallography of Cu-Be alloy was 
studied and found to be similar to that of brass [13]. Depending on rod size and drawing 
parameters, a cold-drawn rod could be subjected to severe plastic deformation near the 
surface, but had less deformation near the center. Excessive cold drawing of a rod promoted 
a preferred orientation of copper's FCC lattices along its axis (fiber texture). Complex pole 
figures, obtained by tedious X-ray diffraction technique, were normally used to verify the 
orientation of the lattices. The dual fiber textures of cold drawn copper rods were reported 
to be the <111> and <100> directions [13-16]. The ratio of the two types varied due to 
addition of alloying elements, the amount of cold work, the radial distance from the axis, 
and the ratio s /Gb (where s is the stacking fault energy, G is the shear modulus, and b is 
the Burger's vector) [15]. 
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Assuming a uniform distribution of the alloying elements in a Cu-Be rod, the fiber 
texture would depend only on the amount of cold work and the radial distance. Because of 
the dependence of microhardness and the amount of cold work, it was postulated that there 
was an indirect relationship between hardness and fiber texture. The same microhardness 
Ievels of the tested rods and similar surface integrity from inside to outside of a rod 
indicated (i) the uniformity of cold drawing and (ii) a uniform fiber texture across the rods. 
The result of this study was valid for full-hard cold drawn rods with diameters less than 
9.525 mm. 

Cobalt and nickel were added to the material to promote a fine-grained structure in Cu­
Be alloys [ 17]. These elements, however, combined with beryllium during solidification to 
form the beryllide inclusions. Large beryllides were broken up during extrusion, but were 
not completely dissolved during the solutionizing process. As the consequence, the 
microstructure of an unaged sample was made up of fine alpha grains with uniform 
distribution of beryllides and Iead particles. Scanning probe microscopy showed the 
preferred formation of this beryllide phase at the grain boundaries (Fig. 1 ). The 
microstructure of aged Cu-Be was similar to that in Fig. 1, with an exception of the 
additional y' precipitates forming at grain boundaries and along slip planes. The beryllides 
still remained in the microstructure after aging. 

Fig. I. 

Concentration ofberyllides 
(spikes) at the grain 
boundaries of C 17300-H. 
SPM tapping mode; 0.3 Hz 
scanning rate. 

X s.ooo ~ t</cliY 
2 200 .000 nt</cliY 

The presence of micron-size beryllides degraded the micromachinability of Cu-Be. In a 
collision with a single-crystalline diamond tool, the beryllides were broken and either 
embedded in the chip (Fig. 2) or smeared along the machined surface. It was postulated that 
such collisions also chipped a sharp and brittle diamond cutting edge. Tool chipping and 
smearing/ploughing of broken beryllides worsened the surface finish of a machined sample. 
The effect of particle size on micromachinability is shown (Fig. 3). Perhaps this was the 
reason for the random "excessive tool wear" seen when machining different batches of Cu­
Be [12]. 
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Fig. 2. 
Embedding of broken 
beryllide at the chip. 
The arrow points at the 
sharp cleavage fracture 
of a brittle beryllite. 

Dry facing C17300-
HT; I 11m depth; 5 11m 
/rev feed; 30 m/min 
circumferential speed; 
tool "0" (-I5° back 
rake; 0.5 mm nose 
radius). 

Fig. 3. 
Distribution of 
beryllides and Iead 
particles in different 
batches. Low 
machinability refers to 
the material batch that 
had poor surface finish. 

Image analysis on 
SEM, 2000x. 
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Micro and macro chips were analyzed. A chip root of the C17300-H showed severe 
plastic deformation above the shear plane and stretched the grains in the direction 45° from 
the horizontal plane (shear angle). When an aged CI7300-HT sample was machined, the 
presence of the y' precipitates along the slip planes and grain boundaries reduced the 
material ductility. The instability in the secondary shear zone, adiabatic shear, or stress 
concentration at the interface of beryllides caused inhomogeneaus shear. Broken chips were 
caused by excessive grain-boundary sliding where a high density of precipitates was found. 

Continuous chips were seen when machining the H-tempered alloys for all depths of cut 
ranging from 0.2 11m to I mm. However, segmented macro/micro chips (-I-2mm) were 
observed for the HT-materials in macro/micro-machining. Microchips from both the aged 
and unaged materials, nevertheless, appeared the same at magnifications above 1 OOOx. The 
microchips showed similar features (but at different scales): (i) smoothened chip due to 
rubbing at the tooi rake face, and (ii) inhomogeneaus shear causing the shear bands. The 
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shear band (microlamellar structure), about 0.5j..tm in this study, is much thinner than that in 
macromachining. Such microlamellar structures were also observed when ultraprecision 
machining plated copper [18]. The same chip forming mechanism, therefore, prevailed for 
both macro- and micro-machining of copper alloys including Cu-Be. 

Recall from the discussion above that a heavily cold-drawn rod possessed a dual <100> 
and <111> fiber texture along the rod axis. Suchtextures were assumed tobe similar from 
inside to outside of a heavily cold drawn rod as those in this study. lt was expected, and 
verified, that the surface finish results were not significantly different at different measured 
locations for all samples in this study. 

The feedrate, normalized as percentage of tool nose radius, affected the surface finish 
the most. Results of this study showed that the best flatness was about 20 nm (RMS) over 
the entire 9.5 mm diameter sample, and the best surface finishwas in the range 1.5 -2.0 nm 
Ra. Reasonable agreement between the theoretical surface finish and the measured data 
(Fig. 4). The theoretical surface finishwas calculated from [19]: 

Ra~0.03155J 2 (1) 
R 

Given a material with so many inclusions of both lead and beryllides, and fine grain sizes 
(more grain boundaries), it was difficult to obtain a very consistent roughness measurement 
on random locations of a machined surface due to such material defects. Tool chipping was 
also evident from SPM scanning of a machined surface or from grooving of a chip under 
SEM examination. All these artifacts worsened the surface finish and explain the deviation 
of measured and theoretical surface finish machined. 

Extreme care was exercised to avoid contamination of ultraprecision machined Cu-Be 
surfaces. The oil mist was not using as cutting fluid because of a severe surface 
contamination. A single crystalline diamond tool (SCD) cut the materials cleanly while a 
polycrystalline tool (PCD) ploughed and roughened a surface. Part of the problern was the 
shallow depth of cut compared to the large edge sharpness of a PCD tool (Table 1 ). The 
surface finish from the C 17300 samples was better than that of C 17200 due to the 
lubricating property of Iead. The Iead particles (i) reduced friction at the tool chip interface 
(ii) helped to break the chip easier, and (iii) lowered energy to remove materials as chips. 
The non-soluble lead particles reduced the effect of the y' precipitates, that pinned 
dislocations and increased the resolved shear stress on a slip plane. An increasing of surface 
roughness was measured on the unleaded C 17200-HT samples. The change was only -10% 
for samples cut with a SCD tool, but was -20% for those machined with a PCD tool (Fig.5). 

4. CONCLUSIONS AND RECOMMENDATIONS 

Micromachinability ofCu-Be alloy was studied. This paper showed: 
1. Within the range of parameters explored, the microfacing process produced a mirror 

surface with good flatness (20nm over 9.5 diameter rod) and surface finish (2 nm Ra 
and 8 nm Rt). The roughness of 8 nm R1 was an improvement over the published data 
of 20-41 nm Rt for similar material. 
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2. The beryllide inclusions reduced the micromachinability of C 17300 because of tool 
chipping and surface smearing. Effort to reduce the size and improve the distribution 
of beryllides is recommended. The surface finish of an inclusion-free copper alloy, 
such as brass, can be used to compare with that ofthe improved Cu-Be alloys. 

3. Lead particles improved the material machinability in micro/macro-scale machining. 
This could be deducted from the fact that the chip formation mechanisms were 
similar for both cases. An improvement of 10-20% on surface finished was seen. 

4. Although more expensive, a single crystalline tool with a much sharper cutting edge 
outperformed a polycrystalline tool when micromachining Cu-Be. 

5. Although consistent within a surface measuring technique, variation of measured 
surface finish data was found for different techniques. The contact type 
measurement left a residual track on the surface work piece. Both the contact mode 
and tapping mode techniques were probe dependent, and were much slower than the 
optical technique. A reference surface of nanometric scale is needed for equipment 
calibration. 

Fig. 4. 
Comparison between 
theoretical and experimental 
surface finish values. 

Dry facing ofC17300-H 
and C17300-HT; 0.2-1.0 J.lm 
depth; 1-5%R J.lm /rev; -25° to 
5° back rake; 509-641 J.lm nose 
radius. 

Fig. 5. 
Differences in surface finish 
due to tool material, material 
temper, and Iead content. 

Plot of mean and standard 
deviation of four surface finish 
measurements for each group. 
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ABSTRACT: This paper presents research results on ultraprecision machining of metal rnatrix 
composites (MMCs) reinforced with either SiC or Ah03 particles. Ductile-regime machining of both 
SiC and aluminum was applied to improve the surface integrity of the composite. Both polycrystalline 
diamond (PCD) and single crystalline diamond (SCD) tools were used to ultraprecision machine the 
composites at the depth of cut ranging from nearly 0 to 1.0 J.Lm. A SCD tool removed the MMC as 
chips while a PCD simply smeared the surface. The critical depths of cut were found to be 1 J.Lm and 
0.2 J.Lm for MMCs reinforced with Ah03 and SiC, respectively. Both depth of cut and crystallographic 
direction of the ceramic particle were the sufficient conditions for ductile-regime machining. Because 
of the random orientation of the reinforcing particles, some were fractured due to the cutting action 
while others were machined in ductile mode at the same depth of cut. A measured surface finish, 
therefore, varied significantly depending on the measured areas. 

1. INTRODUCTION 

Metal matrix composites were known for their synergistic properties; however, sensitive cost 
and fabrication challenges including machining were to be overcome for successful 
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applications of these composites. The surface finish and surface integrity were important for 
surface sensitive parts such as opticallenses or parts subjected to fatigue or creep. Since 
both common conventional and unconventional machining processes generated subsurface 
damages of machined MMC sample, efforts were emphasized to improve the surface 
integrity. Literature survey showed that finishing processes such as grinding and abrasive 
blasting were utilized to marginally improve the surface integrity of machined MMC 
samples. Despite the research efforts, fracture ofthe brittle ceramic reinforeerneut in MMCs 
due to machining was still a serious challenge to manufacturing engineers. Although 
ultraprecision grinding could be used as a finishing process, grinding was limited to certain 
geometry due to the limited shape of grinding wheels. A more versatile process such as 
ultraprecision diamond turning was investigated as an alternative technique for finish 
machining. This project studied how ultraprecision machining using diamond tools affected 
the surface integrity of MMCs reinforced with SiC or Alz03 particles. The objectives of the 
research were to (i) implement the ductile regime machining technique to both the matrix 
metal and the reinforcing ceramic for a high quality surface, and (ii) compare the ductile­
regime conditions for SiC and Alz03. 

2. LITERATURE REVIEW 

There were limited published papers on ultraprecision machining of MMCs, and on ductile­
regime machining of brittle materials. When a material was machined in such a fine scale 
that satisfied ductile-regime conditions, then the chip was removed in a ductile manner 
despite the brittle nature of the material. A model for the critical depth associated with 
ductile-regime in micromachining was proposed [1]: 

dca plasticflowenergy o.ts(~rKcs)2 (1) 
fracture energy H H 

Where dc : critical depth ofmachining E : Young's modulus 
Kcs : critical surface fracture toughness H : material hardness 

A shallow depth of cut, therefore, would energetically promote plastic flow rather than 
brittle fracture in the substrate and the chips. Using equation ( 1 ), the critical depth of cut, dc, 
for Si, SiC, and Alz03 were calculated to be 0.4, 0.6, and 1.0 JliD respectively. Further 
investigation showed that grinding speed had insignificant effect on dc, but there was a 
dramatic change of dc when using water or alcohol as grinding fluids. The study suggested 
that such change was due to a chemical reaction that modified the surface properties of the 
materials. 

Ultraprecision machining of as-cast and extruded 6061/SiCw was studied [2]. The 
MMCs were machined with SCD tools at pre-selected depths of cut in the range 10-40 JliD. 
Higher speed, lower feed, shallower depth of cut, and low volume fraction of reinforeerneut 
improved the surface finish of the samples. Further study using transmission e1ectron 
microscopy showed the high-density dislocation in the soft aluminum matrix below a 
machined surface. The reinforcing SiC whiskers were either "cut directly," rotated, or 
pulled out during the machining process. 
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Milling and grinding of aluminum-based MMCs reinforced with SiC or Ah03 
particles/whiskers were experimented [3]. Depth of cutwas selected at 15j.lm. Examination 
of the machined surfaces by e1ectron rnicroscopy showed the britt1e fractures and evidences 
of pulled-out reinforcements. Grinding of A359/SiCp and 2618/Ah03p were also 
experimentally performed [ 4,5]. Fine grinding using 3000-grit diamond wheel at 1 11m 
depth produced ductile-regime cutting ofthe Ab03 particles but micro fracture on the britt1e 
SiC particles. 

Although precision tuming and grinding of MMCs was conducted as shown in the 
Iiterature survey, the ductile-regirne machining of MMC was yet to be fully explored. The 
following section presents how depth of cut affecting the ductile-regime machining, and 
then compares the results with the published data. 

3. EXPERIMENT 

The cast A359/SiC/10p and extruded 6061/Ab03/20p composites were kind1y provided by 
Duralcan. Some of the as-cast samples were hot-isostatically pressed and/or aged to 
enhance the matrix properties. Although no coolant was used during machining, 
compressed air was directed to blow the chip away from a machined surface. Both SCD 
tools and PCD tools were used for the facing operations. Tool crystalline orientation was 
measured using a x-ray diffractometer (Philips X'Pert-MPD). The cutting edge radii (tool 
edge sharpness) were measured on an atornic force microscope (AFM, Digital Instrument 
Nanoscope lila). Tables 1 and 2 provide more relevant information of the materials and 
cutting tools. 

Table 1. Details of the materials. 
MMC Details 
A359 Matrix: Al, 9.27 wt% Si, 0.15 Fe, 0.55 Mg. 
/SiC Reinforcement: SiC, median 9.3 ± 1.0 11m 
/lOp Processes: 

- Permanent-mold cast to ~18 mm bars. Pouring temperature 700-710°C, 
average stirring rate 175 rpm. 

- Hot isostatic pressing by heating in argon at 550°C for 1 hour, isostatically 
pressed at 150 MPa for 1 hour, oven-cooled to 300°C, then air-cooled. 

- Solution heat-treated at 540°C for 14 hours, water quenched, peak aged at 
155°C for 5 hours to obtain the T6-temper 

6061 Matrix: 6061 aluminum (Al, 0.72 wt% Si, 0.27 Cu, 0.90 Mg) 
/Ab03 Reinforcement: Ah03, median 21 ± 2 j.lm 
/20p Processes: extrusion at 427°C, extrusion ratio 35/1, speed 6.1rn/min. 

Short coupons of MMC samples were mounted on a precision fixture using wax, which 
melted at 80°C, to avoid the undesirable effects of mechanical clamping. Both continuous 
and interrupted facing of short MMC coupons was performed on an ultraprecision system 
(PreciTech Optimum2800) that had 9 nm positioning accuracy. All feedrates were 
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normalized at 0.5% oftool nose radii. The samples were machined at constant depths of cut 
in the range 0.2-1.6 Jlm at an increment of 0.2 Jlm, or a taper cut to vary the depth of cut 
continuously from -0.0 to 0.2 1.1m. The cutting speedwas chosen in the range 10-200 m/min 
as part of a factorial experiment design. 

Machined surfaces were analyzed with an AFM, a profilometer (Form Talysurf 120L), 
and with a scanning-electron microscope (SEM, Cambridge S360). The as-machined 
samples were observedlscanned in the as-machined condition, then repeated again after 
etching the samples in Keller's etchant (190 ml H20, Sml HN03, 3 ml HCl, 2ml HF) to 
dissolve the smearing aluminum on the surfaces. Selected samples were sectioned, 
mounted, hand ground, polished then etched to show the microstructure at the subsurface. 
Energy Dispersive X-ray technique was used to identify different phases and elements on a 
sample. 

T bl 2 D ·1 f a e eta1 s o cuttmg too s. 
PCD Polycrystalline diamond: 0.5 l!m grain size, ASA* tool geometry 

0°,0°,9°,5°,60°,30°, 0.33 mm; edge sharpness 500-750 nm. 
SCD Single crystalline diamond: (100) rake plane, ASA tool geometry (±5& 

0°),0°,5°,5°,30°,0°, 0.51-2.06 mm; edge sharpness 20-80 nm. 
* American Standard Assoc1at10n 

4. RESULTS 

4.1. Surface Integritv 
The average roughness Ra was used to characterize the surface finish. The surface integrity 
was further assessed by micro-examination of the as-machined or sectioned surfaces before 
and after etching. Machining at a feedrate that was small compared to the nose radius, the 
theoretical surface finish ofthe machined surface was given by [6]: 

Ra=K(f,R)/2 ~0.03155/2 (2) 
R R 

The calculated Ra would be in the sub-nanometer surface finish using f = 0.5%R for the 
tools detailed in Table 1. A parallel study showed that a mirror surface of Ra= 1-2 nm was 
achieved by ultraprecision machining of copper alloys. Such surface finish, however, was 
not achievable for MMCs although the same machining conditions and tooling were used. 
Shattering of the SiC/ Ah03 particles and tool wear degraded the surface finish of MMC 
samples. A consistent measurement result was seen when measuring the surface finish with 
a profilometer or an AFM when measuring away from the eutectic phases where the SiC 
particles concentrated in the A359/SiCp (Fig. 1). 

The effect of ultraprecision machining parameters was investigated. The surface finish 
of single crystal metals or semiconductors was sensitive to the environment, too1ing, and 
machining parameters. However, the surface finish of MMCs was not that responsive in 
ultraprecision diamond machining. The results showed that surface finish measurements 
were indifferent for tools with ±5° or 0° rake angles; or between as-cast, HIPped, or 
different tempering conditions. The effect of cutting speed on surface finish was also 
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minimum when varying the cutting speed in the range 10-200m/min. This was not a 
surprise since all the measurements were confined in the aluminum phases. The surface 
integrity of the machined surface must be evaluated to assess the effectiveness of the 
process. 

Examination using SEM and AFM showed that surfaces of the samples were smeared 
with the soft aluminum matrix, which covered most of the broken SiC/ Ah03 particles when 
machined with a PCD tool. The rubbing and smearing of a PCD tool were inevitable since a 
PCD tool edge sharpness was in the range 0.50-0.75 j..lill (Table 1) which was comparable 
or, in some cases was greater than, the depth of cut. In contrast, different phases and more 
broken SiC particles in the eutectic zones were more visible on the A359/SiC/10p when 
machined with a SCD tool (Fig. 2). Due to the broken silicon dendrites and SiC 
reinforcements in the eutectic phase, the surface roughness varied greatly depending on 
whether the measurement was confined within a smoother aluminum phase or in the 
rougher SiC-containing eutectic phase. The dependent of measured area, however, was not 
an issue for the extruded 6061/ Ah03/20p since the alumina particles distributed uniformly 
in the matrix. 

Fig. 1. 
Surface finish in the 
aluminum phase of 
A359/SiC/1 Op after 
ultraprecision machining. 
Facing at feed = 0.5% nose 
radius (j..tm/rev). The 
sample's nomenclature 
indicates Temper /Cutting 
speed (m/min) /Depth of 
cut (j..tm) /Tool material/ 
Tool radius (mm). 

Fig. 2. 
Surface integrity of as­
machined A359/SiC/10p-F 
after ultraprecision 
machined with a single­
crystalline diamond tool. 
Notice (a) the ductile feed 
marks in the aluminum 
phase, and (b) broken SiC 
particle. 
Facing at 9.6 m/min speed, 
0.2 j..lill depth, 2.55 j..tm/rev 
feed using SCD tool (0° 
rake, 0.51 mm radius ). 
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4.2. Ductile-Regime Machining 
Ductile regime machining of the hard particles was confirmed by examining the as­

machined surface, the sectioned subsurface, and the etched surfaces. The selected physical 
and mechanical properties, required in equation (1) for SiC and Alz03 are tabulated in Table 
3. Thus, the calculated rang es for the critical depth of scratching using equation ( 1) were dc 
= 0.023-0.059 J.lffi for SiC and dc = 0.08-0.25 J.lffi for Alz03. This range for micro­
scratching, however, did not agree with the published critical grinding depth 0.6 J.Lm for SiC 
[1] and 1 J.Lm for Alz03 [1,4]. Using the properties of Alz03 in Table 3 and dc = 1 J.Lm, 
equation (1) gave the value of the proportional constant A ~ 0.6. With this new constant A, 
the adjusted critical depth of cut for SiC should be in the range 0.092-0.236 J.Lm. This result 
agreed with the experimental depth of cut 0.2 J.Lm at which the transition of ductile-brittle 
machining of SiC was observed (Fig. 3). Facing the 6061/ Alz03/20p at 1.0 J.Lm depth of cut 
re-confirmed this critical depth of cut (Fig. 4). Equation (1), therefore, should be modified 
as following for ultraprecision machining of MMCs reinforced with either SiC or Alz03 
reinforcement: 

(3) 

Table 3. Selected properties of common reinforcements for MMCs [7 
Ceramies Young's modulus Fracture toughness Knoop hardness 

(GPa) (MPa.m05) {GPa) 
a.-Alz03 275-393 3.85-5.90 19.6-20.1 

SiC 382-475 2.50-3.50 24.5-25.0 

At a depth of cut below those critical depths of cut, some particles were machined in the 
truly ductile-regime mode, some in a pseudo-ductile mode, but some were shattered in a 
brittle fashion. Shattering of a particle by a diamond tool was probably due to a deeper 
effective depth of cut, unfavorable orientation of that particle with respect to the cutting 
tool, or defects in the particles. A deeper effective depth of cut was possible due to a minute 
rotation of a particle when first engaged with the cutting tool. Preliminary experiment to 
measure the force using a high sensitive piezo-dynamometer showed that the forces were in 
the sub-Newton range. Although small, such cutting force might be enough toseparate and 
rotate those partially wetted particles from the matrix, rotated it, thus effectively increased 
the depth of cut beyond the critical threshold. Plastic deformation of the matrix, loosened 
particles from previous cut, and defects in the particles also contributed to this prob lern. 

Since the crystallographic orientations affected the critical depth of cut of 
semiconductor materials [8-9], it was reasonable to assume that ductile-regime machining 
of SiC and Ab03 also affected by the crystalline orientation as well as its physical and 
mechanical properties. The SiC reinforeerneut had either diamond structure (ß-SiC), 
hexagonal or rhombic structure ( a.-SiC), while the. common a.-Alz03 reinforeerneut had a 
hexagonal structure. The critical resolved shear stress, on a crystalline plane of the 
reinforeerneut due to the cutting action, was directly proportional to the Schmid factor 
cosA.cos<j>, where <I> and A. were the orientations of the slip plane and slip direction. 1t was 
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postulated that an ideal ductile mode happened when the cutting shear stress was parallel to 
both the slip pla~e and the slip direction, otherwise a pseudo ductile mode with micro 
cleavages would be seen. Equations (1) and (3), therefore, lacked the contributing factor of 
the crystalline orientation. This probably was the principle reason for the variation of 
published critical depths for ductile-regime machining of SiC and Ah03. 

Since a random distribution of the ceramic reinforcing particles in a MMC was 
obtained, it was impractical to characterize or control the crystalline orientation of all these 
micro particles. This explained why some particles, on the same machined surface, were 
ductile-regime machined but others were machined with micro cleavages or even fractured. 
Ultraprecision machining at a depth of cut below the critical threshold, as predicted in 
equation (3) was only the necessary condition for ductile-regime machining. Thus, it was 
very difficult, if not impossible, to obtain the true ductile-regime tuming of MMCs 
reinforced with particles or whiskers. 

Fig. 3. 
Pseudo-ductile mode of a SiC particle. 
Notice (a) the ductile feedmarks, and (b) 
the micro-cleavages. V ertical cutting 
direction. 
Facing A359/SiC/10p-F then etching with 
Keller's etchant; 6.7 m/min speed; 2.55 
J.Lmlrev feed; 0.1 J.LID depth of cut; SCD tool 
(0° rake, 0.51 mm radius). 

Fig. 4. 
Ductile mode of an Ah03 particle. Notice 
the absence of cutting marks. Horizontal 
cutting direction 

Facing 606l!Ah03/20p then etching with 
Keller's etchant. 50 m/min speed, 1 J.LID 
depth of cut; SCD tool ( -25° rake, 0.03 mm 
radius). 
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5. CONCLUSIONS 

Ultraprecision machining of A359/SiC/10p and 6061/Alz03/20p was studied. This 

investigation showed: 
1. Equation (3) was recommended to calculate the critical depth of cut for MMCs 

reinforced with SiC and Alz03. The critical depths of cut of 0.2 !lm and 1.0 !lm were 

calculated and verified with experimental data, for SiC and Ab03 respectively. At 

such depths of cut, most metal matrices would be machined in the truly ductile­

reglme. 
2. When machining below the critical depth of cut, the reinforcements were not only 

machined in the ductile mode, but also in pseudo-ductile mode, or in a brittle mode. 

The depth of cut was only the necessary condition for ductile-regime machining. 

The contributing factor of particle crystallographic orientation should be considered. 

3. Surface finish ofmachined MMCs alone did not fully quantify the surface integrity. 

The matrix could be machined in ductile mode, but the particles could be shattered 

and significantly degraded the surface finish. 
4. The blunt cutting edge ofPCD tool (500-750 nm) rubbed and smeared the aluminum 

on the machined surface, but the sharp cutting edge of a SCD tool (20-80 nm) cut 

the surface effectively to reveal different phases. 
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ABSTRACT: In eenterless grinding operations, grinding whcel and workpiece regenerative ehatter 
can affeet the accuracy of the surface finish as weil as the workpiece roundness. An algorithm for 
automated classification of chatter by type is ncedcd to develop closed-loop vibration control systems. 
In this paper, threc approaches are compared for vibration signal classification applied to 
regenerative chatter monitoring in centerless grinding: neural network, time domain K-L and entropy 
function approach. Such methods have been compared in their classification performances and 
computationalloads. 
The results show the better perforrnances of the neural network approach, that outruns the others also 
in flexibility, due to the particular network typology adopted. 

I. INTRODUCTION 

In recent years one of the sectors of the machining technology on which a major research 
effort has been applied is the machining with abrasives, due to the necessity to machine more 
and more resistant materials with high er precision, productivity and automation Ievel [I]. 
The main machining operation in this area is grinding, one of the most complex 
technological processes. Several studies have been carried out to explain the physical and 
chemical aspects of the process; however, it is not yet available a model able to forecast the 
process evolution starting from the setting parameters. 
During the grinding process, the growth of chatter is usually governed by regenerative 
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effects. In centerless grinding, regenerative chatter may occur either on the workpiece 
surface or on the wheel surface. The chatter mechanisms in centerless grinding and the 
existence of unstable regions have been explored, but the practical chatter behaviour cannot 
be explained yet [2]. 
For the optimal selection of grinding wheels and process parameters, the operators are 
sometimes assisted by Artificial Intelligence systems created for the storage and management 
of information relevant to the process and the tools. Furthermore, systems able to monitor 
the process conditions have been introduced, capable of giving useful information for 
possible corrective actions. Such systems are essentially based on contact sensors or power 
sensors to detect burns, grinding wheel chattering and wear [3]. Some of them are today 
commonly adopted, like automatic wheel balancing and wear compensation in the NC 
machin es [ 4]. 
Recently, however, the possibility to use Acoustic Emissions (AE) and vibrations in the 
grinding process to monitor the evolution of the process has been explored [5]. Such 
methods, however, have the disadvantage of being very sensitive to changes on the 
environmental conditions and need sophisticated signal processing techniques. 
In the present paper an automatic method based on vibration analysis for performance 
monitoring of a grinding machine is presented, able to distinguish normal from abnormal 
working conditions, even if such operating conditions are unprecedented. 
Three signal processing approaches have been compared, new-generation neural networks, 
time-domain techniques and extraction of signal attributes. The neural network approach 
gives a more accurate classification of the darnage conditions. Furthermore, such method 
allows for considerable time and resource savings with respect to the other methodologies, 
due to the limited learning time of the network and to the possibility for the system to work 
unattended. 

2. MACHINE TOOLS VIBRATIONS 

The different components of a machine tool contribute to the vibrations that can be observed 
in any part of the structure. Two main classes of vibration signals can be individuated: 
vibrations directly connected with the cutting process and vibrations caused by the various 
moving parts of the machine tool, the latter being due to periodical disturbances like 
misalignments of shafts, bearings, hydraulic systems. The induced vibrations measured in any 
part of the machine show frequencies similar to those of the sources or to their harmonics 
and their intensity depends on the amplitude of the original vibration and on the compliance 
(or dynamic deformability) ofthe machine tool at that particular frequency. 
Vibrations related to the cutting process can be due to non-homogeneous part surface or to 
variations on the chip thickness that causes sudden changes of the cutting forces. In some 
cases, when the transient phases don't decay rapidly enough between the pulses, such 
variations can cause self-excited vibrations and sometimes resonance phenomena. 
In case of vibrations between the grinding wheel and the working part the variations on the 
cutting forces tend to change the wheel characteristics, creating fractures or packing of the 
chip. This causes a fluctuation on the normal force and as a consequence, the process tends 
to become dynamically unstable [6], the stability condition being expressedas follows: 
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IReml < _1_(1 + ~~) + __!__ 

km 2kc V5 ·G ks 

where: Rem real part ofthe frequency response; km static rigidity; ks contact zone rigidity; 

G grinding ratio; kc cutting rigidity; vw part speed; vs grinding wheel speed. 

3. CLASSIFICATION TECHNIQUES 

There are several methods for signal classification, most of them belanging to three main 
typologies: time-domain techniques, extraction of some signal attributes and neural 
networks. 
Each of these typologies presents advantages and limitations therefore, since the available 
signalwas not known a priori, we have tested methods belanging to all ofthem. 

3.1 Time-domain techniques 
Among the several methods belanging to this category, parametric techniques have been 
used, that present some advantages with respect to the others [7]. In particular AR 
(AutoRegressive) models have been adopted in order to process the vibration signals, 
thought as time-series, since the computation of the parameters involves in this case the 
solution of only linear equations. 
For classification purposes, the NN (Nearest Neighbour) rule has been used, that consists in 
assigning a sampled data batch to the most similar class among some reference classes. It is 
therefore necessary to have reference observations for the comparison with the experimental 
data and to select a similarity criterion. 
The used similarity criterion has been the K-L (Kullback and Leibler) criterion, that can be 

applied to the experimental observation if a normal distribution f'or the population is assumed 
[8]. lf x<0> is the sampled data batch to be assigned to a reference dass, and x(ml a data batch 
observed and stored as reference, the K-L distance between the two series is given by: 

d(x(o) ,X(m)) =_!_log(~;)+ -h-tta(m)(i)a(m)(J)d0l(J- i) -1 (1) 
2 O'o am,=OJ=O 

where: 
C(o)(J- i) is the estimated covariance function for the time series; a(m)(i) is the estimated 

parameters' vector; a!' a~ are respectively the estimated dispersions of the observed and 

reference populations. 

3.3 Extraction ofthe main signal attributes 
An effective method able to classify the sampled signals is the extraction of some features 

that can represent the signal in their basic characteristics. Most of these features are 
extracted from the power spectrum of the signal, but some are extracted directly from the 

pure signal. Some authors propose, as representative parameters, the spectrum area, the 
frequencies ofthe maximum amplitude, ofthe maximum area or ofthe half-area peaks ofthe 
spectrum, and the spectrum entropy [9], but other features are suitable, like the Root Mean 
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Square (RMS) ofthe puresignaland the mean value ofthe spectrum [10]. 
As regards the entropy function, traditionally used in thermodynamics, it was first introduced 
by Claude Shannon in 1948 for measurement of uncertainty in information theory [ 11]. 
Applied to the power spectrum of a signal, it gives an indication on the spectrum 

complexity. If p = (p1,p2 , ... ,pn) is a probability distribution with: P; ~ 0 \Ii E[1,n] and 
n n 

I>~ = 1, the entropy function is defined as follows: En(p) =-~]P1 ·ln(p)], with 
i=l 1=1 

P; · ln(p1 ) = 0 if p1 = 0, by definition. 

It is necessary a preliminary analysis of the signal in order to individuate the most significant 
features for its classification. To this purpose a representativity parameter can be defined for 

each feature, as the ratio between variance and average value of the i-th feature: lf/; = CT; • 

II; 
The features for which lf/, ::;; 0.1 have been considered, to our purposes, suitable for signal 

classification [12]. In our case, only spectrum entropy (S), pure signal root mean square 
(RMS) and spectrum mean value (m), passed this representativity test. 

3.2 Neural Networks 
Neural Networks (NN) are today extensively used in signal processing, due to their 
flexibility and adaptability to different problems. Nevertheless, their need for a great number 
of examples in order to be "trained" limited their diffusion. Such problern can be overridden 
by using networks able to carry out self-learning and self-updating, like the AR T2 networks 
that are used in the present paper. 

orientation 
subsystem 

Figure 1 - Structure ofthe ART2 Neural Network. 

subsystem 
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The ART (Adaptive Resonance Theory) networks belong to the match-based back­
propagation NN typology [13, 14], i.e. the internal memory is modified only when the 
external input meets internal expectations or appears completely new. Such characteristics, 
along with the intrinsic stability, makes the ART networks a very good instrument for the 
analysis of continuously evolving phenomena with a noticeable number of data. There are 
several typologies of ART networks, being the AR T2 nets used for analog inputs. The basic 
schema of the ART2 network is represented in figure I. Two subsystems are present: the 
orientation subsystem and the attention subsystem [14], each of them formed by one or 
more Ievels. The adopted learning criterion has been a delta rule, with a learning rate of 0.9, 
while the stopping criterion was the reaching of a minimum for the classification error, with 
a threshold Ievel of0.05. The number ofeves between two phases has been set at 10000. 

4. COMPARISON BETWEEN THE DIFFERENT TECHNIQUES 

4.1 Experimental set-up 
The experimental system has been designed to compare the performances of the presented 
techniques in classitying chatter by type. The experimental tests have been carried out on a 
centerless grinding machine, on which two acceleration transducers have been installed. The 
classification results are separately obtained' with the proposed algorithms and then 
compared. 
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Figure 2 - Schema of the signal processing system. 

Vibration data have been processed by using a Butterworth low-pass filter of the 61h order 
with cutting frequency of 15 kHz, in order to avoid aliasing phenomena. Afterwards, an anti­
leakage Hanning window on the whole data batch has been applied and the power spectrum 
has been computed. In figure 2 the schema of the processing system for the neural network 
approach is represented. 
The operating conditions are reported in the following table: 
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Grinding wheel 
Workpiece material 
Machining conditions 
Accelerometer 
Charge Amplifier 
Acquisition Board 
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TableI-Operating conditions. 
White corundum WA120M7V, 40050, dia. 400 mm, width 50 mm 
38 Ni CrMo 4 
Wheel speed 30 m/s 
Brüel & Kjrer, mod. 4332 
Brüel & Kjrer, mod. 2634 
National Instrument AT -MI0-16E-1 0 

The three considered vibration conditions are: 
a) normal conditions; b) wheel regenerative chatter; c) workpiece regenerative chatter. 
A comparison has been carried out among the different classification techniques indicated in 
section 3, using a 180 sample test data set (60 samples for each vibration condition), while 
for the system tuning 30 sample training data sets (10 samples for each vibration condition) 
have been used. 

4.2 Neural network 
The neural network was trained with 30 sample training data sets (10 samples for each 
vibration condition). The used ART2 neural network gave the following results: 

Table II- Classification performances ofthe Neural Network. 
Classification error 

Training cycle (No oferror samples/Total no. ofsamples) 
Training data set Test data set 

30 14/30 62/180 
60 5/30 4/180 
120 1/30 1/180 
180 0/30 0/180 
300 0/30 0/180 
900 0/30 0/180 

4.3 K-L distance measurement 
As a first step, the optimal AR model order for the paramett~r identification has been defined: 
to this purpose, the Akaike AIC (Akaike's Information Criterion) method has been used [8] 
over the 30 sample training data sets; this yielded an average order value of p=35. A 
parameter set for an AR model of order p=35 has then been computed for each one of the 
three reference classes (normal conditions, wheel regenerative chatter, workpiece 
regenerative chatter). During the cutting operations the sampled vibration signals have been 
assigned to one of the reference classes by filtering them with the computed AR models and 
the forcing error computed: 

p 

&(O.m)(t) = :~::a~m)X(O)(t) 
r=O 

Then, the covariance is estimated by: 
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CO)(k) = _!_ ~[ X(O)(f + k)- x][ X(O)(t)- x], 
11 t=l 

n~ ~ ~~ 

co)(k) = L[a,tn)c(n)(k -i)]. 
1=1 

for k sp0 

for k >Po+ I 
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The K-L distance can now be computed with eq. (I) and the sampled vibration signal 
assigned to the reference dass for which the smaller distance results. 
Such method has been able to classify correctly I72 over 180 test data sets, with an error 
percentage of 4.4 %. 

4.4 Attribute extraction method 
The observed value of each extracted attribute has been assumed normally distributed 
araund his medium value. The attributes with an "acute" distribution will be assumed to be 
more significant. Such aspect has been numerically evaluated by means of the 
representativity parameter previously introduced. In figure 3 some distributions of signal 
attributes selected after the representativity test are shown. A second condition to be 
satisfied was that the normal distributions should be sufficiently distant to be not 
superimposed. Such conditions have been verified over the proposed signal attributes and 
then only the signal spectrum entropy was selected for classification purposes: 

0,4 
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Figure 3 - Probabilitydistributions ofthe entropy function for some sampled signals. 

The adopted classification criteria, tuned over the 30 sample training data sets, were as 

follows: 
• If the entropy value falls in [AI, +oo} the grinding condition is classified as normal; 

• If the entropy value falls in { A2,AI} the grinding condition is classified as wheel 

regenerative chatter; 
• If the entropy value falls in { -oo,A2], the grinding condition is classified as workpiece 

regenerative chatter. 
With Al and A2 threshold Ievels respectively set at 1.352 and 0.885, using the following 
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criteria: 
• A1=(1owest entropy value in normal condition + highest entropy value in wheel 

regenerative chatter)/2; 
• A2=(1owest entropy value in wheel regenerative chatter + highest entropy value in 

workpiece regenerative chatter)/2. 
The error percentage of such approach has been of 6. 7 %, having classified correctly 168 
over 180 data sets. 

4.5 Discussion 
Though all the proposed techniques performed quite weil in classitying chatters, the neural 
network approach shows the best classification performances: 0% classification error on the 
test data set, along with an acceptable computationalload. 
By using a back-propagation ART2 neural network, the training data set has been 
enormously reduced with respect to the training data needed for the forward-propagation 
networks; besides, the AR T2 network shows noticeable self-updating possibilities in case of 
changes on the operating conditions. 
On the other end, while showing the lowest classification performances, the attribute 
extraction method seems to be the simplest to implement and the one requiring the lowest 
computationalload if adopting an FFT algorithm to extract the signal power spectrum. 
Finally, the time-series approach, with the computation ofthe K-L distance between the AR­
filtered sampled data sets and some reference AR polynomial classes, shows satisfactory 
classification performances, but the higher computationalload and response time. 
If a final classification is to be made, the neural network approach with the proposed 
network structure shows the best averaU performances along with the flexibility given by the 
self-learning and self-updating capabilities. 

5. CONCLUSION 

In this paper, three methods have been used to monitor regenerative chatter in centerless 
grinding: Neural Networks, time-domain K-L distance measurement and attribute extraction 
method. Vibration signals sampled during grinding operations were used as input of the 
three methods, whose performances have been compared. The results show better 
classification performances for the neural network approach, along with an acceptable 
computational Ioad. The warst classification performances were shown by the entropy 
extraction approach, but with the lowest computationalload, while the K-L distance method 
showed the higher computationalload and response time. 
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ABSTRACT: This paper describes the modeling procedure and results of a non-conventional 
process, called grind-hardening. The main idea of the grind-hardening process is that the heat 
dissipation in the cutting area is used for the heat treatrnent of the workpiece. Grind hardening is a 
complex manufacturing process govemed by a multiplicity of parameters. 
In order to satisfy the need for industrial exploitation of the process, it must first be thoroughly 
investigated and optimized. This goal can be achieved by efficient modeling. For this purpose, 
artificial intelligence methods were used, namely Neural Networks. This advanced simulation 
method is highly efficient in the case when relationships among parameters are non-linear, which is 
the case in grind-hardening. 
The case studied in this paper is a double-face grind-hardening process. The part in question is a 
punched disk simultaneously ground and hardened on both sides. Quantitative and qualitative 
parameters are used to describe the process. The qualitative parameters are modeled using vector 
representation. Experimental data taken from this process are used to train the network. 
After the network training stage has been completed, the network is then used to deterrnine the 
impact of the process parameters on the working result, narnely the surface hardness on both sides 
of the part. The network results, conceming the Ievel of accuracy of its predictions for different 
combinations ofprocess parameters, have been obtained and evaluated as satisfactory. 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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1. INTRODUCTION 

A large amount of research in manufacturing has been dedicated to the modeling and 
optimization of the grinding process. In [1] there is a wide collection of different models 
conceming this process. In particular, there are empirical and semi-empirical models, 
which concem the grinding wheel topography, the chip thickness, the grinding forces and 
energy, the surface integrity, the surface roughness and finally the temperature. In addition, 
in [2] some more empirical models are presented and the main parameters of grinding are 
identified. 
Despite the high quality ofwork donein this area, two major limitations seem to hinder the 
efficient modeling of the process: The high non-linearity of the process and the large 
number of assumptions that are included in the empirical and semi-empirical models 
already mentioned. In an attempt to overcome these limitations, Artificial Intelligence (AI) 
techniques have been widely used for this purpose, not only for grinding but also for many 
other processes. The application of AI techniques in grinding is extensively discussed in 
[3], where different AI approaches, such as Expert Systems, Fuzzy Logic and Neural 
Networks are used and evaluated for modeling a grinding process. Almost the same subject 
is covered in [4], using a rriulti-agent approach to the problem, namely case-based 
reasoning, neural network reasoning and rule-based reasoning. Furthermore, in [5] there is 
a comparison between statistical and AI methods in machining processes, indicating the 
great advantage ofthe AI processes in such problems. 
Neural Networks in particular have been used in various areas of manufacturing. For 
example, they are used for modeling purposes of processes, such as cutting tool wear 
monitaring [6] and tool condition monitaring [7]. Moreover, Neural Networks have been 
reported to be very efficient for scheduling different processes [8], specifically for decision 
making on grinding [9] and many other manufacturing processes [10][11], yielding 
remarkable results. 
Due to the fact that grind-hardening is an innovative process, it has not been thoroughly . 
investigated yet. In [12], only the concept of grind-hardening and some preliminary 
experiments and their results are described. In addition, it is reported to be highly non­
linear. Based on the success of using Neural Networks for modeling complex and non­
linear processes, the same method has been selected for the modeling of the grind­
hardening process as weiL 

2. PROBLEM DEFINITION 

Grind-hardening is a special grinding process which utilizes the friction generated heat 
flux, in order to achieve high surface hardness of the ground part. This is achieved, as the 
dissipated heat induces martensitic phase transformation to the workpiece material and 
thus, increasing its hardness. The main process parameters are the workpiece speed, the 
depth of cut, the cutting speed, the feed rate, the workpiece material and the grinding wheel 
type; while the process result is described by the hardness penetration depth and the surface 
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hardness. This one-step operation can be used for concurrently heat treating and surface 

finishing of high quality parts. The main benefits from such a process are the lower 

machining costs, the reduction of machining cycle times, the higher process flexibility, and 

the low energy consumption and environmental impact. 

As stated in [12], the surface hardness and the hardness penetration achieved is dependent 

on the process conditions. In particular, the material removal rate Q' w and the properties of 

the workpiece material are reported to be among the most influential parameters on the 

process result. However, the correlations between parameters are described in [12] as 

complex and not yet clarified. On the grounds that this process should be further 

investigated and optimized, in order to be incorporated into production, these correlations 
should be investigated through a modeling procedure. 

3. METHODOLOGY 

As already stated, Neural Networks have been widely used for modeling purposes and 

especially for grinding processes. Therefore, the same method was used for the grind­

hardening process as well. 
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Figure 1: Schematic layout of network architecture. 
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A neural network consists of many non-linear computational elements operating in parallel. 

Computational elements, or neurons, are connected via weights, which are adapted through 
a leaming or training process in order to improve performance. The neurons are arranged in 

layers. Each neuron in a specific layer takes input from all neurons of the previous layer 

and gives its output to all neurons ofthe next layer [13]. 
A typical neural network architecture is shown in fig.1. The network is composed of J 
layers and layer j G= 1 ,2, ... ,J) includes IJ neurons. Each of these neurons is represented as 

(ii, j), where iJ (iJ =1,2, ... ,!) is the neuronnurober within layer j. Three types of functions 

exist in a neural network: connection functions f, neuron input functions x and neuron 

output functions y. Each link between two neurons possesses a connection function, while 

the input functions and output functions are included in each neuron. 
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The following analysis is based on two consecutive neurons, (ii, j) and (ii+l• j+ 1 ), and their 
connection. The connection function receives the output Yii.i ofthe source neuron (ii, j) and 
transforms it into an input f;1, i for the destination neuron (ii+l• j+ 1 ). The connection function 

implemented is: 

(1) 

where wi J. is the weight value associated with the link. 
J• 

The neuron input function x combines the inputs (f;1.) of a neuron. The input function used 
in most cases simply sums up the values ofthe neuron's Ii inputs: 

I J 

Xjj+l•j+l = Lfil,j (2) 
il =1 

The neuron output function determines the relationship between the combined neuron input 
xii+t.i+l and the neuron output Yii+t.i+l· Output functions are non-linear functions, which 
usually generate values between 0 and 1. The sigmoid function used in most neural 
network applications is shown below: 

_ ( t ) _ [1+ ·(net lj+t.i+l)]-1 h t - b y,1+t.J+l- cr ne ,1+t.i+l - e , w ere ne ij+~oi+l- Xi1+t.J+l- iJ+t.J+l (3) 

The quantity b,. J-+1 is the neuron bias, and marks the value of the combined input Xj. J"+t at 
j+l· J+l· 

which the neuron output Yi1+1• i+l ')umps" from near 0 to near 1. Changing the value of this 
biasmodifies the computational behavior ofthe neuron. 
The application of a neural network requires a learning procedure, which gradually adjusts 
the network's weights and biases, until the network correctly maps all ofthe training inputs 
onto the corresponding training outputs. The most commonly used learning algorithm is 
called backpropagation. Using this algorithrn, the output error is determined by performing 
the forward computations in the network and comparing the results with the desired output. 
The error is propagated backwards through the network, and the weights and biases are 
changed in order to reduce the local error fraction ö. The link weight adaptation formula is: 

(4) 

where w(i1, il(ij+t. i+l) is the weight of the link from neuron (ii, j) to neuron (ii+lj+ 1 ), '11 is the 

learning rate, Öi1+1• i+l is the local error fraction at neuron (ii+J, j+ 1 ), and Y;1, i is the output 
value of neuron (ii, j). The local error fractions for the neurons in the output layer are 
computed using the following relationship (sigmoid functions are assumed): 

Ö i1+~oi+l=( di1+t.i+l - Y i1+t.i+l) · [ 8cr(net r1+1.j+l)/8net ij+t.i+l] = 
=(d- "]-y. "l)·y .. ·(1-y .. ) lJ+IoJ+ lj+]oJ+ lj+loJ+l lj+J,J+l 

(5) 

where d,,+t.i+l is the desired output of neuron (ii+J• j+ 1), Y;,+J,i+l is the computed output, 
(d.1+t. J+l - Yi1+lo J+ 1) is the error and cr(net ij+lo i+1) is the sigmoid output function of 
neuron (iJ+l• j+ 1 ). The local error fractions for non-input-layer neurons are calculated as: 
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(6) 

Bias changes are computed as: 

(7) 

Before the training starts, the initial weights and biases of the network are randomly 
selected. Then the training algorithm, during the training process, constantly changes the 
weights and biases until the optimum values are reached. The procedure of selecting the 
initial weights and biases is called initialization and is critical for the training process as 
mentioned in the following section. 
When modeling various processes, there are usually quantitative and qualitative parameters 
taken into consideration. The quantification of the qualitative parameters is performed 
using two different approaches: Number notation and vector notation. Number notation is 
performed by assigning a simple number to each parameter level. In general, when number 
notation is used, the required number of network inputs N is given by the formula 

(8) 

where Pt is the number of quantitative parameters and p1 is the number of qualitative 
parameters. On the other hand, when vector notation is used, N is expressed by the 
following equation: 

(9) 

where Lk is the number oflevels ofthe k-th qualitative parameter. 

4. PILOT CASE -IMPLEMENTATION 

The case studied in this paper is a double-face grind-hardening process. The part in 
question is a punched disk, made of 16MnCr5 steel and it is ground and hardened at the 
same time on both sides with a cutting speed of 30m/sec. The process parameters and their 
levels are summarized in table 1. It must be noted that all the other parameters that affect 
the process, mainly the workpiece material and the cutting speed, were kept constant 
throughout the experimental process. There were 62 experiments carried out, measuring the 
surface hardness of each part ground-hardened under different process conditions. 
In order to model the procedure of grind-hardening, Neural Networks were used. Firstly, 
the parameters and their respective levels to be investigated were defined (table 1). 
Appropriate experiments were then performed and the results were collected in order to be 
used for the training process ofthe network. These results were then divided into two parts. 
The first part was used for training the network, while the second was used for verification 
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purposes. In our case 56 sets were used for training, while 6 sets were used for verification. 
In addition, the data had to be normalized before they were presented to the network. 
Through the normalization procedure, the values included in the data sets are all brought 
within a certain interval, usually [0, 1] or [ -1,1]. This helps the training algorithrn to handle 
the data more easily and to converge quicker and more efficiently. In our case, the [ -1,1] 
interval was used. 

Work- Depth Feed rate Cooling Work- Punching Grinding 
Piece ofcut (v.e) Method p1ece wheel 
speed (ae) (mrn/min) side 
(vJ (!lm) 

(rn/min) 
Levels 3 200 0.90 Dry Up Yes Soft 

15 300 1.30 Aircooling Down No Hard 
500 2.75 300-200 

6.00 Coolant 

Number 1,2,3,4 1,2 1,2 1,2 
notation 

Vector [1 0 0 0) [1 0] [1 0] [1 0] 
notation [0 1 0 0] [0 1] [0 1] [0 1] 

[0 0 1 0] 
[0 0 0 1] 

Table 1: Quantitative and qualitative parameters and their levels used for the grind-
hardening experiments. Number and vector notation ofthe qualitative parameters. 

During the training stage, the network tried to map the correlation between input and 
output by altering intemal parameters. After the network was successfully trained, the input 
values of the verification data set were presented to the network, and the corresponding 
output values were obtained. Then the error was calculated, namely the difference between 
network output and the anticipated value. When the error was considered acceptable, the 
training procedure stopped. 
It has been observed that the initialization of the network plays a critical role for the 
network error. During different initializations of the same network using the same data, a 
considerable variation in the error percentage was found. In order to be able to determine 
the best alternative between the number and vector notation, a set of different initializations 
were performed for each notation. The Mean Error Percentage (MEP) of the corresponding 
trained networks was considered as the overall network error percentage. This value was 
used to compare the efficiency between the number and vector notation (fig.2). 
The next step is to use the network with the minimum error percentage to simulate the 
process. This is performed by building data sets in which only the parameter under 
investigation varies, while all other parameters are kept constant. The occurred data setes 
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were presented to the trained network. Their output shows the impact of the parameter in 
question on the process result. 

5. RESULTS 

The training data set was first formed using the number notation, since this produced the 
minimum number of input parameters for the neural network (N=7). Nevertheless, the 
network performance was very poor, since the MEP reached the value of 28%. However, 
when the vector notation was used (N=13), there was a significant improvement of 
approximately 40%. The MEP of the network was less than 17%, while the best individual 
error percentage was 4.28% (fig.2) . This is due to the fact that the number notation of the 
qualitative parameters does not accurately describe the process. For example, in the case of 
the "cooling" parameter, the "aircooling" level is represented by number 2, while the 
"coolant" level is represented by level 4 (table 1 ). During the training process, the network 
will probably consider Ievel 4 more significant than level 2, or even consider the level 
"coolant" as the equivalent of the Ievel "aircooling" multiplied by 2. Such correlations are 
obviously wrong and misleading for the network. On the other hand, by using the vector 
notation, the different Ievels are completely independent and the network does not differ 
between values. Hence, the process is more efficiently represented. However, the drawback 
of this technique is that the number of the input parameters rises significantly, along with 
the computational burden, during the training process. 
The results of the process simulation are shown in figures 3 to 8. The impact of each 
parameter on the process output, namely the surface hardness, is evaluated by the variation 
of the parameter within its specified range, while keeping all other parameters constant at 
their nominal values (table 2). In addition, the Depth of Cut (DC) was set at three different 
values (200, 300 and 500 11m) in order to visualise its effect on the surface hardness. 
Finally, the impact ofDC on the surface hardness is also depicted in figure 5 for different 
values ofthe Feed Rate (FR). 

Parameter 
Workpiece speed (m/min) 
Depth of cut (Jlm) 
Feed rate (mm/min) 

ooling 
Workpiece side 
Punching 
Grillding wheel type 

ominal value 
15.00 

500.00 
2.75 

[1 0 0 0] (dry) 
[1 0] (up) 
[0 l] (no) 
[I 0] (soft) 

Table 2: ominal values ofthe process parameters. 



204 

~ 

l 

Figure 2: Comparison ofperformance between 

nurnber and vector notation . 

... 
[.,.~=~~~ 
j ... ~--====-------~::::.::...; 
i 

- 1...---------- ----~-' '200 m "HO 21s »:~ m )SO n' 400 •2$ ~ 475 ~ 
o..,-.,uiQllll) 

Figure 4: Surface hardness vs. depth of cut 

Figure 6: Surface hardness vs. cooling metbod 

... 
1--

' ~ 
350 

! 300 

........... .. 

K. Tsirbas, D. Mourtzis et al. 

.... 
~ 

[ 300 ~ 
i u,o 
] 200 = 300 
e: 150 200 . l 100 .. 

:s "' 6 a 1 a 1 10 , 1 12 13 , .. 15 

Wol'tl; tpMCII (mlmln} 

Figure 3: Surface hardness vs. work speed 

! 
300 1-----

I :: t-----=~~~~~----­
~ 
"C 

~ ·100t----------_!~~ 
·200h---------------------~ 

400 

3!0 

[ 300 
i2SO 
~ 200 
3 150 

'§100 .. 
50 

0.1 t.lS 1.7'5 2.25 2.75 us 1n us .c.?S $.25 S.7S 
FH'd ,.. (tNWmin) 

Figure 5: Surface hardness vs. feedrate 

-- ---- .... -

--
"" v .. 

Figure 7: urface hardness vs. existence ofpunching 

........... 8 300 
200 

I 

Gttnding whttl rype 

Figure 8: urface hardness vs. grinding wheel type 



Grind-Hardening Modeling with the Use of Neural Networks 205 

6. DISCUSSION 

From the figures 3 to 8, conclusions can be deducted conceming the impact of each 
parameter on the surface hardness. In figure 3, the surface hardness vs. the work speed is 
depicted. It is clear that the surface hardness shows a decrease, as the work speed increases. 
This is due to the fact that higher work speeds do not allow for enough interaction time 
between the grinding wheel and the workpiece. Another point that derives from figure 3 is 
that, as the depth of cut increases, there is also an increase of the surface hardness. This 
conclusion is better observed in figure 4, where a rise in the depth of cut produces an 
increase of the surface hardness, due to higher heat production. In addition, it is shown in 
the same figure that for high feed rates and low depth of cut, negative surface hardness is 
predicted. This can be interpreted as the inability of inducing phase transformations to the 
workpiece when !arge feed rates are used. The same phenomenon is depicted in figure 5, 
where the model predicts negative surface hardness for high feed rates and low depth of 
cut. 
Conceming the qualitative parameters, the different cooling methods yield different surface 
hardness. The highest hardness is achieved when using no coolants, as observed in figure 
6. This result is reasonable, as any use of coolants would absorb heat, which is crucial for 
the heat treatment of the workpiece. The negative values of surface hardness when using 
lower DC values express the fact that no grind-hardening is possible when using any 
cooling method with low depths of cut, except when the process is performed dry. This is 
mainly due to the fact that coolants absorb the heat produced. 
Figure 7 shows that the surface hardness achieved near punched areas is usually lower than 
in other areas, since the hole allows heat to be dissipated into the coolant or the 
atmosphere. The effect of DC on the surface hardness is also clear. Finally, figure 8 
indicates that a hard grinding wheel does not have great effect on the hardening depth 
irrespective ofthe DC setting, in contradiction to the soft grinding wheel. 

7. CONCLUSIONS 

As already stated, preliminary experiments have shown a strong dependency between the 
material removal rate Q' w and the surface hardness [12]. This hypothesis has been verified 
by the simulation results obtained and discussed in the previous section, since the material 
removal rate depends on the workpiece speed and the depth of cut. It is evident that, since 
the workpiece speed shows small impact on the surface hardness, compared to that of the 
depth of cut, the behavior of the material removal rate is mainly influenced by the depth of 
cut. As the increasing depth of cut increases the surface hardness, then we can reach to the 
conclusion that as Q' w rises the surface hardness increases. 
In addition, the fact that the simulation results verify the experimental observations 
indicates the reliability of the model. The network can be used for further investigation of 
parameter dependencies. 
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The workpiece material is also reported to be an important parameter conceming the 
surface hardness [12]. Thus, future work should include this parameter in the experimental 
process and in the neural network modeling process, in order to determine its impact on the 
process result. 
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ABSTRACT: A new collaboration activity between Fiat Research Centre, Metec, and Iveco truck 
manufacturer has been conducted in order to improve durability and machining performances of 
HSS cutting tools for hobhing operation on high performance steel engine gears. 
Hobs are very critical tools, in fact they show complex geometry which needs difficult thermal 
treatments, expensive technologies and precious materials for substrate and coatings. For this 
reasons the hobs are very expensive and it is mandatory to increase their life. 

1. INTRODUCTION 

In order to improve the life of the hobs and their machining performances, an integrated 
activity between Iabaratory research and industrial experience has been conducted. 
So two big phases can be individuated in this activity: 
• laboratory testing and analysis; 

• field production final tests; 
the first one concerning in the development and set-up of a rapid methodology able to 
explore a wide range of coating/substrate coupling solutions, so in order to reduce the 
number of possible combinations for production tests. 
So a new methodology has been developed in order to explore rapidly a wide range of 
solutions. 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Leetores No. 406, Springer Verlag, Wien New York, 1999. 
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2. APPROACH AND METHODOLOGY 

The need to develop a new methodology comes from the need to reduce the costs 
connected to the hobs experimentation: production, coatings, machining costs. 
As we said above, hobs are very expensive tools for the following reasons: 
• selected materials, powder metal characterised by high value of hardness and 
resistance; 
• high performance coatings, with good adhesion and high tribological behaviour; 
• complex geometry, obtained from grinding Operation, carried out by using high 
precision machines. Grinding operations are always very critical phases for residual 
stresses and tolerances. 
In the next picture (fig.l) it is possible to appreciate the complex geometry of a hob. 

Figure 1- Hobs coated by Titanium Nitride. 

The developed methodology, as shown in next illustration (fig.2), starts from the 
Machining process analysis and from the Used hobs analysis. 
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Figure 2- The developed methodology. 
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The results of the used tools analysis have been implemented on an important Data 
collection. The data collected have been then compared within our Data base and are 
completed by the Machining process analysis results in order to obtain a Significant 
parameters identitication. 

The analysed hob has been manufactured in TiN coated HSS-PM (Powder Metal High 
Speed Steel). 
In particular, the Significant parameters identification includes the following data: 
• machining parameters: cutting speed, feed rate, depth of cut, shifting, lubrication (dry), 

etc.; 
• tool parameters: geometry, substrate (materials, manufacturing process, thermal 

treatment, previous machining operations, structural defects), coating (materials, 
substrate preparation, deposition process, multilayer synergy, adhesion, possible 
structural defects); 

• machine parameters: software, hardware, data acquisition, vibrations, tool fixing, 
workpiece positioning, workpiece ftxing); 

• workpiece: geometry, material, production process, thermal treatment, previous 
machining operation, possible structural defects. 

The following step is the creation of a Conceptual model for experimental tests set-up. 
This step is the most critical phase of the entire methodology, in fact it is necessary to 
overhaul a Simplitied test method considering all the significant parameters find before. 
In our case, the most effective method consist in use modular mills. These mills have the 
same profile geometry of the hobs, but are very easy to produce and to test. 
Of course this simplified test method not permit to evaluate some characteristics machining 
parameters like shifting. Anyway these mills are able to accurately simulate the wear 
behaviour of the hobs, and allow us to compare several combination substrate-coating at 
low costs. 

The experimental methodology has been developed during the Experimental test set-up: 
the experimentation success comes from a good planning and a careful selection of 
materials, tools, machine. 

So, the laboratory machining test have been conducted using modular mills mounted in a 
five-axis milling rnachine. The machining parameters and the workpiece rnaterials were the 
same used in production for hobhing the high performance gears and has been tested in wet 
and dry cutting conditions. 
During the session of machining on a parallelepiped specimen, the adsorbed mill machine 
energy has been monitored, then the wear rate of the tool was measured and analysed on 
the computer. 
The obtained results, in terms of wear behaviour of the different combination substrate­
coating, have been analysed and introduced in our data bank. 
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The analysis of the results of the experimental test have been used as input for the hobs re­
design activity, and for the machining process set-up. 
The hobs were modified as follows: 
• the geometry of the tooth of the hob has been modified in order to reduce possible 

vibration phenomena; 
• a new substrate material has been used, with better characteristics in terms of toughness 

and chipping reduction; 
• new coating solution has been adopted. 
The machining process parameters have been optimised on the ground of the hobs 
modifications. 
The final phase, which is still running, is the production field testing, where all the 
previous results should be confirmed. 

3. LABORATORY MACIDNING TESTS 

The machining tests have been carried out using a five axis milling machine. 
The milling tools have been manufactured using different HSS-PM steel materials. In the 
next table the compositions of the substrate materials are illustred: 

Materials Chemical Composition 
c Cr Mo w V Co 

MATA 2.3 4.0 7.0 6.5 6.5 10.5 
MATB 1.55 4.0 12.25 5.0 5.0 

Table 1- Substrate materials composition 

Different types of coating were used during our investigation. 
The coating materials characteristics are shown in the next table. 

TiN TiCN ThN 
M.P. 

Opt. Thickness (jlm) 1-20 1-8 1-5 
Hardness (HV 0,01) 2.200-2.400 3.000-4.000 2.400-2.700 
Critical Load on 60-80 50-70 50-70 
HSS (N) 
Friction Coefficient 0,67 0,57 -
against 100C6 
Oxidation resistance 450-500 450-500 450-500 
(rC1 hour in air) 

Mn Si 

0.3 0.3 

TiAIN TiAICN 

1-5 1-5 
2.400-2.800 3.200-3.400 

- -

- -

700 600 

Table 2- Characteristics of hard Ti-based coatings produced with the Cathodic Are 
technology 
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A brand new type of coating was applied: MOVIC. This coating is a particular MoS2-based 
coating, able to drastically reduce the friction coefficient between the tool and the 
workpiece, during the machining operations and it has been applied in addition to the Ti­
based coatings. 

The following table shows its mechanical properties: 

Characteristic Values 
Friction Coefficient in vacuum : 0,01- 0,04 

against steel in dry air: 0,01 - 0,04 
in wet air : 0,2 - 0,3 

Temperature Resistance 800°C 

Hardness 1-2 MOHS (25-40 HV) 

Deposition Temperature $150°C 

Coating thickness 0,5 - 1 micron 

Microstructure lamellar hexagonal 

Laminar Dimension Submicronic 

Table 3- Characteristics of MoSrbased coatings produced with the PLATIT technology. 

The milling tools used have been shaped in order to exactly reproduce the hob geometry. 
The machine used in the tests, has been selected because of high rigidity, in order to reduce 
possible tools darnage due to vibration phenomena. 
The machining parameters adopted during the test were the same hobs parameters used in 
the production field. 
The machined materials was the same as the material of the gear workpiece. 

4. TEST PROCEDURE 

A parallelepiped specimen has been fixed in the milling machine and a series of parallel 
milling cuts have been performed on it. 
All the mills Ti-based coated have been tested in wet cutting conditions (oil emulsion), 
while all the tools Movie coated tools have been tested in dry cutting conditions. The 
reason of this choice isthat MoS2-based coatings aresoluble in water, so they are unable to 
work in oil emulsion, but they can only work in mineral oil or dry environment. 
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After every session of machining, a rnicroscope analysis of the rnilling cutting edge has 
been carried out, so it has been possible to draw the wear curve. 
In the next picture (fig.4) is possible to appreciate the wear on a teeth. In this case is 
possible to observe a coating detachment. In fact, the typical solicitation on the top zone of 
the teeth is a shear stress. 

Figure 4- Wear on a teeth: coating detachment-44X 
Figure 5- Wear on a teeth: interface zone between the not-darnage coating and the damage­
substrate -150X 

In particular, increasing the magnification (fig.5), is possible to exarnine the interface zone 
between the not-darnage coating and the damage-substrate. In this case it is possible to 
appreciate the anti-wear properties of the coating: the zone where the coating comes off is 
characterised by high value of wear. 
The bigger zoom permit to evaluate, in the following pictures, the detachment mechanism 
of the coating: 

Figure 6- Wear on a teeth: detachment mechanism of the coating-600X 
Figure 7- Wear on a teeth: detachment mechanism of the coating-3000X 
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We have found fragile fracture on the top of the teeth of the tool. The crater wear has been 
contained. 
In particular chip off phenomena has been found in the coating, due to low adherence 
between coating and substrate. 

5. CONCLUSION 

The first results of different machining tests, started in dry cutting conditions at standard 
cutting speed, show the advantages of using innovative duplex TiAlN + MoS2 PVD coated 
hobs rather than standard TiN coated hobs. 
In particular the duplex TiAlN + MoS2 PVD coatings tested in hobhing operations show 
the following indications: 
1. In hobhing operations with HSS hobs, good tool life increments are gained by using 
TiAlN + MoS2 coatings compared with standard TiN coated tools. 
2. The reason for this improvement is the high "autolubricant" property of the soft coating 
combined with the high hardness of TiN, and the good resistance to temperature of 
extemal MoS2 coatings. 
3. In comparison with standard TiN coated hobs, with the duplex TiAlN +MoS2 coated 
hobs have increased the toollife due a lower crater and flank wear, which means a strong 
decrease of flank wear at the same toollife productivity. 
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ABSTRACT: A computer-supported procedure to create NC-code with optimum paths and cutting 
conditions in 2 'l) axis NC milling is introduced. The raw material and the final workpiece shape 
are derived from an IGES file created by means of the used CAD system. V arious tool motion 
strategies with optimized cutting conditions are checked, that one leading to a minimum cutting 
time is selected and the corresponding NC-code is generated. The optimum values of feedrate and 
cutting speed for every region of the examined tool path are calculated considering cutting forces, 
tool wear, machine tool power and tool deflection. 

I. INTRODUCTION 

The automatic selection of cutting conditions is an essential step for the creation of a 
computer integrated manufacturing environment and affects greatly the machining 
efficiency and the cost of the machined components [I]. However, the commercial CAM 
systems are mainly geometrically oriented and they do not offer facilities for a technology 
based optimization, which is necessary to improve the manufacturing accuracy and time. 
In the present paper, a computer supported procedure for the automatic recognition of part 
geometry and material which has to be removed, as well as for the optimization of the 
cutting conditions in 2 Yz axis NC-milling is presented. The raw material shape and the 
final workpiece geometry of a machining setup are derived from a neutral file, as for 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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example an IGES one, created by the used CAD system. The workpiece is considered to be 

intersected by parallel machining planes, perpendicular to the cutting tool axis, as shown in 

Figure 1. The distance between two successive machining planes is, generally, equal to the 

used axial depth of cut, while horizontal planes containing initial part features derived from 

the IGES file are automatically defined as 'machining planes'. The initial, the final 

workpiece shape (extemal part outline and machining features if any exist) and the 

material, which has to be removed on each machining plane, are recognized through 

developed algorithms [2,3]. These algorithms, as weil as the determination of an optimum 

tool motion strategy are described in the next paragraphs. The optimization of the cutting 

conditions along a tool path is conducted according to a procedure introduced in [ 4,5]. 

--final workpiece 
......... initial workpiece 

Figure 1: Definition of machining planes and of the raw material to be removed, on each of 

them 

2. DETERMINATION OF MATERIALTOBE REMOVED ON MACHINING PLANES 

In order to determine the material, which has to be removed on every machining plane, it is 

necessary to define the initial and final workpiece geometry on each ofthem. Using a CAD 

system, commonly, the part geometry is described, without calcutating intersections with 

the machining planes. Forthis reason, an appropriate procedure has been developed, which 

moreover recognizes the material to be removed on the successive machining planes. The 

steps oftbis procedure are: 

• determination and classification of horizontal planes containing initial part features, 
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• non horizontal edges correlation to the horizontal features, as weil as machining planes 
definition and 

• determination of workpiece intersection shape with every machining plane. 

2.1 DETERMINATION AND CLASSIFICA TION OF HORIZONT AL PLANES 

The geometrical model of the workpiece can be accomplished using any commercial CAD 
software, offering wire-frame possibilities and having an IGES output translator. The 
geometrical elements of the contours are supposed to be straight lines or circular arcs, 
considering the common control facilities of a 2 Y2 rnilling machine. 
After the recognition of the entities 'line' and 'circle', the entities which do not lay on 
horizontal planes ('non horizontal entities') are separated and acquire specific direction. 
The direction is defined in such a way that the Z coordinate value of every non horizontal 
entity final point is smaller than the Z coordinate of its initial point. The horizontal entities 
are sorted on horizontal planes according to their Z coordinate value. By this way, all the 
horizontal planes containing features are recognized and classified in descending order. 
Furthermore, all the horizontal plane entities are recognized, oriented and herewith the 
final point of an entity is the initial point ofthe next entity. Wherever this connection is not 
possible, a new shape is created. By means of this procedure, all features on every plane 
and all the elements of every feature are determined, classified and numbered as illustrated 
in Figure 2. 

z 

feature 1.1 

Z2 
2.1.2 
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Figure 2: Determination and classification ofhorizontal planes, features and elements 
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2.2 MACHINING PLANES DEFINITION 

The initial point of every non horizontal entity (as for example the line NEl in Figure 3) is 
identical with the initial point of a specific horizontal element (in the examined case, the 
line E2.1.5). This horizontal element has already been classified and belongs to a specific 
feature (2.1 ), that in turns lays on a specific horizontal plane (Z2). The same procedure is 
repeated for all the final points of every non horizontal entity. Using this approach, as 
presented in figure 3, the non horizontal edges are correlated to the horizontal features. 
Furtherrnore, the workpiece is intersected by horizontal machining planes. To define the 
machining planes, the user deterrnines the axial depths of cut. Considering these values it is 
examined if the horizontal planes containing features, which have to be machining planes, 
are already selected. If this is not the case, modifications of the axial depth of cut values are 
required and carried out automatically, to make them machining planes. If more than one 
features exist on the same machining plane, the user can define different axial depth of cut 
for each specific feature. 

NE4 

NE7 

NE2 

Non 
horizontal 

edge 

NEI 
NE2 
NE3 
NE4 

Figure 3: Non horizontal edges correlation to the horizontal features 

Initial 
horizontal 
element 

E2.1.5 
El.l.l 
E1.1.2 
E2.1.3 

2.3 WORKPIECE SHAPE RECOGNITION ON MACHINING PLANES 

Final 
horizontal 
element 

E4.1.6 
E6.1.1 
E6.1.2 
E6.1.3 

On every machining plane the intersection points with the non horizontal edges are 
calculated. These points are the vertices of the features describing the workpiece shape on 
the specific machining plane. The part geometry on a particular machining plane is 
conducted by means of the following procedure. The vertex having the maximum X 
coordinate value (point Pl at the upper left ofthe Figure 4) is deterrnined and located on a 
non horizontal edge (NE2), associated with the related horizontal feature element (E.l.l.l ). 
The next horizontal element (El.l.2) of the specific horizontal feature is considered, in 
order to define the corresponding non horizontal edge (NE3). Hereby, two cases are 
distinguished: 
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I 

TP1 
Cl 

p P3 P4 PI 

Figure 4: Algorithm steps for the workpiece shape recognition on every machining plane 

If there is an intersection point between the horizontal plane and the specific non horizontal 

edge (as for example point P2), this is considered to be the next vertex of the workpiece 

shape on the specific machining plane. The two vertices are connected through an entity of 
the same type (line P 1 P2) as the horizontal feature entity (E 1.1.1 ), where the first 

intersection point is located, as shown in figure 4. 
If none intersection point exists (as shown at the upper right of the figure 4), considering 

the type of the horizontal feature element with which the first vertex has been associated, 

the following algorithrn is applied. If the horizontal feature element (E 1.1.2) is a circular 
arc the methodology is as follows: The non horizontal edge (NE8), to which the next 

element has been corresponded, is extended and the intersection point with the horizontal 

machining plane is calculated (TPl). This point and the previous vertex, belong to a circle, 

which has as center the projection point of the corresponding horizontal feature element 

(E 1.1.2). Furthermore is examined which of the rest intersection points (P3 and P4) 

belongs to this circle. This point is the next vertex of the workpiece shape on the specific 

machining plane. 
A similar methodology is followed, if the horizontal element is a straight line. This 

procedure is repeated for every intersection point between the non horizontal edges and the 

machining plane (as presented in figure 4). 
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If the workpiece shape is complex, consisting of more than one closed contours, it is 
examined whether each ofthe closed contours corresponds to an extemal geometry, pocket 
or island. This is accomplished by checking if the contour' s vertices are situated inside of 
other closed contours placed on the same horizontal machining plane and the appropriate 
conclusion is arrived. The above presented methodology is applied twice, once for the raw 
material shape and once for the final workpiece' s shape recognition for every set-up. 

3. TOOL PATH STRATEGY SELECTION AND CUTTING CONDITIONS 
OPTIMIZATION 

Considering the initial and final workpiece shape in every set-up, the raw material volume, 
which has to be removed on all machining planes, is defined, as shown in_figure 1. The raw 
material removal can be accomplished using various strategies, related to the tool 
movement mode. Hereby, three most common strategies are considered: tool motions are 
either parallel to the axis X, or to the axis Y or parallel to the workpiece contour. Foreach 
of them, the tool paths on a particular machining plane, using a prescribed radial depth of 
cut are determined and the optimum cutting conditions for every tool path region are 
calculated. Tool path regions are distinguished according to a procedure introduced in 
[4,5]. The cutting strategy is selected, which Ieads to the shortest cutting time. 
The developed methodology for the determination of the optimum cutting conditions uses 
process simulation algorithms [4,5,6] which enable the calculation ofthe chip geometry, of 
the cutting force components, as well as, of the tool wear behavior, required for the 
determination of optimum cutting conditions, with regard to the manufacturing cost. 
Considering, as optimization criteria, the maximum available machine power, as well as 
the maximum permitted cutting edge Ioad for roughing and an allowed maximum tool 
deflection for finishing, the maximum permitted force and the corresponding feedrate value 
for every tool path region are determined. Furthermore, regarding as optimization target the 
achievement of minimum manufacturing cost, the optimum values for the cutting speed in 
each of the introduced regions are also defined. The determined optimum values may be 
limited by the machine tool capabilities. For every tool path, the cutting time, with 
optimized cutting conditions in all its regions, is calculated. The cutting strategy leading to 
the shortest manufacturing time is selected, and the corresponding NC-code is 
automatically generated. 
An application of the developed procedures is demonstrated in the case of a test part 
presented in figure 2. Twenty machining planes have been defined by means of an initial 
axial depth of cut, selected by the user. The designation of the horizontal planes containing 
features (shown in figure 2) as 'machining planes' is conducted automatically. After the 
workpiece geometry recognition, the required data for tools, cutters overlapping on every 
machining plane and initial cutting conditions arealso selected by the user. 
In Figure 5, the tool paths for the roughing of the feature 1 on the machining plane Z=-45 
are illustrated, according to the three strategies, which have been considered. The 
corresponding cutting time with initial and optimized cutting conditions for each strategy 
has been calculated and is inserted in figure 5, too. The machining of the feature I will be 
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realized with tool motions parallel to the workpiece contour, because this strategy Ieads to 
the shortest cutring time. The reduction of the cutring time achieved between the worst 
cutring strategy with initial cutring conditions and the best tool motion strategy with 
optimized cutring conditions is about 33 %. Similar results are concluded for every 
machining plane. Figure 5 shows moreover a section ofthe NC-code for the machining of 
contour I, on the specific machining plane, according to the selected tool movement 
strategy and the optimized cutring conditions. This NC-code section corresponds to the tool 
path regions indicated by wider solid line on the upper right part of figure 5. 

Cutring time with initial I opimized cutring conditions 

3.82 minI 2.68 min 3.89 minI 2.74 min 3.78 minI 2.61 min 

- ftqa.l workP,ie<;e 
- ---- m1t1al workp1ece 

Machining 
plane Z=-45 

Workpiece material : 
Al2024 T351 
Cutting Tool : 
S-6-5-2-5 D=20 mm z=2 
Initial cutting conditions: 
s=0.2 mm/(rev. , tooth) 
v=200 rn/rnin 

Tool entry Initial workpiece 

%175 

NIIOT5 
N120 M3 SlOOO 
NI30 GO X-180.000 Y-190.000 Z 0.000 
N140 GO X-180.000 Y-190.000 Z-45.000 
N\50 GO X-152.929 Y-1 90.000 Z-45.000 
Nl60 GI X-152.929 Y-162.929 Z-45.000 S3501 Fl820 
Nl70 GI X-152.929 Y 162.929 Z-45.000 S3501 Fl820 
Nl80 GI X 152.929 Y 162.236 Z-45.000 S3501 Fl820 
N190 GI X 152.929 Y-162.929 Z-45.000 S3501 F1820 

200 GI X 107.668 Y-162.929 Z-45.000 S3501 Fl820 
N210 GI X 76.407 Y-148.929 Z-4S .OOO S3SOI Fl820 
N200 G3 X 87.844 Y-138.929 Z-4S.OOO I 0. J -SO. S3899 F2183 
N21 0 G3 X 109.088 Y-111.032 Z-4S.OOO I 0. J -SO. S3342 F 1738 

Figure 5: Tool motion strategies for the machining offeature I and NC-code with optimum 

cutting conditions 
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4. CONCLUSIONS 

The presented methodology to select the appropriate tool motion strategy and create NC­
code with optimum cutting conditions, considering the IGES part file, can be used to 
reduce the manufacturing cost and time. The methodology includes the steps: 
• Machining planes definition and recognition of the initial and final workpiece shape on 

every machining plane. 
• Selection of the tool movement strategy so that a minimum cutting time is achieved. 
~ Optimization ofthe cutting speed and ofthe feedrate for every tool path region and NC­

code generation. 
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ABSTRACT: Trends towards the reduction of batch sizes and decreased throughput tirnes determined 
the need for improved process and production planning activities. This paper presents a new 
contribution for the integration of process planning and production scheduling and control, towards 
the development of a fully dynamic shop floor control system. lt is presented also a new methodology 
and model for dynamic process planning and machining pararneters optimisation. In our approach, at 
the detailed process planning Ievel, information on the shop-floor Ioad status is retrieved from a 
scheduling system. This information is used to enable the selection of available machine tools, as weil 
as cutting tools, and to allow the optimisation of cutting parameters considering the available 
machining time at every workstation. 

1. INTRODUCTION 

Trends towards the reduction of batch sizes and decreased throughput times determine the 
need for improved process and production planning activities. Full utilisation of production 
resources requires an integrated approach for process and production planning, to avoid 
excessive machine-tool downtime, unbalanced lines, increased waiting times, the selection of 
non-optimal or unavailable routings. Optimal selection of machine tools, cutting tools and 
cutting parameters must consider the current status of the shop floor. The processes, 
operation sequences, fixtures and cutting tools required to produce the part, are identified in 
the process plan. Traditionally, process planning is performed considering a static approach; 
the generated plans are compatible with the capability of the shop-floor resources but an 
infinite capacity of these resources is assumed. However, the competition of simultaneous 
jobs to use the limited manufacturing resources, together with some unpredictable events 
(machine breakdowns, rush orders, Iack of tools, delays, etc.), contributes to an environment 
characterised by a dynamic behavior. Quite often the process plans 
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generated with reduced information from production scheduling contribute to an 
unbalanced loading of resources. This fact is a main contribution to the poor performance 
of conventional shop floor scheduling, in what concerns the control of work-in-progress or 
the achievement of due dates, in small bateh-type manufacturing. The resultant improvised 
re-planning at the shop floor, with little assistance from a process planning system, may 
lead to a non-optimal process plan and consequently to decrease manufacturing efficiency. 

During the last few years some effort has been put on the development of methodologies 
aiming an efficient integration of process planning with shop floor scheduling and control 
functions. In an industrial environment, characterised by small and medium sized batches, 
several approaches have been developed mainly oriented towards the generation of 
alternative process plans for different sets of machine tools enabling the dispatehing of 
alternative routings when required [1,2,3,4]. However, the generation of process plans 
foreseeing alternative manufacturing routes involves a redundancy of planning work 
performed through several alternatives that will not be used. 

In previous work, the authors developed a prototype of an integrated 
CAD/CAPP/CAM/TMS system [5]. Some process planning functions, such as, feature 
recognition, identification of eiemental turning operations, tool selection, cutting 
parameters optimisation and manufacturing cost and time estimation, were completely 
automated. 

The present work aims to extend the existing platform (Figure 1 ), presenting a new 
contribution for the integration of process planning and production scheduling and control, 
towards the development of a fully dynamic shop floor control system. It will be presented 
also a new methodology for dynamic process planning and machining parameters 
optimisation. In our approach, at the detailed process planning level, information on the 
shop floor load status is retrieved from a scheduling system. This information is used to 
enable the selection of available machine tools, as well as cutting tools, and to allow the 
optimisation of cutting parameters considering the available machining time at every 
workstation. 

2. DYNAMIC PROCESS PLANNING 

Two information flows between the process planning and the scheduling systems are 
considered in our approach to dynamic process planning (Figure 2). The first one is related 
with the machine-tool selection module. To achieve a more realistic selection, both 
technological and load criteria should be introduced. For turning operations one should 
consider: (1) maximum length and diameter of the work area; (2) minimum achievable 
tolerance and surface roughness; (3) average load of machine tools within the time horizon 
defined by internal or external due dates. The second one is a bi-directional flow and is 
related to the cutting conditions optimisation module, based on machining cost criteria and 
considering several technological constraints as well as an additional shop floor constraint 
- maximum available time in the shop floor, at every machine tool. 
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Figure 2 - Integration of process planning and 
shop floor scheduling and monitaring 

The process planning system is automatically informed about the real shop floor conditions 
at two Ievels (Figure 2): 

1. During the machine tool selection to achieve a more uniform resources Ioad; 

2. During the tool selection and cutting parameters optimisation to calculate, if required 
by the particular shop floor status, cutting conditions in accordance with the available 
time to perform the job. 

The process plan optimisation module calculates the cutting parameters ( cutting speed, 
feed rate and depth of cut) for the minimum manufacturing cost, as weil as for the 
minimum manufacturing time [6,7]. Several technological constraints, related to part 
geometry and required quality, workpiece material, machine tool, cutting tool and fixture 
devices, are considered. 

Two process plans are generated, one for minimum cost and another for minimum time, 
being automatically sent to a shop floor scheduling system. The first one, the so-called 
active plan, is the one that is considered for scheduling purposes. The second one, is a 
constraint plan, since it contains the information concerning the minimum time required to 
machine the part (Figure 3). 

In case of an unbalanced Ioad or an expected event ( overload of the particular resource, 
breakdown, due date not met), an alternative process plan is requested (Figure 4). 
Depending on the particular situation, this alternative plan can convey another machine 
tool, cutting tool or a new set of cutting conditions to meet the available time for the job at 
a particular machine tool. In this situation the optimisation module must be informed about 
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the maximum time available on the machine tool to process the job. lt is important to 
remark that this maximum available time has threshold values and is limited by the 
manufacturing time for minimum cost (active plan) and by the manufacturing time for 
maximum production rate ( constrain plan). 

Cutting Parameters 
Optimisation R.:quesl tbr an alternative plau 

Availabh: ti me 

Figure 3 - Information flow between the scheduling system and the optimisation module 

Considering this new load constraint, the optimisation module determines the new optimal 
cutting parameters and issues a new plan, which is the minimum cost plan compatible with 
the particular scheduling conditions. Although the manufacturing cost is superior than the 
one previously calculated in the first active plan, a decrease in the manufacturing 
throughput time is achieved. 

To support the information flow between both, the scheduling and the process planning 
(which include the cutting parameters optimisation module) systems, a dynamic scheduling 
module, based on heuristic rules derived from Kusiak [8], was developed. lt is able to: (1) 
carry out shop floor scheduling, (2) retrieve real-time information about machine-tool 
status and order progression, (3) ask for new plans if a due date is not met or a better load 
balance is required, and finally (4) to perform re-scheduling every time a new job is 
released or the deviations between the planned and the executed job determine such a need. 

Upemtlon 1, JOD J 

Operation a, ~ob b I bpeQon c, Job d 

Legend 

Planncd 

wor~at~io:nlJ~~~~~· .. ~~··;L ., __ ~a~~;;;;;;;;~oQ__.,... - Actual 
'f now time "" 

Planned schedule for workstation M with process plans of minimum cost 
without time constraint. Duc date notmet. 

Operation a, !ob b Operalion i, Job j Operation c, Job d 

Wor~ation Ul U :.0 
'tlow time 

0 

Re-planned schedule for workstation M with an alternative proces plan ol' minimum cost 
considering a time constraint for operation i, job j. 

Duc dalc 

Figure 4 -Initial scheduling and final scheduling with an alternati e proce s plan 

The scheduling system receives real-time information on the shop floor status (resources 
andjobs progression) from a production monitaring system. When a new job is released, or 
when some variance between the real and the planned jobs determines that the current 
schedule is no Ionger valid, all pending jobs are re-scheduled. If any "non-conformity" 
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concerning the resources load balance or due dates is detected, an alternative process plan 
is requested and generated for the particular shop floor situation. This new alternative 
process plan can involve an alternative workstation, a modification in the sequence of the 
required manufacturing processes, the selection of a new cutting tool or a new set of 
optimal cutting parameters considering a newly introduced manufacturing time constrain. 

3. CUTTING CONDITIONS OPTIMISATION 

If we take into consideration the new constrain - available time, the 
technological I economical models that have been reported in the Iiterature pertaining to 
cutting parameter optimisation, such as the one developed by one of the authors [7] should 
be modified. In the "conventional" models, the search for the optimal parameters is 
performed, for every eiemental operation, in an independent way, being the total part 
machining time the addition of optimal machining time for every eiemental operation 
(using the minimum cost or minimumtime criteria or both). However, the authors consider 
that, if the actual machine tool load constraint determines that the total available time is 
smaller than the machining time for minimum cost, the solution must be found in a 
different context. In this situation, all the operations required to produce the part 
(considering productive and unproductive times) must be aggregated. The required 
reduction on part machining time must be reflected on every operation. This reduction on 
machining time cannot be evenly distributed in every eiemental operation, since the cost 
associated with each operation has different sensibilities to time changes (and consequently 
to optimal machining parameters). The optimal cutting parameters for all Operations 
become dependent from each other and the optimisation process must cover all of them 
simultaneously. 

In our system, a new cutting parameter optimisation module was developed using the 
Sequential Quadratic Prograrnming method. The system aims the optimisation of an 
operation-aggregated cost function for complete part manufacturing subjected to a set of 
technological constraints for every elementary operation as well as to a maximum part 
machining time constraint. 

In the proposed optimisation model, the objective function is the sum ofthe machining cost 
for every eiemental operation, Ci, each one depending on three decision variables: cutting 
speed, Vi, feed rate,fi, and depth of cut, ar 

min[".~c, (v, ,J,,a,) J 
A set of technological constraints related to the part geometry, part material and part 
quality, tool geometry, tool quality and tool life, machine tool and fixture devices are 
considered for each operation: 

gij(v,,J,,a,) = 0 wherej = 1, ... , k; i = 1, ... ,n. operations 
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g,, (v,,J, ,a,) ~ 0 wherej = k+ I, ... , n; i = 1, .. . ,n. operations 

Finally a shop floor constraint is introduced, when required, by a load criterion: 

n°oper 

l:g,,n+l(v, ,J, ,a,) -tmax ~ 0 
1=1 

where gi n+ 1 is the machining time for operation i and tmax is the maximum available 
I 

time on the machine tool to produce the part. 

4. CASE STUDY 

One of the first steps to generate a process plan is the eiemental operations recognition. 
Figure 5 presents a rotational part with 6 elementary operations automatically identified by 
the CAPP system. To perform tool selection and cutting parameters optimisation machine­
tool information is required. Table 1 presents some technological, economical and time 
data for a typical CNC lathe. For every operation a set oftools is selected. The optimisation 
of the cutting parameters allows the identification of the minimum cost tools for each 
operation (Table 2). 

I 

", 

-
Figure 5 - Elementary operation automatically 

generat d by the CAPP y t m 

J 

Max. Power --50 KW 

Max. peed -- 3000 rotlmin 

Min. peed -- 200 rotlmin 
Max. Power peed -- 800 rotlm in 
Rapid Traverse -- 5000 mm/min 

Max. Clamp. Force -- 100000 N 
erup Time -- 35 min 

Tool Change Time -- 0.5 mi n 
Adju 1 Time -- 0.02 min 

Tablc I - Data for Gildmeister 
work tation 

Under these cutting conditions, the minimum machining cost is 41 .8 USO, and the 
correspondent machining time is 41.1 min. Considering a batch size of 22 tmits, a Imin 
clamping and unclamping time cycle, 35min machine set-up time, the machining time 
required at the workstation to perform the complete job (Job 014) is 962 min. This time 
frame is not available at the workstation, considering current shop floor scheduling 
(Figure 6), making the due date for the job not possible. The maximum available time on 
the workstation (Gildmeister) enabling all due dates is 900 min. 
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Operation Tool Speed Feed Depth Toollife 
(m/min) (mm/rot) (mm) (min) 

I PSKNL2020K09 SNMG090312-QM 425 272.29 0.50 2.50 9.84 
2 PSBNL2020K09 SNMG090312-QM 425 272.29 0.50 2.50 9.84 
3 MTJNL2020K16 TNMM 160412-QR 435 184.02 0.53 4.85 14.25 
4 MTJNL2020K16 TNMM160412-QR 435 173.81 0.60 5.40 14.25 
5 PTTNL2020K 16 TNMMI60412-QR 435 173 .81 0.60 5.40 14.25 
6 PSBNL2020K 12 SNMM120416-QR 435 162.77 0.76 6.68 11.91 

Table 2- Tools for minimum machine cost and optimal cutting parameters 

An alternative process plan including new cutting conditions, constrained by the shop floor 
particular conditions is generated (Table 3). The newly optimised cutting conditions are 
calculated and the maximum available time to perform the job at the machirre is 
considered. This procedure could be used to generate alternative process plans 
accommodating up to a 20% decrease on machining time. 
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Figure 6- Shop floor scheduling with simultaneaus jobs. Due date for Job 014 is not met. 

• Available time to perform the job: Operation Speed Fced Depth Tool life 
900 min (mim in) (mm/rot) (mm) (min) 

• Maximum unit machining time: I 299.19 0.50 2.50 6.75 
38 min 2 299.19 0.50 2.50 6.75 

• Machine tool set-up time: 3 203.50 0.53 4.85 9.53 
35 min 4 192.18 0.60 5.40 9.53 

• Part Ioad and unload time: 5 192.1 8 0.60 5.40 9.53 
Imin 6 179.50 0.76 6.68 8.05 

Table 3- Cutting conditions for minimum cost constrained by the maximum machining time 

The new plan satisfies the shop floor constrain, since the unit machining time is 38 min. 
The unit machining cost is now 42.4 USD, which is the minimum cost for the particular 
shop floor available time. 
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5. CONCLUSIONS 

In this paper it is shown that the selection and optimisation of cutting parameters should 
not be determined only by cost, technological or quality measures but also by shop floor 
available capacity. We propose an integrated process and production planning 
methodology to develop process plans for a real shop floor scenario, aiming to identify and 
correct any deviation on planned jobs, to avoid less than optimal process planning and to 
optimise machining parameters, in real time, using the Sequential Quadratic Programming 
method. Considering this approach, a new variable is introduced for shop floor scheduling 
and re-scheduling - the part machining time, which can range from the time for maximum 
production rate to the time for minimum machining cost. Through this variable, 
adjustments can be made on every optimised running or planned job. 

The reduction of manufacturing lead-time can be achieved by integrated process planning 
and production planning methodologies, where resources allocation are sustained by real­
time information on the shop floor behaviour. 
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ABSTRACT: Nowadays the market of good is becoming more and more instable and so the 
industries must answer to its request in a very short time. This aspect shows the necessity to 
produce dies and moulds, with flexible and automatic manufacture system, that could grant a good 
quality also on parts with complex geometry and high speed milling could be an answer to reduce 
the machine time. The actually CAM/CNC solutions have some limitations with this high speed 
philosophy because it is difficult to calculate the tool path on real translated surfaces. The CAM 
system, in fact, gives like information control tool path a number of points starting from an 
algorithm that maintains the chordal error under a value decided by the operator. This kind of 
methodology is to much heavy for the CNC computer and can give problems of approximation 
with the feed rate required, which is in term of m/min. Even if now the CNC system are developing 
new kind of interpolations with systems that use not only linear mathematical function, but also 
quadratic and cubic ones, the actual CAM systems continue to give in the post - processor ISO file, 
punctual information derived from polyhedral approxirnation. In the paper is presented a possible 
solution to this problern through the development of an interface between CAM output and the 
cubic interpolation of CNC machine tool. This interface is tested on an industrial CAM software to 
control the dimensional coherence between the designed and the manufactured product. Moreover 
machining tests are performed on a spline CNC interpolation to evaluate the performance of the 
developed interface in terms of dimensional accuracy and computational costs. 

1 INTRODUCTION 

Designers use Cad systems to design parts for visual and theoretical analysis. On the basis 
of the CAD model, the numerical control (NC) prograrnmer uses the CAM system to 
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generate an NC toolpath for a computerised numerical control (CNC) machine so that it 
can produce the part. The surfaces are usually represented in CAD systems in unitless form 
via parametric curves. However, these unitless curves need to be converted back into the 
time domain to relate the surfaces to real machining process with specified machining 
parameters such as the feed rate. On the basis of the desired feed rate the tool position 
along a designated tool path needs to be specified in terms of time. These successive tool 
positions, called commands, are input into the position servo control system, and act as 
reference-position input, the servo control system sends the control signal, as voltage, to 
servo driver, and then drives the actuator in the machine tool to follow the desired 
trajectories. This process of command generation is usually performed via a device called 
interpolator that is located in the controller of the CNC machine. 
The conversion, made by the CAM system, of the unitless curves in the time domain cause, 
in the phase of NC code processing, the generation of a great number of information, that 
the CNC machine will respect connecting them with linear segments to generate a finite 
NC toolpath. This method creates many short linear move commands with sudden changes 
in direction. Toolpath created in this way induce problems for the CNC machine during the 
machining process, and this can affect the finished quality of the part. Moreover the 
dimension of the files that the CAM transfer to CNC control machine are big and this 
dimension improve with the complexity of the CAD model. This research work wants to 
develop an interface between the CAM systems and the CNC machines to permit the use 
of the non linear interpolation in the CNC control system. The final part of the work 
consists in the measure of a simple object, manufactured with the different methodologies 
developed in the work, to analyse the performance of the interface. 

2 HIGH SPEED MACHINING 

High speed milling would introduce the philosophy to improve both cutting speed and feed 
rate in the cutting operation but this wants also to mean that it must maintain or improve 
the accuracy of the traditional operation. Improving the feed rate is connected to the 
necessity to have the possibility to control, in real time, the position of the tool during the 
machining operation while the machine control is computing the new move command. If in 
the traditional cutting operation this was possible because the feed rate along axis was only 
of mm/min, now it is more complex. In fact the feed rate along the machine axis is became 
of rnlmin while the information of the move command are remained about mm to maintain 
the chordal error, of the manufacturing operation, under a certain value. The first problern 
that is the too high number of information that the machine must compute in real time, 
while the machine is working[l]. To resolve this problern some CNC developers have 
decided to improve the Hardware features. But this solution cannot solve the problern of 
sudden redirection connected with high speed[2]. This problern in fact is so strong in the 
philosophy of the improved feed rate because of the great acceleration and deceleration 
that the machine structure must bear in the singular points. Even if the structure of the 
machines used for high speed machining is rigid the accuracy of the manufactured is not 
assured like what the operator wants. The solution that we want to present is the realisation 
of an interface and we have decided to work on the field between the CAD/CAM and the 
CNC as displayed in Fig. 1. 
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Figure 1: Interface Scheme 
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This interface could avoid the bottleneck of the linear interpolation, and starting from the 
punctual information could give in output what the CNC control asks in term of not linear 
interpolation. In our situation the CNC machine needs, for Bezier interpolation, the 
interpolated points and the control points that makes part of the tangency of the real 
function in the same interpolated points. This experimentation was developed using the 
Visicam SURF5 CAM software and the a 3 axis CNC rnilling machine ProlightlOOO. 

3 CHOICE OF THE INTERPOLATION METROD 

Actually the only used philosophy of interpolation for the machining of complex geometry 
is the linear interpolation, this kind of mathematical algorithms near a given non linear 
curve by a set of line segment trying to satisfy a desired machining tolerance and feed rate. 
Two methods are commonly used to evaluate these cutter location. A bisecting step size 
algorithm and a variable step-size algorithm. In each these method the philosophy is based 
on the intent of maintaining the maximal chordal error under a certain value, that is in 
every manufacturing operation under the value of 0.001 mm. This error is the maximal 
distance between the real curve of the object and the segment that is its approximation. 

First crtrol Point 

f ,second control Point I ~-

EndPoint 

Starting Point 

Figure 2: Non linear interpolation 

U sing the linear interpolation method to generate a tool path on a large and overdeterrnined 
data set, the CAM post processor is obliged to generate too many short linear move 
commands[3]. This may causes the data buffer in the CNC controller to underflowandin 
addition, the linear moves in the toolpath are tangentially discontinuous from one move to 
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the next. This tangential discontinuity causes a sudden change of direction at each point 
along the toolpath and affect the quality of the finished surface. 
In order to reduce the nurober of data points with minimal alteration of original profile it 
could be used an arc spline, that is a curve made of circular arcs and straight line segments. 
A spline curve is continuos with a continuos unit tangent. A toolpath generated with an arc 
spline consists of both linear and circular interpolation commands. The problems induced 
by a sudden change of cutting direction are eliminated because of the continuity of the unit 
tangent. The importance of the circular-arc cutting path has been addressed by the 
manufacturing industries. Furthermore, when applying a tolerance constraint to the arc 
spline, the redundant points within the tolerance are excluded from the NC toolpath. 
An arc spline segment is composed of a pair of circular arcs, called biarc, and two tangents 
at the two end points of the segment (Figure 2) 
The non linear interpolation methodology choiced is based on NURBS curves, and in 
particular on Bezier curves. This kind of interpolation is codified in the ISO program of the 
machine centre with the sign G 101. The command line of this kind of interpolator is: 

Gl01 X y IJ AB 

where X and Y explain always like in the traditional linear interpolation the end point of 
the tool path interpolation I and J are the values of a point on the tangent line to the curve 
at the starting point of the movement, while A and B are the coordinates of a point of the 
tangent line to the curve in the end point, ofthe move command[4]. 
The tangent information is necessary to assure that the entire tool path is without 
interruption and sudden changing of direction. This situation permits to the machine tool 
path to not need strong variation of velocity. To obtain the required information we have 
analysed two interface methodologies namely: 

3.1 REVERSE BEZrER PROCEDURE 

As previously said the goal of research project is to develop an interface between the CAM 
system and the CNC control machine, and so we must analyse the output of the CAM 
system and the input of the CNC control system[5]. This analysis is important because the 
interface must give the right parameters to the CNC control system to use the non linear 
interpolation, starting only from the information obtained by the CAM post processing. 
The CNC control system, used, needs, like command information, the interpolated point 
and two control points. These two control points make part, the first of the tangency on the 
curve in the movement starting point, while the second of the tangency on the curve in the 
end point of the move command. To obtain the information about the tangency to the curve 
in the interpolated points, starting only from the punctual CAM output, we have realised 
the following approximation methodology. 
Starting from a nurober of points n+ I of the CAM tool path 

(Xi-t. Yi-t) (Xi.Yi) (Xi+t,Yi+t) 

for every three points we compute the ordinal connecting segments using these 
mathematical formalisation: 
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Because of the inclination of the two lines, that we have obtained, is also expressed like 
tangency of an angle, we must remind that this function is not linear and so we cannot 
compute the average of these two inclination to obtain an average value. 
In relation with this problern we must evaluate the angle, connected with this inclination, 
and make the average of this. We can obtain these parameters using the common 
trigonometry 

<l>t = TAN"1 [(Yi-Yi-t)I(Xi-Xi-t)] 

The parameter Km represents the inclination on the average angle and also the 
approximation of the tangency in the interpolated point[6]. 

Figure 3 : Phase n 

The procedure proceeds computing, for every point, the value of the intersection between 
the tangency of the point Xi and of the point Xi+t (Fig. 3). 

{Y, =K,x+h; 

Y, = K, + 1 + h, + 1 
Computing on every n+ I points the value of the intersection of the tangency with its 
nearest, we obtain other n points that represent the phase n. We consider, at first, the n 
phase because we develop a reverse procedure and so the counter starts from the highest 
value and decrease to lowest. The following representation of the variable wants only to 
explain with the apex (n-j) the current phase of the procedure and with the pedice i the 
connotation of the point. 

with j: o ... n-2 

When we have obtained these information we can start with the phase n-1. In this phase we 
must construct a vector obtained from the connection of the points i of the phase n-1 with 
the point i+ 1 of the phase n (Fig.4) [7]. 
This procedure is also explained using three geometrical conditions: 

1. Parallelism of vectors 
2. Coincidence between the end point and the starting point of vectors 
3. V alue of the module of the starting vector equals to the value of the end vector 

In general we can compute the points of all the phase n-j with j : 1 ... n-2 using these 
equations: 

i: 0 ... n-j j: 1... n-2 A - ( X· n-j x.n-(j+l)) LlX- 1+1 - I 
A _ ( y. n-j y.n-(j+l)) 
Lly- 1+1 - I 
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Only in the frrst step ofthe phase n-1 the value (X,Y) coincides with the starting 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I I 
( X,•·t ·Y,•·t) _....._ ___ ., 

Figure 4 : Doubling of the vectors in the phase n-1 

interpolated points Xon-1 = X 0 and Yon-1 = Y 0• Proceeding with the methodology we obtain 
in general the new points ofthe phase n -(j+1)[8]: 

X . n-G+1)_2A +X·n-G+1) 
1+1 - LlX 1 

Figure 5: Phase n-1 

Y. n-G+1) _ 2A + y.n-G+1) 
1+1 - L.ly I 

First Control Point Second Control Point 

. ' Sarting Point End Point 

Figure 6 : Phase 0 

If we want to understand geometrically this procedure we can analyse the following figures 
that represent some of the n-2 phases developed with the procedure (Fig 5). The last phase, 
the 0 phase, ends the procedure giving only two control points and maintaining the starting 
and the end point interpolated by the tool path[9]. We can see the end phase of the 
procedure in the Figure 6. 

3.2 INTERSECTION PROCEDURE 

The procedure just explained is not the only available. Starting at the same from an 
approximation of the tangency to the curve with the method explained before we can also 
use another interpolation method. If we have a minor nurober of points, for example using, 
in the CAM definition, a chordal error of 1 mm or more, we obtain a less nurober of points 
during the scanning procedure used by the CAM system to realise the tool path for the 
CNC machine[lO]. Remernhering that the CNC control system use a Cubic Bezier 
interpolation it needs four points: two interpolated points and two control points. Using this 
philosophy (Fig.7) the control system can trace a curve with the use of a mathematical 
interpolation that relate the intersection point of the tangency, estimated in the 
interpolation points, to the control points. 
The relation are : 
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Xpt = (Xpo + 2Xp• )/3 XP2 = (Xp3 + 2Xp• )/3 Ypt = (Ypo + 2Yp• )13 Y P2 = (YP3 + 2Yp• )/3 

In these equations (Xp1 ,Yp1) and (Xp2 ,Yp2) represent the value of the two control points 

that the control machirre needs to use the non linear interpolation. The values (Xpo , Y po) 

and (XpJ , Y p3) represent the value of the interpolated points, the starting and the end move 
command points [ 11]. 

Figure 7 : Intersection procedure 

4 EXPERIMENT AL WORK 

The experimentation[12] has been carried out using the interface, developed in Turbo 
Pascal language, in the machining of a sernisphere with a ball end rnill tool with a 
diameter of 1 Omm. 

a) b ) 

Figure 8: Sernisphere «<>OT=40 mm.~c=0.05 mm. a) Linearinterpolation b) Reverse Bezier 

a) b ) 

Figure 9: Sernisphere «1>0 r40 mm. ~c=l mm. a) Linearinterpolation b) Intersection 
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To make a right comparison work we have also machined the part with linear interpolation. 
The parameters imposed or chosen into the CAM for this milling operation are: a chordal 
tolerance ~c = 0.05 mm, and a distance between the different z positions 1.5 mm. This last 
parameter is not adapted to obtain a semisphere with a low roughness but we want to 
understand the effects on the curves, and for this motive the parameter is not so important 
(Fig.9a). At first the comparative study is realised making the same semisphere with a 
diameter <I>0 y=40 mm, with the use of the non linear interpolation ( G 101 Reverse Be zier ) 
and with the linear interpolation. Using the non linear interpolation the NC code obtained 
by the CAM has been past trough the interface. The interface, Rev.erse Bezier, makes a 
points reduction, and then a reduction of the line of the ISO code (Tab.1) used by the CNC 
control to realise the semisphere (Fig.8b). Then the experimentation follows using both 
linear interpolation and the second G101 interface, intersection, with a chordal error of 1 
mm, to produce the same semisphere (Fig.9). 

Procedure Chordal Error (mm.) ~c Number of program lines 
Linear interpolation 0.05 2000 
Reverse Bezier 0.05 400 
Linear interpolation 1 200 
Intersection 1 200 

Table 1: Comparison of interpolation procedures 

This last operation has been made to accentuate the strong difference on geometrical 
tolerance obtained[13] using a reduced number of points with a linear and the non linear 
interpolation as displayed in Table 1 andin Fig.9. 
At last we have measured the object obtained from the different interpolation procedures, 
using a coordinates measure machine. The diameter <1>0 T and the sphericity ~<P of the object 
were measured using 50 points on the manufactured object to obtained a sure analysis of 
the semisphere and the results are displayed in the Table 2 

5 CONCLUSION 

From the results obtained from the experimental application we can show the following 
consideration: 

• Using the reverse Bezier procedure, we can obtain a semisphere starting from the same 
chordal error but with a computational cost reduced. While in fact in the first linear 
interpolation we have 2000 in the non linear procedure we use only 400 points 
obtaining a comparative tolerance result. 

• Using the intersection procedure, with a chordal tolerance of lmm. and so a little 
number of points we obtain at the same an object with a correct dimensional tolerance, 
while using the linear interpolation with the same chordal error of 1mm. the 
dimensional tolerance is not respected. 

Moreover for a non linear interpolator, the memory size required is proportional to the 
number of individual segments while for a linear interpolator, the number of segments 
needed to approximate a given curve depends on the curvature ofthe curve [14]. 
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Type of machining ~c <I>oM <I>oT <I>o T-<I>o M ~<I> 
operation [mm] [mm] [mm] [mm] [mm] 

Linear interpolation 0.05 39.85 40 0.15 0.04 

Reverse Bezier 0.05 39.80 40 0.20 0.05 

Intersection 1 39.85 40 0.15 0.06 
Linear interpolation 1 38.49 40 1.51 0.99 

Table 2: measures of the manufactured objects 

Using a non linear interpolation we can also reduce the strong acceleration or deceleration 
due to the sudden change of direction present in the segmentation of the linear 
interpolation. This is a strong advantage in the introduction and development of the High · 
speed machining philosophy. 
At the end of the work developed, training to realise an interface to use the non linear 
interpolation in the milling operations, we can affirm that the non linear interpolation 
represents a significant improvement in the cutting operation especially in High speed 
machining philosophy. From the results of this preliminary experimentation we can say 
that the second procedure is better than the first, but now we must continue our study to 
know which procedure is better working on more complex configurations. This interface in 
fact represents only a frrst experimental approach and the research activity is developing a 
study on more complex geometrical figures more connected with the moulds for the plastic 
injection. 
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ABSTRACT: The presently developed Computer Aided Process Planning (CAPP) systems suffer 
from a very important practical deficiency: tool life data gathered from rnachinability 
experiments performed under isolated laboratory or shop floor conditions are not directly 
transferable to the actual industrial conditions, owing to the complex nature of machining 
process. Therefore, there is a need for CAPP software that is capable to adapt the toollife model 
parameters to a given rnachining system. In this paper a modular approach to such organized 
CAPP is proposed. Furthermore, the developed interactive program system for turning operations 
consisting of modules for tool selection, cutting conditions optimization and tool life data base 
adaptation is presented. 

1. INTRODUCTION 

The most important part of a Computer Aided Process Planning (CAPP) system is the 
cutting process itself, i.e. how to select proper tools and to determine optimum cutting 
conditions (cutting speed, feed and depth of cut) for each scheduled cutting operation. 
This selection is particularly important because it affects the productivity and production 
cost, i.e. the efficiency of very expensive advanced machining systems such as 

, Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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machining cells, flexible machining centers and unmanned machine tools in general. 
However, owing to the complex nature of machining process, it is impossible to establish 
a reliable and generally valid machinability data base that holds for process optimization 
on different machining systems. Thus it emphasizes the imperative of CAPP software 
capable to adapt the machinability model parameters to the particular machining 
environment for which the data are needed. Also, it is of a great importance to have an 
appropriate statistical procedure which can be used to establish a reliable machinability 
data base for a given system. 

The interactive program system for tuming operations described herein consists of 
modules for tool selection, cutting conditions optimization and tool life data base 
adaptation. 

2. SYSTEM ARCHITECTURE 

The basic idea of concept was presented in [1]. The framework and information flow of 
the system are shown in Figure I. The output of Tool Selection (TS) module includes the 
candidate tool assernblies able to perform the operation along with the associated data 
required for optimization. The optimum cutting conditions in a constrained environment, 

ISO CODE 

CUTTINO CONOITION$ OPTIMIZATION 
... J.r. 

NON-LINEAR PROGRAMMINS 
OIRECT SEARCH ef HOOKE & JEEVE$ 

INSERTS 

Figure I. System framework and information flow 

considering a compromise solution 
oftwo econornic objective functions­
minimum unit machining cost and 
minimum unit machining time, are 
determined for each candidate tool 
by Cutting Conditions Optimization 
(CCO) module. Finally, the candidate 
tool with the best economic 
performance is selected for a given 
operation. The initial solution is 
derived on the basis of previously 
documented tool life model 
parameters estimates. The actual 
toollife in the on-going machining 
process will serve as additional 
data to gain a better set of 
parameters estimates out of Tool 
Life Model Building (TLMB) 
module. The updated estimates for 
tool life model parameters will be 
used in the optimization procedure 
recursively to obtain a better 
solution. After a few iterations, the 

tool life model will adapt to the on-going process and the solution will reach the 
optimum. In the following, each module will be briefly described. 
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Tool Selection Module. For a given operation toolholder, insert geometry and material 
should be determined. The selection of these features is based on the series of screenings 
through several levels which represent checks for fulfillment of compatibility and 
suitability requirements between workpiece material, specified workpiece geometry, the 
amount of material to be removed, the direction of machining, availability of tools, tool 
materials and the machine tool on which the cutring is tobe performed [2], Figure 2. 

PSKN ........... . 

CNM ...................... . 

PSKNR. ....... . 

CNM ...................... . 

PSKNR 2020K ... . 

CNM ....................... . 

PSKNR 2020K. ... 

CNMG ............ -QM 

PSKNR 2020K .... 

CNMG ............ -QM 

GC425 

PSKNR 2020K12 

CNMG 1204 .... - QM 

GC425 

PSKNR 2020K12 

CNMG 120412- QM 

GC425 

Figure 2. Flow diagram oftool selection procedure 
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The tool dass is determined as a group of tools produced by a given manufacturer for a 
specific tuming operation, with specific design and clamping system. The selection is 
progressive and relatively Straightforward at the first Ievel, while later is more complex. 
At each Ievel the procedure is decomposed in selection steps. A part of toolholder or 
insert ISO code is determined at each step. 

Cutting Conditions Optimization Module. In principle, the cutting conditions are 
usually selected either from the viewpoint of minimizing unit machining cost or from the 
viewpoint of minimizing unit production time if cost is neglected. It has also been 
recognized that between these two criteria there is a range of cutting conditions from 
which an optimum point could also be selected in order to increase profit in the long run. 
In fact, this is the major goal in industry. 

In order to obtain a compromise solution between the criteria both the minimum unit 
machining cost y1(x) and minimum unit production time Yz(x), the following two-criteria 
objective junction is adopted [3]: 

y(x) = ~( ) Y1 (x) + 1 ~(w) Y2 (x) 
Y! X . Yz X 

(1) 

where w is the weight coefficient, Y1 * (x) and y/ (x) represent minimum values of the 
corresponding criterion when considered separately. It should be noted that two-criteria 
optimization becomes one-criterion optimization from the viewpoint of minimum unit 
machining cost or time for w = 1 or w = 0 respectively. A compromise solution to obtain 
an optimum economic balance between the unit machining cost and time yields for 0 < w < 1. 
Hence, the cutting conditions, at which this occurs, will theoretically result in maximum 
profit rate. 

The objective function (1) should be minimized within the feasible region of cutting 
conditions bounded by the numerous operation constraints [ 4]. F or handling the 
constraints, the modi.fied objective function method is implemented. The constraints are 
incorporated into the objective function (1) which Ieads to an unconstrained model ofthe 
form: 

(2) 

where CF is correction factor, m is the total number of non-linear constraints ~(x) and 
the exterior penalty .function is of the form: 

(3) 
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Penalty function is used in order to apply a penalty to the objective function at non­
feasible points, thus forcing the search process back into the feasible region. 

Since the optimization model is non-convex, non-linear and multi-variable model of a 
complex nature, the care must be taken to apply an appropriate optimization method. To 
find such a method, a comprehensive Iiterature survey has been carried out and some 
methods have been tested. Although many of tested general non-linear programming 
methods can achieve acceptable results, it has been concluded that the combination of 
techniques both the Direct Search of Hooke and Jeeves and Random Search [5, 6] is the 
quiekest approach for solving the above minimization problem. 

A computer program in Fortrau programming language was developed and the flow 
diagram of direct search routine of Hooke and Jeeves is given in Figure 3. Direct search 
is performed three times at different starting points chosen with respect to feasibility and 
criterion values out of randomly generated points. 

ADOPT NEW 
VALU E 

Figure 3. Flow diagram of direct search procedure ofHooke and Jeeves 
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Tool Life Model Building Module. It has been shown that tool life can be predicted 
successfully on the basis of some polynomial form of the following model [7]: 

y = J(xk> bk} k = 0, 1, 2, ... , p, x0 = 1 (4) 

where y is the tool life prediction, bk are the estimated tool life model parameters and p 
is the number of cutting conditions Xk. It should be noted that the capabilities of TLMB 
module are being enhanced since its presentation in [1]. Namely, only linear tool life 
models represented by the first order polynomials were considered in the previous 
version. Moreover, in 1975 E. Kuljanic [8] proposed to include significant interactions in 
tool life equation called New Tool Life Equation. Accordingly, in order to predict the 
responses with increased reliability over a wider range of cutting variables, i.e. to take 
into consideration the non-Iinearity, the second order polynomial models with included 
significant interactions are introduced. The estimating model is as follows: 

(5) 

The model (5) is determined by applying design of experiments, obtained experimental 
data and multiple regression analysis. However, in small batch production, the cost of 
conducting lengthy off-line experiments can weil exceed any savings gained from 
experimentation for a batch. Even on-line testing can be costly if a group of data is 
collected and analyzed tagether because of limited total available testing points and 
unknown stopping point in the test. Moreover, regression ana1ysis can not be used with 
subjective prior information, since every time the model parameters are to be updated, all 
the previous data have to be retrieved and used along with the new feedback data. Thus, 
the sequential estimation [9] is implemented too. 

The method of sequential estimation enables to update the ex1stmg tool life model 
parameters considering new measuring results. The parameter values are stabilized after 
a sufficient number of evaluated measurements, depending on the number of the 
independent tool life model parameters. Nevertheless, the estimates converge reasonably 
quickly. The sequential estimation procedure is based on following newly developed 
equations: 

p p p 

AU,I+I = LXk,l+lpuk,l+ Lxf.l+lpu(p+k),l+LXk.l+lxl,l+l~(2p+m),l' m = 1, 2, ... , n -1- 2p (6) 
k=O k=l k<l 

p p p 

Lt,+I = u/ + LXk.I+I Ak.I+I + Lxi.,+l Ap+k,1+I + LXk,1+l xl,I+I A2p+m.I+I (7) 
k=O k=l k<l 

p p p 

e,+I = Y,+I - LXk.I+I hk,, - Lxf.,+I bkk,1 - LXk,1+I xl,I+l bkl,, (8) 
k=l k=l k<l 
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e,+1 
bul+1 = bu, + AUI+1 --, U = 0, I, ... , p 

, , . .11+1 
(9) 

e,+1 
bvv,i+1 = bvv,l + Au,i+l ~' V= I, 2, ... , p, U = p+ I, ... , 2p 

1+1 

(IO) 

b b A e~+1 
VZI+i = VZI + Ul+1--, 

, , , .11+1 
v = z = I, 2, ... , p, v < z, u = 2 p + I, ... , n - I - 2 p (II) 

Av,l+1 
PUV,I+1 = PUV,I - Au,l+1 ~' u =V= 0, L .. ,, n -I 

I+! 

(12) 

NO 

CALCUIATION OF 
EQUATIONS (6-12) 

MODEL ADEQUACY? 

NO 

Figure 4. Flow diagram of sequential 
estimation procedure 

where As, Li, and e are intermediate 
variables, Ps are the estimated covariance 
of the bs, and a.Z is the variance of toollife 
y, (prior information). A computerprogram 
in Fortran for the estimation of model 
parameters sequentially according to 
equations (6-I2) was developed and the 
flow diagram ofroutine is given in Figure 4. 
In terms of computation time, this is a very 
fast procedure since only one new data 
entry is introduced at a time. 

3. CONCLUSION 

Based on the modular approach with the 
introduction of CAPP functions, the 
interactive program system for tool 
selection, cutting conditions optimization 
and tool life data base adaptation in turning 
is developed. The program can be readily 
implemented on the main frame computer 
for !arger manufacturing systems as weil as 
on the microcomputers for smaller systems 
or systems using a distributed computing 
structure. The described program system 
provides an environment for its friendly 
use by experienced process planners and 

tooling engineers with no ground expertise in optimization or even in computer science. 
The system is flexible and expandable enabling to create a customized data base from 
which the tool selection and cutting conditions optimization, according to user defined 
criteria and algorithms, could be carried out. Further research will attempt to enhance the 
capabilities of the program by adding new routines for other machining operations and 
CAPP functions 
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TIME WEIGHTED PETRI NETS FOR OPTIMIZATION OF 
A REFRIGERATOR MANUFACTURING PLANT 
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ABSTRACT: In a flexible manufacturing plant handling systems, transportation vehicles, manufac­
turing stations, and workpieces in process have to be coordinated weH in order to guarantee the de­
sired output of the manufacturing plant. Especially, using driverless transportation vehicles in a 
complex manufacturing area the optimization of the manufacturing structure has to be supported by 
simulation of the manufacturing process prior to the implementation of expensive hardware. There­
fore, a program module has been developed for the flexible simulation of any time weighted petri net 
structure. 
The efficiency of the optimization tool will be demonstrated for a manufacturing plant in home ap­
pliance industry. The manufacturing plant consists of up to 12 manufacturing stations, a station for 
the foaming of the appliance housing, two manufacturing stations which combine the necessary 
components for the proceeding processes, and several stations for the plastification of the foam under 
definite temperature and time conditions. Each workpiece has to be machined in three stations. 
By calculating the necessary operating frequency the optimal number of stations for the foam plasti­
fication is determined. Next, the optimized number of driverless transportation vehicles is computed 
and evaluated. Simulations prove that the number of workpieces in process has a relevant effect on 
the output ofthe manufacturing plant. Finally, the number ofworkpieces in process is optimized to 
reach a high performance ofthe manufacturing plant. 
As a result of previous optimization a considerable reduction of manufacturing stations and driver­
less transportation vehicles was possible and the output of the manufacturing plant could be further 
increased. 

Puhlished in: E. Kuljanic (Ed.) Adl'llnced Mamifacturing Systemsand Teduwlogy, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien Nt:w York, 1999. 
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1. INTRODUCTION 

The considered harne appliances are manufactured in four main manufacturing steps. One of 
these steps is the foaming of the appliance housing for isolation which is a bottleneck 
process in the manufacturing structure, where different types of appliances have to be 
manufactured at the same time. Therefore, the plant needs a maximum of flexibility 
combined with short total processing time. The workpieces in process are transported by 
driverless transportation vehicles. In order to increase capacity the manufacturing structure 
was redesigned. To guarantee high performance of the plant, optimal flow of material and 
high productivity concerning to the following assembly lines, the number of stations, 
vehicles and workpieces in process are optimized, and the results proved by simulations. 

2. MANUF ACTURING STRUCTURE 

The foaming plant is connected to prevoius and subsequently plants by two handling station 
(HS) in which the already foamed and plastified housing is changed with a non foamed 
housing of the previous assembly line. Therefore, the already foamed housing is put out of 
the mould and the next to be foamed one into the mould. The transport of the moulds with 
the housing in the plant is done by driverless transport vehicles (DTV) on a given parcour. 
The next station in process is the foaming station (FS) which can be divided into three 
process parts. With the foaming process the plastification of the foam starts. The necessary 
plastification time varies about 50 %. For plastification the moulds are unloaded at plastifi­
cation stations (PS) where the plastification process is running under definite temperature 
conditions. After leaving the already foamed mould in the PS the DTV picks up an already 
plastified mould out of the buffer of the PS and brings it back to the HS where the plastified 
housing is changed with a to be foamed one and the process starts again. 
As possible modification of manufacturing plant two alternative structures were discussed. 
The difference between these two structures is the algorithm for the allocation to the PS's 
after the mould leaves the foarning station. In one case it is a defined sequence in order to 
guarantee as possible equal station utilization (fig. 1) and in the other case it is a fixed con­
nection between PS and subsequent manufacturing lines which is then directly related to the 
type ofthe appliance, and number ofmould and DTV (fig. 2). 
The other manufacturing structure (fig. 2) has only a maximum of 5 stations but with a 
higher mould ca­
pacity. Instead of a 
unique path from 
the PS to the han­
dling stations, PS 1 
and 2 is fixed con­
nected to handling 
station 1 and PS 
3,4 and 5 to han­
dling station 2. The 
PS's are directly 
connected with the 
following manu­
facturing assembly 
lines of the differ­
ent appliance 
types. 

.~. -~; 

plastification stations (PS) 1 to 9 
Fig. 1: Sequence oriented manufacturing structure. 
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To minimize the 
risk of low plant 
productivity a 
simulation [3] in 
combination with a 
optimization [4] of 
the plant by evalu­
ating the optimal 
number of PS's, 
capacity of these 
stations, number of 
DTV's, and 
moulds in process 
was done for these 
alternative manu­
facturing struc-

FS 

plastification stations (PS) 1 to 5 
Fig. 2: Type oriented manufacturing structure. 
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tures. For simulation an effective tool is the modeling ofthe plant with time weighted petri 
nets. The simulation tool proves the results of the analytical optimization. 

3. TIME WEIGHTED PETRI NETS AND SIMULATION TOOL 

Petri nets are used for the model description of time discrete event systems. In petri nets the 
actual partly state of the system is represented by the so called places or conditions which 
are one type of nodes in the net [ 1]. Each condition or place follows at least one transition 
or event which are the other type of nodes in petri nets. The structure of the net is given by 
directed edges which connect transition and places. Initially a petri net does not mirror the 
time dependence of the given time discrete system. Therefore, a edge weighting which rep­
resent the time ofthe transition process is introduced. Active places are marked by a token. 
For distinguishing different types of tokens different colors can be used which Ieads to the 
so called colored petri nets. 
In the present 
problern the part of process, e.g. foaming station or DlV track section 
places are 

transition, process time for previous process part 

Fig. 3 : Assignment of places, and transition to the given problem. 

track sections 
of the DTV 
parcour or the 
process sta­
tions like the foaming station. The transitions indicate the necessary process time for the 
previous place (fig. 3). The unloaded driverless transport vehicles are tokens of green 
color, the moulds tokens ofblue color, and the mould loaded vehicles have a violet color. 
For modeling petri net structure systems can be reduced to the following elementary mod­
ules. The decision for the following process progression can be represented by forking from 
one place with more than one outgoing edges to transitions. The merging to one line of 
process progressing is expressed by leading edges from more than one transition to one 
place (fig. 4). 
In the present problern this elemtes are used to mirror e.g. the switchs on the DTV parcour. 
Next basic element is the splitting up of a process in parallel processes, and the synchroni­
zation again to one process. This occurs here by leaving a mould in the PS and picking up a 
already plastified one. The manufacturing structure according to fig. 1 as the resulting petri 
net is shown e.g. in fig. 5. 
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For Simulation of time 
weighted petri nets a soft­
ware package was devel­
oped. This prograrnm al­
lows the definition of a 

alternative 
processes 

petri net structure via a 
initialization file. In a Iist parallel 
the places are defined with processes 
the transition time to the 
following nodes and the 
type of structure element 
according to fig. 4. As 
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fo~ m~ :::::t::oblem: 

I ,~ ~ DTV parcour 

splitting 

~ unloading mould 
~ for plastifying 

synchronizing 
weil the decision for the 
route of the vehicles ac­
cording to the algorithm 
for the allocation of the PS 

Fig. 4: Basic modeling elements for petri nets and their 
application at the present problem. 

is given by the initialization file. In this file also the number of tokens which are in the 
example the moulds and DTV' s and the initial state of the net by setting the starting nodes 
of moulds and DTV' s are determined. 
After reading the initialization file the programm runs into the simulation loop. Each node of 
the net is being proofed whether or not it is occupied by a vehicle or mould. Ifthere is a oc­
cupied node the identification number of mould or vehicle is read. After requesting the tar­
get of the mould or vehicle the next transition in the net structure tree is evaluated. If the 
connceted timer to this transition is already started the actual time is read. If the process 
time is over the next place is proofed whether or not it is occupied. In case it is occupied the 
token stays at the 
actual place other-
wise it is put to the 
next following place. 
After evaluating the 
new allocation of 
tokens the screen 
will be actualized. 
For protocoling 
counter can be de­
fined at each place in 
the net to prove 
system output. A 
function to change 
time scaling during 
simulation runs 
complete the func­
tionality of the 
simulation tool. 

HS L 
.f$. ... 

Fig. 5: Manufacturing structure according to fig. 2 modeledas a 
petri-net. 

4. OPTIMIZATION OF THE MANUFACTURING PLANT 
4.1 Optimization ofthe sequence oriented plant 

An optimal output of the plant is given if the plastification time of each foamed housing is 
exactly kept. Due to the increasing travelling time of the DTV' s to the more distantly sta­
tions the remaining plastification time lream in the PS's is decreasing. In the plant the bottle-
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neck is the foaming station. So another condition for optimal plant output is the constantly 
utilization ofthe foaming station. This results in a necessarly definite cycle ofleaving DTV's 
for plastification at the end of the FS determined by the cycle time tcyc of the station. So 
there can be a necessary serve frequency for each station defined which is the next lower 
natural nurober of the quotient of tream and tcyc· In the present problern the serve frequency 
for the stations ofthe manufacturing structure according to fig. 1 are given in table 1. 

Table 1: Necessary serve frequency 

That means, in case of 10 PS's the cycle time of the foaming station is not sufficient to 
serve all 10 stations in time. Because of the plant Iayout it is not possible to realize 8 sta­
tions with a serve frequency of 8. So the optimal station number is 7. 4 stations in the block 
of station 1 to 5 with a serve frequency of 8 and 3 stations in the second block of station 6 
to 10. Astation sequence is then determined which exactly guarantee the above calculated 
serve frequency (table 2). 

1,6,2, 7,3,8,4,6,1, 7,2,8,3,6,4, 7,1,8,2,6,3, 7,4,8,1,6,2, ...... . 

Table 2: Sequence oftarget PS's for DTV's leaving the foaming station. 

Next is the optimization ofthe nurober ofvehicles and moulds in process. For the number of 
DTV' s based on matrix operations of petri net theory the time of the desired vehicle back at 
the buffer in front ofthe foaming station is calculated. As seen in table 3 after 506s the DTV 
No. 1 of cycle 1 is back at the foaming station buffer. So it could be used for new cycle 14 
at t=650s. DTV No. 1 is then back at the foaming station buffer at t= 12 7 4s and will be util­
ised at cycle 28 and so on. This calculation proves that 13 DTV' s are needed to avoid idling 
cycles of the foaming station. 

cycle Leaving FS at DTVNo. PS No. HS No. Butter FS DTV tor new cycle 
1 0 1 1 1 506 14 
2 50 2 6 1 674 16 
3 100 3 2 2 606 15 
4 150 4 7 1 780 18 
5 200 5 3 1 708 17 
6 250 6 8 2 856 20 
7 300 7 4 1 896 19 
8 350 8 6 1 976 22 
9 400 9 1 2 928 21 
10 450 10 7 1 1078 24 
11 500 11 2 1 1006 23 
12 550 12 8 2 1156 26 
13 600 13 3 1 1126 25 
14 650 1 6 1 1274 28 
15 700 3 4 2 1230 27 
16 750 2 7 1 1378 30 
17 800 5 1 1 1306 29 

Table 3: Calculation of optimal nurober ofDTV's. 
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At last, the number of necessary moulds are determined. The time for the distance of foam­
ing station to PS back to the handling station should be for optimal plant output exactly the 
plastification time lplast· The time needed for the distance of handling station to foaming sta­
tion fct is also weil defined. So it can be calculated that in case of no idling cycles at the 
foaming station a minimum of 21 moulds is necessary which is the next natural number to 
the quotient of the sum of fplast and tc[to tcyc. Because in this calculation no dynamic influ­
ences like occupying of one track sectton by two vehicles the results of the optimization was 
proved by time weighted petri net simulations. The desired output of the optimized manu­
facturing plant with 7 PS's, 13 vehicles, and 21 moulds was exactly reached. The sensitivity 
of these result was investigated by further simulations. So increasing of number of vehicles 
does not increase the output significantly. As well22 moulds instead of21 does not have an 
noticeable effect on the plant ouput. Further, Simulations show the output of the optimized 
configuration was 17 % higher than the output of the initial plant configration with 10 Sta­
tions, 16 DTV' s, and 20 moulds. Due to this investigation one can perceive the importance 
of exact tuning of station number, vehicle number, and moulds in process. 

4.2 Optimization ofthe type oriented plant 

As simulations show, a future decreasing of the cycle time of the foaming station causes a 
back-up of the vehicles in front of the handling stations. Due to the programming of the 
DTV's this has the effect that the vehicles does not leave the PS's. So the output dramati­
cally decreases. Also the organizing structure of manufacturing where the plant has to sup­
ply three subsequent assembly lines with different types of appliances with different plastifi­
cation times this Ieads to the manufacturing structure according to fig. 2. Instead of a se­
quence oriented distribution of the DTV's to the PS's these stations are connected to the 
appliance types. Because of 3 assembly lines at once maximum 3 different types can be 
manufactured simultaneously. Each appliance type has its own specific type of mould. Due 
to the segmentation of 50% of type I, 40% of type 2, and I 0% of type 3 the 5 PS' s are 
connected as follows (table 4) where the different plastification times are considered. 
Because the number ofPS's and the conncetion between type and station is given the opti­
mizatzion problern is reduced to the evaluation ofnumber ofDTV's and number ofmoulds. 
Due to fixed connection of PS and type implicit a fixed connection of vehicle, mould, and 
PSis given. To get the optimal number ofvehicles it is assumed that in front ofthe foaming 
station there is in average always one vehicle in the buffer. So the times needed for one 
complete cycle from foaming station to PS to handling station and back to the foaming sta­
tion can be evaluated. This value is divided by the complete production time of the plant. So 
the number ofvehicle cycles per shift can be evaluated. 

appliance type (assembly line) PS 
1 1,2 
2 4,5 
3 3 

Table 4: Connection ofappliance type and PS ofmanufacturing plant. 

Table 5: Vehicle cycles per shift depending on the PS. 
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F or the moulds a mould cycle per shift value can be determined by dividing complete pro­
duction time and cycle time of the mould which is plastification time plus traveling time 
from handling station to foaming station including one foaming station cycle time waiting in 
the buffer of the foaming station. A suitable tuning of number of moulds and vehicles is 
given ifthe quotient offor output necessary number ofmoulds multiplied with cycle time of 
mould per shift and cycle time of vehicle is rounded. So a tuning table of number of moulds 
and number ofvehicles can be calculated (table 6). 

Number PS 1 PS2 PS3 PS4 PS5 
of 

moulds 
2 1 1 
3 1.85 2 1.93 2 1.5 2 1.95 2 2.05 2 
4 2.47 3 2.58 3 2 2 2.6 3 2.73 3 
5 3.09 3 3.22 3 2.5 3 3.25 3 3.4 4 
6 3.71 4 3.87 4 3 3 3.9 4 4.1 4 

Table 6: Tuning table ofnumber ofmoulds and resulting number ofvehicles. 

From table 6 a schedule table for the plant operator can be derived in which he Iooks for the 
desired output on the production line and gets the value of necessary number of vehicles 
and moulds. The steps of the table are defined as the allowed shift batches (table 7). As a 
secondary condition only the total plant capacity has to considered. As an example the 
schedule table ofthe production line oftype 1 is presented. 
T o prove the results of the optimization different seenarios were simulated by time weigthed 
petri nets. Fig. 6 shows a typical screenshot of a simulation of the manufacturing plant. The 
number under the nodes identify the vehicle and mould which actual occupy the place. On 
the right upper corner there is the foaming station. Following the DTV parcour in the centre 
and to the left edge ofthe screenshot the PS are located. In the lower right comer the han­
dling stations are placed. The bottom ofthe screenshot shows the counter of specific places, 
the simulation time, the time scaling factor, and in this specific case of simulation the re­
sulting cycle time ofthe complete plant. 

Shift batch PS1 PS2 Total 
Mould No./DTV No. Mould No./DTV No. Mould No./DTV No. 

192 5 3 5 3 
230 6 4 6 4 
268 4 3 3 2 7 5 
306 5 3 3 2 8 5 
344 6 4 3 2 9 6 
382 5 3 4 3 10 6 
420 5 3 5 4 11 7 
458 6 4 5 4 12 8 

Table 7 : Schedule table for plant operator to evaluate optimized number of DTV's and 
moulds for appliance type 1 on PS 1 and PS2 of production line 1. 

The simulations meet exactly the predicted output of the plant by the optimization proce­
dure. The sensitifity of the solution was investigated by increasing the number of vehicles by 
introducing an additional vehicle to the optimal number of vehicles. Depending on the PS 



256 

where the additional 
vehicle is set at start­
ing of simulation the 
output decrease be­
cause of back-ups, is 
0, or is only increasing 
very low. The max.i­
mum increase of out­
put was in the case of 
increasing the number 
of vehicles of 8 % less 
than 1 %. Also addi­
tional moulds in proc­
ess has no effect on 
output as simulations 
proof 

5. CONCLUSION 

In the paper after in­
troducing the proce­
dure of manufacturing 
home appliances the 
bottleneck plant of 
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Fig. 6: Screenshot of simulation tool with modeled plant by time 
weigthed petri nets. 

foaming the housings of the appliances was presented. Due to capacity increasing redesign 
of manufacturing structure was done. Two alternatives were discussed. Because the tuning 
of number of plastification stations (PS), number of driverless transprtation vehicles (DTV), 
and number of moulds in process has an high influence on the output of this flexible manu­
facturing plant an optimization of thesevariables has great relevance. To prove the results 
of the analytical optimization the plant was dynamically simulated by time weighted petri 
nets. Therfore, after introducing time weighted petri nets, a simulation tool was developed 
to reproduce time event discrete systems. After modeling present problern the simulation 
meets the predicated results of the optimization and fortify the optimization results by sen­
sitifity investigations in case of changing number of vehicles and moulds and comparing the 
resulting productivity. Result was that in flexible manufacturing systems the exact tuning of 
number of manufacturing stations, number of transprtation vehicles, and moulds or work­
pieces in process are highly important to guarantee high producitivity of the plant. 
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ABSTRACT: Statistical analysis, wirhin the quatity cantrot technique, allows us to evatuate the 
retiahility of the processes under consideration by means of" cantrot charts (x-R, n-p, ... ) and 
suitabte parameters ( c", Cp~o .. . ), especially when a great number of pieces is worked. In particutar, 
the x-R charts make the analysis of the production behaviour possibte, allowing the immediate 
identification of various process irregularities, such as: out-of-control pieces and the shift 
phenomenon. These phenomena can be strictty corretated to either regutar or acceterated tool 
wear. The data for monitaring the process are taken at regtdar intervals. The basic idea of the 
present work is to consider the inftuence (in terms of cost) of the intermediate check of the work­
piece condition (according to the process statistical anatysis) on the toot substitution and 
management policy. 

I. INTRODUCTION 

When a great nurober of pieces is worked, it becomes very important to identify those parameters 
which allow the reliability of the process to be evaluated. The statistical analysis, within the quality 
control technique, allows us to overcome this problern by means of: control charts (x-R, n-p, ... ) 
and suitable parameters (cp. Cpk• ... ) [13,14,15,16,17]. 
In particular, the x-R charts make the analysis of the production behaviour possible, allowing the 
immediate identification of various process irregularities, such as: out-of-control pieces (out of 
upper and lower controllimits) and the shift phenomenon (i.e., the trend of a given piece dimension 
to increase or decrease) as shown in figure I. 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Courses und Lectun:s No. 406, Springer Verlag, Wien New York, 1999. 
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Figure 1 - Examp/es of X charts showing out control processes 

In cuning processes these phenomena can·be correlated with the tool status which can be monitared 
in many ways. The tool status can be correla~ with the flank wear VB (either regular or 
accelerated) and it is generally described as a stochastic figure for given VB value [I ,2,3, II]. 
Figure 2 shows, as an example, the experimental results obtained turning carbon steel (C40 
annealed) with TPGN 160304 SIP IN sintered carbide tool tips with: s 215 m/min,/0.2 mm/rev, d 
2 mm [4,5,6,8]. 
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Tool status can be described by means of a suitable pdf (probability density function), which 
represents the probability that a tool could perform its task (i .e.: it is not broken or too worn) at a 
given time (figure 3). The function parameters can be evaluated by executing a set of experimental 
tests, and are correlated with the tool and work-piece material and the cutting parameters 
[1,3,9, II]. 
From Iiterature it is possible to find out how to calculate the optimal cutting conditions as a 
function of the various costs and penalties, when the objective function is to minimise the cost per 
piece produced, suggesting, also, an optimal tool substitution interval (namely the expected tool 
life) [7,10,12]. 

The basic idea of the present work is to consider the influence (in terms of cost) of the intermediate 
check of the work-piece dimensions (according to the process statistical analysis) on the tool 
substitution and management policy. In fact, when the checking frequency of the work-pieces is 
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greater than the tool substitution rate, some intermediate controls on the tool status are carried out, 
before the substitution time has been reached. 

The checks correspond to each point drawn on 
the control chart. When out-of-control pieces are 
produced or when strange behaviour is noticed, 
the tool can substituted before the expected time, 
so giving a different tool performance. 
Several re-working policies can be adopted for 
the out-of-control pieces, which can also be 
definitively scrapped. These intermediate 
inspections affect the cost per piece calculus 
which, obviously, depends on both the checking 
time interval and the consequent tool reliability. 
The identification of this intluence, the new cost 
per piece and the tool reliability are the 
objectives of the present work. 

Sampies 

2. THE PREMATURE BREAKDOWN IDENTIFICA TION CASE 
When we speak about production time, we refer to Tl' defined as: 
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Figure 4 · Meaning of the several parameters involved in formula ( I ) 

where (see figure 4): 

Ta is the e.rpected toollile i.e. the time at which the tool must be substituted 

(1) 

J<a is thc tool reliuhilil\' i.c. the probability that the tool is able to reach Ta 
[ 11 is the brea/.:uge mean time i.c. the time at which, Oll average, those too)s that do 

not reach Ta break down 
This mcans the mean number of pieces worked by each tool tip can be expressed as: 

NJJ=Tp/ (2) 
!Tc 

where Tc is the cutting time. 



260 C. Giardini, E. Ceretti et al. 

It is weil known that the cost per produced piece Cp can be written as: 

where: 

Cp=Co·Tc+ C~tc + c:_a + (I-Ra)·(Rw+Rt) (J) 
Np Np Np 

Co 
Ca 
tc 

is the operator cost per minute 
is the tool cost 
is the tool changing time 

Rw is the penalty cost 
Rt is the penalty time, i.e. the cutting 

time lost in working the broken piece 

This formula is valid under the hypothesis that at the end of each cutting operation the tool is 
checked in order to decide if it is still able to continue the cutting process and if the workpiece must 
be scrapped. 

Commonly it can be said that 
0 IxTc 2xTc 3xTc 4xTc Ta. formula (3) represents the cost 

~ ~ ~ ~ 
per piece when the premature 
break-down of the tool can be 

good goud good 11oguud --1> tool chcmge identified. on/y one piece scrapped 

3. IN CONTROL AND OUT OF CONTROL PIECES 
A different tool substitution policy can be outlined. 

If no intermediate checks on the 
0 /\Tc 2rTc ].\Tc -ixTc 5xTc m-Tc =Ta pieces produced are carried out, 

~ ~ ~ ~ ~ ~ 
the tool will continue the 
cutting operation until Ta IS 

gor I(/ gooJ good guod IIO!fOOd 1wgood reached, and it will be 
tool clumge substituted only at Ta 
more rlum one ptece scrapped scrapping more than one piece. 

It can be easily noticed how the predefined Np represents the number of in control pieces and does 
not change with respect to the previous policy. On the other hand, the number of out of control 
pieces (produced by those tools which break down before Ta) varies and can be evaluated as: 

No= N101 -Np= To/rc- Np= (1- Ra)·(TaT~TR) (4) 

Referring to the control chart analysis, in this case we can obtain the weil known shift phenomenon 
for which a behaviour similar to that presented in chapter 1 can be outlined. 

4. THE COST IN THE CASE OF THE SHIFT PHENOMENON 

The total production cost corresponding to each tool tip (C) considers both the cutting of Np and 

No . As a consequence, C can be written as follows: 

C =Co· Tc· (Np+ No)+ Ca +Co ·tc+ Rw· No (5) 
Considering that: Cp = CjNp we can derive a new expression for Cp: 

Tc Tc Tc ( ) Ta-TR Cp=Co·Ta·-+Ca·-+Co·tc·-+Rw· 1-Ra ·--'-'-
Tp Tp Tp Tp 

(6) 
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This expression must be compared with that obtained from formula (3). As an example, figure 5 
shows the Tc and Rw influences on Cp values according to shift or no shift policy. The calculus are 
carried out considering: log-normal distribution (Jl = 2.35; a = 0.20), Ca/Co= 5.0, tc = 0.5. 
From the analysis of figures 5 and 6, several considerations can be made: 
I. in the case of no shift, the Tc time does not influence the calculus of the cost because the basic 

hypothesis is that the tool status is checked at the end of each cutting operation (the control is 
extended to every piece); 

2. when Ta is not much greater than Tc (say max. 10 times), the shift phenomenon is not so 
evident in terms of costs and the number of scrapped (out of control) pieces is low; in this case, 
the sampling interval can coincide with Ta; 

3. on the contrary, when Tabecomes very high compared to Tc, the number of out of control 
pieces can increase significantly (and, consequently, the cost per piece produced): this means 
that either we control all the produced pieces or work a very short time with a very high tool 
reliability (corresponding to the minimum in the cost curves). 

~w/Co = 1g IRw!Co :: I og 
2,7 5,2 

~ shift r Tc=O. tl 4,7 shift ( Tc=O, 1) 
2,5 

4,2 

2.3 3,7 

2, 1 
3,2 

2,7 
1,9 2,2 

1,7 1,7 

0,5 0,6 0,7 0,8 0,9 Ra I 0,8 0,85 0,9 0,95 Ro. 1 

Figure 5- Behaviour ofCpi(CoTc) according to formula ( 3) 
andformula (6) vs. Tc value 

6 
4 

~ t=· =··3·s·=· ~· 5· ~· ~··~·-·-- ~- ~- ~- ~ .. ~-~-~-

0,5 0,6 0,7 0,8 0,9 Ro. I 

Figure 6 - Behaviour of the in control (inc) and 
out of control ( ooc) pieces vs. Tc 

The solutions to this problern can be found 

by reducing the penalty term ( Rw ·No), that 
is, making intermediate controls as the 
production continues. 
When we refer to a system in which SPC is 
commonly employed, these controls can 
coincide with the sampling interval 
necessary to conduct statistical analysis on 
the pieces produced. This means dividing 
Ta into equal intervals performing the 
controls on the sampled pieces in 
correspondence to these stops. 
This policy allow us to reduce the number of 
scrapped pieces (out of control) substituting 
the tool tip as soon as a shift takes place. 

It is important to determine these intervals h (or their number n) correctly in order to find the 
optimum solution both in terms of inspections scrapped piece cost. 
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5. THE CASE OF INTERMEDIATE CHECKS 
As already said, it is possible to perform intermediate checks on the tool status by Controlling the 
pieces produced and deciding to substitute the tool tip when a shift occurs. 

0 

r:=:=::J produc:tum 
c:=::=:l sampling 

In this case the expected time 
Ta is divided into n, long h, 
intervals. 

0 lxh 2.\h 3xh 4xh 5xh nxh =Ta. The figure at the side shows the 
new adopted policy. In this case 
a new cost per produced piece 
can be identified starting from 
the new expression of out of 

Ci Ci Ci Ci Li---- I 
good good good good 1wgootl 

/Oolc:lumge 
L------------1 mme tlum cme piece .~crapped control pieces No (refer to 

formula (4)). 

n 

2 

~Ta 

No- Ra,_1 Ra, - -r" ( _ )·(j.IJ-TR<i-1.•! l 
•=I Tc 

This value must be recalculated considering that 
for each interval the number of out of control 
pieces is equal to the difference between the 
upper Iimit of the interval (h;) and the mean time 
at which the tool breaks within the interval (TR1;. 
1_,1), divided by Tc, and multiplied by the 
probability that the breakage actually takes place 
(Ra,.rRa,) in this interval. Extending the 
calculus to the whole Ta, we have: 

(7) 

As a consequence the number of in control pieces Np becomes: 

N = ~· •-1 (Ra -Ra.)· R<•-I.•J Ra -h (i·h-T . ) 
p .LJ,=I Tc •-1 ' Tc (8) 

This means that the cost expressed by formula (5) becomes: 

C = Co-Tc-(Np+No)+Ca+Co·tc+Rw· No+Cm·(l+ L;~1Ra;) (9) 

where Np and No are derived from formula (7) and (8) and Cm is the single sample control cost. 

Note how we can obtain the same 
number of in control pieces, 
working a lower number of pieces; 
in particular the number of out of 
rnllfrnl nieee~ hecnme~ ~maller. 

Intermediatechecks 
Interval TRI"'-•1 Ra"' 

0-1 9.22 100.00 
1-2 18.07 100.00 
2-3 26.92 100.00 
3-4 36.19 99.97 
4-5 45.77 99.80 
5-6 55.52 99.23 
6-7 65.36 98.03 
7-8 75.25 96.01 
8-9 85.17 93.12 
9-10 95.11 89.42 

Ra, 
100.00 
100.00 
99.97 
99.80 
99.23 
98.03 
96.01 
93.12 
89.42 
85.04 

Total 

No Np Total 

0.00 20.00 20.00 
0.00 20.00 20.00 
0.00 20.00 20.00 
0.01 19.98 19.99 
0.05 19.91 19.96 
0.11 19.73 19.84 
0.20 19.41 19.61 
0.29 18.91 19.21 
0.38 18.25 18.63 
0.45 17.43 17.88 
1.49 193.62 195.11 
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The term: I+ 2:.::1Ra, represents the average number of controls carried out per tool tip. 

First of all it is important to note how the number of out of control pieces obtained when no 
intermediate controls are carried out is greater than when they are carried out. As an example, the 
tables report the results obtained when considering J1 = 5.124, a = 0.50, Tc= 0.5, Ta= 100, 

h = 10. 

6. OPTIMISATION CONSIDERATIONS 

Dividing the expression number (9) by Np, we can obtain the cost per piece produced which must 

be minimised, firstly with respect to Ta and then with respect to h. 

0.72 

0.7 - Tet=90-

0.68 

1ii 
0 0.66 0 

~ 
Q) 

0:: 0.64 

0.62 

0.6 
h 

0.58 

5 10 15 20 25 30 35 40 

Figure 7- C!(CoNp) vs. Ta and h with intermediate controls (formula 9) 
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1ii 0.68 
0 
0 0.66 
Q) 
0 

0.64 Q) 

ä: 
0.62 

0.6 
Ta 

0.58 

20 30 40 50 60 70 80 

Figure 8- C!(CoNp) vs. Ta without intermediate 
controls (formula 6) 

The influence of the several figures involved in 
this formula make it evident that: 

if the cost of the rough pieces is high 
compared to the single sample control cost, 
it is better to carry out a greater number of 
intermediate checks (h ~)in order to identify 
the occurrence of the shift phenomenon as 
soon as possible; 
on the other hand, if the cost of the rough 
pieces is low compared to the single sample 
control cost, a lower frequency check will be 
made (h 1'); 
the final number of in control and out of 
control pieces ia also affected by the Tc 
value with respect to h. 

As an example, figure 7 shows the influence of h (for constant values of Ta) on the cost per piece 

produced as derived from equation number (9). The comparison must be drawn with respect to 

figure 8 where no intermediate checks are considered. lt is evident how, if Ta is low (i.e. the tool 

works with an high final reliability), no many intermediate checks are needed (the minimum cost is 
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reached for the higher h values). On the contrary, when Ta is high (i.e. the tool works with a low 
final reliability), the minimum cost corresponds to intermediate values of h. The absolute minimum 
found is lower than the one obtained without intermediate controls. The signs .a. represent the two 
minimum conditions. 
The calculus arc carried out for the following values: Ca/Co= 5, tc = 0.5, Rw/Co = 10, 
Cin/Co = I. 

7. CONCLUSIONS 
In the present work the authors have showed how it is possible to optimise the tool Substitution 
interval tagether with the inspection frequency on the production carried out. A new formula for 
the calculus of the cost of the pieces produced, able to consider the influence of both these figures, 
is suggested. Finally, the influence of tool Substitution interval and inspection frequency, du ring the 
optimisation phase, is also outlined. 
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OPTIMIZATION OF TURNING TOOL GEOMETRY 
BY NONLINEAR PROGRAMMING 
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ABSTRACT: This paper deals with the determination of optimal tool geometry for longitudinal 
tuming. A tool life is usually the main machinability factor and, as such, the basic optimization 
criterion of tool geometry. The establishing of tool response function is done by the second order 
centrat composite design of experiment. Since the criterion function is inherently nonlinear in this 
casc, i.e. besides linear contains quadratic elements and two-factorial interactions, the care must be 
taken to employ an appropriate optimization method for solving such function. Therefore, the 
optimization procedure based on nonlinear programming methods is proposed. Furthermore, the 
testing example of developed algorithm is presented. 

1. INTRODUCTION 

The first step in the optimization of cutting process is the definition of mathematical model 
that is given as the functional dependence of measured value on influencing parameters. 
The establishing procedure of reliable mathematical model still remains an extremely 
complex problern because the influencing process parameters, except their particular 
influences, may have also their mutual interactions. Therefore, the process modeling 
includes computer assistance and, because of its rationality, is based on the design of 

Published in: E. Kuljanic (Ed.) Adl'ilnced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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experiment. There are different ways of model generating, but the basic question is how 
adequately it describes the real process conditions. Nevertheless, in many experimental 
investigations of cutting process where extreme responses are expected, the second or the 
third order polynomial models are satistying. 

The determination of optimal parameters starts after defining the optimization criterion 
based on the some form of mathematical model. As a result of optimization, the extreme 
value of optimization criterion can be determined. However, the obtained result is 
depended to a great extent on the optimization method used. 

This study has been developed under the assumption that an optimum tool geometry will 
result as a consequence of maximum tool life criterion. A solution using the nonlinear 
programming methods is introduced. 

2. TOOL LIFE MODELING 

It has been shown that tool life can be predicted successfully on the basis of some 
polynomial form ofthe following model [1]: 

y=J(x1 ,b,). i=O,I,2, ... ,k, x0 =I (I) 

where y is the tool life prediction, h1s are the estimated tool life model parameters and k is 
the number of influencing parameters x~s. Although the first order polynomials, that is 
linear tool life models are still, directly or indirectly, widely used both in industry and 
research, however the accuracy reached by these models can be insufficient since the data 
sometimes clearly show the existence of non-Iinearity (saddle shaped functions) which 
cannot be ignored. In that case, more sophisticated ones have to be used if the 
optimization is to be carried out under more realistic conditions. 

In order to predict the tool life response with increased reliability, i.e. to take into 
consideration the non-linearity, the second order polynomial with included significant 
interactions is selected. Its definition is based on the statistically designed experiment and 
multiple regression analysis. Accordingly, the adopted algorithm of tool life modeling is 
given in Figure I. 

The best experimental design to use will depend on the selected form of tool Iife model. 
Using the second order central composite design of experiment [2], it is possible to 
establish the toollife response function in the second order polynomial form: 

k k k 

y=b0 + ~b~ X1 + ~h11 X1
2 + ~bY X1 x 1 

1=1 1=1 1</ 
(2) 
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where regression coefficients b" hu, by denote linear, quadratic and the effects of two­
factorial interactions respectively, and x,s are the coded values of input physical 
parameters p ,s in accordance with: 

P, max + P, min 
p, -

2 x, =--------~----
P.max - Prmin 

(3) 

2 

SELECTION OF MODEL FORM 

DESIGN OF EXPERIMENT 

PERFORMING OF EXPERIMENT 

MULTIPLE REGRESSION ANALYSIS 

SIGNIFICANCE OF COEFFICIENTS? NO 
Student's I-test 

YES 
NO MODEL ADEQUACY? 

Fisher's F-test 
YES 

ADEQUA TE COEFFICIENT OF NO 
DETERMINATION R2? 

YES 
RESPONSE FUNCTION 

Figure I. Algorithm of tool life model establishing 

3 OPTIMIZA TION PROCEDURE 

The tool life T is the basic optimization criterion of tool geometry. lf the selected input 
tool geometry parameters are clearance angle a, nose angle & and approach angle K, as it 
is shown in Figure 2, the following maximum toollife criterion can be postulated [3]: 

rmax = y(a, &, 1() 
opt 

(4) 
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a 

E TURNING Tmax = y( 
~ 

a, E, K)opt 

K 
"blaek box" 

i 1 T CutringT 1 
Y /1 r coOOitions Material .... 

Figure 2. Scheme of input/output parameters 

The optimization criterion (4) should be maximized within the feasible region ofthe space 
of tool geometry parameters. Hence, for handling the boundaries of parameters, the 
modi.fied criterionjunction method is implemented [4]. The boundaries are incorporated 
into the criterion function which Ieads to a boundless model of the form: 

(5) 

where CF is correction factor, n is the total number of boundaries hm(x) and the exterior 
penalty junction is of the form: 

(6) 

Penalty function is used in order to apply a penalty to the criterion function at non-feasible 
points, thus forcing the search process back into the feasible region. 

Since the optimization model developed herein is non-convex, nonlinear and multivariable 
model, the care must be taken to employ an appropriate optimization method for its 
solving. To determine such a method, a comprehensive Iiterature survey has been carried 
out and many methods have been tested. Although many of general non-linear 
programming methods tested can achieve acceptable results, it has been concluded that in 
order to ensure finding global optimum, a combination of methods both the Direct Search 
of Hooke and Jeeves and Random Search [5, 6] is the most efficient for solving the 
maximization problern presented. 

A computer program using Fortran programming language was developed and the 
algorithm of direct search routine of Hooke and J eeves is given in Figure 3. Direct search 
is performed three times at different starting points chosen with respect to feasibility and 
criterion values out of randomly generated points. A minimum installation needed for the 
program is PC/486. 
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ADOPTNEW 
VALUE 

Figure 3. Algorithm of direct search procedure of Hooke and Jeeves 

4. EXPERIMENT RESULTS 

Figure 4. Tool geometry 

The experiments were performed on 
universallathe TS-200 with tool grade 
P30 (ISO). Longitudinal turning in 
Figure 4 was conducted dry and 
performed at constant cutting speed 
Vc = 3 rnls, feed f = 0,125 mm per 
revolution, depth of cut ap = 2 ßll1l, 

rake angle r = 6°, inclination angle 
/y l = 4° and nose radius '" = 1 mm. The 

workpiece material was quenched and 
tempered steel C 60 (DIN) with Brinell 
hardness 260 HB. The toollife criterion 
was planned to be VB = 0,3 mm 
and tool wear was measured on the 
tool rnicrometer rnicroscope Carl Zeiss 
(0,01 mm). 
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By means of mathematical model (2) and using the second order centrat composite 
design of experiment N = 2k + n0 + na = 23 + 6 + 6 = 20, the tool life was modeled 
(x 1 = a, x2 = &, x3 = K) by varying all the factors on five Ievels (-1.682, -1, 0, 1, 1.682) 
as shown in table 1. 

Table I Review of observed toollife results 
Test 

Coded values Variables 
Measured 

no. T 

"' XI X2 X3 a" Ef ~ y, [min] 
1 -1 -1 -1 5 75 35 23.0 
2 1 -1 -1 11 75 35 22.0 
3 -1 1 -1 5 95 35 28.0 
4 1 1 -1 11 95 35 26.0 
5 -1 -1 1 5 75 55 25.0 
6 I -1 1 11 75 55 24.0 
7 -1 1 1 5 95 55 31.0 
8 1 1 1 11 95 55 28.0 
9 0 0 0 8 85 45 29.2 

10 0 0 0 8 85 45 28.5 
11 0 0 0 8 85 45 29.0 
12 0 0 0 8 85 45 27.5 
13 0 0 0 8 85 45 28.5 
14 0 0 0 8 85 45 28.3 
15 -1.682 0 0 3 85 45 25.0 
16 1.682 0 0 13 85 45 26.0 
17 0 -1.682 0 8 68 45 20.0 
18 0 1.682 0 8 102 45 32.0 
19 0 0 -1.682 8 85 28 21.0 
20 0 0 1.682 8 85 62 32.0 

The calculated values of regression coefficients and the review of their significance 
are given in table 2. 

T bl a e 2. Regresston coe ffi tcients 
bo ht b2 b3 bu b22 b33 bl2 bl3 b23 

28.5167 -0.3892 2.86826 2.01314 -1.0828 -0.9060 -0.7293 -0.375 -0.125 0.125 
.t .t .t .t .t .t .t X X X 

.! - stgnificant at Ievel a1 = 0.05; X- not significant 
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Significance evaluation of calculated coefficients was done according to Student's t-test 
for the condition jb,j ~ L1b, = ± t so..ra:;. where fo =, no - 1 = 6 - 1 = 5 and a Ievel of 
significance ar = 0.05 (i.e. 5%). Considering only significant regression coefficients, the 
following mathematical model oftoollife was obtained: 

y = 28.5167- 0.389x1 + 2.868x2 + 2.013x3 - 1.083x; - 0.906xi - 0.729xi (7) 

The verification of model adequacy was done according to Fisher's F-test for the condition 
Fa< F1([a,fo) = F1(8, 5) with probability P = 0.99. Since Fa= 9.339 < F1(8, 5) = 10.30, the 
dependency of toollife on tool geometry has been weil explained. According to coefficient 
of determination R2 = 0.8778, the toollife has been described sufficiently accurate by the 
functional dependence (7) in the tested area. After decoding, the final form of fitted 
polynomial was determined: 

T =- 91.77 + 1.79a + 1.827 e + 0.857K- 0.12a2 - 0.009e2 - 0.0073K 2 (8) 

Finally, using the optimization procedure described in previous section, the optimum 
values oftool geometry parameters were obtained from the toollife model (8). Hence, the 
optimum tool geometry was defined by the following angles: 

llopt 7°27', 
&opt 101 °30', 
l<öpt 58°42'. 

5. CONCLUSIONS 

Based on the performed research and the obtained results, the following conclusions can 
be drawn: 
• the adopted methodology of tool life mode1ing as weH as the recommended tool life 

model can be successfully used for the optimization of tool geometry according to 
maximum toollife criterion; 

• the proposed optimization procedure based on nonlinear programming can be 
successfully applied for defining and se1ecting the optimal tool geometry; 

• for the presented example, it is shown that tool life is on the increase with the 
increasing of angles e > 90° and K > 45° up to their optimal values &opt and "öpt, also 
with the decreasing of angle a < 8° down to its optimal value lXopt. which can be 
explained by better withdrawal of heat for the angles &opt and lXopt. that is by the 
decreasing of cutting force for the angle "öpt· 

Therefore, the definition of optimal tool geometry is strongly suggested whenever is 
possible since it is proved that toollife can be increased significantly. 
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ABSTRACT: The present paper deals with the classification of workpiece features, considering 
their machinability and factory facilities, in order to determine automatically the workpiece 
process plan. Starting from the corresponding IGES file of a part, recognition of all features 
included in its geometry is conducted. Furthermore based on these features using eligible 
manufacturing criteria, a reorganisation and grouping of them is derived. Finally the classification 
ofthese features is accomplished and with the aid ofthe featuresnormal vectors, the necessary set­
ups as weil as the process plan ofthe workpiece are determined. 

1. INTRODUCTION 

The process p1anning is a very significant stage in the manufacturing procedure of a 
product. Forthis purpose many intermediate procedures must be derived [1]. 
The main objective of the present paper is the creation of a flexible process plan algorithm 
independent from the design procedure. An appropriate computer-supported procedure, 
will be introduced in the following paragraphs. The data needed for the recognition of the 
predefined features are extracted from a neutral file (IGES), in order to develop a CAPP 
procedure, independent from the used CAD one, and capable to be integrated into any 
CAD/CAM system. Hence there are no restrictions regarding the design process and there 
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is a significant capability for final control of the results. The developed system is modular 
structured, enabling later on the completion or replacement of any of its criteria. 
The structure of the developed algorithm is shown in figure 1. Using an IGES file, as an 
interface, the whole system is autonomous from the various CAD programs. From the 
included in an IGES file information, only the necessary is selected and transformed into a 
convenient format. Moreover with the aid of the workpiece's entry faces, all the features 
are derived [2,3]. 

IGES FILE ~ FEATURE ~ ) ...._j 
RECOGNITION I I REORGANISATION 

AND 

1-J CLASSIFICA TION 
OFFBATURES 

MACHINABILITY FACTDRY 
FILE FACILITIES 

_J J._ 

~ DETERMINATION PROCESSPLAN 
OF SET-UPS r 

Figure 1: Structure ofthe developed algorithm 

The results of the feature recognition procedure are stored into a further file (Feature.dat) 
containing all the extracted features, with their corresponding entry, base and side surfaces. 
Due to eligible manufacturing criteria, these features are reorganised and classified 
considering the existing machinability file and factory facilities database. A determination 
of the set-ups is finally conducted, based on the normal vector of the feature surfaces and 
the process plan of the workpiece is derived. 

2. CLASSIFICA TION OF FEATURES AND EXTRACTION OF THE WORKPIECE 
PROCESSPLAN 

The results of a feature recognition procedure have in generally two weak points for 
process planning purposes. The recognised features are in random order, because no 
manufacturing criteria have been taken into account, and furthermore each feature is 
associated to many entry surfaces, thus no decision for possible set-ups can be derived. 
To overcome these problems the following procedure has been developed. 
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Using eligible machinability criteria, stored in a corresponding data file, as well as the 
factory facilities database, a reorganisation and classification of the extracted features is 
conducted. 
These criteria have a certain hierarchy and their application affects in two ways the 
previous mentioned "Feature.dat" file. The sequence of the features is modified and a 
deletion of some of the possible entry faces is fulfilled. Hereby machinability criteria are 
applied, as for example the following: 
- Selection of the machining surface of the workpiece according to the number of features. 
The workpiece's (orthogonal) raw material volume has 6 sides. The side in which the 
maximum number of features appears, is considered initially as the machining surface. For 
example in figure 2, the front side of the workpiece is selected, due to the fact that this side 
contains the maximum number of features. 
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Figure 2: Workpiece example for the selection of the side with maximum number of 
features 

- Intersection of hol es. 
If two intersected holes are existing, that with the maximum diameter is selected, to be 
machined first. This sequence of cutting procedures minimises the impact loads and the 
possible risk ofbreaking the drilling tool. 

- Holes with changeable diameters. 
In the case of a hole with many changes of its diameter, the feature recognition procedure, 
recognises each different diameter as a separate feature. Thus it is necessary to unify these 
features into a contiguous hole. For example the recognised features 1 through 6 in the 
workpiece illustrated in figure 3 compose one hole. 
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Additionally to this criterion, in the case of a through hole consisting of successive 
cylindrical entities with decreasing diameters, ifthe diameter starts increasing again, a new 
feature (through hole) is defined. 
For example in the workpiece demonstrated in figure 4, there are two holes, one consisting 
from features I through 4 and the other consisting from features 5 through 8. 

Features: 

Figure 3: Hole with changeable diameters 

Features: 1 2 3 4 5 

Figure 4: Through hole with changeable diameters 
-Maximum length ofholes. 

6 

6 7 
8 

This criterion is related to the maximum length of a hole that can be machined. For this 
reason if the length of a hole is bigger than a maximum value, then a through hole has to be 
divided into two parts, and two set-ups are required. In the case of a blind hole, a specific 
process is needed (deep drilling). 
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- Avoidance ofa feature's curvature formation. 
According to this criterion the entry faces of a feature leading to the formation of 
unexpected curvatures are detected and rejected. For example in the workpiece shown in 
figure 5(a) ifthe cutting tool uses as entry faces the 1 or 3, the curvature indicated in figure 
S(b) will be formed. Forthis reason the faces 1 and 3 are rejected and the face 2 is selected 
as an appropriate entry face of the cutting tool. 
Apart from the above-mentioned machinabi1ity criteria, the factory facilities database 
offers further information regarding the capabilities of the available machine tools, the 
cutting tools and the accuracy, which can be achieved. 

a 

b 

Figure 5: Avoidance of a feature's curvature formation 

Moreover criteria as the minimisation of the tool motion are also applied. This is 
accomplished according to the following procedures. Foreachfeature an indicative point is 
determined (for example the centre of a hole). Starting from another specified point, as for 
example the corner of each side of the raw material of the workpiece, all the connecting 
distances are calculated and the shortest path is selected. For instance in the workpiece 
shown in figure 6 the selected path is illustrated in the lower partoftbis figure. 
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Using all these criteria the classification of features in a proper manufacturing order is 
carried out. The sequence of the appropriate machining processes of the workpiece is 
detected, trying to accomplish the minimum number of set-ups. Moreover according to 
featuresnormal vector directions, the process plan ofthe workpiece is derived. 
Hereby each of the classified features in the reorganised "Feature.dat" file is checked 
regarding of its entry surfaces normal vector direction and all features are grouped 
conceming these (six) directions. The occurring groups are sorted with respect to the 
number of the included features. The group with the temporary maximum number of 
features 

~~ 
I I I 
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I 

Figure 6: Workpiece example for the minimisation ofthe cutting tool path 

determines the direction for the first set-up [4]. Finally a process plan including all the set­
ups, and for each set-up all the required machining processes is derived. 
The whole algorithm has modular structure, enabling an efficient inserting, deleting or 
editing of criteria. The holding ofthe workpiece is also examined, whether it satisfies some 
criteria (a minimum value for each side's area is required), otherwise the sequence of the 
machining processes is modified. 

3. AN APPLICATION EXAMPLE 

An application of the developed procedures is demonstrated in the case of the test part 
shown in figure 7. This part includes various geometrical features, like holes, slots, steps 
etc. The features are recognised and classified by the described developed algorithm. The 
results are written in a structured mode. A section ofthat file is illustrated in figure 8. 
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Through slot-2 

Holes 

3 

Through slot-3 

7 

Blind step-1 

Holes 
6 

Fil!ure 7· An application example 

Machine Machining centre: FQH 50a (Sinumerik SM) 
Tool 

Machining Process: milling 
Features Through slot-2 
Machining Surface 5 
Reference surface 6 
Set-up surfaces 1,2 

Set-up 1 Machining Process: drilling 
Features Hole-1, hole-2 
Machining Surface 5 
Reference surface 6 
Set-UQ_ surfaces 1,2 

Machining Process: milling 
Features blind step-2, through slot-1, blind step-1, through 

slot-3, 
Machining Surface 4 
Reference surface 3 
Set-up surfaces 5,6 

Set-up 2 Machining Process: drillin_g 
Features Hole-3, Hole-4, Hole-S, Hole-6, Hole-7, Hole-8 
Machining S urface 4 
Reference surface 3 
Set-up surfaces 5,6 

Figure 8: The process plan ofthe apphcahon example 
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The structure of the file "Process-plan.dat" is the following: for each machine-tool 
selected, a number of set-ups has derived and each set-up consists of the data: machining, 
reference and set-up surfaces, as well as the features that are going tobe manufactured with 
the appropriate order. 
In this application example, 2 set-ups are needed for the machining of the part. In the first 
set-up Through slot-2, Hole-1 and Hole-2 are processed and in the second set-up Blind 
step-2, Through slot-1, Blind step-1, Through slot-3 and Hole-3 through Hole-8 will be 
processed. 

4. CONCLUSIONS 

CAPP systems are typically referred to machining features such as slots, holes and pockets, 
and therefore require as input a feature-based part representation. 
The present paper deals with the classification of features included in the geometry of a 
workpiece taking into account machinability criteria. The developed methodology applies 
these criteria in the extracted features from the information of a CAD database, in order to 
classify these features for the determination of the process plan of the workpiece. The 
developed procedure provides independence from any CAD program. 
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ABSTRACT : Nowadays the market fluctuation and the fashion ask for designing and 
manufacturing with reducing delays. So it is necessary to design product by taking into account 
of the manufacturing requirements and sometimes to design product and manufacturing system 
simultaneously. We propose, in this paper, an approach of this concept to a particular domain, 
that of the second tranformation of wood manufacturing industry. This domain closely is linked 
with market requirements, the added value of the product is quite low and the productivity must 
be high. 
For this objective it is necessary to use structured data bases which can be used by the designer 
and the manufacturer. Wehave developped a description model of solid wood fumiture pieces. 
We defined manufacturing features as geometric shapes and a set of specifications for which a 
machining process is known. The features we have selectionned correspond either to a given 
cutting operation or to a male female feature or a set of features in accordance to the customs of 
process planning. The formalization of knowledge is made by using tables, rules, flow charts. A 
workpiece is defined by a set of manufacturing features. 
At first a workpiece is defined by its reference surfaces and some attributes (material, hardness, 
moisture constent, initial shape, ... ). Then manufacturing features are defined. 
The data base organization is defined by entity-relation formalism. So after that it is easy to 
deduce workpiece drawings or several sequence operations which take into account all the 
production constraints. 
In the case of wood industry we have a close connection between manufacturing features and 
fonctionnal features. So by using the same manufacturing features it is possible to design the 
structure of the manufacturing line which allows to machine the workpieces. 
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Wehave developped a prototype software based on a relational data base (MS-ACCESS) which 
allows to get process planning. From our experience of wood manufacturing we choiced an up­
bottom approach using an algorithm treatment based of a mixed system made up of variant and 
generative methods. 

1. INTRODUCTION 

Nowadays the market fluctuation and the fashion ask for more and more new and 
different patterns, the batch size decreases, it is necessary to design and manufacture with 
reducing delays. So the concept of concurrent engineering [ 1] must be used. The design of 
the parts, the process planning, even the production system must be made quite 
simultaneously. So the design and development cycle is reduced and the manufacturing 
constraints are taken into account as soon as possible. 

Usually in furniture industries the manufacturing systems performances are known and 
the design aim is to create a new product which have to be manufactured on the workshop 
equipments with the firm knowledge and at the best price. So in the frame of concurrent 
engineering the design phase must take into account of manufacturing constraints but 
these ones must not restriet designer creativeness. 
For industry, computer aided process planning must allow: 

- to generate quickly new process plannings (main one and Substitution ones), 
- to know quickly the new product price, 
- to define several prototypes and to compare them , 
- to design new product which would be manufactured without any problem, 
- the production management must use directly the processes which are obtained. 

So the followed questions must be solved: 
-what kinds of datas are necessary for designing and manufacturing. 
-how to follow a logical thread between design and manufacturing, 
-how to get the part process planning, 
-how to define and memorize the useful datas for process planning, 
-how to catch and structure knowledge. 

If we want to generate process planning automatically it is necessary to extract the 
knowledge of the designer and the manufacturer, to formalize it, to compute it in order to 
obtain one or several solutions and to validate. The main problern is due to the non 
formalization of knowledge and the great number of possible solutions. 
For this purpose we have developped a methodology which allows to get process planning 
of furnitures parts by using manufacturing features. A prototype software based on a 
relational data base (MS-ACCESS) has been developped in order to show the validation. 
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2. PROCESS PLANNING 

The problern of process planning has advanced through the changes of the manufacturing 
concepts. Classically about twenty years ago, process planning is reduced toward the 
production tasks and must prepare the elements for a production of quality without 
incidents. It was a problern of planning and one tried to solve it with automatic systems, 
particularly expert systems. For a use by less experienced engineers, it was necessary to 
include the definition of machining features into the process planning system. It was the 
age of feature recognition which did not change the problern of planning. The big change 
is due to the emergence of the concurrent engineering which requires the process planner's 
role to be thought. The duty of co-operation between the actors of the product life cycle 
imposes the process planner's activity and tools to be revised. The integration of product 
design and process planning consists in ensuring that a part has the intrinsic possibility of 
being manufactured. 
Here is the challenge of nowadays for the process planning research area. In France, the 
GAMA group gathers the research laboratories in process planning domain. They worked 
first on automatic process planning and proposed several systems developped in 
cooperation with industry [2]. The group is now also working on the integration problem. 
Elaborating a process plan for a part under consideration consists in proposing an ordered 
set of actions to be performed in order to transform a roughed part to a finished part. The 
process plan is suggested from the finished part definition, the technology for the initial 
parttobe obtained (it allows to have an approximate representation of the roughed part), 
the production context and the production capabilities which are considered used. An 
action can be performed only if the resources necessary for its complete success are 
defined and available. 
lt is the matter of a planning problern which can be classically expressed: what is the 
sequence of actions which allows the initial state of the part (the roughed part) to be 
transformed in the expected state of the part (the finished part) ? It is a non linear planning 
problem, the subgoals which can be considered are dependent on themselves. This first 
problern is coupled with a problern of allocation and sharing out of resources. An action 
becomes effective when a cutting tool, a fixture and a machine-tool belanging to the 
capable and available resources are allotted to it. The difficulty lies in the fact that the 
capability of the resource to achieve the required quality for the action to be performed is 
difficult to evaluate and that the economic objective imposes the maximum use of each 
resource. As this problern is a planning problem, it is normal to search an automatic 
process planning system. 
Numerous ways have been tested and it is not the matter to be exhaustive here: let you see 
[3-4-5-6] for a review on process planning and features. 
Several approaches can be used : 

- a variant approach is used when the parts are quite similar, a process planning which 
covers each parttype is defined, group technology can be used to define each part farnily. 
- in a generative approach a new route sheet is deduced for each new part from its 
geometrical datas and specification attributes. This process is obtained from the 
manufacturing knowledge which is described by algorithms or by artificial intelligence 
rules. The approach can be made up to bottom, i.e. from the rough board to the finished 
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part or by bottom-up approach. From our experience of wood manufacturing we choiced 
an up-bottom approach using an algorithm treatment based of a mixed system made up of 
variant and generative methods. 

3. OUR APPROACH FüR AUTOMATIC PROCESS PLANNING 

3.1 features approach 
We define a feature as a semantic group defined by a set of parameters, describing an 
object and used in the reasoning of activities linked with product design, use these 
products, manufacturing systems design. A machining feature is a geometric shape and a 
set of specifications for which a process planning is known. This planning is nearly­
independent from the others [2]. 
From this later definition the following remarks can be made: 

-a geometric shape is a set of surfaces or volumes made by tool displacement and 
tool shape, 

-a set of specifications means technological datas, 
-a known process planning means that several solutions can exist and it can be 

defined previously or generated in each case. 
W e have defined seven basic features [7]. These features are reference surfaces (plane, 
groove, tenon) or link surfaces ( hole, cylinder, groove, tenon) or aesthetic surfaces 
(moulder, plane, complex shape). 

3. 2 entity-relation Jormalism 
In order to have a larger view and to allow to new developments the data base structure is 
defined by entity-relation formalism.[8]. The conceptual data model (fig.l) allows to 
define the organisation of the data base, the relations between the different tables and their 
coherence. The conceptual treatment model (fig.2) allows to define the steps of the 
procedure and the requirements which allow to generate the process plan. 

3.3 Partdesign and part description 
The designer describes the part with functional features. They allow to define the 
functionnal requierements of the product (link, kinetic, strengh ... ). Remember that 
functional features are not functions but technical solutions which fulfil it, some funtions 
are not fulfiled by some other componants, functions can be split into several pieces, a 
function can be linked with several funtionnal features. Functionnal constraints are linked 
to them: tolerances proper to each surface, tolerances of position between surfaces, 
topology between features. The designer use functionnal features and the manufacturer 
machining features, the link between them is not bijective usually and it is necessary to 
have a mapping between the different kinds of features. But for wood manufacturing it is 
possible to do it easily, and to define a global feature or manufacturing feature (fig.3) 
which gathers the attributes of each one. So the designer for who function approach is 
usual, can have a feature library, but have to be take into account of all the workpiece 
context. 
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Figure 1 : Partial conceptual data model 

3.2 Partdesign and part description 
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The designer describes the part with functional features. They allow to define the 
functionnal requierements of the product (link, kinetic, strengh ... ). Remernher that 
functional features are not functions but technical solutions which fulfil it, some funtions 
are not fulfiled by some other componants, functions can be split into several pieces, a 
function can be linked with several funtionnal features. Functionnal constraints are linked 
to them: tolerances proper to each surface, tolerances of position between surfaces, 
topology between features. The designer use functionnal features and the manufacturer 
machining features, the link between them is not bijective usually and it is necessary to 
have a mapping between the different kinds of features. But for wood manufacturing it is 
possible to do it easily, and to define a global feature or manufacturing feature (fig.3) 
which gathers the attributes of each one. So the designer for who function approach is 
usual, can have a feature library, but have to be take into account of all the workpiece 
context. 
So the part is described by a Iist of manufacturing features, the relations between these 
ones, the rough board, the specifications. Position of each feature is defined in the board 
references faces and axis. As the usual shape of a board is a pallelepiped, these ones are 
defined by its primary and secondary faces, primary and secondary edges, primary and 
secondary ends. In order to get the whole piece, it is necessary also to define the rough 
faces which are the final faces with a added thickness. 
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Figure 2 : Partial conceptual treatment model 

+ --
Functional features Machining features Part description 

figure 3: Models used for designing and manufacturing parts 
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3-4 Process planning 
For each feature the system searchs for the operation sequences and the machine tools 
which are allow to machine it. Tables (feature process table) defining the machine-tools 
type which are able to do each feature are used for this purpose. Then the grouping of 
features is made by using the firm know-how (relation-feature table). A feature El in Pl 
position can be machined in the same time that the E2 feature in P2 position on the 
machine tool TM if the conditions of their operation sequences Prl and Pr2 are fulfilled. 
The knowledge formalization is defined by a rule IF .. THEN .. ELSE ... At this Ievel a Iist of 
possible solutions for one part is obtained .. Operations sequences are arranged in order by 
taking into account of the wood machining state of art (risk of splinters, surface tolerances 
and surface roughness .. ). An envelope process plan has been defined for each part family 
and each feature position relatively to board's references. This process plan gives the Iist 
of possible operations, machines and tools which allow to machine a part belanging to a 
part family. So it is an union of the different possibilities of route sheets for each part 
family. The systemgrades the solution according to the nomber of groupings in terms of 
cost, machine tools availaibility, machining time ... The operation sequence are choosen 
and substitution operation sequences can also be obtained. After acceptation by the 
production management, the scheduling is obtain. Then the validation of the route sheet in 
terms of machining accuracy, dimension .. ; is made. Partdimensions for machining must 
be calculate from the draw dimensions by taking into account of the operations sequences 
and the machine tools accuracy. If it is impossible to machine the part a new solutions 
must be search for. Then the documents (scheduling, route sheet, job order .. ) which are 
necessary to perform manufacturing are made out. 

4. CONCLUSION 

An automatic process planning system has been developped for solid wood fumiture 
parts. As fumiture parts are more simple that mechanical parts [9] it is possible to develop 
a general purpose system. This method necessitates the formalization of two kinds of 
knowledges: professionnal skill and knowledge on one band and firm itself knowledge on 
second hand. The use of relational data bases seem to be the best way to developp this 
kind of application and il can be use now by SME. 
The use of manufacturing features appears as the best concept to define parts for design 
and manufacturing points of view. Now the context of concurrent erigineering imposes 
that the process planner is one of the actors which participate to the product definition. 
The process planner, as the product engineer does for his own objective, gives the 
constraints due to the machining process of the part. The problern of process planning 
becomes a problern of designing for process planning and can be asked like that : is the 
part under design machinable ? If not, what are the obstacles which prevent the part from 
machining ? If yes, can part improvements be proposed for a less expensive solution ? 
The most important change with this new process planning problern is the fact that 
process planning activity becomes an activity with a creation of part geometry. More the 
concept of machnining feature can be use also for designing the manufaturing system 
itself [10]. 
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ABSTRACT: The main objeetives of Food Industry nowadays, are to insure the high quality of 
their produets, to provide uninterruptedly the market with produets, as weil as to reduee produetion 
eosts. 
The large number of final produets, the eontinuous manufaeturing proeesses and the non­
interruptible order processing, tagether with the sensitivity of raw materials/products and the very 
short produet life-span, are the most eommon planning problems faced by the Food Industry, 
espeeially in the field of dairy produetion. 
This paper deseribes the applieation of a seheduling and synchronization method to the produetion 
planning problern of a Typieal Food Faetory. The objeetive of this work is to develop a method 
for supporting the scheduling proeedures and for synehronizing the sehedules of the different 
produetion stages. This method, based on a multiple-eriteria decision making teehnique, provides 
a eomplete resouree alloeation sehedule for eaeh one of the produetion stages, as weil as a set of 
performanee indiees for eaeh of them in order for the sehedule evaluation to beeome feasible. A 
set of statie, dynamie and eombined dispatehing heuristies has also been ineorporated in this 
method. An algorithm for the synehronization of the partial sehedules for the produetion 
departments has been developed. 
A set of experiments was designed and earried out in order to evaluate the method. The multi­
eriteria seheduling method is eompared with the dispatehing heuristies applied to a simulated 
environment and the results are diseussed. For these experiments realistie data eoming from the 
Food industry is used. 
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1. INTRODUCTION 

This paper describes the application of a scheduling and synchronization method to the 
production planning problern of a Typical Food Factory (TFF). The method is applied to a 
Greek industrial firm, in the sector of dairy products. 
In this work, a hierarchical model is used in order to deal with the resource allocation 
problem, referring to the assignment of production resources to the manufacturing 
processes over the time. Furthermore, in this paper, the problern of synchronizing the 
different production stages is faced. 

2. THE FOOD INDUSTRY PLANNING PROBLEM 

The work presented in this paper is a part of the development and implementation of a 
Decision Support System for the production planning and control procedures for one of the 
TFF plants of a Greek industrial firm. This paper is concerned with the production 
scheduling at various Ievels of the factory hierarchy [1] [2] in the Yogurt and Desserts 
Production (YDP) area. The overall objective is to integrate the production planning 
phases in the production sections and to make them flexible enough, so as to increase the 
operational and decisional capability. At the same time, all the product and process 
constraints are considered. 

2.1. PRODUCTION SYSTEM DESCRIPTION 

The under study Production System consists of three separate sections or production areas, 
namely the Raw Material Preparation, the Production, and the Packaging sections. lt is well 
known that a manufacturing system can be defined as a combination ofhumans, machinery, 
and equipment, bound by a common material and information flow. This definition will be 
used to describe all three above mentioned sections (Fig. 1). 
Raw Material Preparation Section: The first step for the production ofyogurt and desserts 
is the preparation of raw materials. The preparation is the main operation performed in this 
section, together with the mixing of raw materials with additives when an order process 
begins. The material input in this section is milk, cream and additives. The information 
input is the type, the quantity, the composition of the milk, the cream and the additives, the 
time that the raw materials will be available, as well as the inventory control information 
for these materials. The main processes performed within this section, are the heating, the 
temporary storage and cooling of milk and cream, the mixing of milk with additives, as 
well as a number of non-productive Operations, such as the cleaning in place (CIP) of 
tanks, valve clusters, pipelines and mixers (Table 2). 
Production Section: The second step is the production of the semi-final products in a 
number of different product types with a different composition for each one of them. The 
products in this section are not yet packed in their commercial packages. The material 
input is the required quality and quantities of milk and cream from the production section. 
The information input is the product type to be produced, the quantity required as well as 
the time the semi-final products should be available to the next section. The main 
processes performed within this section are pasteurization, feeding with milk, heating, 
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cooling, fermentation, straining of the yogurt, homogenizing and temporary storage of the 

semi-final products. In this section the non-productive processes of cleaning in place are 
also performed. 

r - · - · - · - - · - · - · - · - · - · - · - · - · - - · - · - · - · - · - · - - · -P..-oiu~fi~-;.· Sec-ti.;~ ~ 

' 

Strained WC • 

Temporary Storage, 
Feedingund 
Repipening 

r=--~~::::J...,-----::1 
Heating 

Straining 

Cooling 

Strained 
............ ,.. 

Stirred 2 

Heating 

Homogenizing 

Temporary Storage of • 
Semifinislled Products ' 

Semi-final Products to Filling Section 

Fig. 1. The overall rnanufacturing diagrarnfor the Typical Food Factory 

Mixing 

Preparing Section: 
.----:-::--, 

Final Products ' 
to Storage Area ; 

Packaging section: The third step is filling and packing of the final products in their 
commercial packages. The products are bottled and then are packed in boxes to end up in 
pallets. The material input is the semi-final products, the fruit juice and preserved fruits to 

be added in some of the 48 different final products, as weil as the packaging materials. The 

information input is the required quantity for each one of the final products to be produced 

and the delivery time. The main processes performed in this section are, the filling of 

plastic pots, the mixing with fruits or juice, the packaging, the heating and cooling of the 
final products as weil as the non-productive processes of cleaning in place (Fig. 1 ). 

2.2. PLANNING REQUIREMENTS AND PROBLEM DESCRIPTION 

The point to be taken into consideration when planning a manufacturing system of this 
type, should be the satisfaction of customers, the accurate determination of due dates, the 
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low production costs, the high and constant product quality. 
In a TFF, a !arge number of constraints have to be considered by the production manager, 
in order to draw up the daily schedule for the production. The most common planning 
problems faced by the field of dairy production are the !arge number of final products, the 
continuous manufacturing processes, the non-interruptible order processing. Moreover, the 
sensitivity of raw materials and products and the very short product life-span Iead to almost 
no-inventory keeping among the production stages. 

2.3. PROBLEMS WITH CURRENT PLANNING PRACTICE 

Currently, the production planning is carried out based on the experience ofthe production 
manager and on some information about the state of the factory. 
The weekly demand, with daily resolution, comes from the sales department of the 
company, to the production manager at the end of each week. This weekly demand is 
analyzed, taking into consideration the inventory of final products. The output to the 
production department is a daily production schedule with hourly resolution (Fig. 2). 

1 Customers ORDERS 1 

~-----------------------------t---------~ .-----------------------------------: rl Production Orders ~"':'~"..t~ry contro! 
i I DEMAND Forecast Analysis of DEMAND I i : processmg : : 

: + : : l Daily schedule with : : ' l Weekly Demand with LJ._;_ Hourly Resolution : • 
: Daily Resolution J : : , · : 
: _S::t_L!:_S_/}!f!ll_'!"!~n_t_ _ _ _ _ _ _ _ _ _ _ _ _ ______ : : !'_R_O_I!.f!~!{f!.fl! !!-~!'!i_I!'_G_ ~ _______ -:- _____ ; 

Raw 
material Preparat10n 1+-----

Section ~ 

PRODUCTION Department 

Produc/ion 
Sec/ion 

r-----~_i'-1 Fmal 
Packaging H p d Factory 's Jnventory ro ucts 

Sectran i== of Final products 

- ~ ..... ".. 
Order mformation jlow Material jlow /nventory iriformalion jlow 

Fig. 2. The iriformationjlow diagramfor the production orders 

The problems with the current planning practice are the following: 
Large number of final products: The number of the alternative resources at the different 
production stages is !arge, especially in the packaging section. Thus, the number of 
alternative solutions becomes !arge. This number of production seenarios must be created 
and evaluated, in order for the production manager to select a satisfactory one to follow. 
Continuous and non-interruptible order processing: The sensitivity of raw materials and 
products does not allow for inventory keeping between the production stages, nor the 
interruption of an order process. Thus, the need for synchronizing the production sections, 
comes out. 
Non-produclive operations: The quality Standards of the products and the sensitivity of 
raw materials lead to a !arge number of time consuming non-productive operations which 
must be performed. Such operations include the cleaning in place (CIP) of all the 
production resources after every order processing, as weil as the sterilization of tanks. 
Short product life span: The short life span of the final products Ieads to short inventory 
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keeping, so, the batch size of the production orders is small. This fact, together with the 
!arge nurober of the final products, Ieads to a great nurober of orders to be scheduled 
weekly. 

3. PROPOSED METHODOLOGY 

The proposed methodology consists of both the scheduling method and the synchronization 
algorithm. 

3.1. THE SCHEDULING METHOD 

The resource allocation prob lern, referring to the assignment of a set of resources to a set of 
tasks over time, is of utmost importance to many industrial activities, particularly to the 
planning and controlling of manufacturing systems. In actual facilities the nurober of 
resources and tasks is !arge enough, so as to make the problern combinatorial explosive [2]. 
Forthis work, the following hierarchical model will be used. The manufacturing system 
consists of a set of job shops, each producing a family of final or semi-final products with 
similar characteristics. Each job shop is further partitioned into work centers, consisting of 
resources with similar, sequential and/or complementary manufacturing functions. A 
resource is defined as an individual production unit, which can represent either a single 
machine resource (tanks, pumps, valve clusters, pipelines etc.) or a human resource. The 
imposed scheduling method assigns the available resources to pending production tasks, 
following a nurober of steps that a human undertakes, when making a choice: 
1. Determine a set of relevant decision making criteria. 
2. Determine a set of alternative solutions. 
3. Determine the consequences of the alternatives with respect to the different criteria. 
4. Apply decision making rules in order to select the best alternative. 
This scheduling method faces some of the special characteristics of the continuous 
manufacturing systems. Such characteristics are, sequences of production tasks which must 
be assigned to a specific resource, and groups of resources which cannot be allocated 
simultaneously to pending tasks. 
In addition to the multiple criteria decision making, a set of dispatehing heuristics [ 1] is 
incorporated in the scheduling method. 

3.2. THE SYNCHRONIZATION ALGORITHM 

The problern of synchronizing the partial schedules of different production sections is quite 
often in multi job-shop manufacturing systems. This problern becomes essential in cases 
such as that of the under study TFF, in which there is no possibility of inventory among the 
sequential production stages, and the order processing cannot be interrupted. 
This algorithm combines the backward and forward planning techniques. The planning 
procedure begins from the last section which serves the customers and the due dates ought 
to be respected. The output is a detailed time schedule for the allocation of the production 
resources to the production tasks in terms of Start, Campletion and Slack Time or 
Tardiness for eachjob order ofthe section. 
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Stepl.START Algorithm. Input ofproduction orders 

(product type, quantity, arrival time, due date). 
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Calculate start time, completion time, tardiness, slack time: 
SLACK(Jn,m) = D.D(Jn,m)- C.T(Jn,m) 

Step4. IF the schedule for this job shop N is satisfactory, 
THEN Calculate the shifted start time, completion 
time and define the due dates for the jobs. 

Step5. The scheduled start time of each job in job shop N is now set 
as due date for its prerequisite job ofjob shop N-1. 
DD[J(n-l,m)] = ST[J(n,m)] 

Step6. DO Step3 TO StepS until the first job shop is reached. 

Step7. IF the tardiness of Job Shop I, Tard[J(I,m)], is accepted 
THEN GO TO stepl 0; 
ELSE GO TO step8 I step9 

Step8. Rescheduling Backward. Shift partial Schedules in time 
according to Tard[J(x,m)] 
x = 1,2, ... , N-1 and m =I, 2, ... ,M. 
THEN GO TO step I 0 . 

Step9. Rescheduling Forward. 
Reschedule sequential sections 
(from job shop 2 up to job shop N). 
THEN GO TO step 10 . 

SteplO. Overall Schedule synthesis and control. 
IF Schedule is accepted GO TO step II; 
ELSE GO TO step3. 

Stepll. END algorithm. 

Fig. 4. The basic steps ofthe synchronization algorithm 
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The scheduling procedure at the previous section in sequence, is performed as soon as the 
scheduling of the last section is finalized. Dealing with sequential job orders, the start time 
of each job of the last section becomes due date for the corresponding one of the previous 

section. These steps are repeated until the first production section is reached. The 
algorithm and the stepwise synchronization approach are presented in Fig. 3 and 4. 

The above described synchronization procedure was applied to the TFF case. The 
procedure starts from the Packaging section. The scheduling at the Production section is 
performed as soon as the scheduling of the Packaging section has been completed. The 
start time of each job of the Packaging section becomes due date for the corresponding job 
of the Production section. The same procedure is also followed for the Preparing section. 

4. THE PRODUCTION SYSTEM MODEL 

The food factory, beingunder study, consists of different production lines and as defined in 
paragraph 2, this paper is concemed with the YDP line scheduling. The planning tool data 
entry phase is divided into three categories: Facilities which include the Factory and Job­
shop model, the Work center and Resource definition, Work Ioad which includes the Job 
and Work Ioad definition as weil as the Arrival profiles, and the Operating policy. 
Operating Policy is the decision-making logic used to assign manufacturing system's 
resources to various production tasks. The scheduling method allows the definition and use 
of a criteria combination or some dispatehing heuristics [ 1] as the operating policy. The 
criteria defined in the scheduling method used are Mean Flowtime, Tardiness, Cast and 
Mean Quality. The implemented dispatch rules are presented in Appendix. 

4.1. FACTORY MODEL 

Each one of the three sections of the TFF can be modeled as a job shop, which consists of a 
number ofWork Centers (Table 1). 
Table I. Thefactory model 

Jobshop -ID Process- ID Number of Work centers 

Preparation - JB 
Production - JB 
Filling- JB 

Milk and Cream Preparation for production 
Y ogurt and desserts production 

3 
5 
2 Filling of cups. packaging and freezing 

4.2. JOB SHOP MODEL 

In sequence, every section of this factory can be modeled with the help of a Work Center 
and Resource hierarchy (Tables 2,3,4): The Preparation Section is modeled as a job shop 
consisting of three work centers; the Production Section is modeled as a job shop with five 
work centers; the Packaging Section is modeledas ajob shop with two work centers. 

Tab/e 2. Job Shop mode/- Preparation Section 

Work Center-ID Process-ID 
Silo- WC Milkstorage and initial 

preparation 
Cream - WC Cream preparation 

Mixers- WC Mixing with additives 

Resource # Resource-ID 
13 T5, T6, T7, T8, T9, TI I, Tl2, Tl3, CCI09, CCII5, 

CCI18, PLI, PL2 

6 R2. TIOI, TI04, CC407, DISP2, PL3 

4 T51, T52, T53, CC505 
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Table 3. Job Shop model- Production Section 

Work Center ID Process-ID 
Paster- WC Milk Pasteurization 
Strained - WC Strained & Stirred2 

production. 
Straining 
Cream mixing 
Homogenizing 

Stirred I - WC Stirred I production. 
Homogenizing 

Set- WC Set production. 
Desserts - WC Desserts' production. 

Table 4. Job Shop model- Packaging Section 

Work Center ID 
Filling- WC 
Thermo- WC 

Process-ID 
Bottling, packaging 
Heating, freezing of final 
products 

4.3. WORKLOAD MODEL 

Resource # Resource-ID 
4 PI. P2, P3. P4 
37 T21, T22, T23, T24, T25, T26, T27, TH2-3. T35, 

T36, SEPI, SEP2, Cl, T39. T40. T41. T42. T43, 
TH4, T44, T45, T46, T47, CC308, CC311, CC315, 
CC613, T33. T34, TI02, TI03, TI06. TI07. TI08, 
TI09, TIIO, Tl II 

II T55, T56, T57, T61, T62, C4, T63, T64, T65, 
CCIIII, CC2502 

5 T66, T67, T68, T69 CC530 
7 Tll5, Tll6, Tll8, Tl19, CC206, CC207, CC508 

Resource # Resource-ID 
5 FM I, FM2, FM4, FM5, FM6 
5 THERMOA, THERMOB, THERMOC, TUN I, 

TUN2 

In the manufacturing system under study, five different product types are produced. Every 
production order consists of three sequential jobs, one to be processed in each job shop. 
Job definition: Each job arrives at every section of the TFF accompanied by a process 
plan, namely, a set ofinstructions that determine the sequence ofthe different tasks as weil 
as their technological constraints. 
Work Load model: The generic job model is JX-yyyy, where X indicates the Job Shop ID, 
name1y, P for the Preparation, R for the Production, and F for the Packaging Section, yyyy 
indicates the product type, namely, DE for the Desserts, SE for the Set, SR for the Strained, 
ST for the stirred 1 and STB for the stirred 2. 
The generic task mode1 is TX-yyyy-rrrrrr-zz, where X and yyyy are as previously defined, 
rrrrrr is the code name of the resource which can be assigned to the specific task, and zz 
indicates the task type, namely, S for setup, P for processes, F for filling up, E for emptying 
tanks, and C for cleaning. 
Work Load Definition: The work load consists of 16 production orders, which contain 
yogurt and desserts to be produced in different types, packages, and quantities. The 
definition ofthe implemented workload is presented in Table 5, while its precise definition 
is given in [3]. 

Table 5. The workload definition 

Section 
Preparation 
Production 
Packaging 
Total 

# o[Orders 

16 
16 

4.4. PROBLEM APPROXIMATION 

# o[Jobs per section 
16 
16 
16 
48 

# o[Tasks per section 
184 
238 
115 
537 

In order for the above described problern to be solved, the approach was as follows: 
Planning for the entire manufacturing system , using as input in the packaging section the 
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orders coming from the sales department. Furthermore, continuing the planning by using 
the result of the packaging section scheduling, as input to the production and preparation 
sections. This way, the due dates for the tasks of a job shop are chosen in relation to the 
start times of the related jobs in the next job shop. 
The scheduling of the manufacturing system under study, has been implemented using a 
number of different policies. These different policies are combinations of four conflicting 
criteria, namely, job tardiness, flowtime, cost and quality. In addition, nine dispatehing 
heuristics, have been applied. Two cases were simulated as regards the due dates; one with 
loose and one with tight due dates [4] (Table 7). Let n=l,2, ... ,N the number of Job Shops, 

I 

m=l,2, ... ,M the number of orders, and PT(Jn,m) =I P.T(Ti"'"), thus, 
L==l 

DD(Jn,m) = AT(Jn,m) + c x PT(Jn,m) (1) 
where DD the due date, AT the arrival time, PT the processing time, Tin,m the tasks of job 

Jn,m. Simulation results have been obtained in Gantt charts and alphanumeric form. 

5. RESULTS AND DISCUSSION 

At the end of each run or at any point during a simulation process, statistically calculated 
performance measures can be reported. Mean Job Tardiness (MJT), Mean Job Flowtime 
(MJF), Mean Job Cost (MJC), Mean Capacity Utilization (MCU) and Mean Job Wait time 
(MJW) form the basis for the conclusions, regarding the operating policies performed onto 
the predetermined workload. As it comesout from the arithmetic results (Table 6) and the 
graphs (Fig. 5-9), the results from the experiments are as follows: 
For planning with loose due dates (Table 7), the multi-criteria planning method (PM) gave 
better results than the heuristics for the MJT, except for LPT, which resulted in slightly 
lower MJT. As regards MJF and MJW, the planning method gave better results than the 
heuristics did, except for SPT, SPT-T(a) and LPT. The lowest value for MJC was achieved 
by the planning method. As regards the MCU, the method was better than most of the 
heuristics; SPT-T(a), LPT, and FOPNR resulted in better MCU. 
When planning with tight due dates (Table 7), the method gave the best results regarding 
the MJT, MJF, MJW and MJC. As regards the MCU, the method was better than that of 
the heuristics, except for LPT, which gave a slightly better result. 
As is can be inferred from these results, the planning method proved to be better than the 
heuristics, in the case of planning with tight due dates, which is the most realistic case. 
The comparison ofthe results from the dispatehing heuristics shows, that SPT-T(a) was the 
best among them, when planning with loose due dates, while LPT's performance was the 
best when planning with tight due dates. The static dispatehing heuristics, gave exactly the 
same results in both cases of planning with loose and tight due dates, except for MJT. The 
dynamic heuristics, DS and S/PT, improved their performance in terms of MJF, MJW and 
MCU when planning with tight due dates. 
As far as job orders are concerned, detailed schedules for each job order are listed. Each 
schedule includes information about each task in the job order, such as the resource it was 
processed on, its arrival, start, due and completion date. Summary data on times for an 
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entire job, are also available. 

Table 6. The resultsjrom the experiments (PM standsfor Planning Method, MJC in monetary units) 

Loose Due Dates Tight Due Dates 
MJT(h) MJF(h) MJC MCU(%) MJW(h) MJT(h) MJF(h) MJC MCU(%) MJW(h) 

PM 0,19 12,53 112,64 48,33 8,12 2,72 12,19 111,30 49,18 7,70 

SPT 0,35 12,26 113,45 44,92 8.00 2,93 12,26 113,45 44,92 8,00 

LPT 0,18 12,29 113,48 49,39 7,81 3,17 12,29 113,48 49,39 7,81 

FOPNR 0,22 13,35 116,67 48,70 8,30 3,80 13,35 116,67 48,70 8,30 

LWKR 0,38 13,28 114,32 46,40 8,59 3,31 13,28 114,32 46,39 8,59 

MWKR 1,73 22,21 114,37 45,48 20,12 11,60 22.21 114,37 45,48 20.12 

P+WKR(a) 0,38 13,01 114,32 45,70 8,29 2,94 13,01 114,32 45,70 8,29 

OS 1,63 21,76 114,96 40,24 18,31 7,24 18,76 113,24 43,43 14,16 

S/PT 1,41 21,68 114,96 45,94 19,63 6,45 17,57 115,85 48,55 12,89 

SPT-T(a) 0,19 12,17 113,45 49,65 7,90 2,96 12,28 113,45 44,92 8,03 

6. CONCLUSIONS 

This work demonstrates a new approach to scheduling and synchronizing the production 
stages of a typical food factory. The results from simulation applied to the packaging 
section are presented, as this is the most important of the three sections. 
The planning method propounds the combination of different criteria for the planning of 
the food factory. Every time a decision is required, a set of feasible alternatives is 
produced and evaluated, and a good alternative is selected. Static, dynamic and combined 
dispatehing heuristics are incorporated into the method and a synchronization algorithm is 
developed in order for the integration of the manufacturing phases to become more 
effective. The application ofthe method to the packaging section TFF test case shows that 
the overall method brings about reasonable and satisfactory results in terms of Mean Job 
Tardiness, Flowtime, Wait time, Cost and Capacity Utilization, especially when planning 
with tight due dates. 
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Table 7. The light and /aase due dates used 
for the simulation 

Job/D P.T(h) Due Dates(h) 
ti~ht /oose 

JFDEI 3,55 4,44 24 
JFDE2 1,72 2,15 24 
JFSEI/1 14,09 17,61 24 
JFSEI/2 14,09 17,61 24 
JFSE2/I 13,66 17,08 24 
JFSE2/2 13,66 17,08 24 
JFSE3 14,25 17,81 24 
JFSE4/I 11,57 14,46 24 
JFSE4/2 8,00 10,00 24 
JFSE5/I 13,17 16,46 24 
JFSE5/2 8,93 11,16 24 
JFSR2 3,72 4,65 24 
JFSTI 8,82 11,03 24 
JFST2 8,82 11,03 24 
JFSTBI 4,07 5,09 24 
JFSTB2 7,06 8,83 24 
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APPENDIX 

A short description of the Dispatehing Heuristics used for the experiments is given in the 
following table 

Rute 
SPT 
LPT 
FOPNR 
LWKR 
MWKR 
S/PT 

OS 

P+WKR(a) 

SPT-T(a) 

Description 
Job is selected which has the shortest operation processing time. 
Job is selected which has the Iongest operation processing time. 
Job is selected which has the fewest Operations remaining to be performed. 
Job is selected which has the least work remaining to be performed. 
Job is selected which has the most work remaining to be performed. 
Job is selected which has the least ratio of slack time divided by remaining processing 
time. 
Job is selected which has the least slack time determined by due date less the remaining 
expected flow time minus the current date (dynamic slack). 
Job is selected which has the smallest weighted sum of next processing time and work 
remaining. 'a' is a weighting constant which is greater than 0. 
This is the truncated version of SPT. As long as no job in the queue from which selection 
is made has waited more than 'a' time units in this queue, normal SPT selection is made. 
When ajob has waited too Iong, it is given dominating priority. 



AUTOMATIC EXTRACTION OF MANUFACTURING FEATURES 
FROM CAD MODELS FOR CAPP 

A SIMPLE AND LOGICAL APPROACH 
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Abstract: Automatie Feature-s recognition is likely to be an essential requirement for future 
integrated design & manufacturing systems and in the development of fully Automated process 
planning systems. A CAPP system essentially provides an effective platform for an integrated 
CAD-CAM system. Majority of the current design and manufacturing data used on shop floors , is 
associated with CAD models. The present paper discusses in brief about the role of CAD in CAPP. 
Also, an overview of research in extraction of feature-s from CAD models is taken. Most of the 
systems suggest complex algorithms which, new developers find difficult to implement . Hence, 
the development such a system for 2-D CAD models has been described completely. 

l.INTRODUCTION 

The first step in process planning is to understand the engineering design. Manufacturing 
aspects in product development expect a precise and detailed model of the component to be 
produced. The way in which the part description is input to the process planning system 
has a direct effect on the degree of automation that can be achieved.[l] Traditionally, 
engineering drawings have been used to convey part descriptions. 

Since the invention of computer graphics in the year 1950, CAD models are being used 
extensively for engineering applications and have become popular because of clarity, 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology. 
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accuracy and improved "Quality" etc. It encourages concurrent engineering i.e. a 
systematic approach to the integrated current design of products and related processes 
including manufacturing and support. 

Wire frame , surface and solid models are most commonly used by the CAD modellers. To 
ease the modeHing difficulty, in recent years a feature based modeHing has been proposed. 
A feature based design systemisafront end to a solid modeller.[2] 

Manufacturing or CAM modules expect the complete geometrical as well as technological 
information from CAD models in a form acceptable to them. An overall review indicates 
that, very few CAD modellers satisfy this major requirement in the CIM environment. 

2. ROLE OF CAD IN CAPP 

CAPP systems usually serve as a link between CAD and CAM. However, this isapartial 
link, because most of the existing CAD drafting systems do not provide part feature 
information, which is the essential data for CAPP. The clear and complete information of 
geometrical and technological aspects of the FEATURE_S of the CAD models is 
important for CAPP decisions. 

Feature extraction plays an important role in manufacturing and design systems as well. 
Feature extraction acts as a bridge between CAD and CAM, this is because the entities 
incorporated in a component during the design stage are recognised by a feature extraction 
system before the part is actually forwarded for the various manufacturing operations. 

EXTRACTION OF FEATURES ~ 
FROM 

( 
Design ) THE COMPONENT DRAWING 

FROM ... representation 
MANUFACTURING POINT OF inCAD 

VIEW 

+ .....____....., 
ANALYSIS OP THE EXTRACTED 

~ FEATURES FOR THEIR SELECTION OF 
FEASIBILITY ~ MANUFACTURING 

IN MANUFACTURING PROCESSES 

+ .. 
SET THE V ARIOUS PROCESS ANALYSIS FOR THE SEQUENCING ... 

OF THE VARIOUS MACHINING ~ 
PARAMETERSAND THE 

OPERATIONS TOOLS AND FIXTURES 

l 
GENERATETHEPROCESS 

~I I PLAN AND CNC PART STOP 
PROGRAM 

Ftg.l 
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Systems for feature extraction provide feature based user interface for the designing 
processes and in case of manufacturing, they help in determining the appropriate 
operations in process planning. 
Any Computer Aided Process Planning system involves the procedures as shown in the 
flowchart below. The importance of feature extraction in CAPP can be thus assessed by 
viewing at the depiction shown in Fig.no.l 

Thus one can infer from the above diagram that feature extraction forms the foundation 
part of the entire structure of a Computer Aided Process Planning system. 

Some of the CAD interfaces available for the interpretation of CAD models are DXF, 
IGES,SAT,STEP etc. Most of the CAD systems support one or more ,from these 
interfaces. 

3. BRIEF LITERATURE REVIEW. 

An overall glance through the research in feature extraction indicates that , many 
researchers have focussed their attention on automatic feature-s extraction from CSG as 
weil as B-rep based solid models. Although these techniques are mathematically sound and 
robust, , they cantrast with the engineers FEATURE based view of the component.[3] 

A number of approaches to part feature recognition for rotational as weil as prismatic 
components. They include syntactic pattem recognition[3],geometry decomposition ,expert 
system rule logic[l] ,graph based approach [4] and set theoretic [5]. 

Feature extraction techniques employed in rotational part feature recognition systems are 
mainly based on the syntactic and/or expert logic approach.[l) 

The logic for feature recognition in prismatic parts is complex and need a proper 
representation of generic model. Most of the systems take the CAD interface file as the 
input and is analysed for feature interpretation in the program. In general, artificial 
intelligence based systems are being extensively used for this task.[7] 

Much of the research is currently in progress on the augmentation of such models with 
technological and other lifecycle data which is referred to as product model . 

4. PRESENT WORK. 

The review indicates that ,not much work has been reported on feature recognition of 2 D 
drawings, which the form in which the majority of design data currently exist[6].Also, the 
manufacturing drawings used on shop floor, are in 2 D only. In the perspective of these, 
arguments , present work is designed for 2 D models. 
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Concepts of Artificial Intelligence (Al), have been used in the algorithm and architecture 
which incorporates the function of extracting features for prismatic as well as rotational 
parts. An interactive and user friendly software has been developed in Turbo Pascal V7. 
DXF interface has been used in the program. 

The component drawings are represented in 2-D configuration. This part drawing is 
generated in a CAD modeller.(AUTOCAD has been used in the present work) 

To determine type of feature which comprise the part, the part model must be 
evaluated. A DXF interface is created for the part drawing in CAD modeller. The required 
information is available in 'ENTITIES' section of the DXF file. This section gives the 
detailed information about the different entities viz. Lines , Circles and Ares etc. The 
details of a line are given in the form of its end co-ordinates .The details about an arc is 
available in terms of radius and the end points. These details are in random order and 
hence, the different entities have been grouped separately under each of the orthogonal 
view. The separation of these views has been done based on an intelligent and simple logic 
as under. (Refer Fig.3) 

y 

~ ! g - -·- -- J -_T ____ -- -- ---- ---- ---· --- -·- -~- Incremental Y 
·-- ----..---------M- ---- ------· .'!J/ 

' ' i : 

~ I 
--- --1---4---- -----· --·-- - -------· -··- - -·-

j i 
: ! 

Incremental X 

Fig 3 Separation of views. 

• The minimum X and Y Co-ordinates are identified. [min(x)] 
• Keeping X - co-ordinate of this point same, the Y- co-ordinate is incremented by a 

small value. A horizontalline is drawn from this incremented position. If this line does 
not intersect any of the lines, then this separates the top view. 
If it intersects any of the lines, then again the Y co-ordinate is incremented until it 
separates the top view from other views. 

• Now keeping Y co-ordinate of the min(x) same, the X- co-ordinate is incremented by a 
small value_ A vertical line is drawn from this incremented position.. If this line does 
not intersect any of the horizontal or verticallines, this separates the side view from the 
front view, otherwise, again the X-co-ordinate is incremented till it separates the side 
view. 
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Once the views are separated, the entities are put in the respective views by using 
following logic. 

IF the Y co-ordinate of an entity is greater then incremented y-value THEN 
the entity belongs to Top view 

ELSE 
IF the X co-ordinate of the entity is greater than the incremented x-value THEN 

the entity belongs to Side view 
ELSE 
the entity belongs to Front view. 

ldentification of the features, which otherwise, is a task requiring an intelligent and 
complex algorithm, has been done by using a basic conceptual logic used in reading the 
engineering drawings. Following paragraphs discuss about some of these features. 

After view separation, each view is searched for circles. If in any view a circle is found 
then the other view is searched for the corresponding lines representing the hole. If the 
lines are hidden, then they represent the hole, the length of the hidden lines being the depth 
of hole.(Fig 4) 

I 

I I I i! 
L-L 1--..l-' 

Fig.4 Fig.5 Fig.6 

If there exist another pair of hidden lines within these lines then they represent 
tapping. (Fig 5) 

If there are two circles with same centre and different radii, then they represent the 
hole with counter hole. (Fig 6) 

To identify the features of the prismatic components, a separate method of coding 
has been developed as shown in table 1. 
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Table-I 

Angle between Lines Code Example 

90 1 

I 
270 0 I 
>270 2 > 
<90 3 < 

In each view, from minimum X co-ordinate value, the scanning is done is clockwise 
direction. Bach point representing the intersection of two lines gets a code assigned 
depending on the angle between those lines. The codes are assigned as below. (Angles 
measured in clock-wise direction) Refer Table-1. 

IF the angle between the lines is 90 deg THEN code=l 
ELSE 
If the angle between the lines is 270 deg THEN code=O 
ELSE 
If the angle between then>270 deg THEN code=2 
ELSE 
If the angle between lines<90 deg THEN code=3 
ELSE 
code=4 

Using these codes, each feature is identified by a definite code sequence. 
The code sequence for different features is shown in the Table-2. 

Code sequence in the model is checked in the program for the interpretation of , the 
features and their dimensional details . 

7.CONCLUDING REMARKS 

Trends in CAPP technology have been changing from GT based approaches in the past 
through Generative at present to Automatie in the future. Automatie approach needs CAD 
model to be interpreted automatically for accuracy and conipleteness. Automatie Feature-s 
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recognition is likely to be an essential requirement for future integrated design & 
manufacturing systems and in the development of fully automated process planning 
systems. 

Table-2 

Feature Representation Code sequence 

Step CJ 0-1-0 

Reetangular slot u 0-1-1-0 

T-slot LJ 0-0-1-1-1-1-0-0 

Dovetail u 2-3-3-2 
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A VIRTUAL LATHE FOR PART PROGRAM VERIFICATION 
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ABSTRACT: The simulation and verification of NC codes for CNC machining is very important 
in the highly competitive and automated industries no matter if the codes are generated by 
conventional programming [1-4]. In fact, a succession of long and complex preliminary actions is 
needed to use this kind of machine tool, increasing the costs of the production process as a whole. 
The aim of this work is to provide the operator with a rapid and effective tool to visualize the result 
of a turning operation with the intent of saving time, human resources and money. 
In the paper a proper software, written in C language, is presented which through a polygen 
clipping algorithm and some OpenGL techniques, is able to simulate the machining using the 
numerical control verification module in a CN lathe. 
Since the rendering image of simulated results can closely mirnie the machined part, this research 
provides a better approach for a very fast NC simulation and verification on an inexpensive 
personal computer. In addition the model can also be displayed from different viewpoints and it can 
be manipulated for further applications. 
This software can be used also as a visual postprocessor allowing the user to visualize the 
workpiece obtained from a part program produced from a CAM system. 
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1. INTRODUCTION 

The development of the so called Virtual Reality technology (VR), together with its 
industrial applications, gave origin to an interesting research field concerning the 
development of a fictitious workspace aided by a personal computers. It enables the user to 
operate within it as a real workspace. 
The following are the most relevant features of this technology: 
• The availability of VR models of the different working equipment allow their use as a 

"test stand" to provide information about the production process that otherwise could 
be obtained only from expensive and time consuming real tests. 

• VR can also support the operator during the learning process by the use of machine 
tools and virtual workpiece allowing also to simulate emergency or unusual Operating 
conditions, by the use ofproduction system's models. 

• VR can also allow to quickly test and verify some operating procedures before their 
real employ in the actual productive system 

In the field of simulation of machining processes, modern CAD/CAM systems enable both 
to automatically generate the NC code and to visualize the toolpath to check the program 
before sending it to the machine tool. Anyway it is often necessary to check a priori the 
working on machine tool thus consuming both human and productive resources that 
obviously are very expensive. 
Graphiesimulation ofmachine tool's workings gave rise a peculiar interest [1-4]. Recently 
some commercial software among which 3Dview, MachineWorks, NCSimul, RapidCam, 
VRMill, NCVerify, VeriCut have been developed, that are able to visualize the toolpath. 
This feature is obtained making use of the most recent 3D visualization techniques based 
on widespread software named OpenGL [5-6]. 
Loading and unloading step, setup of machine tool, execution of NC program and some 
other operations can be easily off-line verified before it is used on the machine tool. 
Fixturing systems can be also designed and checked simulating the working process using 
VR techniques. Moreover machining times can be computed and the running of the 
machine tool can be analyzed. 
A simple but effective example describing such techniques has been realized in Windows 
95 environment on a common Personal Computer. Starting from an NC program, the 
realized software allows to generate a dynamic three-dimensional visualization of an NC 
lathe machined workpiece by showing a revolving solid with given profile in a window of 
the screen. 

2. ÜPENGL, GLUT AND GLE TOOLKITS. 

The OpenGL is a 2D and 3D graphics API (Application Programming Interface) developed 
by Silicon Graphics in 1991. This programming interface provides many graphics 
functions, including modeling, transformations, color, lighting and smooth shading, as weil 
as advanced features like texture mapping, NURBS, fog and other for developing portable, 
interactive 2D and 3D graphics applications. OpenGL is supported by most 3D accelerator 
manufacturers and software developers (including Sun and Microsoft) [6]. 
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Moreover some OpenGL-based toolkits, among which GLUT e GLE, have been provided 
to the scientific community. 
GLUT is the OpenGL Utility Toolkit, developed by M. Kilgard that implements a simple 
windowing application programming interface for OpenGL [7]. Moreover the version 3.6 
includes another toolkit named "GLE Tubing and Extrusion Library" [8]. This toolkit, 
developed by L. Vepstas, is a graphics application programming interface able to perform 
the actual drawing of the tubing and extrusion. This toolkit include a specific subroutine 
named gleLathe that sweeps an arbitrary contour along a helical path, then it can be used to 
obtain a revolution solid starting from the knowledge of its cross section. 

~ GCPTooi/Win32 by ELV- @1998 llliiEI 1 GCPTooi/Win32 by ELV-(81998 llliiEI 

I 
[,-' 

a) Two sample polygons b) Intersection operation 

; GCPTooi/Win32 byELV-81998 l!llill3 i GCPToOI/WinlZ by ELV- ®1998 llli113 

\~ 

D .. / ".. ' ' 

' 

I 
c) Difference operation b) Unionoperation 

Fig. 1- The boolean operation on polygons 
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3. GPC (GENERIC POLYGON CLIPPER) 

To carry out the realization of the above mentioned visualization software, a public library, 
available on Internet, has also been utilized. It allows to perform clipping operations, i.e. 
boolean operations like union, intersection, difference and XOR on polygons, convex or 
concave, as complex as desired (fig. 1). The polygons may be comprised of multiple 
disjoint contours. The contours can be convex, concave or self-intersecting and may be 
nested (i.e. the polygons may have holes). 
This toolkit, developed by A. Murta [9], is based on the algorithm proposed by Vatti [10]. 
This library has been utilized both for compatibility with OpenGL langnage and above all 
for its effectiveness and quickness. In fig. 1 an example of the possible operations 
performed with this library is reported. 

4. THE SIMULATION OF CUTTING PROCESS 

The cutting process is the consequence of the interference between the tool and the 
workpiece and it can be simulated by some boolean operations between primitives. 
The software here developed, reads the partprogram of a generic CNC lathe and uses solid 
modeling to graphically simulate the material removal process by updating the stock shape 
as the cutter moves along the toolpath producing then the final piece. 
This is directly obtained by reading the NC files. Every instruction contained into part 
program is read, and, if recognized as a working instruction, it is interpreted and 
represented as a proper polygon. This polygon therefore can be subtracted, with a boolean 
operation, from a previous polygon representing the section of workpiece. Sweeping the 
resulting polygon, the 3D representation of virtual workpiece can be obtained. 
In order to get the above described Operations, first of all a polygon representing the initial 
cross section of the stock is drawn, then the polygon traveled by the tool along its working 
movernents is obtained. Since the GPC makes only use of polygons made of linear 
Segments, it was necessary to approximate circumference-arcs with a polygonal line made 
by n edges, where n depends on the requested visualization mode. Such a polygon is every 
time subtracted from the polygon representing the cross section of the piece under work. 
This procedure enables then a real time visualization and check of the writing operations of 
the part program, moreover relevant information pertaining to the machine process is 
continuously displayed. the tool path and the workpiece section are displayed in proper 
window and at any time during the simulation, the user can rotate and zoom into the part in 
another window. the user can use a NC program editor to modify the NC file and rerun the 
sirnulator. So it is possible to repeat the cutting simulation changing geometric parameters 
in few seconds, in order to optimize the editing stage. 
In fig. 2 an example of verification and editing stage is reported; in it is possible to see the 
four windows showing the dynamic rendered image display (the model can be dynarnic 
totate, pan, zooni), the cross~sectional display of stock, the machining conditions and 
finally the partprogram for editing respectively. 
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Fig. 2 - A snapshot of developed software 

5. CONCLUSIONS 

313 

The part program check is very expensive in terms of time and human resources if it is 

manually performed. The possibility to correct programrning rnistakes after the post­

processing stage involves the elirnination of many cutting tests and a better functionally 

use the machine. 
The developed software is a valid support to easily and quickly check the part pro gram. In 

fact, the operator is able to immediately see both the piece and the mistakes of the shape of 

the cutting process. This is particularly useful for those machirre tools, recently appeared 

on the market, which use a standard personal computer as numerical control. 

Moreover, since the rendering image of simulated results can closely mirnie the machined 

part, this software provides a better approach for NC simulation and verification on a 

personal computer, allowing: 
• To increase of machirre tool utilization and productivity; 

• To significantly reduce both the cost and the time to produce parts; 

• To improve quality and reduce scrap material; 



314 E. Lo Valvo 

• To eliminate expensive and time consuming proofing and dry runs; 
• To visually compare of "as manufactured" with "as designed" part; 
• To train new programmers, operators and students. 
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ABSTRACT: The being of alternative process plans for each component of part types mix of a 
certain working order is an important ground of Flexible Manufacturing System's (FMS) 
efficiency in frequently changeable production surrounding. Hence, there is a need for 
identification and selection of such their set by which the realization of working order with minimal 
time occupation of FMS is ensured. The foundations of developed method for the selection of an 
optimal or sub-optimal set from all available alternative process plans are presented. Furthermore, 
based on the survey of obtained results from a concrete example, a premise for the evaluation of 
method's validity is given. 

1. INTRODUCTION 

An inherent characteristic ofFlexible Manufacturing System (FMS) is its high production 
efficiency. It is so even in the conditions of dynamic production environment with the 
frequent structure modifications of working orders according to types and number of parts 
that are to be produced on the same FMS in a determined production period. However, 
the need for process flexibility is revealed. 
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The basic assumption for process flexibility is the being of alternative process plans by 
which the production of each component of part types mix at different nurober of 
operations and with different use of machines is foreseen [1, 2]. The alternative process 
plans enable different ways oftransforming an input raw material n' into the finalparttype 
n of specified construction characteristics, Figure 1. 

Figure 1. Alternative process plans for the part type n 

In the following, the selection method of an optimal set from all developed alternative 
process plans which is based on the fundamental postulates of Seo and Egbelu [3], but 
with modified approach in the phase of solution evaluation is presented. Forthat purpose 
the modified model of process plans set selection is developed. 

2. MODEL OF PROCESS PLANS SET SELECTION 

The problern formulation has the following elements: 

Input data: the alternative process plans of part types mix to be produced according to 
specified working order, which assign operations to machines and determine 
machining and transpoft times; 

Output decision: the optimal set having only one process plan of each component of part 
types mix in the working order; 

Objective: minimizing the total time Ioad ofFMS; 

Constraints: complying with the exploitation characteristics of FMS, structure of 
working order and available alternative process plans. 

The problern data of model are as follows: 
• the set N of part types in working ordertobe produced, N = { 1, 2, ... , n, ... , INJ}; 
• the setM ofmachines in FMS, M = { 1, 2, ... , m, ... , IMJ}; 
• the set Q of the nurober q(n) ofparts that must be produced for each parttypen E N, 

Q= {q(n) In E N}; 
• the sets P(n) ofthe nurober r(n) of developed alternative process plans p(n, i) for each 

part typen E N, P(n) = {p(n, i) I i = 1, 2, ... , r(n) and n E N} while p(n, i) can be 
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represented by p(n, i) = { (dab[p(n, i)], t[p(n, i), m]}, ... , (dyz[p(n, i)], 0)} where 
dab[p(n, i)] is the input path segment between nodal points a and b that a pallet has 
to pass before required operation on machine m, dyz[p(n, i)] is the output path 
segment between nodal points y and z after last operation is done and t[p( n, i), m] is 
the operation time required to machine a part type n on machine m according to the 
alternative process plan p(n, i); 

• the speed vp of automatic transport. 

Since the production cycle is consisted from machining and transport times, the i-th 
selected alternative process plan p(n, i) for part type n can be valued by the total time Ioad 
tfp(n, i)] of q(n) parts that have tobe produced, that is: 

r[p(n,i))= q(n){ ~)[p(n,i1m)+ -1 fß1k [p(n,i))l 
meM vp ab J (1) 

From the number i = 1, 2, ... , r(n) of developed alternative process plans p(n, i) only one 
is to be joined to each part type n E N. Hence, the total time Ioad of each machine m E M 
as weil as the total time Ioad of transport system for complete set N can be obtained 
respectively by: 

(2) 
neN 

~(N)= -1 L{q(n)'fd1k[p(n,i)]l 
VpneN ab J (3) 

For achieving the optimal results, it is of a great importance to balance at the utmost the 
time Ioads among the machines ofFMS. The measure oftime Ioad diverse is expressed by 
the magnitude 1lm as a difference between the bottleneck-machine time Ioad and the 
average time Ioad of other machines in the FMS according to equation: 

(4) 

Moreover, it is important that transport system does not create a waiting queue on the 
momentary bottleneck of FMS, i.e. eventual waiting on bottleneck has to be the least 
possible. The influence of transport system on the performance of FMS is represented by 
the magnitude Ah in the following way: 

(5) 
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(6) 

Model formulation: as the goal of process plans set selection is to ensure the least time 
Ioad ofFMS together with the best possible balance between the time Ioads ofboth 
the machines and automatic transpoft system, the general form of the model may be 
stated as follows; 

minimize {~~ r[p(n,i)] x[p(n,i)]} + &n +MI (7) 

subject to [p l ·)L {1, if the p(n, i) is selected, [p' ·)l x \n,z 1- . Vx \n,z 1 
0, otherwise, 

(8) 

tx[p(n,i)] = 1, Vn E N (9) 
z=l 

With the proposed model, the selection of only one process plan of each component of 
part types mix is ensured as weil as the possibility of selecting any of developed alternative 
process plans. 

3. PROCEDURE OF PROCESS PLANS SET SELECTION 

Searching of all possibilities and finding the optimal solution at !arge number of 
components of part types mix and !arge number of alternative process plans for a single 
part type seeks for !arge volume of activities. The solution area is defined by the 
expression IlneNr(n) . Using the convenient heuristic algorithm, the procedure is made 
practically applicable at various structures of working orders. Forthis purpose, the tabu 
search technique [4, 5] is used which considerably shortens the selection procedure of 
process plans set So that represents the optimal solution So= {p1, p2, ... , Pn, ... ,PM} where 
the process plan number Pn denotes selected process plan p(n, i) for the part type n E N 
and posses an integer value between 0 and [r(n) - 1 ], that is Pn = i - 1. 

F or procedure performing, it is necessary to associate a code mark to every searched 
solution Sc. Each code mark represents the unique number in the solution area. The code 
of solution is obtained by summing up the position values of selected process plans. At 
this, the position value of selected process plan p(n, i) for the part type n E N is equal to 
the product of related number Pn from 0 to [r(n) - 1] and the total numbers of variant 
processes of successive parts from n + 1 to INJ in ordered set Sc. Accordingly, the code of 
solution Sc can be expressed as: 

INI-1 INI 
c(sc)= LPnilr(n)+ PiNI (10) 

n=! n+l 
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The favorableness rate of solution Sc is obtained in accordance with the objective function 
(7) as a value ofmerit functionfi:Sc), in the following way: 

INI 
J(Sc ) = L r(pn) + !lm(Sc) + !lh(Sc ) (11) 

n; l 

where $n) is the sum ofmachining and transporttime for q(n) parts oftype n obtained by 
the equation (1) according to the process planp" selected in solution Sc, while Am(Sc) and 
M(Sc) represent the influence of time Ioad diverse of machines and the influence of 
automatic transport on the value of merit function respectively. In the following the 
developed searching algorithm will be briefly described, Figure 2. 

So= {p~, P2 • ... , Pn ... , PIM} 
(So) ~ 

f{So) 

D 
· TABU 

LIST 

PAIR-WISE 
EXCHANGE 

METHOD 

Sc e o(So) 

{ } 
{ . . . } 

~ •• ,[r(n)- 1) 

Figure 2. The structure of selection procedure 

Searching algorithm starts from the solution So which Pn = 0 for all n E N and establishes 
the solution value by calculation of functionj{S0 ). At the same time, the solution So is an 
initial best solution. In every following step, the set of s~tytions o(S0 ) is generated using 
the pair-wise exchange method [3] which results with L:Jr(n)-1] new solutions Sc. In 
every new solution Sc, the selection among the others of developed alternative process 
plans is varied by altering the value Pn for one. The momentary best solution Sc is the one 
with the least value ofmerit functionfi:Sc) satisfying the condition that it is not on tabu Iist 
TL, thus becoming new best solution So for the next step. All previously considered 
solutions are set on tabu Iist, thus being excluded from repeated selection and 
consideration in the following steps. This restriction is not activated if the value fi:Sc) of 
momentary best solution Sc is less than value fi:So) in the previous step. As the case 
stands, the valuefi:So) in the previous step is tobe joined as the aspiration value aL to the 
solution So on tabu Iist. 
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4. TESTING EXAMPLE 

The application of proposed selection method was tested on a concrete example. For the 
working order containing four part types N = {1, 2, 3, 4} in given Iot sizes Q = {50, 20, 

80, 60} , the alternative process plans defined by the sets ofparameters were developed: 

Part 1 

Part 2 

Part 3 

Part 4 

P11= { (do1= 2, tll\=30), (d23= 8, t112= 15), (d4s= 4, tm=35), (d6r 8, tl\4=30), (ds9= 2)} 
p12= { (d03= 10, t\22=35), (d4r 13, f124=28), (ds1= 6, tl21=45), (d29= 5)} 
pn= { (d03= 10, tm=35), (d4s= 4, tm=20), (d6r 8, fn4=60), (ds9= 2)} 

P21= { (dos= 14, tm= 10), (d6r 8, !214=40), (ds3= 15, tm=25), (d41= 10, t211= 15), (d29= 5)} 
P22= {(d01= 2, t221=22), (d2r 8, t224=30), (ds3=15, tm=32), (d49=14)} 
P23= {(dos=14, tm=25), (d61=15, !231=18), (d2r 8, t234=30), (ds9= 2)} 
P24= { (do1= 2, t241=42), (d2r 8, t244=45), (ds9= 2)} 

P31= {(dos=14, tm=20), (d63= 6, tm =30), (d41=IO, t311=40), (d2r 8, t314=15), (ds9= 2)} 
p32= { (dos= 14, tm=58), (d61= 15, t321=52), (d29= 5)} 

P41= {(dor 5, t414=l8), (ds1= 6, t411=l2), (d23= 8, !412=25), (d49=14)} 
P42= {(dos=l4, !423=20), (d61=15, 1421=42), (d29= 5)} 
P43= {(dos=14, 1433=10), (d63= 6, l432=l8), (d41=10, t431=15), (d2r 8, !434=12), (d89= 2)} 

The above processes were developed for use in FMS with four machines and automated 
transport system, Figure 3. 

d03 10 
loJ =-=-1 = 10 t.u. 

vp 

Figure 3. FMS with four machines and automatic transport along with the survey 
of matrix of transport tim es 

For problern solving the application of pair-wise exchange method was conducted in 12 
steps. Optimalsolution So = {2310} with the value ofmerit functionfiS0 ) = 27247 was 
already found in the third step, consisting of the set of process plans {p13, P24, p32, p 41 }. 

The solving procedure is represented in table 1 showing first 4 steps. 
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{0001} 
(0002} 2 
{0010} 
{ I } 6 
{0200} 12 2 687 
(0300) 18 27953 
{ 1000} 24 
{2000} 

2 {0 01} 
{0302} 20 
{0 10) 21 
{0200} 12 286 7 
{0100} 6 2 
(0000} 0 29413 
{I 00} 42 29 1 7 
(2300) 66 28093 

3 {2 66 28093 {2 I} 67 28620 661279 3 
{2302) 68 288 1 18 I 2941 
( 2310) 69 27247 0 I oo 

{2200} 60 28887 
{2 100} 4 29170 
(2 } 4 29700 
I 1300} 
{0 00} 

4 (2310} 69 27247 {23 11 } 69 I 28093 
(2 12} 71 I 219 3 
(2300} 66 28093 18 I 2941 
(22 10} 63 2 2 0 01 
(2 110} 7 28260 
{2010} 51 28927 
{ 13 10} 4 0093 
(0 10} 21 28660 

At the best solution identified, the time Ioad of FMS is represented by the following time 
Ioad structure of isolating elements (in time units): TM, = 5720, TJ..12 = 3250, TM3 = 5640, 
TM4 = 4980 and Tr = 6140. From these data the following quantities arise: fl.m(S0 ) = I 097 
and fl.h(S0 ) = 420. These quantities point at the significant unbalance oftime Ioad ofFMS 
The bouleneck of the system is the automatic transport since its time Ioad value 1; 
exceeds the maximumtime Ioad value ofmomentary boUleneck among machines, i.e. hn 
It should be noted that in case of accelerated transport of 17,5% for instance, transport is 
not anymore the boUleneck of the system and the solution 5'o = { 23 I 0} still remains the 
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mostfavorable one with the value ofmerit function./(So) = 25757. Thus, together with the 
same time Ioads of machines the quantity ßm(So) remains unvaried, while Tr = 5070 and 
M(So) = 0. 

5. CONCLUSION 

The need for alternative process plans in concurrent production of part types mix on the 
same FMS has been pointed out. Also, the model of minimizing the total time Ioad of 
FMS has been formulated based on which the selection method of an optimal set of 
process plans was developed. The implemented searching algorithm is founded on the 
tabu search technique. By the proposed method, the high Ievel of reliability in finding the 
most acceptable solution as weil as fast executing in tasks which are characterized by 
comparatively higher number of variables are ensured. The results of testing example with 
less number of variables have supported the application of method since the optimal 
solution was already found in the very early phase of procedure executing. Nevertheless, it 
is real to expect that more complex working orders will demand procedure executing with 
a greater number of steps. Even then, with the use of a computer, fast procedure 
executing is ensured. 
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HOT WORKABILITY STUDIES OF NIMONIC SOA APPLIED 
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ABSTRACT: Real material based physical-simulation experiments are carried out on Nimonic 
80A samples with the aim of investigating the workability exhibited by the material under the process conditions that occur during multi-step hot forging of a gas turbine blade. 
On the basis of workability data, expressed in terms of rheological behaviour, sensitivity of the flow strength to temperature and strain rate variations during deformation and final microstructure, opportunities for redesign and optimisation of process parameters are analysed. 

1. INTRODUCTION 

Modelling the forging of turbine blades can be approached in different and complementary 
ways, according to the particular aim of the analysis. Analytical methods, such as slab 
method and slip-line theory, prove tobe effective in predicting Ioads, optimumdie profile, 
preform position and minimum stock volume for complete filling of cavities in the aerofoil 
region of the turbine [1,2]. Physical simulation techniques based on soft model materials 
deformed by using cheap tools have been extensively applied to investigate both 2D and 
3D flow pattems [3-5]. In the most sophisticated applications, these techniques enable 
forging Ioads and pressure distribution at interfacestobe evaluated as well [6]. Exclusive 
capability of the Finite Element method is the coupled thermal and mechanical analysis of 
forging operations with quantification of local values of strain, strain rate, stress and tem­
perature in the whole volume of the workpiece and dies [7 -9]. 
Nett-shape forging of Nickel-alloy turbine blades is a complex operation to model. Due to 
the high sensitivity of the flow strength of the material to temperature and, for some alloys, 
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to strain rate and the thin section in the aerofoil region, filling of the die cavtties is 
dominated by the response of the material to the straining and temperature histories that are 
determined by the geometry, heat transfer and friction at the material-workpiece interface. 
Accordingly, knowledge of the instantaneous response of the material to the thermal and 
mechanical cycles is a prerequisite to accurate modeHing and effective design of the 
forging process. 
To this aim, physical-simulation experiments have been set up by the authors [10-12] 
where the thermal and mechanical events of the forging process are reproduced on real­
material samples. 
This paper refers to the application of the above physical simulation experiments to Ni­
monic 80A samples with the aim of investigating the workability exhibited by the material 
under the process conditions that occur during multi-step forging of a gas turbine blade. On 
the basis of workability data, expressed in terms of rheological behaviour, sensitivity of the 
flow strength to temperature and strain rate Variations during deformation and final 
rnicrostructure, opportunities for redesign and optirnisation of process parameters are then 
analysed. 

2. THE APPROACH 

The approach followed in investigating the workability of Nimonic 80A and in evaluating 
opportunities to improve the forging process consisted of three main steps: 
(i) analysis, through isothermal and constant strain-rate uniform compression tests, of the 

sensitivity of the flow strength to temperature, strain and strain rate; 
(ii) evaluation, through physical simulation experiments carried out under control of 

temperature and strain-rate, of microstructure evolution and instantaneous flow 
strength exhibited by the material during the thermal and mechanical cycles of the 
forging process; 

(iii) identification, on the basis of workability data, of opportunities for redesign and 
optirnisation of process parameters. 

Fig.1: Heating of a specimen on the Gleeble system (a), specimen before and after 
deformation (b) 

3. FLOW STRESS TESTS AND PHYSICAL SIMULATION EXPERIMENTS 

Flow stress tests 
According to section (i) of the approach, a set of isothermal and constant strain rate 
uniform compression tests have been carried out with the aim of evaluating the sensitivity 
of the flow strength of Nimonic 80 A to temperature, strain and strain rate. Five values of 
temperature have been tested in the range of 1 000-1200°C for three different values of the 
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strain rate (€' = 15, 36, 45 s-1) 

The flow stress tests have been carried out on the computer-controlled dynamic system 
Gleeble 2000®_ It can be prograrnmed to reproduce thermal and mechanical events under 
control of temperature, force, strain and strain rate_ The specimen is resistance heated by 
thermocouple feedback controlled a.c. current (Fig.l) that produces uniform temperature 
distribution in the diametrical planes. Temperature is uniform also along the axis of the 
specimen thanks to multi-layered interfaces between specimen and punches that consist of 
a sandwich of two altemate foils of graphite and tantalum. 

Physical simulation experiments 
According to section (ii) of the approach, a set of physical simulation experiments have 
been carried out on the Gleeble system with the aim of evaluating the instantaneous flow 
strength exhibited by Nimonic 80 A during the real forging process. In these tests, 
cylindrical specimens are cycled through a multi-stage upsetting in uniform compression 
conditions. Under the control of time, temperature, strain and strain rate, these tests 
replicate accurately the forging cycle of the blade. Fig. 2 shows the temperature-time 
diagram for the 3-steps cycle reproducing the current forging process. 

time 

' 45 -I c= s 
T=1150°C 

Fig.2: Temperature- time diagram for the physical Simulation experiment 

Fig.3: Microstructure of Nimonic 80 A specimens in flow stresstest with total strain E=0.7 
and strain rate €'=15 s-1, (a) T=1150°C, (b) T=1050°C 
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4. RESULTS AND DISCUSSION 

Fig.4 shows the true stress-true strain curves relevant to five temperatures at the constant 
strain rate of 15 s·1• In all testing conditions the material exhibits a high sensitivity of the 
flow strength to temperature, whereas sensitivity to strain rate is always negligible. The 
high sensitivity to temperatureisalso evident from the two rnicrostructures of Fig. 3. 

500 ,------------------. 

400 

'<? 
~300 

"' ß2oo 
"' 

100 Material: N irronic 80 A 

Strain Rate: 15 s" 1 

T= 1050°C 

T= 1100°C 

T= 1150°C 

T= 1200°C 

0 +-----.-----.------.-----.----~ 

0 0,2 0,4 train 0,6 0,8 

Fig.4: Flow curves for five different temperature 
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~ 150 

"' g 100 
"' 

50 

·~······· · ···· 

· . ,,. stepl J · · · · · · · · · · · 
Material: Nirronic 80 A 

· Temperature: 1150°C 

0 -t---------,-------.------- r---- -1 

0 0,3 0,6 strain 0,9 1,2 

Fig.5: lnstantaneous flow strength in the multi step test of Fig.2 

Fig. 5 shows the instantaneous flow strength during physical simulation experiments of 
Fig.2. In the second and third step, the deformation is performed with a flow strength that 
is fairly lower than that of the first step. In Fig. 6 the flow strength in the second 
deformation step of Fig.5 is compared with the corresponding flow strength evaluated in 
the flow stress test at E' =36 s -t. The flow strength in the multi step deformation is 25% 
lower than that evaluated in flow stress tests, the better workability being due to the 
softening activated during the first step. 
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Fig.6: Flow strengthin flow stresstest (a) andin the second step of the multi step test (b) 

The high material workability at the highest testing temperatures together with the 
reduction of the flow resistance due to the static and dynamic softening suggested a redisgn 
of the forging process reducing from three to two the number of forging steps, with the 
advantage of shortening the mechanical and thermal cycle. The two process are compared 
in Fig.7 in terms of final rnicrostructure at three different locations of the blade section. 
The different grain size in the three locations are due to the different Ievels of the 
accumulated strain, while the lower grain size measured in the blade forged in two steps is 
mainly due to a lower number of re-heating cycles. 

(b) 
Figure 7: Microstructure at three locations of the airfoil section forged in 3 steps (a) andin 

2 steps (b) 
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5. CONCLUDING REMARKS 

Main achievernents in investigating the workability of Nirnonic 80 A are (i) the 
quantification of the sensitivity of he flow strength to ternperature and strain rate, as well 
as its reduction during the forging process due to static and dynarnic softening, and (ii) the 
evaluation of the influence of thermal and rnechanical cycles on the final rnicrostructure. 
On the basis of the workability data, the forging process has been successfully re-designed 
reducing frorn three to two the nurnber of forging steps, with the twofold advantage of 
shortening the production cycle and irnproving the rnicrostructure as a consequence of the 
removal of one re-heating Operation. 
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INFLUENCE OF EXTRUSION PROCESSING VARIABLES ON 
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ABSTRACT: Extrusion temperature, strain rate, extrusion ratio, billet temperature, and extrusion 
geometry were varied, and correlated with the microstructure of the alloy, and the heat treating 
times and temperatures. The extrusion processing variables were related to the microstructure 
through the Zener-Hollomon parameter i.e., the temperature compensated strain rate. Based on 
optical and transmission electron microscopy studies it was found that regardless of the extrusion 
conditions, the various microstructures were for the most part were unrecrystallized for both the as­
extruded and the solution heat treated conditions. Smaller grain sizes were correlated to smaller 
Zenor-Hollomon parameters. The extrusion temperature and ratiodidnot significantly effect the 
strength or elongation. The section geometry did effect these mechanical properties. 

1. INTRODUCTION 

The extrusion of a material is a very complex process since it involves the interaction 
between the material properties and the processing variables. The extrusion process is 
often used to produce a section geometry that must satisfy strict geometric, 
microstructural, and property specifications. There are several processing variables which 
can be controlled during an extrusion process. These variables include the extrusion ratio, 
the extrusion temperature, the strain rate, and the ram speed. However, the extrusion ratio 
is often pre-determined by the product specifications so that only extrusion temperature 
and ram speed are controllable. Most metals are extruded at elevated temperatures since 
the deformation resistance is low and therefore less force and energy are required to force 
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the extruded billet through the die orifice. The extruded billet is forced through the die 
orifice by a ram with a dummy block or pressure plate at the end of the ram in direct 
contact with the billet. On addition to changing the shape of the material, the extrusion 
process also has a substantial influence on the microstructure and properties. The plastic 
deformation that occurs during the extrusion process alters the grain size, texture, subgrain 
size, dislocation density and various other microstructural features. Often the material 
being extruded is not homogeneaus so therefore variations in the microstructure and 
properties occur across the cross-section of the final extruded product. The mechanical 
properties and microstructure can also vary with length since the temperature is hard to 
maintain constant throughout the extrusion process. The extrusion temperature often 
varies from the heat generated during the extrusion process. Heat is conducted from the 
billet to the extrusion container, tools, and ram. 
The demonstration material that was extruded for this study was an aluminum alloy 
containing 2.6wt.% lithium and 0.09wt.% zirconium. This alloy was strengthened by heat 
treatment causing the nucleation, growth, and coarsening of coherent metastable ö' (AhLi) 
precipitates in the microstructure. The Ö' precipitates which are a consequence of artificial 
aging the Al-Li alloy, are spherical, ordered, and coherent with the aluminum matrix and 
impede the dislocation glide motion during plastic deformation. The ö' particles grow 
homogeneously in the matrix, and have the Cu3Au (L1 2) superlattice crystal structure. 
Aluminum-lithium alloys are used primarily for aerospace structural applications since 
they have attractive properties such as a lower density and higher elastic modulus than 
conventional 2XXX and 7XXX alloys. 

2. MATERIAL PROCESSING 

An aluminum-lithium alloy having a composttton of 2.6wt.% lithium and 0.09wt.% 
zirconium was cast by the Aluminum Company of America, ALCOA laboratories, in the 
form of a rolling ingot slab. One large ingot was cast having the dimensions of 30.5 cm 
(12 in.) X 96 cm. (38 in.) X 30.5 cm. (12 in.). The ingotwas later preheated in a gas fired 
fumace at the ALCOA Extrusion Works, Lafayette, Indiana, for eight hours in the 
temperature range of 482-500 °C (900-925 °C) followed by 12 hours in the temperature 
range of 527-538 °C (980-1000 °F). Several smaller billets were then machined from the 
one preheated larger ingot to be used for the extrusion processing. 

3. EXTRUSION PROCESSING 

From the preheated ingot, billets 15.25 cm (6 in.) diameter by either 25.4 cm. (10 in.) or 
50.8 cm (20 in.) were machined. The aluminum-lithium billets were direct extruded by the 
ALCOA Lafayette Extrusion and Tube Division, Lafayette lndiana, after being reheated to 
temperatures of either 466°C (870°F) or 290°C (555°F). Six product geometries, three 
round rods and three reetangular sections, were extruded from the billets using an 
instrumented 2500 ton press in the direct mode. 
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4. EXTRUSION POST-PROCESSING 

The Al-Li alloy was machined into standard ASTM tensile samples from the extruded 
product. All of the tensile samples were oriented in the longitudinal grain direction. The 
tensile specimens were first solution heat treated (SHT) for one hour at 550 °C (I 022 °F) in 
a molten sodium nitrate salt solution followed by a cold water quench to room temperature. 
Following the solution heat treatment, the tensile samples were artificially aged for various 
lengths of time in a molten sodium nitrate (NaN03) salt bath, followed again by a cold 
water quench. Different artificial aging treatments were utilized by varying both aging 
time and the aging temperature. Most of the tensile samples were aged at temperatures of 
185 °C (365 °F) and 193 °C (379 °F). The molten salt solutionwas continuously stirred 
throughout the solution heat treatment and aging process to insure a uniform temperature 
distribution throughout the salt bath. 

5. METALLOGRAPHY AND MICROSTRUCTURE 

In order to study the grain structure of the alloy, light optical rnicroscopy (LOM) was 
performed on samples that were fine ground and mechanically polished to 0.05 f..Lm. The 
sequence of the mechanical polishing was as follows; (1) 240, 320, 400 and 600 grit SiC 
paper; (2) 600 grit alundum; (3) 0.5 f..Lm alumina and (4) 0.05 f..Lm MgO slurry. The 
specimens were anodized and then and then observed under polarized light to reveal the 
grain structure. Anodization was performed in a solution containing 948 rn1 deionized 
H20, 55 ml HBF4, and 7 grams H3B03 (Boric Acid) for one minute at 18 volts and -32 °C. 
Polarized light rnicrographs were then taken of the partially recrystallized grain structure in 
the peak-aged condition of 48 hours aging time at 185 °C aging temperature (see Figure 1). 

The partide size distribution and partide morphology were examined and photographed 
using transrnission electron microscopy (TEM) from thin foil specimens obtained from 
samples aged at 185 °C for various aging times ranging from 24 to 225 hours. The thin foil 
specimens were sliced with a diamond saw cutter and then polished to foils approximately 
0.05 mm thick. Disks approximately 3 mm in diameter were then punched from the foils. 
The thin foil disks were then electropolished using a twin jet polisher, with the disks 
submerged in a 3:1 methonol-nitric acid solution (the electrolyte) and cooled by liquid 
nitrogen to around -20 to -35°C. The thin foil disks were observed and photographed 
using a JEOL-200 CX microscope operating at 200 KV for various specimen indinations. 
Centered dark field images were used since they gave good contrast between images of the 
o' partides and the matrix phase (see Figure 2). Partide size measurements of both the 
AbU precipitates and composite AhLi-AhZr precipitates were performed directly from 
TEM negatives. A semiautomatic eyecom II image analyzing system was used to measure 
the particle sizes. The average partide size was measured for each aging time. Partide 
size distributions of over 500 partides were constructed for each aging time. Two particle 
diameters were measured for each particle in order to deterrnine the aspect ratio of each 
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particle, and thus quantitatively describe the spherical morphology of the particle size 
distributions. 

6. THEORETICAL CONSIDERATIONS 

6.1 DETERMINING THE MEAN EQUN ALENT EXTRUSION TEMPERATURE 

The relative motion between the billet and the container wall which cause heat to be 
generated durlog direct extrusion, also causes some plastic deformation. Thus the exit 
temperature of the extruded product will often be greater than the initial temperature of 
billet prior to extrusion. The rise in temperature causes the variations in the temperature of 
material perpendicular to and transverse to the ram travel. Transverse variations in 
temperature produce variations in structure, and hence in properties, across to extruded 
geometry. Therefore, in order to accurately represent the extrusion temperature for the 
given extrusion process, an average equivalent extrusion temperature, developed by Farag 
and SeHers [1], is often used to show this relationship and is expressedas 

Teq = (2 To Tr )/(To + Tr) (1) 

Where T0 is the initialbillet temperature, Tr is the exit extrusion temperature or the final 
billet temperature, and T eq is the average equivalent extrusion temperature. Thus the 
generat rise in temperature durlog extrusion can cause variations in the internal structure 
and properties of the extruded product. Thus, based on the exit extrusion temperatures and 
the initial billet temperatures, the equivalent extrusion temperatures were calculated and 
are summarized in Table 1. Based on the equivalent extrusion temperatures, the Zener­
Hollomon parameters were determined and used to establish the relations between 
extrusion processing and microstructure and mechanical properties. 

6.2 DETERMINING THE MEAN EQUN ALENT STRAIN RATE 

There are several factors that can influence the strain rate of a material durlog extrusion 
such as lubrication and temperature. Both the strain and strain rate durlog extrusion are 
not constant nor independent of position [2,3]. Investigators making use of partially 
extruded billets clearly show that the microstructure is inhomogeneaus with a 
heterogeneaus strain distribution across the cross section. Due to the heterogeneaus strain 
distribution it is necessary to calculate a mean or average equivalent strain rate in order to 
relate the processing variables to the microstructure and bulk properties of the extruded 
product. The most common approach used to calculate this value was developed by 
Feitharn [4], who suggested a time-averaged method based on the relationship given by 

e = total strain/time to produce the strain = Elt (2) 

with the total strain E given by 
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E == ln (X Re) (3) 

Where Re is the extrusion ratio, and X is the shape factor for noncircular extruded product. 
The time required to yield the total strain is expressed as 

t == D/{ 6 V tana} (4) 

where V is the ram speed, a is the semiconical die angle, and D is the billet diameter. 
Combining equations (2) through (4) gives the approximate expression for the mean 
equivalent strain [5] 

e == { 6 V tana}{ln (X Re) }!D (5) 

where e is the average equivalent strain rate. A semi-conical die angle a based on the 
extrusion geometry of the round rods was chosen for this study. Since not all the 
geometries produced in this study were circular, the notion of a semi-conical angle a is not 
valid and can only be considered as an approximation for the non-axisymmetric extrusions. 
Table 1. summarizes the calculated values for the average equivalent extrusion rate for the 
values of the extrusion parameters corresponding to the Al-2.6wt. %Li-0.09wt. %Zr alloy. 

6.3 DETERMINING THE ZENER ROLLOMON PARAMETER (Z) 

The flow stress during plastic deformation depends on the applied processing variables. 
These variables include the strain rate or rate of deformation and the temperature of plastic 
deformation, and can be related to material constants by the Zener-Hollomon parameter. 
Mathematically the Zener-Hollomon parameter or temperature compensated strain rate can 
be expressed by the expression given by [1,8] 

Z == e exp{ QnowiRT} == A[sinh(ßcr)t (6) 

where e is the mean equivalent strain rate, Qnow is the activation energy for deformation or 
plastic flow, R is the universal gas constant, T is the extrusion temperature, cr is the flow 
stress, and A, ß, and n are empirical constants. The calculated Zener-Hollomon parameters 
are summarized in Table 1 for the extrusion processing of the Al-2.6wt. %Li-0.09wt. %Zr 
alloy. 

6.4 DETERMINING THE ACTIV ATION ENERGY FOR PLASTIC FLOW 

The activation energy for plastic flow, Qnaw. is the activation energy necessary for plastic 
deformation and is dependent on the particular metal or alloy. The activation energy for 
plastic flow or deformation is approximately equal to the activation energy for self 
diffusion in high stacking fault alloys [6]. The activation energy is to a small extent a 
function of the alloy composition. However, Castle and Sheppard [2] determined that Qnow 



334 J. Fragomeni 

ranged from 156 to 164 KJ/mole for a large range of compositions of aluminum alloys, and 
concluded that it does not appear necessary to obtain a highly accurate value of the 
activation energy for the study of high temperature deformation. For commercially pure 
aluminum, Farag and Sellars [1] derived an activation energy value of 150 KJ/mole. Other 
investigators [7 ,8] determined a value for the activation energy to be approximately equal 
to 155 KJ/mole. For the Al-2.6wt.%Li-0.09wt.%Zr alloy used in this investigation, an 
average value of the activation energy of 160 KJ/mole was used throughout this study for 
the calculations of the temperature compensated strain rate. 

6.5 CORRELATION OF Z WITH MICROSTRUCTURE 

The Zener-Hollomon parameter can be related to the subgrain size of the high temperature 
deformed alurninum alloy. By relating the Zener-Hollomon parameter to the development 
of the subgrain structure a correlation can be made to the material processing parameters 
such as the billet temperature, extrusion ratio, ram speed, and exit extrusion temperature. 
The smaller the subgrain size in the as-extruded condition, the smaller will be the Z value. 
The subgrain size of hot worked aluminum is found to be uniquely related to Z by 
equations of the form [9,10,11] 

where dsg is the average subgrain size, Z is the Zener-Hollomon parameter, and asg and bsg 
are empirical constants. Using linear regression techniques and the examination of 
subgrain sizes along with the calculated values of Z, the constants asg and bsg can be 
determined. Thus, for the Al-2.6wt.%Li-0.09wt.% demonstration alloy in the as-extruded 
condition asg = -1.178, and bsg = 0.055. For the Al-2.6wt.%Li-0.09wt.% demonstration 
alloy in the solution heat treated condition asg = -0.533, and bsg = 0.029. Thus, increases in 
the subgrain size with solution heat treating as compared with the as-extruded resulted in 
higher Z values and less stable substructure. The equilibrium ö phase can in part play a 
role in the change in subgrain size for high Z, low temperature, extrusions. Both the 
presence of this equilibrium phase and the AhZr phase control the development of the 
substructure and during solution heat treating they dissolve which permits subgrain 
boundary migration to occur. 

7. SUMMARY AND CONCLUSIONS 

The Ze.q.er-Hollomon parameters for the Al-2.6wt.%Li-0.09wt.% demonstration alloy were 
deterrnined from the extrusion processing variables and correlated to the average subgrain 
sizes. The average equivalent temperatures were deterrnined for the various extrusions and 
used for the calculations of the Zener-Hollomon parameters. The values of the activation 
energy for deformation and the equivalent extrusion temperatures were determined and 
used for the estimations of Z. The subgrain sizes were in general found to increase with 
the solution heating. For any given extrusion temperature there was an inverse relationship 
between the subgrain size and the ln(Z). Smaller grain sizes were correlated to smaller 
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Zener-Hollomon parameters. The extrusion temperature and ratio did not significantly 
effect the mechanical strength or ductility measured as percent elongation. The section 
geometry of the extruded product, either round or rectangular, did effect these particular 
mechanical properties. 
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Table I : Calculated Parameter for the Extrusion ofthe Al-2.6wt.%Li-0.09wt.% alloy. 

Extrusion Equivalent Total Equivalent Zen er 
Geometry Extrusion Strain Strain Hollomon 

Temperature (cm/cm) rate z 
(OC) 

2.54X8.9 308 2.2 
5.3 dia. 303 2.2 
0.635X8.9 324 3.6 
2.69 dia. 332 3.6 
0.318X8.9 319 4.3 
1.91 dia. 339 4.3 
2.54X8.9 469 2.2 

5.3 dia. 468 2.2 
0.635X8.9 456 3.6 
2.69 dia. 421 3.6 
0.318X8.9 433 4.3 
1.91 dia . 451 4.3 

. Figure I: Polarized Light optical 
micrograph showing the transverse grain 
structure for the peak-aged condition of the 
Al-2.6wt.%Li-0.09wt.%Zr alloy extruded at 
451 °C with a 73: I extrusion ratio. 

( cm-per-cm/min) (1011 s-1) 

26.2 1058.7 
30.3 1663.4 
40.0 661.6 
46.8 517.9 
39.4 874.8 
47.8 367.0 
26.2 0.82 
30.3 0.97 
40.0 1.97 
46.8 8.73 
39.4 4.58 
47.8 2.82 

Figure 2: Dark field TEM electron 
micrograph showing the microstructure of 
the Al-2.6wt.%Li-0.09wt.%Zr alloy in the 
peak-aged condition extruded at 451 °C 
with a 73.0: I extrusion ratio . 



COMPARISON OF MEASURED AND COMPUTED CONTACT PRESSURE 
DISTRIBUTION IN COLD SHEET ROLLING PROCESS 

J. Brnic, M. Canadija and G. Turkalj 

University of Rijeka, Rijeka, Croatia 

KEY WORDS: Sheet Rolling Process, Finite Element Modelling, Computer 

ABSTRACT: Cold rolling process belongs to the oldest deformation processes in metal-working 
industry. Opposite to the massive fonning processes, this paper deals with thc numerical modeHing 
and computer simulation of the sheet - meta! forming process. According to the used boundary 
conditions, this forming process can be treated as a cold rolling process with plane-strain 
conditions. This workpiece is apart of sheet, e.g., it is narrow thin plate. The numerical procedurc 
is based on the finite element technique. Large strain elastoplastic updated Lagrangmn Hencky 
formulatwn is used. Computer program using numerical algorithm is made and tested companng 
by thc \\ el1-known results as wel1 as by numcricalmvestigations 

I. INTRODUCTlON 

ln present time the applications of computer-aided techniques (engineering, design, 
manufacturing) for process design and process simulation in metal-forming industry 
increased considerably. Namely, in metal-forming technology the determination of 
deformations as well as the knowledge about the change of material properties, workpiece 
geometry, etc, according to the manufacturing process optimization are required. With the 
mentioned knowledge it would not be possible to design the dies and the equipment 
adequately as weil as it would not be possible to predict the product life or to prevent the 
occurrence of defects [1]. The approximate methods of many metal-forming processes 
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have been developed, but more recently method today is finite element method (FEM). 
Also, in present time very useful technique is finite volume method (FVM). 

Metal - forming processes, such as rolling processes, forging process, etc., are using 
increasingly sophisticated mathematical modeHing techniques [2]. One between these 
techniques is mentioned finite elements technique. The problern considered in this paper is 
cold sheet-rolling-flattening process which can be numerical modelled as a plane-strain 
problem. The starting material is a flat-rolled product. There are no limitations width-to­
thickness ratios. Sheet metal-forming process can be treated as a process of choice for 
relatively thin products. Cold rolling process is a producing process for all of meta! 
products to very tight tolerances and controlled surface finish [3). 

2. FINITE ELEMENT FORMULA TION, IMPLEMENT A TION AND ANALYSIS OF 
COLD ROLLING-FLATTENING PROCESS 

The problern under consideration in a basic concept in Fig. 1. is presented. 

Ven 
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workpiece: thin plate (strip) 
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len < Iex 

en- entry 
ex- exit 
1-length 

(plane-strain deformation) 
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Figure 1. Basic concept of cold rolling process ofthin plate (strip ): a) workpiece between 
rolls, b) workpiece ( strip) 

Cold rolling process can be made at room temperature, so, the temperature effects can be 
neglected. This process will be considered as an isothermal process. 

Starting from updated Lagrangian formulation (UL) [4, 5, 6]: 

I t+& S Jt+ötE dtV=t+&'Ji 
t lj t l) (1) 

'v 

where all variables are referred to the last calculated configuration, after some 
mathematical operations, the following linearized equilibrium equation can be written: 

f C e Jed 1V+f'r Jnd 1V=t+M'R-f 1 r JedT t ljrst rs t I} IJ t'IIJ l) t 1) 

'v 1V 1V 

There are: 

Stresses: 
t+Öts _t + s 

r ,1 - r,1 c ,1 
~s t . 
r ,, = r,, · 

(2) 

(3) 
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Strains: 

t+L>t c = c 
t -., t -., 

and: 
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1 
11 =- u u t 'llj 2 t k,z t k,j · 

(4) 

(5) 

(6) 

Equation (2) in irreremental displaeements based updated Lagrangian formulation, m 
matrixform ean be given as follows: 

[ f ~BLC~BLd1V + f ~Bk 1 T~BNLd1VJu = 
tv tv 

= fHSTt+t.tfSdt+t.tS+ fHTt+t.tfBdt+t.tV- f~BftidtV, (7) 

r+t.t s r r+ßtv tv 

or: 

(8) 

where: 

• ~KL, ~KNL - linear and nonlinear strain irreremental stiffness matrix 

• t+t.tR - veetor of externally applied nodal point Ioads at t+M 
• u - veetor of inerements in the nodal points displaeements 

• tF t - veetor of nodal point forees ( equival. to the element stresses) 

• H 3 H 
' 

- surfaee-and volume-displaeement interpolation matriees 

• t+ßt fS t+ßtfB 
' 

- vectors of surfaee and body forces 

• I t 
tBL, tBNL - linear and nonlin. strain-displacement transformation matrices 

• tc - irreremental stress-strain material property matrices 

• t t ~ 
T, '( -matrix and vector ofCauchy stresses . 

Frietion between roll and workpiece is modelled with friction layer teehnique [7]. This 
teehnique is based on experimental observations whieh have shown that shear stresses at 
the eontact of die-workpiece is essentially equal to material yield shear stress multiplied by 
material-dependent constant m. In order to simulate mentioned behaviour, fictitious layer 
of finite elements is plaeed at the die-workpiece interfaee. Stiffness matrix of eaeh 
fictitious finite element is multiplied with the stiffness matrix multiplier ß: 
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ß =mj(I-m) (9) 

Well-known incompressible behaviour of metals during plastic deformation cannot be 
modelled with satisfactory accuracy with displacement based FEM. So, in this model 
mixed finite element formulation is used, with both displacement and pressure as variables 
[8] Spherical part of stress tensor is calculated from pressure which is an independent 
variable, preserving in that way volume constancy. If 9/3 isoparametric planar finite 
elements are considered, no locking behaviour occurs. 

3. EXAMPLE 

Program Rolling was developed and used for the simulation of cold rolling of aluminium 
workpiece. Used geometrical and material properties are presented in Tab. I. 

Table I. Geometrical and material properties 
Property Symbol Value 

Initial height hen 6.274 mm 
Output height hex 5.385 mm 

Rollradius R 79.775 mm 
Initial workpiece length fo I6mm 

Elasticity modulus E 70 GPa 
Friction factor m 0.25 

Yield stress oyo 50.3 MPa 
Poisson's ratio V 0.30 

Stress - strain behaviour in elastoplastic range is described with equation: 

( 
1 ) 0 26 

CY = 50.3 I + -- E: P 
0.05 

(I 0) 

Finite element mesh consisted of I26 finite elements with 555 nodes. Gauss integration 
rule was used, with 5x5 gauss points per element. Initial FE mesh is presented in Fig. 2. 

: 

Figure 2. Initial finite element mesh 
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The obtained pressure distribution is presented in Fig. 3. If these results are compared to 
the known experimental values [9), one can conclude that results are in good agreement 
with measured values. lf greater values for friction factor are used [ 1 0), calculated pressure 
also obtains greater values and discrepancy between two curves is smaller. Furthermore, 
analytical method fails to give characteristic two-hill type of curve. Clearly, with wide 
range of details which can be obtained, numerical methods like FEM have superior 
performance over the analytical methods. 
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Figure 3. Pressuredistribution 

When velocities are considered, one can say that velocities at the exit from roll gap are 
greater than velocity of roll at contact. Contrary, at the entrance to the roll gap, velocities 
are smaller than roll velocity. This gives rise to the existence ofthe so-called neutral point, 
in which roll and workpiece velocities are equal. This phenomenon is clearly visible at Fig. 
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4. where velocity fields relative to the neutral point velocity in different stages of rolling 
process obtained by the program Rolling are presented. 
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Figure 4. Relativevelocity fields in workpiece during rolling 

4. CONCLUSIONS 

Using !arge strain elastoplastic updated Lagrangian Hencky formulation the Rolling 
program is made. The results obtained by mentioned program are compared by well known 
numerically and experimentally obtained results and their agreement are very good 
Further improvements can be achieved by introducing temperature effects to simulate hot 
rolling and with considering fracture theory for prediction of material damage. 
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ABSTRACT: The design of cold extrusion processes requires the optimisation of several process 
variables in order to obtain a defect free product. The fulfilment of different objectives, such as the 
minimisation of forming Ioads or the homogeneity of the deformations, is highly requested. 
Nevertheless, several other relevant aspects of extrusion processes have to be taken into account 
and require a suitable optimisation of the process parameters and in particular of the die shape. In 
this paper, tool life has been assumed as the most relevant goal and an effective die design 
procedure as been setup. It is weil known that fatigue cracking of the dies is the principal cause of 
dies failure in cold extrusion and that fatigue cracking is related to the stress/strain distribution in 
the zone of highest loading; thus the proposed approach is aimed to the research, through 
statistical techniques, of the function linking the die profile and the radial stress distribution in the 
die itself. By this way the most suitable die shape has been designed able to ensure the 
minimisation of the stress peak and an almost uniform pressure distribution at the specimen-die 
interface. 

1. INTRODUCfiON 

Cold extrusion represents one of the most important and diffused net-shape processes, the 
purpose of which is to produce a finished component with an high dimensional accuracy. 
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Since the process is characterized by extremely high pressures at the tool-workpiece 
interfaces and the material has undergone to large strains, an effective process design is 
absolutely necessary: in particular the process designer has to select the most suitable 
combination of press, tools material, geometry and structure, lubrication and material 
properlies in order to make the operation successful. 
As far as the tools are concemed, in cold extrusion fatigue cracking of the die is the most 
important cause of failure [1,2]. Generally toollife is much more constrained by fatigue 
cracking than by wear. On the other band it is quite obvious that a significant economical 
effect could be achieved through an increase in the service time of tool elements: it has 
been calculated, in fact, that tooling costs represent a percentage ranging between 5 and 
30% of the total manufacturing costs [3,4]. Actually the greatest problern in the 
preliminary estimation of tool life is the large dispersion of tool life itself, even for the 
same tool geometry, material and construction. 
The above consideration justify the large research effort aimed to the definition of effective 
methods for the prediction of the toollife: Lange et al. [5] proposed a Fatigue Analysis 
Concept to estimate toollife during the process and tooling design phase; Hanselet al. [6] 
utilized numerical FE simulations to follow the growth of a fatigue crack in cold extrusion 
dies; Engel [7,8] proposed a statistical approach, hypothesizing effective distributions with 
reference both to the forging Ioad and to the die strength. 
lt is worth pointing out that in cold extrusion die life is fundamentally affected by the 
pressure distribution along the die shoulder: in the most common case of conical dies, 
crack initiation is generally located in the transition radius at the shoulder entrance, where 
the pressure peak occurs. Kocanda [9] provided strain-life data for the AISI M2 high speed 
steel at room and elevated temperatures: he pointed out that the number of cycles (i.e. the 
number of forged parts) to crack initiation is strongly linked to the total radial strain 
amplitude in the die and consequently to the pressure peak at the transition radius. Osakada 
[10] showed an interesting relation between forming pressure and toollife: tool steels for 
cold forming can sustain about 3000 Mpa in a compression test without being plastically 
deformed, but the tool life is very short when a pressure of such a Ievel is applied 
repeatedly. 
Actually the pressure distribution along the die shoulder is strongly affected by the die 
geometry. In the recent years several researchers have proposed different approaches aimed 
to optimize the die shape taking into account different objectives: Kusiak and Thompson 
[11] investigated three different optimization techniques, namely one direct-search and two 
gradient methods, to determine the optimal die shape design able to minimize the total ram 
force; . Joun and Hwang [12] assumed as objective the homogeneity of the strain 
distribution in the extruded component and applied their approach to the pass schedule 
design in multi-pass extrusion too; finally Chung and Hwang [13] utilized an integrated 
approach between genetic algorithms and finite element simulations to determine the 
optimal die shape, both taking into account the minimization of the punch Ioad and the 
minimization of the effective strain variations. 
Very recently the authors have proposed a new approach to the optimal design of cold 
forming processes based on the integration of numerical Simulations and statistical tools: 
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the basic idea is to determine the analyticallinkage between the process target and the set 
of the process parameters. Such approach has been successfully applied to the preform 
design in a couple of closed die forging processes [14], since it has allowed to determine 
the optimal preform shape able to ensure a complete filling of the finishing die cavity. 
In this paper the authors apply a similar approach to cold extrusion: according to the above 
considerations the achievement of a suitable "smooth" pressure distribution along the die 
shoulder, avoiding any pressure peak, has been considered as the most important objective 
and the optimal die shape able to fulflll this requirement has been determined. 

2. THE INVESTIGATED EXTRUSION PROCESS 

An axysimmetric extrusion process with a reduction in area equal to 75% has been 
investigated assuming as workpiece material an aluminum alloy, namely the AA5052 alloy 
forged at room temperature, whose flow stress law is reported in (1 ): 

o = 210 E o.tJ [Mpa] (1) 

A typical cold extrusion die material has been utilized in the numerical simulations of the 
process, namely AISI 02 steel (1.5C, 12Cr, 1Mo). Furthermore, the utilization of a proper 
lubricant at the die-workpiece interface has been assumed with a constant friction 
coefficient equal to 0.2. 
In order to find out the optimal profile a class of shapes including flat, conical, parabolic 
and sigmoidal dies has been taken into account. It is worth pointing out that for each shape 
the shoulder length has to be selected too. Actually, the latter topic is not new: already 
Avitzur [15] for the simple conical die, investigated the optimal value of the cone angle (a) 
and proposed a solution based on the Upper Bound method. The optimal a value is the one 
able to minimize the total forming energy i.e. the one which Iets the best compromise 
between the energy dissipated by friction (which decreases at increasing a) and the 
redundant work (which increases at increasing a). 
For these reasons, in the research three different lengths of the die deformation zone have 
been considered and for each one the conical profile together with some parabolic and 
sigmoidal shapes have been examined; in particular the three lengths are the ones that in 
the case of a conical profile correspond to values of the cone angle equal to 30°, 45°and 
60° respectively. 
A polynomial form has been selected to describe the die profile, able to comprehend the 
conical shape as well as the parabolic and the sigmoidal ones. This function can be 
expressed as follows: 

F(z)"' ro + t- ro~ (z- Zo) + (z- Zl)(z- Zo)[P.(z)] 
ZI-Zo (2) 
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where (Zo; r0) and (z1;r1) are the coordinates of the points of the profile corresponding to the 
die entry and exit respectively, while Pn(z) indicates an n degree polynomial. 
The above reported function guarantees that the entry and exit points of the die belong to 
the chosen profile. Furthermore, it is worth noticing that in order to represent the above 
mentioned die shapes a degree of P n equal to 1 is enough. 
By this way in fact, the degree of F(z) is equal to 3, thus a sigmoidal form is fully 
described and by assigning proper values to the coefficients of P n even the parabolic 
(degree equal to 2) and the conical (degree equal to 1) profile are included. 
As a consequence, the function F(z) can be expressed as follows: 

F(z) = ro + t- ro~ (z- Zo) + (z- z,)(z- Zo)(mz + p) 
z,-Zo (3) 

Among the die shapes belanging to the sigmoidal "family" (i.e. degree of F(z) equal to 3) a 
particular attention has been focused on the so called "double tangent" profile, that is a 
profile which is tangent to the cylindrical part of the die both at the entry and at the exit 
section. The qualitative shape of the "double tangent" sigmoidal profile is reported in Fig. 
1(a), while the parabolic profile and the conical one are reported in Fig. 1(b) and Fig. 1(c) 
respectively, for a length of the die shoulder corresponding to a cone angle of 45°. 

Fig. 1: (a) the "double tangent" die profile, (b) the parabolic die profile, 
(c) the conical die profile 
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3. THE DESIGN PROCEDURE 

As above reported the aim of this paper is to find out a die profile which leads to a 
minimization of the pressure peak at the die-workpiece interface and consequently to a 
relevant reduction of the stresses in the die; thus it has been necessary to find out tbe 
analytical function able to express the linkage between the design variables of the 
optimization problern (i.e. the coefficients m and p) and the variable representing the 
output of the model for different lengths of the die shoulder (i.e. the difference between the 
z coordinates of the exit and the entry sections, ZcZo). As far as the output variable is 
concemed, the maximum radial stress in the die has been utilized according to the above 
considerations. 
In this way, several numerical investigations have been carried out, testing different forms 
of the die profile at varying the coefficients of P" and finding out the corresponding values 
of the maximum radial stress. 
lt has tobe underlined that the profiles which assume values out of the range [r1, r0), have 
been excluded from the test dass in order to avoid physically meaningless shapes. 
Thus, for each investigated value of the die shoulder length, a set of data has been obtained 
relating the design variables m and p to o, (max) in the die. The obtained data sets have been 
structured as follows: 

m . p OriiDUI 

ml P I or(max)l 

m 2 P2 or(maxl2 

m. Pn Or(max)n 

Tab. 1 The knowledge base structure 

A regression model has been applied on the data betonging to the knowledge base, for each 
value of the die shoulder length, to determine the desired function. In particular a regular 
behavior of the above mentioned function has been hypothesized and a quadratic 
expression has been assumed, which can be represented as follows: 

(4) 

where p and m are the input parameters in this application and o, (max) represents the output 
variable. 
The definition of this response function is fully obtained by the determination of its 
coefficients, namely the zero order coefficient b0, the first order coefficients {b1; b2), the 
second orderpure ones (b11; b22) and the second order mixed one (b12) [16,17]. 
Once the response function has been obtained a local minimum has been determined whose 
coordinates are the optimal value of m and p. 
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4. RESULTS 

The die profiles obtained with the proposed procedure have been tested in order to verify 

the validity of the results. In particular three different optimum points have been found out 

for each one of the analyzed die shoulder length. 
lt is worth observing that the parabolic profile resulted the favorite one in each case: the 

lower pressure peaks have been obtained in fact, by utilizing those values of the parameters 

m and p corresponding to a degree of F(z) equal to 2. 
This general conclusion is confirmed by some results shown in the next figures 2, 3 and 4. 

All the reported results are referred to the die shoulder length corresponding, in the case of 

the conical die, to a cone angle a = 45°. 
In particular, in Fig. 2 the distribution of a, on the die with the simplest conical profile is 

reported: the value of ar(max) in this case is equal to 396 [N/mm2]. 

Obj 2 (x10E2) 
A = -4.4317 
B =-3.12H 
c = -3.2261 
D = -2.6234 
E = -2.1216 
F =-1.4118 
G = -1.8151 
H = -0.2123 
I = 8.3814 

Fig. 2 The radial stress distribution for a conical die profile 

The "double tangent" profile for the same length of the die shoulder presents a slight 
worsening in terms of the maximum value of the radial stress with respect to the conical 
shape, with a peak equal to 413 [N/mm2] (see Fig. 3). 

Obi 2 (x11E2) 
A = -4.5301 
B = -3.9105 
c = -3.2112 
D = -2.6191 
E = -2.048& 
r • -1.4zS3 
G = -O.IHO 
H = -1.1187 
I = 0.4316 

Fig. 3 The radial stress distribution for a "double tangent" die profile 
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The application of the statistical techniques on the available knowledge base has permitted 
to individuate the optimal die design in a parabolic profile. A numerical simulation of the 
process has been carried out by utilizing such profile and it has Iead to the radial stress 
distribution shown in Fig. 4: the maximum value of the radial stress detected on the die 
shoulder is equal to 332 [N/mm2] proving the validity of the optimization procedure. 

r I 
I .r 
r 1 
r I I ~ 

j 1/ 
~ 

·~ i 
' ! 

I 

Obj 2 (x18E2) 
A = -4.5937 
B = -3.9553 
c = -3.3168 
D = -2.6714 
E = -2.03!19 
F = -1.4015 
G = -0.1130 
H = -0.1246 
I = 8.5138 

Fig. 4 The radial stress distribution for a parabolic die profile 

The same kind of optimal die profile, namely a parabolic one, has been obtained by 
carrying out the optimization procedure at the varying of the die shoulder length, 
confirming the robustness of the acquired solution. 
It is worth pointing out that the achieved result is in very good agreement with the one 
reported by Kusiak et al. in [11 ]; these authors in fact, developed an optimization 
procedure aimed to the minimization of the total ram force and found that the optimal die 
profile had a "trumpet shape" for frictionless extrusion while it became a parabolic one as 
the friction increases; the latter condition being very similar to the one considered in this 
paper. 

5. CONCLUSIONS 

In the paper a statistical based optimization procedure for the die shape design in cold 
extrusion has been presented. The objective pursued in the proposed research is related to 
die life improvement since the design procedure has been aimed to find out the die profile 
which Ieads to a reduction in the pressure peaks along the die shoulder which is directly 
connected to fatigue cracking occurrence. 
The proposed optimization procedure has been developed on the basis of a knowledge base 
built up by numerically investigating different die profile behaviors. Moreover the obtained 
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results have been numerically tested in order to prove the effectiveness of the proposed 
approach. 
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ABSTRACT: The bot extrusion forging, in the production of an half shaft of a motorcycle engine, 
has been analysed by means of ftnite element simulations. The severe mesh distortion occurring in 
the simulation has been overcome with the aid of a code provided with automatic remeshing 
techniques. The study is aimed to promote the use of FEM not only in the designing phase but also 
as a tool able to investigate defects occurring at the production Ievel. 

1. INTRODUCTION 

Hot Extrusion forging is a weil known and assessed production technique employed in 
manufacturing a large medley of mechanical parts, like gears, engine shafts and bolts. 
A significant benefit of this process can be attributed to the easily of manufacturing two 
different parts: the extruded shaft and the forged head. In this way, welding operations are 
not required. It Ieads to considerable cost saving, because of the reduction in die and 
operation number and of a significant improvement of mechanical properties. 
Unfortunately there are some drawbacks connected to the conflicting technological 
requirements in two different processes. As a matter of fact, fillet radii should be chosen 
differently in extrusion than in forging, the lubricant should be different and even 
preferred material flow directions should be otherwise oriented. Therefore, technological 
variables have to be selected as a compromise between opposite demands. 
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Numerical analysis, namely the Finite Element technique, is usually employed in order to 
improve the choice of process parameters. The simulation of the process is especially 
effective when employed just in the frrst stage of the process design, to assist the die 
dimensioning. It allows for the comparison and evaluation of a wide number of different 
productive options on a base of knowledge obtained by simulation. Thus it makes possible 
to study the influence of changes in the operative parameters on the productive goals, 
avoiding the necessity of expensive prototypes. 
Numerical analysis of an bot forging process must cope with some peculiar difficulties 
such as non accurate operative parameter assessment, partially unknown material 
characteristics and eventually the great deformation of material fibers leading to severe 
mesh distortion. 
As a matter of fact, to produce an effective numerical simulation, process data should be 
known with a good accuracy and kept under strict control. This is hardly to be seen in a 
common industrial environment, where seldom the characterisation of material and process 
data exceeds the specification by the customer demand. Besides, tolerances on a hot 
worked part are low enough to justify a simplified in-process control. 
This work aims to prove that, even when some important material and processing data are 
incomplete or lacking, it is possible to realise a simulation able to reproduce the principal 
process features with a Ievel of accuracy compatible with engineering design requests. 
Moreover, simulation can be employed not only during process optimisation, but also in 
order to identify productive defect causes and test possible solutions. 

2. THE INDUSTRIAL PROCESS 

The selected case study is the half shaft of a two-stroke motorcycle engine. The employed 
material is a 39NiCrMo3 steel. The components is represented in fig.l after the frrst 
forging step. This shaft is heavily stressed during its operating life by composite torsion 
and bending Ioads. 
The most stressed points lay on the fillet between the crank and the shaft. This fact has 
been a strong incentive to the choice of an extrusion forging process. The productive cycle 
is made up of the processes described in fig.2. 
This work stresses on the blocking stage in the extrusion forging process, because it is the 
activity in which the greatest number of defect may arise. The employed machine is a 
vertical mechanical press with a nominal working force of 6500kN and a stroke of 
200mm. 
Forging temperature is assessed with a poor accuracy, due to unpredictable elapsed time 
between the workpiece extraction from the induction oven and its positioning under the 
die. Moreover die temperature is uniformly distributed only in the initial phase, after the 
pre-heating. 
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Fig.l - The forged part after the blocking stage 

CUTTING DEBURRING 

+ ! 
HEATING TEMPER HARDENING 

~ t 
BLOCKING AND TRIMMING AND 
FINISHINGING PIERCING 

Fig.2- Flow chart ofthe production process 

Durlog forging the heat flow from the workpiece to the die induces a non uniform 
temperature distribution. This fact, together with the lubrication type, has a deep influence 
on the insurgence of many production defects. Average temperature of the workpiece is 
1150°C. Die temperature is taken nearly to 300°C before the starting of the production. 
After 50 strokes it can be assumed that die temperature reaches a steady state with 
increased temperature inside narrow cavities and decreased near the external border. Not 
only the temperature, but also the constitutive law of the material and the friction 
conditions at the boundary interface are of uncertain defmition. This is due not only to the 
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effective difficulty in experimental measurements but also to the great variation of values 
inside the production environment. 
The employed lubricant is a graphite-based oil mixed with water, Lubrodal type F24W. 
The fluid acts both as a coolant and as a lubricant and is applied by mist lubrication. Oil is 
sprayed on the die by means of a spray gun fed by a pneumatic pump. 

3. EXPERIMENTAL ANALYSIS 

The studied process is subjected to a number of production problems, related to the heavy 
extrusion ratio combined with the length of the extruded shaft, both imposed by design 
constraints [ 1]. 
The most serious defects due to the forging process are the folding originated close to the 
fillet radius. This defect is a starting point for the propagation of cracks. Often folding 
dimensions are small and hardly visible by bare eyes, so that a control by magneflux is 
made necessary on every piece. An typical cause for this defect is the wrong positioning of 
the workpiece on the die. 
Another defect is the underfilling of the stem, due to Iack of material, or to a wrong 
positioning of the workpiece on the die. Y et another defect is the overheating of the stem 
because of excessive temperature or too long permanence time in the oven. During the 
forging they produce surface tearing. All of these defects are originated with an apparent 
aceidentat sequence and cannot be predicted or avoided. Control charts showed that the 
most of the rejected pieces belong to the starting phase of work. Moreover, the folding 
develops independently from the shape of flash, that should have revealed a positioning 
error. Therefore the attention has been transferred to the temperature distribution and to 
the lubrication, both variables assuming values substantially different at the start-up. 
A number of tests has been executed on both damaged and undamaged parts. The most 
significant have been the forging force measurement, the fiber flow, HRB hardness, fmal 
geometry measurements [2]. 
The forging force has been measured on the press during the blocking stage. The force has 
been induced by the deformation of press columns detected by strain gauges mounted on 
them. Because of uncertainties, measures have been repeated several times. The average 
maxirnum force is 4000 kN. 
It is possible to see the fiber folding on themselves due to a flaw near the fillet between 
shaft and the head. The test has been executed by plunging the workpiece for 10 minutes 
in a boiling solution of 50% chloridric acid. 
The fiber flow is represented in fig.3a for an undamaged part. It is evident the Iack of 
uniformity in the fiber flow along the stem, due to the asymmetry in the head. In fig.3b it 
is highlighted the above mentioned folding defect, that is the most frequent cause of reject. 
Rockweil B hardness tests have been performed on the half section of a forged piece 
before any thermal treatrnent to detect possible heat-hardening due to non-uniform 
cooling. Hardness has a uniformly distributed value, leading to give up the hypothesis that 
folding defects were induced by non uniform temperature distribution. 
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a b 
Fig. 3- a) Fiber flow for the undamaged part after blocking. b) Highlight ofthe folding 

defect in the fmal part 

4. THE NUMERICAL SIMULATION 

By means ofthe fmite element DEFORM code [3], the axisymmetric bot extrusion forging 
process has been simulated. 
An initial number of 630 axisymmetric isoparametric quadeilateral elements 
interconnected in 688 nodal . points was used to model the workpiece. Dies were also 
meshed with rigid elements in order to perform a thermal mechanical analysis of the 
workpiece and a thermal analysis of the dies. The model is shown in fig. 4. An average 
number of 12 remeshings was required by the simulation due to the presence of a very 
narrow flash. The actual velocity has been assigned to the upper die; the plastic flow 
properties of the material, as a function of strain, strain rate and temperature, have been 
employed. 
Frictional effects at the interface workpiece-dies have been taken into account by means of 
the constant shear friction model: 

where r is the frictional shear stress, m is the friction shear factor and aeq the equivalent 
flow stress. The value of m has been chosen equal to 0.3 [4]; this value was obtained by 
means of comparison between experimental and numerical profile. 
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Fig. 4 - The numerical model 

Fig. 5 - The deformed mesh for a punch stroke of 17 rnm and the fmal configuration 

In order to correctly follow the geometrical profile of the dies, containing small fillet radii, 
a very high value of the penalty function has been chosen for contact management. The 
simulations have been carried out on a IBM Risc 6000 workstation, with a mean CPU time 
of 600 seconds for each nm. The numerical simulation supplied the results reported in fig. 
5 in which it is possible to see the deformation pattem for a punch stroke of 17 rnm and at 
the end of the operation. Fig. 6 shows a comparison between numerical and experimental 
forging Ioads with respect to the forging stroke. An excellent overlapping with the 
experimental results has been obtained both with respect to the fmal geometry and to the 
predicted Ioads, despite the approximations in input data. 
Once the validity of the numerical model has been assessed, the model itself has been 
employed as a powernd CAE tool to assist the analyst in the process design. 
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F ig. 6 - Experimental ( dotted) and numerical (Continuos line) Ioads 

In particular, the numerical analysis has been carried out in order to analyse defect 
occurrence in terms of flow distortion and localised pressure peaks. 
Therefore, a sensitivity analysis has been performed, by varying the parameters whose 
control can be still improved. Among these, the most significant are the lubricant 
conditions and the average die temperature. Since, in the actual industrial process, the 
lubricant is sprayed on the die surface from a lateral side, its distribution is not uniform 
and it is possible to assume that only a small fraction of lubricant fits the stem cavity of the 
die. It has been assumed that this could concur to the occurrence of the above mentioned 
folding defect. In order to study this effect by means of numerical analysis, friction factor 
has been assumed a different value both in the stem or in the head. With respect to the 
condition of uniform lubrication, the results showed a quite different flow pattern, as can 
be seen in fig. 7. In the figures the detailed zone of the fillet corner is shown; it is clearly 
visible that the neutral fiber is more far from the stem in this latter case. This position of 
the neutral fiber induces more bent flow lines nearest the fillet corner, thus leading to the 
folding. 
With regards to the contact pressure on the dies, that is responsible for die wear, a sensible 
increasing has been observed. Namely, the peak pressure on the corner varies from 
580MPa in the uniformly lubricated case to a maximum of 830MPa when only the head is 
welllubricated. 
Variations in the working temperature of the dies, bring to worst values of all the 
considered parameters. The fiber flow is less regular while the peak pressure reduces 
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slightly for large increasing of die temperature (100 MPa reduction when dies reach the 
temperattire of 700°C as experimentally observed). 

Fig. 7 - The fiber flow pattern for the uniform and non uniform lubrication case 

CONCLUSIONS 

A sensitivity analysis of an extrusion forging process has been realised by means of FE 
simulations. The goal was the determination of defect causes, avoiding expensive trial and 
error experimental methods. The simulation has been made more compelling by the 
necessity of reproducing the actual industrial process, characterised by a limited possibility 
of determining and controlling the operative parameters. Nevertheless, the simulation 
showed a fair1y good correspondence to the reality. Moreover, the sensitivity analysiswas 
able to give precious indications for the assessment of the process parameters. 
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ABSTRACT: Cold extrusion is sometimes accompanied by some typical internal defects, known 
in the technical Iiterature as "central bursts", which dramatically could affect the component 
behaviour during its service life. Several researchers, following both analytical and numerical 
approaches have attempted central bursting prediction in extrusion. Among the latter several 
approaches have been proposed in the literature, namely the ones based on the use of ductile 
fracture criteria and the ones founded on the darnage mechanics analysis. Each one of these 
approaches presents some advantages and drawbacks. In the paper the authors analyze a set of cold 
extrusion processes on AISI 1040 specimens at varying the most relevant process parameters. The 
occurrence of central bursting has been predicted utilizing all the classes of approach previously 
mentioned and the goodness of the predictions has been validated through a set of experimental 
tests. On the basis of this validation the usefulness and the industrial suitability of each approach is 
discussed. 

1. INTRODUCTION 
The prediction of ductile fractures insurgence during metal forming processes has 
constituted one of the matters of greatest interest for the researchers during the last decade. 
Such interest is justified fully by the economic consequences connected to the formation of 
ductile fractures, particularly when these last are not visible with a simple extemal 
examination ofthe forged component and they are been revealed in exercise subsequently. 
Such characteristics are for instance present in the case of the typical defect of centrat 
bursting during cold extrusion processes [1,2]: such defects in fact occur inside the 
component, and only in few cases they arrive until on the surface. 
Several approaches have been proposed in the recent years to predict ductile fractures. 
Actually it is possible to consider these approaches as betonging to two main groups [3]: 
the former is based on the use of ductile fracture criteria, which utilize the calculated strain 
and stress fields in order to evaluate a properly defmed darnage factor to be compared with 
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the critical value [ 4-8]; the latter, in turn, try to achieve a better insight of the mechanisms 
of darnage insurgence and to take into account the intluence of darnage on the plastic 
behaviour ofthe material [9-12]. 
It is worth pointing out that the use of ductile fracture criteria represents a relatively simple 
approach: these criteria, in fact, generally have a simple incremental form and sometimes 
are available in the commercial fmite element codes. On the other hand the models based 
on the analysis of darnage mechanics surely allow a better comprehension of the darnage 
phenomenon; nevertheless they are much more complicated from the mathematical point 
of view, require properly defmed yield conditions and associated tlow rules for damaging 
materials and fmally the definition of a set of material parameters. 
In a recent paper the authors had presented the results obtained carrying out a wide 
experimental analysis of cold extrusion processes on AISI 1040 specimens [13]. The tests 
were performed at varying the most relevant process pararneters (i.e. the reduction in area 
and the semicone die angle) and had allowed to determine for which combinations of the 
process pararneters the insurgence of central bursting was more frequent. 
In this paper the authors verify the effectiveness of both the above mentioned approaches: 
in particular, as far as the methods based on ductile fracture criteria are concemed, two of 
the most important and widely utilized criteria have been taken into account, narnely the 
Cockroft and Latharn [4] and the Oyane [5] criterion. On the other hand, the darnage 
mechanics formulation has been founded on the Tvergaard and Needleman [12] yield 
criterion for darnaging materials and on the model proposed by Chu and Needleman [14] 
for the nucleation of microvoids. All the material data involved in the formulation have 
been determined through an inverse approach. 
The predictive capability of both the approaches has been verified all over the available 
experimental data: the obtained results are presented and discussed in detail. 

2. EXPERIMENTAL TESTS 
The investigated process pararneters are all the combinations obtained for reductions in 
area RA = 15, 20, 25, 36, 42% and semicone die angle a. = 15, 20,25°, while the 
mechanical and chemical properties of the utilized material are sumarized in table 1. 

Chemical composition: C 0,4%; Si 0,32%; Mn0,71%; P0,023%; 
Hardness: HBN(2,slloot3o) = 260 Kg/mm2; 

Tensile strength: 955 N/mm2 

Table 1. Mechanical and chemical properties of AISI 1040. 

In particular the AISI 1040 specimens had an initial diarneter of 25 mm; on each of them 
four consecutive reductions, were carried out with the same geometrical parameters of the 
die. The extrusion operations were conducted on a Universal Testing Machine by MetroCom 
Engineering Spa, properly equipped. Before each test the specimens were lubricated by 
applying a film of Molybdenum Disulphide on the surface. For each sequence I 0 tests have 
been performed. The presence of the Centrat Bursting defect has been discovered by the 
steep decay of the extrusion Ioad, which occurs each time that a "hurst" appears inside the 
material. 



Validation of Predictive Approaches in Cold Extrusion 363 

Table 2 reports the most important results of the experimental tests: in particular, for each 
combination of the geometrical parameters, the eventual occurrence of Central Bursting is 
pointed out, together with the step at which the defect has been discovered. 

RA%, \a0 15° 20° 25° 
15% No defects No defects C. B. 3rd step: 

20% No defects C. B. 3rd step C. B. 2nd step 

25% No defects C. B. 4tn step C. B. 3rtt step 

36% No defects No defects No defects 
42% No defects No defects No defects 

Table 2. The experimental results. 

Some typical Central bursting defects are shown figure 1. 

• J' \ .. ~ :. 

' ,., -:- . ~: . 
.. 

Figure 1. Central bursting 

3. THE DUCTILE FRACTURE CRITERIA -THEORETICAL REMARKS 
3.1 The Cockroft and Latham criterion 
The Normalized Cockcroft e Latham criterion assumes that fracture arises when the tensile 
plastic strain energy reaches a critical value: 

EF * 
J ~ crde~c3 (I) 

where (cr • /cr )is the maximum norm~liz~d tensile stress defmed as the ratio between the 

maximum tensile stress, cr*,and the equivalent one, and C3 is the critical value. The latter is 
determined by upsetting a cylindrical specimen under sticking conditions at the punch­
specimen interface until the frrst cracking appears on the external surface. By simulating 
the same operation and stopping the process at the same value of height reduction 
experimentally determined, the critical value is the maximum darnage value reached on the 
external surface ofthe specimen [15]. 

3.2 The Oyane criterion. 
This criterion was derived by Oyane from the plasticity theory for porous materials and is 

based on the assumption that fracture incomes when the volumetric strain, Ev, reaches a 
critical value depending on the characteristics ofthe material and on the strain path. [8]: 

EF -F 

Jr;p2P-1dsv = eJ(A+ 0~ te (2) 
0 &I cr ~ 
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where p is the relative density of the material, fv is a function of the relative density and p 

is a constant, the integration limits are respectively: E~, volumetric strain, EF equivalent 

strain at fracture, Ei equivalent strain at the voids arising. 
Oyane supposed that after the beginning of the fracture the material still follows the 
plasticity law for porous material and that, for given material, the quantity at first member 
is constant at fracture; Osakada et al. shown that the strain at which the voids arise depends 
on the pressure, frrstly Shima e Oyane assumed that this value of strain is constant at 

atrnospherical pressure and Ei = 0 consequently the criterion assumes the form: 

-F 

EJ(A+ O'~)dE=B 
0 0' 

(3) 

where A and B are constant at fracture characteristics of the material. 
lt is worth pointing out that in the latter criterion the influence of the hydrostatic stress on 
the occurrence of ductile fracture is pointed out with larger evidence than in the Coclcroft 
and Latham one. 

The previous expression can be written as:< ~ = ~ - ~ '! [:: }re., (4) 

that in the plane ( 
87 ( cr m) dE eq, E ~q) describes a linear function where B/ A is the 
o cr eq 

intersection with the y-axis and -(1/A) is the angular coefficient. 
Thus, the values of the constants can be determined by means of a set of upsetting 
processes on cylindrical specimens with different height/diameter ratios. The equivalent 
strains reached at the moment in which the frrst fracture arises on the extemal surface 
allow, in fact, to construct the function (4) and then to determine the values A and B 

3.3 The Tvergaard and Needleman model 
The former approach to develop an yield function for a solid with a randomly distributed 
volume fraction ofvoids, "f', was proposed by Gurson [10]: 

<l>= ~i +2/cosh(;; )-(1+ / 2 )=0) (5) 

where O'eq is the macroscopic equivalent Stress, <Yij 1 is the macroscopic Stress deviator, and 

cr is the yield stress of the matrix (void-free) material. The Gurson equation (5) clearly 
shows the effect of the mean stress on the plastic flow when the void volume fraction is 
non-zero, while for f=O the Gurson criterion reduces to the von Mises one. 
The components of the macroscopic plastic strain rate vector can be calculated applying 
the normality rule to the yield criterion above written: in fact as shown by Bisbop and Hill 
the validity of the normality rule for the matrix material implies the validity of a 
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macroscopic normality rule. Following these considerations the components of the 
. at>(a .. ) 

macroscopic plasticstrainrate vector can be expressed as: i;if = A. lJ (6) 
i30'ij 

where the parameter i can be calculated if monoaxial stress conditions are assumed. 
Tvergaard [11] and Tvergaard and Needleman [12] introduced other parameters, ql and f*, 
obtaining the following expression: 

<1> = ~i + 2f"q1 cosh( ~; )-[1 +(qd" 'f] = 0 (7) 

The frrst parameter, ql, permits to take into account the interactions between neighbouring 
voids: Tvergaard in fact obtained the above criterion analysing the macroscopic behaviour 
of a doubly periodic array of voids using a model which takes into account the nonuniform 
stress field around each void. Tvergaard assumed the value of q1 equal to 1.5. The second 

parameter f*(f) was introduced in substitution of f in order to describe in a more accurate 
way the rapid decrease of stress-carrying capability of the material associated to the 
coalescence ofvoids: in fact f*(f) is defined as: 

r*(f)=f forf~fc and r*(f)=fc+(-fc.(f-fc) forf>fc (8) 
fy -fc 

where f* u =llqf, fc is a critical value of the void volume fraction at which the material 
stress-carrying capability starts to decay very quickly and finally fp is the void volume 
fraction value corresponding to the complete loss of stress-carrying capability. Again the 
constitutive equations associated to the Tvergaard and Needleman yield criterion can be 
determined by means ofthe normality rule. 
The Tvergaard and Needleman darnage model has been implemented in a fmite element 
code based on an Updated Lagrangian formulation; an incremental procedure has been 
employed in order to follow the transient process from the workpiece input phase to the 
achievement of steady state conditions. In fact to evaluate the possibility of a ductile 
fracture insurgence, it has been necessary to follow the whole deformation path for each 
point of the material. 
Depending on the stress conditions, both the existing voids can grow and new voids can 
nucleate. Than, at the end of each step of the deformation process the values of the void 
volume fractions calculated at the integration points within each element must be updated. 
The increasing rate of the void volume fraction can be considered partly due to the growth 
of the existing voids and partly to the nucleation of new voids: j = j growth + inucleation (9) 
As far as the frrst aspect is concemed the rate of changing of the void volume fraction is 
related to the volumetric strain rate Ev by the relation: igrowth = (1- f)i;v (10) 
On the other band, several models have been proposed in order to evaluate the nucleation 
of new voids; in these models the void nucleation rate is assumed as depending on the 
matrix equivalent plastic strain rate and on the rate of increase of the hydrostatic stress, 
following the expression: inucleation = Ai;eq + B(a + d' m) (11) 
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where A and B are material dependent constants. In particular Chu and Needleman 
suggested to calculate A and B assuming that the void nucleation follows a normal 
distribution and have distinguished two different cases: the case ofplastic strain controlled 
nucleation (B=O) and the case of stress controlled nucleation (A=O). In the frrst case the 
proposed expressions for A [14], Chu and Needleman have introduced the pararneter fn, 
which is the volume fraction ofvoids potentially able to nucleate ifsufficiently high strains 
are reached; the void nucleation follows a normal distribution about a mean equivalent 
plastic strain Emean with a standard deviation s; in the form reported below: 

• in 1 e.q -&mean • [ ( ) 2] I mu:teation = s.fiii exp - 2 s eeq (12) 

The application of the darnage mechanics model requires the determ,ination of the 
pararneters involved in the yield condition and in the nucleation model. Such task has been 
carried out applying an inverse identification algorithm with reference to the Ioad vs 
displacement curve in the tensile test [16]. This algorithm is an optimization procedure, 
which determines the set of pararneters, that allows the best matehing between the 
numerical and the experimental results, and consequently supplies a suitable material 
characterisation 

3. THE NUMERICAL SIMULATIONS 
All the simulations were carried out utilizing the following flow stress law for the material: 
(i = 985 · &0.12 [MPa] 
The simulations were performed at varying the above mentioned combinations of the 
geometrical pararneters as reported [17, 18]. A constant friction law has been assumed and 
the shear factor was determined by means of the double cup extrusion tests which supplied 
m=0,2. 
As far as the material constants required in the fracture criteria are concemed, they have 
been determined on the basis of the upsetting tests, according to the considerations reported 
above. The material constants required by the darnage mechanics approach were determined, 
on the contrary, applying an inverse approach on the results ofthe tensile test. Allthese data 
are reported in the next table. 

Tvergaard and Needleman darnage model fn = 0,025; fc = 0,03; Emean=0,15, s= 0,05 
Cockroft and Latharn criterion C3=0.47. 
Oyane criterion A=-1.96 and B=0.68 . . . 
Table 3. The constants character1zmg the darnage modeland the fracture criteria. 

Figures 2a, b, c, report the trends of the maximum values of the three darnage variables, 
(i.e. the two fracture criterion and the darnage model) for a semicone die angle a.=25° and 
for all the reductions in area to predict if and when the fracture should occur. In particular 
Figures 2a, b, and c show the trends obtained utilizing the darnage variable, "d", calculated 
utilizing the Cockroft and Latharn criterion; the one, "b", calculated utilizing the Oyane 
criterion and finally the void volume fraction, "f', from the Tvergaard and Needleman 
model respectively. 
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Fig. 2a, b, c. Maximum value of the darnage variable at the end of each extrusion step. 

3. DISCUSSION OF THE RESULTS 
In the following tables all the numerical results are summarized: the extrusion step at 
which the insurgence of centrat bursting is predicted (i.e. the value of the darnage variable 
overcomes the critical one, depending on the particular criterion adopted) is pointed out. 
The evaluation of the ductile insurgence is reported in table 3, respectively employing the 
Cockroft and Latharn criterion, the Oyane criterion and, fmally, the Tvergaard and 
Nedleman darnage model. 

RA=l5% RA=20% RA=25% RA=36% RA=42% 
Cockroft-Latham a.=l5° 4 
Criterion a =20° 3 3 

a =25° 3 2 3 5 
a.=l5° 4 

Oyane Criterion a =20° s 4 
a =25° s 4 4 

Tvergaard and a.=l5° 
Needleman a =20° s 3 3 
Model a =25° 3 l 3 

Table 3. Numencal results. 

Actually the latter model has shown to be the most suitable instrument to describe the 
process mechanics and predict the insurgence of defects since the darnage effects are 
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introduced directly in the constitutive equations of the material; on the converse, it needs a 
more detailed material characterisation. The determination of the critical darnage value for 

the two ductile criteria is, instead, very easy to realize, in particular the Cockroft and 

Latham one. The comparison with the experimental results shows that the information 

supplied by the Cockroft and Latham criterion are in a better matehing with the 

experimental data than the Oyane ones, even if both the ductile fracture criteria fail in 

suggesting the possibility of ductile fracture at the 4th extrusion (a=l5°, RA=20%). Thus 

it' s possible to conclude that the Cockroft and Latham criterion is the most suitable tool for 

industrial applications. 
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ABSTRACT: Springback can be considered as one of the most important shape defect in sheet 
stamping. Such effect results relevant even when simple bending operations are taken into 
account. In the paper the authors present a design procedure able to provide the proper value of the 
punch stroke to be applied in order to compensate for elastic springback In particular two 
approaches have been followed: firstly an inverse design technique has been utilized in order to 
find out the response function governing the investigated phenomenon; furthermore neural 
network techniques have been applied in order to represent the logicallink between the input data 
and the aimed output, i.e. the proper punch stroke able to compensate the springback effect. The 
set up models have shown a very good attitude to the process design. 

1. INTRODUCTION 

Optimisation of sheet metal forming operations is mainly focused on the metal flow 
control with the aim to obtain sound components free from both shape defects and 
fractures. As far as sheet bending operations are regarded, the product optimisation has to 
be aimed to the determination of the best values of the operative parameters, such as 
material properties, sheet thickness, punch radius and so on. Moreover, once the final 
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product has been fixed, i.e. the bent component material, its thickness and the final bending 
angle, the forming process has to developed in order to avoid discrepancies between the 
designed product and the obtained one. In particular such processes are strongly affected 
by the elastic springback which makes the final component shape different from the 
desired one. Actually springback occurs after the pressure of the forming tool is removed 
and results from the change in strain produced by elastic recovery when the Ioad is released 
[1][2][3][4][5]. 
1t should be observed that the increasing demand of low weight - high performances 
materials in advanced manufacturing, such as in the autornative and aerospace ones, 
emphasises the need for continuous investigations on elastic springback in order to foresee 
and overcome the occurrence of shape deviations from the original design of the final 
components. In this way, finite element method based techniques have been widely used to 
simulate the sheet stamping processes. Their excellent predictive capabilities regarding 
material flow, strain and stress states, forming Ioads and so on, permit significant cost 
reductions in the manufacturing process planning. In particular a few different procedures 
aimed to the simulation of the elastic springback have been proposed, based on implicit 
models, explicit ones or mixed ones [6][7][8]. 
As well, several models have been proposed to reduce or to compensate springback effects. 
The most conservative ones are based on the application of an overbending to compensate 
for springback the bending angle. In other words in the bending process the punch stroke is 
artificially increased with respect to the one necessary to obtain the desired bending angle; 
in this way as the bent part is removed from the forming tools and springback occurs, the 
bending angle retums to a value close to the desired one. 
In the paper the authors present a design procedure able to provide the proper value of the 
punch stroke tobe applied in order to compensate the occurring elastic springback in a V­
bending process of AA 5083 aluminum alloy sheets. In particular two approaches have 
been followed: firstly, an inverse design technique has been employed in order to find out 
the response function goveming the investigated phenomenon; furthermore a neural 
network has been set up and optimized in order to represent the logical link between the 
punch stroke and the final bending angle. 
Both the design techniques have been widely tested on several bending operations aimed to 
the production of fixed angle V-parts. The effectiveness, the advantages and the usefulness 
of the two methods are compared and will be discussed in next paragraphs. 

2. THE INVESTIGATED PROCESS 

The 90° V-bending process of AA 5083 aluminum alloy 90 x 110 mm sheets has been 
taken into account (fig. 1, left). In particular three different thicknesses, namely 2, 4 and 6 
mm, and three different punch nose radii, namely 4, 8 and 15 mm, have been investigated. 
Detailed descriptions of the theoretical aspects of bending can be find out in references 
[9][10]; it should be observed that as the forming tools are removed the intemal stress state 
of the bent part is no more in equilibrium and a deformation occurs till a new equilibrium 
configuration is reached. 
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Several investigations on the bending process were perforrned in order to study the effects 
of the punch nose radius and of the sheet thickness on the elastic springback; the 
simulations have been interrupted for several different values of the punch stroke, 
obtaining a wide set of data linking these parameters to the springback ratio defined as 
follows: 

K=a/a (1) 

where a, and a are the bending angles after and before unloading respectively. 
In fig. 1 (right) the predicted springback ratio versus the punch stroke is reported for a 
fixed punch nose radius equal to 4 mm and for the three different investigated sheet 
thicknesses. 
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Fig. 1 - The 4 mm thick sheet V-bending process (left); the springback ratio vs. the punch 
stroke for a 4 mm punch nose process (right) 

lt is worth pointing out that a strong dependence of the springback ratio on the sheet 
thickness has been observed; on the other band a weaker dependence of the springback 
ratio on the punch nose r~dius has been find out. Anyway all the variables have been 
utilized in order to build up the knowledge base for the design procedure. On the basis of 
the very good overlapping between the numerical predictions and the experimental 
verifications [9][10) such knowledge has been built up basing on the numerical results. 
As far as the numerical simulations are regarded, a mixed procedure, already tested with 
experimental verifications [10), has been developed; in particular an explicit model has 
been utilized to simulate the loading phase, while an implicit one has been used in order to 
develop the elastic step occurring in the releasing stage [8)[11 ]. 
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3. THE DESIGN PROCEDURE 

The task to be pursued in the proposed design procedure is the compensation of the elastic 
springback in the taken into account V -bending operations. In order to reach this objective, 
the proper value of the punch stroke to be applied has to be fixed. In this way an optimal 
design problern has to be faced: once the punch geometrical parameters (namely punch 
nose radius) and the sheet thickness are available, and the desired bendingangle is chosen 
as well, the optimal punch stroke has to be determined, in order to give an overbending to 
the bent part compensating the springback phenomenon. 
Two different knowledge based design approaches have been followed to reach this aim, 
namely a statistical regression procedure and an Artificial Neural Networks based 
approach. The developed knowledge base has been built up associating a punch stroke 
value to each combination of the design parameters; the obtained data set has been 
structured as follows: 

a r, t s 
desired bending punch nose radius sheet thickness punch strolu 

angle 
a . rpt t. s. 
CLz rp2 ~ ~ 
... 
a n rpn t" s. 

Tab. I - The knowledge base structure. 

On the basis of such a kind of knowledge the two proposed approaches have been utilized 
in order to obtain design tools able to provide as an output the proper value of the punch 
stroke basing on the input parameters ( a, r and s ). 
It is worth observing that neither for the statistical approach performance nor for the ANN 
training the whole data set has been exploited, on the contrary, a certain percentage of the 
available data has been used to test the quality of the responses provided by both the design 
methods. Furthermore, the results obtained by the statistical approach have been compared 
with the ones provided by the neural network in order to verify the applicability, the 
advantages and the usefulness of each method in particular design problems, namely at 
varying the wideness of the available knowledge. 
The accuracy of the obtained results, has been measured for both the procedures, by 
calculating a synthetic index measuring the fitness of the output with respect to the values 
stored in the test data set neglected in the preceding phase; in particular the mean square 
error has been utilized which is defined as follows: 
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N 2 

~(s~ -s) 

N 
(2) 

where si' is the output supplied by the design tools for a fixed combination of the input 

variables, si is the desired value of the punch stroke recorded in the test data set and N is 

the number of test data the mean square error is calculated upon. 

As far as the statistical approach is regarded, it has to be pointed out that it consists of two 

phases: a design of experiments and a regression model application [12][13]. 

Regarding the design of experiments, a complete space of variables combinations has been 

built up with the available values of the inputs, i.e. desired bending angle, sheet thickness 

and punch nose radius. Subsequently, the application of the regression procedure has 

allowed to determine a response function which expresses the analytical relation between 

the punch stroke variable and the set of input parameters (desired bending angle, punch 

nose radius and the sheet thickness ). 
In particular a regular behavior of the above mentioned function has been hypothesized and 

a quadratic expression has been assumed, which can be represented as follows: 

where x1 ... xi are the input parameters and y represents the output variable (x1 = a; x2 = r; x3 

= t and y = s respectively, in this application). 

The definition of the response function is fully obtained by the determination of its 

coefficients, namely the zero order coefficient b0, the first order coefficients (b1 ... b), the 

second order pure ones (b11 ... bii) and the second order mixed ones (b12 ... b0_1li), whose 

values have been deduced on the basis of the available knowledge. 

It has to be observed that since in the proposed application three input variables have been 

considered there are ten unknown coefficients to be determined following this procedure, 

i.e. ten degrees of freedom have to be managed performing the regression model 

application. 
As regards the application of the ANN to the design problern here addressed, it has to be 

underlined that a supervised multilayer feedforward network based on a backpropagation 

algorithm has been built up [14]. In particular, the chosen network architecture consists of 

three layers: an input layer, in which three neurons are used representing the three input 

parameters, an hidden layer with three neurons and an output layer in which one neuron is 

present corresponding to the outputvariable (s). 
Each layer is fully connected to the successive one and according to the backpropagation 

rule, the weights of the connections linking a neuron belanging to a certain layer with a 

neuron belanging to the succeeding one are adjusted with the aim to minimize the error 

between the desired output (Di) and the calculated one (Oi): 

(4) 
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Let us define xi [•J the current state of the j-th neuron in the s-th layer and w}"l the weight of 
the connection between the i-th neuron in the layer (s-1) and the j-th neuron in the layer s: 
each element transfers its input according to a particular transfer function (F) as follows: 

X· [s] = F (I· (wJ•l X· [s-l] )) 
J 1 )1 1 (5) 

Furthermore the adjustment of the connections weights is calculated as follows: 

where v is the learning coefficient (varying between 0 and 1), <1> is the momentum (whose 
action is to fast the convergence) and ö is the error at the j-th node in the layer s (15]. 
It has to be underlined that the topology of the utilized network has been defined on the 
basis of a optimization procedure aimed to improve the network performances (16]. 
Furthermore, in order to perform the above mentioned comparison between the statistical 
procedure and the NN, it has been necessary to deal with the same number of unknown 
parameters (degrees of freedom); as a consequence, a network topology which preserits a 
maximum of three neurons in the hidden layer has been chosen since the number of 
connections (whose weights are the parameters for the network definition) are the "degrees 
of freedom" of the network. 

4. THE OBTAINED RESULTS 

On the basis of the available data it has been possible to choice 3 values both of the punch 
radius and of the sheet thickness and 24 values of the bending angle in order to build up a 
complete space of experiments both for the statistical analysis and for the neural network 
approach. In this way, 216 combinations have been generated: 180 of them have been 
randomly chosen and utilized to apply the regression procedure and to train the neural 
network, while the remaining 36 have used as test data for the obtained models. 
The function determined with the procedure described above shows a very good fitness 
with respect to the available data providing a mean square error calculated on the test data 
set lower than 3%. In the same conditions, the mean square error calculated on the test data 
set of the neural network has shown a slightly higher value with respect to the former one, 
i.e. 3.33%. 

These results have been verified in terms of error on the final bending angles: namely, once 
a desired bending angle has been fixed, the punch strokes suggested by the two models 
have been tested, introducing them in two further numerical simulations. In particular the 
lowest values of the desired bending angles have been investigated since in this cases the 
error on the punch stroke has the strongest influence on the final bending angle. In this way 
errors in the final bending angles lower than 8% have been measured. 
Furthermore the described design procedures have been repeated at the varying of the 
wideness of the data set available for learning, i.e. the deduction of the statistical function 
and the training of the neural network. In particular starting from the complete knowledge 
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base of 216 data, 108, 54 and 27 combinations have been randomly extracted, in order to 
implement the proposed procedures, while the remaining data have been utilized for the 
testing phase. In figure 2 the mean square error versus the number of leaming data is 
reported, showing a progressive worsening of prediction for both the models at the 

decreasing of the available knowledge. In particular, as expected, the neural network 
approach (NN) shows a greater sensibility to the number of leaming information with 

respect to the statistical method (SA). Anyway, the latter is founded on the assumption of a 

quadratic behavior of the investigated phenomenon: such hypothesis makes the model 
effective just in a limited range of the input variables domain. 

15% -
~NN 

12% ~SA 

~ 10% -
V) 

~ 
7% -

5% -

2% 

train180 trainlOS train54 train27 

Fig. 2 - The mean quare error vs. the number of leaming data 

With the development of the presented models it is possible to skip the quite long trial and 
error procedure which is required in order to determine the right overbending utilizing just 
the FEM techniques. In particular, the developed statistical tool allows a straight reduction 
in the design time of the taken into account V -bending process since even with a very 
reduced knowledge it remains a powerful tool. On the other band, an equivalent design 
model founded on a totally experimental knowledge, i.e. the actual industrial know-how, 
should be based on NN techniques, due to their ability to manage the implicit knowledge 

form typical of the experimental data. 

5. CONCLUSIONS 

In the paper a design procedure for the determination of the overbending in a V -bending 
operation is proposed. In particular two different approaches have been presented, namely 
a statistical procedure and a neural network technique, showing a good fitting of the 
investigated phenomenon. It should be observed that the statistical approach provides a 
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more robust tool, regarding the wideness of the available knowledge, while the neural 
network technique shows a better capacity to manage !arge ranges of the design variables. 
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ABSTRACT: In the last decade flexible media have been increasingly utilized in sheet metal 
drawing processes in order to reduce the tooling cost and to improve the product quality. In the 
present paper an axisymmetric deep drawing process of thin steel sheets is taken into account: in 
particular a flexible pad is utilized in order to simplify the tooling set. The process mechanics is 
investigated through numerical simulations and experimental tests with the aim to find out a 
proper set of operative parameters allowing the stamping of sound components and to highlight 
the particular deformation path of the drawing cup. The comparison between the numerical 
predictions and the experimental verification has shown a very good overlapping. 

1. INTRODUCTION 

Nowadays the competitive arena of the metal-working industry requires innovation, high 
qualitative products and low costs. In this way, in order to get up to date, modern 
companies have to aim to high flexibility, to new product design and to processes research. 
In particular the latter should be focused either on the optimization of the classic metal 
forming processes or on the development of innovative forming operations and procedures 
aimed to the improving of the forming Iimits and to the reduction of the production stages. 
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As far as sheet metal stamping is regarded, in the last decades innovative solutions have 
been introduced such as tailored blanks, Iaser forming or flexible media as forming tools 
(1]. Pointing the attention on such flexible tools, the hydroforming or acquadraw processes 
have tobe mentioned [2][3][4][5][6], in which fluid counter pressure is utilized as female 
die. The stamping process is developed fulfilling the die cavity with an uncompressible 
fluid (generally water or oil); as the blank enters the die, the hydraulic pressure increases 
and acts on the drawing component, flowing out beneath the blank and the die: in this way 
a sort of dynamic equilibrium between the blankholder pressure and the fluid one is 
established. As a consequence an increase in the friction at the punch workpiece interface 
is obtained and subsequently a reduction in the axial stresses is observed. Since the 
limiting drawing ratio is strongly affected by the reached Ievel of axial stresses during the 
deep drawing process, hydroforming processes allow higher drawing ratios or, more 
generally, increased forming Iimits. Furthermore, it should be observed that in the sheet 
metal processes one of the most important targets is the reduction of thinning phenomena; 
in hydroforming processes a more uniform thickness along the drawn cup is obtained due 
to the hydrostatic pressure acting on the external surface of the blank. 
On the other band, the hydroforming processes are characterized by complex tooling sets 
and slow ram speeds which make them quite expensive. Anyway, in hydroforming 
processes the process mechanics is strongly affected by a large number of operative 
parameters even for very simple geometries of the stamped parts, and they still represent a 
subject of study and scientific interest. 
The other kind of flexible medium which is commonly utilized in the sheet metal stamping 
operations is rubber. Actually, the first applications of rubber to forming processes can be 
found out in the latter 19'h century, when it was utilized over metal dies to eliminate 
scratching of the sheet metal surface; then at the heginning of the 20'h century ruhher was 
used in bulging tests and during the second world war the Guerin process was industrially 
developed but it was just in the sixties with the introduction of polyurethanes, much more 
resistant to wear and chemical attacks given hy the lubricants, that this kind of medium 
startedtobe utilized in the common industrial practice [7][8]. 
Today rubber forming is performed through a flexible pad, confined into a rigid container, 
which is coupled with a rigid die: this permits to overcome possible alignment problems 
between the dies and to utilize a single block of rubber for the production of several 
different components. In particular, rubber forming processes can be developed coupling to 
the flexible pad a rigid male: in this case no blankholding action is given at the beginning 
of the process and, as the punch stroke starts, the ruhher pad tends to fill the tool set giving 
rise to a reaction which push the blank towards the punch reproducing its profile. Generally 
such configuration determines a rather insufficient support to the blank during the process 
and wrinkles insurgence is expected due to geometrical instabilities. 
On the contrary, when a rigid female is utilized as the process starts the reaction of the 
ruhher pad determines both the forming action on the unsupported blank corresponding to 
the die cavity and the blankholding one on the sheet metal beneath the die collar and the 
flexible medium, which avoids the insurgence of wrinkles. Furthermore, it should be 
observed that the ruhher forming action determines a hiaxial tensile stress state, very 
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different from what ohserved in a common deep drawing process, which favors the process 
mechanics permitting higher limiting drawing ratios and generally higher forming Iimits. 
In the paper the ruhher forming process for the stamping of axisymmetric steel cups is 
analyzed. Either the rigid male configuration or the rigid female one are investigated with 
the aim to highlight the process mechanics and the influence of the most important 
operative parameters. As far as the rigid female configuration is regarded, a hottomless die 
has heen utilized in order to focus the process mechanics and the ruhher actions upon the 
sheet; moreover a closed die has heen chosen in order to compare the investigated process 
with an equivalent dassie deep drawing process. Two different kinds of steel have heen 
taken into account, i.e. an EN 10130-Fe POl mild steel for deep drawing and a tinplate, and 
two different urethanes have heen tested, characterized hy a Shore hardness equal to 50A 
and 90A, respectively. 
A set of numerical simulations have heen developed and an explicit commercial code has 
heen used; the hyperelastic hehavior of the utilized urethane has heen taken into account 
implementing the Mooney and Rivlin constitutive equation and a halanced master-slave 
contact algorithm has heen chosen in order to properly take into account the interactions at 
the urethane-sheet metal interface [9][10][11 ]. A set of experimental tests has heen carried 
out in order to verify the numerically predicted results, ohtaining a very good overlapping. 

2. THE INVESTIGATED PROCESS 

A simple axisymmetric deep drawing process has heen taken in into account in order to 
investigate the process mechanics which characterizes a ruhher forming process and to 
compare it with what happen utilizing two rigid dies. As shown the urethane pads have 
heen confined into a rigid container with the aim to avoid lateral deformations favoring the 
fulfilling of the dies. The elastomers have heen received as 13 mm thick disks with a 
diameter equal to 78 mm. In order to properly characterize the urethane hyperelastic 
hehavior, several uniaxial compression tests have heen developed using pads of the same 
dimensions of the ones utilized in the deep drawing processes; in this way it has heen 
possihle to take into account the shape factor affecting the elastomer elastic modulus [8]. 
A drawing ratio equal to 1.67 has heen chosen in order to avoid the insurgence of fractures; 
in particular a rigid male configuration has heen investigated with a punch radius equal to 3 
mm: in this case the forming process has heen developed pushing the rigid punch against 
an urethane cushion on which the sheet had heen placed. What is more, two rigid females 
configurations have heen investigated, utilizing a hottomless and a closed die respectively, 
characterized hy a die radius equal to 3 mm. 
The experiments have heen developed using 0.5 mm thick EN 10130-Fe POl steel hlanks 
and 0.17 mm thick tinplate hlanks, with an initial diameter of 77 mm. In order to ohtain the 
flow stress expressions to he introduced in the numerical analyses, tensile tests have heen 
previously carried out on the two materials, ohtaining the following flow stress equations: 

a =665 E 0·331 [N/mm2] eq eq 
a =982 E 0 18 [N/mm1] eq eq 

(Fe P 01 mild steel) 
(tinplate) 
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Several tests have been developed at the varying of the sequence of the urethane pads of 
different Share hardness and of the lubricating media in order to obtain the best process 
conditions, i.e. the best reaction forces distribution of the flexible die on the blank. 
As far as the numerical simulations are regarded, an explicit commercial code has been 
utilized [12]; in particular in order to take into account the non linear elastic stress-strain 
behavior of the urethanes the Mooney and Rivlin constitutive relation has been chosen 
[13]. Such a law is obtained from the polynomial form of the strain energy per unit of 
volume, what is called the strain energy potential U( E ), taking into account just the linear 
terms as follows [9]: 

(1) 

where C10 and C01 are material parameters determined on the basis of the uniaxial 
compression test experimental data, while 11 and /2 are the first and the second deviatoric 
invariants of the Green-Lagrange strain tensor [11 ][13]. 
Since the process mechanics is strongly affected by the reaction forces .on the sheet metal 
special care has to be taken on the contact and friction modellization at the urethane blank 
interface. The rubber pad and the steel blank are two formable bodies and in this way a 
balanced master slave contact algorithm has to be utilized in order to deal with such a 
contact condition. Furthermore in order to avoid penetrations of one body on the other a 
fast local track contact option has been neglected, improving the process analysis but 
increasing the CPU time [9]. As regards frictional condition, the Coulombmodel has been 
utilized choosing friction coefficients in the range 0.2-0.4 at the rubber-blank interface on 
the basis of the referring lubricant condition. 

3. ON THE PROCESS MECHANICS 

First of all the possibility to utilize a rigid male former has been investigated. In this case 
no blankholding action is given to the drawing blank; as the process starts the 
circunferential stresses rise and determine the insurgence of geometrical instabilities, 
namely wrinkles, in all the unconstrained blank. As a consequence the no sound 
components can be obtained utilizing such a configuration. In fig. 1 both the experimental 
result and the numerical prediction are shown regarding the EN 10130-Fe POl steel: a good 
overlapping is obtained. 

Fig. 2 - The wrinkling phenomenon 
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As far as the rigid female is regarded in figure 2 the sound Fe P 01 steel components are 
reported for both the bottomless die configuration (a) and for the dosed die one (b). In 
particular, in order to develop a comparison hetween the investigated ruhher forming 
process and a dassie deep drawing process characterized hy the same drawing ratio, a 15 
mm deep dosed die has heen chosen. 
In this case the process mechanies whieh govem the drawing operation is much more 
complex: actually both frietional actions and rubber reactions have to be taken into 
account. During the process, the frietional forces at the interface hetween the sheet metal 
and the flexible pad are directed towards the inner part of the tool, i.e. the hottom of the 
cavities. These frictional forces contribute to the deforming action of the ruhber, decreasing 
the needed pressure to complete the stamping process [14]. Furthermore, the ruhher 
reactions determine a hiaxial stress state which can he highlighted analyzing the 
deformation paths all along the drawing component. 

Fig. 2- The sound components obtained using the bottomless die (a) 
and the dosed die (b) respectively 

(a) 

(b) 

Let the process mechanics be compared with the one occurring during a dassie deep 
drawing process regarding the EN 101_30-Fe POl steel and characterized by the same 
drawing ratio: actually during the deep drawing process the total drawing force, which is 
the sum of the forces required to compress the sheet in the flange circumferentially, to 
overcome friction and finally to bend and unhend the sheet around the punch and the die 
radii, is applied by the punch on the base of the cup and transmitted through the wall which 
consequently undergoes tensile axial stresses and compressive circumferential ones. A few 
numerical deformation paths along the cup wall for the dassie deep drawing process are 
reported in figure 3 ( curves A, B and C), in which the minor and major strains are 
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compared to the Forming Limit Diagram of a mild steel for deep drawing [15]. It is worth 

pointing out that the deformation paths are all characterized by negative minor strains and 

in particular it should be observed that a relevant danger of localized thinning occurs 
nearby the punch nose where the conditions of uniaxial tensile stress state are reproduced 

due to the very low Ievel of circumferential strain (curve A). These considerations are 
confirmed in figure 4 (left) where the average values of several experimental tests are 

reported, showing the thickness distribution of a classically drawn cup. Even for the 

utilized soft drawing ratio a 14% thinning is observed in proximity of the punch nose. 
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Fig. 3 - A few deformation paths in the cup wall of the classically deep drawn component 
{A, B, C) and along the drawn part obtained through the rubber forming process (1, 2, 3) 

As far as the rubber forming process is regarded, the insurgence of a biaxial stress state in 

the drawing cup is highlighted in figure 3 where three deformation paths are reported 
(curves 1, 2 and 3); it should be observed that the referring points on the component have 

been chosen all along the drawn part since even at the bottarn of the cup deformations 
occur during the stamping process. The reported curves are characterized by positive minor 

strains, confirming the biaxial stress state, and indicate a Ievel of stretching conferred to 
the drawn part. Moreover lower maximum values of major strain are observed with respect 
to the dassie deep drawing process and anyway the warst conditions are reached at the 
bottom of the cup in which the maximum thinning Ievel is reached even if no localized 
thinning is highlighted, as shown in figure 4 (right). Furthermore, it should be observed 
that the deformation paths in figure 3 (curves 1, 2 and 3) are characterized by a few 
peculiarities: regarding curve 1, referred to an element at the bottarn of the cup, as the 
blank reaches the bottarn of the die cavity a large flat zone is highlighted in which no 
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significant increment of the major strain is observed. In this phase the fulfilling of the die 
cavity is developed. As the lateral wall of the drawing part reaches the die wall, the major 
strain restart to increase with a lower slope with respect to the first part of the curve; in this 
phase both the completing of the drawing process and the fulfilling of the die cavity is 
obtained. The same considerations can be developed for curve 2, even if the highlighted 
phases are less evident since the referring element is placed in the side of the component 
and then the flat zone of curve 2 results shorter. 
Finally, as far as curve 3 is regarded, it is referred to an element placed at the beginning of 
the process undemeath the die extemal collar and the urethane pad. Such elements in the 
first stages of the process undergo typical strain paths which characterize the flange 
movement in a deep drawing operation, i.e. with negative minor strains. Subsequently, as 
the sheet metal enters the die cavity the rubber action determines the biaxial stress state in 
such elements and the strain paths follows the behavior described before. 

0.50 0.47 0.46 0.47 

~~ II 
0.43 0.48 

0.47 0.48 
0.48 0.49 

~ ~ 

t 0.55 t 0.55 

Fig. 4- The thickness distribution in the classically drawn cup (left) andin the component 
obtained through the rubber forming process (right) 

As far as the tinplate steel is regarded the same numerical predictions and experimental 
verifications have been carried out, and the same behavior has been highlighted. In 
particular in order to investigate the insurgence of geometrical instabilities, i.e. wrinkles, 
further investigations will be performed in the next. 

4. CONCLUSIONS 

On the basis of the previous considerations and of the above reported results the following 
statements can be assumed: 
• numerical simulations, based on the Mooney and Rivlin model and a proper contact 

algorithm, are able to supply a good prediction of the elastomers behaviour; 
• a rigid male former does not provide a blankholding action giving rise the insurgence 

of wrinkles all around the unsupported blank area; 
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• in rubber forming processes with a rigid female die coupled with an urethane pad a 
Ievel of stretching is given to the drawing blank; in this way a biaxial stress state is 
determined in the sheet metal avoiding localized thinning phenomena and allowing 
increased forming Iimits with respect to a dassie deep drawing process characterized 
by the same drawing ratio. 
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ABSTRACT: In the paper a typical injection moulding process on a single-screw 
extrusion machine aimed to the production of axisymmetric polypropylene dishes for 
alimentary use has been investigated. First of all the most important process parameters 
have been individuated; subsequently a wide testing hyperspace has been investigated, at 
varying the process parameters in a large range. For each combination both some 
geometrical characteristics of the obtained component have been measured and the 
occurrence of defects has been verified. The largest part of the available data have been 
used to train a neural network aimed to explain the process dynamics. Furthermore an off­
line control system, based on fuzzy logic reasoning, has been developed. lf a defect is 
detected the system is able to suggest the most effective adjustment of the process 
parameters in order to take the process back in control. The validity of the controller has 
been assessed through several experiments on the available equipment. 

1. INTRODUCTION 

Injection moulding of thermoplastics probably represents the most important and diffused 
process among the plastic forming technologies. The process exploits some basic 
properties of plastics: i) they melt at relatively low temperatures; ii) they do not loose the 
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initial properties in the melting process, making possible to carry out a new injection 
moulding cycle on recycled parts. As weil as in any other manufacturing technology, 
process optimisation is a fundamental aim in plastics manufacturing [2][3][4]. In many 
cases the optimisation criterion may be represented by the minimisation of production 
discards, i.e. products whose quality is not conform to the required specifications. It is 
worth noticing that a substantial contribution to this aim could be supplied by the 
development of effective and accurate models able to explain the relations existing 
between process parameters and products features: by this way, in fact, it would be 
possible to increase the reliability of the production system and to decrease the Time to 
Market of the product [1][5]. Unfortunately in injection moulding these relations are not 
completely known: even the use of numerical models and FE codes oriented to this type 
of problern (CFLOW, MOLDFLOW etc.) can permit to achieve only a partial knowledge 
of the process [5][6]. Furthermore the process conditions variability is so large that a 
deterministic approach (like the numerical FE one) does not appear as the most suitable. 
In this paper an integrated approach to the optimisation of a typical injection moulding 
process is proposed, based on the synergetic use of a couple of Artificial Intelligence 
tools. In particular an accurate model of the process has been established utilising a 
properly trained Neural Network, i.e. an identification technique weil suitable to deal with 
problems characterised by a stochastic behaviour. By this way the influence of the most 
important process parameters on the occurrence of some common defects has been 
identified. Furthermore an off-line control system has been developed, based on Fuzzy 
Logic. As it is weil known, Fuzzy Logic is a very powerful tool to introduce the 
knowledge acquired by an expert in the control system, making such knowledge available 
where it is required. In this way an effective controller, based on a large set of fuzzy rules, 
has been designed: if a defect is detected, the controller provides to suggest the most 
effective adjustment of the process parameters in order to remove the defect reason and to 
take the process back in control. 

2. PROCESS IDENTIFICA TION - MODELLING WITH NEURAL NETWORK. 

During a typical injection moulding process several complex physical phenomena occur: 
change of state of the plastics, heat transfer between melted plastics and mould, very high 
values of the injection pressure are only some of the most important. These phenomena 
demonstrate the complexity and the strong non-linearity of the process; furthermore 
injection moulding is characterised by a large variability of the process conditions. For 
these reasons a Neural Network has been utilised to model the process: these AI tools are 
in fact very powerful and effective to cope with problems characterised by non linear 
behaviour and stochastic nature. A large testing hyperspace has been investigated, at 
varying the process parameters in a large range. For each combination both some 
geometrical characteristics of the obtained dish have been measured and the occurrence of 
defects has been verified. These data have been utilised to train a neural network aimed to 
explain the process dynamics. 

2.1 THE EXPERIMENT AL TESTS 

The tests were carried out on a single-screw extrusion machine, the main features of 
which are reported in the next table: 
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CONSTRUCTOR METALMECCANICA 
EUROMAP 95/250 
MAX. INJECTION IIObar Table I. 
MAX. INJECTION RATE 16,6 crn/s 

The process was aimed to the production of axisymmetric dishes for alimentary use; the 
material was polypropylene MH I13. The first task was to define the set of process 
parameters which affect the process mechanics; in this research the following group of 
most relevant parameters has been considered: 
I. Injection Pressure (IP); 
2. Barrel Temperature (BT), temperature of the material during the injection; 
3. Injection Rate (IR), generally defined as a percentage of the maximum injection rate 

available on the machine (reported in the above table); 
4. Cooling Time after injection (CT); 
5. Holding Pressure (HP), pressurestill applied on the dish inside the mould during the 

cooling phase after the injection, in order to compensate shrinkage; 
6. Holding Pressure Time (HPT), time of application of the holding pressure. 
Alltheseparameters strongly affect the process and consequently determine the quality of 
the obtained dish. As far as the latter item is concemed, the success of the injection 
moulding process mainly depends on the avoidance of some typical defects, among which 
the most important are: 
1. Insufficient Filling of the mould cavity (IF), due to the so called short injection; 
2. Flashes (F) or long injection; 
3. Wrinkles (W); 
4. Streaks (S), visible veinings on the product due both to the colour distribution in the 

plastic and to the injection conditions; generally streaks occur along the radial 
direction, according to the flow of the melted material; 

5. Sink Marks (SM), surface defect mainly discernible touching the disk; the surface 
presents furrows and has an irregular profile. 

(d) (e) 

(c) 

Figure I. 
Considered defects: 
(a) Insufficient filling up; 
(b) Flashes; (c) Streaks; 
(d) Sink marks; 
(e) Wrinkling. 
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The aim of the this part of the research is to find the linkage between process parameters 
and defects occurrence. For this reason an accurate experimental campaign has been 
carried out on the available extrusion machine, at varying each process parameter in a 
wide range. The next tabie reports the considered range for each parameter; a total 
number of 600 different combinations of the process parameters has been tested. 

PARAMETERS RANGE 
INJECTION PRESSURE 55-85 bar 
BARRELTEMPERATURE 220-275 oc Table 2. 
INJECTION RATE 50-99% 
COOLING TIME 0,5-2,5 sec 
HOLDING PRESSURE 5-70 bar 
HOLDING PRESSURE TIME 0,1-0,3 sec 

The dishes so obtained were carefully controlled to verify some physical features and the 
eventual occurrence of defects. As far as the former are regarded, the weight and the 
thickness distribution along the dish radius have been measured, without noticing any 
significant variation with respect to the target values. For this reason the study has been 
limited to the analysis of the defects detected on the products. 
It is worth pointing out that in order to supply the defects data to the Neural Network, 
these data have been codified utilising a binary elements array: the array has five 
components as the riumber of considered defects, and each component has value 1 if the 
defect occurs and 0 if it doesn't occur. Same results are shown in the next table 3. Fig.2 
shows the strong influence of the injection pressure and temperature on the insufficient 
filling defect (short injection). 

Table 3. 

PROCESS PARAMETERS DEFECTS 
No IP BT IR CT HP HPT IF F w s SM 

(Bar) (OC) (%) (s) (Bar) (s) 

I 70 250 99 1,8 35 0,1 0 0 0 0 0 
2 55 250 99 1,8 35 0,1 I 0 0 0 I 
3 85 250 99 1,8 35 0,1 0 I 0 I I 
4 70 250 99 1,8 25 0,1 0 0 0 I 0 
5 70 250 99 1,8 45 0,1 0 0 0 I 0 
6 70 220 99 1,8 35 0,1 I 0 0 I 0 
7 70 275 99 1,8 35 0,1 0 I I I 0 
8 70 250 50 1,8 35 0,1 I 0 0 I 0 
9 70 250 60 1,8 35 0,1 I 0 0 I I 
10 70 250 99 1,8 35 0,2 0 0 I 0 I 

INSUFFICIENT FILLING UP DISTRIBUTION 
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2.2 THE NEURAL NETWORK. 

The largest part of the experimental data were utilised to train a Neural Network, with the 
following main features: 
• 6 neurones of the input layer (i.e. the number of considered process parameters); 
• 1 hidden layer, with 30 neurones; 
• 5 neurones on the output layer (i.e. the number of considered defects, codified as 

described before). 
The training algorithm was based on the Error Back Propagation method. In particular the 
experimental data corresponding to 400 different combinations of the process parameters 
were utilised to train the Network; training required about 100000 iterations and a total 
CPU time of about 20 hours on a Pentium 233 MHz based platform. 
The predictive capability of the Neural Network has been assessed testing its behaviour 
on the remaining 200 experimental data set. The following table 4 shows only some of the 
results: for each combination of the process parameters, both the experimental data and 
the predictions fumished by the NN are presented .. 

Table 4. 

INJECTION MOULDING PARAMETERS EXPERIMENTAL NN PREDICTION 
No IP BT IR CT HP HPT IF F w s SM IF F w s SM 

(bar) (OC) (%) (s) (bar) (s) 

1 70 249 99 1,8 35 0,1 0 0 0 0 0 0 0 0 0 0 
2 55 249 99 1,8 35 0,1 I 0 0 0 I I 0 0 0 0 
3 85 249 99 1,8 35 0,1 0 I 0 0 I 0 I 0 0 0 
4 70 249 99 1,8 25 0,1 0 0 0 0 0 0 0 0 0 0 
5 70 249 99 1,8 45 0,1 0 0 0 I 0 0 0 0 0 0 
6 70 221 99 1,8 35 0,1 I 0 0 I 0 I 0 0 1 0 
7 70 274 99 1,8 35 0,1 0 1 I I 1 0 1 1 I 1 
8 70 249 50 1,8 35 0,1 I 0 0 1 0 I 0 0 I 0 
9 70 249 60 1,8 35 0,1 I 0 0 1 1 1 0 0 I 0 
10 70 249 99 1,8 35 0,2 0 0 I 0 I 0 I I 0 I 

The comparison between the experimental data and the NN predictions gave good results: 
a satisfactory predictive capability about the insurgence of defects has been found out, as 
shown in the following table. 

Table 5. 
Ins. filling Flash es Wrinklin2 Streaks Sinkmarks TOTAL 

Nurober of tests 200 200 200 200 200 1000 
Errors 19 24 21 28 44 136 
Success 181 176 179 172 156 864 

Errors% 9,5 12 10,5 14 22 13,6 
Success% 90,5 88 89,5 86 78 86,4 

This analysis allows to conclude that a confidence level equal to 86,4% has been 
achieved. This value increases to 90% when the most dangerous defects (insufficient 
filling up, wrinkling and flashes) are considered. 
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3. PROCESS CONTROL- DEVELOPMENT OF A FUZZY LOGIC CONTROLLER 

An off-line control system of the injection moulding process has been developed. The 
system is based on fuzzy logic reasoning and more in particular on the Mamdani 
approach, i.e. the control structure is based on a set of IF-THEN rules linking input and 
outputvariables [7][8][9]. 
The aim of the controller is tobring back the process in control properly modifying one or 
more process parameters if any defect is detected. Thus the problern consists in 
determining the most suitable set of process parameters at the time t+L1t, once the process 
parameters and the output of the system at the time t is known. The input of the controller 
is then the 6-component array of the operating variables and the 5-component array of the 
considered defects; in the latter the i-th component has value equal to 1 or 0 depending on 
the occurrence of the defect, as above described. The next step is the definition of Fuzzy 
partitioning, i.e. the definition of the Ievels that each variable can assume in the assigned 
range. As far as the process parameters are regarded a proper linguistic set has been 
associated to each one of the variables, namely lnjection Pressure (IP), Barrel 
Temperature (BT), Injection Rate (IR), Cooling Time (CT), Holding Pressure (HP), 
Holding Pressure Time (HPT). The linguistic values have been defined as follows: 
• IP={VH Very High, H High, M Medium, L Low, VL Very low}; 
• BT={VH Very High, H High, M Medium, L Low, VL Very low}; 
• IR={H High, M Medium, L Low}; 
• CT={ H High, M Medium, L Low}; 
• HP={H High, M Medium, L Low}; 
• HPT={H High, M Medium, L Low}. 
On the other hand a defect may occur or not occur; thus for each defect only two 
linguistic values were defined: 
• IF, F, S, W, SM ={P Present, NP Not Present}. 
The number of linguistic Ievels for each set has been chosen in order to properly 
reproduce the variation of the corresponding variable. As weil, suitable membership 
functions have been selected for each variable: in particular triangular functions were 
used for the process variables, while trapezoidal functions are more appropriate for the 
defects. Taking into account the mentioned linguistic sets and membership functions, as 
weil as the expert skill, a set of 340 IF-THEN rules has been built up. Some basic rules 
provided by the experience are summarised in table 6. 

DEFECT ACTION 
INSUFFICIENT Increase Injection Pressure, Increase Holding Pressure, 

FILLING UP Increase Temperature, Increase Holding Pressure time, 
Increase lnjection Rate. 

FLASH ES Decrease lnjection Pressure, Decrease Holding Pressure, 
Decrease Temperature, Decrease Holding Pressure time. 

STREAKS Increase Temperature, Decrease Injection Rate, Table 6. 
Increase Cooling Time. 

WRINKLES Increase Injection Pressure, Increase Holding Pressure, 
Decrease Temperature, Increase Holding Pressure Time, 
Increase lnjection Rate, Increase Cooling Time. 

SINKMARKS Increase Injection Pressure, Decrease Temperature, 
Increase Temperature, Dccrease lnjection Rate. 
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Finally a proper degree of support (DoS) has been assigned to each rule: in particular the 
highest values has been assigned to the ones involving the injection pressure and the 
temperature due to their influence on process. 
The defuzzification method used to obtain the output values has been the centroid 
method. The effectiveness of the controller has been verified through several 
experimental tests on the available extrusion machine. Some results are reported in the 
next tables: in particular table 7 shows some input parameters combinations and the 
corresponding detected defect; the adjustments suggested by the controller and the 
obtained results are reported in the next table 8. 

Table 7. 
INPUT PARAMETERS RESULTS 

No IP BT IR CT HP HPT IF F w s SM 
I 55 250 99 1.8 35 0.1 I 0 0 0 I 
2 55 250 99 I 35 0.1 I 0 I 0 

.. 
0 ,. 

3 70 270 99 1.8 35 0.1 0 I I I I 
4 70 250 99 1.8 50 0.1 0 0 0 0 0 
5 70 250 70 1.8 35 0.1 I 0 0 I 0 

Table 8. 
INPUT PARAMETERS RESULTS 

No IP BT IR CT HP HPT IF F w s SM 
I 70 250 99 1.8 35 0.17 0 0 I 0 0 
2 62.5 250 99 I 35 0.1 0 0 0 0 0 
3 70 255 99 1.8 35 0.1 0 0 0 0 0 
4 70 250 99 1.8 35 0.1 0 0 0 0 0 
5 77 250 99 1.8 35 0.17 0 0 0 0 0 

The controller corrected almost all the defects previously detected. If these data are 
furnished again to the conteoller a complete correction is achieved (table 9). 

Table 9. 
INPUT PARAMETERS RESULTS 

No IP BT IR CT HP HPT IF F w s SM 
I 70 250 99 1.8 35 0.1 0 0 0 0 0 
2 70 250 99 1.8 35 0.1 0 0 0 0 0 
3 70 250 99 1.8 35 0.1 0 0 0 0 0 
4 70 250 99 1.8 35 0.1 0 0 0 0 0 
5 70 250 99 1.8 35 0.1 0 0 0 0 0 

4. CONCLUSIONS 

In the paper a typical injection moulding process on a single-screw extrusion machine 
aimed to the production of axisymmetrical polypropylene dishes for alimentary use has 
been taken into account. 
• Several experimental tests have been executed with different parameters 

configurations in order to train a neural network. The aim is to achieve a model able 



392 V. Basile, L. Filice and F. Micari 

to describe with good accuracy the process dynamics and the occurrence of defects. 
The validation phase highlighted a confidence level of 90%. 

• An off-line controller based on fuzzy logic reasoning and on the expert skill has been 
developed. The controller is aimed to take in control the moulding process when a 
single or multiple defect occurs. The accuracy guaranteed by the controller was 
verified with experimental tests. The parameters tuning suggested by fuzzy controller 
gave an appropriate effect on process behaviour so that all defects have been avoided 
in a single cycle or in the worst cases in two moulding cycles. 

• This quality control approach led to satisfactory results and could be applied with 
success in production. The advantages gained with this method are: i) Discards 
reduction; ii) Products quality improvement; iii) Local decision making with 
knowledge duplication. In this manner a non specialised manpower is able to conduct 
the process. The relevance of these advantages increases more and more, taking into 
account the low costs linked to the implementation of the proposed approach. 
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ABSTRACT: The development of cracks inside the material is usually investigated on the entire 
production by means of non destructive inspection techniques. Unfortunately, the progress of ductile 
darnage cannot be observed with these techniques because of the small dimensions of the single 

· cavity. In the present study we propose to employ a micro-hardness test to induce the presence and 
evolution of damaging inside the material. The influence of darnage on the material hardness was 
assessed by Finite Elements numerical experiments. The study shows that changes in material 
porosity give rise to sensible changes in the hardness value. 

1. INTRODUCTION 

Hardness and micro-hardness tests are widely used in the mechanical industry, because they 
are non-destructive, easy to execute and not expensive. In metalworking processes the 
hardness is routinely measured on samples from production, as its changes after 
manufacture can be indirectly related to a modification of a number of material properties, 
like strain-hardening, residual stresses, crystalline grain modification. We propose to extend 
the scope of micro-hardness to another microstructural property, namely the internal 
darnage in ductile materials. 
The authors already proposed to link hardness to darnage evolution, using an approximate 
model, in a study on multipass wire drawing [1]. As far as now, a reference framework for 
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this application is still to be outlined. Lik.e in the case ofthermal treatments, where tables 
exist to set the equivalence between the degree of queuehing and Vickers hardness, it would 
be useful to get quantitative information on darnage evolution from micro-hardness data. 
The relationship between hardness and void density was investigated by using Finite 
Element numerical experiments. The experimental plan was set up to take also into account 
the possible interaction of darnage with other material properties: yield strength and strain 
hardening exponent. 
In the next section, the model for void insurgence and propagation in ductile material is 
described. In the third section, the Finite Element model of the hardness test is showed. The 
forth section deals with the methodology used to guarantee accuracy in the empirical 
models drawn from the FE experiments; the fifth presents the experimental plans adopted 
and the resulting empirical models. 

2. CONSTITUTIVE EQUATIONS FOR THE DAMAGED MATERIAL 

Defect insurgence in highly deformed ductile materials is the effect of an evolutive process 
developing globally, though crack initiation usually takes place in a small portion only. A 
nurober of observations, dating back since the fifties, have definitely established the 
mechanism governing ductile failure. 
The most consolidate model that embodies the inherently microscopic darnage mechanism 
into elasto-plastic constitutive equations has been proposed by Gurson [2] and subsequently 
modified by Tvergaard [3]. They derived a new yield criterion from the Von Mises one, to 
be applied to "darnaged" materials: 

<D = ( ~J) +2qtfcosh( q~~~-) -(1 +q3 J 2 )= 0 
(1) 

where <D is the yield function, Deq is equivalent stress for damaged material, oo the yield 
stress of so und material, O'm the mean normal stress and f the relative void volume fraction. 
The constants q1, q2, qJ are parameters introduced by Tvergaard to obtain a better 
agreement with experimental data. For f values different from zero, the yield condition 
depends not only on the equivalent stress but also on hydrostatic pressure and void volume. 
It is worth noting that hydrostatic pressure and void volume interact with each other 
because positive mean stress causes dilatation while negative shrinks cavities; conversely 
variations in void volume affect yield function and hydrostatic pressure. 
The study of deformation of a ductile darnaged material is a coupled problern of mechanical 
equilibrium and void propagation. The void propagation law is: 

(2) 

where the subscript gr stands for void growth and n for nucleation of new voids. Void 
growth must comply with mass conservation law, written as: 

jgr =(1- J)·E!1 
(3) 
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in which &;' is the sum of the three principal strain-rate components, i.e. the volumetric 
strain rate. The cavitation rate is ruled by a probabilistic strain controlled law, assuming that 
the critical strain at which voids nucleate follows a normal distribution around a mean value: 

(
&pl-& )' 

/,• Vn - ~2 .• : . p1 
= e ·& 

n Sn ·21f eq 
(4) 

where Vn, &n, Sn are, respectively, the percentage in volume ofvoid nucleating particles, the 
mean and the standard deviation ofthe critical strain. 
Mechanical equations can be derived from the force equilibrium equations and the 
elastoplastic constitutive relations. The plastic part ofthese latterexpresses the plastic strain 
rate tensor &P' as a function of the stress tensor a through the flow potential, that, 

actually, coincides with the yield function (1). Calling i the derivative of the plastic 
hardening modulus, the plastic flow equation can be stated as: 

&pl = i 8 <1> 
. /Ja 

(5) 

In order to solve simultaneously the darnage and the mechanical problems, it is necessary to 
introduce a further equation due to Gurson: the microscopic equivalent strain rate is 
assumed according with the plastic work rate expression: 

(1- f)a0 c: = a:i,pl 
(6) 

To solve the fully coupled problem, we resorted to the numerical Finite Element simulation. 

3. THE NUMERICAL MODEL 

The simulation ofthe Brinell testwas accomplished by indenting a cylinder with an in:finitely 
rigid spherical body. Because of the axial-symmetry of the geometry, a two-dimensional 
model made up of quadrilateral axisymmetric elements was adopted ( see Fig. 1 ). 
Testpiece size was selected in order to avoid end-effects due to the borders. Brinell test 
specifications recommend a minimum distance of 2.5 times the indentation diameter 
between the impression and the border and a minimum thickness of 8 times the impression 
depth. Some preliminary simulations indicated that plastic strains are confined in a quite 
smaller area than elastic strains. So, a 20mm !arge and 20mm high cylinder (about 6 times 
the impression diameter) was used, far beyond the recommended Iimit values. The bottom 
of the cylinder is fully constrained, which is a consistent assumption when the testpiece's 
height is !arge compared with the impression's height. The challenging aspect of the 
simulation is the very small contact area compared with the !arge volume ofthe cylinder. As 
a matter of fact, stress gradients inside the material are very high and, even using a very 
dense mesh, only a small number of elements are subjected to plastic deformation. 
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Fig. 1 - Mesh ofthe testpiece for the simulated Brinell test 

The contact pressure, and consequently the contact profile, has to be predicted accurately 
because it is responsible for void closure. Biquadratic elements would have matched better 
with a spherical shape, but they have the drawback of a poor reproduction of contact 
pressure: as there are more normal vectors for a single element surface, small numerical 
errors in the interpolation of the contact normal induce a large error on the calculated 
contact pressure. Forthis reason bilinear full integrated elements were chosen, with a very 
fine discretization in the contact area. 
Despite all the precautions, it was verified that the mesh density had still a not negligible 
influence on the simulation results; this problern is far more critical in Finite Element 
experiments where the mesh represents a very severe disturbance that can corrupt the 
reliability of estimates drawn from experimental results. Countermeasures to this problern 
are provided by the methodological approach described in the following section. 
An elastic-plastic material with strain hardening was used. The plastic stress-strain law is: 

0"0 = K·(~ +ct'Y 
(7) 

K is a material constant, n the strain-hardening exponent and Go the residual pre-strain. 
When the equivalent plastic strain is null, the law (7) gives the yield stress Y, which is one of 
the factors considered in the experiment. 
In order to guarantee comparability among different tests, the ratio between impression and 
indenter diameter is kept constant, imposing a fixed displacement in every simulation run 
and measuring the resulting Ioad. The norm recommends an optimal ratio of0.375, which is 
also the value that provides the geometrical similarity between Brinell and Vickers tests. 
The influence of contact friction is very peculiar. Even a small friction between the two 
surfaces modifies the distribution of the stress under the indenter, thus affecting the 
distribution of voids (see Fig. 2); nevertheless, the amount of friction does not modifY 
significantly the hardness value, as some preliminary simulations showed. As a consequence 
the friction coe:fficient was not included in the experiment. 
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Fig.2- Equivalent stress in the case a) with friction and b) without friction (dark gray in the 
bottom right comer stands for 50MPa, in the upper left for 900MPa) 

Fig.3 shows the distribution of voids after one hardness test, starting from an initial void 
density of 4%. As can be expected voids close almost completely under the indenter, with a 
maximum closure rate slightly under the surface. 

Fig.3- Void distribution under the indenter (bottom right comer stands for 4% void density, 
dark gray in the upper left for 3%o) 

4. METHODOLOGY FüR THE NUMERICAL EXPERIMENTS 

lncreased computational power and availability of more accurate simulation codes make the 
numerical experimentation a valuable tool in many technical fields, from modeling of very 
complex systems to product/process design and optimization. Design and Analysis of 
Computer Experiments (DACE) [4] is a recent research sector, aimed at applying to 
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computer experiments the statistical methods used for physical experiments. The main 
objection to the application of DOE in numerical experiments is that outputs of a 
deterministic computer program are not subject to random variability, unlike the response of 
a physical test. However, in complex codes, like FEM codes, there are many parameters 
that affect the output in an unpredictable way. Examples are different solution algorithms 
(i.e. implicit or explicit solvers), elementary discretization intervals, convergence thresholds 
for iterative techniques. They are definite sources of uncertainty out of the user's control. 
This provides a strong conceptual foundation to the statistical treatment of numerical data 
coming from computer experiments. 
One ofthe main sources of disturbance in FEM analysis is the discretization ofthe model's 
geometry. Both mesh's density and topology produce effects on the response which can be 
even more significant than engineering factors. The problern is sharpened because non linear 
contacts occur, where results are sensitive to the number of contacting elements. 
Like every experimental disturbance, the noise due to the mesh can deteriorate accuracy of 
results either inflating the experimental error or, more dangerously, distorting the estimated 
effects ofthose engineering factors, which it has an interaction with. In generat two options 
are available to protect the reliability of the estimates. The first is including the mesh as a 
random factor in the experiment. This means using the following model for the experimental 
responsey: 

y = p + a (XJ, X2, ... , x,J + ß(xJ, X2, ... , Xn; ~~. 9, ... , q",) + & (7) 

where p is the mean effect, the function a contains the deterministic effects of the control 
factorsx1. x2 • ... , Xn, ßcontains the effects ofmesh factors ~J. ~2 • ... , f",, and conjoint effects 
between mesh and control factors, & is the experimental error. The model (7) is very 
accurate but also very expensive due to the Iarge number of fitctors (simulation with 
engineering factors at the same Ievel should be repeated using different mesh). 
The other possibility is to keep the mesh disturbance out of the model using some 
precautions to protect reliability ofthe estimates. In this case the model is: 

y = p + a (x1, x2, ... , x,J + & (8) 

so that no additional experimental effort is required. Y et the error variance u/ will be 
inflated and the estimated effects ofx1, X2, ... , Xn distorted by their possible interactions with 
the mesh. Two countermeasures can be tak:en: ~(F,/ can be estimated through some ad-hoc 
initial simulations letting the mesh factors to vary; protection of reliability of estimated 
effects of engineering factors can be done by randomization of mesh factors, within a given 
range, in the experimental runs. Usefulness ofthe Iatter technique was demonstrated in [5]. 

5. RESULTS 

The numerical experiments were aimed at two purposes. The first was determining the 
sensitivity ofmaterial hardness to porosity, compared with the weil acknowledged effects of 
yield stress and strain-hardening. The second, consequent to the first, was to build an 
accurate empirical model able to predict the reduction in hardness due to material damage. 
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Computational complexity grows with the number of elements and this problern is even 
more critical for FEM experiments. Hence, the number of elements in the experiment's runs 
was kept under control. 
A preliminary study on the effect of mesh density allowed to determine the mesh size which 
meets the accuracy requirements in the two experiments. Running a number of simulations 

where only the mesh density was varied an estimate of OHB<~/ for different mean Ievels of 
mesh density was obtained. The estimate ofthe variation coefficient l1"HB<d,L4m<~l was 3.5% 
for a mesh size within the values 25x25 and 30x30 (horizontal x vertical element number). 
The first experiment was a central composite design with three factors (see table I), 
randornly selecting the mesh in the former selected range. Levels for void percentage are 
selected using a quadratic transformation in order to obtain a better accuracy around low 
values of void density. Results are summarized in a polinomial model where only 
statistically significant terms were included; the model is written using normalized variables 
so to evaluate directly the priority in statistical significance ofthe terms: 

HB = 249-15.5 f + 52.8 Y + 7.56 n Y- 6.67 fn Y (9) 

The experimental variation is satisfactorily captured by the model having an adjusted 

determination coefficient R}m1 = 0.96. 

a e -T bl I F actors an eve s m t e dl I. h fir st expenment 
Factors Levels 

(-1.68) ( -1) (0) (1) (1.68) 

Yield stress, Y [MPa] 400 562 800 1038 1200 

Strain-hardening, n 0 0.12 0.3 0.48 0.6 

Voids percentage,f 0 0.16 I 2.54 4 

Hardness sensitivity to void fraction is, as expected, quite high. Also the combined effect of 
void fraction with yield stress and strain-hardening is reasonably explicable. Effectiveness of 
voids in decreasing material hardness should increase in material with both a !arger strain­
hardening and a !arger yield stress. 
Taking for sure the presence of a substantial void effect, the following experiment was 
aimed at predicting in a more accurate way the expected decrease in hardness experienced 
by a damaged material. In the second experiment only two Ievels were taken for Y and n, 
given the Iack of quadratic single effects in model (9), while keeping the five former Ievels 
for f To provide a better accuracy a 5x2x2 complete factorial plan was used and more 

refined meshes were employed, so as to have a smaller O"HB<d ,L4m(~J, now below 1. 7%. Once 
more, to protect the results of the experiment against possible interactions of the mesh 
disturbance with engineering factors, a randomization of the mesh size (within the range 
between 40x25 and 50x30 elements) was adopted. The following equation gives, for non 
coded variables, the expected relative decrease in hardness (( HB(t)- HB(f-=0)) I HB(f-=0)): 

ilHB [%] = (-6.47 + 3.86 n + 0.00101 Y)f (10) 
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This model has R~ = 0.95 and a standard deviation of the estimate around 1.5; the 

statistical significance of each tenn is presented in Fig.4, Ieft. The outstanding result is that 
the percentage reduction in hardness is far larger than the percentage void volume fraction 
in the material before the test (Fig.4, right). This implies that micro-hardness is a very 
sensitive indicator ofthe ductile damage. A set of experimental Vickers micro-hardness data 
are now being evaluated in the light of the previous model with interesting results. 

f(%) 4 

, I 3 

2 
n*f + 

Y*f +I 
0 15 

o ~--~~--~--~--~ 
0 0.2 0.4 0.6 0.8 1 n 

5 10 

Fig.4 - Left: Pareto chart of calculated T values of the regression model (I 0). 
Right: contour plot of .:\HB [%] as a function ofjand n (Y= 800 MPa). 

6. CONCLUSIONS 

The study highlights the influence of material darnage on the result of a hardness test. The 
purpose is to promote the use of the micro-hardness test as a reliable, sensitive and non 
intrusive inspection method to signal the presence of micro-porosity inside ductile materials. 
Numerical experiments show a significant relation between hardness and void density, and 
an empirical model is proposed, to be evaluated on an experimental basis in the future . 
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Abstract 

An accurate and precise analysis of any plastic meta! defonning process implies excellent 
knowledge of the very technology of the process in question. lt implies, first of all, an analysis of 
the parameters affecting the meta! yield process as weil as the possibilities of their changes in 
addition to the anticipated range in which the given parameterswill be found. In order to define as 
weil as present the given process as best as possible, it is necessary to choose an appropriate 
procedure as weil as the measuring equipments and ways. This is directly conditioned by the 
knowledge of design and the technology of making the tools needed for the given procedure, as 
weil as the procedure and the way of measuring the required parameters, in addition to their 
analysis and mutual dependence. 

Puhlish~:J in: E. Kuljanic ( Ed.) Adl'i/ncl'd Mw111}itcturing Srstems und Technology, 
CISM Cour;,cs and Lccturc;, No. 406, Spring~:r Y~:rlag, Wien Ncw York, 1':19':1. 
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I. MEASURING METHOD DESCRIPTION 

The analysis of the uni-direction extrusion process has been studied by many authors. First 
of all, this is a process of volume deforming in which the workpiece material, throughout 
the whole process, is subjected to overall pressure. Due to high surface pressure upon the 
extruder head and on the rigid matrix walls, thc material t1ows (that is, it is extruded) 
towards the opening on the conical matrix surfaces. During the extrusion process the 
greatest forces occur in the extrusion axis direction, that is, upon the extruder head and on 
the matrix walls. 

The satisfying matrix hardness and annulling of high pressure in the radial direction can be 
achieved in two ways. One of them is to increase the matrix wall thickness up to a certain 
Iimit thus getting the required matrix rigidity. The other solution comes up to the clamping 
ring application thus bringing the matrix body into a pre-stress state of the opposite sign 
with respect to the stresses occurring during the extrusion process itself. If, in the first case, 
we regard the matrix as a fairly thick pipe, of out er diameter D 1, stressed by high inner 
pressure [ 1 ,5,6], then its walls are subjected to radial stress of pressure a, and tangential 
extension stress a1 whose greatest value is on inner matrix diameter 0 0: 

where a = 0 1 I 0 0 . 

a 2 + 1 
at =o---·p=C·p 

a- -1 
( 1) 

By superposing these two stresses, according to the plastic yield hypothesis. the following 
overall stress is obtained: 

(2) 

Assuming that, for instance, the outer matrix diameter is four times !arger than mner 
diameter [36], that is a = 4 it is obtained that: 

C=~=113 
15 , 

(J ll = p. ~1 + 1,13 + 1,28 = 1,85. p (3) 

Along with further increase of the outer diameter the overall stress reduction in the matrix 
walls is not adequate. In the case that a= 10, which is not quite justified in real exploitation 
conditions, it is obtained that C = 1.02 and au =1,75p, that is. the overall stress reduction is 
for 9,5% along with the outer matrix dimension increase for 2,5 times [3,5,6]. Since the 
matrix must remain in the elasticity range. that is. since there must be no Iasting 
deformation ( au < ae) throughout the proccss. we can loosely determine the grcatest value 
of the working pressure in the matrix made of alloyed tool steel which was subjected to 
heat treatment by quenching: 
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Fig. 2a. Sensor jor measurement 
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The extrusion force upon the 
extruder can be measured in many 
ways. In this paper the choice is 
made of the measurement procedure 
by means of the universal pickup 
(200 t) which can be placed either in 
the upper or the lower part of the 
tool, as is the case here, through 
which the overall loading is 
transmitted along the extrusion axis. 
F or the measurement of radial 

forces, the measuring means of pin load cell method [2, 7] as the most suitable for this kind 
of the plastic metal deforming process (Fig. 2a, b ). 

C4732. rvrdoca: 45HRC 

12 8 

Fig. 2b. Pin Ioad celf 

In order to obtain complete information about magnitude and kind of stress throughout the 
extrusion process, the measuring sensors distribution is defined by the matrix geometry as 
weil as the workpiece size. For these reasons, there are three sensors placed in the radial 
way in the extrusion matrix body at an angle of 120° with a measuring sensors that is in 
direct contact with the workpiece during the extrusion process. In order to obtain complete 
information about the loading magnitude during the process the measuring sensors are 
placed at various heights in the material receptor (Fig. 1 b ) . 

~ 

N ;ij 

11 

s; '----""=--="----~ 

Fig.3 Measurinig pipe 

.!!1.1 The loading due to the contact between 
V the workpiece and three measuring 

sensors is transmitted to the measuring 
pipes (Fig. 2a and Fig. 3) placed on the 
outer matrix wall. Following of the 
extension of the wall which is lmm 
thick, due to radial forces, will actually 
represent the loading magnitude on the 
matrix walls. On each pipes wall there 
are two measuring bands [8] 

(measurement and compensation ones) glued andjoined into a semi-bridge (Wheastone). 
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Fig. 2b. Pin Ioad cell 

Fig.3 Measurinig pipe 
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Since improvised sensors are dealt with, namely those whose characteristic is not known, it 
is necessary to carry out their calibration with known loading and thus to set up a relation 
between the pipe wall elongation and the force being transmitted. The calibration is done 
on the breaker machine at which it is possible to follow the exact loading increase. In order 
to record this characteristic as weil, the data file with force magnitudes and respective 
number of micro deformations in the bush material elasticity area has been recorded. 

In order to provide for variants of the presented tool solution, the very deformation focus 
(conical matrix part) and calibration zone are made in special inserts introduced (Fig. 4a, 
4b) into the matrix body (tight fit, lap of 0,02 mm). The characteristic conical surface, upon 
the given inserts, has three values of the angle, namely 60°, 90° and 120°, which will 
directly affect both the extrusion forces and the radial forces in the tool. 

Fig. 4a. 

C4 HO ryaJoc<r 6QHRC 

Fig. 4b. Extru ion inserts with various cone angles inthe deformationfocus 

2. MEASUREMENT RESULTS 

The described design solution has been used as an experimental tool upon which the 
measurement is done on the hydraulic press that provides for the force of 200 kN upon the 
extruder. The necessary tool elements needed for the meta! extrusion process, namely, the 
extruder, the ejector, the connecting plates and the plates for the pressure transmission to 
the force pickup, have been provided from universal tool sets that have already withstood 
the exploitation conditions. 
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The workpiece material is low-carbon steel 
C 1220 that shows high plastic properties in 
the deforming process. The friction effect is 
lowered by the workpiece bonderizing 
procedure (placing of the film by the 
chemical procedure based on plant oils that 
tightly adhere to the meta! surface and serves 
for better lubrication oil adherence during 

Fig.S. Werkpiece and finished parts with the deforming process). As the bonderizing 
various cone angle layer itself reduces the friction effect in the 

process, some of the workpieces are 
extruded with such a surface while a certain nurober of the workpieces being covered with 
an oil film that has further reduced friction in the deforming process (Fig. 5). 

The coordinate system for presenting the results comprises a time x-axis at which the 
nurober of readings has been introduced, 800, together with a step, that is, a time interval 
between two signals from 0,003 seconds as weil as y-axis at which the force in kN has been 
introduced. At x-axis one of its parts has been singled out at which the workpiece extrusion 
process and the extruded part ejection process have been marked. 
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Fig .6. Force alterationfor the case ofuni-direction extrusion (cone angle a = 60°, without 
lubrication) 

The measurement results show certain regularity so that similar effects (Fig. 6. 7. 8) can be 
noticed in all the extrusion processes. The force upon the extruder shows, before the very 
extrusion process, a marked instability as weil as a very high increase after which it drops 
to its minimal value throughout the overall deforming process. The force instability as weil 
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as its increase can be explained by taking the most favorable initial pos1t1on of the 
workpiece in the tool as weil as by the needed - quite high - force for the very beginning of 
the material flow on the matrix insert walls [4]. A marked force drop shows that the first 
phase has been completed, that is, that the material has filled up the input part of the cone; 
after that the force rapidly starts increasing reaching its maximum after which the material 
flow on the conical tool parts begins. The maximal value has a marked increase along with 
the matrix angle increase, while it slightly changes with alternation of the lubricant; it 
should be also stated that, in both the cases - when only the bonderized surfaces are oil­
lubricated - there is a decrease of the friction coefficient. During the extrusion process, that 
is, throughout the material flow, the maximal force on the extruder has a slight drop with 
respect to the achieved maximal value, with smaller oscillations of the force when the 
extrusion process is about to end. 

At all the diagrams the radial forces are denoted by the height at which they were 
measured. Namely, as there is a difference regarding the height of the place at which the 
sensors makes a contact with the workpiece; at every 2 mm from the upper edge of the 

matrix insert, at mutual angles in the matrix of 120°, there has been a different increase of 
the given forces recorded. In the beginning of the process, the maximal radial force is 
achieved at the highest sensor with respect to the matrix insert at the moment when the 
extrusion force achieves its maximal value, that is, when the initial unstable phase has been 
completed and the material flow has already started. This is explained by the very 
workpiece itself at this particular moment (barrel-like form in the receptor) and 
immediately after it, when the workpiece material has filled up the whole material receptor 
volume and when its "maximal diameter slides" along the matrix walls. After reaching its 
maximal value as weil as its retention, this force drops to almost zero value. A less distinct 
maximum is reached by the radial force on the second sensor, at the height of 4mm from 
the matrix insert, but in almost identical period of time when the first radial force reaches 
its maximum. The lowest sensor with respect to the matrix pickup records almost the same 
magnitude of the radial force as that on the second sensor, but it can clearly be seen that it 
preserves this value, with some slight decline, till the end of the extrusion process since the 
non-extruded volume ofthe material from the receptor also remains at its height. 

The extrusion force on the extruder has values ranging from 560 to 600 kN in the matrix 

with the smallest cone angle of 60°, that is, 660 to 690 kN for the matrix with the cone 

angle of 90°, or to 720-790 kN in the matrix with the cone angle of 120°. Reduced to the 
cross-sectional area of the workpiece, over which this force is transmitted, working 
pressures of 1900 - 2500 N/mm2 occur in the extrusion process. The radial force on the 

matrix wall, depending on the cone angle, moves in the interval from 0.5 to 2.3 kN for 60°, 

that is, from 0.7 to 2.3 kN for 90° and I - 3.5 kN for 120°. The force increase follows the 

increase of the measurement place heights in the matrix wall. In thc radial direction there 
are considerably smaller pressures and they move within the Iimits from 160 N/mm2 to 320 

N/mm2. 
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On the right side of all the diagrams, there is a marked instability of all the forces 
associated with the ejection phase of the extruded piece from the insert and the matrix 
itself. 
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Fig. 7. Force alterationfor the case ofuni-direction extrusion (cone angle a = 90°, Without 
Lubrication) 
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Fig. 8. Force alteration.for the case o.funi-direction extrusion (cone angle a = 120°, 
without lubrication) 
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3. CONCLUSION 

The analysis of the tool loading points to the order of the loading magnitude as weil as the 
force effect distribution in time during the process. The toolloading is of variable character 
and the order of the magnitude directly depends on the workpiece diameter, the finished 
part diarneter and the extrusion angle in the deformation focus. The measurement itself 
aims at pointing to the loading magnitude at the contact surfaces while, in further work, 
this could serve as input data for solving the stress distribution equations with respect to 
the extruded part volume. 
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ABSTRACT: The steel formability improving by cyclic annealing has been investigated. 
The performance of cyclic annealing in formability improving has been evaluated by the 
comparison with ordina1y annealing. Setter mechanical properties are obtained by the 
appropriate cyclic heat treatment then by isothermal annealing. 

1. JNTRODUCTION 

Steel with good formability has small strength properties and high plasticity and toughness. 
Good formability cau be obtained by the isothermal or cyclic heat treatment. Making the 
steel structure finer and more uniform is the most effective way of improving the plastic 
properties of steel [I]. 

One ofthe effective methods ofthe prior austenitic grain size refinement is temperature 
cycling. Grain size refining of steel, by temperature cycling could be based on repeated 
alpha..,gamma phase transformations [2][3]. 

Phase transfonnation, phase and thermal micro-deformation, which are developed during 
the temperature cycling are interactive processes, they affect each other, so that they by 
separate and by interactive manner can change mechanical properties of steel. However, 
in all these processes, the dislocation density increases, and strength coefficient can 
increase and fonnability of steel can be worsened. 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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The heating condition in temperature cycling is determined essentially by heating rate and 
maximum cycle temperature. The rate of heating depends on the mode of a heating, 
specimen dimension, and on the heat medium. Rates of specimen cooling and specimen 
heating should be undertaken in Iimits in which the dislocation density is not increases. 
Repeated cooling and heating should be done in fumaces for many steel kind. This kind 
of heat cyclic treatment is named cyclic annealing. 

1. DEFINITION OF HEAT TREATMENTS 

The investigations were done on steel Ck 35, Ck 45 and Ck 60 (DIN). Eiemental 
compositions ofinvestigated steels are shown in table 1. 

Table I Eiemental composition ofinvestioated steel ·o• 

Steel C,% Si,% Mn,% S,% P,% 

Ck 35 0.35 0.18 0.36 0.011 0.008 

Ck 45 0.42 0.19 0.30 0.014 0.009 

Ck 60 0.61 0.12 0.17 0.009 0.010 

Heat treatments were done on bars with a circular cross section and with a specimen 
diameter of 16 mm and length of 60 mm. The specimens were treated by two different 
treatrnents, by ordinary isothermal annealing and by cyclic aneling. The investigated heat 
treatments are shown in Fig. I . 

lemp. 
t1 /oc 

li n1 c t :::: 

a) lzolf't' mal Mnnealin~ 

lemp . 
ti ' °C 

b) C c li(· an neal tng 

Fig 1. Heal treatments 
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Beattreatmentsparameters are shown in table 2. 

Table 2 Heat treatment parameters 

Heat 
treatment 

Isothermal 
annealing 

Cyclic 
annealing 

Maximum 
temperature 

bmaPC 

830 

780 

Time at 
ßmax. 

t/min 

60 

5 

Minimum 
temperature 

bm,pc 

600 

680 

413 

Heating Cooling Cycles 
rate rate number 

vpCmin"1 rrcmin"1 11 

5 2 I 

5 3 5 

5. PERFORMANCE OF STEEL FORMABILITY IMPROVING BY CYCLJC HEAT 
TREATMENT 

The true strength-strain curve is fundamental property that determines the steel formability 
[4]. 

The description of the stress-strain curves and strain-hardening of metals by mathematical 
expressions is frequently used approach. This is because it allows the plastic part of the 
curve to be treated by certain parameters that can be applied to the study of formability [ 4]. 

The most important and widely used application is the evaluation of stretch-fom1ability by 
the n value, which is the exponent ofthe equation [4][5]: 

where: 
o - true stress, Nmm·2 

e - true strain 
K- strength coefficient, Nmm·2 

n- strain hardening exponent 

The increase of steel formability released by cyclic heat treatment was estimated by 
comparing with the increase of steel formability released by isothermal annealing. The steel 
formability has been estimated on the base of true strength-strain curve. The true stress­
strain curve has been determined by compression test by using the specimen with circular 
cross section. The used specimen in investigation is shown in Fig. 2. Holes with a 
diameter of 13 mm and deepness of I mm were filled-up by paraffin for reduction of 
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fhction forces. 

1 
20 

Fig. :! . Specimen 

Results of strength coetlicient and strain a hardening exponent released by different heat 

treatment of investigated steels are given in Table 3. Stress-strain curves are shown in 

figurc Fig. 3. 

Table 3. Strength coefficient and strain hardening exponent 

Steel Heat treatment Strength coefficient Strain hardening Regression 
K /Nmm·2 exponent, n coefficient, r 

Isothermal annealing 915 0.18 0,962 

Ck35 (lA) 

Cyclic annealing 844 0,225 0,966 

(CA) 

Isothermal annealing 1008 0.16 0,927 

Ck45 (IA) 

Cyclic annealing 952 0,21 0,961 

(CA) 

Isothermal annealing 1120 0.155 0,948 

Ck60 (lA) 

Cyclic annealing 1030 0,21 0,934 

(CA) 



Steel Formability by Cyclic Heat Treating 

~! 

I 
E 
a 
z 

b 
.,, 
'f> 

1-. 

"iii 
~ 
:> 
_, 

.J 
800 

700 

GOO 

5 00 

-100 

300 

200 

100 

(lAI 

--

CköO 

rk-15 

C'k 35 

_..__~j ___ j__ j _ _l____L ~ 

0 0.1 0.2 0,:3 0.-1 0, :1 0,6 0,7 0,8 

l •·uc ~ t•·ain. 
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4. CONCLUSION 

415 

A steel with minimum carbon content has the best fonnability properties. AJI investigated 
steels have had better formability prope11ies by application the cyclic heat treatment than 
by application of isothermal annealing. Plasticity and strain-hardening exponents are 
increasing and strength coetftcients are decreasing. 
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ABSTRACT: The high resistance to yielding of micro-alloyed HSLA steels (high strength low 
alloy) and their low cost, make attractive to use them to substitute spring steels, in applications 
where high strainings are required. 
ln the present paper it is evaluated the practicability of using Nb-alloyed HSLA Iaminates in the 
manufacturing of tlat springs subjected to elevated cycles of straining. 
The microstructural factors, intluencing the fatigue resistance, are consequently analysed. 1t was 
find out that the strong anisotropy of the microstructure (caused by the distortion of ferritic grains 
during the rolling process), in presence of an high content of inclusion, intluences the fatigue 
resistance. This was found to change strongly with the direction relative to the direction of 
lamination. The tests conducted demonstrated that the use is possible, but the inclusion content must 
be checked. Furthermore the greatest stress must be oriented transversally respect to the direction of 
lamination. 

1. INTRODUCTION 

Construction steels have not high mechanical proprieties, but they are cheap and they can 
be used at the «supply state» (without any thermal treatment). 
Special steels have instead excellent mechanical characteristics, that can be obtained only 
after a series of thermal treatments, made by the purchaser. They have an elevated final 
price. 
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HSLA steels [2-4] are construction steels. They were developed to have mechanical 
properties comparable (even ifnot equal) to special steels. They have a good strength (yield 
point O"y = 350-700 MPa) and they can be used without thermal treatments, with a final 
price just lightly higher than the normal construction steels. 
The strength of these steels is increased altering their microstructure with the addition of 
microalloying elements (in quantity lower than 0,1% ). These, after a thermomechanical 
rolling process, arise to a higher strength by means of the precipitation of their carbides and 
carbonitrides and ofthe refining ofthe grain. 
A further increasing can be obtained with a strain-hardening by means of a cold rolling mill 
process [5], during the last phases of manufacturing. In this way the yield point is raised, 
but the grains are strained. This morphology induces an anisotropy of the mechanical 
properties. In the direction transversal respect the Iamination direction, the steels present an 
higher yield point and a better tensi1e strength. 
Also the fatigue ratio (ratio between fatigue Iimit and tensile strength), can change with the 
direction: these steels usually have the worst resistance to fatigue in the direction 
transversal respect to the Iamination sense. 
The anisotropy of the fatigue Iimit is originated by the presence of inclusions of lengthened 
shape that can be originated by the Iamination process. The concentration of the stresses in 
proximity of these is higher when an inclusion, lengthened in the operations of lamination, 
is oriented transversally respect to the highest tension of traction. 

2. AlM OF THE PAPER 

Aim of the paper was to verify if it were possible to use HSLA steel in the manufacturing 
of flat springs, subjected to dynamic stresses. The modulus of resilience UR of these steels 
is in fact so high, that they can substitute spring stee1s in many app1ications (some typical 
resi1ience modules are shown in tab. 1 ). Respect to spring steels, the HSLA steels have the 
advantage of a better formability, a better corrosion resistance and, above all, of a lower 
cost. Nevertheless, the behaviour in elastic field is affected by a greater number of 
structural variables and (as it was told) they don't have a perfect isotrope behaviour because 
they do not have a final thermal treatment. 
Some cold flattened strips of Nb micro alloyed HSLA steel were tested; the influence of 
microstructural proprieties on their fatigue resistance was examined, with a special regard 
to the effects of anisotropy. 

UR, kPa 
Medium carbon steel 300 
Spring steel 2200 
HSLA steel (longitudinal direction) 900 
HSLA steels (transversal direction) 1200 

Table 1: Comparison of typical resilience modules of different types of steel 
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3. EXPERIMENT AL PROCEDURE 

Three different strips of Nb microalloyed HSLA steel were examined. They were obtained 
with a driven cold flatting milling process. All the strips had a thickness lower than 0,5 
mm. 
Their compositions were analysed and the results are shown in table 2. 
To characterise the material the following proprieties and characteristics were examined. 
• Ferritic grains. A metallographic analysis was performed. The ferritic grains always 

resulted very elongated (fig. 1). Sizes and shape of ferritic grains were measured, 
according to the prescriptions of standard ASTM 112. In the strip 3 the dimensions of 
the ferritic grains resulted slightly bigger. 

Strip C% Mn% Si% P% S% Nb% 
1 0.066 0.340 0.014 0.012 0.004 0.056 
2 0.056 0.347 0.009 0.010 0.004 0.055 
3 0.054 0.351 0.011 0.010 0.004 0.056 

Table 2: Weigth composition of the strips of HSLA steel 

StriiJ Longitudinal Normal Transversal 
1 11±0.8 5.2±0.4 2.3±0.1 
2 12.5±0.8 6.2±0.1 2./8±0.2 
3 13±0.6 6.6±0.4 3±0.3 

Table 3 Sizes and shape of ferritic grains 

• Inclusions. The metallographic analysis revea1ed the presence of inclusions 
homogeneously distributed across the thickness of the samples, with a maximum 
diameter of 20 J.lm (figure 2). In the strip 3 a greater quantity of inclusions were 
detected. 

• Microhardness. The values of microhardness were measured on three different planes 
(parallel, longitudinal and transversal respect to Iamination plane). The medium va1ues 
were 215, 21 0 and 216 HV . In the section normal respect to Iamination plane, a 

100 

remarkable increasing ofthe hardness in correspondence ofthe surface was observed. 
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Figure 1: micrography of the strip 3 (500x). Longitudinal section, normal to the 
Iamination plane 

• Residual stresses. The residual stresses were evaluated by means of X ray 
diffractometry. Their values were low and were homogeneaus between the different 
strips. 

Figure 2: Micrography of the strip 3. The high inclusional content is evident (200x). 
The sample is not attacked to evidence inclusions. 

• Mechanical proprieties. To evaluate the strength of the steel the yield point and the 
tensile strength were measured. The results are shown in tab. 3. We remernher that high 
yield point values can determine a good resilience (that is a typical propriety of spring 
steels) 

Tensile strength [MPa] Yield point 0.2% fMPa] 
Strip Transversal Longitudinal Transversal Longitudinal 
1 649 732 633 685 
2 651 729 632 705 
3 641 732 617 701 

Table 4: tensile strength an yield point ofthe examined steels 
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After the characterisation of the steels, the fatigue tests were conducted: 15 samples were 
prepared (five for each strip) as in figure 3. A ferromagnetic core of soft iron was inserted 
in the centrat hole with a cold plastic deformation. During the fatigue tests the core (and 
thus the sample) was subjected to a vibration by means of an high frequency magnetic field. 
The force F1 is originated by the magnetic field, the force F2 is a force of elastic returning 
that was added in order to make asymmetric the Ioad condition and to change the stresses 
with the direction. These were measured installing two estensometric washers in two points 
at 90° respect to the centre (fig. 3). 
All the samples were fatigue tested foratotal of 30 million of fatigue cycles. 

_ < 

' " ,. 

Figure 3: Test sample after the application of the ferromagnetic core. The points of 
application of the estesimeters and the applied forces are indicated 

The temperature of the sarnples were maintained between the 15 and 30°C with to a current 
of air of 10 m/ s. The samples had different orientations respect the direction of lamination. 
The samples of the strip 3 (unlike the others) , did not overcome the test and were both 
broken. Both were this samples were disposed to be mainly stressed in the diagonal 
direction (respect to the direction of lamination). We remernher that the strip 3 presented a 
higher number of inclusions and a lightly higher grain size (both these decrease fatigue 
resistance ). 

4. EVALUATION OF THE BREAKING CAUSES 

Further tests were executed to evaluate the breaking causes. The so called «external 
factors» (such us Ioad conditions, environment, temperature, etc.) were constant between 
the different samples and were not considered. 
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4.1 INTERNAL FACTORS 

The following «intemal factors» that influence the fatigue were analysed: 

• Sizes 
The sizes were the same between the different samples. The only uncertain size (the 
thickness) was measured and resulted homogeneous. 
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Figure 4: example of stress course in point A and B (sample 1). Radial and 
circonferential stresses are shown 

• Residual stresses 
As it was just told, there was not a remarkable differences between the different samples. 

They were considered to be not influent 

• Surface finishing 
lt was the same for all the sample, it was considered to be not influent. 

• Material Drawn embrittlement [7] 

Laminatesare very sensitive to drawn embrittlement [7], so it was verified that this was not 
the breaking cause. This is aroused by the presence of phosphor (that tends to segregate in 
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the grain edge ), in this case the crack is intercrystalline. From the micrographic analysis the 
crack is instead resulted intracrystalline, that exclude the hypothesis. 

, I 
I 

' 

/ 

igure 5: Micrograph of a cra k tip. 

Chemical variability 

The chemical composition was already measured, but the C e N and S content was 
controlled in each sample. The C e N content influences the interstitial content, and 
consequently the strength Iimit. It was higher in the first sample, but about equal in the two 
other, so it was not considered relevant. 

The S content resulted Iow in all the samples an can be neglected. 
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Strip 1 Strip 2 Strip 3 
Cwt% 0,080-0,110 0,050 0,050-0,060 
Nwt% 0,013-0,014 0,014-0,016 0,011-0,012 
S wt% 0,005 0,005 0,004-0,005 

Table 5: range of the C, N e S contents, measured in different samples of each strip 

• Microhardness 

A new relieve of the microhardness was effected along the diameter of the sample. The 
results were again homogeneous. 

• Grain sizes and shape 

As it was remarked the strip 3 has lightly higher size, but in a too small way to be relevant. 

• Inclusional content 

Regard to the inclusion content: there is no difference of shape and size between the three 
strips. The third strip has an higher inclusion content. The latter is the only remarkable 
difference between the different samples. 
As a concluding remark the only parameter that can influence the fatigue strength is the 
inclusional content. Thus it is evident that the different behaviours were originated by the 
low transversal fatigue Iimit, the latter one is due by the high concentration of inclusions in 
this strip. 
The effects of these inclusions, with the elevated plastic deformation, determine that the 
samples oriented transversally resist only 5,000,000 cycles, whilst the samples oriented 
longitudinally overtake with no problern 13,000,000 cycles. 

5. CONCLUSIONS 

The effected tests demoostrate that the HSLA cold Iaminated steels can replace the spring 
steels, in the applications where there is an elevated fatigue resistance. Some simple 
contrivance must be nevertheless used. 
In fact the fatigue Iimit, in direction transversal respect to Iamination direction, tend notably 
to decrease at the increasing of the inclusions content. Thus, the inclusion content must be 
checked; anyway the Iaminated must be oriented to have the maximum stress in a direction 
transversal respect the direction of lamination. 
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ABSTRACT: The efficiency of a production chain that includes different processes is 
strongly influenced by the quality of the parts delivered from one production process to the 
next. In the present case, the machining costs for forged parts in multispindie chucking 
automatics are strongly influenced by their dimensional variations. Quality assurance of 
forged parts is challenging because of their complex shape. Acceptance criteria for 
dimensional variations that can be accepted by production departments succeeding forming 
are difficult to describe and to measure. Consequently, there exists only little knowledge 
about process capabilities for forged parts in general. Often, machining and assembly can 
not even give sufficient information about their requirements and therefore experience 
disturbance of their production. A discussion and case study about this will be presented in 
this paper. 

1. INTRODUCTION 

The article is a discussion about the optimisation problems of two subsequent production 
departments in large series production including forming processes and a subsequent 
process like e.g. machining. lt is based on experience gained from the production of forged 
workpieces. A method of approach to solve existing problems in the production chain is 
presented which starts form the oral definition of a problem. Assuming that the problems 
are caused by unexpected dimensional variations, the relevant dimensions are identified 
and their process capabilities are quantified. Then, all the possible ways of improvement 
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for the incapable processes are discussed. The particularities of process control in meta! 
forming processes are described. A case study of a problern solving process is provided. 

The quality of formed parts strongly intluences the costs in the forming as weil as in the 
machining department and therefore the total production costs. Loosely estimated 
tolerances may cause problems in succeeding operations, while unnecessarily tight 
tolerances escalate the manufacturing costs in forming. This is illustrated in Figure I, 
which shows that there is an optimum quality Ievel (IOO%) that Ieads to minimum costs. lt 
has been tried to find optimum tolerances by calculating the costs during the production 
process for the simpler case of machining operations (/ I11, 116/). In this paper however, it 
is assumed that finding tolerances that are acceptable for all the production departments is 
very close to the economic optimum. The article concentrates on geometric tolerances; not 
quantifiable criteria like optical and metallurgical criteria e.g. cracks will not be discussed. 
It is assumed that total costs can be significantly reduced by clearly defining an interface 
between forming and machining and thereby increasing the overall equipment efficiency 
(OEE) /I7/. 

OEE [%] = Quality Rate * Performance Rate * A vailability (I) 

This can be done by: 

I. Reducing the number of defect parts 
2. Increasing the production speed to the Iimit ofthe capability ofthe machine tool 

(reduce idling due to insufficient part quality). 
3. Reducing downtime (Set-up time, disturbance etc). 
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Figure 1: Total costs as a function of the quality of the parts 

The quality of parts is specified by the requirements that are documented in the technical 
drawings, i.e. the interface between forming and machining, and the degree of their 
fulfilment. 

Most of the relevant acceptance criteria for forged parts are covered by simple linear 
measures 111. However, these often do not reveal the behaviour of forged parts during 
further production steps or of the finished product. Even if the parts have been produced 
within the tolerances, disturbance occurs, e.g. difficulties during clamping of the forged 
parts in machining. In this case, the specification of the part is insufficient. Especially, 
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The next step is to take sample parts from the production and to measure these criteria in 
order to determine the appropriate approach to solve the quality problem. Process 
capability values are calculated from the distribution of the measures. The cm- and cP -
values have been used to describe the capability (/2/, /15/). The cm- value, i.e. the machine 
capability, is a measure for the short-term process variation whereas the cP- value shows 
the long-term variation including wear, changing operators, different raw materials etc. By 
its nature, the process capability varies more than the machine capability. In our case, the 
cpk - value would be misleading. A low cpk - value can be due to bad centring or to too 
large variation of the process. Whereas centring is simply solved by adjusting the size of 
the tool, process variation needs different approaches: 

1. cu>1.3: The problern hasn't been defined properly. Either wrong dimensions or wrong 
tolerances have been chosen. The quality problems might even be of a totally different 
nature and not even due to the formed parts (e.g. the assembly process). 

2. ~n <1 ,3 and cm> 1,3: If the relevant dimension can be controlled by the operator, the 
necessary measurement facilities should be provided, e.g. gauges. As the here tested 
dimensions often have never been measured before, the operator or the die maker often 
simply never adjusted the process according to the requirements. 

3. ~<1,3: The forming process is not capable of producing the required quality. 
Nevertheless, the objective of the process capability is now clearly described and relevant 
measures can be taken. 

Monitaring an incapable process doesn't help much /5/ if the dimensions have been 
measured previously but not documented. More precisely, the definition of relevant criteria 
solves the problem, not the documentation. Keeping within tolerances with the required 
process capability requires even more than just to produce with zero defects /3/. 

Three ways to attain the required process capability can be seen from formula (2). USL 
and LSL are the upper and lower specification Iimits and cr is the standard deviation of the 
characteristic /13/: 

USL-LSL 
cP = __ 6_x_a __ (2) 

1. The to1erance has to be wider, i.e. the difference USL-LSL must be increased. 
2. The variation ofthe process capability has tobe reduced. 
3. Alternation ofthe process, i.e. additional production steps like a 100% control, rework 

for the incapable dimension, or the application of different technology, e.g. machining 
instead of forming. 

The objective can be reached by only taking one ofthe three measures or by a combination 
of them. After the process capability has reached a satisfactory level, no disturbance in the 
succeeding production steps should occur anymore. Under such an optimisation process, 
the following should be provided to the operators in the forming department: 

• Special drawings that reflect only the set-up and running criteria of the parts regarding 
machining, assembly and function. 

• Facilities for measurement and control. 
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form and positional tolerances like roundness or squareness have to be rneasured in 
addition to the linear rneasures. 

2. METHOD OF APPROACH 
The starting point for the optirnisation is an existing problern in a production departrnent 
subsequent to forming e.g. in the rnachining departrnent. This problern is rnostly only 
described orally. As the first step to solve this kind of problern, the relevant dirnensions 
and the acceptable tolerances have to be defined. Making an orally formulated problern 
rneasurable generates facts and is the basis for the solution of a problern it has so far been 
accepted to live with. The rnethod is visualised in Figure II. 

Definition ofthe problern (machining, assembly, function) 

ldentificalion of relevant dimensions and of acceptable tolerances +! L-S-L--US ... ,L 

No further activrtles • the 
process chain is 
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derived from lhe formula for the process capability: 

c, =USL·LSU6sigma 
I e. increase USL-LSL or reduce S'sigma 

Forming = 
I mprove process capaboloty = 

Reduce 6'sigma 

n 1 ,f'\,. 
LSL USL LSL USL 

Machining, assembly. function = 
Reduce sen si!ivity ror varations = 

lncrease USL·LSL 

Tool desogn 
Overhaul press Use an abernative production process 

Examples from lhe case study: 
Redeslgn fixtures. 
Design the parts for lmprove design or the part 

Different more capable process or 
100% control or 

Figure II: 

Reworl<. llmited to the not capable criterion 

Yes 

I Problem solvedfrask completed I 
Method to improve the proce chain 

clamping r/ 

No 



Analysis of the Interface Between Forging and Manufacturing 431 

Following the method described above, the following steps have been taken: 

• Tolerances, that are assumed to be acceptable for the forming department and for the 
clamping fixtures have been estimated. They have to be estimated, because the true 
requirements of the fixtures are not known. The dimensions that are relevant for the 
clamping are the diameter, the roundness and the matehing ofupper and lower die. 

• The measurements have been done on a co-ordinate-measuring machine. 
• The data have been analysed statistically. 

Tolerating in forming is often based on experience and can be supported by standards, e.g. 
DIN 17673 /14/. If the tolerating has been done properly, the tolerances should be neither 
too wide nor too narrow with respect to the variation of the process. The machine 
capability for a diameter of the workpieces is shown in Figure III. Obviously, it is 
satisfying (cm = 4,191) but not centred. 

Figure 111: Machine capability of a diameter - histogram and probability paper 

As stated by many other authors, cp- or Cpk-values can't describe the process capability of 
single sided tolerances. These are based on the standard distribution, which is symmetric 
(and have a tail that goes to infinity in both directions). Single sided criteria have a range 
from [O;oo[. To handle the distributions, which can be observed for single sided criteria, 
one can either calculate the process capability values from single sided distributions like 
the W eibull or the gamma distribution /3/ or compensate for the skewness · of the 
distribution as if the range would be ]- oo;oo[. Although the theory for a compensation for 
the skewness of the distribution has been discussed in Iiterature (/8/, /9/, /10/), this is 
applied in industries only to a limited extent. Neither are process capability studies that are 
based on other distributions than the standard distribution widely applied. 
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Dimensions that are not important for the operator must be excluded to keep the drawing 
as simple and as easy-to-follow as possible. For example, dimensions given by the 
geometry ofthe tool or with wide tolerances need nottobe controlled by the operator, only 
by the die maker. The criteria are therefore also called equipment maintenance parameters 
121. 

3. PARTICULARITIES OF PROCESS CONTROL IN FORMING 
Controlling a process requires both effective control parameters for the process and 
quantified control criteria, i.e. measurable dimensions. Both are much more difficult to 
handle than for machining processes. This is explained in the following tables. SeeTableI 
for a structured analysis ofthe processes forming and machining. 

Differences between formin_g and machini~rocesses 
Machining Forming 

Control of the '(>I"Ocess to achieve the r~uired the dimensions 

Control parameters: Control parameters: 
• Depth of cut influences • Travel in feed direction ( excenter press) or force (hydraulic press). 
directly the relevant dimension. • Lubrication . 
• No cross influence- the • Dimensionsand mechanical properties ofthe parts . 
depth of cut influences only one • Adjustment ofthe forging tool (expensive solution, takes a long 
dimension, which in turn isn't time, additional tests ofthe forging tools might be required). 
influenced by other parameters. • Unclear relation between control parameters and effect . 
• All relevant dimensions 
can be controlled separately. Technical particularities: 

Short adjusting time, the • Delayed effect ofthe control action, e.g. annealing for forging . • 
result is visible at once. • Variations depend on the material flow, i.e. it is influenced by 

• Automatie control possible strains and tensions ofthe deformation ofthe workpiece. 

because ofthe simple relation • The effect of variations of process parameters is not clearly defined . 

between parameter and effect. Side effects on other characteristics are common. 

• Variations in preproduction and material properties influence the 
variations of the finished _ _IJroduct, i.e. casting and heat treatment: 

Obstacles for ill!J!rovement 
• Low costs for measuring • Often more expensive measuring equipment required. 
devices. • In some cases difficult to operate measuring equipment ( e.g. co-
• Measuring devices are easy ordinate measuring machines). 
to operate. • Traditions in the field of quality control. 

• Statistical process control • Improvement takes a long time and demands a considerable effort. 
is widely used and benefits of • Many additional criteria have tobe controlled (e.g. cracks, surfaces 
SPC are undoubtedly accepted etc). 

Table 1: Characteristics for the control of machining and forming processes 

The manufacturing of formed workpieces is of sophisticated nature. To be able to assure 
good quality, extensive pre-production trials, the use of high quality raw material for the 
workpieces and the measurement of some dimensions that give an instant impression about 
the condition of the forming process are methods commonly used. This is supported by the 
regular inspection of the tool and preventive maintenance of the facilities 11/. Extensive 
measurements during the production in forming are not common because of the differences 
in measuring of formed and machined workpieces as illustrated in Table li. 
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Macbined workpiece, e.g.: turning 

• mall measurement error due to good interface 
betwecn the measuring device and the workpiece. 
E.g. a test table can be a satisfying reference area 
for the workpiece as weil as for a probe (I). 
• The re ult depends only to a minor degree on 
thc measuring position (2). 
• The measuremcnt can easily be described by 
referring to a Standard. 
• The repeatability is thercfore satisfying and 
independent of the person who measures as long as 
he measures according to the description/standard. 
• The measurement can often be as simple as the 
distance between two points. 

Formed workpiece, e.g.: forging 

• Burr strongly influences the measurability (I). 
• Oftcn inappropriate intcrfacc betwccn 
measuring equipment and workpiece (2). 
• lnfluence ofthe measuring position due to form 
errors due toblast cleaning and polishing (3 ). 
• Most surface are conical or inclined and are 
therefore difficult to measure (4). 
• Many toleranccs arc sct in tcchnical drawings. 
some of which areirrelevant for the operator. 
• lnappropriate qualification of opcrators. 
• Hot workpieces. 
• Heavy workpieces. 
• H control 

Table II: Characteristics for tbe measurement of machined and formed parts 

4. CASE STUDY OF TODAY'S SITUATION AT RATEC 

At RA TEC the parts are forged from extrusions and afterwards machined in multispindie 
chucking automatics. Some ofthe most important problern areas today are: 

• Clamping. 
• Air machining, i.e. machine goes often at cutting feed velocity to reduce the 

consequences of unexpected tool-workpiece contact. 
• Parts contain unnecessary material that either has to be machined or is delivered to the 

customer although the material is not necessary for the function of the product. 

This case study is focused on the clamping problem. Two jaws that have a shape similar to 
the forging tool clamp the workpiece. The part is supposed to be in contact with the jaws 
over wide areas of the entire surface. However, for some parts sudden movements of the 
part in the fixtures are observed. This Ieads to tool breakage or faulty parts despite careful 
set-up. An analysis of the contact areas between workpiece and jaws by colouring the 
workpiece with touching ink showed that the clamping points are very few, not evenly 
distributed and always different from part to part. This is due to dimensional variations. 
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For the machining processes, the tolerances arenot kept satisfactorily for the existing set of 
clamping fixtures. The dimensions are generally badly centred with low variations 
(satisfying cP I unsatisfying cpk). In order to achieve an economic solution, it seems 
appropriate to focus on making the fixtures more tolerant towards variations of the forged 
parts. The dimensional variations that have been found allow redesigning the fixtures with 
the following characteristics: 

• Elastic jaws with some degrees of freedom 
• Clear definition of the contact points. 
• The fixtures should be less sensitive to wear; i.e. the wear of the jaws should not alter 

the behaviour of the fixture. 

The second approach, i.e. to reduce the standard deviation cr of the forging process will not 
be regarded during this project. Nevertheless, the forging department is in a constant 
improvement process and the improvement of the process capabilities of the forging tools 
has been observed. 

5. RESULTS 
Deleryd has analysed the use of process capability studies in Swedish companies /4/. 

0 
Number of organisations --

,o 20 30 I Application 

Prlorltlas in the lmprovement procus 

Base for lnspectlon acllvftles 

Recalpl of lmprovements 

Quallty fmprovament programmas 

Figure IV: Benefit of tbe information gained from proce 

The quantity of the quotation of the different applications provides a good structure of the 
benefits of process capability studies, which helps to structure the results of this project: 

• The study is the basis to improve the machining process. Only a thorough 
understanding of the quality of the preproduction process can provide the ability to 
adapt to these conditions. 
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• The studies can serve as an alarm clock. If anything is going dramatically wrong in 
forging, it will be discovered by measuring the critical acceptance criteria. 

• The variations observed for one workpiece allow predicting variations of newly 
developed products. Tolerances can be set before the first production. 

• It is motivating for the operators to feel safe about the products that they deliver. 
Surprising rejections become rarer. 

• Preference for improvement will be given to processes with low process capability. 
• Pressesand forming dies are inspected in case of deteriorating process capability. 
• The project is part of a quality improvement program. 

Some of the points listed above require establishing a constant process control of the 
dimensions. The economic benefit has to be assessed for the specific cases. 

6. CONCLUSION 
I. Problems that arise due to the interface between forming and machining can only be 

solved by carefully defining the geometric tolerances of the parts. By doing this, a 
production chain including a forming department can be optimised. 

2. In the case of an inefficient process chain three different ways of approach to improve 
the process chain are basically possible. 

3. Technical drawings used in forming should only contain set-up and running criteria, 
which would provide the necessary overview over the requirements to the operator. 

4. The geometric tolerances have to include form and positional tolerances. 
5. Special measuring equipment might be necessary to control the relevant dimensions. 
6. For many criteria, dimensional inspection will have to be carried out with the help of 

co-ordinate measuring machines, fixtures equipped with automatic data acquisition, or 
manual inspection with gauges /6/. Any of these solutions requires considerable 
investments. 

7. Process capability indices are often misleading for single sided criteria /3/. A solution 
for this is either a compensation for the skewness of the distribution or the application 
of indexes that are based on single sided distributions. 

The proposed method requires considerable resources. It takes a long time to investigate 
problems and to carry out the process capability studies. Then, taking the required 
measures, that should solve the problem, consumes both lots of time and money. The 
benefits can be derived from formula (I) for the overall equipment efficiency (OEE): 

• The quality rate can be increased. 
• The production speed can be increased. 
• The availability ofthe machine tools can be increased. 

What the method requires most of all, is constant self-motivation to really carry such a 
project to its hopefully successful end. The project will be continued at Raufoss 
Technology AS. 
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AN INTELLIGENT SYSTEM FOR THE DETERMINATION OF 
TUE REQUIRED SETUPS AND THE ASSOCIATED CLAMPING POINTS 

AND CLAMPING DEVICES IN MILLING 
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Aristotle University, Thessaloniki, Greece 
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ABSTRACT: The paper presents a rule based expert system, developed to predict the 
necessary setups as weil as the fixturing points and the corresponding clamping devices, 
necessary to support a prismatic part during milling. The procedure is conducted in two 
steps. Initially, the geometrical and topomorphical information including all the machining 
features of a prismatic part are recognized and introduced into the developed expert system. 
In the first step the expert system determines the essential setups needed to machine the part 
on a particular machine, while in the second step the prospective clamping edges are located 
and the possible clamping points are determined. Moreover, the developed system regarding 
the cutting data, the specifications of the available supporting devices, and the geometry of 
the machine tool used, defines the required standard clamping and supporting structural 
elements, needed to support the part during milling 

1. INTRODUCTION 

In order to manufacture a particular part in an actual CIM environment the part geometric 
model must be described in terms of features, which represents shapes and technological 
attributes associated with manufacturing operations and tools [1]. Moreover it is necessary 
to define the part positioning, orientation and clamping with respect to the available 
machine tools. Just like any other machining procedure the setup and clamping of a 
workpiece must combine many sources of design information. Both the geometry of the 
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workpiece with the associated features, and the machining conditions combined with 
heuristic knowledge are used in order to accomplish these tasks. Moreover clamping must 
satisfy certain knowledge-based rules for the machining, considering the tool paths and the 
setups of the part. Taking into account these rules, and the machining parameters, the 
design goals are concluded. Particularly the design goals must consider the following [2]: 
• Hold firm the workpiece on the machine tool table, taking into account that the number 

of the clamping points must be proportional to the magnitude of the developed forces 
during cutting. · 

• Position ofthe clamps about the part considering the part' s axis of symmetry, so that the 
bending moment produced by the cutting tool are minimized, and the pressure exerted 
by the clamps will be more uniformly distributed. Both the above results to the 
reduction of the parts distortion due to cutting. 

• The clamping ofthe part must be carried out quickly and accurately. 
• To minimize the clamping development cost and installation time, standard parts as far 

as possible are used. 
This paper presents a rule based expert system, which considering the above design rules 
and goals, determines the necessary setups, clamping points and the associated clamping 
devices The functional diagram ofthe developed system is shown in Figure I. It consists of 
three modules. The input module feeds information, derived from a number of sources, 
into the inference engine of the expert module, after they have been subjected to an initial 
processing from the setup identification and clamping determination modules. 

User interface 
(input to the expert system) 

~L 
Setup identification Expertsystem 

l,;lampmg 
determination 

module module module 

1\ 1\ 1/ 
Machining and 

Feature Knowledge machine tool 

Feature classification base parameters 

recognition 

1/ 
Standard system 

V 1\ 
clamping elements 

Data base lnference 
library 

oftools and engine Cuning Ioads and machine tools 
number of clamping 

points estimation 

------/ 
User interface 

(output from the expert system) 

Figure I : Structure of the developed intelligent system 
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' ;' WORKPIECE PROPERTIES 

Technologiea properties Geometric:al properlies 

I 'l)'pe 
I Ulmens ODS I J 

Material 
Prismatic 

II Surraces I 
Material hardness 

Rotational Height Name I Pestures I 
Surface roughness Width Kind Name 
Material tensile strength Length Direction Kind 

Area Bases 
Tolerance Si des 
Finishing Openface 

Machining type 
Nonnal vector 

Figure 2: Geometrical, topological and technological properties used 
in the developed intelligent system 
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The inference engine combines this infonnation with the rules contained in the system's 
knowledge base [3]. If a rule is true then a conclusion comes up, which is then presented 
through the output module of the user interface. These three system modules are described 
in more details in the following sections. 

2. AUTOMATIC SETUP IDENTIFICATION 

The developed system uses as input a file, created by a feature recognition system [3,4] 
and containing data that express the characteristics of the surfaces and the describing a part 
features (see Figure 2). Such data are the direction of a surface (nonnal vector), the type of 
surface (flat cylindrical, etc.) the type of feature (step, slot pocket, etc.), the number of its 
sides, the open face surface etc. In addition some other data are created after certain 
calculation have been conducted e.g. the area of a surface. Another input is the infonnation 
conceming the cutting tools and the machlne tools, which create new data. Such data are 
the type of the cutting tool, the nurober of machine tool axis, the maximurn dimensions of 
its table, etc. 
An important parameter influencing the setup identification, is the initial stock, from which 
the final part is machined. The stock has certain properties, like the number of surfaces, the 
corresponding areas, tolerances etc. The surface of the stock must have all the 
characteristics of the final part. In case that this is not fulfilled, then proper machlning must 
create these characteristics. The dimension of the stock, unless these are given, are 
calculated using the dimension of the final part i.e. the maximum height, length and width. 
The reasoning that is followed in order to detennine the setups is to begin from the stock 
and through intennediate steps, if parts are created, to end up with the final part. This may 
be achieved by rotating the intennediate part around the x, y, z axis successively and by 
applying the set of rules. In case that in a particular rotation, the rules do not produce a 
conclusion, means that this specific orientation does not correspond to a setup and hence it 
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is discarded and the procedure will continue. The results ofthe evaluation are a Iist with all 
the necessary setups that are needed to carry out the machining. For every setup the 
reference surface, the open face, the clamping surface and the feature to be machined are 
given. 

3. THE CLAMPING DETERMINATION MODULE 

As indicated in figure 1, a further module of the developed system is the clamping 
determination module. The purpose of this module is to extract data that are necessary to 
determine the position and the number of the clamping points, from the input information 
and a number of databases. The data concems the optimum position of the workpiece into 
the machine tool table, the maximum cutting force developed during the milling operation 
and the determination of the clamping elements necessary to realize the clamping devices. 
As the workpiece moves on the machine tool table in a direction perpendicular to the table 
guides, the clamping characteristics such as the clamping position, the contact area etc. are 
changed (Figure 3). It is therefore essential to define the optimum distance between the 
workpiece zero point and a reference table guide, considering as criterion the minimization 
of the clamping region distance from a guide. 
Another essential factor needed in order to calculate the number of clamping points is to 
estimate the maximum cutting force developed during milling. This is conducted using 
parameters like chip cross-sections, number of simultaneously engaged cutting edges and 
tool wear, as it has been suggested by [3]. 
For the determination of the clamping elements necessary to realize the clamping devices 
the system considers the conclusion Iist of the expert system, and attempts to locate the 
proper washers, studs, clamps, etc. from the clamping element database. The results are 
given in a Iist of recommended clamping elements. 

restriction 
edge 

clamping 
surface 

clamping 
point 

'T-~f---;.~c_- clamping 
edge 

workpiece to guide distance 

Figure 3: Concepts and nomenclature ofa clamping system 
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4. THE KNOWLEDGE BASE OF THE EXPERT SYSTEM 

The expert system knowledge base consists of a number of rules logically separated into 
three groups (see Figure 4). To the first group belong rules that determine the reference 
surface and proposes a Iist of surfaces appropriate for clamping. The second group contains 
rules suitable to determine on which surface with a given orientation a particular feature 
will be created. The third group contains heuristic rules with purpose to select from the 
number of prospective clamping points, that points that are located on the right position 
with respect to the machining area. The selection is based on a number of criteria, 
described below, attempting to define which points of the part geometry can be considered 
as clamping points. In briefthese criteria are: 
• The surface must be a plane surface and have to be parallel to the reference surface or 

have a slope less than 3°. 
• The clamping point belong to an extemal edge, i.e. the edge is the intersection of two 

surfaces that form a convex angle. 
• Suitable studs and supports must exist in the clamping element database, for the 

clamping point' s height. 
• The clamp must be at an appropriate distance from the machining area, to prevent 

stresses due to thermal plastic deformation. 

Partition of clamping 
Rules to determine area into r egion 

1-;-...,.---tb.:...;e_r...:.e.:...;fe.;:..re;:.:n;:.:c.;:..e.;:..su:..:r...:.fa.:...;c...:.e ____ ~ Machining lampi ng 
(I arfa ~ca 

(stock_surface (>i) area (" (maxstock area))) 
(stock_surface(<i) direction (>"d invert)) 
(stock_surface( <i) to lerance 

(" (maxstock tolerance))) 
(tool (>t) direction (<d))) 

(then 
(make st?ck_surface (<i) reference surface))) 

Rules to determine tbe feature's creation 

(lf 

in relation witb tbe reference 
osition and tbe stock 

(surface (>i) direction (>d)) 
(surface (<i) tolerance_machine) 
(tool question direction (< d)) 
(feature ((>d) to do) r---.1.....!==========!;;----.....J 
(feature (< f) open face (>s))) 

(then -
Rules to determine 

tbe clamping surface 
(create_feature (<f) (lf 

.__ ____ o_n=.- s_u_rr._ac_e....;(~i)~))--1 ( machining (>k)force _ small 
(then 

(machining ( <k) nurober _ clamping_points 2) 
(machining( <k) m id _ahead _ clamping_point I) 
(machining(<k) (find_point_mid_ahead (<k))) 
(machining(<k) mid_back_clamping_point I) 
(machining(<k) (find_point_mid_back (<k)))) 

Figure 4: Representation scheme ofthe knowledge Base 
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Features and their associated surfaces I 
((THERE-IS-A-SLOT-WITH-BASE (3) 

SIDES (2,4) OPEN-FACE (I)) 
(THERE-IS-A-POCKET-WITH-BASE (I7) 

SIDES ( 13, I4, I5, I6) OPEN-FACE(9)) 
(THERE-IS-A-BLIND-SLOT-WITH-BASE (2I) 

SIDES (18, I9,20)0PEN-FACE(6,8) 
(MAIN-STOCK-SURFACES ( I,2,3,4,5,6, 7,8, 

9,IO,II,I2}}) 

Feature's surfaces data 
((SURFACE-1 (POINTS(VALUE(O,O,O)( I 00,0,0) 

(I 00,200,0)(0,200,0)) 
(SURF ACE-2(POINTS(V ALUE( I 00,0,0)( I 00,0, I 00) 

(I 00,200, I OO)(I 00,200,0)) 
(SURFACE-3 .............................. )) 

K.D. Bouzakis and G. Giannopoulos 

Machining parameters 

Tool diameter 
No ofteeth 
Spindie speed 
Cutting speed 
Machine feed rate 
F eed per tooth 
Cutting depth 
Material 

Machining 
offeature 2 

18mm 
4 
795 rpm 
45 m/sec 

Machining 
offeature 1 

20mm 
8 
I200rpm 
75 rn/sec 

636 mm/min 1200 mm/min 
0,2 mm 0,62 mm 
5mm 5mm 
St 46 St 46 

Figure 5: A workpiece tobe machined and the input information 

The edges fulfilling the above criteria are characterized as "prospective clamping edges" 
and the point belonging to them as "prospective clamping points". The selection of the 
"actual clamping points" is accomplished by using rules which divide the clamping surface 
into regions with respect to the machining area (see figure 4). The rules determine the area 
where the proper clamping points must be located. After the location of the proper area, the 
rules try to verify if there exist prospective clamping edges and consequently clamping 
points in that area. If exist, then the system selects the middle point as the actual clamping 
point, otherwise it attempts to determine the clamping point using a predefined sequence of 
rules. If for example, the rule does not locate prospective clamping edges at the area 
"middle ahead" then tries to locate first at the area "right ahead" and then at the area "left 
ahead". 
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x: clamping point FIRST SETUP 

I OUTPUT OF THE SETUP IDENTIFICATION SYSTEM I 
RULE ID-1 =>FEATURE (I) IS EXTERNAL 
RULE ID-1 => FEATURE (2) IS EXTERNAL 
RULE ID-1 =>FEATURE (3) IS EXTERNAL 
RULE ID-2 => MAKE STOCK SURFACE (II) REFERENCE SURFACE 
RULE ID-3 => USE STOCK SURFACE (9) AS CLAMPING SURFACE 
RULE ID-4 => USE STOCK SURFACE (7) AS CLAMPING SURFACE 
RULE ID-4 => SURFACE (9) TOLERANCE MACHINE 
RULE ID-4 => SURFACE (7) TOLERANCE MACHINE 
RULE ID-5 => CREATE FEATURE (2) ON SURFACE (9) 

Initial workpiece 
*** END OF FIRST SETUP *** 

I OUTPUT OF THE CLAMPING DETERMINATION SYSTEM 

r I Clamping pomt 4 I Machining of the 2.. I 
feature r I Clampinl! point 3 

Maximum Force= 95 daN f I Clamping point 2 
No of clamping points = 4 

I I Clamping point 1 

Point: 350,90,200 
edge: 2 -
Surface: 9 
slop: 0 
Clamping length : 70 ~ 

Clamping area : 2349 

Final workpiece Stud's axis at : 370,90,200 

Figure 6: Intelligentsystemoutput for the first setup 

5. AN APPLICATION EXAMPLE 

I 
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The above procedure is demonstrated using the workpiece shown in Figure 5 together with 
the inserted input information. The initial workpiece originates from a manufacturing 
procedure. There are three features to be machined, a through slot a pocket and a blind slot 
(feature 1, 2 and 3 respectively). The machining will be carried out in two setups, 
corresponding to the first and fifth orientation of the workpiece while it is rotated. The 
calculated maximum forces for the machining of feature 2 and features 1, 3 are shown in 
Figures 6, 7 together with the clamping points. Figure 7 shows also the required standard 
clamping elements for every clamping point, as weil as the total bill of clamping elements. 

5. CONCLUSION 

The developed system can be used to predict the necessary setups, the fixturing points and 
the corresponding clamping devices, necessary to support a prismatic part during milling, 
considering the geometrical and topomorphical information of a workpiece model. 
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x: clamping point FIFTH SETUP 

I OUTPUT OF THE SETUP IDENTIFICATION SYSTEM I 
RULE ID-2 => MAKE STOCK SURFACE (10) REFERENCE SURFACE 
RULE ID-3 => USE STOCK SURFACE (I)AS CLAMPING SURFACE 
RULE ID-4 => USE STOCK SURFACE (8) AS CLAMPING SURFACE 
RULE ID-4 => SURFACE (I) TOLERANCE MACHINE 
RULE ID-4 => SURFACE (8) TOLERANCE MACHINE 
RULE ID-5 => CREATE FEATURE (I) ON SURFACE (I) 
RULE ID-5 => CREATE FEATURE (3) ON SURFACE (8) 

*** END OF FIRST SETUP ** * 
Initial workpiece I OUTPUT OF THE CLAMPING DETERMINATION SYSTEM I 

I Machining ofthe 1st II Clamping point n I 
and 3nd feature 11 Clamping point 2 I 

Maximum Force =150 daN I Clamping point 1 I No of clamping points = 6 
Point: 350,480,500 

Bill of clambinJl: elements edge: 3 r-
Studs: 4 X DIN 787-4 Surface: 7 

2 X DIN 787-3 slop: 0 
Washers: 6xDIN6319G Clamping length : 78 
Nuts: 6-x DIN 6330 B Clamping area : 2349 
Clamps: I xDIN6315B-O Stud's axis at : 380,450,500 

Final workpiece 
2 x DIN 6315 B-2, 
I x DIN6315 C-0 
2 x DIN 6315 B-1 

Supports: 3 X DIN 6318 -I 
3 X DIN 6318-0 

Aux. Supports : 6 x B, 5 

Figure 7: Intelligentsystemoutput for the fifth setup, and the bill of clamping elements 
required for the implementation of the clamping 
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ABSTRACT: This work analyzes a phenomenon of self excited vibrations (mode coupling chatter) 
that was observed in a machine for wood cutting during the milling of a chair back. The 

configuration of the system for which chatter occurs is first illustrated. It is then recognized that the 

most crucial factor affecting the stability of the system is the angle y between the cutting force acting 
on the tool and one of the degrees of freedom of the structure. As a matter of fact, when y becomes 
smaller than a certain negative value, chatter occurs. An effective way to stabilize the milling 
machine is presented, consisting in changing the orientation of the tool with respect to the feed 

direction of the workpiece, so that the value of y is positive during the whole milling operation, and 
the instability zone is never entered. Tests carried out on the available milling machine proved the 
effectiveness ofthe stabilization. Finally, a theoretical framework is presented, which explains with 

more details howthe stability ofthe system is affected bythe value ofy. Moreover, a simple stability 
condition which can be useful for practical stabilization purposes is also defined. 

I. INTRODUCTION 

Mode coupling chatter is an undesired phenomenon of self excited vibrations occurring in 
many machining operations, in particular configurations of the machine tool with respect to 

the workpiece. The occurrence and the amplitude of mode coupling chatter depend on many 
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factors, such as the type of operation performed, the orientation between the workpiece and 

the tool, the chip width. Extensive research on chatter has been carried out for many 

decades, establishing the classical theory of chatter [1,2,3,4]. 
In this paper, an occurrence ofmode coupling chatter in a machine for wood cutting during 

the milling of a chair back is described and analyzed. The factors causing the onset of 

vibrations in the milling machine are then evaluated, focusing on the reciprocal orientation 

between the tool and the workpiece. Then, an effective stabilization of the machine is 

proposed and successfully tested. Finally, theoretical considerations are made, that explain 

the vibratory phenomenon by studying the eigenvalues and the eigenvectors of the system. 

This allows to define the stability borderline of the system and consequently to evaluate the 

zones of stability and instability of the system. 

2. THE OBSERVED OCCURRENCE OF CHATTER 

An occurrence of mode coupling chatter was observed in a machine for wood cutting, used 

to make chair backs (Figure 1 ). During the milling of a chair back, it was noticed that 

chatter occurred when milling the end part of the internal side of the workpiece. Charter 

seriously damaged the workpiece, which should be discarded and could not be used for 

chair production. Several attempts to eliminate or at least reduce vibrations were made, 

namely increasing the overall stiffhess of the machine and reducing the spindie speed. In this 

way some chatter reduction was observed; however, the problern was not completely 

overcome because vibrations still occurred, and the workpiece still showed several marks 

due to chatter. Moreover, reducing the spindie speed led to an increase of the machining 
time for each workpiece, thus lowering the efficiency of the overall machining operation. 

Figure 1 - The milling machine for wood cutting and a chair back to be machined 
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3. STABILIZATION OF THE MILLING MACHINE AGAINST CHATTER 

A more effective way to stabilize the system against chatter bad thus to be found, preserving 
also the overall efficiency ofthe machining operation. Tothis end, a model ofthe machine­
tool - workpiece system has to be first established. 
The tool - machine system can be considered as a vibratory system with two degrees of 
freedom, which are aligned among two perpendicular axes (X1, Y1), characterized by 
stiffnesses K and K respectively. The value of K is very low compared with the value of 
K , since K xis the stiffness of the pneumatic acttiator connecting the tool to the machine, 
whereas K 1s the stiffness of the structure. 
Another r;ference system should be defined, with the X2 axis parallel to the direction of the 
cutting force acting on the tool (see Figure 2). In this way the angle y expressing the relative 
orientation of the two reference systems can be defined. It will be shown that the angle y 
between the cutting force acting on the tool and the degree of freedom of the system along 
the X1axis is the most crucial factor affecting the stability ofthe system. 

Figure 2 - The model of the system 

Figure 3 - Non-stabilized milling at the beginning and at the end of a chair back 

During the milling operation that is being analyzed, the value of y changes, ranging from 
+20 to -20 degrees (Figure 3). As a matter of fact, when more than half of the chair back 
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has been machined, i.e. when y reaches some negative value y*, strong vibrations are 
originated, and the internal end part ofthe chair back is seriously damaged. 
In order to prevent the occurrence of chatter, thus stabilizing the system, we changed the 
reciprocal orientation of the tool with respect to the workpiece, so that to have y ranging 
from +40 to 0 degrees (Figure 4). Several machining sessions were then performed with this 
new orientation, and no more chatter was observed. This means that the angle y strongly 
affects the occurrence of vibrations. In the following section, a theoretical framework will 
be built, so as to explain how the value of y affects the occurrence of mode coupling 
chatter. In this way it is also possible to define a practical method to stabilize the system 
against chatter. 

Figure 4 - Stabilized milling of a chair back at the beginning and at the end of a workpiece 

4. THEORETICAL FRAMEWORK 

The classical chatter theory already recognized that mode coupling chatter depends on many 
factors, among which the mutual orientation between tool and workpiece has to be taken 
into account. However, this paper presents a new approach, based on the system theory, 
that can provide a simple stability condition and therefore a practical way to stabilize the 
system with no need to increase the stiffuess of the system. 
Referring to Figure 2, the cutting force F acting on the tool, according to Merchant [5], is 
assumed to be proportional to the depth of cut in the direction orthogonal to the force. The 
equation expressing the components of the force vector F in the reference frame 2 is then: 

(1) 

where u = [ux, uy]T is the displacement vector of the tool and k is a coefficient named 
"static directional cutting stiffuess", that is directly proportional to the depth of cut. 
Moreover, ifthe tool rotates counterclockwise (refer to Figure 2}, the cutting force acting 
on the tool is oriented along the positive direction ofthe X2 axis, so k > 0. Conversely, ifthe 
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tool rotates clockwise, then k < 0. In the following we will assume that the tool rotates 
counterclockwise, so we will consider k > 0. 
Eq.(l) can be expressed in the reference frame 1 using a rotation matrix R21 , defined by: 

u = u = u R [cos y - siny] 
I 21 2 siny cosy 2 (2) 

Hence, Eq. (I) can be rewritten as: 

A 2 DOF, undamped vibratory system is considered in our model. Damping is not taken 
into account in order to simplify the resulting equations. According to this model, the 
equations of the system in the reference ftame 1, are: 

(4) 

where M is the mass of the cutting system, and Kx, Ky are the stiffitesses of the system 
along the two degrees offteedom (X1, YJ 
Eq. (4) can be rearranged to give: 

.. [ K" +ksinycosy 

[u"]- M 
üY - ksin2y ---

M 

(5) 

The stability of the system can be analyzed by studying the eigenvalues of the matrix H. The 
eigenvalues can be obtained ftom the characteristic equation of the system: 

(6) 

From Eq. (6) we obtain two values for the squared eigenvalues A. 2: 

(7) 

having set: &< = Kx - Ky, i.e. the difference between the stiffnesses of the two degrees of 
fteedom ofthe system. For the milling machine considered, Kx > Ki·' so&<> 0. 
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Now, two cases are possible, depending whether Ä2 isareal negative number or a complex 
number, with negative real part. It will be shown that if Ä2 is a real negative number, then 
the system is stable. Conversely, if Ä 2 is a complex number, with negative real part, then the 
system is unstable, i.e. chatter occurs in the machine. 
Moreover, a simple stability condition can be written, expressing the borderline between the 
two cases, as a function ofthe argument ofthe square root in Eq. (7). 
Hence, assuming L1K > 0 and k > 0, the Iimit condition of stability is given by: 

M:+2ksin2y=O 

which can be rewritten as: 

. M: sm2y =--
2k 

(8) 

(9) 

Now, when sin2y >- M:, i.e. when the value of y is greater than a certain negative value 
2k 

r* = .!..arcsin(- M:), then the squared eigenvalues of the system are two real negative 
2 2k 

numbers and the system is stable. In fact, if the squared eigenvalues are two real negative 
numbers, then the four eigenvalues of the system are located on the imaginary axis, and are 
symmetric with respect to the real axis. The eigenvectors associated with the two squared 
eigenvalues are two real eigenvectors. Hence, it can be shown that the tool motions are two 
straight lines (Figure 5). The modes depicted in Figure 5 are purely oscillatory, so the 
system is stable in a BIBO sense. Moreover, we have to remernher that we did not consider 
damping in our model. The structural damping of the real system will shift the eigenvalues 
of the system towards left in the complex plane, therefore giving exponentially decaying 
modes. 

Figure 5 - Tool motions in the stable case 

On the other band, when sin2y<- &:: , i.e. when the value of y is smaller than a certain 
2k 

negative value r* = .!..arcsin(- M:) , then the squared eigenvalues of the system are two 
2 2k 

complex conjugated numbers with negative real part, thus the system is unstable. 
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In fact, if the squared eigenvalues (named "A.2"A and "A.2"8) are two complex conjugated 
numbers, then the four eigenvalues of the system ("A.'\, Ä"2, Ä"2 and "A."4} are located as 
shown in Figure 6, symmetrically with respect both to the real and the imaginary axis. Then, 
the eigenvectors associated with the two squared eigenvalues are two complex conjugate 
eigenvectors. Hence, it can be shown that the tool motions are two ellipses, multiplied by an 
exponential (Figure 7). 

Figure 6- Location ofthe eigenvalues in the complex plane (unstable case) 

This means that the tool motions are given by two elliptical spirals with frequency ro = Im 
(Ä" 1). In Figure 7 only one spiral appears because the graphical representations of the two 
motions totally overlap. One ofthe ellipses corresponds to an unstable motion, because the 
coefficient of the exponential, given by the real part of the eigenvalues ')..," 1 and Ä\, is a 
positive number. This means that the correspondent mode increases exponentially. The 
other ellipse corresponds to a stable motion, because the coefficient of the exponential, 
given by the real part ofthe eigenvalues "A."2 and "A."3, isanegative number. This means that 
the correspondent mode decays exponentially. However, the system as a whole results 
unstable. 

-1 

-2 

-3_.L-----. ----:-------::----___J 

Figure 7- Tool motion in the unstable case 

From the above considerations it follows that the stability of the system depends on three 
factors, namely the static directional -cutting stifthess k, the difference &<. between the 
stifthesses of the two mutually perpendicular degrees of freedom of the system, and the 
angle y between the direction of the cutting force acting on the tool and the degree of 
freedom of the system along the X direction. Assuming that &<. is constant for all milling 
operations performed on the considered machine, the value of r* for which instability 
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occurs depends on the coefficient k, which is taken positive or negative depending whether 
the tool rotates counterclockwise or clockwise respectively, and whose value is affected by 
the characteristics ofthe workpiece (mainly by the type ofwood and the height ofthe chair 
back, that corresponds to the chip width). In fact, the higher the chair back, the smaller the 
absolute value of the angle r* for which the unstable zone is entered. 
Therefore, it is clear how stabilization of the system could be obtained by just changing the 
orientation of the tool with respect to the feed direction of the workpiece, so as to make the 
angle y range from +40 to 0 degrees. In this way, the value of sin2yis always positive, and 
the unstable zone is never entered. 

5. CONCLUSIONS 

The occurrence of mode coupling chatter in a machine for wood cutting during the milling 
of a chair back has been analyzed in this paper. It has been recognized that the most crucial 
factor affecting the stability of the system is the angle y between the cutting force acting on 
the tool and one of the degrees of freedom of the structure. An effective way to stabilize the 
milling machine has then been presented, consisting in changing the orientation of the tool 
with respect to the feed direction of the workpiece, so as to keep the value of y greater than 
zero during the whole milling operation. Tests carried out on the machine proved the 
effectiveness ofthe stabilization. Finally, a theoretical framework has been presented, which 
explains how the system stability depends on the value ofy, thus enabling one to formulate a 
simple stability condition. 
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ABSTRACT: Automation is an important approach to achieving more economical production 
systems. But most automated production lines are inflexible. Flexibility is an essential topic for 
manufacturing lines which have high machine costs and whose various products are made on 
variably combined aggregatessuch as forging lines for example. For the innovative technology of 
flashless precision forging an automated production line has been developed at the IPH - Institut 
für Integrierte Produktion Hannover to demoostrate a new concept of flexible automation in 
forging. With the flashless forging process gearwheels are produced in one forming step with such 
precision that only final grinding after forging is necessary. 
All aggregates needed for the complete process chain such as material handling, heating system, 
forging piece handling, die cooling and lubrication system, forging press, heat treatment and 
clipping press are inter-connected via a field bus and controlled by decentralised CAN-Bus­
components located directly at the machines. 
One advantage of the decentralised CAN-Bus-technology compared to conventional central control 
is the possibility of fast changes of manufacturing aggregates without new wiring of sensors and 
actors. Another advantage is the possibility of integrating the existing machine controls. Both 
factors contribute a deal to a flexible production line at a favourable price. 
All process parameters are controlled in almost real-time by an on-line monitaring system since 
they have to be maintained in a very small range of tolerances for the demanded precision. The 
visualisation and data processing of the process parameters and process steps allow fast reaction to 
problems and enable an effective quality assurance. 
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1. INTRODUCTION 

New and innovative methods for massive forming combined with considerab1e 
improvement of finishing accuracy require high-technology manufacturing concepts. 
Today, forging parts can be produced with such precision that fimctional surfaces areready 
for installation. This requires a high constancy of the quality relevant process parameters 
and extremely small tolerances of tools and handling systems. A solution for this problern 
is a fully automated and reproducible production process which ensures an improvement of 
the process stability and thus manufacturing with higher accuracy. 
Furthermore, production lines should be flexible and easy to configure to be able to fulfil 
the customers' wishes such as just-in-time-delivery and wide product variety, together with 
1ow batch sizes. Because of the otherwise high investment costs it makes sense to use 
existing equipment and its installed controlling systems as far as possible. The opportunity 
to install and exchange parts of the production line must exist. A non-central concept for a 
controlling system shall meet the demands mentioned above. 
The first step for introducing automation is an analysis and an assessment of the existing 
production line. According to that, the interfaces will be determined. The second step is the 
compilation of a detailed Iist of requirements which contains the necessary steps based on 
the analysis of the production process. Starting from there, the automation is designed in 
order to achieve a flexible solution which is compatible with the existing Controlling 
systems. The last step is the implementation, the commissioning and the testing of the 
production system. 

2. OBJECTIVES 

The subject of this research is the automation of a flashless precision forging line for 
gearwheels. The gearwheels are formed in one step. The demands on the automated forging 
line are flexibility, easy adjustment of parameters via PC-based monitoring, reasonable 
price by integrating of existing machinery and resistance against adverse workshop 
conditions. Moreover, the automationshall assure the required reproducibility and accuracy 
of the forging process. The prerequisite is an automated handling device for the exact 
positioning of workpieces in the die and the monitaring of relevant parameters that 
influence the process, for example forming temperature and force. The accuracy of the 
forging parts, the defmed material characteristics as weil as high productivity can only be 
gained by controlled heating combined with automatic selection of incorrectly warmed 
workpieces. During the start-up of the line most workpieces do not reach the correct 
temperature. They have to be separated. After the forming process the material gains its 
desired characteristics by controlled heat treatment on a cooling conveyor. Pieces that are 
submitted to an incorrect march of temperature while being cooled down, have defective 
material characteristics and must also be separated. 
Working cycles of about 15 to 20 seconds and process transparency for trouble shooting 
are demanded for economic production. Because just-in-time-delivery will be required 
more often in the future, it can be expected that the batch size of forging parts will 
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decrease. This circumstance demands high flexibility of the production line as well as an 
easy and quick configuration and programming ofthe control system. Fora quick set-up of 
single manufacturing components or for trials, it is also necessary to operate parts of the 
manufacturing system separately and manually. In addition to the normal production the 
automated forging line at IPH must fulfil the requirements regarding its use as research 
machinery, process development and prototype producing system. 

3. THE FüRGING PROCESSAND ITS REQUIREMENTS FOR AUTOMATION 

An important prerequisite for the automation of a manufacturing process is the detailed 
knowledge about the process chain and about the requirements on the process chain. In the 
following, a description of the forging process, its manufacturing equipment and the 
influencing variables, which have to be controlled, is given. 
The forging process in a die is a shape building method. Material is formed between an 

upper and a lower die under high pressure so 
that the die is filled and the surplus material 
flows into a flash. Therefore it is necessary that 
sufficient raw material be supplied to obtain a 
fully filled form. In the conventional forging 
process the share of the material that flows into 
the flash can reach up to 50%, depending on the 
complexity of the forging part. To save costs on 
raw material, heating energy and waste, efforts 

Pie. 1 : Conventional and flashless have been made to decrease the amount of flash. 
precision forged connecting rod Another way to save costs is the elimination of 

process steps, e.g. machining operations. Near 
net shape forging and precision forging have the advantage that functional surfaces are 
ready-to-be-installed after fme machining. In Hannover a method for precision forging has 
been developed that 
almost eliminates flash 
(Pie. 1). Tools are 
constructed where the 
material is inserted into 
the die cavity, the tool 
is closed and then 
punches form the 
material to the fmal 
forging part (Pie. 2). 
While the downward 
movement of the press 
with the punches 
continues, the tool is 
held closed by 
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Pie. 2: Tool concept for a flashless precision forged gearwheel 
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compressed springs. 
Condition for a successful flashless precision forging process is a very exact mass of the 

raw parts, a controlled temperature of the raw parts and the dies and controlled handling 
and forming of the workpiece. Therefore a press and other manufacturing components that 
achieve very small tolerances regarding geometric deviations are needed. 
Currently, the developed automated production system is equipped with a tool system for 

single step precision forging of helical gearwheels developed at IFUM (Institut für 

Umformtechnik und Umforrnmaschinen, Hannover) which is integrated into the tool 
changing system (Pie. 3). 
The modular construction of the die 
allows the production of varying 
gearwheels and other, mainly 
rotationally symmetric parts up to a 
weight of 1.5 kg simply by the exchange 
of the inner die. The bore hole of the 
gearwheel is formed as a cup and 
pierced later in a cold punching 
Operation. The accuracy of the 
gearwheels is high enough that only the 
functional areas have to be fine 
machined after the forging process. 
Future steps are the automation of 
complex processes like the multistage 

forging of connecting rods. Reproducible handling and process control is essential for these 
products to reach the goal of flashless precision forging. 

4. DESCRIPTION OF THE MANUF ACTURING COMPONENTS 

The different steps of the manufacturing process are performed on components shown in 

spiral conveyor 

billet shears 

3-D-coordinate 

handling system clipping press 

Pie. 4: Process chain offlashless precision-forged gearwheels 

forging press 

cooling conveyor 

(heat treatment) 
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Pie. 4. They have to be connected to implement an 
automated manufacturing line. For the production 
of the raw parts, a pair of billet shears (max. 
diameter of rod respectively length of billets: 
I 00 mm; accuracy about 2%) with a hydraulic 
gripper feed is used. The cycle time of the billet 
shears is shorter than the cycle time of the press. 
Accordingly it is not directly connected with the 
rest ofthe production line. 
From a buffer storage container the sheared billets 
are continuously fed via an oscillating spiral 
conveyor to the induction heater that is equipped 
with a pyrometric temperature control. After 
heating, a 6-axis robot (made by KUKA) places the 
heated billets into the die cavity (Pie. 5). Because 
of its versatility, the robot is able to manage the 
handling of different workpieces in a multistage 
process as weil as the separation of incorrectly Pie. 5: 6-axis robot 
warmed parts, which are thrown into a scrap bin. 
The handling by the robot is made independent of the billet geometry by exchangeable 
grippers. The robot has a RCM3-controlling system. 
The centre of the manufacturing system is a screw press (Fmax = 14.000 kN by Müller 

Pie. 6: Screw press 

Weingarten) in which tools up to 940 mm length 
as weil as multistage forming tools can be 
installed (Pie. 6). Additionally, the machine is 
equipped with a tool changing system that allows 
fast exchange of different tool systems. The press 
is equipped with an intemal Siemens SS control 
that needs to be interfaced to and triggered by the 
overall control system for the entire automated 
line. 
The removal of the forging, the combined air­
cleaning, cooling and lubrication of the die are 
carried out by pneumatically driven linear units 
with a stop position sensor. The action of the 
feeding, cleaning, cooling, lubrication and 
removing is overlapping. The water-graphite 
suspension, necessary for cooling and 
lubrication, is sprayed time- and quantity­
controlled by two separated nozzles, one on the 
upper and one on the lower die side. 
The pneumatic unit for removing the forged parts 
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is also equipped with interchangeable grippers. lt transports the forged parts to a cooling 
conveyor belt. 
The velocity of the belt can be varied according to the process cycle and the necessary 
thermal treatment. After the parts have been cooled down on the conveyor belt, they are 
placed in the workroom of the clipping press by another automatic feeding system. 
Pneumatically activated slide bars position the forged gearwheels for the piercing process. 
The clipping pressisanormal gap-frame eccentric press (Fmax=500 kN). Altematively it 
can be placed next to the main forging press for hot piercing or hot flash removal. It is 
activated by a foot switch. The connection of this mechanic press to the automated line is 
implemented by triggering the switch with a pneumatic cylinder which is controlled by one 
of the decentralised control boxes. Finally, a quality control of the forged gearwheels is 
performed with spot checlcs on a 3-D co-ordinate measuring unit. 

5. CONCEPT FOR THE CONTROL SYSTEM 

First step to control an automated manufacturing system is to develop a concept for the 
control system and for the communication between the machines. Primary goals of this 
control system are the simple, reliable and fast operation of the system. The parameters of 
the system such as e.g. the forming force or the temperatures of the raw parts and dies have 
to be configurable easily in the workshop. Other important goals are flexibility in order to 
exchange, integrate and adapt components of the existing manufacturing system. The 
control components require a high resistance against adverse environmental influences 
such as dirt, heat, vibrations and electromagnetic fields by the induction heater. 
Many demands on the system result from the different ways of use at IPH as research 
machinery, as process development tool or for prototype production. 
Because of the high modularity and flexibility of the line with changing combination of 
components the CANopen-Network (Controller Area Network) and a decentralised 
controlling intelligence seems advisable to co-ordinate the single operations heating, 
forming, handling, cooling and piercing. 
CANopen allows the realisation of a flexible and decentralised control of the given input 
and output systems and interconnected sensor and actor systems. With this system, existing 
or already implemented machine controls can be connected. Compared to a centralised 
control system there is no need for a new cabling, what saves work and time. Therefore the 
decentralised control system is eheaper than a centralised one. 
For the realisation of the many encountered individual control tasks, a concept was 
developed in co-operation with Weidmüller ConneXt, a company from Detmold, Germany. 
The developed concept bases on a CANopen network. Considering the adverse 
environmental conditions, under which the electronic components have to function reliably 
in forging industry, the developed system is an interesting alternative to conventional 
concepts. The CANopen network consists of seven spatially divided stations with eleven 
modules of the WINblocCAN family from Weidmüller ConneXt. Five of the stations are 
directly located at the components of the manufacturing system, such as induction heater or 
cooling device. The remaining two stations are directly integrated into the switch boards 



Automation of a Production Line for Flashless Prec ision Forging 459 

for the press and the robot, and ensure their optimal use in the overall concept. The seven 
stations correspond to the seven manufacturing steps which are combined in two sub­
processes, the 'hot area' with the heating and forging, and the 'cold area' with cooling and 
piercing (Pie. 7). 
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The programming of the 
automation is realised with four 
interacting software-tools (Pie. 8). 
The locally arranged intelligent 
SPS-modules are programmed 
with a software according to 
IEC 1131-3. The configuration and 
mapping of the network is carried 
out with a second software tool. It 
uses graphic elements with drag­
and-drop-function, which are easy 
to handle. The third software 
package controls the 
communication among the 
modules. In addition to that, it 
controls the connection with the 
visualisation software. The process 
data are graphically presented with 
the help of the fourth software for 
visualisation. This software is also 
able to adjust certain process 
parameters, for example the 
threshold temperature for the 
selection of the warm slugs. The 
function of the CANopen network 
with the 110 modules and pre­
processed programmable modules 

Pie. 7: Seven linked stations ofthe control system is to combine and to co-ordinate 
independent controls and 

components of the manufacturing system in a way, that the operator can monitor and 
control the process from the heating of the slug to the piercing of the forging part via the 
PC. The decentralised programmable CANopen-modules include: 
l.the ability to co-ordinate the individual manufacturing components, which have their own 
stored program system (SPS) in two cases. The exchange of data is accomplished by 
physieal 1/0 channels which transfer information of status and receive start/stop orders. 
2. SPS-programs that control simple process steps. The pneumatically driven cooling or 
handling devices are for example controlled by their own modules which can operate 
independently. 



460 

3. the pre-processing logic that delivers 
filtered and compressed data to the 
network and to the visualisation. The data 
are firstly analogue ones that give 
information about certain parameters as 
temperature of the slug and the die. 
Secondly there are digital data which 
provide information about the status of the 
readiness of all the machines for the next 
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local­
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network­
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forging cycle. Pie. 8: interaction of software modules 
4. The ability to integrate the touch screen 
input by the operator into the process. For 
example, the operator feeds data of rated values of the heating temperature into the 
computer via the touch screen. This information is transmitted to the respective module and 
is taken into the course of the active program. 
The PC-based process visualisation system can be surveyed and controlled by every PC­
network connection. This offers the possibility of manipulating the process via internet or 
intranet. Online data collection for quality assurance or data management or even training 
of operators can take place spatially separated from the actual machinery . 

6. CONCLUSION 

At IPH, the automation of a flashless precision forging process has been realised in 
partnership with Weidmüller ConneXt and IFUM. Objectives are high flexibility in 
exchange, integration and adaptation of manufacturing components as weil as simple 
operation of the automation control during configuration, testing and production. The 
objectives are now gained. The solution is a decentralised controlling system with PC­
based visualisation and flexible handling devices, sensors and actors. The automated 
forging line is able to produce differently sized products at a high quality Ievel, combined 
with the possibility of fast exchange of dies to enable just-in-time-delivery with small Iot 
sizes. lt is also possible to integrate existing manufacturing components with their own 
internal control system. Since that an investment in a completely new forging line is not 
necessary for the introduction of the automation. 
One technical problern was encountered with the induction heater. lt is a pusher type heater 
that is positioned in the forging line with a fixed cycle time. Because of the fixed cycle 
time the slugs stay too long in the heater at a temperature of about 1250°C. The slugs glue 
together randomly, cannot be transported by the robot and go into the reject bin. There are 
two possible solutions. Either the cycle time of the process becomes shorter or the slugs 
must be pushed separately through the heater by a pneumatically driven rod. Efforts have to 
be made to develop grippers with less wear. The less wear the grippers have the more 
accurate is the positioning of workpieces. Also gripper changing systems for a fast change­
over as weil as new gripper techniques like vacuum grippers for complex forging parts 
have to be developed. 
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ABSTRACT: This work has been developed in cooperation with a company (STREPARAVA SpA 
- Brescia) to realise a tool for the automatic configuration of a modular plant which is made of a set 
of identical machines. These machine setups are different and the type and number of the operations 
performed by each module can be varied as the productive rnix and the available resources vary. 
The scope of the research is to study a production line made of: 

• a number of machines with the same structure but with the possibility of realizing different 
operations depending on the tool mix available on the machine itself; 

• several pallets, which mount different pieces, able to exchange information with the machine 
and to decide whether it is better to occupy that working station or not; 

• a loop transport system to connect and move the pallets; 
• a single loading /unloading station operator assisted. 

In this production system the definition of the set of operations performed by each machine 
depending on the production rnix is fundamental. In fact, each entity can execute several Operations 
and the production system can be varied. Obviously, this configuration must consider the uncertainty 
due to machine reliability, tool availability, and when necessary, production rnix. 
The simulative program realized will reconfigure the production system when a failure or 
malfunction occurs. lt is evident that this reconfiguration must depend on the production mix. 
Otherwise, it will be possible to change the production rnix temporarily depending on the active 
machines and on the tool availability. 

1. INTRODUCTION 

The aim of the present paper is the study of the dimensioning and the configuration of a 
system, different from the classic production layout. In fact, it can be considered as a 
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"hybrid" from two production typologies the "Transfer Line" and the "FMS", which are 
well known in the field of mechanical manufacturing (figure 1). 
The transfer lines have a very poor flexibility; this is not relevant for high production 
volume and low mix of parts but it is an important restriction when there is a continuous 
reduction of the product life and a large production mix. 
On the other hand, the development of the FMS is very difficult, due to: the complexity of 
the system management, the difficult integration of the machine components and the 
elevated cost of the system itself. 

Components mix 
Versatile 

Manifacturing 
STAND ALONE Line 

NC machines 

FMC 

FMS • VML 

TRANFER UNES 

Producuon 
volume 

Figure 1 - Classification of the production system based on 
components mix and production volume 

The system realized by the Streparava SpA can be defined as a "Versatile Manufacturing 
Line" and it is able to realize high production volume while maintaining characteristics of 
flexibility and reconfigurability at low cost. 
The plant in this study, in its complete configuration, consists of a maximum of 33 working 
modules disposed in a reetangular layout, all the modules are fumished by means of a 
centralloop transport system (figure 2). 
In the system only two different types of CNC working modules are present: 

roughing module with 3 working axes and a tool magazine able to store 12 tools; 
finishing module with 5 axes. 

There are also measuring modules, which perform all the dimensional controls necessary to 
check the work pieces. 
One of the peculiarities of this system is the capability of the pallet to store, in a proper 
electronic circuit, the information required in order to correctly work the part. These data 
are: the work piece type, the setup parameters of the pallet and the state of the working 
cycle (the next operation to be performed on the work piece). Obviously these data are 
updated during the productive cycle. In this way, the system has a distributed knowledge 
and doesn't need a supervision computer to control the line. 
The pallet runs on the central loop transport system and, when it is in front of a module, 
exchanges information with the module itself. If, in the tool storage of work machine, there 
are the tools able to perform the next needed operation and if the buffer before the work 
machine is free, then the pallet fills the module, otherwise it continues to the next module. 
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When the work piece ends the cycle its data are updated, it leaves the module and returns on 
the central loop transport system, where it runs until a new machine, able to perform the 
necessary operation, is found. At the end of the work cycle the pallet goes to the unload 
station. 

2. THE PRODUCT 

i;I I Measuring module 

Figure 2 - Layout of the plant 

Figure 3 - Paltet and final piece 

The production line in this study produces a mechanical group made of three different 
rocker arms, which are assembled on a diese! engine. The technological cycle has 12 
roughness operations and 5 to 7 finishing operations. On the pallet, two pieces of the same 
type are fixed so that two different sides can be worked. In the upper part of the pallet a 
rough piece is fixed and side A can be worked, while in the lower part a piece is fixed with 
side A already worked and side B exposed to the tool. 
The Pert diagram of the working cycle is in figure 4; it is easy to identify the priorities and 
the constraints of the operations. 

3. THE SIMULATOR AND CONFIGURATOR 

With this system, object of our studies, we have to solve two principal problems: 
how many modules are necessary to achieve the wanted productivity ? 
how are the single operations shared between the modules ? 
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Considering the two objectives of system dimensioning and configuration, and observing 
that the system is characterized by a very !arge number of variables, we have found that the 
best tool to solve the problern is the simulation. 

~ C'AOSSA 'IUJI.A ML.ut t' m:l'..l: , SCIII0$JA.1VIII:A •G.A.fllc:..-u 
SLFPI OU INJ"KNOU 
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~ : ~:~:~:~~~:~ :~:~ 
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I I I I 0 I . . . . . 
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~ \ R ' ~ •• :1 :_:-: i 

Figure 4 - Technological cycle 

Unlike the analytical approach, where the extreme complexity of the problems discourages 
its use or, in order to have a solution, it is necessary to introduce drastic simplifications, the 
simulation approach is a valid tool for creating a model of the system in order to study its 
behavior. 
We have to underline that this tool doesn't find an optimal solution if this is not within the 
alternative solutions analyzed. Furthermore the very innovative nature of the system doesn't 
allow the utilization of classical methods found in literature. The Simulation approach is 
very useful when the system has limited dimensions and all the possible alternatives can be 
studied. For a medium !arge system it isn't possible to study all the alternatives, in a 
reasonable time. So, an heuristic algorithm has been developed in order to help the 
simulator in its work. · 
The design of the simulator has been taken into account that it must be used in the process 
to configure the initial Iayout but also to reconfigure all the system when one or more work 
machines arenot available (ordinary or special maintenance etc.). The simulation Ianguage 
used is ARENA © which can describe: productive system, assembling line, automated 
storage, etc. 
The simulator is able to: 

design the system, balancing the use of the resources i.e. the available roughing and 
finishing modules; 
configure the Iine in a way that correctly shares the various operations between all the 
modules with the aim of optimizing the line saturation. 

This program allows Streparava to reproduce the operative conditions of the system. 
Moreover when the qualitative and quantitative characteristics of the technological cycle of 
the items change, the specific parameters of the tools can be considered too (toollife, tool 
reliability, etc.). 
An appropriate user friendly interface, written in VISUAL BASIC© for EXCEL©, allows 
the easy input of all the data necessary to describe the system. These data, correctely 
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elaborated, are stored in a file which is then read from by a user routine, written in C 
programming language, linked to the simulator. The results are shown, at the end of the 
simulation, using Microsoft EXCEL© (figure 5). 

4. PRODUCTION SYSTEM DIMENSIONING AND CONFIGURATION 

The production system dimensioning problern is related to the definition of the optimum 
working module numbers, so as to balance the available resources (roughing and finishing 
machines); in fact, the overall system efficiency depends on the balance between these two 
resources. On the contrary, system configuration means the correct tool setup on each 
machine so as to maxirnize the production. 
As first, a macro dimensioning of the system was created, taking into consideration the 
cycle time, the production mix, and the working machine saturation. In fact, the number of 
roughing modules (r) to supply one finishing module can be obtained by dividing the 
average cycle time (T wc) by a saturation coefficient (s ), for roughing and finishing. 

Twcrou sfin r=---x---
s,ou Twcfin 

Varying the number of finishing modules and using the upper and lower integer value of r, 
several plant configurations with different dimensions can be obtained. The user will choose 
the plant dimension whtch best suits the available resources and the desired production mix. 
After the system macro dimensioning, it is possible to improve it using the scheduling 
technique. The configurations analyzed are: parallel and series. 
In the parallel configuration, each working module can perform all the operation sets, in a 
series configuration, the 12 operations are realized by different modules. 

SchedulinR AdvantaRes DisadvantaRes 
Parallel I loading I unloading operation Normal maintenance 
Series Hidden maintenance + loading I unloading operations 

In the parallel configuration, the part is loaded and unloaded only once, in the series 
configuration there are several loading I unloading operations, which means Ionger penalty 
time. While, in the parallel configuration the tool substitution time affects the overall 
working time, in series, the presence of 2 identical tools in the machine tool storage allows 
the worn or broken tool substitution in hidden time. 
To identify whether the series or parallelconfiguration is best, several variables have been 
defined: 
System Variables 

Cinematic parameters of the transport system ( transport time), This is the time needed to 
unload a pallet from the working machine and to Ioad it onto the following module. It 
was observed, from the simulation results, that reducing the transpoft time by half the 
series configuration becomes more competitive than the parallel. 
Tool storage capacity, Increasing the tool storage capacity decreases the series 
advantages and the parallel configuration becomes more convenient. 
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Technological variables 
Tool life and tool substitution time, Increasing or decreasing this time will change the 
effect of the substitution time on the working time, making it necessary to change the 
scheduling strategy. 

The simulation of these variables must be understood: 
• When parallel is better than series 
• The criterion of assigning operations to the working modules, so as to identify one or 

more series solutions. These results have been used to write the micro dimensioning 
algorithm. 

Some of the analyzed variables become constraints for the algorithm. The criterion for 
working module operation allocations states that each machine has a tool number, so that 
the sum of the operation times is higher than the transport time. The maximum nurober of 
equal tools must be defined, so as to consider the system mainenability equal to zero. 
This first part of the algorithm is necessary to dimension the cell (the nurober of roughing 
modules). The identified set of cells is divided on the basis of production plant availability, 
that is, the nurober of the plant working modules. 
For each cell module, the average working time is calculated considering its tool set up. 
Having considered the technological constraints and the above variables, it is possible to 
reallocate the operations between the cell machines, so that the cumulated working time is 
closer to the average estimated time. 
The second part of the algorithm is repeated several times, on the basis of the nurober of 
possible cells, and a series solution set is produced. This solution set is filtered through a 
system balance indicator. Finally, the best solutions are simulated and compared with the 
reference case, that is, the parallel solution. 

5. VARIABLE ANALYSIS 

This simulator configurator program has been used to study the rocker arms line in different 
working conditions, with the aim of identifying those parameters which affect the process 
performance. To tune these parameters, it is fundamental to ensure that the system does not 
work in a sub-optimal way. The identified variables are: 

• Working time of the loading unloading station, 
• Nurober of pallets in the system. 

The working time of the loading unloading station is the time needed by the operator, who 
works at the beginning of the line, to unload a finished patt and to Ioad a rough piece. 
From the simulations it is evident that the production increases as the nurober of working 
modules increases. The working time goes from 60 sec to 30 sec. That means that the 
working time of the loading unloading station has to be comparable with the system 
theoretical throughput. 
The number of pallets in the line represents the system work in progress. If there m·e few 
pallets, only a part of the line is working, while increasing the pallet numbers, the 
interference situations increase. In both cases, the working modules produce in sub-optimal 
conditions. Several simulations have been conducted for different system configurations. 
For each configuration, the pallet nurober which optimizes the production had been 
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identified (figure 6). The slope of the number of pallets, which maximizes the production, 
versus the number of working modules is linear (figure 7). 
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Figure 5 - The realised interface. 
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Figure 6 - Production variation when 
changing the number of pallets in the system. 
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Figure 7 - Number of pallets maximizing the Figure 8 - Production variation vs. number 
production vs. plant configuration. of pallets. 

The line interpolating these points gives good approximations for big systems but much 
worse for small plants. Therefore, an exponential factor has been introduced which 
estimates the pallet numbers better, as the number of working modules increases (figure 7). 

Y = 4,91• X+ 22,249 • (0,6028 t -10,9081 

The series scheduling needs other considerations. In fact, using the simulation, it was clear 
that the pallets- production curve moves left. The magnitude of this shift is proportional to 
the degree of the plant serialization. Thus, in a series scheduling, the system needs fewer 

pallets to reach the maximum production (figure 8). 

6. FINAL CONCLUSIONS AND PROPOSED SOLUTIONS 

From the simulations it is clear that the plant average saturation value decreases as the plant 
dimension increases. This can be due to a transient state and to the frequency, with which 

the interference state happens. 
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The transient state is determined by: 
• The physical distance of the downstream modules from the loading unloading station. 
• Non homogeneous rough and unfinished part flow. 

The interference state happens each time a pallet which has to be unloaded from the 
working module comes into conflict with an other pallet coming from the transport loop. If 
this happens, the first pallet must wait on the internal line and the working module starves 
(the machine stops working). 
Interference and transient states increase frequency as the system dimensions increase. 
To decrease the transient and interference effects, two solutions have been identified: 

1. Introduction of an additionalloading- unloading station. 
2. Use of smaller plants instead of a big one. 

The introduction of a new loading unloading station, baricentrical with the rough modules, 
improved the part flow of the downstream modules and increased the production by 2% 
(figure 9) . 
Using two small plants instead of one (with the same nurober of working machines: 22 
roughing and 10 finishing modules) improved the transient state and decreased the 
interference frequency. In this case the production increase was 7% (figure 10). 

Figure 9- Solution with baricentricalloading Figure 10- Solution with two smaller plants. 
station. 

In conclusion, the studied plant is a system where it is possible to control the module 
feeding only by using the information stored in the pallets and the dynamic features of the 
line. That means, the plant scheduling does not need a supervision computer. These aspects 
mean an easy plant management, but, at the same time, they determine a non saturation of 
the line itself, which is difficult to eliminate. 
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ABSTRACT: Modem approaches to manufacturing and maintenance management request quick 
decisions and fast response. Both targets rely an a sound information rnanagement. This paper 
presents a process-oriented approach to information management for the shopfloor with a focus on 
rnaintenance. Based on the idea of process-oriented information management, the concept of 
instant processes is presented. These processes are adaptive to the current situation. To support 
these processes, an information inftastructure is developed. 

1. INTRODUCTION 

The objective of modern production management is manufacturing goods at a constant 
quality level. Hence, it is desired to keep the conditions of production constant. This 
includes the conditions of production processes as well as the production facilities. Quality 
management has the duty to keep process and product quality at level. Maintenance keeps 
the expensive production equipment ready to use. 

Due to the complexity of production facilities, especially maintenance cannot be fulfilled 
by just one person. Many experts, for example electricians, mechanics or software 
specialists, have to work together. Cooperative work requires rapid information sharing 
between people and all involved information systems. 

Nowadays, information is extensively collected and stored in various information systems 
throughout the enterprise (Fig. 1 ). But information often lacks accessibility through 
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networked systems or the source is just unknown to the potential user [1,2]. The 
unavailable information delays the execution of processes, since much time is spend for 
information retrieval and evaluation. If information needed for decision making is rapidly 
supplied, process execution will be accelerated. 
Decision Support Systems use the storage and processing capacity of computers to 
interactively give decision-makers the relevant information at the right place and time, 
accelerating the whole process. This requires a process model with special focus on 
decision making and its demand of information. Furthermore, it is necessary to have the 
ability to adapt the process to the rapidly changing context. Neither a method nor a 
software system to provide with these problems is known. 
This paper presents a process-oriented approach to information management for the 
shopfloor with a focus on maintenance. It shows how business processes with inherent 
dynamics can be supported with a flexible planning procedure and a powernd information 
retrieval. 

Fig. 1: Application systems involved in maintenance 

2. INSTANT PROCESSES 
Every business process consists of a sequence of activities and transitions between the 
activities. After every activity a decision is made. Decisions describe the sequence of 
activities. Decisions are made either by a human manager or an automatic, computerised 
system. It is important that the process can be handled automatically, since this Ieads to 
better usage of automated systems. Traditional workflow management systems are 
constructed in a way, that information is retrieved and presented to the user by the system. 
This implies, that the system has to know about the arising need of information. The 
beforehand known need of information is called deterministic. The concept of determinism 
applies to activities as weil as to transitions. 

In opposite to determinism stands creative behaviour. An activity or transition is called 
creative ifknowledge is applied in an unconventional way. A closer look on the transitions 
ofbusiness processes in maintenance reveals three different classes ofprocesses (Fig. 2). 
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I creative ____ j 
I creative _j 
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Fig. 2: Classes of business processes 

Deterministic processes are business processes completely defined before the process 
starts. Such processes appear in administration, usually using files as media. This 
class of processes is weil known both to research and practice. Modelling, planning 
and management of deterministic processes is supported by workflow-systems. 

Creative processes typically appear in research. Activities are carried out for the first 
time, decisions are made step by step. The sequence of activities relies on the 
expertise and experience of the processor, who is human most times. Hence, 
scheduling creative processes is very difficult. 

Instant processes consist of recurrent, well-known activities. But the sequence of 
activities is new every time they are executed. This rearrangement of activities 
distinguishes instant from deterministic processes and makes them tricky to handle 
in information systems. The transitions between activities are non-deterministic. 
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The dass instant process is typical for maintenance activities. During process execution the 
need for further activities grows, as the following example illustrates: A detailed plan for 
repair cannot be given until the exact cause for failure has been traced. The result of the 
diagnosis process is indispensable for planning any further activities. The progress and the 
activities to execute depend directly from the result of one activity. The progress of the 
whole process cannot be foreseen in every possible branch. A net-plan would grow beyond 
any utilisable size [3]. 
We propose the following defmition for the term instant process: 

Definition 1: A business process containing non-deterministic transitions is 
called an instant process. 

A closer Iook on instant processes reveals, that partial recur in various contexts. 
Reappearing sequences of deterministic transitions identify the partial process chains. For 
example, while scheduling a maintenance action, the partial chain "booki.ng the 
maintenance team" recurs unmodified regardless of the failed facility. These parts of 
instant processes are called modules: 

Definition 2: A module is a deterministic section of an instant process. 
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A module can be described with methods like IDEF-0 or event-driven process chains. In 
opposition to complete business process, which are focussed on the present problem, 
modules are reusable in various contexts. The crucial task in managing instant processes is 
to find the right sequence of modules for the given case. 

3. DYNAMIC SEQUENCING OF 
MODULES 

The dynarnic, case-based sequencing of 
modules during execution is not 
contained in the presented model. 

The sequence of modules depends on the 
context of the present problem. The idea 
of context can be illustrated with the 
knowledge domains necessary for solving 
the problem. A process travels this 
domain during execution. Regularly the 
ongoing execution reaches points of 
decision (Fig. 3). These points can be 
identified as the module transitions of an 
instant process. 

Although transitions to be managed are 
non-deterministic, an algorithm quickens 
the decision making by lowering the 
number of alternatives. A suitable 
algorithm was presented by 

Start 

Process Goal 

e Point of Decision 

Context of the 
Current Process 

Fig. 3: Travelling the knowledge domain 

McAllester et. al. : Systematic Non-linear Planning (SNLP) [4,5]. With the application of 
SNLP, two targets of managing instant processes are reached: 

Complete examination of the knowledge domain 
Bach alternative path in the domain is checked for application. lt is not necessary to 
know about each possible process sequence, because the systemkeepstrack oftbis data. 
Thus, decisions are made on a base of sound information, because the whole present 
information is taken into account. 

Reduced number of alternatives 
SNLP is capable of deleting the improper search paths by considering the context during 
work. The result is a rather smalllist of alternatives. 

The output of the calculation is presented to the executing instance, e.g. maintenance 
personnel, which chooses between the available alternatives. The basic SNLP algorithm 
runs as follows: 

GOALS +- set of goals to achieve. 
whil e GOALS :;e0 

choose g E GOALS. 
OPS +- set of Operators achieving g. 
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if OPS ~ 0, start backtracking 
else choose o e OPS. 
GOALS= GOALS u { preconditions of o}. 

Make plan consistent. If impossible, start backtracking. 
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To employ this condensed representation, interpretation is essential. The structure elements 
of instant processes must be matched with the structure elements of SNLP. These elements 
are operators, casuallinks and threads. 

Operators: Every planning domain contains a set of operators. If an operator is executed, 
the assigned goal is achieved. An operator may require some preliminary steps which are 
also represented by operators. Different operators may have the same goal, but require 
different prerequisites or vice versa. 

The operator of SNLP is equal to a module of an instant process. Bach operator is 
described by parameters. The most important parameters are the goal of an operator and his 
prerequisites. If the execution requires some actions before, the necessary goals are listed 
as preconditions. Additionally, every operator has the attribute costs resembling required 
resources like manpower, time or machining capacity. 

Threads: During planning, SNLP takes threads to operators in account. Every process or 
activity which endangers the flawless execution of an operator is called a thread. The 
concept of threads presented by McAllester has been extended to meet the requirements of 
business process planning. Three subtypes of threads have been identified. 

1. Interna/ Threads occur during the planning process as shown by McAllester. Usually 
the algorithm solve these threads by altering the sequence of operators 

2. Standard Threads apply to every link. Such threads can be solved with the 
maintenance assistant shown by Tönshoff[l]. Ifa standard thread cannot be solved, 
the planner deletes the threaded operator and the resulting branch from the process 
tree. 

3. External Threads are caused by operations carried out outside the actual context. Any 
other running process is a potential thread to an operator. For example, if a 
maintenance operation requires special trained staff, this staff must be usually shared 
with others. 

Casual Links: Casual links are the key element in supporting instant processes. They 
represent the non-deterministic transitions between modules. If a module is a possible 
succession to the given context, a link is established. Casuallinks are revealed by matehing 
the present context with the prerequisites of known modules. After calculation, the found 
casuallinks are presented to the user. 

4. APPLICATION OF THE CONCEPTS TO EVENT-DRIVEN PROCESS CHAINS 

We applied the described concepts to event driven process chains, a modeHing technique 
common to industrial and administrative applications [5]. 

The first task of application is to generate modules from ordinary business process models. 
Event-driven process chains consist of the basic elements event, activity, information 
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object and connector. To veri:ty if a given model is a module, all these elements, except 
events, have to be deterministic. If one of the following rules fails, the failing element 
should be checked for non-deterministic behaviour. 

[Rl] The decision made in connectors are deterministic. 
This rule is met, if the foundations of the decision can be completely named: the 
decisive factors as information objects, the decision logic and the expected results. 

[R2] Each information object hQs an assigned data source. 
If an information object has no assigned source, it will be retrieved by a non­
standard way or from outside the knowledge domain. Therefore an information 
object with no source assigned will behave rather unpredictable an may hide 
creative activities. 

[R3] Each activity has an assigned executing resource class or process plan. 
If the processor or the behaviour of an activity is unknown, the behaviour will be 
unpredictable. Such an activity may hide creative decisions. 

These rules are implemented in an support system called the information broker. To verify 
the properties of a module, the information broker tries to assign a method to every element 
of the process chain (Fig. 4). A method is an atomic and deterministic description of the 
element and its behaviour. For example, the method assigned to an activity names the 
process plan necessary to complete. It is noteworthy, that a method may be a process 
module by itself. 

If an element cannot be assigned to any method, two solutions are suggested. The first is 
declaring a new method. This is a sound check for deterministic behaviour. The second 
solution is splitting the model two modules. This choice indicates, that alternatives in the 
process execution are selected cased-based. 

Obviously, decisions are made in connectors. But they are also hidden in activities, as 
function may yield different events. For example, the decision to replace or to fix a broken 
part of a machine are taken inside an activity. This decision requires complex evaluation 
and assessments on the alternatives, but seems purely deterministic at the first glance. 

E1 

Information object 
Method describes, 
how to obtain this object 

E2 

'~ \ \ 
\\\ \ ... , ______ _ 

\ '·· .. " 
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,---------~-----
Connector 
Me1hod describes 
detenninlstic declslon 

Activity 
Method describes 
work to be done 

Fig. 4 : Assignment of methods to elements of process modules 
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During execution of the instant process, the information broker calls the assigned methods. 
At the moment methods are implemented using the programming language JAVA. The 
information broker maintains them as mediator software agents [7). This form enables 
maximum flexibility, because with an agent the widest potential for adapting to legacy 
systems is given [8]. 

Figure 5 depicts the resulting architecture of the information broker. It consists of two 
components: the planning component, the associated module base and the execution 
component with the associated method base. Module base and method base are coupled by 
the assignments of methods and modules as shown in figure 4. The execution component 
requests the required methods from the method base. Since methods are programmed using 
JAVA, they can be directly transmitted via the agent interface. 

The interactive interface between planning and execution component enables the user to 
review the suggestions made by the information broker. This feature is indispensable since 
a non-deterministic behaviour is contained in every instant process. 

Fig. 5: Outline of the support system Jor instant processes 

5. CONCLUSIONS 
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Research has shown, that modern information management has to add some complexity to 
business process descriptions [9]. The presented approach enriches established modeHing 
techniques for information management. Event driven process chains were adopted for 
more flexible handling of process chains. 

Investigations of business processes revealed three different classes. The classification of 
processes led to a natural, but still very strict, way to divide a process into modules. By 
dividing a process into modules flexibility is enhanced. The extra effort needed for 
modeHing can be saved by reusing modules in various contexts. The instant concatenation 
of modules eliminates the need to build process models for every single application 
context. Thus, module-oriented modeHing in conjugation with SNLP bandies unforeseen 
cases. This feature is very important in the area of maintenance, because breakdowns are 

often unpredictable. 
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Working with the system, a worker gets a comprehensive list ofabilities ofthe information 
system. Hence, decisions are made faster and process Iead time is reduced. Moreover, 
efficiency of information management grows due to the better utilisation of available 
information. Without loosing time by organisational barriers, information can be 
transferred throughout the departments of a company by using the support system for 
instant processes. The powerful information broker allows complex standard processes to 
be run efficiently. 

This research was supported by the German Research Council (DFG), Special Research 
Department SFB384, Project D4 ,,Information Broker for the Systems ofHigh-Availability 
Production Facilities". 
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ABSTRACT 

In the last decade some case and simulation studies showed how moving from a traditional 
functional Iayout to a group technology cellular one could be disadvantageous, opening a debate 
about the actual attractiveness of such a conversion. 
Basing on a simple analytical queueing model, we compare a work shop performance to a 

partitioned system one, obtained by dedicating some machines to a family of products. We 
recognise how four parameters that describe both the unpartitioned and the new system 
characteristics can affect the value of a proper indicator, which measures the convenience of 
changing the manufacturing system and it is function of the Iead times of the two manufacturing 
environments. 
A simulation model is built to verify what the analytical model suggests; results confirm how the 
four parameters actually affect the convenience indicator; particularly interesting is the relevance 
of the factor which counts for the different process time of the various products and that 
distinguishes this research from previous studies. 

1. INTRODUCTION 

During the last three decades Group Technology principles have spread all around the 

world asserting the convenience of moving from a traditional functional Iayout to cellular 
manufacturing. Neverthless, at the beginning of '70s some researchers as Leonard and 
Rathmill [1] expressed their doubts about the effective reduction in flow times and work­
in-process achievable by cells. They claimed that several successful applications of cellular 
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manufacturing were not compared to efficient job shops, but to the poor performing 
functional layout which many firms started with. Successive simulation studies, as Flynn 
and Jacobs [2], Morris and Tersine [3], confirmed how, under many operative conditions, 
functional laid out systems gain better performance than cells. It was so highlighted what 
Shambu et al. [4] term the "cellular manufacturing paradox". More recently published 
artides trie to explain this paradox by devoloping analytical models that can overcome the 
particularity of simulation experiments and give a more general understanding. In 
particular Suresh [5], [6] and Suresh and Meredith [7] represent the original system and the 
new partitioned one, formed by cells and a remainder system, by queuing models in which 
all the products are supposed to have the same process time (the so termed "single-dass" 
products) and only a single production step is considered. They deduce a deterioration of 
performance in the remainder system due to a loss of pooling synergy that erodes the 
advantages associated with the cells and often make the change not so attractive. The 
flexibility required to job shops makes the hypothesis of single-dass products quite 
restrictive; we believe, instead, that the "multi-dass" characteristic of the most functional 
laied out systems, i.e. the presence of very different process times, plays an important rule 
on determining the success of any cellular transformation. Thus, we introduce a multi-dass 
factor in our analytical model to count the possibility that very different items have to be 
processed in the original system. The survey of Wemmerlov and Hyer [8] reports that the 
43% of the respondents implemented cellular manufacturing as a machine dedication 
without moving the equipment to create cells. Therefore we decided to investigate how a 
multi-server work shop performs when some machines, which form a production step of 
the virtual cell, are formally assigned to a part family. The basic idea is to express the 
performance of the partitioned system as a function of the characteristics of the original 
work shop and some proper factors describing the type of change. Then we used simulation 
experiments to validate what our analytical model suggests about the cellular paradox. 

2. ANALYTICAL INSIGHTS 

We consider a typical work shop (marked by sub-index w) with m machines and describe it 
as a queueing system with m servers and both the interrarrival and process times belanging 
to a Markovian distribution, i.e. we use a M/Mim queueing model. Since actual systems 
have often to manage different products, each with its own processing time and arrival rate, 
we try to extend Suresh's analysis to the multi-dass problem. 
Following Whitt [9] and Bitran and Tirupati [10] approach, first an "aggregate product" is 
formed by properly combining the data of the different items. This aggregate product is 
then used to replace all the parts that have to be processed in the work shop; in this way the 
multi-dass problern can be brought back to a single-dass one, which is more easy to 
manage. Several assumptions are made for reason of tractability. 
Let Ai = Di /qi be the mean arrival rate of the i-th part, supposed to follow a Poisson 
process, where Di and qi are its demand rate and lot size respectively. The arrivalrate of the 
aggregate product to the work shop is still Poisson with a mean .Aw = Li Ai = Li D/qi. Its unit 
process time is supposed to be exponentially distributed, with a mean equal to a weighted 
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average of all part unit process (run) time: tw = L;Äjt; /L;Äj . The service rate will be 

Jlw = 1/('rw + qw·tw). where 'rw is the average setup time per batch and qw the lot size of the 
aggregate product in the work shop, while utilisation is Pw = VJlw· 
We can now obtain the Iead time Ww and the minimum Iot size (qw)min for stability [9] in 
the work shop, analysed at an aggregate Ievel: 

W. = ['I1 Pwn + Pw m ]-1 Pw mJlw - 1 + -1 

w n=O n! m!(1-Pw /m) (m-1)!(m-pw)2 Jlw 
(1) 

(2) 

where D = :I:i Di is the total demand rate, qw the lot size of the aggregate product and 'rw its 
average setup time per batch. 
Suppose now to dedicate a certain fraction ß of the m machines to some parts, which can 
be considered a family in a Group Technology philosophy. A "cell" and a "remainder 
system" can so be recognised. 
Let k, y be the fraction of the total demand rate and the fraction of the aggregate mean 
process time that can be assigned to the cell respectively. Denoting by sub-indexes c and r 
the cell and the remainder system, we have: 

mc = ß·m m, = (1-ß)·m 
Dc = k·Dw D,= (1-k)·Dw 

tc = rtw 
The aggregate process time in the remainder system can be evaluated as following: 

1- ky 
Dw fw =Dc fc + D,t,~Dw fw = kDw"(fw + (1-k) Dw t,~ t, = ---tw 

1-k 
As regards setup times we introduce a reducing factor o to account for advantages in the 
cell due to similarity of items, while we consider the aggregate setup time in the remainder 
system unchanged with respect to the original work shop: 

'rc = 0· 'rw 'rr = 'rw 
Even the cell and the remainder system have so been brought back to a single-dass multi­
server case and relations (1), (2) can be used to evaluate time-related performance in terms 
of the original work shop data (Dw, tw, 'rw, m). 
Since we want to avoid that a comparison between the original work shop and the 
partitioned one could be distorted by the poor performance related to non-optimised 
systems, we determine for each system the Iot size which Ieads to the rninimum Iead time. 
Since Karmarkar et al. [ 11] have demonstrated that Iead time is a convex function of the Iot 
size, we calculated the optimal value of Iot size by progressively increasing the minimum 
Iot given by relation (2) untillead time starts to grow. 
An indicator has to be properly created to evaluate the convenience of moving from a 
traditional work shop to a partitioned one. Since a time-based competition approach is 
supposed to be coherent to market characteristics, we believe that the faster the deliveries 
the higher the price a customer is inclined to pay, so that, if W is the Iead time and P a 
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proper constant, the unit price is Pu = PIW [f/units]. The partitioned system has to be 
preferred if the related revenue in a time period T is greater than the unpartitioned one in 
the same period, i.e. if: 

Rc.+R,-Rw>O (3) 
The dedication of some machirres in a work shop may be associated to parts strategically 
important and therefore benefits expected from improving their Iead time are greater than 
those obtained by increasing the performance of the others. Thus, we introduce a weight s 
to possibly increase the revenue associated to items diverted to the cell whether their 
strategic rule has to be considered. 
Relation (3) can be rewritten as: 

s(P!Wc)DcT + (PIW,)D,T- [s(P!Ww)DcT + (P!Ww)D,T] > 0 => 
s(P!Wc)kDwT + (PIW,)(l-k)DwT- [s(P!Ww)kDwT + (P!Ww)(l-k)DwT] > 0 => 

s·k[-1 --1 ]+(1-k{-1 --1 ]>0 (4) wc ww 1 wr ww 
If wederrote with R the left-hand side of the above inequality, we obtain a proper indicator 
to compare the original work shop to the partitioned system. R is a function of the original 
work shop data and the type of change introduced into the system; the four factors ß, k, y, 
8, in facts, describe the new partitioned system in terms of number of original machirres 
and demand rate devolved to the cell, characteristics of the portion of products processed in 
the cell and the expected setup time reduction due to similarity. Thus, given a work shop, it 
is possible, on the basis of the values assigned to the four factors, describe different 
potential cellular Iayouts and evaluate if the related change is advantageaus from a time­
based competition point of view. 

3. RESULTS FROM THE ANALYTICAL MODEL 

In general we can observe how partitioning the original work shop Ieads to an improvement 
of the cell performance but a deterioration in the remainder system. Thus, the change Iooks 
convenient only if cell improvement can overcome the worse performance obtain in the 
remainder system due to what Suresh and Meredith [7] define a loss of pooling sinergy. 
V arying one factor at a time it is possible to draw the behaviour first of the Iead time in the 
cell and in the remainder system, as showed for example in figure 1, and then the values 
assumed by the indicator R, measuring the opportunity of a system change (see figure 2). 
From the analytical model we can deduce the existence of proper combinations of the four 
factors leading the partitioned system to perform better than the original work shop (R > 0). 
Varying the four design factors outside this optimal four-dimension region Ieads to a poorly 
performing system (see the negative values of R assumed in figure 2); it is so underlined 
that partitioning a work shop is not always correct and cellular manufacturing has to be 
carefully adopted. 
As expected, the strategic weight of cell products s is able to enlarge the region of factors' 
variation which ensure the opportunity of partitioning the original work shop. 
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Figure 1 Lead time [h/batch] Wc in the cell and W, in the remainder system varying ß and y 

Particularly interesting is how the multi-product factor y, which has been introduced to 
describe the multi-dass characteristic of the analysed systems, can really affect their 
performance and consequently the opportunity of a change. This suggests that if the chance 
for a work shop to process products with very different run times is ignored, i.e. a single­
dass model is adopted, wrang decisions can be taken. 

R 
0.1 

-O.l<i---L-__L __ _L __ ..L_~L.___L __ _i 

0 0.2 0.4 0.6 0.8 l.O !.2 y 

Figure 2 The indicator R varying the multi-class factor yand the strategic weight s. 

4. SIMULATION EXPERIMENTS 

The analytical model suggests that partitioning a work shop not always leads to an 
improvement of performance; the four factors introduced to describe the type of change 
applied to the original system seem to play an important rule for a successful result. 
Thus, it is reasonable to deduce that before bringing any transformation to the system, 
attention has to be paid to decide the nurober of machines to be moved, the portion of 
demand rate devolved to the cell, to which items, in term of processing times, the cell is 
going to be dedicated and finally how much setup reduction can be made due to part 
similarity in the family. Since the analytical model is simplified for tractability, we 
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conduced simulation experiments to validate the conclusions it Ieads to, i.e. to verify if the 
four factors can really explain a successful or unsuccessful system change. 
We simulated first a work shop made by 10 machines that processes 13 products foratotal 
demand rate of 400 units/hour, with Poisson arrivals and different exponentially distributed 
process times. As the original work shop has to be optimised for a proper comparison, we 
chose the Iot size of every item to ensure system stability and a low work-in-progress Ievel. 
After calculated the Iead time associated to this original work shop, we partitioned it 
dedicating a certain fraction ß of machines to some products that can naturally form a 
farnily in a Group Technology meaning. The items diverted to the "cell" amount for a 
portion k of the total demand rate and their mean runtime is ytimes the mean runtime of 
all the products. Also, due to similarity in the family, a setup reduction 8 is applied in the 
cell. Then we varied the values of the four factors to measure deterioration or improvement 
of performance in the partitioned system by the indicator R. Items devolved to the cell are 
not recognised to be strategically relevant; therefore, s = 1. 
We performed a 24 factorial design, considering for each of the four factors ß, k, y, 8 only a 
low and a high Ievel of variation, as showed in Table 1; 10 replications of experiments are 
made. 

Factors Description Low Ievel High Ievel 

ß fraction of machines 0.4 0.6 
k fraction of demand 0.3 0.5 
r fraction of process time 0.8 1.1 
8 setup reduction 0.6 0.9 

Table 1 Levels for the 24 factonal destgn 

5. SIMULATION RESULTS 

The main effects, which represent the change induced on R if a factor moves from is low 
Ievel to his high Ievel, and the two-factor interaction ones statistically significant (a=O.l) 
are shown in Table 2. 
The three major effects are related to factors k, y and the interaction of ß and y. Increasing 
the portion of demand rate devolved to the cell has a positive impact on R and therefore on 
the convenience of a system change; it may be deduced that dedicating some machines to 
particular items is worth-while only if there is a sufficient volume to be processed and 
conversely a low amount of demand has to face a loss of pooling synergy in the remainder 
system. This impact is strengthened if a setup reduction can be expected, as underlined by 
the negative interaction effect of k and 8 (remember that a high Ievel of 8 is related to a low 
setup reduction and so a negative effect means a deterioration of performance if setup times 
are poorly reduced). In this case, in facts, a greater amount of demand can benefit by the 
shorter time spent in queue waiting for machines being set up. lt has to be underlined how 
the relative small effect of 8 on R can be associated to its quite small range of variation 
chosen for simulation experiments; this agrees with [5], [6] and [7] which recognised how 
a great reduction on setup times is required to face the loss of pooling sinergy. 



Evaluating the Attractiveness of Changes in Manufacturing Systems 

Factors Description of change 
applied to the factors 

k Increasing the portion of demand 
diverted to the cell 

ßr Fixed the machines in the cell, 
increasing its process time 

r Diverting to the cell items with 
higher process Iimes 

ky Fixed the demand rate in the cell, 
diverting items with higher Iimes 

ro Fixed the average proc. time. 
decreasing setup reduction 

0 Decreasing setup reduction in the 
cell 

ko Fixed the setup reduction in the 
cell, increasing cell demand rate 

ß Dedicating more machines to the 
cell 

ßo Fixed the machines in the cell, 
decreasing the setup reduction 
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Table 2 Main and two-factor interaction effects on R statistically significant (Wn W, and W;s are 
expressed in seconds and effect values are E-06) 

The remarkable negative effect of the multi-product factor y attests what the analytical 
model suggests: the multi-class characteristic of a work shop cannot be disregarded while 
partitioning the system, because the Ionger the processing times of items diverted to the 
cell compared to the overall average processing time (i.e. the higher the value of }?, the 

greater the loss of pooling synergy. The interaction effect between ß and y shows, in facts, 
agreeing with the analytical model, how for a given ß, i.e. a given nurober of dedicated 
machines, the advantage of partitioning the system decreases as the Iead time of the cell 
grows due to the high run times of those items that cannot rely on the less loaded machines 
of the remainder system. 

6. CONCLUSIONS 

The analytical model and the simulation experiments shows that partitioning a work shop 
is not always advantageous. Attention has to be paid particularly to the portion of demand 
rate diverted to dedicated machines and to its processing times. It so underlined how a 
distorted expectation of improvement can be taken if the work shop is analysed as a single­
dass system. The cellular paradox stands out our study; it can be recognised, in facts, that 
successful changes in the system are made only if the relative factors fall in a proper 
region. This work can be regarded as a first step to better understand the effective 
attractiveness of moving from a functional to a cellular manufacturing system, when Group 
Technology is implemented as a machine dedication problem, without moving the 
equipment. Further analysis can be made to understand how several partitioned work 
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shops, that belong to a part family routing, interact and affect the overall production system 
performance. 
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ABSTRACT: In production planning activities, aggregate planning is surely the phase where the lack of 

inforrnation is more relevant. The reasons for that can be summarised in: a) the planning product is an 
aggregate one, very often not corresponding to actual products; b) the delay from the actual production is 

relevant so that information regarding actual production resources availability and performances are vague; 

c) the planning activity is often based on forecasts. On the other hand, all the subsequent production planning 
activities are based on the result of aggregate planning. In the paper a research going on at the Workgroup for 

Soft Computing Application in Manufacturing is presented. A Decision Support System (DSS) for assisting 

the decision maker in Aggregate Production Planning decisions in a vague environment has been developed 

using possibilistic formulation. First results are presented and discussed. 

1. INTRODUCTION 

The concept of fuzzy production systems has arisen recently in manufacturing research. 

Conceptually, a fuzzy production system is a production environment that contains vague 

information. Vagueness is a kind of uncertainty that is not based upon frequency of event 

occurrence as is statistical characterisation. Vagueness is more related with the definition 
of the event, therefore it is not manageable by using statistical tools. 
Examples of vagueness in manufacturing can be encountered in: 

• Ishii et. al. [1] and Ishibuchi, et al. [2]; in the papers the authors stress that the due date 
is not a simple number, but is a concept, more precisely an agreement between the 
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customer and the supplier. Agreements are subject to human imprecision, therefore 
concept such due dates are more properly described by using fuzzy linguistic variables. 

• Inuiguishi, et al. [3] and Kuroda, et al. [4]; in the paper the authors generalise the 
vagueness concept in production systems stating that it can concem both data, such 
service tim es, job availability etc ... , and requirements or constraints, such as cost 
requirements, due dates, production volumes. 

The data vagueness is due to the approximate knowledge of the process especially when 
humans are involved. Service times, especially in small and medium enterprises, are an 
example of vagueness conceming data. In such environments is very difficult to foresee 
service times for several reasons such as: humans are very involved in production 
activities; the production is very dynamic and changeable so that production lots are not 
standardised; there are no resources and time for collecting data and historical series 
analysis. For all the above reasons and others, data such processing times and job 
availability are expressed through approximate expression such as "about X units of time", 
or "the job will be available in approximately Y units of time". Such vague concepts can 
easily tumed into fuzzy numbers and treated by using fuzzy algebraic operators. 
Requirements and constraints are often the result of a human decision process. Due dates 
are the result of an agreement; production quantities are the result of a trade-off among 
marketing requirements and production resources availability; cost requirements are the 
result of a decision process involving budget consideration and production resources 
utilisation. The result of human decision processes is never a crisp requirement, because it 
is human in nature, then vague. Such vagueness is usually linguistically expressed. 
Traditional models force this vagueness to became crisp, while fuzzy models leave the 
vagueness there giving a more adequate description of the reality. Several applications 
have been proposed so far in the field of production management by using fuzzy methods. 
Among other the following are the most relevant: lnuiguishi, et al. [3] have proposed to 
use fuzzy possibilistic programming for planning fuzzy production systems; McCahon et 
al. [5], Hong et al. [6], Kuroda et al, [4], Ishibuchi et al. [7] have proposed several 
algorithms to schedule job and flow shop within Fuzzy Production Systems; Ishi et al. [1] 
and Ishibuchi et al. [2] have proposed method to deal with fuzzy due dates in job shop 
scheduling; Negi et al. [8] have proposed the extension of fuzzy mathematics to Queue 
Theory; finally, Perrone et al. [9] have proposed fuzzy methods for processing fuzzy 
information within a discrete event simulation process. 
This paper takes start from the work of Inuigushi et al. on fuzzy possibilistic programming 
for production planning and proposes models for aggregate production planning under 
vagueness information. The paper advocates the use of genetics algorithm as optimisation 
tool for such models. 

2. POSSffiiLISTIC FORMULATION OF THE "ANTICIPATE OR CHASE" 
MODEL 

This paper proposes the extension of the classical "anticipate or chase" model. Such a 
model concems the formulation of the master production schedule in front of cyclicaJ 
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demand variation. In fact, in front of seasonal demand changes the model proposes two 
alternatives: 
• anticipate production utilising stock to deal with demand peaks; 
• chase demand by utilising overtime work. 
Having indicated with: 
t = 1, ... ,T period index; T number of planning periods; 
D(t) demand of the product over the period t; 
e(t) inventory of the product at the end of the period t; 
W(t) hours of direct and regular manpower in the period t; 
S(t) hours of direct and overtime manpower in the period t; 
h number of manpower hours needed for a unit of product; 
w unit cost per hour of regular manpower; 
s unit cost per hour of overtime manpower; 
m unit direct production cost (energy + raw part); 

unit inventory cost; 
MAXW(t) hours of direct and regular manpower available in the period t; 
MAXS(t) hours of direct and overtime manpower available in the period t; 
x(t) number of products tobe produced in the period t; this is the decision variable; 
the "anticipate or chase" model can be stated as it follows: 

Min( C1 ) =Min ( ~ [(m · x( t) )+ (j ·e( t) )]+ [(w· W( t) )+ (s ·S( t) )J) cost minimisation (1) 

subject to 
x(t) + e(t-1) - e(t) = D(t) 
h · x(t) s W(t) + S(t) 
0 < W(t) s MAXW(t) 
0 < S(t) s MAXS(t) 
e(t) ~0 

balance equation among stock, demand and production; (2) 
total capacity production constraint; (3) 
regularmanpower hours capacity constraint; (4) 
overtime manpower hours capacity constraint; (5) 
stockout and backlog arenot allowed. (6) 

In the classical formulation of the "anticipate or chase" model the demand is precisely 
known. This is one of the most relevant Iimits of classical models, in fact, often only an 
approximate evaluation of the period demand is available. The other Iimitation concerns 
the estimation of h; in fact, specially in manual manufacturing systems the exact estimation 
of h is very difficult and it is an information that in small and medium enterprises is very 
difficult to find. What, indeed, is generally available is again an approximate estimation of 
h. Here a model where the vagueness within D(t) and h is addressed by using fuzzy 
numbers is proposed. In particular, triangular fuzzy numbers are very widely used to model 
situation affected by approximate and imprecise knowledge. 
In our approach the vagueness related with the knowledge of D(t) and h is expressed 

through the triangular fuzzy numbers i5 ( t) = ( a D' b D' c v) and h = ( a h' b h' c h) • 

Such a choice imposes a possibilistic formulation of constraints (2) and (3). Constraint (2) 

has the following formulation: 

x(t) + e(t-1)- e(t) = D(t) (7) 
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Figure 1 shows the possibilistic fonnulation of the above constraint and how its 
satisfaction, TI iJ 1, 1 , is computed by using possibility theory. Constraint (3) has the 

following fonnulation: 

h · x(t) s W(t) + S(t) (8) 
Figure 2 shows the possibilistic fonnulation of the above constraint and how its 
satisfaction, TI 'h 1,1 , is computed by using possibility theory. 

Figure 1. Possibilistic fonnulation of 
constraint (2) 

J.l iW(tj+S(t) 

Figure 2. Possibilistic fonnulation of 
constraint (3) 

Figure 2 shows how a fuzzy relaxation accounting for production inefficiency has been 
introduced in constraint (3). In fact, a constraint satisfaction function, f.J ;;w1, I+Sit 1 , has 

been introduced expressing that if the amount of production required for the period t, h · 
x(t), is lower than W(t) + S(t) - 8 sW(tJ+S!tJ then the production can be effectively 

perfonned; if h · x(t) is comprised in the range [W(t) + S(t) - 8 ;;w1, I+Sit 1 , W(t) + S(t)] 

due to possible production inefficiency, it is not sure that the production can be effectively 

perfonned and, therefore, the satisfaction is decreasing; finally, if h · x(t) is greater than 
W(t) + S(t), the constraint is violated and the satisfaction is zero. With the introduced 
possibilistic fonnulation of constraints (2) and (3), the "anticipate or chase" model is 
fonnulated has it follows: 

Min( C, ) total cost minimisation (1) 

Max(IT iJ(I) 

Max(II ;;(I) 
subject to 

maximisation of the satisfaction of demand constraint 

maximisation of the satisfaction of total production constraint 

(2bis) 

(3bis) 

0 < W(t) s MAXW(t) regularmanpower hours capacity constraint; (4) 
0 < S(t) s MAXS(t) overtime manpower hours capacity constraint; (5) 
e(t) cO stock-out and backlog arenot allowed. (6) 
As the reader can notice the introduction of the fuzzy constraints Ieads to a multiple 
objective fonnulation of the model. lt is to be stressed that, only objective (1) does not vary 
within a [0, 1] interval, so that this objective needs to be scaled within this interval. For this 
purpose, let us define with C/ and c,- respectively the maximum and the minimum value 
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of the cost function obtained with only constraints (4) to (6). The scaling of the objective 
(1) is given by the following satisfaction function: 

{

1 if c I :s c~-

nc "" cl+- Cl if cl+ :S c I :S cl-
' cl+_ c~-

o otherwise 

(9) 

therefore the final formulation of the "anticipate or chase" model is: 

Max(r(t )) ""Max(ll c, An iiriJ A n ,;;(1) maximisation ofthe global satisfaction (10) 

subject to (4), (5) and (6), where the symbol A is a intersection operatorsuch as minimum 
or product one. The optimisation of the above model is particularly complex. Our approach 
consists in applying a genetic algorithm for the optimisation of possibilistic models. 
The chromosome is a vector consisting of ;(t) = [x(t), e(t), W(t), S(t)] while the algorithm 
structure is the following: 
1. generate a random initial population P of chromosomes ;(t); 
2. the population P goes under selection based on the reproduction of the better 

individuals method; 
3. selected chromosomes go under crossover with probability Pc; 
4. selected chromosomes go under mutation with probability Pm; 
5. as result of steps 3 and 4 a new population P' is generated; 
6. the stop criterion is evaluated; if it is satisfied the process ends, otherwise restart from 

step 2. 

3. THE DSS FOR POSSffiiLISTIC AGGREGATE PRODUCTION PLANNING 

The research here presented belongs to a wider project that aims to develop a Decision 
Support System (DSS) for assisting production planner. This software will codify different 
aggregate production planning models and focuses it peculiarity on giving the possibility to 
formalise fuzzy information. While the "anticipate or chase" model is the only codified 
one up to now, other functionality of the DSS have already been codified. In particular this 
functionality concems: 
• the user front-end module; 
• the optimisation module (the genetic algorithm); 
• the post processor module. 
The above modules have been developed in JA VA++ in order to be platform independent 
for a company intranet utilisation. A numerical example will clarify the potentiality of the 
approach and of the DSS developed. Figures 3-5 show some of the potentialities of the 
developed modules. In particular: 
• Figure 3 shows the user front-end module characteristics; as the reader can notice, the 

menu allows the analyst to introduce several kind of company data conceming the 
demand, the production, such as technological routing, service times and production 
costs, and the number of planning periods; 
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• Figure 4 shows the front-end of the optimisation model in which the analyst can 
introduce the data conceming the genetic algorithm control parameters; 

• Figure 5 shows the result post processor in which several aggregations of the results are 
available. 

4. NUMERICAL EXAMPLE AND CONCLUSIONS 

As numerical example, the proposed model and software has been applied to a simple case 
of study. A product is tobe planned in a six months period. The production data are: 
w = 10 UM/hr; 
s = 17 UM/hr; 
m = 2 UM/part; 
i = 0.5 UM/part; 
MAXW = 120 hr/day; 
MAXS = 40 hr/day; 

h = (10, 12, 13) hr/part. 
As the reader can notice the vagueness conceming the service time has been modelled by 
using a triangular fuzzy number. Furthermore, the vagueness in the period demand 
knowledge has been modelled by using the triangular fuzzy numbers depicted in Table 1. 

Period a b c day/period 
1 90 100 110 22 
2 360 400 440 22 
3 270 300 330 22 
4 90 100 110 22 
5 90 100 110 22 
6 370 450 470 22 

Table 1. Penod demand 

The decision variable for the problern are: 
x (t) production at the period t, fort = 1, .. ,6; 
e (t) inventory at the period t, fort = 2, .. ,6; the inventory available is 50 units (e (1) =50), 

while the inventory for the period t+ 1 will be zero; 
W(t) regularmanpower at the period t; 
S(t) overtime manpower at the period t. 
This problern has been codified and solved by using the proposed DSS. Due to the 
difficulty to find an initial random feasible solution, the proposed DSS system is able to 
provide an initial feasible solution. Such solution is the one reported in Table 2, while in 
Table 3 are reported the satisfaction for objectives (2) and (3) and the plan cost. The 
satisfaction indexes of objectives 2 and 3, reported in Table 3, are obtained computing the 
minimum satisfaction among the periods; the cost satisfaction index is computed knowing 
that the maximum with C/ = 335.920 UM and c,· = LDa(t)·h a ·w = 122.00 UM, being 

t 
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Da(t) and ha respectively the lowest values of the triangular numbers D(t) and h ; finally, 
the global satisfaction is the minimum among the single objective satisfaction, i.e. the 
chosen intersection operator is the minimum. 

Initial plan Optimal plan 
Period X e w s X e w s 

1 280 50 2640 880 280 50 2616 827 
2 220 230 2640 0 217 230 2616 97 
3 250 50 2640 360 250 50 2640 440 
4 200 0 2400 0 200 0 2407 53 
5 220 100 2640 0 220 100 2606 106 
6 200 220 2400 0 196 220 2423 53 .. 

Table 2. lmhal plan and optimal plan 

Initial plan Satisfaction Optimal plan Satisfaction 
Demand constraint satisfaction 1.0 0.9 
Capacity constraint satisfaction 0.62 0.73 

Cost 178.365 UM 183.710 UM 
Cost Satisfaction 0.73 0.71 

Global satisfaction 0.62 0.71 
Table 3. Plans performance 

Figure 3. The user front-end module Figure 4. The optimisation module 

. ,., ·!:' __.~· :- .. • "1 .... " . " 

I_ f .. ., ............. . 
·-··--

LJ . I . .. 

Figure 5. The post processor module Figure 6. The optimisation process 
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The initial solution has been improved by using a genetic algorithm with the following 
characteristics: 
• averaged sum as crossover operator [10]; 
• population size of 20 individuals; 
• crossover probability 40%; 
• mutation probability 7 .5%; 
• maximum number of generation 20.000. 
Figure 6 shows the improvement obtained by the genetic algorithm, while Tables 2 and 3 
report respectively the best solution and the related satisfaction. As the reader can notice 
the genetic algorithm improves the initial solution of 14%. 
In conclusion this paper presents a first result of a research going on at the Workgroup for 
Soft Computing Application in Production Engineering. This research concerns the 
extension of aggregate production planning algorithm to case affected by vagueness by 
means the utilisation of fuzzy set theory and evolutionary optimisation. In particular the 
paper presents the possibilistic formulation of the "anticipate or chase" model for single 
product production planning. Furthermore, the basic characteristics of the Decision 
Support System for production planner assistance when vagueness affects production data. 
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ABSTRACT: 

The optimization of quality costs in manufacturing was investigated and efficiency of a 
total quality program was analyzed. Traditional view of optimal distribution of quality 
costs has been abandoned. It has been found out that optimal quality costs respond to total 
quality control or to the zero defect Ievel. Quality management cannot be successful 

without quality cost management. The activity of manufacturing quality system as cost 
centers have been defined. The manufacturing quality costs have been classified in 
categories. In total quality control there is a reduction in all quality cost categories and 

quality is increased. A ratio between the prevention costs and failure costs as measure of 

efficiency of an achievement of a total quality program is decreased in accordance of 

implementation of a total quality program. 
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1. INTRODUCTION 

Total quality management is management approach of an organization centered on quality, 
based on the participation of all its members and aiming at long-term success trough 
customer satisfaction, and benefits to all members of the organization and to society [ 1]. 

Quality management cannot be successful without quality cost management. Cost of 
quality could be viewed as having two components, prevention costs and failure costs. The 
first of these, prevention costs, includes all costs of quality assurance efforts. Prevention 
costs could be named as prevention costs plus appraisal costs. These include inspection, 
statistical process controL self-life programs to prevent spoilage, and the like. Any cost that 
is incurred to detect incipient failure of a product or to ensure the acceptability and 
effectiveness of a service is prevention cost. Prevention costs also include quality control 
measures to keep incipient failures from developing at all, such as design reviews, vendor 
certification programs, and quality orientation training. Prevention keeps customers from 
becoming dissatisfied with the goods and services they receive from the organization. 
Prevention costs are also incurred in the production of intermediate products such as parts 
and subassemblies, and earlier phases of product design and service or project planning. 
The now accepted practice offorming design teams that include suppliers with production 
or operating personal ensures that failures of the ultimate product are prevented even 
before the product goes into prototype production [2]. 

Another group ofquality costs is the cost offailure, i.e., internaland extemal failure costs. 
These costs are the costs of making a bad product that does not do as required in the 
customers hands, or of doing services that do not meet the customers requirements. Such 
costs include infield repair, warranty, scrap, and reworks. All such costs are incurred 
because some process created an output that did not meet specifications [2]. 

Sometimes third class of cost of quality elements could be shown as the opportunity cost 
of sales because of costumers poor experience or because of poor reputation in the market. 
It is easy to see why this aspect is seldom addressed directly, since no one can tell precisely 
how much customers might have bought if quality had been better. Even barder is an 
appraisal of lost revenue that results from accepting lower prices than might have been 
commanded in the marketplace by a premium product or service. The estimate the cost of 
lost revenue from lost volume or from lower pricing requires trusting the marketing 
department, a source that is alien to most accountants. Such data is based on estimates and 
conclusions that accountants often find hard to swallow because they are not usually based 
on past events are observable and measurable in objective ways. Calculating the value of 
list sales is exceedingly difficult and involves a number offactors [2]. 
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2. CLASSIFICA TION OF COST OF QUALITY 

Realistic cost/benefit analysis in terms of the effort needed or justified obtaining the desired 
Ievels or assurance of quality can be successfully done on the base of: a true factory man 
hour rate about overhead and salary, quality/quality control activity costs both about man 
hours and money and quality related costs of any care study item. 

The quality cost figures are quite straightforward in respect of: prevention costs, appraisal 
costs, internal failure costs, external failure costs (Table I) in any costs center: 

Table I. Quality costs 

Preyention costs Appraisal costs 
Quality engineering Inspection of row materials 
Quality training Packing inspection 
Quality planning Product acceptance 
Quality audits Process acceptance 
Design reviews Field testing 
Quality circles Supplier verification 

lotemal failyre costs Externat failure costs 
Scrap Lostsales 
Rework Return/allowances 
Delay Warranties 
Reinspection Repair 
Retesting Product lability 
Design changes Complaint adjustment 

Prevention costs are incurred to prevent defects in the products or services being 
produced. 

Appraisal costs are incurred to determine whether products and services are conforming 
to their requirements. Appraisal costs are in terms of product acceptance and process 
acceptance. 

Interna/ failure costs are incurred because non conforming products and services are 
detected prior to being shipped to outside parties. 
External fai/ure costs are incurred because products and services fail to conform to 
requirements after being delivered to customers. 

495 
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3. NUMERICAL VERIFICATION 

Durlog the accomplishrnent of a quality program, for every quality cost category 
questionnaire must be completed. The questionnaire consists of following data: activity, 
people number, time in hours, a sum paid for items and services and other costs. The 
quality cost report and cost analysis should be issued for every accounting perlod and if 
it is necessary, a quality program should be improved. In table 2 the trends for each 
individual quality cost category of concrete manufacturlng are presented. 

Table 2, Quality costs trend 

Accounting Prevention, Appraisal, % Internal Externat I 
perlod % failure, % failure, % 

0 5.0 3.5 3.5 6.2 18.2 

1 8.1 4.9 3.6 5.5 23.1 

2 5.7 3.6 3.1 4.9 17.3 

3 4.1 2.4 2.0 1.3 9.8 

4 2.1 1.4 1.1 0.6 5.2 

In a phase of intensive activity of quality Ievel improvement, quality costs increase. As 
quality improves, savings can be realized by having fewer workers to correct the mistakes 
made initially. Rework people will disappear when there are no more reworks. Warranty 
costs will stop when there are no failures in the field, inspections of incoming raw materlals 
will be to cut back, company will reduce the Ievel of product acceptance activities, and so 
on. In total quality control there is a reduction in all quality cost categorles and quality is 
increased. 

The good measure of correctness improvements of implementation of a total quality 
program is the ratio between the prevention costs and failure costs. This ratio should 
increase durlog the total quality program perlod implementation in one side, but in same 
time total amount of costs of quality should decrease: 
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efficincy of TQP implementation prevention costs + appraisal costs 
failure costs 

In table 3 the trend for ratio between the prevention costs and failure costs are presented. 

Table 3, Efficiency of implementation of a total quality program 

Accounting 0 I 2 3 4 
period 

Prevention costs 8.5 13.0 9.3 6.5 3.5 
+ appraisal costs 

Failure costs 9.7 9.1 8.0 3.3 1.7 

Ratio between 0.87 1.42 1.16 1.96 2.05 
prevention and 
failure costs 

According to the trend for ratio between the prevention costs and failure costs it is 
visible that the timing of involving the total quality program is caused in quite a right 
manner. 

4. CONCLUSION 

Investment in quality and management responsibility for measuring and reporting 
quality costs must be monitored in responsibility costs centers. The quality cost figures 
are quite Straightforward in respect of: prevention costs, appraisal costs, internal failure 
costs, extemal failure costs in any cost center. 

In a first phase of activity of quality Ievel improvement, quality costs increase. As 
quality improves, savings can be realized by having fewer workers to correct the 
mistakes made initially, rework people will disappear, warranty costs will stop when 
there are no failures in the field, inspections of incoming raw materials will be to cut 
back, the Ievel of product acceptance activities will be reduced, and so on. In total 
quality control there is a reduction in all quality cost categories and quality is increased. 
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An analysis of quality costs in concrete manufacturing plant shows that in a phase of 
intensive activity of quality Ievel improvement, quality costs increase, but in total 
quality control there is a reduction in all quality cost categories. 
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ABSTRACT: On the basis of an empirical research on a sample of Italian plants, this 
study analyses the relationships between advanced buyer-supplier operational 
interaction practices (JIT, CE and TQM Approaches) and the basic options of the 
buyer's purchasing strategy, such as: sources selection criteria, supply base reduction 
policies, long-term supply perspectives. In addition, the study compares these 
operational practices and purchasing policies in different performing plants. 

1. INTRODUCTION 

The new current interest in the different forms of buyer-supplier exchange is to a large 
extent promoted by the diffusion of new approaches to operations. Management and 
production systems such as "Just in Time", "Total Quality Management" and 
"Concurrent Engineering" promote the adoption of quality control tools spread along 
the supply chain, integrated coordination of production flows, cooperation between all 
those units (inside or outside the firm's boundaries) involved in the product 
development. The new innovative "lean production practices" need to be implemented 
along the full production and logistic chain for full exploitation, in order to synchronise 
the flows at the upper and lower end of the supply pipeline [ 1] In this context, 
Transaction Cast Economy (TCE) theorists would predict a failure of the traditional 
market-based exchange, that is, a failure of procurement logic based on "multiple 
sourcing", on a priced-based mechanism in the sources selection, on short term 
horizons [2,3]. In fact, the buyer-supplier operational synchronisation and design 
synergy promoted by new approaches are associated to higher Ievel assets specificity 
[4]. For example, JIT and TQM Systems can require the development of specific 
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quality assurance practices, the acquisition of specific tools, training of personnel, 
development of compatible procedures to meet the partner's idiosyncratic requirements. 
In addition, the contractual incompleteness associated to the buyer-supplier exchange 
becomes higher, due to the higher amount of environmental and behavioural 
uncertainty. In other words, the exchange becomes more difficult to define ex-ante, 
since it involves the supply not only of an "object" alone, but also of complex bi­
direction logistics, design, informative services. Moreover, it is also more difficult to 
measure ex-post, given the difficulty to circumscribe the respective responsibility and 
the performance evaluation (and valorisation) ambiguity. 
According to TCE, in order to protect transaction-specific assets from opportunistic 
appropriation, and to cope with the effects of exchange uncertainties, buyers will choose 
to intemalise the transaction or otherwise arrange to increase the extent of hierarchical 
control over the other party. An exchange structure arises which is an intermediary 
solution between the integrated manufacturer and the "market", in that, suppliers and 
buyers agree to co-operate with one another to form a long-term, co-operative 
relationship guided by expectations of repeated transactions. This type of relationship is 
characterised by "relational contracting". Anyway, "relational-exchange" (=long term, 
exclusive) constitutes a risky alternative to the market, because the buyer becomes more 
vulnerable to opportunistic behaviour of sources. Furthermore, the sources engaged in a 
relational exchange escape from direct market competitive pressure: in the long run this 
can produce a worsening of their performances. Both empirical research and theoretical 
debate exhibit contrasting positions about the advantages of long-term, stable supply 
relationships and about the diffusion of a true "relational" buyer-supplier exchange in 
westem context [5]. Waters-Fuller [6] following extensive review of JIT Purchasing 
literature, synthesises this diversity of positions by comparing two lines of thoughts: 
the "sceptical school" and the "advocate school". The first school asserts that 
exclusivity and longevity are associated to higher switching costs (i.e. lower source 
replacement possibilities), higher risks of supply disruptions and technological 
obsolescence. Therefore, the "cooperative" supply relationship produces in the long run 
an inefficient form of sourcing. The second school considers the advantages of JIT 
sourcing (development of a congruent logistic network with consequent lower 
inventories, higher delivery reliability, improvements in product quality and delivery 
lead-times, ... ) prevailing over risks. In spite of the abundant Iiterature on this topic, few 
contributions document on an empirical basis the actual evolution in buyer-supplier 
relationships, especially through comparative analysis, whether by cross national 
comparison of industrial change or sectoral transformation [7, 8]. 

2. THE OBJECTIVES 

This study considers the three main operational buyer-supplier [4, 9] : a) design link, 
consisting in the involvement of suppliers in buyer's product development activities; b) 
logistic link, which is accomplished when the supplier's deliveries are frequent and 
therefore small-lot sized, perfectly respondent to the buyer's quantity and quality 
requirements, rigorously synchronised with the buyer's production schedules; c) the 
quality link, which is accomplished when the buyer and the supplier exchange 
information conceming quality aspects (joint definition of quality specifications, 
transmission of quality tests and charts, transfer of statistical process control data). 
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On the basis of empirical research on a sample of Italian plants, this study: a) analyses 
the relationships between advanced buyer-supplier operational interaction practices 
(design link, logistic link, quality link) and the basic option of the buyer's sourcing 
policies, such as: sources selection criteria, supply base reduction policies, long-term 
perspectives (stability of procurement) granted to suppliers; b) compare those 
operational interaction practices and sourcing policies in different performing plants. 
The underlying hypothesis, which summarises all the detailed hypotheses which will be 
presented in the next section, is that the development of an operational link between 
buyer and supplier modifies the buyer's sourcing policies, in particular the basic 
choices: 1) Which supplier to select? (selection criteria); 2) How many suppliers to 
utilise? (number of sources); 3) What kind of relationship (short or long term) to 
develop with sources? (Procurement stability). 

HYPOTHESES 1 
The traditional supply relationship is "price-dominated": price is the dominant sources 
selection criteria in the "arm's length" approach. The limitations of this approach are 
essentially two. First, price is only a component of the actual total procurement cost: 
delays, qualitative or quantitative unreliability, packaging modes, post-sales assistance 
are examples of cost elements which are usually not included in the purchasing price. 
Second, traditional "price-dominated" relationship reduces the source selection to the 
choice of a single economic parameter and encourages a limited uni-dimensional 
improvement. It is largely argued that the development of an advanced operational link 
with sources generates the need for multi-dimensional sources evaluation and enhances 
the importance of "non-price" selection criteria [10,11]. In fact, the buyer needs sources 
able to sustain more qualified and involving interaction, that is, suppliers endowed of 
those design, productionllogistic and quality relational skills required by new 
approaches. In addition, an accurate multi-dimensional rating can reduce the 
"contractual hazard" associated with the possible buyer specific investment. Finally, 
according to transaction cost theory, supplier evaluation and monitoring constitute a 
rational control instrument over the supplier's behaviour: in absence of market-based 
control mechanisms, an accurate rating system can restore a competitive pressure inside 
the pool of suppliers by monitoring and comparing the suppliers improvement over 
time. The first hypothesis can be expressed in these terms: H1a - "The weight given to 
price in the source selection is negatively correlated to the buyer-supplier operational 
link"; H2b - "The weight given to "non-price" factors in the source selection is 
positively correlated to the buyer-supplier operationallink". 

HYPOTHESES 2 
Several authors argue that modern buyer-supplier design and logistic interaction renders 
its recourse difficult to achieve [12,13]. JIT deliveries coming from different multiple 
sources seem to involve logistic integration, production planning, quality homogeneity, 
time synchronisation problems. Similarly, co-design seems to permit the participation 
of only few suppliers and the earlier (=nearer to product concept) is their involvement 
in the product development activities, the more difficult it is for the buyer to maintain 
different procurement alternatives. Assuming that the establishment of a buyer-supplier 
operationallink is associated to the reduction of the number of sources, a major point of 
discussion then regards the entity ofthat supply base reduction, that is: the adoption of 
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single-sourcing practices. Some authors hold that single-sourcing is important for the 
realisation of a JIT link with the suppliers (see: 14). Others maintain that the 
competition among suppliers, even if restricted to a selected group of sources, is of 
critical importance if the costs are to be kept low and the quality of the supplies raised 
[8,13]. A further hypothesis is then the following: Our second hypothesis are therefore 
the following: Hp. 2a. - "The adoption of supply base reduction policies is positively 
correlated to the buyer-supplier operational link"; Hp. 2b. - "The adoption of single­
sourcing policies is positively correlated to the buyer-supplier operationallink". 

HYPOTHESIS 3 
According to the TCE theory, the time horizon of the relationship depends on the kind 
of exchange. When the exchange is characterised by specific investments, a failure of 
the traditional market-based ("spot transaction" where price is the main contracting 
element) will arise for two basic reasons [2,3]. First, because the specific investment 
can be justified only for medium to long term supply relationships. Second, because the 
party which carries out the specific investment is exposed to the risk of opportunistic 
behaviour by the other party. This happens, for example, when the buyer decides 
unilaterally to lower the price of supplies once the supplier has made specific 
investments, thereby becoming dependent on the buyers itself. Thus, only the 
expectation of stable (long-term) relationships provides the incentive for specific 
investment and mitigates the risks of opportunistic behaviour. As discussed in the 
previous section, the operational interactions considered in this study ( on design, 
logistic and quality) are associated to several kinds of assets specificity. 
The third hypothesis can be expressed in this terms: Hp3 - "The adoption of Iang-tenn 
sourcing policies is positively correlated to the buyer-supplier operationallink". 

HYPOTHESIS 4 
The possible advantages and disadvantages of the traditional and of the cooperative 
buyer-supplier exchange are several: the arguments of both the "sceptical school" and 
the "advocate school" are numerous. Thus, only empirical evidence can decree the 
performance superiority of one model over the other. Unfortunately, as Zaher and 
Venkatraman [15] observe, investigating the performance implications of the different 
exchange govemance structures is another important gap in current research. This study 
has therefore analysed the relationships between: buyer-supplier operational (design, 
logistic, quality) interaction practices, buyer's sourcing policies and plant performances. 
The corresponding hypothesis is the following: Hp4 - "Better perfonning plants exhibit 
higher use of advanced buyer-supplier operational practices and cooperative sourcing 
policies. 

4. THE METHODOLOGY 
To test these hypotheses, a survey was carried out using structured questionnaires sent 
to a sample of 52 Italian plants. We chose the plant as unit of analysis since the JIT -P 
practices analysed are implemented at the plant Ievel. The sample was selected at 
random from plants employing more than 100 people and was stratified into 
"traditional" and "world class reputation" plants. By "world class reputation" we mean 
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Table 1 reports the results of the regression analysis. Discriminant analysis was then 
utilised to compare the use of the operational practices and sourcing policies analysed in 
low and high performing plants. Results are reported in table 2. 

ME ANS 

OPERA TIONAL LINKS 
• design links 
• logistic link 
• quality link 
MULTIVARIA TE F TEST: p=O.OOO 

"traditional" 
plants 

-0.412 
-0.302 
-0.042 

Percent of grouped cases correctly classified: 71.15% 

SOURCING POLICIES 
• Importance of price in supplier select. 
• Importance on non-price select. criteria 
• Supplier base reduction 
• Single sourcing 
• Lang term perspective 
MUL TIV ARIATE F TEST: p=0.009 

0.000 
-0.124 
-0.182 
-0.180 
-0.423 

Percent of grouped cases correctly classified: 76.74% 

"WCM" 
plants 

0.543 
0.399 
0.056 

-0.088 
0.254 
0.214 
0.088 
0.577 

Table 2. Results of the discriminant analysis 

Univariate 
F-statistics 

p=0.004 
p=0.016 
p=0.730 

p=0.784 
p=0.234 
p=0.217 
p=0.353 
p=O.OOO 

Standardised 
discriminant 
coefficient 

0.878 
0.687 
0.103 

-0.392 
0.354 
0.054 
0.379 
0.912 

The results of the statistical analysis point out two main elements of discussion. The 
first element concems the relationship between the sourcing policies and the overall set 
of operational links examined. The second element consider the relationship between 
the sourcing policies and each single operational (design, logistic, quality) link. 
As far as the first element is concemed, the following results emerge: 
• among the sourcing policies analysed, three variables ("importance of non-price 

selection criteria", "supplier base reduction" and "long-term perspective") are 
significantly correlated to the presence of an operational link with suppliers. The 
variable "long-term perspective" shows the highest (p=O.OOO, table 2) relationship; 

• two other variables ("importance of price in supplier selection" and "single 
sourcing") arenot significantly related to the operationallinks examined. Evidently, 
when developing an advanced operationallink with sources, the buyer reduces the 
supplier base avoiding however a total exclusive rapport. Similarly, if non-price 
factors assume higher importance when an operational link arises, the weight given 
to price doesn't shows any significant changes. Thus, price still continues to play an 
important role (average value = 4.58 in corespondent 5-point Likert scale). 

Summarising, the establishment of design, logistics or quality interactions with sources 
modifies the buyer's sourcing options, imposing an exchange govemment structure 
different from the "market-based" one. However, such a change does not foresee 
single sourcing practices and the denial of price-related factors in supplier selection. 
The second element of discussion concems the relationship between the sourcing 
policies and each single operational (on design, logistic, quality) dimensions. The 
following results emerge: 
• the quality link reveals a less committed buyer-supplier interaction. It is associated to 

a long-term perspective (p=0.012, table 2), but is not accompanied by supplier base 
reduction policies or by clear valorisation of non-price supplier selection criteria. 
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those which are reputed to have higher than average performances in the sector. 
"Traditional" plants were selected from the Kompass (1992) Iist of firms belonging to 
the two sectors; "World Class Manufacturing" (WCM) plants from a master Iist 
compiled using experts in industry as source (consultants and managers). The sectors 
analysed are those of electronics and machinery in which JIT implementation and the 
interaction with the suppliers are competitive variables of increasing importance. The 
data and their elaboration refer to a sample of 52 units, 25 in the electronic and 27 in the 
machinery sectors. The principal characteristics of the sample are the following: sales: 
88.2 millions $, number of employees: 613; production process: one of a kind (20.2 
%), small batch (40.4 %), large batch (20.8 %), semi repetitive (27.2 %), repetitive (1.7 
% ). Prior research was reviewed to identify existing objective and perceptual measures 
of the practices analysed. When available, existing measures were then adapted to 
facilitate their use in this study. For non existing measures, new perceptual ones were 
then developed using 5-point Likert-scales; the score was determined as the non­
weighted mean of the values of each single item. The greater part of these questions 
was addressed to the Purchasing, Plant and Production Managers. Some of the 
questions were also directed to the Quality Manager, Process Engineer, Information 
System Manager, two supervisors and four workers to make a total of 12 respondents 
per plant. In all, 497 respondents were involved. All measures were subjected to 
reliability and validity assessment. Content validity was verified through a review of the 
literature, the theoretical revision used by the authors, a comparison with some 
managers of the firms sampled. Construct validity was verified by using factor analysis 
to test the uni-dimensionality ofmulti-items perceptual measures [16]. 

4. THE RESULTS 

Hypotheses H1-H3 were verified using regression analysis, assuming the three 
operational (design, production-logistic and quality) links as independent and the three 
sourcing policies (supplier selection criteria, supplier base reduction and long-term 
perspective) as dependent variables. 

Importance of Importance of Supplier base Single Langterm 
price in supplier non-price reduction sourcing perspective 
selection selection criteria 

Hypotheses Ja lb 2a 2b 3 
adjusted R2 0.009 0.119 0.120 0.033 0.396 
F 0.862 3.199* 3.345** 1.521 11.930*** 
Signific. of F 0.468 0.032 0.027 0.222 0.000 

INDEPENDENTVARIABLES 
• design link b=O.l31 b=0.386** b=0.389** b=0.019 b=0.298** 
• logistic link b=O.l95 b=0.049 b=0,201 b=0.268 b=0.513*** 
• gualit;t link b=-0.038 b=O.l47 b=0.072 b=O.l46 b=0.285* 

b: standardised regression coefficients p: significance: * p<O.OS ; ** p<O.O I; *** p<O.OO I 

Table 1. Results of the regression analysis 
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Evidently, the importance of quality in present competition has detennined a wide 
diffusion of TQM practices almost at each step of the supply chain. Therefore, the 
ability to adequately interact with the buyer about quality-related topics is now an 
indispensable component of the supply offer, rather than a differentiation element; 

• comparing the design and the logistic link, we discover that only the design link is 
associated to supplier base reduction policies and to a supplier selection which 
emphasises non-price criteria. Both links play instead a significant role in 
comrnitting the buyer to a long-term relationship. In general, the empirical evidence 
shows that the design link is generally more exclusive and binding than the logistic 
link. 

From the results of the discriminant analysis, better perfonning plants have more 
advanced design (p=0.004, table 3) and logistic links (p=0.016) with sources. The 
quality doesn't show any discriminating effect (p=0.730). 
As extensively argued in the literature, buyer-supplier design and logistics interactions 
can reduce the product development, production and delivery time, can improve quality 
and lower costs. As expected, these results confirm the strong relationship between 
plant performances and co-design or JIT purchasing practices. Is not surprising that 
quality interaction doesn't discrirninate on plants. Two of the items used to measure the 
quality link have values that are among the highest. Thus, the practices regarding the 
management and control of quality on entry flows are by now widespread: the ever 
more exacting market demand for quality call these practices to the attention of even the 
less well perfonning plants. 
As far as the sourcing policies are concemed, only the "long-term perspective" exhibits 
a discrirninating effect (p=O.OOO, table 3). It is thus confirmed that the perspective of 
lasting relationship is a necessary element of partnership: it justifies the transaction­
specific investment, allows the "continuous improvement" logic, rnitigates 
opportunistic temptations. Instead, the importance of price in the supplier selection and 
the use of single sourcing doesn't differ in traditional and WCM plants. Therefore, the 
best performing supply systems (evaluated through their impact on plant 
performances) are not characterised by total exclusivity of relationship and a supplier 
selection not govemed by price (cost) consideration. 

6. CONCLUSIONS 

The results of this study raise several issues. First, it is demonstrated that the creation of 
an advanced link with sources modifies the basic options of the supply strategy of the 
buyer. In particular, operational inter-dependencies at the design, production-logistic or 
quality level orientate the buyer towards the lang term convincing him to invest in 
integrated sources (for example thorough assistance and training). Thus, as predicted by 
TCE theory, advanced operational buyer-supplier interaction practices, like those 
promoted by JIT and Co-design approaches, seem to be inoperable under traditional, 
pure market-based mechanisms. Even where there is a strong operative collaboration, 
however, single sourcing remains an unused policy and price remains one of the 
principle criteria for monitaring sources. The buying strategy that is created follows a 
sort of comprornise between the need to abandon traditional buying procedures and the 
need to avoid the dangers of excessive dependence on sources. The second important 
element which arises from the research is that the hypothesised relationship between 
sourcing policies and buyer-supplier operationallink depends also on the latter. Design 
interaction seems to be the most exclusive and binding form of collaboration. This is 
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presumably justified by the higher specificity of the contribution and the greater 
difficulty in substituting the sources involved in this form of interaction. Vice versa, the 
quality link reveals the less committed buyer-supplier interaction: the ability to 
adequately interact with the buyer over quality-related topics seems at present to be an 
indispensable component of the supply offer, rather than a differentiation element. 
The third element concerns the factors discrirninating plants, that is, the impact of 
operational practices and sourcing policies on performance. This study demonstrates 
that better perforrning plants exhibit a higher Ievel of design and logistic interactions 
and a better use of long-term supply agreements with sources. Thus, co-design and JIT 
purchasing practices, together, with the stability of procurement, influence to a 
significant extent plant performance. However, the best performing supply systems do 
not exhibit total exclusivity of relationship and a supplier's selection not governed by 
price (cost) considerations, that is, do not exhibit all the elements which ideally 
characterise the "cooperative" approach. 
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FOR MULTI-AXIS MILLING MACHINES 
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ABSTRACT: 
This paper investigates the accuracy achieved when cutter location data is postprocessed for multi­
axis milling machines. A recursive linearisation algorithm and a feed rate control algorithm are 
presented, and the problern of singular configuration is discussed. lt is explained how a 
postprocessor can be used to optimise the workpiece clamping position in order to minimise the 
machining time, and how the postprocessor can compensate for inaccuracies in workpiece 
clamping. 

I. INTRODUCTION 

The accuracy of a workpiece that is machined in a multi-axis machine is affected by the 
accuracy of several actions that are performed before the tool starts to cut. Examples are 
the accuracy of the cutter location data (CL data) generated by the CAD/CAM system, the 
accuracy of the postprocessor that transforms the CL data into a NC file, and the accuracy 
of the workpiece clamping in the machine. This paper discusses how a postprocessor can 
be designed and used to improve the accuracy of tool paths in multi-axis machines. 

Algorithms for linearisation and feed rate control in postprocessing have been described 
earlier [1]. It has also been described how postprocessing can compensate for mechanical 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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inaccuracies of the machine tool [2]. In this paper, a new linearisation algorithm is 
presented. The new algorithm is based on the same principle as the algorithm in [1], but the 
new algorithm is recursive. The accuracy of the principle for the algorithms is investigated. 
The problern of singular configuration is solved for a particular five-axis milling machine. 
An algorithm for feed rate control is presented, and it is shown how the postprocessor can 
be used to optimise the fixture design for a specific workpiece in order to minimise the 
machining time. It is also shown how the postprocessor can compensate for inaccuracies in 
the clamping of the workpiece. 

2. FORWARDANDINVERSE KINEMATICS 

The postprocessor developed for this study generates NC data for a five-axis milling 
machine that consists of a vertical-milling machine with an additional tilt-rotatory table. 

The input data for the postprocessor is CL data generated on a CAD/CAM system. The CL 

data is presented on the format [ x y z i j k], where x, y and z are the position of 

the tool centre point and i, j and k are the tool axis orientation. The CL data is relative to 
the workpiece coordinate system. 

The orientation and position of a coordinate system located in the table centre can be 
described relatively to the tool by the homogenous transformation 

[ c, 
SB 0 

-X I -CASB CACB -SA (cA -l)dF -sAdE -Y 
(l) :r.= 

(cA-J)dE;sAdF-Z' -SASB SACB CA 

0 0 0 

where SA, CA sn and cn are the shorthand notations for sin(A), cos(A), sin(B) and cos(B). X, 
Y, Z, A and B are the positions of the machine tool 's axes, and dE and dF are offsets of the 
rotational axes. 

If the workpiece is clamped so that the workpiece coordinate system is coincident with the 
coordinate system of the table, Eq. (l) expresses the orientation and position of the 
workpiece relative to the tool. If, however, the workpiece is clamped in an arbitrary 
orientation and position on the table, a transformation T2 from the table centre to the 
workpiece coordinate system must be applied; 

['" 
rl2 rn I,] 

r21 r22 r23 l\" 
I;= 

rn l . (2) 
r,l r" ' 
0 0 0 I 
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The matrix T2 can be found from measurements of the workpiece position and orientation 
after clamping, or from the fixture design. 

The inverse kinematics of the five-axis machine is found by solving the equation 

X 

j y 

k z 
0 0 0 

= 

0 0 

0 0 

1 0 

0 0 0 

(3) 

Elements indicated by dots in the equation represent the orientations of the tool 's x- and y­
axis, which are not specified. 

From solving Eq. (3) we get 

B = arctan2(-(r11 i+r12 j+r13 k),(r21 i+r22 }+r23 k)) 
A = arctan 2( -( s8 r12 j+s8 r11 i-c 8 r21 i+s8 r13 k-c8 r23 k-c8 r22 j),(r13 k+r12 j+r11 i)) 

X= c8 yr12+c8 xr11+c8 lx +c8 zr13+s8 xr21 +s8 yr22+s8 zr23+s8 l" 

Y = c Ac 8 xr21 +c Ac 8 yr22+c Ac 8 zr23+c Ac 8 l" -c A s 8 zr13 -c A s 8 lx -c A s8 yr12 -c A s 8 xr11 

+c Ad F-s AdE-sAlz -s Azr13-s Ayr32 -s Axr11 -d F 
Z = c Ayr12+c Alz +c Azr13+c Ad E+c Axr31+s Ac8 xr21 +s Ac8 yr22+s Ac8 zr23 

+s Ac 8 l" -s A s 8 zr13 -s A s 8 lx -s As 8 yr12-s A s 8 xr11 +s Ad F-d E 

(4) 
(5) 

(6) 

(7) 

(8) 

The range of the A-axis (tilt axis) is 0' - 95'. This must be taken into account when the 
machine tool axes are calculated, as described in Algorithm_l: 

1 Algorithm_1 
2 calculate B Special case: If B = arctan2(0,0), then B := 0 
3 calculate A If A< 0, then A := -A and B := B + 180' 
4 calcu1ate X, Y and Z 
5 end Algorithm_1 

3. LINEARISATION 

When generating CL data, the CAD/CAM system presupposes that the tool movement 
between two points specified in the CL data file will be rectilinear (straight-lined) in the 
workpiece coordinate system. However, on a machine tool, the motion of the cutting tool is 
linear interpolated in the absolute coordinate system. Due to the rotational axis of a multi­
axis machine, a tool movement that is rectilinear in the absolute coordinate system will not 
be rectilinear in the workpiece coordinate system. Therefore, the ideal tool movement 
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Linearised tool movement 
Ideal tool movement 

' 
" Unlinearised tool movement 

" workpiece 

Figure 1. Movement of the tool between Po and P1. 

should not be rectilinear in the absolute coordinate system. The ideal tool movement 
between two points (P0, P 1) can be approximated by a linearised tool movement (Figure 1). 

Po and P 1 are tool positions and orientations specified in the CL data file, 

Po =[xo Yo Zo io jo Zo] 
PI= [xl Y1 Z1 ii ji zi] 

(9) 

(10) 

By using Algorithm_1 we obtain positions of the machine axes at the start point and end 
point of the tool movement, 

Qo = Qo(Po) = [ Xo fo Zo 

QI =QI(PJ=[XI I; ZI AI 

(11) 

(12) 

To identify the need of linearisation, we must calculate the deviation between the ideal 
movement and the unlinearised movement with respect to both tool position and tool axis 

orientation. The position deviation at a point P' = [x' y' z' i' j' k'] between Po and 

P1 is 

(13) 

where 
0<1<1, (14) 

·* * l X 

r 
k* 

* 

y. = [J;(Q*):z;(Q·)r. 
z 

(15) 

0 0 0 

and 

0<1<1. (16) 
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The orientation deviation is 

a = arccos(i'-i* + j'-r + k '·k.). (17) 

A linearisation procedure is listed in Algorithm_2. The algorithm is recursive; it calls itself 
until the accuracy of the approximated tool movement is within the specified tolerances. 

1 Algorithm_2 (Po, P,) 
2 if position deviation at the midpoint > TOL_P 

or orientation deviation at the midpoint > TOL_A, then 
3 calculate new P' between Po and P1 (P' = 0.5·P0 + 0.5·P1) 

4 calculate new machine axis values Q' = Q'(P} 
5 call Algorithm_2 (Po= P0, P 1 = P} 
6 print Q' to NC file 
7 call Algorithm_2 (Po= P', P1 = P 1) 

8 end Algorithm_2 

In Algorithm_2 the point that is used to identify the need of linearisation is the midpoint 
between Po and P, (50% of the distance between Po and P1). The same method is used by 
[1]. To test the accuracy of this method, a computer program was used to calculate the 
position deviation and orientation deviation for 6.2 · 105 different tool movements in the 
machine tool 's workspace. Each tool movement was divided into 100 steps. The maximum 
length of tool movements in the tests was 50 mm. 

First, the tool orientation deviation is considered. The point of maximum orientation 
deviation is found between 37% and 63% of the distance between Po and P1 for all the 
tested tool movements. The deviation at the maximum point can be up to 12% higher than 
the deviation at the midpoint. Therefore, if the maximum allowed orientation deviation is 
TOL_ANGLE, the allowed orientation deviation at the midpoint (TOL_A) must be set to 
TOL_ANGLE/1.12 to achieve the required accuracy when Algorithm_2 is used. 

Next, the tool position deviation is considered. The computer test showed that the point of 
maximum position deviation is between 24% and 76% of the distance between Po and P, 
for all the tested tool movements. Further, the tool position deviation at the maximum point 
could be up to 62% higher than the deviations at the midpoint. Large difference between 
the midpoint deviation and the maximum deviation occurs if the tool movement is long and 
the tool orientation variation within the tool movement is large. If the maximum allowed 
position deviation is TOL_POSITION, the maximum allowed position deviation at the 
midpoint (TOL_P) must be set to TOL_POSITION/1.62. 

Algorithm_2 is guaranteed to give high accuracy tool path if each tool movement in the CL 
file is not Ionger than 50 mm relative to the workpiece, even if the tool orientation 
variation within the movement is very large. Generally, for CL data generated on a 
CAD/CAM system the tool movement lengths are significantly shorter than 50 mm, and 
the tool orientation variation within each tool movement is small. Therefore, we can 



512 

B -axis position 

\ j -·-·-·-·- with Algorithm_3 
\ 1 ················· without Algorithm_3 
\i 

i~ 
1\ 
'I 
I \ 
i I 
L ........ '.__ __ _ 

Figure I. The effect of Algorithm_3. 
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Table I. Maximum tool orientation error 
introduced by Algorithm 3 

y: s· 4· 3· 2· r 
error: 3.6· 2.9· 2.1" 1.4• O.T 

y: 
error: 

0.5" 0.3· 0.1· 0.05" 0.01" 
0.4· 0.2· O.OT 0.04. O.OOT 

conclude that the algorithm will give high accuracy linearisation for all practical 
applications. 

4. SINGULAR CONFIGURATION 

At A=O the solution of B is non-unique, i.e. that the rotational table is in a singular 
configuration. Near the singular point there could be a discontinuity of the B-axis position; 
the linearisation algorithm would never reach its stop criteria and the postprocessor would 
fail. To avoid problems of a tool movement through the singular configuration the 
following algorithm is suggested to modify the output of Algorithm_l: 

I Algorithm_3 
2 if A < y, then 
3 B :=B · Aly 
4 calculate new values for X, Y and Z 
5 end Algorithm_3 

Algorithm_3 will prevent discontinuities of the B-axis posttton near A = 0 (Fig. 1). 
However, the algorithm will introduce an error in the tool axis orientation, which depends 
of the size of the y angle (Table 1). It should be noted that Algorithm_3 is consistent with 
line 2 in Algorithm_l. 

The value of y could be chosen so small that the required accuracy could be achieved. A 
reduction ofthe y value increases the size ofthe NC file and the machining time slightly. 

5. FEED RATE CONTROL AND ESTIMATION OF THE MACHINING TIME 

In a multi-axis machine tool, movement of the rotational axes affects the relative feed rate 
between the tool and the workpiece. In order to keep a constant relative feed rate, an 
adjusted feed rate must be calculated for every block in the NC file. Algorithm_ 4 describes 
a feed rate control procedure. 
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Algorithm_ 4 
calculate the duration of the tool movement: 

t =~(xl -xoY +(yl- YoY +(zi -zoY /F 
if I X1-Xo 1/ t > maksfeed_X, then t =I X1-X0 1/ maxfeed_X 
if I Y1-Y0 1/ t > maksfeed_ Y, then t =I Y1-Y0 1/ maxfeed_ Y 
if I Z1-Zo 1/ t > maksfeed_Z, then t =I Z1-Zo 1/ maxfeed_Z 
if I A1-Ao 1/ t > maksfeed_A, then t =I A 1-Ao I/ maxfeed_A 
if I B1-Bo 1/ t > maksfeed_B, then t =I B1-Bo 1/ maxfeed_B 
calculate new feed: 

F'= ~r-( x-~-_-X_o_Y_+_(Y.-1 ---Yo_Y_+_(_zl ___ z_o--,--Y /t 
end Algorithm_ 4 
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(18) 

(19) 

The duration of the tool movement is increased if the maximum feed rate is exceeded for 
one or more of the machine axes. By adding all the movement durations for the whole tool 
path, the total machining time can be estimated. The machining time is used in the next 
section to optimise workpiece clamping position. 

6. OPTIMISA TION OF THE WORKPIECE CLAMPING POSITION 

As described earlier in this paper, the travel of the A-axis is restricted to o· - 95". As a 
result, the B-axis sometimes will have a 180" turn near A=o·. The 180" turn will take some 
time, and it is therefore unwanted. 

The workpiece can be clamped so that the position and orientation of the workpiece 
coordinate system is different from the coordinate system of the machine tool table. Then, 
the A-axis may never reach o·, and the problems with the 180" turn can be avoided. The 
optimal workpiece clamping position can be found by postprocessing the CL data with 
different values for the elements of Eq. (2). 

The machining time is estimated for a tool path for a specific workpiece with different 
clamping orientations (Table 2, Fig. 2). The estimated machine times are verified at the 

Table 2. Estimated machining time 
9 t [s] 
0° 175 
30° 115 
60° 115 
90° not possible (upper Iimit of A­

axis position is exceeded) 
y = 0.06° 
Nominal feed: 1000 mm/min 
Max feed: X, Y and Z-axis: 28000mm/min, 

A-axis: 1000 °/min, B-axis: 2000 °/min 

, 
"""" e Xw 

workp1ece CO­

ordinate system 

Yw 

-y, 
table coordinate system 

Figure 2. Workpiece orientation. 
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machine tool. At 9 = 0° the B-axis will have multiple 180° turns near A = 0°, but at 9 = 30° 

and 60° the A-axis will never reach 0°, and the machining time is reduced. 

Sometimes, there will be problems with collision between the tool and some other part of 

the machine tool system. Besides, there can be problems because of limited travel of the 

machine tool axes. These problems may be solved by a new clamping position and 

orientation, which can be found by postprocessing with different values of Eq. (2). 

7. COMPENSATING FOR INACCURACIES OF WORKPIECE CLAMPING 

When a workpiece is clamped in a multi-axis milling machine, it is usually very important 

to position the workpiece coordinate system as supposed by the postprocessor. Small 

deviations in the clamping position may cause large dimensional errors of the workpiece. 

Aceurate clamping is especially important if the workpiece has to be machined in several 

setups. 

To compensate for clamping inaccuracy, the workpiece position can be measured in the 

machine after clamping, and the position information can be put into Eq. (2) before the CL 

data is postprocessed. Then, the kinematics of the postprocessor will compensate for any 

position and orientation error. 

8. CONCLUSION 

The maximum deviation between an ideal tool movement and an unlinearised tool 

movement will generally not be at the midpoint of the tool movement. This fact must 

be taken into account if the midpoint is used to identify the need of linearisation. 

- Problems with tool movements near a singular configuration can be avoided by using a 

algorithm that will introduce a small tool orientation deviation. 

- Postprocessing can be used to optimise the workpiece clamping position in order to 

reduce the machining time. Inaccuracies in workpiece clamping can be compensated. 
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ABSTRACT: In applying group technology to cell formation, information on product vol­
ume, machine capacity processing time, and many other parameters, on similar manufac­
turing operations or handling cost, are of !,Tfeat importance. In this paper is proposed an ap­
proach based on information for estimating parameters' data so that different factors can be 
considered. The analysis of the data has been performed using the functions between ma­
chines and parts in terms of membership functions. The measure of the possibility of qual­
ity loss is estimated in tcrms of information measuring the distance of the real solution from 
an ideal solution on the basis of the Min.xl:'nt principle of Kulbach and Leiblcr. The opti­
mum solution is found analysing objective functions using the Jaynes' MaxFnt principlc of 
maximum entropy. 

I. INTRODUCTION. 

The analysis of a manufacturing system s ~ t r . n l involves a set of elements processed un­
dcr external constraints. The fundamental condition to get a successful analysis is the de­
pendence ofthe system on a finite and limited set of appropriatc parameters. The reduction 
ofthe parameters involves a lowest value ofthe entropy, the stability and the reproducibil­
ity of the same system. The set /) of features of the system can be divided in the two subset 
n = Au Q in which A is a set of parameters of design and {} is the set of paramcters of ma-
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chines. lJ is used as input data for designing the cellular manufacturing system. In analys­
ing the process of parts to the set A of parameters of design corresponds a set 8 of charac­
teristics ofthe machines. On the basis of set B a set C ofmachines is chosen. Formally 

A :::} M is true iff exist B such that A, B 1- C' ( 1) 
Many parameters, such as machine capacity, product volume, processing time, handling 

cost are used in the formation of a cellular manufacturing system. All these factors are 
studied using many different procedures. The possibility of getting the design's quality on 
the processed parts has a significant impact on the performance of the system. In this ap­
proach is applied the factor of quality to cell formation. The relation between N = {x, .... ,xn} 
parts and c = {y1, •.. ,y"'} machines are used to form an incidence matrix X whose entry XiJ 

(i = l, ... n; J = l, ... ,m) has a membership value 11(x,.y) indicating the possibility of getting the 

quality of the part i processed by the machine j. The degree of possibility 1r(x,.y1 ), on the ba­

sis ofthe Consistence Principle, is greater or equal to the degree ofprobability p(x,.y) then 

every part i processed by machines j has the degree of membership 
ll(x,.y)= 7t(x,,yJA pk,y). In the similarity between two machines, close the number of 

common features is necessary to add the parameters on the quality of the processed parts. 
Many dustering algorithms have been developed for cell formation, but the control of 
quality, or the probability to lose quality, is esteemed, very often, in aseparate phase. 
Using the theory of the sets, the rules and the logic relationships, that tie the different ele­
ments of S in design and production, can be defined. The traditional control of quality is a 
measure of features of the products, with reference to the design's specifications and statis­
tical processing of data. The analysis with statistical functions involves results not very 
logic: under the same variations, in extemal points, we can have low Variations of quality 
and in central points we can have !arge variations. In the use of a product the ideal quality 
is quite different from technological definitions: it is not a crisp correspondence of meas­
ures of data, on product's features, from the data of design. The definition of quality is 
quite soft. Taguchi's definition of ideal quality issoft and he involves the customers whom 
must receive the target performance each time the product is used: 

The ideal quality is that which gives full satisfaction to the customers during per­
formance, in operating conditions and etc 

The quality Ievel can be measured in terms of satisfaction loss. 
In most situation a quadratic functions gives data on quality loss. 
The philosophy of design is: 

Definitions of parameters of design on product. 
Definitions of influence design's parameter on product's performance: control of 
quality in running design and development. 
Efficient experimentation to find design parameters that influence target performance. 

The quality loss is obtained with the control of average of values and the square deviation 
from the own mean. The control of average is easy to do while the control of square devia­
tion is more difficult. The quality can be controlled processing the values of membership 
functions of attributes obtained by confront the ideal data of quality with the real data of 
product. 
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2. RELATION OF QUALITY 

The reduction of dependence of the system from a finite and limited set of appropriate pa­
rameters involves the distribution of probability on a reduced number of elements. The en­
tropy on a reduced system is lower than one with higher numbers of parameter and can 
more easily controlled. The control of quality loss can be carried on utilising the principle 
of MaxEnt. On a system the probability can have infinite distributions but in conditions of 
equilibrium the distribution is assigned by Laplace-Bemuilli's Principle of Insufficient Rea­
son A set M of values of membership functions of attributes can be obtained confronting 
the data of desibJß quality with the data on parts produced by the available machines. The 
quality is controlled by using the set M with flexible constraints. The values of membership 
functions derive from the philosophy of design and control. Let x = (x1 ,x2 , ... ,x,f the factors 

of design and y= (y1,y2 , ... ,y"t the factors of production the function P(x,y) f(x,y) is the 
relation of quality. lndicating with: 

l! the universe ofparameters and T ~ U a subset ofU. 

11 = {x,} a subset of values of ideal qualitv ( design) and 7'n = {y,} a subset of real 
qualitv (machines). 

nr The cardinality ofsets 7/ = {x,} and 7'n = {y, l. 
R a binary relation of quality. 
P(x,y) a proposition of quality. 

M a set of membership functions generated by R with cardinality nr . 
In the space 7/ x 1'n = T x T to each tuple (x, .y,) of elements x, E 7~ and 

Y, E 7R~orresponds a set M ofmembership functions M = v(x, ,y, )} with j *- j =>J.l(X;,y,)=O 

M={yE1l<.xE7/.i=j:yRx} (2) 
where the Statements yRx means "the real value y 1 is in relation with the ideal value x, 

iff the proposition P(x,y) give a non empty set M = v(x,.y1 )}". The relationyR.x ofquality 

involves the conditions: yRx * xRy xR= * =Ry =Je V= E Z. The relationship yRx gives 
the set M while the relationship xRy gives a set G with a different meaning. The sets M and 
G contain all the membership functions. The values of membership functions give the pos­
sibility of achieving the ideal quality. 

3. QUALITY EVALUATION 

Let a system s = (C,A)= (C.{T. r}) in which 
(' is a non empty set set set of machines 
A isanon empty set of design specifications and machine's characteristics. 
Ta set of system range. 

- V a set of design range. 
lf M and G a non empty set of values of membership functions J.lt-r,. y,) and yk, y J for 

the set of machines range T ~ A = {r,} and a set design range V ~ A = {y,}, in the 
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space 7' x V for x e X and y E V exist two set A and G. 

The set A is the non empty set 
M = ~-t(x,y)= {y E IR ,x E lj ,i = j: yRx} (3) 

The set G is the non empty set 
G=y(x,y)={ve1R,xel/.i=.J.'XRy} (4) 

Indicating, as in figure 1, the common and the system range the proposition of quality is 
P( x,y) = !common range 1/lsystem rangel (5) 

M =~~nlc9)/lc9 =IF~~~~ =~(x,.y,)E[O.lll (6) 

G =~ABI n !col)/1~ = FE/IABI = ~(x,..v,)E [o.1]} (7) 

1f ~-t(x,,yJ = 1 means that the manufacturing system achieves all the specifications of 

designers 
If ~-t(x,.y;) = 0 means that the manufacturing system cannot achieve the specifications 

of designers 

If ~-t(x;·Yi) = z and O<z<1 means that the manufacturing system has the possibility of 
achieving all the specifications of designers. 
1f y{x;.yJ = 1 means that designers achieve all the manufacturing system's specifica-

tions 
Jf y(x;.yJ = 0 means that designers cannot achieve the manufacturing system's speci-

fications. 
Jf y(x,.yJ= = and 0<::<1 means that designers have the possibility of achieving all the 

specifications of manufacturing system. 
The elements of M and G measures the probability of success in processing parts. In the 
relation between the m machines and n parts, the values of ~-t(x,.y;)and y{x;.y,)indicate the 

probability of achieving the quality of the part i processed by the machine j. If d is the 
probability distribution of success that the ranges of the manufacturing system can achieve 
designer's specifications, and g is the probability distribution of success that the designer's 
specifications achieve with the range of manufacturing system, then the distance D( d:g) 
between the distributions, measured in Minkowsk's metric, is given by 

I 

D(d:g)=[ ~~(x,,y,)-y,(x,,y,)YP JP (8) 

-d represents the distribution when a priori data is the design range and is running the for­
mation of set of machines ( system range ). 
-g represents the distribution when a priori data is the system range and is running the 
formation ofthe set of design's range. 
In the Minkowsk distance where when p = 1/2 the value of D is the Hamming's distance and 

when p=I is Euclidean distance. The distance D(d:g) in terms of infonnation is given by 
Kulbak and Leibier definition of cross-entropy 

D(d• ) __ , ll (x,.y,) .g - L..ll (x,,y, )ln-----'-­
' y( x,.y,) 

(9) 
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When D( d:g)=O means that all objectives have been achieved and the cross-entropy is 
zero. Ifin the formation ofa system the a priori data is the set ofthe design's range then 
we must choose 1-1(x,.y) in order to minimise the cross-entropy (principle of Min.xHnt). 

Since r(x,.yJ are fixed data to minimise D(d:g) it means to make maximum Shannon's 

entropy 
(10) 

r; 
..s)rs111:m ~lgll Orcv.p I Grau.p 2 arrup 3 

7Q'W" su ra»ge f-LlXiYI) fl'J(XiY) fL3(x,Y). 
A].= Ilo.J,O,n range 

XJ Sü du 0,9 0,9 0,9 CD= Sy.Jtem r~e 

X2 su cln 1 1 0,9 EF = Common ronge 

XJ Sß dn 0,7 0,9 0,9 
A iJ 

X-4 s,4 di4 0,8 0,8 0,8 c; i " X_s S,.s dis 1 1 0,9 

xo~; S;~ dj6 0,9 0,9 0,9 F: :e; 

X7 St7 d.n 0,6 0,6 0,6 Design paramet.er 

Xg s,g d1a 0,7 0,7 0,9 (iABiniCiil)= f~ 
XSI St51 dl9 0,7 0,7 0,9 

XJO silo dno 0,4 0.7 0,8 
Entropy 4,2lli 4,93::1 5,468 

Figure 1 

It is possible to use the principle ofthe MaxEnt of Jaynes in order to optimise the formation 
of a cellular system using Shannon's definition of entropy or the equivalent definition of 
Wiener. 
A finite soft set F = Mx.y).x,y} '\lx,y E c in different engineering disciplines can to meas­
ure the efficiency or quality in a system. The membership function ll(x. y) E [0.1] represents 
quality. An ideal process will be f.1(x,y)= 1. The value ~ = (f.l(x.y)-1) represents the quality 

loss. If 1 = {x.y Eu: ll(x.y)= 1} is the set in which all elements are ideal and i is the ideal 
probability distribution the Euclidean distance are 

D(d:i)=[ ~~(x,.yJ-!Y r D(g:i)=[ ~(r (x,.y,)-!f J 2 
( 11) 

By the sum ofthe square of quality loss the term D=( ~~(x,._v,)-1 f J 2 
represents a point on 

surface SD of a hypersphere of n dimensions. Utilising the statistical terms D( d:i) is given 

by 

D= n((u-l)'+~s') a=!.I,u(x) a= =-1-I:(.u(x)-lf (12) 
n n, n-1, 

where a and s1 are, respectively, the mean and the variance of .u(x). When n is large the 

equation can be written 

0 2 =n((a-1)2 +cr 2 ) (13) 
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The quality lost is oftwo tenns: (a -1)2 resulting from the deviation ofthe average value of 

,u(x) from the target .!.. Lll(x) I, and cr 2 resulting from the mean squared deviation of 
n, 

11(x) from its own meana. 

1t is possible to define the entropy of the system for a valuation of quality loss. The entropy 

is a generic value with very )arge means not connected to the probabilities. It is possible to 

define the idea of infonnation for non-probabilistic events. It is possible to define entropy 

using the definition 
def 

J(P(.t)) = -io.R.,(P(.I)) ( 14) 
in all situations. Using Wiener's definition of entropy the expression is 

H = -log 2 {(a- I )2 + a 2 ) ( 15) 

The measure of entropy, in probabilistic terms, indicates that in order to reducing the prob­

ability of quality loss, we must operate on reducing the deviation of average value or (and) 

mean squared deviation from own mean. In the figure 1 are reported the result of an exam­

ple. In accordance to Jaynes' MaxEnt principle, we have the best solution in the third 

group with the max value of entropy 

4. CONCLUSION 

In applying the group technology to the cell fonnation, we have used an approach based on 

infonnation for estimating parameters so that different factors are considered. The measure 
of the possibility of quality loss is estimated in tenn of infonnation measuring the distance 

of the real solution from an ideal solution on the basis of the MinxEnt princip1e of Kul­
bach and Leib I er. The quality loss is determined by using a set of memberships functions 

in soft set logic on the basis of a relation function of quality loss. The measure of entropy, 

in probabilistic tenns, indicates that for reducing the quality loss, we must operate on re­
ducing the deviation of average value or (and) mean squared deviation from own mean. In 
agreeing with the Jaynes' MaxEnt principle implies that, for having optimisation, the en­

tropy shou1d be maximised. The optimum solution is found analysing objective functions 
using the principle of maximum entropy. 
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ABSTRACT: In order to achieve high productivity under the turbulent production environment, 
production systems have been changed into cellular manufacturing systems. That involves dividing 
of production system into some cells by collecting similar products and machines in manufacturing 
process. In this paper, a neural network approach for solving cell formation problern is 
investigated. We modify the binary self-organizing neural network algorithm (ARTl) by changing 
the weight vector updating equation and using a set of supplementary procedures. The 
effectiveness of the proposed algorithm is shown by comparing of grouping efficiency with some 
other well-known approaches like rank order clustering method and AR Tl neural network (original 
and another with reversed ones and zeros). 

1. INTRODUCTION 

Group technology (GT) is an important management philosophy that identifies and exploits 
the similarities of product design and manufacturing process for improving the productivity 
of batch manufacturing systems. GT has been used as a technological innovation in small 
and medium-size batch production systems to achieve the economic advantages realizable 
in mass production. Cellular manufacturing (CM) is one of the successful applications of 
GT concept, which aims at harmonious assimilation of a firm's manufacturing facilities to 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology. 
CISM Coursesand Lectures No. 406, Springer Verlag, Wien New York, 1999. 



522 T. Mikac, M. Jurkovic and Z. Pekic 

produce similar parts. The fundamental problern in CM is to identify machine cells and 
component families. To solve the cell formation problern of identifying part families and 
their associated machine cells, a Iot of approaches have been developed. They can be 
generally dassified as visual inspection methods, part coding based procedures or 
production process based systems. In this paper, we are concemed with the latter approach. 
A binary machine-part incidence matrix derived from route card data models the machine 
cell formation problem, and this approach is referred to as a matrix formulation of the GT 
problem. Columns of an incidence matrix represent parts, rows represent machines. Once 
the incidence matrix is constructed, a dustering algorithm is required to transform the 
initial matrix into a solution matrix to help identify dusters. Problem involves a 
reorganization of the rows and columns of incidence matrix to obtain block diagonal form. 
Among a lot of suggested approaches to the cell formation problern such as similarity 
coefficient, array manipulations, mathematical prograrnming, graph theory, heuristics, 
matrix formulation methods and other dustering algorithms like fuzzy set theory, neural 
networks, genetic algorithms etc., an artificial neural network approach have been applied. 
Neural network approaches have been used to reduce the computational complexity, and 
they show the ability to identify similar pattems at high computational rates. Therefore, 
several neural network models are studied [1], and models basedonAdaptive Resonance 
Theory (ART) network [2,3] are suggested. The advantages of ART are its speed of 
calculation and ability of dealing with large problems. In this paper like some other suitable 
example [4], after describing the cell formation problem, a modified algorithm with ART! 
is proposed. Obtained results are compared favorably with popular algorithm proposed in 
the Iiterature [5] and with original AR Tl network as weil as ART! with reversing the zeros 
and ones. Final results show the effectiveness ofthe proposed algorithm. 

2. CELL FORMATION PROBLEM 

The procedure of the machines and parts to form cells in cellular manufacturing is called as 
the manufacturing cell design, and it is an important step in the development and 
implementation of cellular manufacturing systems. Performance of cellular manufacturing 
systems depends heavily on the cell structure. Forthat reason, the firstproblern towards the 
development and implementation of cellular manufacturing systems is that of cell 
formation. That involves identifying and grouping of machines which process similar 
components into machine cells and associating the part families that are processed within 
one cell. A part family consists of those parts requiring similar machine operations. At the 
same time, the parts that can not be processed within one cell may be identified. Grouping 
similar parts and associated machines and forming a cell by the parts and machines lead to 
reduce the parts that need processing in other cells and to increase productivity. To solve 
the cell formation problem, a Iot of approaches have been developed to identify part 
families and their associated machine cells. In this paper, we are concemed with the direct 
analysis of process information available in production flow analysis chart. The input to the 
cell formation problern is the binary machine-part incidence matrix { aij} derived from 
production flow analysis (PF A) chart. This approach is referred to as a matrix formulation 
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of the GT problem. Columns of an incidence matrix represent parts and rows represent 
machines. A matrix element ay is '1' if machine i is used to process part j, and '0' if 
otherwise. Table 1 shows an example of PF A chart for 8 parts and 10 machines. 

Table 1. PFA chart 
Machines 

1 2 3 4 5 6 7 8 9 10 
1 0 0 0 0 0 1 1 0 0 0 

p 2 1 0 0 0 0 0 0 0 0 0 

a 3 1 0 1 0 0 0 0 0 1 0 

r 4 1 0 1 1 0 0 0 0 1 0 

t 5 1 0 0 0 1 0 0 1 0 1 

s 6 0 0 0 0 1 1 1 0 0 1 
7 0 1 0 0 1 1 0 1 0 0 
8 0 1 0 0 1 1 0 1 0 1 

Once the incidence matrix is constructed, a dustering algorithm is required to transform 
the initial matrix into a solution matrix to help identify clusters. Problem involves a 
reorganization of the rows and columns of incidence matrix to obtain block diagonal form. 
The best solution is the mutually exclusive block diagonal matrix. It means all part families 
can be processed within their cells and it is not necessary to move parts among cells. Figure 
1 shows an example ofblock diagonal matrix for the PFA chart shown in Table 1. In most 
cases as well as in our example, the final grouped cells are not mutually exclusive, and 
entries outside the diagonal blocks are called exceptional elements. 

p 

a 
r 
t 

s 

8 
5 
6 
4 
3 
2 
7 
1 

10 5 8 
1 1 1 
1 1 1 1 

1 1 
1 
1 
1 

1 1 

Machines 
3 9 4 2 6 7 

1 1 

1 1 
1 1 1 
1 1 

1 1 
1 1 

Figure 1. A block diagonal matrix for PF A chart shown in Table 1. 

By the treatment of the exceptional parts which do not finish their process within one cell, 
cell formation problems can be classified by sufficient duplicating machines to form 
mutually exclusive groups or identifying the clusters of machines or parts without 
duplicating any of the machines. In this paper we consider latter approach, and exceptional 
parts that can't be processed completely in any one of machine clusters may be identified. 
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3. MODIFIED ARTl NEURAL NETWORK ALGORITHM 

The topology of the modified unsupervised learning AR Tl neural network consists of two 
layers: input and output layer. The structure of a neural network could be characterized by 
the interconnection architecture among neurons, the activation function for converse of 
inputs into outputs, and learning algorithm. The unit in one layer is connected with all the 
units in the other layer with bottom-up or top-down weight. The top-down weight 
represents the exemplar pattem of units in the output layer. Neuron x, in the input layer 
corresponds to an entry in the incidence matrix. The vector X= ( XJ, x2, ... , Xn) corresponds 
to a row of the incidence matrix. Each output node Yk corresponds to a part group. The 
steps to implement modified AR Tl algorithm for cell formationproblern are as follows: 

Step 1 Rearrange rows (machines) of incidence matrix in descending order of the number 
of 1 's in the row. In a case of a tie, the machine with the smallest identification 
number is presented first. 

Step 2 Define the number of neurons in the input layer n and the number of neurons in the 
output layer m and select a value for the vigilance parameter p ( 0 < p < 1 ). 

Step 3 Enable all the output units and initialize top-down weights W' and bottom-up 
weights Wb as follows: 

w; =1 

Wb =-1-
Y 1+n 

(1) 

(2) 

Step 4 Show a binary machine vector X to the input layer (X consists of elements x; ) 
Step 5 Calculate the weight sum of input and bottom-up weight as matehing scores for all 

enable nodes in output layer. 

(3) 

Step 6 Select a node that has the highest level of matehing score as a best match exemplar 
Step 7 Implement the vigilance test to verify that input pattem belongs to duster ( cell ). 

(4) 

The ratio of the nodes whose input and exemplar are matched as '1 ' is compared 
with the vigilance threshold. If V;> p there is resonance, go to step 9, otherwise go 
to step 8. 

Step 8 Disahle the best match node and remove it from the future calculation of matehing 
score. Then go to step 5. 

Step 9 Update the best matehing examler as follows: 
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where 

w~ = fo(ou) 

Wb= fo(0u) 
u 0,5 + I!o(oü) 

fo(x) = {~ 

LZ;p 

8--=~ y m, 

ifx>B, 0<0<1 
otherwise 

Z;p - element of machine - part matrix 
m1 - number of pattems which allocated node j 

Step I 0 If all input vectors are applied go to step 12, else go to 11. 
Step 11 Enable any nodes disabled in step 8 and go to step 4. 
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(5) 

(6) 

(7) 

(8) 

Step 12 Allocate the parts to their appropriate machine cells that has the most processes of 
the part. In a case of a tie, the machine cell with a high percentage of the part 
processes is selected. In a case of a tie again, the machine cell with the smallest 
identification number is selected as a associate cell. 

4. PERFORMANCE MEASURE 

Three performance measures are used to evaluate the quality of proposed solution given by 
the modified AR Tl cell formation algorithm [4,6]. 

a) Percentage of exceptional elements (PE). lt is obtained by dividing the number of 
exceptional elements (NE) by the total number of elements having the value of 1 
(N) in the final matrix. The smaller the PE, the better the dustering method. 

PE=NEIN (9) 

b) Machine utilization (MU) is the percentage of times the machines with the clusters 
are used in production. MU can be computed as: 

where: NI- total number of 1's within the groups, 
R - the number of groups, 
m, - the number of machines in the r1h group, 
n, - the number of components in the r1h group. 

(10) 
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The higher the MU, the better the machine are being utilized, and the better the 
dustering method. 

c) Grouping efficiency (GE) is an aggregate performance measure of clustering. It is 
measure to evaluate exceptional parts and machine utilization, and it is defined as: 

GE= 0,5 MU + 0,5 [1- NE/( MN- tm,n, )] 
where: MU- the machine utilization as defined before, 

MN- the size of incidence matrix. 

As a general rule, the higher the GE, the better the dustering results. 

5. NUMERICAL EXPERIMENTS 

T bl 2 C a e f 1 'thm ompanson o algon s 

I II NG I NE I PE I MU 
Rank Order Clustering 2 5 0 375 0 909 

Example I ARTI 3 6 0.312 0 917 
5x7 matrix ARTI with inversion 2 2 0 125 0 11?3 

Modified ARTI 2 2 0 125 0 823 
Rank Order ;msterinll 2 3 0.1&7 0.1112 

Example 2 ARTI 2 3 0 187 0 812 
5x7 matrix ARTI with inversion 3 4 0 250 1 000 

Modified ART1 3 4 0250 1 000 
Rank Order rlnot..rin" 3 (\ 0.400 ·am 

Example 3 ART1 3 4 0 266 0 846 
6x6 matrix AR Tl with inversion 2 1 0 067 0 778 

Modified ARTI 2 1 0 067 0 778 
Rank Order ;msterinll 3 3 0.200 1 000 

Example 4 ARTI 3 3 0 200 0 857 
6x6 matrix ARTI with inversion 2 0 0 0 750 

Modified AR Tl 2 0 0 0 750 
Rank Order Clusterinll 2 3 0 111 0 600 

Example 5 ARTI 4 8 0 296 0 905 
8xl0 matrix ARTI with inversion 2 3 0 111 0 600 

Modified AR Tl 2 1 0 037 0 619 
Rank Order ;msterinll 2 6 0 IR? 0 ~.10 

Example 6 ARTI 0 3 8 0 243 0 735 
I Ox I 0 matrix ARTI with inversion 3 6 0 182 0 818 

Modified AR Tl 3 6 0 182 0 818 
R:mk Ort!P.r C'lu<tP.rin<J 1 9 0.176 0 !140 

Example 7 ARTI 3 8 0 156 0 860 
I Ox 15 matrix ARTI with inversion 3 8 0 156 0 860 

Modified AR Tl 3 8 0 156 0 860 
Rank Order C:lusterin2e 1 11 0 ?fiO o10il 

Example 8 AR Tl 4 8 0 160 0 750 
15x15 matrix ARTI with inversion 3 8 0 160 0 500 

Modified ARTI 4 8 0 160 0 677 

(11) 

I GE I 
0 829 
0 850 
0 856 
0 856 
0.!146 
0 827 
0 913 
0 913 
07!14 
0 836 
0 861 
0 861 
0 !117 
0 860 
0 875 
0 875 
0 736 
0 885 
0 763 
0 716 
o710 
0 807 
0 864 
0 864 
0 R7~ 
0 890 
0 890 
0 890 

o:592 
0 851 
0 721 
0 814 
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In order to clarify the effectiveness of the algorithm proposed in the preceding section, we 
report on our experiment in solving eight different grouping problems using four methods, 
rank orderdustering [5], original ARTl and AR Tl with reversing zeroes and ones [2], and 
our dustering modified ARTl neural network method. We coded a computerprogram in 
Visual c++ and used an IBM compatible Pentium to perform the computations that can be 
seen in Table 2. NG is a number of groups, and other criteria are defined in previous 
chapter. It has been demonstrated that neural network approaches gives in most cases better 
quality of grouping than conventional techniques, but all neural networks do not give the 
same solution. In some cases criteria MU and GE performs better results, but 
simultaneously PE performs worse results. Reason for that is fact when the number of 
groups are increased number of zeros within the cells are decreased and simultaneously 
number of exceptional elements C 1' outside the machine cells) are increased. Because of 

Compari on ofPE 
PE 

E .. raplu 

Figure 2. Comparison of PE as a result of experiment 

0 kOC 

• AJ.TI 
Comparison ofGE 

-n-~~--~-;--:---...,.-l· 1n~ AllT I 
• mod AkTt 

• 
E.an1plcs 

Figure 3. Comparison of GE as a result of experiment 
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that the PE and GE criteria are taken as a competent measure as can be seen in next figures. 
With figure 2 where PE is shown in dependence of example and applied algorithm, we can 
daim that the proposed algorithm is not always best but in seven of eight examples reach 
the best level in comparison with other approaches. Also, as it is shown in figure 3 
proposed algorithm six times reach the best level, so we can condude that is not always 
best but better then the other approaches in average. 

6. CONCLUSION 

In this paper, we proposed modified ARTl algorithm as a novel approach for machine 
cell's formation problems and darified effectiveness of the approach by numerical 
experiments. We modify the self-organizing ARTl neural network algorithm by changing 
the weight vector updating equation and using a set of supplementary procedures. In 
comparison with some another dustering approaches, we can finally daim that the 
proposed algorithm has the effectiveness. The results suggest that the modified ARTl 
could consistently produce a quality result to a cell formation problern in considerably short 
time. But, it should be mentioned that the paper only deals with the machine cell formation 
based on the machine-part matrix without considering other manufacturing data such as 
operation times, production volume and so on. To take these additional factors into 
account, other neural network models should be investigated. 
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ABSTRACT: 
As a result of permanent development, and tradition in manufacturing and application of 
Tool Milling Machine, feasibility study from which we expect answer about possible 
substitution of 5-axes milling by Machine Tool with HPM (HexaPod Mechanism) carried 
on. Development of production systems is characterised with tendency to build machining 
systems with higher degree of automation, flexibility and integration of operations. In 
production of very complex workpieces like moulds, dies, stamps, turbine blades, prothesis 
and other workpieces with free formed surfaces we wish by using Machine Tools with HPM 
and HSP (High Speed Machining), to promote the process of machining, achieve better 
quality and productivity. 

1. INTRODUCTION 

Production without development is difficult to exist at the instable and turbulant market. 
Permanent changes, quick development of technology, technics and informatic sciences as 
well as significant changes at the world market and orientation to the globalisation of 
economy and production represent the facts of the present situation. For this reason,. the 
management philosophies change-it has the greatest impact on industry in terms of quality, 
productivity and competitiveness. 
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The possibilities of automatisation are such that enable the reduce of labour in the process of 
production. Recent efforts of experts are related to the increase of quality, to shorten the 
production process, increase of flexibility as the key for creation of success in the future. 
The mentioned changes in production sign.ificantly influences development of machine tools 
and related technologies. 

2. TOOL MILLING MACBINES 

T ool milling machin es are very complex machine tools, very often called also universal 
vertical milling machines, equiped with great number of different facilities which make their 
sign.ificance more universal. Speaking about tool milling machines, special attention has been 
payed to the working space such as access to the working space and being easy to survey. 
By regular equiping with vertically main spindie, linear motion on the axes X,Y, Z, tool 
milling machines are often equiped with: 

- horizontally main spindie 
- vertically high speed spindie 
- dividing head 
- circular dividing table 
- universal swivel table 
- slotting head and great number of accessories, jigs and fixture for workpiece and 

tool. 

The mostfrequent solutions are CNC-computer numerical controle for 3- linear axes and 
the manual controlled axes B and A,. is also possible. In case of complete automatization of 
tool milling machine, the numerical controlled rotated and swible table is built in, and which 
gives special complexity to the realization of such tool milling machine. The tools, produced 
by such machines are as follows: 

- milling cutter, end mills 
- boring tools 
- shaped profile cutter 
- forging dies 
- pressure die castings for metal 
- metal mould castings 
- glass mould castings 
- stamping tools 
- bending dies, deep drawing dies 
- dies for precision casting 
- injection mould for plastics 
- model for copying 
- electrodes for EDM 

On the tool milling machines it ispossible, besides mould and dies, the machining of very 
complex workpieces such as thin compressor rotor blades for gas and steem turbines, water 
turbines and propellers. T ool milling machin es could very successfully perform the 
machining of parts of fuselage, rockets and other complex parts. 
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The development of tool milling machin es in INAS Machine Tool Company lasts for a long 
time, so that the first tool milling machine has been introduced to the market in 1954. Its 
development has been shownon the table 1. On the figure 1. the design ofthe Tool Milling 
Machine ALG- 100 C and on the figure 2. Tool Milling Machine ALG 100F are shown. 

Tabl 1 D e . d d eve opment an . pro uctton o 00 lg ac em -fT 1 Millin M hin . INAS TAS d .0.0. 

Year of Type ofTool Working Surface Numberof 
production Milling Machine Width x Length CNCAxis 

fmml 
1954. ALG-100 215 X 600 
1962. ALG-200 250 X 1030 
1963. ALG-100 B 215 X 600 
1967. ALG-100 C 215 X 600 
1967. G-301 300 X 1100 
1968. G-301 H-31A 300 X 1100 Hvdrocopy 
1970. G-301 D1, D2, D3, D4 300 X 1100 
1971. G-301 NC 300 X 1100 3 
1976. ALG-1000 215 X 600 
1977. ALG-200B 250 X 1030 
1978. G-01 NC 300 X 1000 3 
1979. AGBH500CNC 500 X 1000 4 
1980. ALG-100 E 215 X 600 
1980. G-301 HA/400 400 X 1100 
1981. AG-400CNC 500 X 800 3, 4, 5 
1986. AG-250CNC 325 X 500 3, 4, 5 
1992. ALG-100RE 215 X 600 3 
1997. ALG-100FR 215 X 600 3 
1997. AG-434CNC 320 X 600 3 
1998. AG-434V NC/CNC 320 X 600 3, 4 
1998. AG-755VT CNC 500 X 800 3, 4 

3. TECHNOLOGICAL ANALYSIS OF TOOL MILLING MACHINE 

All, up to the present developped Milling Machines in INAS Machine tool company are 
characterized by serial feed drive axes. During the last few years, a new trend of Milling 
machine tools development in the world intensified on the basis of parallel kinematic 
mechanisms. Milling Machine T ools of Hexapod type and other similar kinematics by their 
characteristics seems to be more efficient than convential ones. In the new century, the 
following characteristics are expected from the machines tools: 

- more flexibility 
- greater concentration of operation 
- high precision of dimension and shapes 
- high quality of machining surface 
- higher speed of cutring 
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- higher feed rates and feed velocity 
- shorter time for tool exchanges 
- higher productivity 
-lower purchase price 
- less harmful influences on the environment 

170 f97 ---

1~0 

Figure 1. Tool milling machine ALG-lOOC Figure 2. Tool milling machine ALG-lOOF 

In INAS Machine Tool Company the feasibility study of HEXAPODis in the course of 
elaboration. From the study we expect the answer about possible substitution of 5-axes 
milling with machine type HEXAPOD. The field of its use is in rapid production of 

prototypes, in high quality and finish machining of stee~ hardened stee~ cast meta~ 

aluminiuro and copper. 
Characteristic workpieces are moulds, stamps, turbine blades and propellers, prothesis and 
other workpieces with free formed surfaces. Such workpieces require the use of 5-axes 
CNC contro~ especcially at complex dies which now are produced by 3-axes CNC control 
using a great nurober of thechnological solutions. Dies are devided in sections using a great 
nurober of mechanic accessories and technics of hydrocopying. The final process and 
finishing are carried out manually. This is a longterm and hard work with great possibilities 
to fail the workpiece. In other hand, the milling machines with HEXAPOD mechanisms and 
using the high speed machining undoubtedly represent the advantage. In most cases, it is 
possible to realize the complete machining on the same machine and in one clamping. 
Production of dies and moulds don't require models for copying and manual finishing is not 
necessary or reduced to the minimuro. 
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The expected advantages of Milling machines with HexaPod Mechanism (HPM) m 
comparison with conventional 5-axes milling machine are as follows: 

- machine is mechanically simple 
- the system of feed drive motions gives higher precision in postioning and stiffi:tess 
- the reduced mass of moving parts enables high er speed of feed drives 
- high er stiffi:tess of machine is suitable for high speed machining 
- the price of production is lower than of 5-axes convention machine 

Because of Iack of experience in high speed machining, at the same time, practical 
investigations are carried on in the field ofhigh speed machining. 

4. EXPERIMENTS 

The experience of INAS company in building 3-axes machine tools is very reach, while 
there is a very little experience in building 5-axes machine tools. Therefore, experimental 
investigation has been conducted trying to establish the influence of cutting toll position in 
regard to machined surface and feedrate direction, fi.gure 3. It particulary consider 
machining with high speeds, when surface quality is one of the main goals. The experimental 
results should help in defining what effects could be expected when HSC is applied for 3-
axes milling machine in comaprison when HSC is applied for 5-axes milling machines or 
HPM based machine tools. The machine tool available for this investigation was 3-axes 
CNC milling machine, equiped with turbine capable of running up to 40000 rpm. The 
simulation of 5-axes milling ( or simulation of inclination angle of cutting tool) was 
accomplished with workpieces premachined in a manner that machined surface (upper 
surface of prismatic part) forms an angle of + 10 or - 10 with XY plane. The angle of 
inclination could be defined in the plane containing feedrate vector, fi.gure 3b, and plane 
perpendicular to feedrate vector, figure 3a. 

-ß +ß 
--~ 

a) In the plane perpendicular 
to the feed rate vector VJ 

I b) In the plane containing 
feed rate vector v1 

Figure 3. The inclination angle of cutting tool in regards to feed rate direction 
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Applied cutting tools were ball nose end mills, and measured value was surface roughness. 
The aim of investigation was to find the mathematical model describing dependence 
between surface roughness and on feed rate, depth of cut and inclination angle of cutting 
tool in regards to feed rate d.irection. 
It is to expect that the change of inclination angle from 0° could produce better surface 
quality because ofbetter cutting condition. At the same time, inclination angle makes cutting 
tool more sensitive to vibrations. For that reasons the preliminary experiments has been 
carried on, showing that "side" inclination (figure 3a) generates vibrations and chattering, 
and unacceptable quality of machined surface. Much better results has been obtained with 
inclination angle in the plane containing feed rate vector, ßr, and with values in the range 10-
200. 
Therefore, factorial experiment have been performed for horizontal surface and for the 
surface with inclination angle in the plane containing feed rate vector, and under the 
following experimental conditions: 

Machine tool: 

W orkpiece material: 

Cutting tool: 
Cutting fluid: 

CNC milling machine SCHAUBLIN 33-CNC equipped with 
turbine (up to 40000 rpm) 
DIN 40 CrNiMo864 or according to ISO 9001 - 1.2738 
R.n=1015 N/mm2; A=11.6%; HRC=30 
fine graded hard metal ball end mill ~=6 mm 
dry cutting 

Table 2. Measuring results of surface rouJdmess for horizontal and inclined surface 
Cutting parameters Resultsfor Results for 

horizontal surface inclined surface 
v.rm'min trlllllil a.rmml RarJ.UTil RzrJ.UTil RnndJ.UTil RarJ.UTil RzrJ.UTil Rnmrwn 

490 2,5 0,2 3,93 17 17 20 88 0 44 3,30 6,04 
698 2,5 0,2 2,97 14,31 17,74 0,60 3,62 4,40 
490 10 0,2 3,51 16,43 21,35 1,50 8 30 10,97 
698 10 0,2 3,01 15,82 23,45 0 56 3,44 4,17 
490 2,5 08 0,31 2,17 2,57 4,57 25,29 41,02 
698 2,5 08 0 62 3,9 5,69 0,52 3,17 3,75 
490 10 0,8 2,41 12 98 17,76 3,42 17,82 29,69 
698 10 0,8 1,74 10,79 15,92 0,69 3,62 4,40 
585 5 0,4 149 10,95 28,14 0,38 2,45 3,05 
585 5 04 1,53 10,86 27,56 0,44 2,48 2,97 
585 5 04 1,43 10,75 28,22 0,32 2,37 3,12 
585 5 04 1 37 10,60 28,08 0,41 2,39 2,86 

The workpieces have been prepared in order to enable the machining with inclination angle 
of 0° (horizontal machined surface ), and with inclination angle ßr = -10°. F or both position 
of cutting too~ cutting data and measuring results are presented in table 1. 
The measuring results were processed by regression analysis, and by applying the 
mathematical model offollowing type: 
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R=C·ITJ/' 

For inclination angle of 0° and with linear model (without factor interactions) the following 
results were obtained: 

Ra= 12516/.0.538 Op-{).9072 

Rz = 353162 v.O.l282 f: O.H62 ap ..0.719 

Allmodels prove tobe adequate. The coefficient R is: 0.844 for Ra, 0.848 for Rz, and 
0.731 for Rmax, while coefficient R2 is: 0.713 for Ra, 0.719 for Rz and 0.534 for Rmax. 

For inclination angle ßt= -10° (in the feed planeandin the direction offeed rate vector), and 
with linear model (without factor interactions) the following results were obtained: 

Ra= 23.536vc -L413 ap 0.30-H 

Rz = 7576.07 V c -3.153 f: 0.118 Q /.49 

Rmax = 68272.79 v ;3 .950 f: 0.069 a P 0.5059 

The coefficient R is: 0.56 for Ra, 0.695 for Rz, and 0.734 for Rmax, while coefficient R2 is: 
0.311 for Ra, 0.483 for Rz, and 0.54 for Rmax. 

Ra[JJm) 

5,5 

5 

4,5 

4 

ap=0,8mm 
3,5 

3 

2,5 

2 

490 585 698 vc[m/min) 

Figure 4. Dependence ofRa on the feed rate and depth of cut 

Upon analysis of obtained results it is obvious that inclination angle has a strong impact on 
results, and on cutting conditions in general. lt changes the influence of cutting data on such 
a way that with ß=0°, cutting speed shows no influence, :figure 2, while with ßt= -10° cutting 
speed shows the highest influence. Therefore it is poSSible to conclude that apllication of 
HSM with tool perpendicular to machined surface will not produce signi:ficant advantage 
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over the ordinary cutting speed in regards to surface roughness. To accomplish the potential 

benefits of HSM it is also necessary to the ensure the appropriate cutting tool position in 

regard to machined surface, what is possible with 5-axes milling machines or with HPM 

(HexaPod Mechanism) based machine tools. 

5. CONCLUSION 

The judgement on feasibility of HPM based machine tools is subject of numerous analisys, 

but it is likely to predict that one of the prerequiste for such machines to meet the 

expectations is to use HSM. The potential benefits ofHSM arenot obtainable with just high 

cutting speeds, but are strongly determined with accessible machining strategy in general. 

This work proves that machining conditions are highly determined with cutting tool position 
in regards to the feed plane. HSM has initiated many improvements in cutting theory, 

cutting tools, machine tools design, machine tool controllers and software. Recent 

commercial achievements obtained with HSM gave a real strong stimulus for further 

research activities in HSM domain. The combination of HPM machine tool and HSM could 

bring a significant improvement in machining technologies. 
By joining the advantages ofHPM machine tools such as: 

• increased stiffuess 
• higher accuracy 
• higher speed and acceleration due to reduced moving mass 

• reduced production and installation costs due to fewer parts in a hexapod than in a 
conventional machining center. 

With advantages ofhigh speed machining: 
• enlarged feed rate speed 
• reduced cutting forces 
• increase of material removal rate 
• improving of surface quality (reduction or elimination of subsequent manual machining) 

• enlarged fraction ofheat taken away by chips 
One could expect to meet a significant improvement in machining technology, and specially 
for die and mold making industry. 
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ABSTRACT: Today, Iaser technology is being used more and more by small and medium sized job 
shops. Because of their specific company profile, commercially available systems for production, 
planning and control (PPC-systems) cannot be used. Therefore, a new information system is being 
developed. To meet the exact needs of Iaser job shops, six European small and medium sized 
enterprises (SME) were analysed. In this paper, the results from the survey are presented. Three 
fields for an optimised order fulfilment system were identified: order planning, order control and 
cost estimation. A new information system is outlined that provides functionality in these fields. An 
architecture for an integrated information system is proposed that allows the adaptation of new 
software modules to existing heterogeneaus information systems. 

1. INTRODUCTION 

Because of their flexibility and high innovative potential, small and medium sized 
enterprises (SME) are considered an important factor in today's rapidly changing markets. 
Laser job shops represent an example for such SMEs. In a job shop environment, an 
efficient order fulfilment system is essential for the economic use of machinery. The 
commercially available information systems, called "Production, Planning and Control 
Systems" (PPC-Systems) are often not appropriate for SMEs. The current PPC-Systems 
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are too complicated and need highly expensive and specialised personnel. These systems 
often are overqualified for the job, and do not provide the adaptability that is requested by 
SMEs. Therefore, a new integrated information system is being developed within the scope 
of a European research project. The goal is to integrate existing software solutions to 
provide a more effective system for order fulfilment. 

2. COMPANY PROFILE OF LASER JOB SHOPS 

Laser job shops are generally small companies with up to 50 employees, which provide 
material treatment services by Iasers. Laser cutting and welding of sheet metals are by far 
the most commonly employed processes [1]. As subcontractors, Iaser job shops produce 
components on behalf of a customer order. The customer almost always supplies a drawing 
or a sample for the product ordered. They are dealing mostly with one-piece products 
processed in one production stage. 

Since products are specified by the customer, there is no stock keeping of articles. Even 
sheet metals have often to be procured on receipt of the customer order. Most orders are 
manufactured in smalllots of about 10 to 100 pieces. 

In Iaser job shops, 65% of all received orders are new orders [1]. In contrast to repeat 
orders, where detailed design and cost information is already available, new orders require 
higher expenditures for the pre-calculation. Because the job shop doesn't have product 
specific know-how, it competes for every new order with other job shops. Asking for the 
delivery Iead time and the price, the customer typically makes an inquiry of various 
possible producers. The chances of winning the new order depend on the values for the 
price and the Iead time the job shop can offer. The probability to gain a quotation as a firm 
order is often lower than 20% [1]. 

When an order is received, the Iead time is mostly shorter than one week. About 15% of all 
orders must be manufactured within one day [ 1]. Urgent orders Iead to disrupted 
manufacturing orders, that sometimes Iead to tardiness of other orders. Those 
consequences have to be anticipated in a quotation, since failing to meet delivery prornises 
can result in lost profit. Because of the short Iead times and a highly competitive market 
situation, Iaser job shops must be highly flexible. 

Realisation of short delivery Iead times and competitive pricing is crucial for the economic 
success of Iaser job shops. 

3. RESULTS FROM A SURVEY OF SIX LASER JOB SHOPS: ORDER FULFILMENT 
CHAINS AND ITS DEFICIENCIES 

A survey of 6 Iaser job shop showed that the chain from the inquiry to the fulfilled order is 
generally comprised of up to 8 steps. Starting with a quotation, the job shop responds to a 
customer inquiry. The quotation contains the price and delivery Iead time. The price is 
determined by costs and a standard mark-up percentage. Delivery Iead times are often 
determined by the customer. 
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The order planning comprises capacity planning and scheduling. Capacity planning takes 

into account the total Ioad of a machine, while scheduling specifies the times when the 
manufacturing starts and ends. 

The design, work-plan generation and NC-programming belongs to the technical part of 
the order fulfilment chain. It includes all measures to assure a correct and economic 
manufacturing of the order. 

The manufacturing stage comprises the actuallaser processing. lt is often supplemented by 
a quality assurance stage. Most companies perform a post-calculation on an irregular 
basis. 

The survey revealed that the companies have different structural organisations (Table 1). 
Between 2 and 4 departments collaborate during the order fulfilment. Departments can be 
distinguished by whether they primarily serve the manufacturing part, engineering part or 
business part of the order fulfilment chain. 
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Order- Capacity planning 
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Departments are represented by vertical bars; bars 
which are connected by dotted lines represent one 
department. 

Table 1: Basic types of structural organisations in 6 Iaser job shops 

By defining a department for the business, engineering and manufacturing part of the order 
fulfilment, a generalised structure for Iaser job shops is obtained (Figure 1 ). The business 
department is accountable for quotations, capacity planning and post-calculation. The 
engineering department is responsible for design, NC-programming and the generation of 
the work-plan. The manufacturing department processes the orders and assures product 
quality. Scheduling is either performed by the foreman in the manufacturing department, or 
by a production planner in the engineering department. 
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In addition to the structural organisation, the use of IT -systems was investigated. All 
examined job shops have at least an Ir-system for administration of customer data, order 
data and product data. Because products consist of just one piece that is manufactured in 
one production step, work-plan data are simply administrated with the product data. 

Besides the administration software, CAD/CAM-systems are used for design and NC­
programming. Administration software and CAD/CAM-system have their own separate 
databases. The situation is depicted in Figure 1. 

Most IT -system used by the surveyed companies do not provide functionality in the field 
of pre- and post-calculation, capacity planning and scheduling. Even isolated spreadsheet 
solutions are not suitable to provide sufficient functionality in these fields. The reason is 
that the implementation of these tasks needs information from adjacent departments. 

c e 
kl~::::::::::::::;:::c:::::::, 
~ Cus1omer admin. 
·;;; Ord~r admin. 
~ Produtt admin. 

Accounlllllcy 

c:.::J = Tasks are manually performed 
I I = Tasks are performed using application software 

Figure 1: Generalised structure of the order fulfilment in Iaser job shops 

The crux of pre-calculation and production planning 

Pre-calculations of a product can be made on the basis of a post-calculation from a similar 
product. For post-calculations, real processing times from the shop-floor are necessary. To 
save time, feedback data from the shop floor, which are paper based in most job shops, are 
often not transferred to the database. Post-calculations are performed irregularly, and thus 
only a few of them are available for pre-calculations. Therefore, pre-calculations are 
mostly performed on the basis of calculated manufacturing time. The time is calculated 
from the contour length and the feed rate. 

But neither a post-calculation nor the estimate of the manufacturing time gives reliable 
costs in a job shop environment. As described in [2], costs also depend on the delivery 
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time. The shorter the delivery time, the higher are the costs, e.g. double set-up costs if 
currently processed orders must be interrupted for an urgent one. Furthermore, costs 
depend on the machine used. Different Iaser machines can have different processing times 
and hourly rates. If the business department does not know which machine will actually be 
used, the cost estimate can be inaccurate. 

To save costs, different orders are often manufactured in one job, if sheet metal of the same 
material and thickness is used. Scheduling data must be available to consider this 
dependency in the pre-calculation. 

To meet promised delivery dates, the business department needs information about actual 
and planned machine Ioads. In particular, information is needed about critical delays of 
orders which would occur if an inquiry becomes order. Scheduling data and functions for 
IF-THEN seenarios are required for this task. None of them are available in IT -systems 
employed by the surveyed Iaser job shops. 

4. DIFFICULTIES TO OPTIMISE INFORMATION SYSTEMS 

There is no doubt that suitable software is available under the vast amount of commercially 
IT-systems to solve the problems described above. Job shop specific order planning and 
scheduling algorithms have also been developed [3, 4]. However, SMEs are faced with 
specific difficulties in the use of those systems (Table 2). 

Characteristics of small and medium sized enterprises 

IT-systems are introduced stepwise 

Conservative structural organisations 

Usage of heterogeneaus IT-systems 

High need for flexibility 

No IT-department 

Low budget for investment 

Poorly systemised operations 

Few personnel 

Operational characteristics of IT-Systems 

Use of standard software needs adaptation to organisation 

Software is difficult to adapt 

IT-Systems are complicated and difficult to learn 

Maintenance of integrated IT-systems needs specialised IT­
knowledge 

Individual and integrated IT-systems areexpensive 

Integration of heterogeneaus IT -systems is difficult 

Table 2: Problems of small enterprises to employ IT-system 
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Most common systems lack sufficient flexibility to adapt easily and quickly to different 
environments [5]. The specific needs of customers result in more and more complex 
systems. Only parts of those complex functional capabilities can be used by the end user, 
since the effort to learn the effective use of those systems is too costly and time­
consuming. As monoliths, those systems are mostly designed to replace already existing 
systems instead of complementing them. This results in high investment costs. 

Laser job shops need a branch-specific low-cost solution which is easy to use, easy to 
maintain and easy to adapt to already existing IT-systems. 

5. ARCHITECTURE FüR AN INTEGRATED INFORMATION SYSTEM IN LASER 
JOB SHOPS 

To provide functions for order planning, control and cost estimation in consideration of 
SME-specific constraints, an integrated information system is proposed (Figure 2). It 
consists of the following modules: 

Database 

The centre of the concept is a central, relational database that contains all data relevant to 
order planning, control and cost estimation: 

PosH:Illeulation 
Capacuy Planning 

Customer o.dmi n. 
Order admin. 
Product admi n. 
Aec:ountaney 

Figure 2: Concept for an integrated information system in Iaser jobshops 

- Data for customers, customer orders and products. 
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- Actual and scheduled data of manufacturing orders; the structure allows modelling the 
processing of one-piece products including order splits. 

- Costs for machining and personnel. 

- Machine calendar. 

The central database receives data either by transfer from existing databases or by manual 
input in one of the application modules. 

Order Planning and Control Module 

The order planning and control module provides actual data about orders and machine 
Ioads. Orders are visualised and scheduled in a graphical order sequence sheet. The system 
provides the user with necessary information to place the order cost and time effective into 
the order sequence sheet. For instance, orders with similar processes or similar material 
can be emphasised. 

With IF-THEN scenarios, the user can detect how an action affects the observance of 
promised delivery dates. 

Cost-Estimation Module 

The cost-estimation module automatically performs a post-calculation when an order is 
finished. Since post-calculations are based on real processing times, they are useful for the 
pre-calculation of similar orders. 

Shop-Floor Data Recording Module 

The order planning and control module and the cost-estimation module rely on data from 
the shop-floor. Therefore, the machine operator feeds the status of machines and orders 
into the shop-floor data recording system. 

Database Transfer Module 

The database transfer module controls data transfer processes between already existent 
databases and the central database. It can also be used to export data from the central 
database to common software systems, i.e. for evaluations and graphical representations in 
a spreadsheet program. 

The data transfer module accesses the source database and the target database via the 
ODBC-interfaces (ODBC: Open Database Connectivity). For non-relational data formats 
the OLE OB-interfaces are used. ODBC and OLE DB allow universal data access for 
Microsoft Windows® and Windows NT® Operating systems. Using this technology, the 
data transfer module allows bi-directional data transfer between databases. Therefore, data 
feedback to already existent databases is possible. 

A timer can be set to start update operations periodically. 
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Hardware and Operating Systems 

The new software modules run on a PC basis (Intel-compatible processor x86 upwards) 
with Microsoft operating systems (Windows®, Windows NT®). Since all ODBC- and 
OLE DB-compliant data sources independent of the hardware and operating system are 
accessible via the ODBC- and OLE OB-interfaces, already existent hard- and software 
systems can be integrated in the new system. 

6. CONCLUDING REMARKS 

This paper has described the general ideas to aid Iaser job shops to improve their order 
fulfilment chain. The goal is to develop an information system to enable Iaser job shops to 
become more efficient in scheduling orders time and cost effectively and in responding to 
customers inquiries. lt has been shown that deficiencies in order fulfilment arise mainly 
from poor information flows between the business, engineering and manufacturing 
functions. Therefore a system has been proposed that provides integrated functionality in 
the field of order planning, control and cost-estimation. Since the new softwaremodulesfit 
in already existent, heterogeneaus soft- and hardware environments, the specific 
requirements of SME's for information systems are taken into account. The new software 
offers a solutions to specific problems of Iaser job shops. 
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AN APPROACH TO SELECTIVE LASER SINTERING (SLS) 
OF PRE-COATED SANDS FOR SHELL MOULDING 
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ABSTRACT: The Selective Laser Sintering of pre-coated sands is a promising Rapid Prototyping 
technique for the construction of sand shells for foundry. In this article, the definition of 
mathematical simulation concepts and a detailed experimental analysis, performed both with 
conventional and unconventional techniques, is proposed. In particular, two methods to calculate 
the temperature distribution within the sand bed and the depth of the heat-affected zone are studied. 
The results obtained with the experimental methodology and those coming from previous 
experimental analyses have been used to validate the described mathematical models, that represent 
a first step for the process comprehension, control and optimisation. Two kinds of pre-coated 
sands, widely used in shell-moulding, have been considered: zirconia and silica. The guidelines for 
future simulation refinements are also given. 

1. INTRODUCTION 

Selective Laser Sintering (SLS) is a process to create solid objects, layer by layer, from 
plastic, metal, ceramic powders or pre-coated sands that are «sintered» using laser energy. 
The basic concept, common to all rapid-prototyping techniques, is that any complex shape 
can be obtained with the superposition of small thickness layers. The inherent material 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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versatility of SLS technology allows a broad range of advanced rapid prototyping and 
manufacturing applications to be addressed [1]. In Figure 1. a SLS application for foundry 
shell construction is schematically described and compared with the traditional process. 

C01 l.ASEII 

SAND SHELL 

SHEl.L MAnNG 

t 

Figure 1. - Comparison between the traditional method and SLS to obtain foundry shells 

To achieve parts with acceptable geometry and strength, the following problems should be 
considered: 
- to obtain a reliable adhesion between layers; 
- to generate flat surfaces without distortions; 
- to obtain a suitable resolution. 
Several studies on SLS have been carried out in the last years, but the heat conduction and 
energy release mechanism, that determines the grain agglomeration, has not yet been 
completely investigated both on the experimental and theoretical point of view. Only 
recently, strategies for the simulation of the SLS process related to metallic powders have 
been developed both in [2] - where Polymer Coated Silicon Carbide Powders as the base 
material is considered- and in [3-4] -where Polycarbonate is used- but available methods 
do not provide sufficient details for their application. 
In [5], the authors described an experimental facility to investigate the SLS process of pre­
coated sands for shell-moulding. The present work continues this analysis, considering the 
sand thermo-physical properties and the measurement of the real input energy. In addition, 
two possible mathematical models of the SLS process are proposed and tested. 

2. THE PROCESS PARAMETERS 

The main technological parameters to control the SLS process are: 
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- the pre-coated sand and its thermo-physical properties, such as density p, specific heat 

Cp, thermal conductivity k, resin polymerisation temperature range LlTp, sand glass­
transition temperature T g, sand energy absorption a, reflection r and transmission 

't coefficients, and other properties, such as granulometry and average grain dimension; 
- the scan spacing; 
- the laser beam power P; 
- the laser spot diameter 0; 
- the scan speed V. 
The four sand types under study, belonging to two categories (Table 1), are commonly used 

in shell-moulding as they have a good compatibility to the fused metallic material. 

Table I - Commercial sand properties 

Sand Conunercial Composition Density Resin weight Granulometry Average grain 
type name [kg/m3] [%] [DIN1171] size [nun] 

zirconia Zircon Zr02 99.6% 2810 2.5 61 0.19 

silica DB40 ShOJ 95% 1600 3.4 79 0.14 

silica LHN 50/70 " 1560 4.0 57 0.20 

silica E 45 " 1555 3.8 108 0.10 

The last three process parameters determine the thermal radiant power density, that 

depends directly on the laser power and inversely on the spot diameter and the scan speed; 
this latter has a direct impact on productivity. 
On the other hand, the shell mechanical resistance is influenced by the depth p of the heat­
affected zone (strictly related to the layer thickness t1 of Figure 1.) and by the temperature 
history determined by the laser radiation, and finally by the process parameters. 
In this particular SLS application, the laser beam raises the sand temperature allowing the 
agglomeration of grains, without local burning. Under the thermal viewpoint, the 
phenomenon can be schematically described as follows: the energy absorbed by the sand 

leads the resin into a glass-like state so that grains coalesce into a solid (Figure 2.). The 

temperature necessary to reach this condition seems lower than the one at which resin 

polymerisation occurs [5]. 
It appears that SLS is basically a heat transmission phenomenon in which the input energy, 

the laser radiation; generates in the sand bed a mixed conduction and convection heat 

transfer. The grain agglomeration strongly depends on the energy absorbed by the sand bed 

and on the energy required for the resin polymerisation, as well as on the chemical energy 

release during the heating process. 
To set the optimum thermal radiant power density in order to maximise the productivity 

and to find a suitable compromise between the quality and the mechanical resistance of 

shells, a suitable combination of the three parameters should be determined. 
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A quantitative understanding of the temperature gradient, and of the depth of the heat­
affected zone and their dependence on the input parameters allows the generation of 
quality forms and a thermal control of the working area. 

3. THE SLS PROCESS MODELISATION 

SLS is a very dynamic process, hence its mathematical description involves the solution of 
the unsteady heat conduction equation. The model should reproduce the thermal history 
within the sand bed after the radiation incidence starts. As already mentioned, simplified 
modelisations of the SLS process can be found in the literature, but they are generally 
related to metallic powder operating at higher temperature range [2-4]. 
In this paper the application of a heat conduction scheme to the SLS of pre-coated sands 
and a refinement of the existing models is proposed, having in mind to maintain a simple 
approach. Moreover, differently with respect to other studies, an attempt to provide a 
general method that can be simply tested by other researchers with the same or with a 
different base material has been made. 
The material (a pre-coated sand) is considered as homogeneous from the thermal point of 
view and its thermo-physical properties do not change with temperature. With these 
hypotheses, the chemical aspects related to the energy absorbed and released during 
heating are considered. 
In our model, as in the majority of those proposed in the literature, the governing equation 
is the unsteady heat conduction equation. The resulting output data are: 

the temperature distribution and the maximum value on the surface T max; 
the depth p and the width of the heat-affected zone considered as the penetration of the 
isothermal front corresponding to the resin glass-transition temperature. 

Figure 2. - Energy flow in the SLS general process 

This last hypothesis is a direct consequence of the experimental investigation in [5], where 
it was observed that the sand grain agglomeration occurs before reaching the resin 
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polymerisation temperature. This kind of model, though simplified, could be a theoretical 
instrument for preliminary evaluation of the operative parameters in order to avoid 
unsatisfactory technological results such as high surface temperatures, high polymerisation 
thickness or burnt sand. 
When the laser spot hits the sand bed, the surface interaction with the radiant energy can be 
described by the coefficients representing the fraction of absorbed a, reflected r, and 
transmitted energy 't (Figure 2.); of course, 

r+a+'t=1 (1) 

The three coefficients depend on the sand used, on the resin, and on the radiation itself, but 
they are very difficult to obtain from the literature. For the pre-coated sands used in shell­
moulding, the absorptivity coefficient a is sensibly higher than 0.9 and the reflectivity is 
lower than 0.01 [6]. 
As mentioned before, the penetration of the glass-transition temperature front into the sand 
bed determines the depth and width of the heat-affected zone. However this thermal 
problem, even if conceptually simple, has not a simple solution for the following reasons: 
- the intrinsic complexity of the phenomenon and of its mathematical scheme (three­

dimensional thermal conduction with convective surface heat dissipation); 
- the difficulties in the characterisation of the sands from a thermo-physical point of view 

(thermal conductivity, specific heat capacity and thermal diffusivity); 
- the difficulties in a correct modelisation of the pre-coated sands from a chemical point 

of view (polymerisation temperature, energy released during the polymerisation process 
caused by the breakage of chemical links, etc.). 

Moreover it would be necessary to consider the following aspects that are usually 
neglected in the modelisation: 

the influence of mechanical phenomena, like the sand agglomeration caused by friction 
and by special thermo-hygrometric conditions; 
the effects of the non-homogeneous material; 
the changes of the pre-coated sand thermo-physical properties with the temperature. 

3.1 The analytical solution of the 10 heat conduction equation 

A first method to model the SLS process is represented by the one-dimensional heat 
conduction transfer equation. In this scheme, the heat transfer in a plane perpendicular to 
the laser radiation incidence is neglected and the heat transfer by conduction is studied 
only in the direction of the laser beam axis z; the material is considered as homogeneous. 
The phenomenon is governed by the general one-dimensional heat conduction equation in 
unsteady conditions: 

or k o2T 

at= p·cP · 8z2 

with the following boundary conditions: 

kaT\ = q"= a· q- h(T- T.,) 
Oz z=O 

t ~ t* k oTI = -h(T- T.,) 
OZ z=O 

(2) 

t > t * 
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where h is the convective heat transfer coefficient between surface and surrounding air 
(that can be conventionally assumed equal to 10 Wlm2K for natural convection), q is the 
specific thermal power of laser radiation (in Wlm2) expressed by Pl(0xs), being s the 
space hit by laser in the unit of time, T"' is the environmental temperature, and t* is the 
radiation incidence duration. 
A closed solution of the thermal conduction problem expressed by (2) can be obtained by 
supposing that the thermal influenced zone, exposed since the time t = 0 to a heat flux (}11 , 

is small with respect to the working area. Until t = t*, the temperature history during the 
radiation incidence can be expressed as follows: 

T(z t) = T + 2 i._ · ~ exp - ~ - i._ · z · erfc z 
• II ( t) 1/2 ( 2 ) • II [ ] 

' I k 1t 4a.t k 2(a.t) 112 (3) 

where a. = k I (p cp) is the sand thermal diffusivity, T; the initial temperature of the sand 
bed and erfc is the complementary error function [7]. 
Fort> t*: 

T(z,t)-T"' { z ] (hz h2a.t) [ z h( ) 112 ] 
Tr - T"' = er 2(a.t)1t2 + exp k + ~ erfc 2(a.tft2 + k a.t (4) 

where T r is the surface temperature at the end of the heating process and erf is the error 
function [7]. 
To improve the one-dimensional schematisation, it is possible to consider that the sand 
temperature T; in the equation (3) is the environmental temperature at the initial step only. 
In the.next steps, it is necessary to take into account the effects connected with the laser 
incidence in the adjacent region. 
In order to consider the two-dimensional effects of the thermal heat conduction, a different 
schematisation of the laser incidence is then used: the well known «moving heat source» 
(that allows the simulation of arc welding and surface hardening as well) [7]. In this way it 
is possible to evaluate the temperature field deformation, when the heat source moves 
through the conductive medium, by adjusting the initial condition for the application of (3) 
and by evaluating the influence of the laser radiation in a plane perpendicular to the z axis 
to estimate the width of the heat-affected zone also. With a heat source moving in the x 
direction, the temperature history in the (x, y) plane can be expressed by: 

q'lpcP ( Vy2) 
T(x,y) = T"' + (47tVa.x) exp - 4a.x (5) 

where q'= PIp is the linear density of the heat flux expressed in Wlm. The depth of the 
heat-affected zone p is adjusted in order to provide the same value of the maximum 
temperature obtained with the equation (3). 
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3.2 The numerical solution of the 3D heat conduction equation 

To simulate in a more complete way the heat transmission related to SLS, it is necessary to 
consider the three-dimensional heat conduction problem in a sufficiently large object, 
made of homogeneous material, with the moving heat source boundary conditions [8]. 
This problem is not easy to solve and the hypothesis of a small thermal influenced zone 
with respect to the working area cannot be removed. 
An alternative method consists in applying to a finite sand bed volume the three­
dimensional time-dependent conduction problem expressed in the classical form as: 

(9) 

that is valid for isotropic, heterogeneous media, where qv(x, y, z, t) is the heat generated 
per unit of time and space, to be defined from the boundary conditions of the equation (2), 
and k, p and cp depend on space and time, for their dependence on the temperature. In this 
case the radiation is considered as one-dimensional but the conduction within the sand is 
three-dimensional. 
Obviously an analytical solution of the equation (6) with this hypothesis is not currently 
available but a solution based on numerical methods is possible, through the discretisation 
of the spatial - by means of cubic cells - and of the temporal domains. The solution is a 
function T(x, y, z, t) and a finite domain is considered. 
An attempt to solve the three-dimensional problem represented by the equation (6), 
transformed in the form of a transport equation for the static enthalpy, has been made in 
this work by means of a commercial computational code, FLUENT, with the SIMPLER 
algorithm [9]. With this particular code, the sand porosity can also be considered, by 
activating the porous media modelling option. 
The program flexibility allows a complete schematisation of the thermal phenomenon, 
including the influence produced by the increase of temperature in the proximity of the 
radiation incidence point, and consequently it allows a correct definition of the heat­
affected zone width, that cannot be considered directly in the one-dimensional model. 
While the analytical solution of the equation (2) by means of the equations from (3) to (5) 
permits to investigate the influence of the laser power, the scan speed and the spot 
diameter, with the three-dimensional schematisation it is also possible to investigate the 
influence of the scan spacing. But the modelisation of the moving heat source, representing 
the laser beam and its transformation in a time-dependent volumetric heat source, is a very 
critical aspect, with the available options of the numerical code. 

4. EXPERIMENTAL TESTS 

An experimental investigation was performed to define the real mechanism causing the 
sand agglomeration, to calculate the sand thermo-physical properties and to determine the 
actual heat amount absorbed by the sand bed. The obtained data and those corning from 
previous experimental analysis [5] have been used to validate the described models. 
The following analyses have been carried out: 

a) analysis on the SLS process through general tests; 
b) collection of the necessary parameters through the characterisation of the used sands; 
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c) determination of the energy transmission coefficients. 

a) In order to test the models and their possibility to simulate the real layer thickness and 
the temperature values, the experimental facility described in [5] has been used. This 
analysis permitted to determine the influence of the most important process parameters, 
described in 2. on some aspects of the process, such as the width and the depth of the 
heat-affected zone and the temperature distribution. This last variable has been 
measured through an IR TV camera, whose error assessment is critical, especially at 
high scan speed. 

b) During tests, two different sands have been used, Zircon and DB40, as the three silica 
sands in Table I have similar thermo-physical properties. The following thermo­
physical sand properties have been determined in laboratory tests: the specific heat, the 
thermal conductivity and the energy absorption during the heating process. 
The specific heat was measured by means of calorimetric Peltier analysis using a Calvet 
calorimeter. It is calculated by comparison with the specific heat of water, by comparing 
the heat transferred in a definite time to a metallic cell by the two substances, contained 
inside analogous cells, starting from the same initial temperature. 
The thermal conductivity k of the pre-coated sands, once that the specific heat Cp was 
determined, has been extrapolated from the same analysis, starting from the time 
necessary to cool the sand contained inside the metallic cell and from the knowledge of 
the reference substance, the water. 
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Figure 3.- DSC analysis- a. Zirconia- b. Silica DB40 

To investigate in detail the nature of the agglomeration process, both the resin and the 
sand were exposed to Differential Scanning Calorimetric (DSC) analysis [10], that 
permitted also to evaluate the energy released during the heating process. In Figure 3.a. 
and b. the results of the two investigations relatively to zirconia and silica sand are 
shown. The analysis confirms the validity of one of the basic hypotheses of our 
modelisation, scarcely considered in the literature about foundry: the most important 
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transfonnation evidenced by the analysis takes place at a temperature of about 75-80° C 
(that can be assumed as the glass-transition temperature Tg) and it is lower than the 
polymerisation temperature of the phenolic resin, about 155° C. 
The DSC analysis evidences a small heat release, three or four orders of magnitude 
lower than the laser beam radiant energy, near the temperature corresponding to the 
glass-transition, characterised by a decreasing slope of the curves (Figure 3.). 

Table II -Sand properties detennined in laboratory tests 

Sand Cp k a=k I (p cp) Tg 
[JikgK] [W/mK] [m2/s) [0 C] 

Zircon 580.7 0.74 4.53 10.7 78 

DB40 774.4 0.53 4.27 10.7 75 

In Table II the main thenno-calorimetric results of the investigated sands are shown. In 
particular the values of the thennal conductivity k are similar to those provided by other 
researchers [6]. No reference values are available for the other thenno-physical 
properties. 

Figure 4.- Experimental configuration for the measurement of the energy transfer 

c) A specific analysis concerning the energy distribution within the sand, to obtain the 
tenns a and t of the equation (1), has been carried on too. A schematisation of the 
experimental analysis is shown in Figure 4. The values of the absorption and 
transmission coefficients, have been obtained with the following method: 
- the nominal laser beam power is indicated on a power meter installed on the laser; 
- the effective laser beam power on the sand bed has been measured with a power 

gauge, based on the thennal balance between incising and dispersed heat; 
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- the transmitted energy has been measured with the same power gauge, after its 
positioning under sand layers of different thickness (detail ofFigure 4.); 

- the reflected energy r is lower than 1%. 
The sand absorption coefficient a has been obtained with equation (1). Considering that 
only a small amount of the energy is reflected and not more than 2-4% is transmitted at 
higher depth than 0.2 mm, 95% of the radiant energy is adsorbed by the sand, as 
expected [6]. Finally, for the calculation: 

a= 0.95-0.97 l: = 0.02-0.04 r= 0.01 

5. DISCUSSION OF RESULTS AND CONCLUSIONS 

The mathematical models described in 3.1 and 3.2 have been assessed making use of the 
data provided by the experimental analyses: those provided in [5], concerning the 
maximum surface temperature T(z = 0) and the depth of the heat-affected zone p, and by 
using the sand thermo-physical properties acquired in this work. The results, for some 
combinations of the input parameters, are shown in Tables III and IV for Zircon and DB40 
respectively. 

Table III - Comparison between experimental results and calculation for Zircon 

Nominal Laser Power 1 Watt 3 Watt 5 Watt 

Spot diameter [ mm 1 0.5 0.5 1.2 1.2 

Scan speed [mm/1 '1 490 1290 740 1180 

Tmax[0 C] p[mm1 Tmax[0 C] p[mm1 Tmax[0 C] p[mm1 Tmax[0 C] p[mm1 

Experimental 140 0.6 174 0.5 157 0.4 160 0.6 

Analytical 282 0.2 215 0.2 245 0.8 211 0.6 

Numerical 370 0.3 350 0.3 207 0.4 277 0.4 

Table IV - Comparison between experimental results and calculation for DB40 

Nominal Laser Power 1 Watt 3 Watt 5 Watt 

Spot diameter [mm1 0.5 0.5 1.2 1.2 

Scan speed [ mm/1 '1 490 1290 740 1180 

Tmax[0 C] p[mm1 Tmax [0 C] p[mm1 Tmax[0 C] p[mm1 Tmox[0 C] p [mm) 

Experimental 162 0.8 193 0.6 180 0.6 200 0.6 

Analytical 195 0.6 153 0.2 172 0.8 148 0.6 

Numerical 560 0.4 551 0.3 327 0.5 422 0.5 

From Tables III and IV it can be observed that in most cases both the models tend to 
overestimate the sand bed temperature and to underestimate the agglomeration depth. 
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The experimental measurement of the sand layer depth p, made manually with a 
microscope, is critical (Figure 2.) and the results can be overestimated about one grain size 
(Table II). On the other hand, the maximum surface temperature Tmax can be 
underestimated with the used technique. This problem is dealt with in the literature [11]. 
The best results can be obtained for scan speed higher than 1000 mm/min, in particular for 
the analytical model. It is necessary to point out that the speed values of this order of 
magnitude are those interesting for industrial applications. 
It is also possible to underline that better results have been obtained simulating the silica 
sand rather than the zirconia sand. 
The three-dimensional numerical analysis provides good results for a laser spot diameter of 
1.2 mm and generally overestimates the surface temperature. This effect is probably due to 
numerical convergence on the boundary cells caused by their small dimension in relation 
to the high specific input power. 
The difference between experiments and simulation for both the heat-affected zone depth p 
and the temperature T max may be caused by an incorrect experimental estimation of the 

laser beam input power q, as well as by some of the simplified basic model hypotheses, 
related to the following aspects: 
1. The material has been considered isotropic and its thermal conductivity has been 

considered not depending on the direction, but the sand grain geometry could 
determine preferential directions for the heat conduction. 

2. The sand thermo-physical properties, mainly the thermal conductivity and the specific 
heat, could vary according to the increase of temperature and to the resin 
agglomeration state. 

3. Only the thermal diffusion has been considered to reach the glass-transition 
temperature and consequently for the grain agglomeration. Local phenomena related to 
chemical reactions could be important too. 

4. Even if the energy released during the heating process (Figure 3.) is four orders of 
magnitude lower than the laser radiation one, it could be important for the process 
considering that it is a very localised energy. This phenomenon requires further 
investigations. 

5. The mechanical agglomeration of grains is not included in the thermal modelisation. 
The discrepancies between the experimental data and the theoretical calculation can be 
overcome with the following methods: 
a. by introducing corrective parameters determined with specific tests in the interesting 

range for production purposes; 
b. by changing some basic hypotheses, such as the homogeneous characteristics of the 

material. 
In the last case, this could lead to a very complicated model, making it useless for practical 

applications. 
An alternative approach could be based on an energy balance on a given sand volume 
between the incident energy and those necessary for the sand heating (calculated by DSC 
analysis). In this case it would not be necessary to consider the heat conduction problem, in 
the form of the equations (2) and (6), but the information about the temperature history 

would be lost. 
It seems very probable that further improvements in the theoretical calculation will be 
possible in short time. However it should be emphasised that the main contribution of the 
methods provided in the present paper comes from the comprehension of the basic SLS 
phenomena and not for a strictly quantitative analysis. 
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ABSTRACT: The need to speed to market is pushing the engineering design threshold to new levels. Three 

dimensional digitizing is a common industrial method for capturing complex surface geometry. The most 

widely used methods are non-contact and contact systems. Each technology comes with its own set of 

strengths and limitations. The common challenge is to convert the geometrical data into a format acceptable 

to the CAD software. CT technology proves to be one of the most effective method to reach this target, 

especially when the shape of the component is very complex or internal features are to be detected. More the 

CT scanning strategy helps to obtain in a straight-forward way STL files for Rapid Prototyping. Industrial 

case studies are discussed. 

1. INTRODUCTION 

In the mechanical industry, designers, engineers and manufacturing people work in a 

simultaneous engineering environment where the output of one group affects the input of 

the next group. In such an environment, the total lead time can be drastically reduced by 

speeding up processes that have the highest impact on lead time. 
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The product development cycle is nowadays a CAD driven process. It can be split roughly 
in some main phases, where the CAD model is always the key point. 
1. Concept: the design process starts by bringing conceptual models into a CAD 

environment. 
2. Engineering: the product model undergoes the CAE simulations for the performance 

evaluation. Parts with no CAD description need be converted to a digital model for 
engineering analysis. On the contrary the output of many CAE programs need to be 
transformed into CAD models. 

3. Tooling: during the creation of tooling, inaccuracies arise due to misinterpretation of 
the design intent. The problem here is to verify the accuracy of the tool to the original 
CAD model and, if necessary, instantly update the CAD model to reflect the 
inaccuracy. 

During prototype build and the approval processes for production parts, there are 
challenges for time compression, specifically in the areas of: 

• Reverse engineering 
• Computer-aided verification 
• Rapid prototyping 

The more complex is the component, the more advantageous the utilization of the above 
mentioned techniques and the more efficient the time compression. 

When the geometry of the part is very complex and internal cavities are present the only 
digitizing technique available is Computed Tomography. 
Developed mainly for medical diagnosis, it was industrially used in the past only for very 
special projects, like aerospace, when safety reasons were of major importance. Nowadays 
the dramatic improvement of electronics and the large diffusion of three dimensional CAD 
models even in the small - medium enterprises alter the conventional methodologies and 
change the economics. Therefore routes which only few years ago have been considered 
very expensive, nowadays can be the most convenient solution in terms of cost. 

2. WHAT IS REVERSE ENGINEERING? 

Since long before the advent of CAD systems, working drawings have been derived from 
physical models. Not surprisingly, the most common approach today for addressing the 
need to develop a CAD model from an object is to manually measure pertinent dimensions 
with calipers, micrometers, rules and any other instrument necessary. Manual methods can 
work nicely for objects with minimal features, but as the complexity of the part's geometry 
increases the effort needed to accomplish the task can become prohibitive. 
Three-dimensional digitizers of all types are utilized to extract coordinate data from solid 
objects and drive reverse engineering strategies. The traditional approaches begin by 
collecting a complete set of (x,y,z) locations that represent the shape of the object. Once 
collected, these point sets are sent in mass to a CAD system as point data, or, filtered and 
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manipulated by software products that specialize in preprocessing point data being passed 
off to the CAD system. The term "point cloud" is used to describe point sets with a high 
magnitude of points; a high-resolution laser-scanning device will create point clouds with 
millions of data points. Getting the desired results from the data is a task that can require a 
tremendous amount of manpower and access to specialized equipment and software. While 
point clouds are readily meshed with polygons, the development of modifiable CAD 
models has proven to be more harsh. However a certain number of commercial software 
are available and integrate 3D digitizers and coordinate measuring machines with CAD. 

3. WHAT IS CT IN SIMPLE TERMS? 

Most people are acquainted with conventional film radiography. Its applications span a 
range from medical X-rays to nondestructive testing (e.g., detecting the presence of internal 
cracks and porosity). A disadvantage of conventional film radiography is that a three­
dimensional object is compressed into a two-dimensional image. This can result in critical 
features being superposed and obscuring one another. Computed tomography employs a 
finely collimated X-ray beam, a detector package (rather than film), and computer 
algorithms to inspect planes within the object. CT images correspond to faithful 
reconstruction of cross-sectional profiles. Internal features are not superposed; valuable 
information on material properties and dimensional characteristics of the object are 
preserved. The value of CT in the medical community has been well documented. Medical 
computed axial tomography (CAT) scans can provide physicians with valuable information 
such as the presence, location, size and growth patterns of tumours and abnormalities 
within the body. This information can be used to judge the severity of the problem, aid in 
removal through surgery and detect the onset of a problem at an earlier stage than might 
have been possible otherwise. Outside the medical community, CT has been very 
successful as an NDT modality, such as for the inspection of rocket motors and turbine 
blades. 
By recording the shadow-graphs of an object from many different angles it is possible to 
mathematically extract the density of each point in a plane of the object. This 2-D density 
map constitutes a CT slice and gives very accurate positioning information within the 
plane. The position of the slice is also accurately known due to the accuracy of the 
positioning mechanism. By creating several slices, a true 3-D volumetric image of the 
object can be built up. The 3-D volume data can be "sliced and diced" to provide any 
cutaway view of the object so that both density and position can be analysed. 

4. METHODOLOGY TO CREATE A STL AND A CAD MODEL FROM CT DATA 

In the following a door reflector case study is discussed (Fig. 1 ). This part was chosen 
because of the high complexity of the prismatic surface, which is almost impossible to be 
detected with CMM methods. 
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Fig.1 Door reflector 

The work done to obtain the CAD model of the part can be split into the following phases: 
1. detection of geometrical feature of the component via several CT tomograms along the 

z axis, 
2. generation of the IGES contour data file for each tomogram (software: MIMICS 

Materialise Belgium), 
3. generation of point cloud 
4. implementation of the STL file 
5. splitting of component in different regions, 
6. surface creation of the part without the prismatic part. The creation of surfaces on the 

prismatic part is a task theoretically possible, but certainly tedious and time consuming, 
7. hybrid model generation. 

Steps from 3 to 7 were performed with Metris, Belgium software. 

Step 1 was accomplished using the industrial CT scanner installed at FIAT Research 
Centre, supplied by Scientific Measurement Systems, Inc. (Austin, Texas). Its technical 
specification are as below: 
• the X-ray source Philips MCN 451 X-ray tube, with 450 kV maximum voltage, 10 rnA 

maximum current and dual beam spot size (1.0 and 4.5 mm); 
• the radiation detector subsystem, consisting of a linear array detector (63 CdW04 

scintillators ); 
• the object positioning unit ( 4 degrees of freedom), which mechanically handles the 

inspected component, once it is placed on the rotary table; allowing for the inspection 
of objects with 100 kg maximum weight, 880 mm maximum height and 720 mm 
maximum diameter. 

• the computer subsystem, which controls the acquisition, processing and analysis of the 
experimental information collected; it is comprised of a Pentium personal computer, 
for data acquisition, and a Sun-Ultra workstation, for computation-intensive 
reconstruction. 
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The door reflector was scanned only partially because the ultimate objective is to 
understand the feasibility of the methodology. Tomograms are taken each 0.5mm and a X 
ray beam thickness of 0.2mm was chosen. Some of the 80 tomogram are shown in Fig.2. 

Fig. 2 - Three of the 80 tomograms 
included in the whole stack of CT 
acquisitions on the door reflector. 

The Fig. 3, 4, 5, 6 and 7 describe the following steps of the procedure and namely Fig.3 the 
creation of the point cloud, Fig. 4 the STL file generation, Fig. 5 the manipulation of the 
point cloud, fig. 6 the reconstruction of surfaces on the point cloud and finally (Fig.7) the 
final hybrid model realisation. 

Fig.3 - Creation of the point cloud Fig. 4 - STL file generation 
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Fig. 5 - Manipulation of the point cloud 
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Fig. 6 - Reconstruction of surfaces on the 
point cloud 

Fig. 7 - Door reflector hybrid model (surfaces for the body and STL for the prismatic 
outer part) 

The scanning time for each tomogram is 3 minutes. However the acquisition procedure is 
fully automated and can be performed unmanned. As a matter of fact there are no 
disturbing factors during the scanning that may cause a faulty survey. 

The tomogram appears as an image, a matrix of pixels whose grey shades correspond to 
different levels of material density. To obtain the cross section shape a contouring 
operation is done setting the right grey shade as threshold value. From the several contours 
the point cloud is generated and finally the STL file (point cloud meshed with triangles). 
This two operations can be done in a very marginal amount of time (few minutes), 
providing a good tomograms quality. 
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The accuracy of the point cloud is one of the major item. Up to now the out of tolerance 
error for a small part (within lOOmm x lOOmm) as the door reflector is around 0.05 mm. 
However the setting of scanning parameters, the CT system characteristics, the choice of 
the gray scale threshold may influence the quality of the reconstruction. 

5. FROM CT TO RAPID PROTOTYPING 

Once the STL file is available, the transfer of the data to any Rapid Prototyping system can 
be done. In Fig. 8 a prototype of the door reflector, made by the SLS (Selective Laser 
Sintering) Rapid Prototyping technique, is shown. 

Fig. 8 - Door reflector (partial sector) 
prototype made with the STL file obtained 
from the CT stack of tomograms 

Other examples are a turbine blade, where the internal hole is present, and a sector of an 
aluminum engine block, whose STL files are shown respectively in Fig. 9 and Fig.l 0. 

6. CONCLUSIONS 

Computed Tomography is a well-known NDT method. Its very peculiar characteristics 
proved to be unique in many industrial applications, where the safety issues of the 
components are of high concern. However the CT output capability to integrate itself with 
the electronic data handling opens new alternatives for reverse engineering, computed 
aided verification and rapid prototyping. Other measurements methods are available and 
for some aspects (especially cost and speed) they can be for a large part of applications a 
better choice. However when complexity and internal features are of concern CT can be the 
only possible solution. It is especially for such cases where the higher benefits in time to 
market compression can be achieved. 
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Fig. 9 - STL file of a turbine blade 
obtained with CT scanning 
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Fig. 10 - STL file of a slice of an 
aluminum engine block obtained with CT 
scanning. The accuracy of the 
measurement is within 0.2 mm, typical 
out of tolerance error of sand casting 
foundry process. 

The industrial case studies presented demonstrate the feasibility of CT methodology for 
reverse engineering linked to rapid prototyping techniques. This is the very beginning of 
the story: new software for point cloud treatment and better accuracy achievement has to be 
developed and new detectors may enter the market for a higher quality of tomograms and a 
reduced scanning time. 
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ABSTRACT: The Rapid Prototyping (RP) process is evolving beyond just making three 
dimensional models and it is beginning to have an impact on tool construction. The Rapid Tooling 
(RT) process can be considered as a logical development of the Rapid Prototyping process chain 
but technologies must be successfully integrated into production structure. In this paper the use of 
a drawing punch built by rapid tooling techniques is evaluated and a drawing die was used to test 
the punch performances. 

1. INTRODUCTION 

Technologies by themselves have very little meaning unless they are successfully 
integrated into a corporate structure: for example, computer software incompatibility 
causes difficulties in easily integrating Rapid Prototyping technologies into production 
structure [1-3]. The sheet metal forming and hood industries of the Marche (a region in 
central Italy with about 1.500.000 inhabitants) have a turnover of 485.000.000 $ and 2200 
employees (1996 data) [4] but only 29% ofthese industries have over 30 employees. The 
sheet metal forming and hood industries are reluctant to implement the rapid tooling 
process until the costs and time effectiveness have been proved; resulting cost cuts over 
conventional methods can be significant but justifying the necessary equipment can be 
difficult: the benefits of RP are not always easy to quantify; the financial staff may not 
understand the need for a new technology that can radically change the way a company 
produces prototypes [5, 6]. This research was carried out in collaboration with two of 
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these industries. Usually, a chassis hood component is produced in three steps: drawing; 
trimming; bending. The combination of prototype drawing dies and laser cutting instead 
of trimming can answer many questions regarding the development of hood components. 
At the present the prototype tools or prototype dies for sheet metal forming are built by 
combining the flexible drawing with tool manufactured using several techniques. In this 
research, to evaluate the performance of the drawing punch built by RT techniques, a 
steel blank holder and a steel drawing die instead of a flexible one were used. A hood cap 
(Fig. 1) was selected as a benchmark to evaluate: the rapid tooling technologies chosen to 
build snapping tools and drawing dies for small batch or sampling production; drawing 
dies performances using different materials and thickness; cost and time effectiveness. 

2. TOOL MANUFACTURING AND TOOL EVALUATION 

EUREKA 8.1 software was used to load the IGES format files of the finished product, 
blankholder, drawing punch and of the drawing die: the files were generated by a surface 
modeller (TEBIS). 

Fig. 1 - a), b) The hood cap selected as benchmark; c) punch model built by 
stereoreolitography technique; d) the disassembled modular die. 

Information degradation was observed when the files were loaded: no-joined adjacent 
surfaces; irregular isoparametric curves. The surface to solid conversion was carried out, 
but despite the repair and surface enclose work, some gaps and overlap problems remained 
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in the solid model. MAGICS RP (Materialise software) was used to repair the STL file of 
the object using different facetting tolerance and trial and error methods. 
Currently the question for industry is not how to obtain the RP part, but rather how to use 
the RP to reduce product lead time and investment costs [7]. The application of a sequence 
of process steps combining conventional manufacturing technologies, composite materials 
and RP techniques can answer this purpose. At the present the flexible drawing die is used 
combined with the tool manufactured by the following technologies: 
- castable epoxy resins and polyurethane systems [7-9]; 
- mechanical and abrasive resistant epoxy resinsand polyurethane based slab also with 

filler [10]; 
- low melting alloy (metal spray or casting) [7, 10-12]; 
- hard concrete [7]; 
- high performance cement-based composites [7]; 
- laminated tooling: horizontal contoured sheet metal stacked and bonded or an array of 

die laminates each oriented in a vertical plane and clamped together by some means 
[13]; 

- discrete tooling which consists of a clamped matrix of equal length pins but with a 
discrete discontinuous forming surface [13]. 

The punch model was built by stereolitography SLA 500, 3D Systems, using an epoxy 
resin and a layer thickness of 0.15 mm. After removal of the supporting structures and 
post curing, the part was lightly sandblasted and then positioned in a box. A casting 
polyurethane resin was used to obtain the negative of the SLA part. The RP part and the 
negative casting were easily drawn without damage. Because f the low polyurethane resin 
viscosity the zone between the punch and the box is completely filled, the polymerisation 
(30 minutes) is a slightly exothermic reaction, but no effects due to the temperature were 
observed on the RP part and it can be reused. A marketing research and a literature data 
one were carried out to chose the suitable resin for the punch; a quick hardening, cold 
curing three components resin based on modified polyester was chosen. It air cures in 10 
minutes and it has high dimensional stability: about 0.2% shrinkage after polymerisation. 
In order to decrease shrinkage, the resin was filled with metallic materials as shown in 
Table I: the filler must be thoroughly stirred to ensure homogeneous distribution. 

Tab. 1- Weight and volume composition(%) of the resin with filler. 

Specimen a) b) c) d) 
Weight volume Weight volume Weight volume Weight volume 

Resin 40 79 40 76 40 78 40 78 
Cu powder, 99% ~ 7-45 ~m 60 21 - - 40 14 40 14 
ASM 1070 steel sphere,~= 3 mm - - - - - - 20 8 
ASM 1070, irregular material, length<2mm - - 60 23 20 8 - -

A simple model of deformation behaviour derived by considering a unit cell was used to 
evaluate the possibility to predict trends in a composite elastic modulus [15, 16]. The 
model idealises the microstructure of a two phase material as a periodic arrangement of 
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cubic inclusions in the second phase. The approach basically involves dividing the unit 
cell first into parallel and series elements and deducing the composite behaviour from the 
behaviour of the elements. The elastic modulus of the composite was deduced from the 
following equation: 

(c•EP •Em +Em2 )•(I+c)2 -Em2 +EP •Em 
E =--~~--------------~--~---

c (c•EP +Em)•(I+c)2 c=[:,]'-1 
Ep = elastic modulus of the particle; Em = elastic modulus of the matrix; V P = volume 
fraction. 

This model was chosen due to the large differences in the two phase modulus and because 
microstructural details such as dimensional continuity of phases cannot be considered in 
predictions [14, 15]. The Young modulus values predicted and measured are reported in 

Table 2. Cylindrical specimens (~=36 mm, h=42 mm) of the filled resin were compression 
tested using a 810 MTS test machine (maximum load 250 kN) and a shifting rate of 0.2 
mm/s. The trend of predicted elastic modulus is confirmed by experimental data: elastic 
modulus of the resin reinforced with 60% weight irregular ASM 1070 particle is greater 
than that reinforced with 60% weight Cu powder and both of them are greater than the 
elastic modulus of the resin reinforced with 40% Cu powder and 20% steel. It must be 
taken into account that the powder is uniformly distributed while the steel filler tends to 
precipitate towards the working surface during casting, but there is no contact between the 
spheres or the particles due to the resin wettability. The part where the steel filler is 
present has a higher E value than the one with only Cu powder: the elastic modulus 
measured depends on this fact. However, the model allows to predict the effect of the filler 
on the performance trends of the composite materials and this leads to the material design. 
The resin filled with 40% Cu powder and 20% weight of ASM 1070 sphere was chosen to 
produce the punch, considering tensile strength and elastic modulus; the use of this filler 
decreases the resin shrinkage and the tool cost by about 1 0%. 

Fig. 2 -Fracture surface of the specimen filled with: a) Cu powder; b) 40% Cu powder, 
20% ASM 1070, ~ = 3 mm sphere; c) 40% Cu powder, 20% irregular ASM 1070 filler. 

The fracture surfaces of the compression test specimen were observed by SEM; in Fig. 2 
a) the surface fracture of the specimen filled with Cu powder is shown; no interfacial 
effects between the filler and the resin and no cracks in the matrix are observed: this is 
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probably due to crack deflection at the interface matrix-particle. For a weak interfacial 
bond, a crack in the matrix can lead to debonding at the interface, followed by crack 
deflection: this energy-absorbing phenomenon leads to enhanced fracture toughness and 
non catastrophic failure mode. The interface should be strong enough for axial load 
transfer and strength in the transverse direction, yet weak enough to make a transverse 
crack deflection along the interface thus providing toughness [17]. The same mechanism 
was observed on the surface of the specimen filled with Cu powder and ASM 1070 sphere 
(Fig. 2 b), on the contrary the presence of the irregular ASM 1070 filler causes a different 
failure mechanism: cracks are visible in the matrix and they start from the comer due to 
the concentrated stress (Fig. 2 c). 

3. DIE MANUFACTURING AND DRAWING TEST 

The path chosen consents to build drawing punch within 1-1.5 hours from the RP model; 
the tool obtained may be machined, drilled and threaded were the steel spheres are 
obviously absent. The tool was assembled in the modular die after machining (about 1 
hour) as shown in Fig. 1 d). 

Tab. 2 - E values predicted and measured 

~eight% resin 100% resin40% resin40% resin40% resin40% 
Cu powder 60% ASM 1070 Cu powder 40% Cu powder 40% 

irregular ASM 1070 ASM 1070 
material 60% irregular sphere 20% 

material 20% 
~ measured (GPa) 2.70 2.64 3.60 1.70 2.50 
IE predicted (GPa) - 3.99 4.23 2.97ar 

a) Hypothesis of uniform steel filler distribution. 

The die contains all the necessary tool elements (plates, strippers, springs, guiding sets, 
pins, .. ) except the special forming elements (punch, blank holder and die holes), but if a 
flexible drawing die is used only the drawing punchhas to be produced. The time required 
to produce the die from the CAD was about 10 hours (Fig. 3) with 2 hours of unmanned 
work; using a flexible drawing die there will be about 6 hours of unmanned work but the 
time required for the die will be the same. 
Using RT technique, the time is about 20% and the costs 30% lower than those required 
using machine-tool (in this case the full work is a manned one). It must be borne in mind 
that producing a more complex punch with the same height requires the same time as the 
chosen rapid tooling technique while the time and costs will increase considerably using 
the machine-tool. 
The time required to build the modified punch allows the closed-loop process control 
concepts to converge upon the appropriate tooling design [13]. In Table 3 the materials 
used in the drawing test are reported. In Fig. 4 some punched metal sheets are shown: the 
punched parts surfaces quality is high. Some problems appeared during the deformation of 
specimen n. 6; they were due to the excessive force used that caused breaking of the sheet 
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metal with consequent scratching and local punch tear. From specimen n. 7 the spheres 
marks are visible on the left side impression (Fig. 4), but this local damage allows to 
punch the metal sheet without leaving marks on the external surface of the part. Using 
this modular die, an accurate control system of the punching force is required . 

. STL SLA part, unmanned work 

drawing die and blankholder 

0 2 3 4 5 

modified polyester punch 

negative polyurethane part 

punch machining and assembling 

6 7 8 9 10 II 
hours 

Fig. 3 - Time required to produce the die from CAD model. 

Table 3- Metal sheet used in the drawing test. 

Specimenn. Material Thickness yield strength tensile strength 
mm MPa MPa 

1, 2, 3 AISI 304 0.6 195 540-685 
4 1050 Al 0.6 70 90 
5 AISI 304 0.7 195 540-685 

6, 7 AISI 1008 0.5 210 270-350 
8,9 AISI 1012 1.0 280 280-410 
10 AISI 1008 1.2 210 270-350 
11 AISI 430 0.8 255 440-590 
12 AISI 1008 2.0 210 270-350 

elongation 
% 

45 
11 
45 
38 
28 
38 
22 
38 

1' 2' 3' 4' 5' 11 film surface protection, th1ckness =80 J..Lm; 6• 7• 10• 12 Ra=0.6-1.9 J..Lm; 8• 9 

galvanised, thickness=2.5 J..Lm. 

Fig. 4- a) n. 1, AISI 304, s = 0.6 mrn; b) n. 8 AISI 1012, galvanised, s = 1.0 mrn; c) n.l2, 
AISI 1008, s = 2.0 mrn. 
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4. CONCLUSIONS 

A die for sheet metal was built using a punch produced by the rapid tooling technique to 
evaluate costs and time effectiveness. The main conclusions of the process are 
summarised as follows: 
- a modified polyester resin filled with metallic materials allows to build a punch for 

sheet metal forming; 
- a simple model of deformation behaviour derived by considering a unit cell allows to 

predict the trends in composite elastic modulus and the correct filler choice; 
- the rapid tooling technique chosen allows to reduce the production die time of 20% 

and costs of30%; 
- using the described rapid tooling punch it is possible to obtain punched parts with high 

surface quality. 
The next step of the work foresees the use of a flexible drawing die and different polyester 
resin fillers. 
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ABSTRACT: A preliminary report of a cooperation research experience between a medical research 
Group and a mechanical engineering Group is reported in designing and developing a prosthesis for 
patients who have undergone a total laryngectomy surgical operation. The main problem experienced 
by these patients is the complete absence of voice after the operation, which can be partially restored 
with the use of one-way valves inserted between the airways and the digestive tract. Up until now, 
some problems still exist with the use of this valves or voice prosthesis. Two different phases of the 
project work are presented, consisting of a design stage with a subsequent step in which rapid 
prototyping is exploited. The advantages of the present approach are discussed, together with an 
outline of the ongoing work on these research activities. 

1. INTRODUCTION 

There are two main ways to treat advanced laryngeal cancer: radiotherapy and surgery, 
namely total laryngectomy. Due to the surgical treatment, the patient is always left with a 
tracheostoma (plain-diameter tracheal opening at the base of the neck) and loses one of the 
main laryngeal functions, which is phonation. Voice rehabilitation may be performed in 
different ways: by using electrolarynx, by esophageal voice, and by surgical/prosthetic voice 
restoration using artificial voice prostheses or valves. Unfortunately several problems can be 
encountered in the general use of these kinds of prostheses, mainly corning from their shapes, 
materials, costs, and so on. 
The aim of this paper is to clarify how is possible to ascertain the feasibility of rapid 
prototyping (RP) for testing and developing of new prosthetic voice devices. We carried out a 
case study concerning (1) the generation of the solid model of an existing prostheses; (2) the 
building up of the corresponding RP model; (3) some kinds of evaluation of the prototype; 
and ( 4) the process reiteration, taking feedback into the right account. 

Published in: E. Kuljanic (Ed.) Admnced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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The paper will start with a section concerning the medical context; a brief dissertation about 
RP and geometric/solid modeling issues will follow. After that the study will be described and 
finally a discussion about some context-related topics (Concurrent Engineering, parametric 
CAD, knowledge fruition/exchange, RP technology) will be presented. 

2. MEDICAL ISSUES 

2.1. Statistics 
Laryngeal cancer involves 8 people out of every 100,000 of the European Union population 
per year with a crude 10-year survival rate of 50%. Independent of survival rate, all surgically 
treated patients affected by laryngeal cancer undergo a rehabilitation procedure. Post 
laryngectomy rehabilitation and controls for recurrent disease will continue for years. This 
means that after a period of 10 years approximately 150,000-200,000 of the European Union 
inhabitants will require periodical follow up for restoration. Full rehabilitation enables the 
patient to resume a satisfactory social and economic life. 

2.2. Surgical activities 
Total laryngectomy is a very mutilating procedure. This technique is used for recurrence after 
radiotherapy failures and in very advanced stages of laryngeal cancer. The larynx is 
completely removed, and airways and esophagus are completely separated one from the other. 
Patients who have undergone total laryngectomy have lost an organ that simultaneously 
protects the lower respiratory tract against aspiration of fluid and ensures phonation. Any 
solution to resolve the problem of aspiration lies in surgery. Indeed the respiratory tract is 
separated from the digestive tract by surgically opening the tracheal stump at the jugular level 
(tracheostoma) (figure 1). 

FigUl 
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2.3. Voice rehabilitation 
As said in the introduction, voice rehabilitation may be performed by electrolarynx, 
esophageal voice, or surgical/prosthetic voice restoration. 
The use of the electrolarynx [1], an external vibrator to be applied on the sub-mandibular 
region, has been practically abandoned, for the extremely poor quality of the voice produced 
with this method, but it is still used by 15-20% of the patients in the U.S. [2][3]. The use of 
the esophageal voice, which is something similar to air regurgitation from stomach, allows to 
produce an intelligible voice in only 50-60% of the patients [1], whereas the surgical or 
prosthetic voice rehabilitation can reach more than 90% of success [4][5]. Since their 
introduction in the 70's, tracheo-esophageal voice surgical shunts have gained increasing 
acceptance in substitution of esophageal voice. By the way, for the poor reproducibility of the 
surgical approach between different surgical equipes, surgical voice restoration has been 
progressively substituted by prosthetic voice restoration using artificial voice prostheses or 
valves [6][7][8]. 
All these devices work in a similar manner guaranteeing air flow between the trachea and the 
esophagus while, at the same time, preventing any back flow of liquid or food into the trachea 
from the esophagus. They all have 4 common elements: 1) an entrance to the trachea which 
retains the valve to the trachea (tracheal flange); 2) a cylindrical duct, the length and external 
diameter of which depends on the model (ranging between 2-15 mrn and 5-8 mrn, 
respectively), which serves to pass through the tracheo-esophageal shunt (soft tissues space 
between the trachea and the esophagus); 3) an outlet from the esophagus which is attached to 
a system for retaining the valve to the esophagus (esophageal flange); and 4) a valve system 
allowing air to flow between the trachea and esophagus when there is a positive difference in 
pressure between them and preventing the backflow of liquid (aspiration) when there is a 
negative pressure differential. This valve system may be located in different sites of the 
cylindrical duct, depending on the prosthesis type. 
During rapid expiration, an increase in pressure is achieved inside the trachea either by 
closing the tracheostoma with one's finger or by a tracheostomal valve able to close when the 
expiratory air flow exceeds a certain flow rate. Once the air flow has passed through the voice 
prosthesis and into the hypopharyngeal-esophageal segment, it flows upward. On its way it 
passes through an appropriate, muscle membrane-like area called neoglottis, which is prone to 
vibrate, thus replacing the vocal cords that were removed during surgery [9][10]. 

2.4. Device related problems 
Some problems can be encountered in the general use of voice prostheses [11]. The first one 
is short device lifetime (4-6 months, some cases less than 20 days) due to partial/total valve 
blockage (because of biofouling and/or granulation tissue), valve leakage (because of 
biofouling inside the connecting duct where valve is placed), or valve migration inside 
esophagus (because of too short valve). 
The second one is perivalvular leakage. This is due to progressive enlargement of tracheo­
esophageal shunt because of too large diameter of the connecting duct, or too long connecting 
duct, or poor esophageal flange protection. 
The third problem is high airflow resistance during phonation. The factors responsible for this 
are: valve biofouling (see above); contact between valve and esophageal walls; high 
resistance of neoglottis (scare or hypertonicity). 
The fourth is related to discomfort during valve substitution because of the length of the 
procedure and/or difficulties in passing valve through tracheo-esophageal shunt. 
Finally there are the relatively high cost and the low technological development and testing of 
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these devices. 

2.5. The "Staffieri Pull-out Prosthesis" 
"Staffieri Pull-out Prosthesis" [8] has achieved excellent clinical results. This is a permanent 
or indwelling valve (figure 2) made of molded, medical-grade silicone composed of: a 10 mrn 
diameter tracheal retaining flange; a 4 mrn diameter, hollow, cylindrical duct connecting the 
trachea and esophagus disposable in three different lengths of 5, 7 and 9 mrn.; a 22 mm 
diameter esophageal retaining flange; a dome closing the esophageal area. Approximately half 
of the circumference ( 180°) of this part must be incised by the surgeon during fitting. 

@ 

~0 I 
il 

Figure 2. Left: drawing of a Staffieri's prosthesis and its section, together with a scheme 
of the anatomical site where the valve is placed (right). 

The main problems encountered with the use of Staffieri's prosthesis are: unpredictable 
aerodynamic behavior (due to the hand-made cut for opening the valve); relatively high 
resistance (due to too small (180°) valve opening); valve leakage (due to 180° device rotation 
so that the opening becomes directed upward and/or to biofouling); discomfort during valve 
substitution for the length of the procedure with the risk of valve crash because of extremely 
thin material, or difficulties in passing valve through tracheo-esophageal shunt, because of 
backward refold of tracheal flange during extraction. 
Taking into account problems directly related to Staffieri's valves and those ones of general 
issues, we tested the possibility of utilizing rapid prototyping for developing a new prosthesis 
from the old Staffieri's device, as a starting point of a program which is intended to (1) modify 
the old prosthesis in successive steps with the aid of 3D modeling CAD package; (2) obtain 
rapid prototypes of 2-4 models chosen; (3) test the mechanical behavior; (4) choose the best 
material and production process; (5) test medical-use behavior on patients and finally (6) use 
the new device surgically. So far, only the first two steps have been performed. There 
description will follow. 

3. RAPID PROTOTYPING (RP) ISSUES 

3.1. RP approaches and technologies 
This is a brief taxonomy about the four main RP technologies actually available on the 
market. Up to now only one of them has been involved in this study [12]. 
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Stereolitography (SL): stereolitography has been the first technology to be developed. A 3D 
model is built up out of acrylate photopolymer or epoxy resin, by tracing a low power 
ultraviolet laser across a vat filled with resin. The material is cured by the laser to create a 
solid thin slice. The solid layer is then lowered just below the surface and the next slice 
formed on top of it, until the object is completed. 

Laminated Object Manufacturing (LOM): the concept in this case is very simple: the 3D 
model is built up by adding sheets of paper in a stack, each of them opportunely shaped in 
advance, using a laser beam. 

Selective laser sintering (SLS): the basics of this approach are quite similar to the SL ones. 
Here, instead of liquid material, the vat is filled with thermoplastic powders that, thanks to 
the laser beam, are submitted to the sintering treatment. The powder is kept at a 
temperature very close to the melting point; a high power C02 laser fuses the powder in a 
selective way (only where it is required). 

Fused Deposition Modeling (FDM): Fused Deposition Modeling creates 3D models out of 
heated thermoplastic materials extruded through a nozzle positioned over a computer­
controlled z-table. The nozzle is moved in x-y to deposit material until a single thin slice is 
formed. The next slice is built on top of it until the object is completed. FDM uses several 
build materials, such as polycarbonate, polypropylene and various polyesters. 

3.2. GeometridSolid modeling 

The parametric modeling approach, based on the "form feature" concept [13], has been 
chosen to build up the 3D model; this one is needed to derive the data for the RP machines to 
produce the physical prototype. A commercial state-of-the-art modeling package has been 
used for this purpose (SolidWorks 98) [14]. 
This kind of approach allows to make the model using a language closed to the engineering 
issues and transparent for what concerns geometric and other too-low level details. Thanks to 
form features, it is possible to reach the final configuration by adding new functional 
characteristics to the model; the modeling package is in charge of converting these 
characteristics into the corresponding geometry and details automatically. 
Features are said to be "parametric" because, during their insertion into the model, it is 
possible to convert all or part of their dimensions into variables; these variables are 
modifiable as needed, anytime, without modifying the model structure/description. 
Nevertheless, the parametric package allows to insert variable relationships; in this way it is 
quite simple to create an interface with the model based exclusively on the independent 
parameters. Giving the right values to these parameters time to time, the modeling package 
automatically re-computes (re-generates) the model; the updated geometry will be a simple 
consequence. This geometry is then post-processed to obtain the data needed as input for the 
RP machines. 
It is clear how simple is to generate the geometry of a family of parts morphologically similar 
each other. This characteristic is of real interest in this work, because in the future it will be 
necessary to realize prototypes belonging to the same family but depending dimensionally 
upon the surgical needs. 

4. ACTIVITIES 
Activities started with the generation of the 3D model of the existing Staffieri's valve. The 
first parametric feature, identifying the main body of the valve, has been obtained by the 
rotational sweep of a parametric profile. Figure 3 shows this profile with the meaningful 
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dimensions from a functional point of view. 
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Figure 3. Parametric profile used during the generation of the valve body. 

A discrete set of values drives directly to a family of parts; table I shows three different 
configurations of the valve. 

H ExU2 lntJ2 Etc/2 S etc Reff S eff 
Mod.l 5 2.5 2 9 0.4 20.5 0.7 
Mod.2 7 3 2.5 10 0.4 22 0.8 
Mod.3 9 4 3 12 0.5 24 0.9 

Table I. Family of valves expressed in terms of variable sets (eef" endoesophagealjlange; 
etc: endotracheal retention collar) 

In figure 4 the result of this first modeling phase is shown. 

Figure 4: CAD model of the original Staffieri's valve. 

Actually a surgical blade makes the opening in the upper part (dome) of the valve. On the 
lower disc, in the same way, the surgeons make another cut to identify the position of the first 
cut so to orient the valve correctly, avoiding liquid passage into the trachea during deglutition. 
Starting to analyze the possible improvements, a first solution to the problems shown by the 
original Staffieri's valve could consist in a modification of the lower section, changing from a 
circular to a 8-like shape. In this way it may be possible to bend the two little wings, join 
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them with a surgical suture, pull the valve through the tracheo-esophageal shunt, cut the 
suture and adapt the prosthesis in the correct site without difficulties. Another couple of 
improvements consists in giving an angle to the superior cut, to reduce at the minimum the 
possibility of liquid leakage into the trachea, and in adding some ribs to the valve body to 
avoid rotations during air passage. The updated model, resulted by the application of the 
described hints and feedback, is shown in figure 5. 

Figure 5. Result of the first model upgrade. 

It might be observed the relieved arrow indicating the "up" (the opposite side of the cut) of the 
valve and the greater thickness around the suture-passage holes made in the tracheal flange to 
avoid breaks during the placing procedure. This model has been used to derive the data file 
needed by the RP machine to create the physical prototype. In this case an RP machine made 
by EOS has been used, based on the SLS technology. The result is visible in figure 6. 

Figure 6. Top, side, and bollom view of the RP model. 

Analyzing this prototype, the medical staff decided to modify the model once more. They 
thought that its dome (the air way to the esophagus) would have been better if drop-like 
shaped. With this kind of modification, it is foreseen a longer life for the valve (actually the 
Staffieri's valve has an average life of 6-8 months), due to the fact that the most frequent 
breaks happen in the hinge section. Moreover, the drop-like shape should help in driving 
liquid floods down to the esophagus without penetrating into the cylindrical duct. Finally, this 
shape should avoid resting of any material that usually causes malfunctioning or biofouling. 
The last action has consisted in modifying again the lower section, making the shape longer to 
help the insertion of the valve through the tracheo-esophageal shunt. The resulting model is 
shown in figure 7. The data file corning from this model has been used to generate the 
corresponding physical part, using an RP machine made by DTM, based again on the SLS 
technology. From the starting point to the second model development, no more than 20 days 
had expired. 
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Figure 7. Result of the second model upgrade. 

5. DISCUSSION 
With no doubt, the main interest during the whole study has been focused on the research and 
development of the valve prototype. Nevertheless some aspects regarding different research 
areas have risen: the importance of knowledge fruition/exploitation methodologies, some 
issues about information exchange and about parametric approach in solid modeling and 
finally some notes concerning the limits of the actual RP technologies. In the following of this 
paragraph, all this points will be presented briefly. 

5.1. Knowledge fruition 
Having the model of the valve available in digital format (digital mock-up) allowed its best 
exploitation from time to time, depending upon goals and users. 
First of all, during the whole development the CAD package itself provided to visualize the 
model graphically, rendering it when required. For this reason, the surgeon, close to the CAD 
expert, has been able to evaluate the results of his/her choices from a qualitative and 
quantitative point of view. For example, the CAD package evaluated automatically some 
global dimensional characteristics starting from the setting of the functional variables of the 
model. This synergy between medical and computer science domains has had an "off-line" 
component thanks to bitmap images generation. The surgeon, once that some personal choices 
have been set and applied to the model, has been allowed to present and discuss these choices 
with his/her colleagues directly at the hospital with their own times and modalities, because of 
the availability of the images generated automatically by the CAD package. 
Secondly, the RP model generation could be seen as another way to exploit the model 
knowledge; giving the possibility to handle the physical object users can perform some 
evaluations bypassing the limits imposed by 2D output devices (displays, printers or plotters, 
etc.). 

5.2. Knowledge exchange 

One of the key points of Concurrent Engineering is the information exchange [ 15]. In this 
study, the different kinds of knowledge explication have allowed an intensive knowledge 
exchange, mainly via e-mail messages. Text, images and data files for RP machines have 
been transferred among the surgeons at the hospital, the CAD expert at the university 
laboratory and the RP machine operators at the remote sites. All this stuff has required a 
particular attention for what concerns data exchange standards: e-mail attachments (MIME, 
binex, etc.) and 2D/3D data transfer (rendered images of the CAD models in GIF format or 
STL files for what concerns the model description itself). 
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5.3. CAD: notes about the parametric approach 

As said before, the generation of the model of an existing valve has been the first activity of 
the study. More or less intentionally (thanks to the amount of information available at that 
time), the modeling task has been conducted without any knowledge about the modifications 
that would have been carried out by the surgeons throughout all the development. This topic 
is of particular interest in the parametric modeling context, because one of the classic remark 
to this kind of approach consists of a scarce flexibility, for what concerns 
topologic/morphologic modifications applied to an existing model (in opposition to the 
easiness of re-configuration of the model thanks to dimensioning variable modifications). 
In effect the model has given a positive answer, minimizing the overload required sometimes 
by there-parameterization (when some critical changes have occurred for what concerns the 
decision about the functional parameters) or when adding or changing some features to the 
model description. By the way it cannot be forgotten that the model, from a descriptive point 
of view (feature tree), is quite simple; this could make it of a scarce significance when one 
would establish the flexibility of the parametric CAD tools quantitatively. 

5.4. RP technology related problems 

The dimensional attributes and the required precision of the physical RP model have stated a 
meaningful benchmark to compare the different RP technologies actually on the market. 
Some of them have been discarded a-priori because of their characteristics; the others have 
been analyzed mostly for what concerns the quality of the result (surface finishing, etc.), 
meanwhile, because of the dimensions, the aspects related to costs and times have been 
ignored. By the way, this experience highlighted that some critical components of the valve, 
from a functional point of view, are not reproducible with any of the RP technologies 
currently available. In particular, the cut in the upper section of the valve is not producible 
due to its extremely low thickness. So, even if using the RP technology, a post-processing 
phase is required (cut made by a surgical blade or a laser beam) in those cases where, for 
example, the goal is to use the RP model to build up a mold directly. 

6. CONCLUSIONS 
This paper described a research for what concerns the RP approach applied to the surgical 
domain. A study has been carried out in developing a new version of the Staffieri's valve, a 
prosthesis to let the people who have undergone total laryngectomy speak again. 
The RP approach allowed the surgeons to consider several solutions on the way, speeding up 
and simplifying the whole development process. All the operative phases have been 
illustrated and a mention has been made for what concerns Concurrent Engineering issues 
(knowledge exchange and fruition), CAD notes (parametric approach remarks), and RP 
technology problems. 
From the research point of view, this experience highlighted many opportunities for what 
concerns future development; for sure, in the surgical domain it will continue into this 
direction, going ahead in the four missing phases and in developing new solutions; in the 
engineering field the methods will be refined and applied, if possible, to different CAD tools 
and RP technologies. Moreover, this preliminary study has shown the extreme flexibility and 
the improving of the possibility of rapid knowledge exchange between groups of researchers 
that apply in completely different domains. The obtained goal of the study is an improvement 
of the mechanical attributes of a medical device. 
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ABSTRACT : According to several authors, laser bending is becoming a valid alternative to dies 
for manufacturing even complex objects from thin metal sheets. The mechanism is based on 
thermal induced deformations that are produced by a laser source irradiation on a sheet surface that 
does not need external forces. Nevertheless, the set up process of parameters is both labour and 
time consuming. The aim of this paper is to contribute to the management and practical use of this 
process. Therefore some technological and geometrical parameters, as well as material properties 
dependence on temperature, have been investigated by analysing and experimenting finite 
elements. This work reports the results of a largely influential investigation of the above mentioned 
parameters on thin sheet metal bending. Furthermore, the constructed model can be useful for 
further developments in laser bending investigation. 

1. INTRODUCTION 

According to the philosophy of rapid prototyping, rapid manufacturing without solid tools 
affects time and cost. That means avoiding the time and cost consuming operation [1] of 
designing and manufacturing the die in the case of laser sheet metal forming because the 
laser is an effective substitute. This process is known as laser bending. It is based on three 
different mechanisms of deformation [2] which are induced by thermal shrinkage. In this 
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paper, the Temperature Gradient Method (TGM) is investigated by a parametric numerical 
and experimental analysis. This mechanism is generated by the thermal gradient through 
the sheet thickness caused by the interaction of the laser source and sheet surface. 
The run feed rate and the power laser source, the sheet's width and the material properties 
were considered during the set up and testing of the model. The data regarding material 
properties was improved through preliminary experiments. The numerical results obtained 
have been compared to those collected during a later experiment. 

2. THE LASER BENDING MECHANISM 

The bending mechanism known as the Temperature Gradient Method is caused by slow 
heat conduction into the sheet and rapid heating, from laser irradiation ( fig.l ), that 
develops along a linear path on the sheet's surface [3]. From this, a steep temperature 
gradient is generated along the thickness causing the consequent thermal expansion of the 
heated metal above. This metal is converted into a deformation of elastic and plastic 
around the laser's path and along the thickness of the sheet as well because free expansion 
is restricted by the cold material. The heating of the cold side is negligible and the ratio 
between the laser's spot (d) and the sheet's thickness (So) has to be about one. 

Upper or 
hot side 

b 

Figure. I - Laser path 

Lower or 
cool side 

'··.~/ 

B 
Strained 

zone 

Fig.2 - TGM bending mechanism 

So 

The deformation of elastic is called counter bending because during the heating process, 
the bending angle develops towards the cold side of the sheet due to the increase in length 
of the irradiated layer. The deformation of plastic depends on the layer near the laser 
source which shortens after cooling. The difference of length, in respect to the lower layer, 
develops the compressive plastic deformation which shapes the sheet in the form an angle 
(as) towards the laser beam (fig.2). The rest of the material experiences only rigid rotation. 
It is noteworthy to say that the temperatures during the process are lower than the melting 
temperature. In order to increase the bending angle, the irradiation can be repeated during 
several runs. As a result of the complexity of the above mentioned mechanism, knowledge 
of the most important operating parameters is crucial in obtaining a large bending angle. 
They can be classified in three major groups [4], namely: 
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• technological parameters: the power of the laser beam source and the value of the path 
feed rate; 

• thermal-physical and mechanical parameters : the values of the coefficients of thermal 
expansion, thermal conductivity, the heat capacity and energy absorption during 
irradiation of the sheet material, depends on the temperature of all the above 
mentioned parameters; 

• geometrical parameters: the shape of the sheet, it's width and thickness. 
One of the major difficulties in the numerical and the analytic simulation of laser bending 
is to take into account the parameters of the second group. In fact, the size of the heated 
zone in respect to the cold zone, which determines the compression strain, strongly 
depends on the thermal-physical and mechanical parameters which vary with temperature. 
In particular, the absorption is a phenomenon that changes depending on several effects 
surrounding the material such as, the irradiation wavelength, the temperature, the surface's 
conditions and roughness, the angle of incidence [5] and many others. 
Nevertheless, among the mechanical properties the strain hardening of the cold lower layer 
makes it difficult to calculate the bending angle after several runs. 

3. THE MODEL 

In this paragraph a model's description is presented along with the parameters' range of 
investigation. Table 1 contains ranges regarding the technological and geometrical 
parameters. The path feed ratio (p.f.r.), varies from 300 to 1067 mm/min and the laser 
power from 1000 to 1500 W. The specimens were 60 mm long, 2 mm thick and from 5 to 
30 mm wide. The numerical simulation of bending was performed for every combination 
showed in table 1. 

WIDTH(mm) 
POWER(W) Smm lOmm 15mm 30mm 

lOOOW p.f.r. - 300 mm/min p.f.r. - 400 mm/min p.f.r. - 500 mm/min p.f.r. - 600 mm/min 

1250W p.f.r. - 500 mm/min p.f.r. - 667 mm/min p.f.r. - 833 mm/min p.f.r. - 1000 mm/min 

1500W p.f.r. - 800 mm/min p.f.r. - 933 mm/min p.f.r. - 1067 mm/min p.f.r. -1200 mm/min 

Table 1 - Geometrical and Technological parameters 

The Table 2 reports the values of mechanical and thermal-physical parameters of material 
(SAE 1020), with variation in the temperature's range of investigation [6]. These variations 
are: the specific heat (c), the thermal conductivity (k), the coefficient of absorption (A), the 
coefficient of thermal expansion (a.), the Young modulus (E) and the yielding stress (cry). 
Referring to the finite element model, a elastic-plastic analysis was performed with the 
following set up. A fine mesh was placed along as well as close to the laser path and a 
coarse mesh was used for the rest of the area in order to reduce the computational time and 
to memorise the allocation of size. Moreover, the geometrical model refers to half the 
length of the specimen. The dofs of the points of the symmetric plan, which are also those 
of the laser path, were constrained. Brick elements with 8 nodes were used for the mesh. 
The laser path develops along the side of the fine mesh. 
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T(OC) c (JKg· oc-) k(Wm_, 0 G) A(%) a (10-o 0 G) E (Gpa) cr..L(Mpa) 
20 474.9 52.7 4.6 7.61 212 
50 484.9 51.8 4.84 8.22 210 329 
100 501.6 51 5.24 9.25 201 
150 518.3 49.9 5.65 10.27 195 
200 530.8 48.9 6.05 11.3 189.4 
250 555.9 47.5 6.5 11.75 183.7 328.8 
300 572.6 46 6.93 12.4 178.1 234 
350 593.6 44.3 7.38 12.85 172.4 
400 627 42.6 7.82 13.3 166.8 167 
450 660.4 41 8.3 13.45 161.1 
500 704.3 39.3 8.78 13.6 155.5 105.7 
550 748.2 37.4 9.27 13.86 150 
600 796.3 35.5 9.75 14.13 144.2 55.7 
650 844.4 33.6 10.26 14.4 138.5 
700 1429.6 31.8 10.77 14.4 132.9 
750 948.9 28.8 11.24 14.4 127.2 
800 879.9 25.9 11.71 13.6 121.6 
850 810.9 26.2 11.8 13 116 
900 810.9 26.55 11.9 12 110.3 
1000 810.9 27.2 12.1 11 99 3.5 
1100 810.9 28.45 12.2 11 87.7 
1200 810.9 29.7 12.4 11 76.4 1.44 
1400 810.9 29.7 12.5 11 53.8 

Table 2 - Thermal-phystcal and mechantcal parameters of SAE 1020 

In this study the continuous mode of function was simulated with the spatial profile of 
laser beam power being a Gaussian. In this case, the intensity of beam is a function of the 
distance from the center of the beam itself [7]. Therefore, the nodes along the path were 
filled with thermal flux loads whose magnitude depended on the position of their nodes 
and source's running rate. The actual energy input in the material was reduced by the 
absorption coefficient (A) which varies with temperature, as shown in the table 2, 
multiplied by a factor of 1.5 on the basis of preliminary experimental trials. The beam spot 
was 3 mm wide. The mechanical computation was performed with the input of the thermal 
distribution coming from the thermal analysis. During the mechanical computation, no 
significant problems were reported. 

4. THE NUMERICAL RESULTS 

The numerical analysis had two different stages. The first one was to determine the 
distribution of temperature in the sheet due to laser beam heating. Then the deformation 
and the bending angle of the specimen were calculated on the basis of the obtained 
temperatures during the previous step. 
The model was able to reproduce the most important steps of the deformation. That being 
the counter bending (fig. 3) and the bending angle (fig.4), in figure 5 the free deformation 
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along the z axis is reported. In the case of the formation of sheet metal by die, this 
deformation is prevented by the die itself. 

Fig.3 - Counterbending 

Fig.S - z-axis deformation Fig.4 - Bend.ing 

The values of the obtained bending angle were plotted against the path feed rate of the 
laser in the figures from 6 to 9. The following remarks were made: 
• an increased path feed rate leads to a lower bending angle for every geometry and 

power level oflaser. The trend for the whole diagrams is linear; 
• for one path feed rate an increased laser beam power brought a higher bending angle; 
• an increased width leads to a higher bending angle; 
• the trend of the bending angle decreasing with the path feed rate lessens with a higher 

power level. This trend is confirmed for everv width. 
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The previous remarks bring us to the conclusion that a higher specific heat input that runs 
slower and has more beam power, improves the bending angle. The explanation is that the 



588 G. Casalino and A.D. Ludovico 

thermal gradient is steeper because the upper layer is hotter and the thermal conductivity is 
lower (see table 2 about material's properties). Furthermore, the rise of beam power and 
longer laser path compensate for the reduction of the bending angle due to low path feed 
rate. This means that the process strongly depends on the time of the beam-surface 
interaction. 
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Nevertheless, for one power the bending angle curves against the width of the specimen 
shows an asymptotic trend for the entire set of investigated speeds (figs 10 and 11 ). That is 
due to the opposition in further deformation of the cool area of the sheet. This behaviour 
shows the limitation of the laser bending process which is unable to create an angle larger 
than one degree in dimension. 
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5. THE EXPERIMENTAL RESULTS: MODEL'S VALIDATION. 

The experimental plan involved both the 10 mm and 20 mm wide specimens for all the 
combinations of the beam power and path feed rate. Every experiment was repeated 3 
times in order to provide a reliable average of the bending angle. In this way, 72 specimens 
(12 couples of different speed-powers per 2 different widths each repeated 3 times) were 
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prepared and processed. The Bystar 4020 BTL 2800 from BYSTRONIC LASER AG was 
used with a 5" lens and a 4 mm diameter nozzle. In order to obtain the 3 mm beam spot, 
the fit distance between the nozzle and the sheet was 2.55 mm. The spatial profile of laser 
beam power was a Gaussian (TEMoo). The nitrogen was the inert gas with 0.5 atm pressure 
and 2.5 Nl/s flow. 
The laser beam scanned the sheet along its width with both the path feed rate and the 
power of beam set on the machine being equal for the numerical simulation. The obtained 
bending angles were measured by means of an appropriate device that was designed and 
constructed for this purpose. 
The averages of the bending angles for every experiment is provided in figs. 12 and 13 
along with the related numerical results. The related numerical results are always lower 
than the experimental results. Nevertheless, the gap is between 10% and 20% for both the 
1250 W and 1500 W cases. In the case of the 1000 W laser power the gap is a bit larger. 
The explanation for this is that the thermal properties of the material become more difficult 
to manage as the temperature rises. The influence of the coefficient of absorption and the 
thermal conductivity must be investigated by trial and error experimental analysis in order 
to correct the actual thermal input and propagation for every speed and power couple. In 
particular, the correcting coefficient for absorption has to be arranged for every specifically 
different energy input. 
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6. CONCLUSION 
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The parametric FEM analysis, set and validated by experimental trials of the SAE 1020 
laser bending performed in this paper, has proved to be quite reasonable. In fact, the 
characteristic deformation stages of laser bending (counter bending, bending, and z-axis 
deformation) have all been reproduced. The values of the bending angle have been 
predicted within a good approximation, while some important parameters of the process 
were varied. Larger angles have been obtained for wider sheets, according to other authors 
[8]. The analysis has highlighted that it is very important to consider the variation of 
material properties with changes in temperature. Moreover, the information available in 
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the bibliography on thermal and physical properties must be corrected by information 
coming from preliminary experiments. This is particularly true for the coefficient of 
absorption and thermal conductivity. These parameters seem to have been influenced by 
specific heat input which varies with the laser beam power and path feed rate. 
On the basis of the obtained results the potential and the innovation of sheet laser bending 
are both confirmed for application in future years, as well as the capability of the FEM to 
fairly simulate this non-linear and highly complicated process. 
Further developments could be the numerical simulation of several runs bending processes 
and the automation choice of working parameters for a wide range of applications. In this 
case, the FEM analysis could be time and cost consuming since the computational time and 
the computer memory for data allocation rise exponentially. Therefore, the authors are also 
investigating the use of an artificial neural network [9] as a computational means for 
predicting process parameters and bending angles. 
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ABSTRACT 

Two of the key factors in the densification of powders properties in sintering processes - the 
green body density and green body strength - are studied with the purpose of giving appropriate 
empirical modeling of the Iaser sintering of uncoated meta! powders. Some proposals for the 
characterisation of technological properties of powders for selective Iaser sintering of uncoated 
powders are discussed in this framework for establishing possible standards for the development 
of new or improved powders. Methods for the production of meta! powders are also considered, 
with abrief discussion of possible benefits or limitations for this specific application. In the case 
of mechanical forming at low extemal pressures, some equations are discussed, linking the 
variables green body density, green strength and applied pressure. Experimental results for 
powders of iron, nicke! and copper allow to estimate the relevant parameters of the empirical 
equations. The same parameters are proposed for simple modeling that could be helpful in the 
selection of powders for the process. 
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1. INTRODUCTION. 

Selective laser sintering (SLS) is a rapid prototyping (RP) technique, that is steadily 
growing in these years, and is presently the most interesting technique for rapid tooling 
applications. The outline of the process has been fully described in many different 
papers and in a specific recent book on Laser Material Processing [1]. In this paper we 
want to discuss briefly some technological aspects of the process, with much emphasis 
on the proper development of the powders for the specific application. The market of 
powders for SLS applications now has two main products, coated and uncoated metal 
powders; we shall discuss here some details of uncoated powders, as these materials -
and the global process itself- is less sophisticated than the coated counterpart. We 
observe that one of the main limitations for specific materials selection- cost - does not 
apply to commercial powders at this stage of the laser sintering process. So one should 
not just consider metal powder compositions that are successfully employed in the 
metal powder industry but also some more let's say exotic compositions; in fact, even if 
less important than in wrought or wrought and cast materials, the cost of the base 
materials generally speaking is a limitation for sintered products. The second fact we 
would like to stress is that, while there are more than 50 standards in the PM industry, in 
the papers that we have in mind on this specific issue - development of materials for the 
SLS process, for instance [2], no specific procedure or standard is mentioned. 
According to general references on the sintering process [3] the most important 
parameters to be considered in the sintering process are - for a specific material - the 
physical quantities described in next section. 

1. PROPERTY SELECTION IN POWDERS FOR RAPID PROTOTYPING -
WHICH ONE? 

The usual technological characterization of a powder for sintering application [4], let's 
say an iron based powder is: 

a) chemical analysis, with special attention to the elements that do have influence in 
further processing (oxygen, carbon, sulphur) 

b) apparent density MPIF 04 (ISO 3923/l, DIN 1980), MPIF 28 
c) flow rate MPIF 03 (ISO 4490, DIN 3927) 
d) compactability MPIF 42 (ISO 2738), MPIF 45 (ISO 3927, DIN 1991) 
e) dimensional variations on restricted sintering conditions MPIF 44 (ISO 4492) 
f) green strength MPIF 15 (ISO 3995, DIN 1991) 
g) particle size distribution MPIF 05 (ISO 4497), MPIF 32 (ASTM B330) 

We believe that most of these properties are worth of being considered in developing a 
powder for SLS applications. Great advantage should also be taken from the experience 
in sampling (MPIF 01 ), that may cause different experimental difficulties to the 
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unaware developer. Properties d), i.e. density on specific uniaxial loads, and f) strength 
of the compacted body (green body strength) may not be directly exploitable as the 
pressure ranges employed for quality testing are usually comparable or superior to the 
yield strength of the base material, we shall see in next section possible developments. 
On the other hand it's quite surprising that a very simple empirical technique, like the 
flow through a specific funnel (Hall and Carney flowmeters) has not yet been 
considered. Particle size distribution is greatly influencing the apparent density, the 
flowability the green strength and dimensional variations in sintering for any traditional 
or nontraditional sintering application. We report here, for order of magnitude appraisal, 
values for two different commercial, copper based, powders for laser sintering 
applications together with three of the commonest powders for sintering application, 
atomized iron, electrolytic copper and nickel from nickel tetracarbonyl powders. 

Property Powder A PowderB Iron Copper Nickel 
powders powders Powders 

Apparent 56.4 51.5 38.2 25.8 28.1 
density/full 
density % 
Flow rate, s 11 12 25 Not flowing Not flowing 
90 % particles 85 55 150 45 8 
less than ~m. 

Table l. Properties of commercial powders for rapid prototyping (A,B) and for sintering 
applications. 

Particle size distribution measuring is not a simple topic to discuss, at least in sintering 
applications. It is difficult to extract a number - even a series of number - like in the 
standard mechanical sieving analysis when the dimensions of the particles, when most 
of the particles like it's claimed in recent applications - lay below the standard 
employable sieve, that is 38 ~m. A series of books has been written on this topic, we 
remark here that the use of laser particle size analyser should be the best available tool 
for development work. So far we have mentioned some relevant properties of metal 
powders, which might be worth of considering for the SLS powders. We should also 
recall in the next section the technological processes that could be employed for the 
production. We have experienced personally some possibilities, but we would like to 
leave the description of our experiences to a later paper. 

2. PRODUCTION ROUTES FOR METAL POWDERS FOR SLS APPLICATIONS. 

Raw materials for the metal powder industry are converted into powders with four main 
processes: 
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water atomization 
inert gas atomization 
reduction of pretreated -usually grinded- solids 
electrolytic deposition 

F. Miani, E. Kuljanic and G. Marinsek 

Tonnage productions are obtained usually by water atomization or reduction. 
Electrolytic deposition has been neglected in recent years because of ecological 
limitations. In principle however, any of this technique could be employed, and there 
are in any case technological overlaps. For small scale development, water and inert gas 
atomization have interesting possibilities. 
Subsequent treatments - let's call these secondary powder preparations - may be 
imparted to metal powders, usually: 

reduction/annealing 
mixing 
diffusion bonding 

The whole step is not always necessary for a powder, but usually it's applied for 
powders for sintering applications of elevated performances. We remark here that a 
powder of the same chemical composition may be just a mechanical mixture of 
elemental powders, fully alloyed in the liquid state or partially alloyed by the diffusion 
bonding process. These different processes correspond at different levels of segregation 
respectively strong segregation, no segregation (all powder particles have very close­
even if not identical -composition) and reduced segregation. Also the flowability of 
powders is greatly influenced by the morphology of the process, as much as low friction 
effects exist on spherical particles (for instance inert gas atomized) and high friction 
interactions are present in the flow of irregular particles (for instance electrolytic). So, 
generally speaking, the best flowing characteristics are obtained for inert atomized 
powders, and worst flow properties for irregular powders. The flowability of metal 
powder mixtures is still an art and notwithstanding some possible big specific 
technological and economic value added no simple model may be used to date. As 
concerning homogeneity the commercial SLS powders we have examined, consisting of 
a blend of different metal powders obtained by mixing, seem to have a tendency to 
segregation: particles of different densities and granulometries tend to float one on the 
other. In common sintering operations, which in any case have diffusion times of the 
order of some fraction of hour, segregation is usually detrimental - as detrimental as 
strong inhomogeneities may be in a material for any mechanical application. As the 
sintering time is much shorter than traditional sintering operations, it is quite likely that 
the elimination - or control - of segregation should be of high importance for powder 
for SLS applications. For what follows here, we believe that it could be interesting to 
develop a predensification stage, which would be able to aid sintering, with very limited 
compacting pressures, of the order from some hundreths to a tenth of the pressures 
applied in press and sintering applications. This pressure could be applied not by dies 
and moulds like in pressing and sintering but by a roll, as it happens to the process of 
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the roll compactation of metal powders. Compacting a powder is a standard operation 
for press and sinter applications. The pressures, usually uni or biaxially imparted, are 
comparable to the yield strength of the base materials, and could not be applied in a 
laser sintering apparatus without causing major constructional complexities in the laser 
sintering machine. Roll compacting of metal powders is a technique, that has been not 
fully introduced in the metal powder industry, which could be able to pre-densify 
materials to an appreciable level of green density and green strength. In the following 
paragraphs, an analysis of the green body density versus applied pressure will be 
discussed, together with a paragraph on the effects of these two variables on the green 
strength. Sophisticated first principles or finite elements analysis is not able yet to 
provide any sound model for traditional, and well established as for powder 
characteristics, powder pressing applications. 

3. DENSITY APPLIED PRESSURE RELATIONS- COMPACTABILITY AT LOW 
PRESSURE. 

We report here the base analysis by German, with a slightly modified terminology. Let 
it be p the density, p the applied pressure and E the porosity (volume percent of voids). 
Then to a first approximation to die compaction it will apply: 

dE= -dp 8 E (1) 

where p is the applied pressure and e a proportionality constant that is linked to the 
powder properties, mainly base material, particle size distribution, morphology. 
Integrating and rearranging equation (I) one may obtain: 

ln(~:/~:o)= -ep (2) 

where Eo is the porosity of the powder in the state of apparent density. This equation has 
proven to be experimentally useful in the field of compacting pressures of 50 to 700 for 
powders of iron, nickel and copper. As it is necessary to take into consideration 
preliminary rearrangements, which are mainly configurational, usually equation (2) is 
employed as 

In( ~:/Eo)= B-ep (3) 

where B is an empirical parameter. German quotes some other 9 equations which have 
two or more parameters. Equation (3) and similar equations, have been developed 
however to predict compacting behavior with pressures of the order of the yield 
strength of the material, in order to obtain a green body density comparable with (70 % 
or more) the bulk solid density. While equation (3) is applicable to high pressure 
compacting, at low compacting pressures, equation 2 is extrapolable to the apparent 
density state, as in this equation results for p=O EIEo= I. 
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4. GREEN STRENGTH VERSUS DENSITY AND APPLIED PRESSURE AT LOW 
COMPACTION PRESSURES. 

As in the case of density in function of applied pressure, the green strength - the 
strenght of unsintered, as-compacted powders - is of concern in manufacturing 
operations in both the microscopic field - for instance microcracks may grow in the 
sintering process - an even for the movimentation of the green bodies. Usually this 
property is tested on the 30X12 rectangular bars employed for the experimental work 
here, and applying a load on a three point bend test. These parameter is well introduced 
for testing purposes in the ferrous and copper based production, surprisingly not so well 
exploited - in the personal experience of the writer- in the hard metal production. One 
empirical equation that is often used is: 

(4) 

where cr is the green strength of the compact, C, cr0 and m empirical constants, with m 
usually around 6; p is the density of the green body as above. A good green strength in 
metal powder industry is of the order of 10-15 N/mm2 . This value depends on 
obtaining a good interlocking of particles in intermediate and higher pressure (close to 
the yield strength of the base material); in a sense is opposite to a good flowability of 
the powders and generally speaking irregular powders do not flow well but have 
technologically useful values of green strength. Randall quotes some 11 equations for 
the green strength green density relationships - but stresses the usefulness of an 
empirical equation relating applied pressure p- green strength directly: 

(5) 

where is cr0 is the strength of the wrought material. 

5. EXPERIMENTAL 

SETUP 

To evaluate some preliminary possibilities, following the standard MPIF42, ISO 
compatible 3325 and ASTM B 528, three different commercial powders have been 
compressed in an instrumented press using a hardmetal mould and die, to different 
compression pressures. Lubricant was admixed to powders (0.8 % Zinc Stearate) in 
order to allow to use the mould and die at higher loads. The rectangular die and mould 
have the dimensions ofL= 30 b= 12 (mm) and a fixed amount of powders (15.5 g.) was 
used for all powders. Powders employed were: A) commercial atomized and reduced 
iron 50 - 180 11m; B) commercial electrolytic Cu 10 45 11m; C)commercial Ni from 
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Ni(C0)4 precursors 4 -10 Jlm. All powders were of irregular shape, to allow a 
preliminar determination of the green strength at lower loads; as reported in Table I 
powder A) has a flowability (ISO 4490) of 25 s; powders B) and C) do not flow freely 
as the majority of irregular fine ( < 45 J..lm) powders. These materials are some possible 
candidate materials (base or strengthening) for future applications in the fields of 
powders for rapid prototyping. 

RESULTS: PRESSURE DENSITY RELATIONSHIP. 

For density- compacting pressure relationships, experimental results fit an equation of 
the type of equation 2 or equation 4. An equation relating linearly relating ln(p )-ln(p) is 
the most satisfying of the possible that we tested. However, while equation 2 has a 
possible physical intrepretation and direct material links- as the discussion will report 
later - we believe that the validity of an equation ln(p )-ln(p) has to be tested in 
compacting more different materials. 
Table 2 describes the data for iron and the fitted data, for the equation (2) and the linear 
ln(p )-ln(p) relation. All experimental data refer to the initial porosity -Eo in equation (2). 
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Figure I Data of relative density in squares and fitting equation (2) (line); the dashed 
line is a lnp -In p . Powders A), atomized and reduced iron. 

Table 3 presents the reciprocal of the value e, that in the data obtained is proportional to 
Rm (mechanical strength) value of technically pure respective materials, for a factor of 
0.85. 
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p,MPa A)Fe B)Cu C)Ni Calc. Fit Calc. Fit Calc. Fit 
eqn. (2) eqn. (2) eqn. (2) 
Fe Cu Ni 

50 0.653 0.627 0.708 0.768 0.759 0.782 
100 0.555 0.505 0.643 0.590 0.579 0.654 
150 0.449 0.431 0.582 0.453 0.437 0.524 
200 0.375 0.376 0.409 0.348 0.332 0.427 

Table 2. Data and fitting equation (2) 

Fe Cu Ni 
119 ( MPa) 190 183 332 
Rm (Mpa) 200 220 320 

Table 3. Parameters for equation (2) for the three different materials tested. 

We remark that Rm value is strongly influenced by the purity of the metals considered, 
and we would not consider this specific issue here. In any case, for the sake of the 
modeling proposed, we believe that looking at the results presented in Table 3, an 
approximate equation may be considered: 

1/92:0.97Rm 

transforming equation (3) to: 

r./r.o= exp(-p/(0.97Rm)) 

Expressed in density, and with the same limited application to the lower pressures 
(p<Rm), equation (7) transforms to: 

p/pM-=1-( 1-po/PM)exp(p/Rm) 

(6) 

(7) 

(8) 

where p M is the full density of the respective metal and p0 has the same meaning of the 
conditions above for porosity, i.e. is the apparent density. These results are in line for 
general results for instance as reported by Heckel and James, that the mechanism is 
related to the material mechanical properties. So for the sake of modeling, an empirical 
form of the equation (2), 9 derived from mechanical properties could be exploitable in a 
preliminary work for building experimental compositions. From the production route of 
the primary powders and the possible related morphology one could also estimate the 
initial (p=O) porosity or apparent density. Even if some experimental work was carried 
out on mixtures, we believe it's not the time yet not even to outline any simple 
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RESULTS: PRESSURE GREEN STRENGHT RELATIONSHIP. 

Samples prepared as above, where tested following the MPIF 15, in order to obtain 
green strength values. 

P,Mpa A) Fe B)Cu C)Ni 

50 0.0218 0.1445 0.6164 
100 0.1460 0.7851 1.3843 
150 0.3433 1.3493 2.1913 
200 9.8424 2.1584 5.3924 

Table 4. Experimental results for green strength (MPa) at different compacting 
pressures. 

Equation (4) and (5) have been tested, both proving a fit valid for experimental 
purposes. Resulting parameters are reported in Table 5. 

A)Fe B)Cu C)Ni 
103 p (1/MPa) 3.521 9.514 16.806 

103 m 14.21 9.010 9.12 
Ln(Ccr) -25.50 -15.90 -14.18 

Table 5. Parameters for equations (4) and (5). 

Here however is more difficult to outline some simple materials properties link. One 
could just say that the value pin the data reported here is from I to 5 10"5 1/Mpa, and is 
particularly scattered for the iron powders. Plots of 103 p against pressure however 
show a linear behavior - that we are not able to investigate here, but that does reduce 
the difference in a possible estimate of the green strength - green density relation at 
low pressures in a form: 

(8) 

where PN is now equal to 0.8, 2.6 and 2.4 in units of 10"5 (1/Mpai in the data considered 
here, respectively for Fe, Ni and Cu. Again, even some experimental work has already 
been performed on mixtures, it's too early a stage to quantify these effects. 
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6. DISCUSSION 

The preliminary results reported are encouraging, as exploiting quite simple laboratory 
techniques it is possible to extract models that might be oversimplified, but have proven 
to be useful since several decades in the powder metallurgy industry. However, up to 
date, there was not significant interest in modeling the mechanical behaviour of low 
pressure compacted powders, as there was no practical application directly exploitable. 
The field of laser sintering for rapid prototyping application has urgently the need to 
develop new or improved materials, in both the field of rapid prototyping itself and in 
the rapid tooling applications. The experimental work on this paper does not consider 
laser effects - like reflectivity, heat conductivity and entalphy of fusion effects, but 
these parameters may be studied and then modelled as well in such a simple fashion, in 
order to have a deterministic and euristic model that could be helpful in the selection of 
the metal powder properties at an intermediate level, avoiding of developing specific 
powders to be tested in the applications. With some contradiction in term, we would say 
that rapid prototyping needs rapid testing procedures for the materials applications, and 
this must be achieved by simple research work. 
So if one would consider a powder made of a base metal with mechanical properties 
Rm=200 MPa, a local compactation of 20 MPa would increase the powder density of 
the 30%. That is, if the powder has an initial relative density of the 40%, it would then 
increase to 52%. This is depicted in Figure 2. 
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Figure 2. Increase in relative density for an applied pressure p. Rm employed 200 Mpa. 
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CONCLUSIONS. 

The testing procedures for uncoated powders for rapid prototyping that have been 
discussed, together with some very simple models that may give, for pure metals, the 
forming characteristic at low pressures in term of forming characteristics. This may be 
of help in the development of the process suggesting a possible enhancement of the 
laser sintering set-up with the use of a compacting roll. In this case the green body 
density pressure relationships and green strength applied pressure relationships could be 
important for a pre-sintering stage. The empirical parameters, for low applied pressures 
that are not common and not applicable to normal press and sintering operations, that 
have been developed, and one of the two equations that have been developed for the 
green body density and the green strength dependence on applied compactation 
pressure, could provide appropriate data for the modelling. While an extension of the 
considerations presented to powder mixtures, provided some experimental data to be 
analyzed, should enhance the possibility of applying the model, for a thorough 
simulation program there remain different topics to be investigated, which are in any 
case deeply linked with the density of the powders , like the thermal conductivity, the 
heat of fusion, the whole topic of behaviour on sintering. 
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OPTIMIZATION OF THE PROCESS OF LASER CUTTINGOF STEEL 
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ABSTRACT: Efficient control oflaser cutting processes is closely related to knowledge of 
heat effects in the cutting front and its surroundings. 
The macrographs show that the majority of the cuts shown can be classified in the highest 
quality class considering the machining conditions specified. This proves that in the case of 
austenitic stainless steel, the cutting speeds were suitably chosen for the particular material 
thicknesses. The variation of the HAZ thickness indicate that in the bottom part of the cut 
more intensive chemical processes are occurring between the molted material and the 
oxygen gas, hence heat is released. In the bottom part of inclined the cut, due to flow of 
the melt, heat from the melt is additionally transferred into the cool surroundings of the 
cut. 

l. INTRODUCTION 

Numerous studies of the Iaser cutting process have, therefore, dealt with influences of the 
varying energy input due to deviation in laser-source power in time as weil as influence of 
the accuracy of workpiece guidance, i.e. cutting accuracy, on cut quality. Nuss et al.[l] 
studied the deviations in the size of round roundels in Iaser cutting of different steels with a 
co2 Iaser in pulsating and/or continuous Operation. The deviation was gathered with 
regard to the precision of NC-table control and direction of light polarisation. Tönshoff 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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and Samrau [2] and Bedrin [3] investigated the quality of the cut by measuring the 
roughness at varying laser source power and varying workpiece speeds. They also studied 
the quality of the cut while changing the optical system focus position with respect to the 
workpiece surface. Thomassen and Olsen [4] studied the effects produced on the quality of 
the cut by changing the nozzle shape and oxygen gas pressure. Theoretical investigations 
of temperature in the vicinity of the cutting front were carried out for gas welding by 
Rosenthal /5/ and for laser cutting by Rykalin et al. /6/, Schuocker 17/, and Arata et.al. /8/. 
Rykalin analysis was limited to a circular laser source, such as Gaussian source, and to the 
determination of the temperature on the surface of the cutting front. Olson /9/ very 
carefully analysed the cutting front for which he plotted isothermal lines and then 
determined the thickness of the molten and heat affected layers of the workpiece material. 
One of his important findings is that in case of a high temperature gradient, a thin layer of 
the molten and heat affected material and a small thickness of the heat affected zone are 
obtained, which assures a good and uniform quality of the cut. 

2. EXPE~NTALPROCEDURES 

Experimental testing was carried out on a laser machining system ISKRA-LMP 600 with a 
laser power of up to 600 Wand with a positioning table speed from 2 to 50 mrn/s. A C02 

laser with Gaussian distribution of light-radiation intensity in the continuous laser beam 
was used. In laser cutting, cutting oxygen, which permits development of exothermic 
reactions, was also supplied coaxially to the laser beam. In laser cutting, oxygen was 
supplied as auxiliary gas. The investigations were carried out by applying a commonly used 
austenitic stainless steel alloyed with chromium and nickel 18/1 0 designated A2 7 6-82A 
according to ASTM standard. In order to study the processes in the cutting front and 
investigate the quality of cut, certain parameters were selected as process constants and 
other parameters as process variables. Steel is frequently used in chemical processing 
industry, which requires extraordinary chemical resistance of steel. This kind of steel is 
frequently an object of investigation in laser cutting since in the remolten and heat-affected 
layer chemical as well microstructure changes occur and consequently chemical resistance 
of the steel concerned reduces. By common processes of thermal cutting of high-alloy 
steels it is difficult to ensure the desired quality of the cut due to a too-low average 
temperature in the cutting front. In laser cutting, however, oxygen as an auxiliary gas 
ensures higher average temperatures in the cutting front due to additional exothermic 
reactions and a highly concentrated laser beam. Plates having a size of 100 x 100 mm2 and 
different thicknesses, i.e. 0.5 - 0.8 - 1.0 - 1.5 mm, were selected as samples for cutting. 
Machining conditions were selected with regard to a large range of material thicknesses of 
the samples. Several constant parameters were selected on the basis of some of our 
previous investigations while other parameters were varied [ 1 0-12]. 
The constant parameters were the following: 
• laser power P = 450W 
• focal distance of the lens f= 63.5 mm 
• focal point/sample-surface distance zr= 0.0 mm 
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• nozzle/sample-surface distance 
• nozzle diameter 

z,. = 2.0 mm 
dn = 2.0 mm. 
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In the selected interval of cutting speeds, i.e. between 25 and 50 mm/min, a linear selection 
of four cutting speeds for each material thickness was made. Pressure of the auxiliary gas 
was varied from 2.0 to 5.5 bar, namely by steps 2.0- 3.0- 4.0 and 5.0 bar. With regard to 
the size of the outlet nozzle changes in pressure of the auxiliary gas entailed changes in 
oxygen flow from 20 to 84 Vmin. Changes in the oxygen flow and pressure affected 
intensity of the exothermic reactions in the cutting front and ejection of the melt and 
oxides from the cutting front. 

3. EXPERIMENTAL RESULTS 

In practice the usual procedure is first to assess the cut quality visually. For more detailed 
assessment numerous researchers describe cut quality by measuring roughness at various 
points of the cut and their geometrical characteristics. An analysis of macrogeometry of 
the laser cut may first be made by visual assessment of the cut surface. Visual assessment 
of the cut may often be very subjective and dependent on criteria of individual assessors 
and their theoretical knowledge of laser cutting. Because of subjective influences of 
individual assessors it is recommended to prepare a suitable classification of individual cut 
characteristics by which to classify them easier and in more detail. Surface topography of 
the laser cut is most frequently assessed by the standard criteria which are taken into 
account in quantitative assessment. Practical experiences and results of such systematic 
assessment of cut quality confirm that such a line of work may be efficient when equal or 
similar material thicknesses are used. For a demonstration the samples were only partially 
cut with a laser beam to permit an insight into the cut gap throughout the sample 
thickness. A step-by-step removal of the sample material along the cut by means of a 
special, very fine device with a diamond disc made it possible to measure geometrical 
characteristics of the cut with a measuring microscope with low magnification. Such a 
technique of preparation of the samples permitted a description of the laser cut in terms of 
the size and shape of the gap between the left and right faces of the cut. The cuts are 
extremely accurate and of high quality. A peciuliarity is the lower part of the cut where in 
some cases a slightly groovelike shape containing oxides is obtained. Although a 
particularly wide range of cutting speeds was selected, it may be stated that with almost all 
cutting speeds high-quality cuts were obtained. The macro geometrical analysis of the laser 
cut is specified by DIN 2310 and includes measurement of the following geometrical 
characteristics: 
• lower laser-cut width, 
• upper laser-cut width, 
• burr width, 
• burr height, 
• depth of the heat-affected zone. 
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The microgeometrical analysis permits a description of a technical surface by means of 
measurement of the surface profile. This permits determination of various parameters for 
the description of cut-surface roughness. Deviation of the ideal or theoretical surface from 
the actual cut surface is an offsize. The deviation of the actual laser-cut surface from the 
theoretical one is determined by the parameters of roughness and striations. For the 
micro geometrical description of cut roughness the following were selected: 
• measurement of the mean arithmetical roughness Ra; 
• measurement of the mean roughness height Rz; 
• measurement of the maximum roughness height Ry. 

The laser-cut surface may be assessed visually and on the basis of the measured parameters 
of cut roughness. A uniform and sufficiently accurate description of the laser-cut surface 
may be obtained by measuring the micro geometry of the surface profile at the cut point 
selected and further digitization of data on the surface profile which permit the 
determination of individual, well comparable parameters of surface quality. A further 
description of the cut characteristics includes standard data on the condition of the surface 
and surface layer, which is in technical terminology referred to as "surface integrity" [ 6, 7]. 
With the cut surfaces concerned it is usually sufficient to analyse the through-thickness 
microstructure of the material, i.e. the microstructure in the direction of the remolten and 
heat-affected zone, and measurement of microhardness at various cut points determined in 
advance. Owing to extreme conditions in fast heating and fast cooling of the material in the 
cutting front in laser cutting, the following processes occur: 
• melting and oxidation ofthe material in oxygen cutting, 
• ejection of the melt and oxides from the cutting front in oxygen cutting, 
• resolidification of a thin surface layer called "remolten layer", 
• diffusion processes inside the remolten and heat-affected layer, 
• persistence of oxides at the bottom of the edge of the cut. 

In dealing with cutting edges one is usually content with a through-thickness analysis of 
the microstructure of the material, i.e. the microstructure in the direction of the remolten 
and heat-affected zone, and measurement of microhardness at various cut levels. With 
thinner samples the analysis was limited to the upper and lower thirds of the cut while with 
thicker materials it was made at three levels, i.e. additionally in the middle of the cut. That 
is to say that with thicker samples another level in the middle of the material had to be 
added, which is in agreement with the surface macroanalysis and the analysis of the 
remolten and heat-affected zone. 

Fig. 1 shows microstructure of austenitic steel 18/8 with a sample thickness of 1. 5 mm. As 
to the macrostructure of the latter the cut is very nice and smooth but with a non-uniform 
thickness of the remolten zone. A change in microstructure at the lower part of the cut, 
where there is a higher temperature due mainly to the presence of the melt and oxides, is 
strongly emphasized [12]. 
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Fig. I: Micrograph of the remolten _and heat-affected zone with a sample thickness of 0.5 
mm and cutting speed of 50 rnm/s. 

In addition to heat effects of the laser beam there are to be found even stronger thermal 
influences due to chemical reactions between the melt and oxygen as the auxiliary gas and 
a hydrodynamic influence of the overpressure of oxygen in the molten material inside the 
cutting front. The upper part of the cut is cooled by the directed oxygen flow while oxygen 
at the lower part of the cut is consumed to a great extent in combustion of iron, chromium, 
nickel, titanium and other steel constitutents. In the remolten state, with the thin samples a 
very fine microstructure is obtained due to high velocities of heat removal while with the 
thick samples columnar crystals are obtained. The microstructure in the thin layer formed 
is again austenitic, with characteristics found after remelting and fast cooling. 

The research work on the description of cut quality can be presented by three different but 
complementary criteria, i.e.: 
• first criterium: macrogeometrical characteristics of the cut, 
• second criterium: changes in through-thickness microhardness perpendicular to the 

cutting front, 
• third criterium: microstructure condition at different cut levels complemented by 

microchemical analyses of the cut surface and the remolten and heat-affected zone. 
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Area I 

Area II 

Area III 

Fig. 2: SEM - Micrograph of the cut 
surface on stainless steel with a sample 
thickness of 2.5 mm with a cutting speed 
v of 13 .3 mm/s. 
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Fig. 2 shows SEM photographs of cut 
surface topography of a plate with 2.5 
mm in thickness obtained with a cutting 
speed of 15 mm/s. The topographic 
photograph shows three characteristic 
areas, which are indicated at the figure by 
three characteristic cut shapes, i.e. area I 
( upper part of the cut), area II ( middle 
part of the cut), area III (lower part of 
the cut). 
In Area I extremely high temperature 
gradients are obtained; therefore, a 
relatively fine surface, which is rather 
smooth and has a low level of roughness, 
is obtained. Area II has a lower 
temperature gradient; therefore, thermal 
effects and consequently surface 
striations are more expressed. In the 
observation of the cut surface, the 
directed orientation of striations, which 
may be described by increased surface 
roughness with regard to Area I, is very 
important In Area III or at the lower 
part of the cut there is the lowest 
temperature gradient, which contributed 
to important increase in stnatwn 
generation; therefore, the surface at the 
lower part is essentially rougher. 

An increased heat concentration which produces strong overheating of the material at the 
lower part of the cutting front when there is a flow of oxygen, which produces ejection of 
a larger mass of the melt than in the middle or upper part of the cut, also contributes to 
strong striation generation. Moreover the directed orientation of striations at the lower 
part of the cut indicates the flow of the melt and oxides from the cutting front This 
macrograph permits determination of the cutting-front inclination during cutting, which 
indicates cutting of a sample at the upper cutting-speed limit 

The electronic micrographs of an inclined laser cut (Fig. 3) shows roughness of the cut 
surface and the oxides present magnified 300-times. The specific X-photographs for Fe, 
Cr, Ni, Mn and Si show a uniform concentration of individual elements in the oxides, 
except for iron and chromium. The vicinity of the remolten layer in the oxides is poor in 
iron and chromium. Particulary X-photographs for chromium show that on the oxide 
surface in the groove there is an increased concentration of chromium. This indicates that 
owing to a very fast cooling process diffusion of chromium from the remolten layer to the 
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surface oxide layer in the groove occurred. Powell [13] states that owing to diffusion of 

chromium from the molten layer to the oxide containing groove the concentration of 
chromium in the vicinity ofthe remolten layer reduces. He also states that the thickness of 
the layer with a reduced concentration in chromium in the remolten layer may be even 50 

to 100 ~m thick. Unfortunately from the above-mentioned specific X-photographs for 

chromium this cannot be confirmed although an increased concentration in chromium was 
observed in the oxide containing groove in the remolten layer. The oxide area on the cut 
surface has a shape of a continuous layer. In some cases the melt and the oxides merge at 
the bottom of the edge which is referred to as their burr. 

Laser beam 

Fig 3: Microchemical analysis of the laser cut edge on austenitic stainless steel with a 
sample thickness of0.6 mm at a laser speed of33.33 mm/s. 

4 . CONCLUSIONS 

The investigations conducted on macrostructure and microstructure of the cut surface and 
the surface layer perpendicular to the cutting direction confirm extreme efficiency of 
cutting, particularly of austenitic stainless having a small thickness. The laser system is 
reliable enough and has such optical and kinematic properties that it permits good 
adaptability of machining conditions to different kinds and thicknesses of materials 
The macroanalysis of the cut surface is often very efficient in assessment of laser-cut 

quality. The visual assessment also permits efficient assessment of the cutting process and, 

consequently, its optimization. A too-low heat input into the cutting front is indicated first 

by distinctive curvedness of the cutting front at the lower part of the cut and by increased 
striation generation at the cut surface. With the highest cutting speeds distinctive and 

uniform striations generate only at the upper part of the cut while they disappear at the 
lower part of the cut, which confirms distinctive changes in the process of ejection of the 

melt from the cutting front. The cut surface at the lower part of the cut is rough and 
nonuniform when the thickness of the remolten layer is increased and the oxide containing 

grooves are present. In these cases a conclusion may be drawn that the cutting speed was 
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considerably higher than optimum cutting speed, which is indicated also by the direction of 
ejection of the melt and the oxides from the cutting front as well as by the presence of 
oxide containing grooves in the remolten layer. 
Since we want to make a collection of data which would make possible determination of 
optimum cutting conditions in laser cutting of various kinds and thicknesses of materials, 
additional experimental investigations had to be conducted in order to establish critical 
cutting speeds. The experimental results and experience in assessment of laser-cut quality 
obtained to this day confirm that the critical cutting speed is a very reliable parameter of 
optimization of laser- cutting. 
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ABSTRACT: Wire electrical discharge machining (WEDM) is widely used in 
manufacturing, medical, aircraft applications and, virtually, all areas of conductive material 
machining. The process involves a series of very complex electrical, thermodynamical and 
electromagnetical phenomena that are still partially unknown. Due to the large amount of 
parameters involved in the process, a suitable set-up of the variables aimed to obtain the 
best performance is often very difficult. In the paper the results of a wide experimental 
analysis are presented: the tests were carried out on high-speed steel and tempered steel 
specimens utilising brass wires. The influence of the most important process parameters on 
the material removal rate and on the roughness of the machined surfaces was investigated. 

1. INTRODUCTION 

Amongst the non-conventional technologies, Electrical Discharge Machining (EDM) is 
nowadays assuming particular importance in industrial applications. The process is 
characterised by the erosion of the workpiece material due to a large amount of discrete 
sparks between the workpiece and the electrode, both immersed in a liquid dielectric 
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medium. The sparks, in fact, melt and vaporise each time a small amount of the workpiece 
material which is subsequently removed by the dielectric. 
EDM is usually classified into die-sinking EDM, in which the tool shape is reproduced on 
the workpiece, and wire EDM (WEDM); in this case the shape of the obtained profile 
depends on the relative movement of the wire and the workpiece. 
WEDM is mostly utilised in the die machining industries. Nevertheless the fields of 
applications of this technology have grown more and more since it was firstly applied 
about twenty years ago: nowadays, in fact, WEDM is largely utilised in the aircraft, 
aerospace and medical industries, as well as for high-strength materials cutting and for 
other precision machining applications. 
All these industrial applications fully justify the interest of several researchers all over the 
world. Currently their attention is mostly focused on the achievement of a higher 
machining productivity, on the introduction and enhancement of automation in WED 
machines and, finally, on the improvement of machining accuracy and quality of the 
machined surface [1,2]. Furthermore, a substantial improvement of the cutting conditions 
was achieved through the development of innovative wire materials [3]. Based on the 
experience of die-sinking EDM, the former electrodes were made of copper, which is an 
excellent conductor. However, under the electro-thermal phenomena that occur during 
WEDM, copper wears rapidly. In addition its tensile strength is rather poor so that only a 
limited mechanical tension can be applied on the wire: therefore machining instabilities 
arise due to a high amount of short circuits. A brass alloy wire (consisting of 63% copper 
and 37% zinc) was introduced in the early 70s in order to improve cutting speed. Indeed 
brass, although it is a worse conductor than copper, permits to increase the tension applied 
on the wire reducing the amount of abnormal sparks. 
It is worth noticing that sparks can be classified into three groups [2]: normal sparks, in 
which ignition delay times are required for the proper generation of effective discharges, 
arc pulses which do not present any ignition delay time when the gap current is established 
and short circuits, due to metal bridges between the wire and the workpiece. Usually 
normal sparks provide better surface roughness and machining stability than arc pulses. 
Further improvements of the tensile properties of brass wires were obtained by the addition 
of 2% aluminium. The resulting alloy possesses a higher tensile stress (over 900MPa). 
Finally in the recent years coated wires, composed of a brass core coated with a zinc layer 
20-30 Jliil thick, were introduced [3]. Since the external coated layer of these electrodes is 
characterised by a lower melting temperature than the core material, when a spark occurs 
the wire coating is overheated and subsequently evaporated. In other words, the so-called 
"heat-sink" effect is obtained and thus a cooling of the core material is achieved. By this 
way the process efficiency is improved, as the cutting speed increases by up of 50%. 
Actually the development of an effective WEDM model represents a very difficult aim, 
since the process involves a large number of complex electrical, electromagnetic and 
thermodynamical phenomena. Furthermore the model should take into account the 
influence of a very large amount of process parameters, among which the gap voltage, the. 
pulse current, the pulse-on and the pulse-off time, the wire material and geometry, the 
mechanical tension on the wire and finally the wire feed speed are the most relevant. 



On the Correlations Between Machining Parameters and Specimen Quality in WEDM 61 3 

In the paper the authors present the results of a wide experimental investigation on 
WEDM: in particular such technology was utilised to cut a hard high-speed steel and a 
tempered steel. The most relevant results in terms of material removal rate and surface 
roughness at varying some of the most important operating parameters are presented and 
discussed in detail. 

2. THE EXPERIMENTAL TESTS 

2.1 Set -up of the experiments 
All the tests were carried out on an AEG Electrical Discharge machine. Actually such 
facility was originally designed and built for die-sinking EDM and has been subsequently 
modified and equipped for wire EDM. The machine permits to tune the gap voltage into 4 
different levels (60-250V), as well as the current peak (maximum 30A), the pulse-on and 
the pulse-off time. Furthermore the dielectric flux rate, the wire feed velocity and the 
tensile load on the wire can be selected into a wide range. 
Two different materials were utilised in the tests, namely a typical High-Speed Steel with 
10% Cobalt content and a tempered steel 38NiCrMo4K. In both cases prismatic rods with 
rectangular section (width=10mm, height=30mm) were cut. In particular the cutting 
direction was along the height of the specimen. 
As far as the wire material is concerned, several different brass wires were taken into 
account, characterised by different diameters (0.25 and 0.30mm) and ultimate tensile 
strength: in particular both soft wires (i.e. crR=490Mpa) and high strength wires (i.e. 
<JR=900Mpa) were utilised in the tests. 

2.2 Design of the experimental plan 
The selection of the process parameters to be investigated, as well as of the output 
variables to be monitored, has represented a basic task in this research. In particular, after a 
set of preliminary tests, the plan of experiments reported in the following table was 
established. 

a e . vestlgate parameters T bl 1 In d 
Pulse-on time [J.ls] 4 I 6 I 10 

Pulse-off time [J.LS] 9 I 10112 I 13 I 14 I 16 I 1s I 22 I 25 I 31 
Stress on the wire [MPa] 130 I 200 I 270 

Three different levels were fixed for the pulse-on time, ten levels for the pulse-off time 
and, finally, three levels for the tensile stress applied on the wire. 
The values were selected according to the tuning capabilities available on the machine. It is 
worth pointing out that the number of pulse-off time levels was very high in order to 
investigate the influence of the duty factor over a wide range of variation: the duty factor is 
defined as: DF =pulse-on time/(pulse-on time+ pulse-off time). 
On the other hand the gap voltage (135V) and the wire feed velocity (9rnlmin) were 
maintained constant all over the tests. As far as the output variables are concerned, the 
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attention has been focused on the material removal rate (MRR) and on the surface 
roughness (RA) measured on the machined surface. These parameters represent suitable 
indicators of the process productivity and quality respectively. 
Tables 2 and 3 report the complete list of the experiments and of the obtained data. Some 
of the most important results are summarised and discussed in the next paragraph. 
In the tables for each column the workpiece material as well as the wire diameter, its 
ultimate tensile strength and the applied tensile stress are indicated. 

Table 2. Material removal rate (mm/rnin) 

Pon Poff DF HSS HSS HSS HSS HSS TS 
j.LS j.LS 0,25/490/130 0,25/490/270 0,25/900/270 0,30/490/200 0,30/900/200 0,25/490/270 
4 17 0,19 0,13 0,17 0,17 0,18 0,09 0,22 
4 14 0,22 0,15 0,20 0,18 0,20 0,11 0,27 

4 12 0,25 0,19 0,26 0,18 0,24 0,15 0,35 
4 10 0,29 0,21 0,30 0,22 0,28 0,18 0,40 
4 9 0,31 0,24 0,35 0,25 0,33 0,21 0,46 
6 25 0,19 0,13 0,19 0,18 0,18 0,16 0,22 
6 22 0,21 0,17 0,20 0,20 0,20 0,17 0,25 
6 18 0,25 0,20 0,21 0,24 0,25 0,23 0,27 
6 16 0,27 0,21 0,28 0,26 0,27 0,25 0,41 
6 13 0,32 0,29 0,37 0,31 0,34 0,28 0,53 
10 31 0,24 Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture 
10 25 0,29 Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture 
10 22 0,31 Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture 

Table 3. Surface roughness (JllD) 

Pon Poff DF HSS HSS HSS HSS HSS TS 

JlS JlS 0,25/4901130 0,25/490/270 0,25/900/270 0,30/490/200 0,30/900/200 0,25/490/270 
4 17 0,19 1,10 1,41 1,36 1,38 1,10 1,41 
4 14 0,22 1,11 1,46 1,35 1,24 1,17 1,52 
4 12 0,25 1,26 1,57 1,39 1,43 1,32 1,88 
4 10 0,29 1,40 1,62 1,42 1,63 1,40 2,05 
4 9 0,31 1,54 2,11 1,60 1,84 1,54 2,49 
6 25 0,19 1,19 1,34 1,30 1,41 1,25 1,42 
6 22 0,21 1,17 1,38 1,36 1,39 1,37 1,50 
6 18 0,25 1,39 1,48 1,40 1,45 1,42 1,58 
6 16 0,27 1,32 1,60 1,46 1,70 1,61 2,15 
6 13 0,32 1,62 2,08 1,59 1,88 1,75 2,90 
10 31 0,24 Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture 
10 25 0,29 Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture 
10 22 0,31 Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture Wire rupture 
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3. DISCUSSION OF THE RESULTS 

In this paragraph the attention is focused on the influence of some of the most relevant 
process parameters on the monitored outputs, i.e. the material removal rate and the surface 
roughness. It is necessary to outline that such influence has been investigated by varying 
each time only the considered process parameter and keeping unchanged all the other ones. 

3.1 The duty factor 
First of all the influence of the duty factor was investigated. This parameter, in fact, 
indicates the percentage of the active spark time over the total time between two 
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subsequent sparks, and thus strongly affects the process. Figg. 1 and 2 show that, at 
increasing the duty factor, a substantial increment of the material removal rate for both the 
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considered materials is achieved; unfortunately such result occurs together with a relevant 
worsening of the surface roughness. 
The increment of the pulse-on time with respect to the total spark time (pulse-on time + 
pulse-off time) determines, in fact, an increment of the energy supplied to the material. As 
a consequence, even if a larger amount of abnormal sparks may occur, the total volume of 
melt and vaporised material increases. In other words, at increasing the duty factor a 
progressive movement from roughing to finishing conditions is obtained. 

3.2 The pulse-on time 
The pulse-on time plays a role on the process mechanics very similar to the one previously 
described for the duty factor. The analysis of the results reported in Tables 2 and 3, shows 
in fact that at increasing the pulse-on time, both the material removal rate and the surface 
roughness increase. At each spark a larger amount of energy is transmitted to the 
workpiece, and thus larger craters are eroded on the surface. 
Actually wire rupture represents a strong limitation to the increment of the pulse-on time. 
The wire in fact, depending on the diameter and on the material, breaks if the energy grows 
up to a limiting value. Such risk may be reduced increasing the wire feed velocity. 

3.3 The tensile stress applied on the wire 
The importance of the tensile stress on the wire during WEDM has been pointed out by 

several researchers and represents the fundamental reason for the development and 
application of new wire materials as already described in the introduction. 
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The figg. 3 and 4 report the results obtained cutting high speed steel with the same brass 

wire (diameter 0.25mm, crR=490 MPa), but applying two different levels of the tensile 
stress. It can be easily noticed that, at increasing the tensile stress from 130 to 270 MPa a 
relevant increment of the material removal rate is achieved, even if, again, the surface 
roughness undergoes a certain worsening. 
These effects can be justified, taking into account that a higher mechanical tension reduces 
the deflections of the wire due to the electromagnetic forces, as well as the vibrations 
during the cutting phenomenon. As a consequence, the number of short circuits decreases 
and the number of normal sparks increases. 
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3.4 Properties of the wire: ultimate tensile strength and diameter 
The considerations reported in the previous point 3.3 justify the development of new wire 
materials characterised by a higher ultimate tensile stress. In fact the advantages obtained 
through the application of a higher tensile stress on the wire compensate the worse 
electrical properties of new materials with respect to the former copper or soft brass wires. 
On the other hand, if the available WED machine does not permit to increase so much the 
tensile stress applied on the wire, the use of traditional wires is still more convenient. 
These considerations are confirmed by the tests reported in figg. 5 and 6. The tests were 
carried out on high-speed steel, utilising two different brass wires (a soft brass wire with 
<JR=490 MPa and a high strength wire with <JR=900 MPa) and applying the maximum 
tensile stress available on the machine, i.e. 270 MPa. 
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The obtained results show that with this value of the tensile stress the worsening of the 
electrical properties has a dominant effect, making most suitable the use of the soft wire. 
A further ,set of experimental tests concerned the influence of the wire diameter. In 
particular the tests were carried out on soft brass wires with a diameter equal to 0.25 or 
0.3mm. Actually the effect of the diameter is strictly connected with the tensile stress one. 
Figg. 7 and 8 report the results obtained applying respectively a tensile stress equal to 200 
MPa on the wire with a diameter of 0.3mm, and a tensile stress equal to 130 or 270 MPa on 
the thinner wire. The thicker wire permits a higher MRR only with respect to the less 
loaded thinner wire: such result permits to conclude that the use of thicker and more 
expensive wires is justified only if the available machine permits heavier electrical 
parameters. Such circumstance occurs, for instance, on some WED machines of the last 
generation, which allow pulse intensities up to 500A [3] . 
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3.5 Workpiece material 
Most of the tests were carried out on a high-speed steel with a 10% Cobalt content, whose 
hardness has been measured equal to 62HRC. Other tests were performed on the tempered 
steel 38 NiCrMo4K. 
Figg.9 and 10 show that the tempered steel permits an higher removal rate. 
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Some further interesting considerations can be derived from the SEM analysis of the 
machined surfaces: the HSS specimen shows a more regular crater distribution, with craters 
characterised by lower depth and extension (fig.11 ). The craters are, on the contrary, larger 
and deeper on the tempered steel specimen (fig.12). These micro-geometrical aspects are 
confirmed by the surface roughness measurements, which have furnished a value of RA for 
the tempered steel larger than the HSS one. 

Fig. 11 Fig.12 
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ABSTRACT: The measurement of residual stresses is very important in exacting dynamically 
loaded machine parts which have been subjected to different kinds of heat treatment. In designing 

parts designers very frequently demand the presence of compressive residual stresses after heat 
treatment and finish grinding of the surface, since this increases the fatigue strength of the 
material and reduces the danger of fracture. In this investigation of the residual stresses after 
laser surface remelting, the size and variation of residual stresses were measured as a function of 
the modified layer depth on flat specimens from nodular iron. Optimal laser remelting conditions 
were chosen, while only the way of guiding the laser beam over the surface of flat specimens was 
varied. To measure the residual stresses, the relaxation method was used, including gradual 
electro-chemical removal of the modified layer in which the deformation of the specimen was 

measured by resistance strain gauges. 

1. INTRODUCTION 

Nodular iron is widely used in engineering practice because of low price ofthe material, 
good castability and good machinability desirable in the finalization of parts. To increase 
the wear resistance of the surface of nodular iron parts, a number of heat treatment 

procedures had been used in industrial applications [1,2]. An advantage of heat treatment 

procedures is that they achieve desirable structural changes in the modified layer 
improving the wear and corrosion resistance. Among important of heat treatment 

procedures we should mention also laser surface melt-hardening [3,4]. The heating up of 
the workpiece surface material by the laser beam is done very rapidly. The conditions of 
heating-up can be changed by changing the energy density and relative motion of the 
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workpiece and the laser beam. In surface remelting of cast irons, we have to achieve 
melting of the material on the surface and austenitization beneath it, followed by rapid 
cooling down through heat conduction into the cold material. To create a ledeburitic and 
martensitic structure, the required critical cooling rate has to be exceeded. In laser 
surface remelting this can be achieved without any additional cooling and is called self­
quenching. The properties of the modified layer depend on the microstructure prior to 
heat treatment and on the amount of energy input transferred into the surface layer of the 
workpiece. The research work was focused into the study of residual stresses after laser 

surface remelting of nodular iron. 

2. EXPERIMENTAL PROCEDURE 

For the experimental laser surface remelting we used a C02-laser with a Gaussian power 
distribution having a maximum power of 1.5 kW which can be suitably adjusted. The 
experiments were made at a laser source power of I kW, defocussing degree from 22 to 
34 mm and focal length of the lens 127 mm. The laser beam diameter Db on the 
workpiece surface was in the range between 3 .3 and 5. 1 mm. The workpiece travelling 
speed was from 15 to 21 rnrnls. The absorptivity of the workpieces for the laser light 

with a wavelength of 'A = 10.6 J.l.m was increased by an absorption coating of Zn­
phosphate. In the tests nodular iron 500-7 (ISO) with ferrite-pearlite microstructure was 
used. The tests were made with optimal laser treatment conditions so that a 0%, 15% 
and 30% overlapping of the remelted layer were ensured. By overlapping remelted layer, 
we achieved a fully and uniformly remelted workpiece surface and a desired depth of the 
modified layer. The dimensions of the workpieces were adapted to the chosen melt­
hardening procedure and the requirements of subsequent residual stress measurements. 
Figure 1 shows the laser beam guidance on the workpiece and the workpiece dimensions. 

27 

,..... 
N 

t ' t 
START START 

a) b) c) 
Figure 1. Workpiece geometry and different ways of laser beam travel in laser surface 
remelting. 

3. EXPERIMENTAL RESULTS 
3.1 MICROSTRUCTURE 

The structure changes in the laser surface remelting of the cast iron are dependent on 
temperature conditions during surface layer heating and cooling. In all the cases of laser 
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surface remelting, a modified layer was obtained consisting of characteristic 
microstructure layers, i.e.: remelted layer and hardened layer [5]. 

REMELTED LAYER. The structure of the remelted layer is affected by the cooling 
rates and degree of graphite dissolution in the melt. Because of a short interaction time, 
the graphite dissolving in the melt is incomplete and may be brought to the surface due to 
the buoyancy and dynamic forces. The graphite on the surface of the melt may evaporate 
due to intensive heat or may be blown away by a jet of protective gas. Therefore the 
carbon content of the liquid may be less than overall carbon content of the alloy, which 
has an effect on the formation of different structures. By diffraction X-rays [5] in the 
remelted layer and by means of optic microscopy, it was found that the remelted zone 
consists of austenite dendrites, ledeburite and martensite and undissolved graphite. The 
austenite dendrites grow during rapid solidification of the remelted layer in the direction 
towards the surface, which corresponds to the direction of heat removal. 

HARDENED LAYER. In the hardened layer only solid state transformation can be 
noted. During heating the basic pearlite structure transforms into austenite which in 
cooling, transforms into martensite with some residual austenite. Ferrite microstructure 
stays as ferrite. 

3.2 MICROHARDNESS 

The results of micro hardness measurements have confirmed the structure changes in the 
material and have shown that laser surface remelting can be a successful method [5]. The 
hardness of the base material in soft state ranges between 200 to 250 HV 100 and after 
laser treatment increases onto 800 to 950 HV 1oo in the remelted layer and onto 600 to 
830 HVwo in the hardened layer. 

3.3 RESIDUAL STRESSES 

The residual stress variation is very much dependent on the conditions present in the 
process of remelted layer cooling which can be described by the volume percentage of 
residual austenite and cementite and concentration gradient of the cementite. With the 
increase of the amount of residual austenite in the remelted layer, there is a great danger 
that residual internal stresses will change the direction and will transform from 
compressive into tensile . A surface with tensile internal stresses is, however, much more 
likely to develop cracks, which may propagate and grow into a catastrophic failure. 
The method [ 6] for measurement residual stresses consists in removing a thin layer of L\h; 
thickness on one face of the sample. A new equilibrium stress state is established 
involving the sample deformation and a new stress distribution. The principle of the 
present method is to connect measured strains to the residual stresses relaxed by electro­
chemical dissolution. The result of the calculation is expected to represent the original 
residual stress distribution. 
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(1) 

where 

B· =-E- ·(b..e ·- v·b..e ·) J 1 2 X,J y,J -v 
(2) 

E, v are respectively Young modulus and Poisson ratio, h is the thickness of the sample, 
b..h the thickness of a layer and b..e the variation of the microdeformation resulting from 
layer removal. 
Heating and cooling conditions are very much dependent on ways of laser beam travel 
over the workpiece surface. In Figure 2 we can see the variation of residual stresses as a 
function of the depth of the modified layer for nodular iron 500-7. Graphs in Figures 
2a,2b,2c present two measured curves, i.e. main stresses cr1 and cr2. 
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Figure 2. Residual stresses in modified layer of nodular iron 500-7 after different ways of 
laser beam travel, P=1 kW, z.=22 mm, Dh=3.3 mm, vh=21 mm/s. 

From the graphs we can conclude the following: 

• Residual stresses have in all cases of laser beam travel paths a very similar profile 
differing only in absolute values. In the surface remelted layer, tensile residual stresses 
were found in a range between 50 and 180 MPa. 

• The change from tensile into compressive residual stress takes place in the transition 
area between the remelted and hardened layer. Maximum compressive residual stress 
values were found in the middle of the hardened layer in a range between 25 and 150 
MPa. But there is one exception. In the case when laser beam travel path starts in the 
centre of the workpiece (Fig. 2c) no compressive stresses were found. 

• The remelted surface layer cracked in the direction of graphite flakes in the gray iron. 
Our assessment is that during the cooling process, due to high temperature 
differences, extremely high tensile stresses were generated, exceeding the yield point 
of the material at increased temperature in the remelted surface layer. 

In the cases when the laser beam starts remelting the workpiece surface in the corner of 
the sample (Figs. 2a and 2b) tensile stresses were found in the remelted layer and 
compressive stresses in the hardened layer. In the case when the laser beam starts 
remelting in the centre of the workpiece (Fig. 2c) only tensile stresses were found. The 
reason for this is in different heating and especially cooling conditions of the workpiece 
as a whole. 

Heating and cooling conditions in a relatively thin workpiece are very much dependent 
on laser beam power, laser beam diameter on the workpiece surface, interaction time and 
degree of overlapping of the remelted layers. In Figures 3 and 4 we can see the variation 
of residual stresses in the modified layer of nodular iron 500-7 as a function of different 
laser remelting parameters. From the results in Figure 3 we can conclude the following: 

• Residual stresses have in all cases at different degrees of overlapping a very similar 
profile differing only in absolute values. In the surface remelted layer, tensile residual 
stresses were found in a range between 50 and 200 MPa. 
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• The change from tensile into compressive residual stress takes place in the transition 
area between the remelted and hardened layer. Maximum compressive residual stress 
values were found in the middle of the hardened layer in a range between 25 and 80 
MPa. 

With laser parameters P=l kW and Db=3.3 mm, degree of overlapping the remelted 
layers has a very small influence on lowering tensile residual stresses in it. 
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Figure 3. Residual stresses in modified layer of nodular iron 500-7 at different degrees of 
overlapping ofthe remelted layers, P=l kW, ~=3.3 mm, vb=21 mm/s. 
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Figure 4. Residual stresses in modified layer of nodular iron 500-7 at different degrees of 
overlapping of the remelted layers, P=1.5 kW, ~=5.1 mm, vb=18 mm/s. 

By increasing laser beam power (P=1.5 kW) and laser beam diameter on the workpiece 
surface ~=5.1 mm) we achieve higher pre-heating. That results in lower cooling 
gradients which produce such microstructure with almost free residual stresses (Graph B 
in Fig. 4). 

By diffraction X-rays we analized the amount of constituents present in the remelted 
layer. Table 1 presents the results of measured amounts of constituents in the remelted 
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layer with different laser remelting parameters and different degree of overlapping of the 
remelted layers. 

Table I. Constituents in the remelted layer in vol. %. 

Overlapping C1 Ca· Fe3C Graphite 
····························································································································································································································· 
Graph A P=l kW 0% 28% 33% 34% 5% 

... Q.':!.~~~ .. ~2 ......... P.!!~~.:.~ .. ~ ......................................................................................................................................................... .. 
Graph B P=1.5 kW 30% I 55% 42% 3% 
(Figure 4) Db=5.1 mm 

From the above results we can conclude that in the case when we are able to produce the 
remelted surface layer without any residual austenite in the microstructure, tensile 
residual stresses are minimised. The higher is amount of martensite in the remelted layer, 
the lower are tensile residual stresses. 

4. CONCLUSIONS 

On the basis of the results of microstructure analysis and microhardness measurements 
on the studied nodular iron 500-7, it can be concluded that laser surface remelting can be 
regarded as a highly successful method for increasing the hardness and wear resistance. 
With laser remelting procedure a sufficient depth of the modified layer is achieved, in 
addition to desirable microstructure changes and good microhardness profiles of the 
modified layer. Great attention has to be given to the selection of laser treatment 
conditions as different structure of the microstructure matrix can substantially affect the 
residual stress conductions in the modified layer. 
After laser remelting residual stresses are in all the cases of tensile type on the surface 
and then decrease to the depth of 0.3-0.4 mm when they usually transform into 
compressive stresses. The relatively great depths of transformation of tensile into 
compressive stresses confirm that even after fine-grinding it is not possible to achieve 
the desired stress state in the material with more or less high compressive residual 
stresses on the surface. The tensile stress state in the surface is possible to achieve with 
suitable laser beam guidance on the workpiece, which produces the pre-heat treatment 
effect. 
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SURFACE STRENGTHENING BY WATER JET PEENING 
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ABSTRACT: Fatigue strength improvement of metallic components can be obtained by generating 
compressive residual stresses in sub-surface layers, for example by shot peening. The main 
drawback of conventional shot peening technique is related to surface integrity deterioration. 
Water Jet Peening is an innovative surface strengthening process which has the main advantage of 
a negligible influence on surface roughness and texture. Moreover the high accessibility of water 
jet could also offer the opportunity of processing parts with complex geometry. Since inaccurate 
choice of parameters could cause erosion, the improvement of fatigue strength could be 
neutralized by the presence of micro-cracks on the surface. The present study introduces an 
experimental analysis on water jet peening parameters. Results show that parameters can change in 
a wide range without affecting surface integrity. This result could be considered as an important 
step toward industrial application of this new technology. Moreover the paper analyses parameters 
influence on residual stress induced by the process. 

!.INTRODUCTION 

Increasing fatigue strength in mechanical component is addressed in the literature as an 
important opportunity in reducing material cost. Indeed, during the design phase of the 
component, some important factors that influence fatigue limit, are often fixed. For 
instance geometry, dimensions and the sequence of processes used to realise the 
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mechanical part often act as constraints. In this situation, fatigue strength limit can be 
increased only by selecting a different and generally more expensive, material. 
Since the presence of a compressive residual stress layer beneath the metallic surface can 
increase the fatigue limit, a process able to induce this kind of residual stress could be an 
opportunity to use the original, less expensive, material. 
Traditional processes that induce compressive residual stress are shot peening and rolling. 
Since the latter is useful only when geometry is regular, the former has many industrial 
applications when the surface interested by the process is characterised by complex 
geometry. Since complex geometry is often related to notched components, shot peening 
could be a profitable process for components that are critical for fatigue behaviour. 
Shot peening is a cold working process in which the compressive residual stress layer is 
realised by small spherical media, the "shots", striking the material at high speed. Since 
shot peening media makes a set of dimples on the surface treated (see fig. 1), the 
deterioration of surface integrity causes a worst roughness. When Ra on the surface is a 
constraint, we need an additional process, able to reduce Ra without affecting residual 
stresses close to the surface. Even if a given value of Ra is not required, roughness 
deterioration caused by shot peening could reduce fatigue limit, thus reducing treatment 
advantage. 

Figure I: Surface deterioration due to shot peening process [7] 

Recent literature [2][5], deals with a new process, Water Jet Peening (WJP) that uses the 
Water Jet technology for strengthening mechanical surfaces. The idea beneath this new 
process is to make water drops acting as shots. Compared with the traditional shot peening 
process, WJP presents the advantage of leaving the surface texture and roughness almost 
unchanged. The aim of the paper is to go beyond results reported in the literature, by 
quantitatively analysing influences of parameters on the peened surface. Indeed some 
authors [2] analyse the effect of parameters on Almen Intensity measured on the peened 
surface (this kind of residual stress measure is mainly related to the depth of peening than 
to the value of surface residual stress obtained after the treatment [7]). Other authors only 
consider results obtained by changing the peening duration (the time the jet insists upon a 
given area) [5]. Furthermore, both the approaches are devoted to high pressure Water Jet 
Peening. 
The aim of this study is to analyse WJP effects on the treated surface when all relevant 
parameters change. The objective is to show that the advantageous absence of surface 
deterioration could be obtained by an accurate control of the technological parameters of 
the WJP. Indeed if the mechanical action of Water Jet becomes too heavy, residual 
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stresses begin reducing while erosion rises determining a deteriorated surface. In order to 
assess WJP as an applicable solution for fatigue strength improvement, the critical range 
in which parameters can vary while inducing residual stress without causing erosion, has 
to be wide. 
The paper deals with the experimental investigation on this critical range. 

2. WATER JET PEENING PROCESS CONTROL. 

The possibility of inducing compressive residual stress using Water Jet Peening is related 
to the general structure of turbulent water jet in air, described in [6]. Depending on the 
stand off distance, during the travel of a highly coherent jet, there is a main region in 
which the continuos jet falls into drops. The drops act as small shots striking the surface, 
thus inducing local plastic deformation obtaining residual compressive stresses. 
Compared with traditional shot peening, an advantage of water jet process is relevant to 
the limited number of process parameters to control. As can be observed in fig. 2a, WJP 
typical process requires controlling the following process parameters: water pressure P, 
stand off distance s.o.d., feed rate u, peening angle a, nozzle diameter dn. 
As observed in [2] exiting the water jet by a mixing chamber and a focuser, as usual in 
abrasive water jet, can enforce the jet break-up into drops. During the experimental phase 
it has been used such equipment. The stand off distance has been thus measured as the 
distance of the mixing chamber from the surface. To be able to treat an area, water jet 
peening has been applied following a path composed by a set of parallel linear passes. The 
transversal increment (distance between two contiguous passes) is a process parameter 
that will be referred to as 5. It is also necessary to observe that the jet has been used in 
working condition with opposite versus passing from one travel to the adjacent one. In fig. 
2b a sketch of the path used is reported. 

p 

(a) (b) 

Figure 2: Water Jet Peening Proce s: relevant parameters. 

It has to be noticed that path has been defined in order to have an overlapping between 
two contiguous travels. This coverage effect has been guaranteed during the experimental 
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phase, by selecting 5 having measured the diameter of the peened area, for each set of 
parameters. 
Since the treatment could also be applied more than once on the same surface, another 
parameter that has to be set is n, the number of treatments. 
Compared with conventional shot peening, WJP does not require peening media control 
(geometry, material and dimensions of shots), thus reducing the number of control 
parameters. 
Another important difference between traditional shot peening and water jet one, is related 
to the different effect observed when increasing the exposure time on the treated surface 
(i.e. the number of treatments increases or the traverse speed decreases). When a series of 
Almen strips are peened with a fixed parameters setting for different exposure times, a 
saturation curve, represented in fig. 3a [7], can be traced. Saturation is defined as the 
earliest point on the curve where doubling the exposure time produces no more than a ten 
percent increase in arc height. 
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Figure 3: Peening effect against treatment duration for shot peening (a) and WJP (b)[7][2] 

When the same curve is developed using Water Jet Peening, a different behaviour can be 
obtained. As it is shown in figure 3b [2], there is a range of exposure time that defines the 
maximum intensity obtainable with the given set of parameters. This effect could be due 
to treated surface erosion and must be avoided when the objective is to induce a 
compressive residual stress avoiding surface topography modification. 

3. THE EXPERIMENTAL PROCEDURE 

A set of carbon steel specimens (C40: diameter=30 mm; height=! I mm) has been 
obtained starting from an extruded bar. The specimens have been at first prepared by 
grinding and then, in order to avoid tensile residual stress, heat treated (2.5 h at T=600°C 
with slow cooling in oven). Pickling has then been used to remove the oxide surface layer 
due to the heat treatment. After water jet peening, the residual stress analysis has been 
performed on an X-ray diffractometer. Compared with traditional Almen Intensity 
method, traditionally used for shot peened specimens, X-ray measure has the advantage of 
directly deriving the exact value of residual stress. Indeed the value of Almen Intensity 
seems to be more directly related to the depth of peening than to the value of surface 
residual stress [7] . 
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4. EXPERIMENTAL RESULTS ANALYSIS. 

In order to understand parameters effect on WJP treated surface, an experimental run has 
been carried out. The objective of this first step of analysis is to better investigate the 
influence of the parameters on residual stress. 
To study the significance of the considered parameters, reducing the experimental effort, a 
fractional factorial experimental design with 2 ;~' has been chosen. Details on the used 
plane regards generators used that, with reference to the notation reported in Table 1, are 
E=ABC, F=BCD, G=ACD. For every treatment, n=3 replications have been executed. 

Factor low high 
A Water pressure [MPa] p 100 200 
B Standoff distance [ mm] sod 40 70 
c Traverse speed [mm/min] u 4000 8000 
D Number of treatments n I 2 
E Nozzle diameter [mm] dn 0.17 0.30 
F Angle [degree] a 0 20 
G Lateral step [mm] t5 0.4 0.7 

Table I 

Results obtained using a family a = 0.05 (a = 0.007 for each single test), show the 
statistical significance of pressure (factor A) and nozzle diameter (factor E) on 
compressive residual stress after water jet peening. Fig. 4 reports the p-values obtained in 
tests related to principal factors. All the hypotheses at the basis of the ANOV A have been 
successfully verified. 
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Figure 4: P-values for the different fac tors inve tigated 

As it can be observed, within the range of variation of the parameters, only P and D have 
significant effects on residual stress. Observing p-values in fig. 4 and main effect plots in 
fig. 5, also u seems to be a relevant parameter: it has to be considered with attention since 
the absence of statistical effect could also be due to the selected levels of u considered in 
the experimental design. 
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Main Effects Plot - Data Means for cr 

s.o.d. u n 

cr -8 

Figure 5: Main effect plot: factors mean against levels. 

It has also to be noticed that residual stress on the peened surface can reach nearly a half 
of crpo.2 of material peened (crpo.2(C4o)=420 MPa, vs. obtained O"max 195 MPa), when all 
parameters are selected in order to leave the maximum effect. The absence of significance 
of some considered parameters, although related to the selected levels of the factors in the 
experimental design, can be interpreted as an interesting result. Since an incorrect 
selection of parameters could reduce residual stress induced by WJP, causing erosion, 
parameters have to be carefully selected. However if there is a range in which parameters 
can vary without causing erosion, industrial applications of WJP seem to be really 
feasible. Indeed uncontrolled factors, due to shop floor environment, could produce a 
noise that influences responses in an unpredictable way. If the response, in this case cr, is 
robust, an accurate selection of controlled parameters could assure desired results. These 
results are meaningful in order to assess WJP as a real applicable solution in surface 
enhancement. 

5. A CONTRIBUTION TO WJP MODELIZATION. 

In order to outline a simple relationship between process parameters and residual stress or 
erosion, an exploratory investigation has been carried out. 
The objective of this analysis is, at first, to assess that the behaviour obtained when 
increasing the number of treatments (fig.3), can also arise when residual stress on the 
peened surface are reported against opportune parameters variation. The second objective 
is to qualitatively investigate the presence of a correlation between residual stress 
reduction and specimen erosion. 
Energetic considerations allow to approximately calculate the specific kinetic energy of 
the jet exiting from the nozzle as [3]: 

Where: 

I • 
-mv 2 

2 I 

Ek oc --­
ud 

m is the water flow rate, that can be calculated as: . 
m oc p 0 mi;v 1 

(1) 

(2) 
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v , is the jet velocity; 
u is the feed rate [see fig.2]; 
d is the surface interested by the jet [see fig.2]; 
d" is the nozzle diameter[ see fig.2]. 

Considering water a compressible fluid, v1 can be derived as: 

v = 1+- -1 2L [( p)l-c l 
J Po(l-c) L 

(3) 

where: 
L=300 MPa; C=O.l368 are constants, p0=1130 kg/m3 (t=l5° C). 
Substituting (2) and (3), (I) becomes 1 m1 2 3 2 Po n V 1 

Ek oc -----
ud 

(4) 

Two curves have been thus traced when specific energy (Esp =Ek[d=l mmm], i.e. once 
fixed s.o.d.) increases, one depicting erosion, the other reporting residual stress on peened 
surface (fig. 6). The erosion has been measured by controlling the weight (w) of the 
sample before and after water jet peening (Llw = Wbefore- Wafter). Although qualitative, the 
two curves show that when erosion begins appearing, residual compressive stress on the 
surface begins decreasing. 
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Figure 6: Erosion and compressive residual stress in different conditions 

This relationship between residual stress and erosion has been completed by visually 
analysing the specimens, in order to understand when a difference in weight after and 
before WJP, is only due to cleaning effects. An example of visual surface changes, due to 
erosion appearing, is reported in fig. 7, where (a) and (b) are, respectively, an eroded and 
an intact surface, after WJP. 
A second interesting result of this preliminary phase is the link that seems to exist between 
specific energy and residual stress/erosion. This second relation, once quantitatively 
investigated, could represent a significant step toward a real understanding of WJP 
physical mechanism. 
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(a) (b) 
Figure 7: Eroded and not eroded surfaces after WJP. 

5. CONCLUSIONS 

In order to improve fatigue strength, a new process, the Water Jet Peening (WJP), is 
considered and characterised. Since the process could induce compressive residual stress 
without affecting surface integrity, it could be preferred to shot peening when surface 
integrity is a specific requirement. Since the main problem of WJP is relevant to erosion 
that could arise if parameters setting is nor correct, the paper focuses on the analysis of 
parameters influence on residual stress left by the treatment. Preliminary results obtained 
lead to interesting conclusions. Some of the considered parameters can vary in a wide 
range of values without affecting residual stress. Once defined these ranges, WJP could be 
considered as a suitable process for surface strengthening applications for shop floor use. 
Finally the paper reports some energetic relations among parameters which seem to well 
succeed in foreseeing residual stress induced on peened surface. In the opinion of the 
authors this seems to be a very promising step toward a deeper comprehension of WJP 
mechanism. 
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ABSTRACT: This paper is concerned with the problem of controlling the molten metal level in 
continuous casting processes with particular reference to high-speed slab casters with large-size mold. 
The main objectives to achieve in these cases are robust stability and good disturbance rejection: the 
first derives from the rather large plant perturbations caused by the metal flow, whereas the second 
refers to the sudden drops of clogged material in the mold. To this purpose, the parameters of a 
standard PID controller are tuned so as to meet the desired time response characteristics and to ensure 
a sufficient stability margin for all possible plant models. The results obtained show the validity of 
the proposed procedure. 

1. INTRODUCTION 

Continuous casting of steel is considered today with increasing attention because it entails 
a substantial reduction in labor cost and significant improvements in the overall degree of 
automation of steel-making plants. Other advantages of continuous casting over more tradi­
tional techniques are related to the improved efficiency and energy savings: for instance, cou­
pling the continuous casting machine with the direct charge of the cast semis in the rolling, 
accounts for a 25% reduction in energy consumption with respect to the traditional ingot 
casting technique. Quality issues are favorable too, even if additional care is required in 
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pouring the liquid steel from the ladle to the tundish and from the tundish to the mold, as 
well as in the control of the steel level. 

Continuous casting of steel involves many and different levels of automation. The crucial 
point, however, is the control of the metal level in the mold, as this is vital to eliminate surface 
and sub-surface defects and deviations from the nominal size.· For slab and bloom casting, 
the aim is to keep variations in the final product below 5 mm; for billet casting, where speed 
is higher, variations up to 10 mm may be tolerated. 

Several techniques have recently been applied to solve this problem. In [1] an LQ regu­
lator has been adopted for slow-speed slab casters. The use of an observer for estimating the 
disturbance caused by the drop of clogged material in the mold has been considered in [2]. 
Other techniques that have been suggested are: adaptive control [3], H 00 control [4], predic­
tive control [5], nonlinear control through the identification of the nonlinearities responsible 
for mold level fluctuations [6]. Expert knowledge based controllers, possibly combined with 
classic PID design techniques, have been described in [7, 8]. An intuitively simple, yet effi­
cient, technique has been proposed in [9]: it employs a standard PID controller together with 
a fuzzy controller which replaces the PID controller when severe perturbations occur, like 
sudden nozzle unclogging. 

The variety of mold level control techniques is strictly related to the different approaches 
for treating system uncertainties and to the different operating conditions (molten steel level 
fluctuations greatly depend on the casting speed and the mold size). According to [4], stabil­
ity issues are generally more important for extracting speeds V greater than 1.6 m/min and 
caster sectional areas C greater than 0 .4 m2 because of the larger plant parameter perturba­
tions. 

This paper is organized as follows. A brief overview of continuous slab caster processes 
is given in Section 2 where simple models of the component parts are derived. In Section 
3 the nozzle clogging/unclogging phenomenon is described together with the model used 
to simulate this sudden variation [9]. Some basic results on the stability of feedback con­
nections for open-loop uncertain plants are recalled in Section 4; in particular, it is shown 
how they can be applied to guarantee safe stability margins. Finally, in Section 5 the con­
troller parameters are locally optimized to obtain good unclogging disturbance rejection: the 
simulated results compare very favorably with those presented in the literature. 

2. CONTINUOUS CASTER MODEL 

The outline of the considered casting process is shown in Figure I together with the relevant 
control loop. 

The molten steel flows from the ladle (a sort of reservoir) to the so-called tundish. A 
stopper mechanism regulates the molten metal flow to the mold through a submerged nozzle. 
Here the metal is water-cooled and subsequently extracted at a speed V. It is then moved 
through the casting machine for further cooling and machining. The main problems facing 
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Water cooled mold 

Extracting peed V \ 

Figure I: Continuous ca ting process 

Reference level 

the control engineer are essentially two: robust stability and disturbance rejection. 
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Robust stability is needed because of perturbations caused by many factors, such as un­
modelled dynamics, stopper-rod mechanism wear and upward steel flow in the mold. Good 
disturbance rejection is required to maintain the desired level in the presence of the distur­
bances typically associated to the clogging/unclogging phenomenon and measurement noise. 
Although from the control point of view two inputs seem to be available, i.e., the stopper po­
sition and the extracting speed, the only one actually available is the first, since variations in 
the extracting speed V may deteriorate the product. 

The stopper-rod mechanism and its actuator can be modelled as a single first-order dy­
namic system. The model of the flow through the nozzle together with the clogging/unclogging 
phenomenon will be considered in the next section. Concerning the level y(t) in the mold, 
from the balance of matter flowing in (Q;(t)) and out (Q0 (t)) we get: y(t) = Q,(t)~Qo(tl, 
where C is the cross section area. 

As far as the measurement of the mold level is concerned, it will be assumed that an eddy 
current device with an accuracy of ±3 mm is available (for a description of other sensing 
devices see [ 10, II]). 

3. THE CLOGGING/UNCLOGGING MODEL 

The flow of molten steel through the nozzle causes an aluminium oxide (Al203) deposit 
which hence tends to clog. This deposit keeps on growing, thus reducing the magnitude of 
inflow material into the mold till a sudden unclogging occurs. In [9] a mathematical model of 
this phenomenon has been proposed which has proved to be quite effective. Specifically, the 
clogging/unclogging phenomenon has been accounted for by means of a disturbance acting 
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on the stopper opening signal (through a suitable filter). The input p(t) corresponding to such 
a disturbance is shown in Figure 2 along with the equivalent first-order linear perturbed plant 
model. The two parameters Ac and Tc characterizing p(t) can be inferred from historical 

Stopper-rod opening 

Figure 2: Equivalent linear model of the clogging/unclogging phenomenon 

data. Admissible values for them [9] are: Ac E [5, 15] x 10-3 m and Tc E [500, 7000] s. 
The nominal values adopted for the first-order system parameters in [9] are Knom = 1.1 and 
Tnom = 0.9, although stopper-rod mechanism wear can make these parameters vary sensibly. 
In this paper the above-mentioned variations are quantified asK E [.7, 1.3] and T E [.6, 1.3]. 

4. VALUE SETS 

From the considerations in the previous sections it follows that the plant can be regarded as a 
linear time-invariant system subject to time-independent structured uncertainties; precisely, 
if we denote by q E Q the vector of real uncertain parameters, the uncertain plant transfer 
function can be written as 

P( ) = Np(s, q) 
s,q D ( ) ' P s,q 

(1) 

where Np(s, q) and Dp(s, q) are coprime polynomials whose coefficients are continuous 
functions of q. 

In the considered case, by neglecting the exogenous disturbances and letting C be the 
section area of the mold, 0.08 be the time constant of the stopper-rod actuator with unity 
gain, the transfer function from the stopper-rod command to the mold level is given by (see 
Figure 3) 

1 K 1 
P(s, q) = (1 + 0.08s) (1 + rs) sC' (2) 

with q = [r K], Np(s, q) = K and Dp(s, q) = 0.08Crs3 + (r + 0.08)Cs2 + Cs. 
Now, for linear systems affected by time-independent structured uncertainties, it is possi­

ble to verify the stability of feedback configurations by means of an extension of the Nyquist 
criterion which requires the notion of value set P(jw, Q) ~ C; this, for any fixed w E JR, is 
defined by: 

P(jw, Q) ='= {P(jw, q) Dp(jw, q) "/; 0, q E Q}. (3) 
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In other words, the value set is a bidimensional representation of the uncertainty affecting 
the system. Now, the following result holds ([12, 13]). 

Theorem 4.1 (Robust Nyquist stability criterion) The negative unity-feedback system with 
uncertain loop transference P(s, q) is stable for all q E Q if and only if the Nyquist stability 
criterion is satisfied for at least one q E Q 1 and -1 + jO ¢ P(jw, Q) for all w E ffi. 

_, 

-· y 

... 

Figure 3: Closed-loop system with uncertain plant and value sets for different values of w 

This result can be extended to nonunity-feedback loops in an obvious way and, as we 
shall see in the next Section, can advantageously be used for synthesis purposes. 

5. CONTROLLER TUNING AND SIMULATIONS 

The control loop of the plant outlined in Section 2 together with the clogging/unclogging 
model described in Section 3 is illustrated in Figure 4, where PID controller and the low­
pass output filter are also shown. The output measurement noise is accounted for by means 
of a white-noise process uniformly distributed in [-3, +3] mm. 

The parameters of the PID controller (with filtered derivative action) and the low-pass 
filter were derived as follows. First, the PID parameters were tuned to ensure good stability 
margins for every admissible value of the parameters r and K. Second, the parameters 
were locally optimized to obtain a better disturbance rejection. Finally, a low-pass filter was 
added in the feedback path so as to attenuate the effects of the measurement noise without 
introducing a too big negative phase shift at critical frequencies. As a result of the above 
procedure, the following PID controller and low-pass filter were obtained: 

G ( ) _ 0.900s2 + 0.979s + 0.938 
c 8 - 0.025s2 + s ' 

F 8 _ 0.1953s2 + 58.5874 
( ) - O.Ols3 + 0.3519s2 + 4.2831s + 58.5874 

'This means that there exists q E Q such that the corresponding closed-loop system is stable 
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Figure 4: Block diagram of the closed-loop control scheme 

Measurement 
noise 

The values sets corresponding to the loop transfer function L(s, q) = Gc(s)P(s, q)F(s) 
are depicted in Figure 5. Finally, Figure 6 shows the simulated mold level with unclogging 
parameters (cf. 3) Ac = 15 mm and t = 550 s. 

Figure 5: Value sets of L(s, q) for various values of w 

6. CONCLUSIONS 

The problem of controlling the molten metal level in continuous casting processes has been 
considered. The main requirements to be satisfied are robust stability versus parametric 
uncertainties and good disturbance rejection. The adopted approach meets both these re­
quirements, as simulation results have shown. In particular, overshoot and settling time of 
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Figure 6: Simulated mold level 
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the response to the equivalent unclogging disturbance have turned out to be much smaller 

than those obtained using different approaches. 
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ABSTRACT: This paper presents an automatic system for alignment of workpieces for robotic 
manipulation operations. The system consists of a sequence of fixed flat fences, suitably oriented 
across a conveyor belt, so that a workpiece on the belt will slide along each fence and leave the last 
one finding itself aligned with a desired orientation. In this way there is no need to provide the 
robotized system with feedback sensors in order to determine position and orientation of the 
workpiece to be manipulated, but the grasping task can be performed using an open-loop strategy. A 
prerequisite to the system design is the development of a simple but robust mathematical model 
which allows to compute the "exit angle", i.e. the orientation of the workpiece when it leaves the last 
fence, as a function of the number and orientation of the fences. It is thus straightforward to 
determine the characteristics of the fences (number and orientation) in order to realize a desired 
alignment of the piece. Several simulation and experimental tests have been carried out, which 
confirm the effectiveness of the system. 

I. INTRODUCTION 

Extensive research has been done in the last decades about the automatic planning of 
robotized manipulation operations. Most of the problems in this field have been solved 
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robotics). However, the use of closed-loop complex sensor systems considerably increases 
the cost of the robotized system, which might eventually turn no more profitable, especially 
i( the operations to be performed are quite repetitive. Moreover, employing complex 
sensors heavily affects the operating speed of the overall robotic system. Our aim is 
therefore to implement simple, robust open-loop sensorless strategies to perform robotized 
manipulation tasks. In this paper, we deal with the problem of grasping workpieces lying on 
a table. Such a problem may be solved using a closed-loop strategy, e.g. a vision system 
which recognizes the piece to be manipulated, and computes its position and orientation so 
that the robot can grasp it correctly. However, in many cases it would be convenient to 
employ a sensorless, open-loop strategy, namely to feed the piece onto the table so that it is 
always aligned in a predefined way, i.e. presents the same orientation to the manipulator. In 
this way only one grasping motion has to be programmed, thus greatly reducing the cost of 
the system and the operational load. 
In this paper, a strategy for automatic alignment of workpieces able to slide on their work 
surface will be considered. Such an open-loop system uses a belt to convey the pieces up to 
the worktable. The workpiece will slide along a sequence of fixed flat fences, suitably 
positioned and oriented across the conveyor belt, so that it will leave the last fence finding 
itself aligned with a desired orientation, depending on the number and orientation of the 
fences. 
The problem of determining the "exit angle" (defined as the orientation ofthe piece when it 
leaves the last fence) as a function of the number and orientation of the fences is not an easy 
one, since several unpredictable factors (e.g. surface irregularities, dust, etc.) can affect the 
result. Hence, a suitable and robust model of the system should be considered, (in according 
with theoretical analysis of "pushing" followed by Mason) in order to get adequate 
equations describing the workpiece motion. From the model equations, it is then possible to 
get an expression for the "exit angle" as a function of the number and orientation of the 
fences. Moreover, several simulations have been carried out, using both Working Model 
and Matlab software packages, to test the effectiveness of the model in predicting the exit 
angle of the workpiece. Experimental tests have also been done, on a real conveyor belt 
across which a sequence of flat fences, suitably oriented, has been fixed. The tests consisted 
in measuring the exit angle of a workpiece and comparing it with the result predicted in 
simulation. The tests showed an excellent consistency between the simulations and the 
experimental results, in spite of the physical inaccuracies of the experimental testbed and of 
the assumptions made on the model. 
With regard to the state of the art in the field, the problem we consider in this paper has 
already been studied by some authors [I+ 7]. Among the others, Mason [3,4], Peshkin and 
Sanderson [5,6] identified sliding operations as fundamental to robotic manipulation, and 
developed a theory of the motion of a pushed, sliding workpiece in a very general case. 
Some of the results of their work will be taken here, but we want to consider a less general 
case, which allows to reduce the complexity of the model and consequently of the overall 
system. In this way, it is much easier to implement an algorithm which yields the orientation 
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of the fences as a function of the desired "exit angle", and this turns out to be very suitable 
for real-time operations. 

2. MATHEMATICAL MODEL OF THE SYSTEM 

A mathematical model which reproduces the mechanical behavior of the workpiece - belt -
fence system has been designed. The model is rather simple, so as not to require a heavy 
amount of computation and to be effective in real-time operations. Furthermore, it needs to 
be rather robust, so as to compensate for unpredictable factors that could affect the 
behavior of the real system. 

2.1. ASSUMPTIONS 

The assumptions made in the model are the following: 
the value of the dynamic friction coefficient between workpiece and conveyor belt is 
assumed constant with respect to the relative velocity between the two. As a matter of 
fact, the relative velocities involved do not induce significant stick-slip phenomena; 
the contact between the piece and the belt occurs on a finite number of points; 
the pressure force is assumed constant on a contact area Me, and equal to: Pe =WI Ae, 
where W is the total weight of the piece and Ae the total contact area; 
the workpieces are considered to be convex polygons; however, it would not be difficult 
to extend the model in order to consider also non-convex polygons; 
the inertia forces are neglected, due to the low speed of the conveyor belt. 

Such assumptions are commonly made by most researchers in this field [1+7]. 

2.2. MOTION OF THE WORKPIECE 

The mechanical equations of the system are directly derived by Newton's laws. In this case 
the external forces are unknown, namely: the contact force Fe between the workpiece and 
the fence, and the field of friction forces between the workpiece and the belt. The friction 
forces depend on the instantaneous motion of the piece, because the infinitesimal friction 
force in a contact point acts against the instantaneous motion of the same point, and have 
absolute value Pa = f.la Pe, where f.la is the friction coefficient between the piece and the belt. 
Thus, in order to determine the external forces it is necessary to calculate the center of 
instantaneous rotation (CIR) of the piece to which the field of the friction forces is 
associated. 
In order to determine the mechanical equations, we suppose to instantaneously stop the 
conveyor belt, and to write the equilibrium equations neglecting the inertial forces according 
to one of the assumptions listed in the foregoing. 
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CIR 
Figure I - The workpiece motion 

Referring to Fig. I, we take a reference frame Ots, fixed with respect to the piece, with 
origin in the center of mass of the piece and s-axis parallel to the direction of the contact 
force between the piece and the fence. The unknowns of the problem are the vector m that 
defines the position of the CIR with respect to the center of mass of the piece, as well as the 
absolute value of the contact force Fe. 
The friction force acting on any contact point A is given by: 

I X OJ 

P • = Ill ( P c • Ll A c ) (1) 

where I = r - m, and OJ is a unit vector indicating the sense of rotation. Note that the value 
of the friction coefficient has not been included, because it does not affect the computation. 
The equation expressing the equilibrium to translation is: 

F < + L p • = 0 (2) 

and the equilibrium with respect to rotation about the CM is expressed by: 

b.xFc+Lrxp.=O (3) 

Eqs. I, 2 and 3 make a system of three non-linear equations with three unknowns. The 
system can be solved numerically and the value of m (i.e. the coordinates of the CIR with 
respect to the CM of the workpiece for each contact configuration with an end of the fence) 
can be eventually obtained. 

2.3. DEFINITION OF A STABLE FACET 

A facet of a workpiece is said to be stable if one of its facet keeps sliding along the fence for 
all its length. A facet turns out to be stable if the center of mass of the piece lies inside a 
triangle bounded by the facet itself and the boundaries of the friction cones. The stability 
condition may be expressed through a simple geometrical relationship. 
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3. COMPUTATION OF THE EXIT ANGLE 

In order to achieve our ultimate goal, namely to determine the number and the orientation 
of the fences across the conveyor belt so as the workpiece will find itself aligned with a 
desired orientation on the worktable, the "exit angle" must be computed. We define "exit 
angle" of the workpiece the orientation it has in the instant when it leaves a fence of the 
sequence. In order to determine such a value, the whole motion of the piece while it keeps 
in contact with a fence must be studied. The whole motion consists of two parts: 

supposing that the contact facet is stable, the piece slides along the fence until its center 
of mass reaches the line representing the direction of the friction force between the 
fence and the piece itself; 
the piece starts to rotate about its instantaneous CIR. We assume that during this 
motion the piece keeps in touch with the end of the fence (one-point contact) until it 
definitely leaves the fence. 

We refer to Fig. 2 to study the motion of the workpiece and to compute the value of the 
exit angle. 

CIR 

Figure 2- Computation of the "exit angle" 

The results of the computation do not change if we consider the piece fixed and the fence 
moving with respect to the piece. Referring to Fig. 2, we call ds an infinitesimal motion of 
the fence; during this motion also a rotation occurs, about the CIR of the workpiece. 
Calling db the infinitesimal motion along the workpiece facet, we can write: 

" " db = ds ·cos (-- B)- ds ·sen (-- B)· tan P 
2 2 

and, by substituting (5) into (4), we get: 

a +m· sen a-ds· cosO 
db= ds· sen(}- ds· cos().-------­

b + m ·cos a - ds · sen (} 

(4) 

(6) 
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Then, calling dO the infinitesimal rotation about the CIR, we can write: 

r·dO= [ ds-·sin(~-O)r +[ ds-·sen(~-O)·tanP r =ds-·cosO·~l+tan 2 p (7) 

r = ~[b + m· cos a +tis-· sen0] 2 +[a+ m· sen a -tis-· cos0] 2 (8) 

By substituting (8) into (7) and recalling (5), we obtain the value for d(J. 

dO= ds-· cosO 
b +m· cos a +tis-· senO 

(9) 

In order to compute the exit angle Oex;t, we recursively add the increments db until their sum 
reaches the whole length of the facet b; correspondingly, we add the increments dO. The last 
value of 0 obtained when the iterations stop is the value of Oexit· 

b,+I = b; +db until b;+I <:: b (10) 
O;+I = 0; +dO then O;+I = Oexit 

Once the result for the exit angle of a fence is obtained, it is possible to study the behavior 
of the workpiece during its contact with the following fence. First of all, it should be 
determine which facet of the piece will be stable during the following contact. The answer 
can be obtained using simple geometric considerations. Then, the above procedure can be­
repeated in order to compute the next exit angle until the last fence of the sequence is 
reached. The last exit angle will yield the alignment of the piece onto the worktable. 

4. EXPERIMENTAL TESTS 

Simulations were carried out first using the dynamic simulator Working Model, then using 
the well-known Matlab software. The mechanical equations obtained from the foregoing 

discussions have been implemented and numerically solved. 
Then, an experimental apparatus was realized, so as to have a real testbed for the system. A 
conveyor belt is actuated by a small motor (see Fig. 3), The belt speed is 0.1 m/s. A 
sequence of flat adjustable fences positioned across the belt completes the experimental 
system. 
Extensive tests have been carried out, consisting in measuring the exit angle of different 
types of workpieces given a known configuration of the fences, !Uld to carry out a statistical 
study of the results. the results of the tests, shown in Tab. 1, are very encouraging, because 
the repeatability error is low. The discrepancy between the average values of the real exit 
angles and the values obtained by simulation are mainly due to inaccuracies of the model, 
namely: 

the conveyor belt was assumed to be a uniform body providing a constant friction 
coefficient all over its surface; 
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the friction between the end of the fence and the workpiece was neglected. This 
accounts for the fact that the real exit angles (see Tab. 1) are all larger than the values 
obtained by simulation; 

the stick-slip phenomenon was neglected. 

Figure 3 - The experimental apparatus consisting of a conveyor belt with adjustable flat 
fences 

FACET Calculated 
anglei_degree) 

l 52.2474 
2 64.2854 
3 71.7931 

FACET Measure Measure Measure Measure Measure Measure Measure Measure Measure 
-ment l -ment 2 -ment 3 -ment 4 -ment 5 -ment6 -ment 7 -ment 8 -ment 9 

l 58 57.5 57.5 57.5 57.5 59.5 57 57 57.7 

2 66 64.5 65.5 66 68 67 65 65.5 65.9 
3 72 72 71 72 72.5 73 72 72 72.1 

Table 1 -Simulation and experimental results for a triangular workpiece 

5. DESIGN OF THE FENCES 

Once the theory for computation of the exit angle has been developed, it is straightforward 
to build a simple algorithm that determines the number and the orientation of the fences to 
be set across the conveyor belt in order to align the workpiece with a desired orientation at 
the end of the belt. What is needed is just to consider the equations in Section 3 and to solve 
them considering the exit angle as imposed, so as to get the value of the slant angles of the 
fences with respect to the motion of the conveyor belt. 
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6. CONCLUSIONS 

In this paper the problem of automatically align a workpiece to be manipulated by a robot 
has been studied. A solution to this problem would enable one to use an open-loop 
sensorless strategy instead of complex, expensive sensor systems such as vision systems. 
The use of a conveyor belt across which a sequence of fixed flat fences has been collocated 
is proposed. In order to get a simple algorithm which could be suitable for real-time 
applications, some assumptions have been made to simplify the mathematical model of the 
system. A simple, robust model based on Newton's laws has been built; from this model, the 
exit angle of the workpiece as a function of the number and the inclination of the fences can 
be computed. Conversely, from the same relationships it is possible to determine some rules 
for fence design, namely the number and the inclination of the fences as a functions of the 
desired alignment of the workpiece. The results of experimental tests have been presented, 
showing that the repeatability of the system is good and the discrepancy between 
simulations and experimental results can be overcome updating the model so that it takes 
into account the friction between the workpiece and the end of the fence. 
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ABSTRACT: Often, the exact model of industrial processes turns out to be too complex 

for simulation and controller design. It is therefore mandatory to simplify the mathematical 
description of the process and/or the one of the controller. A particularly attractive simplifi­
cation criterion is related to the minimization of the L2 norm of the approximation error. This 
paper presents an algorithm for solving the £ 2-optimal MIMO model reduction problem. It 
is shown that its convergence to the minima of the approximation error norm is guaranteed. 
The algorithm proves to be fast and efficient compared to other algorithms suggested in the 
literature to the same purpose. 

1. INTRODUCTION AND PROBLEM STATEMENT 

The problem of model reduction is a fundamental topic in systems and control theory, 
and many reduction methods and algorithms of different computational complexity 

have been proposed during the last decades. This is due essentially to two reasons. 
First, in many cases the procedure for finding a mathematical description of a complex 
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industrial process leads to a model of too high dimension to be analyzed (especially in 
the presence of real-time signal processing constraints). Second, but not less important, 
many techniques for designing robust optimal controllers (see, e.g. [1] and references 
therein) do not guarantee a bound on the dimension of the obtained controller which 
may be too complex and expensive; it is therefore convenient to derive a suboptimal 
reduced-order controller as "close" as possible to the optimal one. 

In this paper, we consider the classical approach based on the minimization of the 
L2 norm of the output error, i.e., of the difference between the impulse responses of the 
original and the reduced-order model. This L2 norm has a direct physical interpretation 
(energy) which explains the attention devoted to it by many authors (see, e.g., [2], [3], 
[4], [5], [6], [7], [8], [9], [10]). 

Concerning stable continuous-time multivariable systems, the problem can be 
stated in frequency domain as follows: given the original mo x mi transfer matrix 
F( s), find an m 0 x mi transfer matrix G( s) of preassigned lower order which minimizes 
the (squared) L2-norm of E(s) := F(s)- G(s), i.e., 

1 !00 IIEII~ =- tr [E(jw)E*(jw)] dw, 
27r -00 (1) 

where the star indicates complex conjugate transpose. 
A drawback of such an approach is that it leads to nonlinear equations with re­

spect to the parameters of the reduced-order model. Furthermore, most algorithms 
are computationally demanding and their convergence (to local minima) is not always 
guaranteed. 

In the following, an efficient algorithm based on a procedure recently presented by 
the present authors in [10] is suggested. 

Let us denote the original stable m 0 x m; transfer matrix by 

N(s) 
F(s) = d(s)' (2) 

where d( s) is the least common denominator (l.c.d.) of degree v of all input-output 
transfer functions and N(s) is the mo x m; polynomial matrix formed from the corre­
sponding numerators of degree at most v - 1. 

Similarly, let us denote by 

G( ) = M(s) 
8 c(s) ' (3) 

the approximating transfer matrix whose l.c.d. c( s) has a preassigned degree p < v. 
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According to [8], the necessary conditions for G(.s) to be the L2-norm optimal 
approximant of F(s) are 

N(.s)c(.s)- M(.s)d(8) Q1(.s)c( -8), 

tr{Qf(8)M(-8)} = Q2(.s)c(-8), 

(4) 

(5) 

where Q1(.s) is an m 0 x mi matrix of polynomials of degree at most v- 1 and q2(s) is 
a polynomial of degree at most v - 2. 

To solve the above nonlinear equations, an iterative procedure has been proposed 

in [10] which can be summarized as follows: starting from some M(0l(8), c(0l(.s), solve 
recursively the equations: 

N(8)c(h+l)(8)- M(h+l)(8)d(8) 

tr{(Q~h+l))T(s)M(h)( -s)} 

till a specified stopping criterion is satisfied. 

Q~h+l)(8)c(h)( -8), 

= q~h+l)(s)c(h)( -.s), 
{6) 

(7) 

Equations (6) and (7) refer to the (h+ 1)-th step in which the quantities with expo­

nent ( h+ 1) are computed from those with exponent (h) evaluated in the preceding step. 

2. DESCRIPTION OF THE ALGORITHM 

By equating the coefficients of the equal powers of 8 on both sides of (6) and (7), 
a set of linear equations in the (current) unknown coefficients of c(h+ll(.s), M(h+l)(8), 
Q~h+l) ( 8) and q~h+l) ( 8) can be derived; this takes the form: 

(8) 

where: 
x(h+l) is a properly ordered vector formed from the above-mentioned unknowns, 
b is a constant vector whose elements only depend on the original system parameters, 

and 
A(x(h)) is a matrix whose entries depend both on the (known) original system param­

eters and on the reduced model parameters estimated in the preceding step, i.e., the 

elements of x(h). 
The iterative procedure using (8), described in [10], does not ensure the conver­

gence to the (local) minima of index (1); however, even if the algorithm does not 

converge to a minimum, it provides the model corresponding to the least value of (1) 

among all iterations and this is usually quite close to a locally optimal model. 
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Now, using a notation consistent with (8), the necessary conditions (4) and (5) 

give rise to the nonlinear set of equations: 

A(x)x = b, (9) 

which, by assuming that A(x) is nonsingular, can be rewritten in the form of a fixed­

point equation as: 
x= f(x) (10) 

with 
(11) 

It follows that (8) can be considered as a recursive algorithm to find the fixed 

points x of f(x). 
As is known, starting from an initial estimate sufficiently close to x, the algorithm 

is guaranteed to converge to x if, and only if, its Jacobian: 

of 
J(x) := ox (x) (12) 

at x is a stability matrix (all its eigenvalues lay inside the unit circle centred at the 

origin). 

When this is not the case, by assuming the invertibility of I - J ( x) (which is 
generically true), resort can be made to the new function: 

g(x) :=[I- J(x)t1[f(x)- J(x)x] (13) 

and to the recursion 
(14) 

which is equivalent to: 

(15) 

In fact, g(x) is one particular member of the family of functions derived in [11], 

which have the same fixed points x as f(x) and whose Jacobians assume preassigned 

values at x = x. In particular, expression (13) for g(x) corresponds to the choice: 

~~(x) = o, (16) 

which ensures quadratic convergence to x [12]. 

The problem essentially consists in evaluating, at each step, f(x(h)) and J(x(h)) 
appearing in (13). 
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The most efficient way to compute f(x<hl) is probably the one suggested in [10]. 
To evaluate J(x<hl), let us apply the implicit function theorem to 

<I>(x, y) := A(x)y- b = 0, (17) 

where 
Y = f(x). (18) 

In this way, we get: 

aj [a<I>r1 a <I> 
{19) J(x) = -(x) =- - . ax' ax ay 

a<I> = A(x) (20) 
ay 

where 

and 
a<I> a[A(x)y] 

(21) 
ax ax 

With the above notation, equation (15) can be rewritten as: 

[
A(x<hl) + a[A(x)y]l l x(h+l) = A(x<hl)y<hl + [a[A(x)y]l l x<hl 

ax X = X(h) 8x X = X(h) ' 
y = y(h) y = y(h) 

(22) 
where y(h) = f(x<hl). The crucial point for computing x<h+l) via (22) is clearly the 

evaluation of: 
8[A(x)y]l 

ax X= X(h) . (23) 

y = y(h) 

This can be performed in a very efficient way by exploiting the sparseness of the matri­
ces involved, which makes the algorithm not demanding from the computational point 
of view. 

3. CONCLUDING REMARKS 

The automation of manufacturing systems often entails the availability of mathematical 
models for real-time signal processing, which requires a linearization and simplification 
of the relevant differential equations. In particular, this problem may arise. both in the 
description of the controlled process and in the design of the corresponding controller 
(when the adopted synthesis procedure leads to high-order compensators [11). 
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The model approximation criterion considered in this paper is based on the min­
imization of the "energy" (squared L2 norm) of the difference between the original 
impulse response and that of the reduced-order model. Such a performance index is 
particularly meaningful from the technical point of view but is very cumbersome from 
the algorithmic point of view since the available optimization procedures are compu­
tationally demanding. 

In [10] the present authors have suggested an efficient technique to solve the above­
mentioned problem but the related procedure does not converge in some cases. 

The algorithm presented in this paper maintains the remarkable computational 
simplicity of the procedure in [10] and, at the same time, ensures the (quadratic) 
convergence to the minima of the index. Essentially it requires the inversion of two 
(v + p) x (v + p) matrices. 

The software implementing the algorithm has been tested on numerous models of 
industrial processes with satisfactory results. It is available on request. 
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ABSTRACT: One of the most important factors which influences the dynamical behavior of the 
feed drives for CNC machine tools is position loop gain or Kv-factor. It directly influences the 
contouring accuracy of the machine tool. Usually position loop gain is experimentally tuned on the 
already assembled CNC machine tool. This paper gives one approach towards its analytical 
determination. The difference between analytical calculated and experimentally obtained Kv-factor 
is smaller than 5%, which is completely acceptable. 

!.INTRODUCTION 

The most important variable which describes the behavior of a position control loop for 
CNC machine tools feed drives is position loop gain or Kv-factor. This is the ratio of the 
command velocity (feed rate) v to the position control deviation (following error, tracking 

error, lag) 11x [1,2,3,4] 

_1 v[mm Is] 
Kv[s ] = [ ] 

11x mm 
or 

I m I min l v[ m I min] 

K"l_ mm J = 11x[mm] 
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(1) 

(2) 
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From the magnitude of the Kv-factor depends tracking or following error. In multi-axis 
contouring the following errors along the different axes may cause form deviations of the 
machined contours. Generally position loop gain K v should be high for faster system 
response and higher accuracy, but the maximum gains allowable are limited due to 
undesirable oscillatory responses at high gains and low damping factor. Usually Kv factor is 
experimentally tuned on the already assembled machine tool [1,5]. This paper presents 
approach for analytically calculation of the position loop gain Kv. A combined 6-th order 
digital-analog model of the position loop is presented. In order to ease the calculation, the 
6-th order system is simplified with a second order model. With this approach it is very easy 
to calculate the K v factor for necessary position loop damping. The difference of the 
replacement of the 6-th order system with second order system is presented with the 
simulation program MATLAB. Analytically calculated Kv factor is function of the nominal 
angular frequency co and damping D of the feed drive electrical parts (motor and regulator), 
nominal angular frequency com and damping Dm of the mechanical transmission elements, 
as well as sampling period T. 

2. COMBINED DIGITAL-ANALOG MODEL OF THE FEED DRIVE POSITION 
CONTROL LOOP AND ANALYTICAL DETERMINATION OF THE Kv FACTOR 

Fig.1 presents digital-analog model of the CNC machine tool feed drive position control 
loop, where s represents Laplace operator. 

DlGITAl PART ANALOG PART 

1· -~- ·1 
ELECTRICAL DRIVE MECH. TRANS. ELEMENTS 

Xi)-- L X - L li_ L 
1 1 1 

Kv 
1 S2+2Ds+ l s ~~+2Dms+ l 
~ (0 IDm IDm 

Fig. 1 Combined digital-analog model of the feed drive position control loop 

Xo 

Similar models are presented in [1,6,7), but the transfer function of mechanical transmission 
elements is not taken in consideration. Because of the existence of the digital part in the 
presented model we must use z-transfonilation for analysis. With some approximations and 
substitutions it is possible to analyze presented model in s-domain (with Laplace 
transformation). Digital-analog converter is substituted with zero order holder (z.o.h.) and 
sampler [8]. The new model is presented in fig.2. 
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ZERO ORDER 
SAMPLER HOLDER 

1 1 

Fig.2 Modified model of the feed drive position control loop presented in fig. 1 

661 

Xo 

According [8,9] we can approximate sampler and zero order holder (z.o.h.) in Laplace 
domain with the following transfer function: 

1 -T·s 
G(s)=--_e_ 

T·s 

With the Pade approximation of the first order for the e-T-s we get: 

T 
1--·S 

e-T·s ~ 2 
T 

1+-·S 
2 

where T is sampling time (period). 
In that case G(s) becomes: 

1-e-T·s 1 
G(s)= ~--

T·s 1 T +-·S 
2 

(3) 

(4) 

(5) 

With these simplifications feed drive position control loop may be presented with following 
model (fig.3). 

Xo 

Fig.3 Analog model of the feed drive position control loop 
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The model in fig.3 may be analyzed in s-domain with Laplace transformation. The transfer 
function of the feed drive position control loop presented in fig.3 is: 

where: 

1 
K v · -;:;To;----

-·s+ 1 
2 

(6) 

(7) 

(8) 

Having informations about the magnitude of the variables ro, D, rom, Dm, and T in real feed 
drive position control loops, we can conclude that a6 , a5 , a4 , a3 have tendency towards 
zero (a6 ,a5 ,a4 ,a3 ~ 0). So in that case we can simplify 6-th order system with the second 

order system [8, 10]. Simplified transfer function of the feed drive position control loop is: 

Xo(s) b0 
--= 2 
Xi(s) a2 ·s +a1 ·s+a0 

(9) 

In that case 
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Xo(s) Kv 

Xi(s) = (2D 2Dm TJ 2 
~+~-+- ·s +·s+Kv 

co com 2 

663 

(10) 

To check the correctness of substitution the 6-th order with the second order system, 
simulation of the system transfer function response on step function with simulation 
program MATLAB was performed. Numerical values of the parameters of the examined 
system were: 
co=lOOO s-1, D=0.7, com =663 s-1, Dm=O.l7, T=0.006 sand Kv=IOO s-1. 

Following transfer function were compared: 
-6-th order system transfer function 

X~~ 100 
Xi(s) = 6.82 ·10-15 · s6 + 1.33 ·10-11 · s5 + 1.57 ·10-8 · s4 + 9.72 .IQ-6 · s3 + 4.91·10-3 · s2 + s+ 100 

-second order system transfer function 

Xo(s) 100 ---
Xi(s)- 4.91·10-3 ·s2 +s+lOO 

Fig 4. gives responses of the position control loop transfer function of 6-th and 2-nd order 
on step function. 

1.2.----.----.-----.----,-----,----,----.-----.----.----. 

1 ------- ------,.------
' r ' 
,/ ' 

- :---------:----

~ ~ : 
' ' ------~------- -------~------- -------L-------0 ' 

0.8 
' ' ' ' ' ' 

0.6 -------,.-------- ------- -------r-------

------ -'--------
' 

0.4 

0.2 
I I I I 

-------;--------~-------;-------;-------

' ' ' ' I I I I 

0~~~----~----~--~----~----~--~~--~----~--~ 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 

Time( sees) 

Fig. 4 ( ) Time response of the 6-th order system 
(------)Time response of the 2-nd order system 
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From fig.4 it is obvious that the differences caused by substitution are minimal. It makes 
substitution completely acceptable. Second order system enables very easy and fast 
calculation of the Kv-factor for necessary position control loop damping. 
We can write the second order system transfer function in the following form: 

Xo(s) _ --=---1-=-=---
Xi(s) - 1 2 2~ 

- 2 ·s +-·s+1 
ron ron 

(11) 

where~ is position control loop damping (0< ~<I), and ron is nominal angular frequency of 
the position control loop. We will transform equation (10) in the form of equation (11). 

Xo(s) Kv 1 

Xi(s) = (2D 2Dm T) 2 = (2D 2Dm T) -+--+- ·s +·s+Kv -+--+-
ro rom 2 ro rom 2 2 1 

Comparing (11) and (12) we can obtain: 

ro = n 

Kv 

------·s +-·s+1 
Kv Kv 

(12) 

(13) 

In order to have required position control loop damping~. Kv-factor should be calculated 
with the following equation: 

Kv=---.----~ 

r 2(2D 2Dm T 4.., -+--+-
ro ro 111 2 

(14) 

Equation (14) gives direct analytical relationship between Kv-factor and ro, D, rom, Dm, T 
and~. which are already known variables, or can be calculated very easy. 
With the equation (14) it is possible to estimate CNC machine tool feed drive position loop 
gain K v without performing experiments. 
Correctness of the equation ( 14) was checked on real feed drive position control loop of 
CNC milling machine FGS 32-CNC . Position loop damping ~=0. 7 is preferable according 
[ 11]. That is the value which gives minimal contouring errors. Other numerical values of 
the examined system were: ro=1000 s- 1, D=0.7, rom=663 s-1, Dm=0.17, and T=0.006 s. 
With the substitution in the equation (14) the po!lition loop gain value Kv=103.85 s-1 was 
calculated. Experimentally tuned value of Kv-factor on examined machine tool axis was 
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Kv=100 s-•. The difference between analytically calculated and experimentally obtained 
value of Kv-factor is around 4%, which is completely acceptable. 

3. CONCLUSION 

The equation ( 14) enables very fast, simple and precise analytical determination of position 
loop gain K v as a function of already known position control loop parameters (co-nominal 
angular frequency of the feed drive electrical parts, D-damping of the feed drive electrical 
parts, rom-nominal angular frequency of the mechanical transmission elements, Om­
damping of the mechanical transmission elements and T-sampling time). In that way we 
can avoid long-time experimental tuning of the Kv-factor on machine tool. Also analytical 
calculation of the Kv factor gives possibility to estimate the accuracy of the system in the 
design phase. 
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ABSTRACT: This research has aimed to design and to implement a Computer Aided Tolerance Charting 
System and to integrate it into a CAD environment, in order to obtain a fast and reliable analysis tool for 
assessing Process Plan performance. Pertinent literature is discussed briefly, and the major problems arising 
in Tolerance Charting - description and editing of the Process Plan within the CAD environment, modeling 
of machining errors and charting computation - are presented. Finally, a solution for the problems is 
proposed, with an example of application. 

1. INTRODUCTION 

Tolerance Charting is a well known technique used to assess the Process Plan performance. 
When the Process Planner chooses the process, the machine tools, the tools and the process 
parameters, he must respect a constraint: the product quality. In other words, the resulting 
dimensions, shape and surface finish must meet the designer specifications. Moreover this 
goal must be met with a minimum machining cost. For this reason machining tolerances 
should be as large as possible; more precisely, they should be larger on expensive 
machining operations and tighter on cheaper operations. Unfortunately machining 
tolerances present complex problems; they are dependent on the process variables, but also 
demonstrate a complicated, non-explicit dependency. However, it is possible to predict 
expected machining errors on manufactured work by applying an analytical tool, in this 
case Tolerance Charting. It allows a post-analysis stage; therefore changes can be made in 
the process plan or process parameters in order to meet the design tolerances with a pre­
determined margin. For this reason a process plan that gives machining tolerances looser 
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than required must be reformulated because it is unfeasible, while a process plan that gives 
excessively tight machining tolerances must be changed in order to decrease the 
machining cost. Such reformulations produce an optimized process plan: the process 
planning, that is the synthesis stage, is followed by the analysis stage contained in the 
tolerance charting. As N. Shu has shown [1], to achieve a good result in a synthesis 
problem, a good and fast analytical tool must be used. In fact, as figure 1 demonstrates, 
when there is an open loop gain SA>>1, Output is dependent only on Analysis 
performance. Figure 1 also shows that despite a poor process planning procedure, good 
results can be achieved if a good and fast tolerance charting system is available; it 
evaluates the process plan and drives the process planner to generate a better one in an 
iterative procedure. 

Tolerance Process 
Requirements Process Planning 

(Input) 
(Synthesis) 

Tolerance Charting 

- I (Analysis) 

Figure 1. The Synthesis and Analysis loop 
(adapted from N.P.Shu [1]) 

Tolerance charting, introduced in the 
'50ies, is based on a manual 
procedure [2]. Two pioneering works 
[3, 4] provide evidence for its 
relationship to process planning; 
these works also presented ideas that 
research has not yet completely 
exploited. In particular, [3] sets out 
the ideas of tree structure and 
incidence matrices organization for 
process plan representation, the 
analysis of machining errors, and the 
concept of machining cost related to 
the desired machining accuracy. 

Other works on Tolerance Charting [5, 6, 7, 8, 9] present solutions based on computer 
programs and in some cases [5, 10] a Computer Aided Tolerance Charting integrated with 
a CAD system. In addition these papers present an interesting discussion of the related 
literature [11], tolerance transfer [9, 12] and tolerance optimization [7, 8 11, 13]. The 
differences among the works in the literature cited, consist in the way the main problems of 
Tolerance Charting systems, are faced and solved. These are mainly the data 
representation, the tolerance balancing objective, and the optimization method used. 
Nonetheless, nearly all the literature considers machining errors to be a fixed quantity 
characteristic of the machine used regardless of the machining sequence. 

2. BASIC ASSUMPTIONS 

During our work, we have made several observations: 
- firstly, the error modeling, normally used in the works related to Tolerance Charting, is 
very rough; the error is given simply as a function of the machine tool accuracy and 
machining type. Clearly, to present a complete modeling of machining errors would be 
very complicated and would require a modeling for various components: machining 
process, machine tool, fixture, workpiece and tool structures, and system dynamics. 
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Furthermore such modeling would have to consider the thermal effects on structures. 
Despite these difficulties, we argue that it is possible to adopt an intermediate approach. 
Taking into account the different components of the manufacturing errors, and evaluating 
them with overall factors, we determine the order of magnitude of the error, maintaining at 
the same time the link with the process plan choices. Furthermore, a resultant error depends 
on many simple errors; thus it seems too conservative to establish a worst case analysis by 
simply providing the total sum of all these errors. We prefer, therefore, view the error as a 
stochastic variable that takes into account the statistical distributions of the single errors. 
- secondly, based on the literature analyzed, we find all procedures used to "optimize" or 
"balance" the tolerances, are quite useless. None of these procedures attempt to relate 
tolerance broadening to process plan modification. However, even if this element had been 
considered, it would have affected only the machining parameters and not the operation 
sequence. Consequently we believe that the best way to obtain process optimization is by 
using an iterative process that consists both of process plan synthesis and process plan 
analysis, as shown in figure 1. 
- thirdly a charting procedure should include three significant factors: be easy to make, be 
fast, and be completely integrated with a CAD system. To achieve this, it is necessary for 
the Process Plan formulation to be carried out inside the same CAD system in the 
following steps: the data regarding the workpiece design and the process plan are extracted 
from the respective databases; the data are arranged in the computer memory in a dynamic 
structure; for each dimension to be checked, the complete operation sequence is found that 
moves from the rough surface to the finished surfaces; errors are determined and 
accumulated; finally, results are given for machining tolerances and their statistical 
parameters. 

3. ANALYSIS OF MACHINING ERRORS 

Errors due to machine tool accuracy 
The greater part of machining errors are determined by the positioning accuracy and 
repeatability of the machine tool, due to feed errors, geometrical errors, presence of 
backlash, etc. But it is also true that some errors are time-dependent as they are the result 
of thermal deformations of the machine tool structure. Modeling of this errors is quite 
complicated and quantitative information is difficult to obtain. A rough estimation of this 
error is made, according to ISO, as follows: - a constant part A, characteristic of the 
machine tool is considered; - a part B-L, proportional to the traveled distance L, is added; 
the error is limited by a maximum value C, corresponding to the maximum observed error. 
The machine tool error EM is thus expressed by the following relation: 

EM= min { (A+BL), C } 
Errors due to jixturing 
These errors arise due to the imperfect repeatability of the workpiece position in the fixture 
and to the fixture error. Such errors are always present on the dimension and geometry of 
two surfaces if these are not machined with the same reference surfaces and on the same 
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fixture or if, after the machining of the first surface, the workpiece is unclamped and 
clamped again. For instance if the two planes Pl and P2 in figure 3 are machined moving 
the workpiece from the fixture (machine Pl, then unclamp the workpiece, then clamp 
again, then machine P2), the distance and parallelism of the two planes are affected by the 
repeatability error of the clamping in the fixture; if the two machining operations are 
performed with different fixtures (but in respect to the same reference surfaces), the two 
fixture accuracy errors will also affect the machining error. 

P2 

Figure 3. Errors are different if two surfaces 
are machined: 

with/without int. workpiece unclamping 
dimensional 
with the same tool with/without int. tool change 
with different tools 

E"ors due to the tool 

Figure 4. Influence of the tool error 

The errors introduced by the tool may have different sources; therefore it is convenient to 
analyze them one by one: 
- presetting error: occurs in presetting phase. The tool is measured in a presetting machine 
or directly on the machine tool; the tool presetting errors are transformed into machining 
errors by the Numerical Control unit that uses wrong data to program the tool path. 
- positioning error: each time a tool is changed in the machine spindle or turret, a 
repeatability error occurs. The position is never exactly the same and depends on the tool 
holder accuracy and cleanness of the contact surfaces. 
These two errors do not cause a machining error if the two surfaces (say Pl and P2 of 
figure 3) are machined by the same tool and the tool is not removed in the meanwhile. If 
the tool is the same but is removect in the meanwhile, only the positioning error will 
influence machining error. However both errors will cause machining errors if the tool is 
not the same. 
- dimensional error: this error may cause machining errors if different surfaces of the same 
tool are used to machine different surfaces in the workpiece. As figure 4 shows, the two 
sides of a groove are machined by the two sides of a circular milling tool; in this case the 
groove width W w is affected by the error on the tool width W1• 

- wear error: in normal conditions, the tool undergoes to progressive wear; hence it 
removes less material than that specified in the machining instructions, and consequently 
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gives a systematic error that may or may not produce a dimensional error depending on the 
surfaces orientation. 

Errors due to machine tool deformation 
The mechanical structure formed by the tool, tool-holder, machine tool, fixture and 
workpiece is subjected to elastic deformations due to the cutting force. These deformations 
produce a machining error whose orientation is the same as that given by wear. The 
importance of the error depends on many parameters; primarily these are the system 
stiffness, the cutting forces intensity and direction. The cutting force intensity is 
determined only by the material properties, chip cross section and tool geometry; the 
cutting force direction influences in two different ways the generation of machining errors: 
because the stiffness of the structure is different in different directions, the same force 
causes different deformations depending on its direction; furthermore, the cutting force 
direction causes the direction of the relative displacement of the tool respect to the 
workpiece; the machining error is the component perpendicular to the workpiece surface of 
the relative displacement. The value of the error cannot be assessed with a high degree of 
accuracy as a lot of information would be necessary. Nonetheless, the order of magnitude 
may be obtained by evaluating the stiffness of workpiece, fixture, tool and machine tool, 
the material specific cutting force and chip cross-section. For this purpose, two coefficients 
have been introduced: - Cd that is a multiplier of the resultant system stiffness and gives 
information weather all the structural elements works in their maximum stiffness direction 
(Cd=l) or not (Cd<l);- Ct that is a multiplier of the resultant system deformation, and is 
maximum when the deformation is perpendicular to the workpiece surface (Ct=l) and 
minimum when the deformation is tangent to the workpiece surface (Ct=O). 

The operator does not give all the numerical values of the error parameters; instead, these 
are normally retrieved from a technological data base, depending on the selected machine 
tool, fixture and workpiece material. However, in a few cases the operator is requested to 
indicate a category (e.g. for workpiece stiffness) where each category is associated to a 
numerical value. 

An important characteristic of the tool wear error and machine deformation error is that 
they have non-zero mean value; this causes the machining error on one operation to 
influence errors in subsequent operations. For instance, if a roughing operation is affected 
by an error due to tool wear or to structure deformation, less material is removed than 
desired; thus in the subsequent finishing operation, the larger depth of cut contributes to a 
further error. 

4. DATA STRUCTURE AND CAD INTERFACE 

The data needed for Tolerance Charting come from information related to the Process Plan 
and the Design. Normally the latter information is available in numerical format that is 
stored in the CAD Data Base; thus it nolonger needs to be taken from the blueprints. 
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Process Plan information, however, is rarely available in numerical format. More often 
than not, it is found in paper form related to process sheets, and operations and tools 
records. Such records are used mainly for transmitting information to NC programmers, to 
the tool room for tool preparation etc. In short this information is typically human-to­
human communication. Hence this type of record is not useful for computer based 
Tolerance Charting needs. In this case, data must be accessed automatically and therefore 
must in a format suitable for computer-to-computer communication. It might seem that 
NC programs are capable of solving this problem, especially when NC programming is 
performed with the aid of a CAM system that allows the necessary integration with CAD. 
We have rejected this form of operation because we believe that the Tolerance Charting 
process, as has been shown in the introduction of this paper, is as more useful as more 
early is performed. After the NC program has been produced, a lot of work has been done 
and, if the tolerance charting calculation asks for a process plan review, this work (and 
money) is lost. For this reason we think that also the process plan design phase should be 
informatized. To this end we have developed a procedure, integrated into the CAD system, 
that allows the Process Planner in defining machining operations inside the CAD 
environment; the process plan is automatically available in computer format at the end of 
this procedure. 

The steps followed by the Process Planner work are the following: 
the part model is opened in the CAD system and the process planning program is run as 
a Macro instruction inside the CAD itself; 
for each machining operation the operator selects: 

- the surface to be machined 
- the reference surface 
- the fixture code 
- the machine tool code 
- the tool code 
- the machining parameters 
- the machining conditions 

the surfaces are chosen with the pointer device (e.g. mouse, track ball); the CAD 
system returns an internal code used to identify the surface in the CAD Data Base; 
furthermore a label is automatically given to every surface, in order to identify it both 
in the drawing and in the process plan: this label is a progressive alphabetical letter 
starting form "A"; the letter is followed by a number indicating the number of 
machining operation made on the surface; e.g. Al means roughing of surface A, and 
A2, A3, are the successive machining operations. 

measuring instructions can also be introduced. A measuring instruction is characterized 
by a special machine code that is associated to the measuring accuracy. The result of 
this operation is that the error stack-up process is interrupted which means and the 
surface position, at that moment, is considered known, albeit with the uncertainty given 
by the measuring accuracy. Therefore the depth of cut used for error computation will 
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not be that given by the process plan, but is computed taking into account the 
accumulated error; 
other operations, as inspection, deburring, manual operations can be input; however, 
only those operations that are relevant to tolerance charting have an operation code and 
are used in the further processing (intermediate tool presetting, tool wear measurement 
and compensation, workpiece unclamping, tool unmount and mount). All the other, 
including comments and remarks, are introduced only for process plan completeness; 
at the end of his work, the operator gives an "Exit" instruction and the control returns 
to the CAD system. 

All the data that are input or retrieved during this phase are stored in a document that is a 
Chronological Process Plan, as shown in figure 5. Each record corresponds to an operation 
characterized by an operation number, and a code of the operation type. This is followed by 
all the related parameters. This process plan representation contains all the necessary 
information and maintains the precedence relations between operations. This structure is 
useful independently of the tolerance charting, because it is a document that, together with 
the workpiece drawing, could be used, for example, for NC programming. 

The procedure for tolerance charting also requires information about which dimensions 
are to be verified. This information is stored in a table that contains, for each dimension, 
the related surfaces, the nominal value and the allowed tolerances. The table is created 
automatically at the end of the process plan definition. The procedure is the following: for 
every toleranced dimension found in the CAD model, the automatic procedure searches 
the related surfaces in the Process Plan file; if both surfaces are present as machined 
surfaces, a record in the table is added; the record contains the surfaces labels, the 
nominal dimension, and the design tolerance. 

r-------------, 
a): : 

I I 

: r- : 

:- -· -·-·- ~--
1 I 

I ....,__-!: :~ 
I 
I 
I 

-JriO±.o3 
"I 60± .03 

110±.07 

I 
I 

R C DB A 

b) Op. Mach. Ref. 
NO surface surface 

10 AI R 
20 Bl R 
30 Cl Bl 
40 01 Bl 
50 02 Bl 
60 A2 02 
70 82 02 

Fixture Tool Machine Chip section 
code code tool code depth feed 

Fl Tl MLI 2.5 0.5 
Fl Tl MLI 2.5 0.5 
Fl Tl MLI 2.5 0.5 
Fl Tl MLI 2.5 0.5 
Fl T2 MLI 0.5 0.1 
F2 T2 ML2 0.5 0.1 
F2 T2 ML2 0.5 0.1 

Figure 5. A simple Process Plan: Chronological representation 
a) workpiece drawing b) Process Plan 

5. THE TOLERANCE CHARTING PROCEDURE 

Cd Ct 

0.6 I 
0.6 I 
0.6 I 
0.6 I 
0.6 I 
0.6 I 
0.6 I 

After the phase of data preparation, the Tolerance Charting procedure begins. The firs step 
consists of the building of another type of organization for the Process Plan data. Starting 
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from the Chronological Process Plan representation, the Hierarchical Process Plan is 

obtained. This is a different description of the process plan, and is represented by a tree 

graph, that relates every machined surface to its reference surface (parent). Figure 6a gives 

a representation of a Hierarchical Process Plan and figure 6b shows its internal 

representation as a dynamic structure; the last pointer is used to link each record to its 

parent, and the other organizes the last machined surfaces in a ring structure. During the 

construction of this structure, the errors computation is also performed. For each machining 

operation, all the error components described in section 3 are calculated and stored in the 

corresponding record; these error components will be used afterwards to find the 

machining tolerances. 

The computation of the resulting tolerances proceeds as follows: 

a) 

starting from each dimension to be verified, the occurrence of both surfaces involved is 

found on the process tree, at the maximum depth (search starting from the bottom); 

by exploring the tree, a common parent is found, and a sub-tree is extracted; 
the common parent is a reference surface from which the two branches that reach the 

surfaces start; the two branches identify the sequence of operations performed to obtain 

the surfaces; 
following both the branches the single error components are accumulated, and a total 

error is found; 
only the active components are considered and summed; for instance, fixture errors and 

tool errors may compensate themselves if two surfaces are machined with the same 

reference and fixture, without moving the workpiece and with the same tool; or the tool 
wear error or machine deformation error compensate if the machined surfaces are 

accessed from the same side. 

~ 
8G~ 

8® 

Cl DATA 

Figure 6. Hierarchical representation of the Process Plan 
a) tree structure b) data structure 
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At the end, the results are reported in the table containing the dimensions to be verified; to 
each record the following results are added: 
-the centre of tolerance of the obtained dimension; 
-the lower and upper tolerance of the obtained dimension; 
- the probability that the obtained dimension is outside the design tolerances. 
Figure 7 shows the completed table containing the results of tolerance charting; the first 
five columns are input data, while the last four columns are produced by the program. 

Input Data Results 

Centre Lower Upper Defect 
Sl S2 Nom.Value L.Tol U.Tol Tol. Tol. Tol. Probability 

A c 110.00 -0.07 0.07 110.02 -0.02 0.02 0. 
A B 60.00 -0.03 0.03 60.00 -0.01 O.ol 0. 
B D 10.00 -0.03 0.03 10.00 .o.ot O.ot 0. 

Figure 7. Input data and results of the Tolerance Charting process 

5. CONCLUSIONS 

This procedure for tolerance charting permits a fast verification of the process plan 
performance, in terms of respect of the specified design tolerances. Being integrated into a 
CAD environment together with the process plan definition procedure, editing of the 
process plan and editing of the CAD model may be easily performed. This allows for a 
new calculation of machining errors and of manufacturing tolerances to be obtained 
automatically and in a short time. Consequently it is possible to have process plan 
optimization through an iterative procedure. The limitations of the described procedure are 
mainly the following: - only dimensional tolerances are treated; - all the toleranced 
dimensions must be collinear; - the procedure has been implemented in conjunction with a 
specific CAD system. Nevertheless this approach is sufficiently general to be easily 
extended to other types of tolerances. However the integration with a different CAD 
system requires the translation of the interface routines in the specific language, if any, that 
allows user written routines to perform read/write operations on the CAD Data Base. 
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ABSTRACT: This paper is concerned with a scientific study of the pinch and roll process that is 
currently used to produce compressor blades for jet engines. It is several decades old and has some 
shortcomings. The process has to be improved in order to insure the ongoing competitiveness of the 
pinch and roll process against other blade forming technologies. A major shortcoming is the cost in 
both time and material involved in the setup of the machine for a production run. This process 
requires a large amount of time of skilled personnel and scraps several parts for each setup process. 
Another shortcoming is the variation of the quality aspects of the parts produced by the pinch and 
roll process. The variations in machine setups and between different machines cause the pinch and 
roll process to produce a range of output product deficiencies. The development and installation of 
a data acquisition system (DAQ) specifically designed for the process has overcome these 
shortcomings. The DAQ system provides setup assistance tools as well as process monitoring 
capabilities. The DAQ system can monitor several factors that characterize the behavior of the 
machine and the subsequent part quality. The information obtained by the sensors on these factors 
can be used to provide information about "good" and "bad" parts in the form of "part signatures", 
which are the waveforms of the monitored factors. This information has been used to improve and 
understand the current process and can be incorporated in any future press designs. The DAQ 
system has shown the greatest benefits concerning the setup procedures. Improvements in both the 
efficiency and the effectiveness of these procedures have reduced costs while enhancing part 
quality. 
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I. INTRODUCTION 

A method of jet engine compressor blade fabrication is the pinch and roll process. This 
process was developed as an alternative to the then current method of manufacture, which 
was to machine and mill the blade directly from raw stock [1]. This process was extremely 
wasteful in both labor and material. Off the shelf alternatives were also inadequate. Forg­
ing equipment could not meet the required tolerances due to the inherent airfoil shape of 
the blade. Traditional rolling processes were also eliminated because of the platform lo­
cated at the root of the blade. (This platform is later machined into a dovetail for final as­
sembly into the engine.) As a result of these problems, the pinch and roll process was de­
veloped. The Pinch and Roll process is a two step forming operation, which utilizes two 
dies. First, a forging operation is performed on the root section of the blade that squeezes 
the part. This is called the pinching segment. Secondly, the dies simultaneously rotate in 
opposite directions to impart the proper thickness and contour to the compressor blade. The 
operation of the pinch and roll machine can be studied in Figure I. Section (A) shows the 
placement of the blade in the shuttle of the machine before the process is executed. The 
forward movement of the shuttle into the dies is shown in section (B). Section (C) is a dia­
gram of the actual pinch process. The dies squeeze the part near the root area during this 
operation. The last section, (D) of, shows the rolling operation. As the dies rotate, the shut­
tle (and the blade) moves outward away from the dies. 

(A) (B) 

(C) 

Fig. 1: The Pinch and Roll Process 

The dies are rotated by the action of a single hydraulic cylinder by means of free differen­
tial linkage. This produces a two-degree of freedom system for the roll actuator mecha­
nism. This means that the two dies are not constrained to rotate at the same rate or position. 
Because of this, the two dies may be at different angles at any time during the rolling proc-
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ess. This process is used on blades of various materials. The type of material dictates if the 
process is run at room temperature or at elevated temperatures. 

A set of two different dies is used in the process. One die has a convex shape and the other 
die has a concave shape. These shapes are the respective mating contours of the concave 
and convex sides of the desired blade. The dies are designed with a tapered shape so as to 
impart an airfoil shape of reduced thickness at the free end of the blade. 

To improve the quality aspects and to reduce the associated setup costs of the process, the 
creation of a data acquisition system was undertaken. The · setup process is a major short­
coming of the pinch and roll process. This process requires a large amount of time of 
skilled personnel and scraps several parts for each setup process. Another shortcoming is 
the variation of the quality aspects of the parts produced by the pinch and roll process. The 
variations in machine setups and between different machines cause the pinch and roll proc­
ess to produce a range of output product deficiencies. To elevate these problems, the DAQ 
system provides setup assistance tools as well as process monitoring capabilities that can 
be used as diagnostic tools. 

Mobile Cart __ (! 
i1 f I 

II I 

l I 
Monitor 

Junction Box 

Fig. 2: DAQ System 

2. THE DATA ACQUISITION SYSTEM 

The data acquisition system consists of several parts. The sensors and their accompanying 
fixtures are located on the pinch and roll press. Other hardware, such as the computer and 
the terminal board, are located on a mobile cabinet so that they can service· multiple 
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presses. The arrangement of the equipment in the cabinet and the different sensors and the 
junction box located on the press are shown in Figure 2. The mobile cabinet is connected 
to the sensors be means of an Amphenol connector, which allows quite connections be­
tween several presses. 

The DAQ system consists of 8 transducers. The location of each sensor is numbered ac­
cordingly to the channel address of the sensor and is numbered 0 through 7. Fig. 3 shows 
the locations of the sensors, with their channel numbers on a drawing of the machine. 
Table 1 shows the location and the description of each of the sensors. All of these sensors 
combine to provide information necessary to completely describe the displacement and 
pressures that occur during the process. This allows the establishment of "good" and "bad" 
part signatures. These signatures can be utilized as warnings of the onset of process drift 
and as diagnostics of machine malfunctions. The data obtained from theses sensors also 
can be used to replace trial and error set up processes, which are extremely expensive in 
terms of time, material and labor. To have a data acquisition system perform all of these 
tasks, efficient, effective, and intuitive software in required. 

Bottom 
Arbcr 

Fig. 3: Sensor Locations on the Pinch and Roll press 

3. DATA ACQUISITION SOFTWARE 

The data acquisition software programs initialize the DAQ system and direct the computer 
to manipulate voltage signals to produce output in meaningful units such as pressure, dis­
tance and angles. The programs then handle data output and storage. To aid in the pro-
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gramming for the DAQ system, LabVIEW, from National Instruments Corporation, was 
the software environment selected to generate and operate the programs needed for the 
DAQ system. LabVIEW uses a graphical programming language, G; to create programs in 
block diagram form. Lab VIEW programs are called virtual instruments (VIs) because they 
appear and operate like actual instruments. 

There were several separate LabVIEW programs produced for the instrumentation assem­
bled on the pinch and roll press. Each of these programs (virtual instruments) performs a 
specific task and uses several or all of the sensors. The first program is the monitoring pro­
gram called DAQ. The DAQ virtual instrument requires the user to input the two die radii, 
the DAQ scan rate, and the number of scans to acquire. When the process is run, the DAQ 
program produces screen output and also saves the data to spread sheet files. This saved 
data can be examined using another virtual instruments (called RECALL) or by spread­
sheet programs such as EXCEL. The operation of the RECALL program is simple and is 
started by pressing the run button. This action is followed by opening of a dialog window 
that allows the user to browse for the data file of the process run to be investigated. 

Table 1: Sensor Locations and Descriptions 

Location and Name Description 
0. Shuttle Movement "in and out" LVDT (linear varying displacement transducer) mounted on 

the shuttle, measures the displacement of the shuttle relative 
to the frame of the machine. 

1. Lower Arbor Relative to Machine L VDT mounted the frame of the machine, measures the 
displacement of the lower arbor relative to the machine. 

2. Upper Arbor Relative to Lower L VDT mounted the upper arbor, measures the displacement 
Arbor of the lower arbor relative to the upper arbor. 
3. Top Hydraulic Cylinder "down" Pressure transducer connected to the top hydraulic cylinder. 

This measures the pressure of the hydraulic fluid that forces 
the two dies are together. 

4. Roll Hydraulic Cylinder "roll Pressure transducer connected to the roll actuator cylinder. 
out" This measures the roll actuator pressure that supplies the 

torque during the rolling operation. 
5. Shuttle Hydraulic "in" Pressure transducer connected to the shuttle cylinder. This 

measures the pressure that is used to hold the shuttle 
forward to push the blade against the dies. 

6. Top Die Angular Movement A RVIT (rotary varying inductance transducer) that is 
attached to top arbor to measure the angular change of the 
top arbor relative to the machine. 

7. Bottom Die Angular Movement A RVIT that is attached to bottom arbor to measure the 
angular change of the bottom arbor relative to the machine. 

The front panels of both the DAQ program and the RECALL program includes three 
graphic chart windows to display the output data. The horizontal scale of these charts is 
that of time in seconds. Each of these charts displays a separate type of data. The top chart 
includes the positional output generated from the linear varying displacement transducer 
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(L VDT) sensors. These represent the information of the positions (in inches) of the various 
parts of the machine. This positional chart can be seen in Figure 4. On the right ofthe chart 
is the legend that identifies that separate sensor's data. Located below the legend box is a 
palette of manipulative tools to aid in the investigation of the chart. This palette contains 
zoom tools and scale manipulators. The colors and line type of any of the sensor traces can 
also be modified. 

The middle chart in Figure 4 is the output of the pressure sensors. The units for this chart 
are in pounds per square inch and this chart shows the pressure levels for the three impor­
tant hydraulic actuators during the process. This chart is most useful for hydraulic system 
monitoring, especially for the indication of the onset of problems such as seal and pump 
failures. 
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Fig. 4: Front panel of theRE ALL virtual in trument 

The bottom chart of Figure 4 provides a graph of the angular position (in degrees) of the 
arbors as related to time. All of these charts can be zoomed in or out, moved around, and 
scaled independently by using the tools palette as mentioned earlier. The default condition 
for these charts in for automatic range adaptation. This means that if the time length of 
scan or the vertical range changes run to run, the program will automatically fit the axis. 
These attributes allow easy investigation of the displayed data. 
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Another important program is the SETUP virtual instrument. The SETUP program is util­
ized to aid in the setup procedure of the pinch and roll machine. It is also used in the setup 
and zeroing of the DAQ system. This program only manipulates the data that comes from 
the three displacement sensors (LVDTs) and the two rotational sensors (RVITs). The 
SETUP front panel is shown in Figure 5. 

The SETUP program executes a continuous loop that evaluates the output from the posi­
tion sensors and manipulates this output to produce screen indicators that help the machine 
setup crew perform their tasks quicker and more accurately. This is accomplished by the 
use of light banks. A light bank consists of 3 lights, one of which is green and the other 
two are red. The green light means that the measurement is in specifications. The red lights 
dictate that the response is out of specification, and to what side is that response out. This 
provides the user with a continuous source of feedback while making machine adjust­
ments. Besides the positional information, machine specific calculators are included to 
help prevent mathematical errors during the process. One of these calculators solves the 
complex preload system for the pinch and roll press, which was previously misunderstood. 
The SETUP program also provides the user with accurate information about the die/arbor 
rotations, which is necessary for the pinching stage of the process. · 
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4. OUTPUT, FINDINGS AND RESULTS 

The DAQ output provided much insight into the pinch and roll process. The development 
of "good" and "bad" process signatures from the waveforms of the monitored factors al­
lows quick and precise determination of process problems. The DAQ also was essential for 
understanding the complex workings of the pinch and roll press. Systems such as the shut­
tle preload system were not understood completely and therefore not utilized to their po­
tential. The shuttle position and the shuttle hydraulic system plots allow for a detail inves­
tigation of the interaction of this system with the rest of the press during the pinching proc­
ess, which involves simultaneous movement between the two dies and the shuttle that 
holds the part. As the die close onto the part the shuttle travels forward to push the part into 
the cavity formed by the closing dies. The proper movement of the part and the force de­
veloped by the shuttle system has to occur at the proper time and place in order to insure 
the required part characteristics. Previously, this was misunderstood, and was obtained 
only with a hit or miss procedure. 

The waveforms were also evidence of other machine movements that were not known. 
When the two die close during the pinching process, the bottom die is depressed. This 
moves the part centerline from its optimum position for the rest of the process. The DAQ 
waveforms also showed that the top die was separating from the bottom die during the roll 
out process. The position plots quantified this "lifting" process that was previously thought 
unlikely. The pressure plot for the hydraulic cylinder responsible for counteracting this 
separation force demonstrated a hump at this point in the process. This was due to the 
backing of the piston in the cylinder, which compressed the entrained air in the hydraulic 
fluid. The hydraulic system sensor also pointed out that a pressure spike occurred increas­
ing the pressure in the cylinder to 1.6 times the set value. 

The most important information gathered by the DAQ system waveforms concerned the 
rotation of the dies and the arbors. Since the two dies are connected through a free differ­
ential, the simultaneous rotation of the set is not insured. The die having the greatest resis­
tance to rotation slows until the other die's resistance equals it. The two dies can swap the 
lead-lag rolls during the process. The die set is also not usually a matched set that pos­
sesses the same radii for both dies. This also causes unequal die rotation problems. For 
similar arc lengths, the small radius die must rotate a larger angle than the larger radius die. 
The DAQ system showed that the free differential was partially compensating for this phe­
nomenon. 

This information has been used to improve the current process and can be incorporated in 
to future press designs. The information gained by the data acquisition system has also 
been used to perform two and three-dimensional simulations of the process. These simula­
tions take into account the die lifting and the unequal die rotation waveforms in order to 
produce extremely accurate models. The high accuracy of these models allows the virtual 
design and testing of die configurations that can improve the quality and the cost of the 
pinch and roll process. 
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The pinch and roll process DAQ system has shown great benefits concerning the setup 
procedures. The previous system of trial and error required 6 to 8 hours, one specially 
trained setup technician, and over ten parts (which were then scraped). The use of the DAQ 
setup routines allows this process to be accomplished by the same technician in 40 minutes 
using only three or four parts. These parts are also within specifications enough that they 
are not scraped out. This saves considerable cost when multiple passes are considered. 
The setup system also improves the quality, accuracy, and the consistency of the setups 
also further reducing cost. 
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THE HARMONIC FITTING APPROACH 
FOR CMM MEASUREMENTS OPTIMIZATION 

E. Capello and Q. Semeraro 
Politecnico di Milano, Milano, Italy 

ABSTRACT: The dimensional inspection of a manufactured part by means of a Co­
ordinate Measuring Machine (CMM) consists in the measurement of a set of points on the 
part and in the estimation of a "substitute geometry". The accuracy of the estimated substi­
tute geometry depends on the number of the sampled points. The present work deals with the 
problem of the selection of the optimal number of measured points when the Least Square 
Method is adopted. The theory of the Harmonic Fitting (HF) will be presented for a flange 

element and it will be demonstrated that using the HF approach the analytic solution of the 
estimate error as a function of the number of measured points can be identified, thus evalu­
ating the accuracy of the estimate. It will be shown that the usual statement that the accuracy 
increases as the number of measured points increases is not always true. 

Key words: CMM, LSM fitting, sampling errors, flange element, Harmonic Fitting. 

1. INTRODUCTION 

The core process of the dimensional inspection of a manufactured part is the substitute geom­
etry evaluation, where an analytic geometry is fitted to the measured data. The substitute 

geometry estimation is the basis for the verification of part conformity to specifications [1]. 
Data fitting is usually performed using the Least Square Method (LSM) [2] [3]. The accuracy 

of the estimated parameters p that characterises the substitute geometry depends on several 
factors. The measurement uncertainty and the number of sampled points are the most rele-
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vant ones. The difference between the estimated parameters vector p' and the "real" one p 
will be defined as the as the estimate error: 

I 

e=p -p (1) 

These errors can be divided into two components: the first is related to the measurement 
uncertainty (measurement error em = p' - p), the second is related only to the sampling of 
a limited number of points (sampling error € 8 = p- p). Obviously e = em+ e". While 
the measurement error em can be directly ascribed to the measurement process and can be 
modelled as a random variable with gaussian probability density distribution, the cause and 
the distribution of the sampling errore" are not known [4]. 

The paper presents the Harmonic Fitting approach which can be used to directly relate 
this kind of error to the machining process. Closed analytical formulae are derived in order 
to evaluate the sampling error as a function of the number of sampled points. In particular, 
the HF approach is applied to a flange element, where a plane geometry has to be estimated. 

An accurate determination of the substitute plane is the basis for a reliable dimensional 
inspection. An incorrect determination of this plane may lead to an erroneous rejection or 
acceptance of the manufactured part, thus directly affecting the costs of the inspection [7]. 
Therefore the optimal number of sampling points derives from a compromise between accu­
racy and time/cost of inspection. 

2. SUBSTITUTE GEOMETRY ESTIMATION USING THE LSM 

A common geometry that has to be dimensionally controlled is the flange element. Points 
are sampled on a thin wall (see figure (1)) and deviations normal to the plane are measured. 
A total of N points are measured at locations xh, Yh (h = 0 ... N- 1). It is always.rfossible, 
with an appropriate positioning of the axes origin, to obtain that E:,:-01 xh = Eh=~1 Yh = 
~N-1 O 
L.Jh=O XhYh = . 

The measured value of z at xh, Yh is zh while the respective in plane measure is: 

z (xh, Yh) = axh + byh + c (2) 

The deviation between the measured point and the estimated plane is 8h = z (xh, Yh)- zh 
and coefficients a, b, care chosen to minimize the mean square distance: 

n 1 ~N-1 r.-2 1 ~N-1( b )2 
H = "N L.Jh=O 0 h = "N L.Jh=O axh + Yh + c- Zh (3) 

The minimisation problem can be solved by vanishing the gradient. This problem can be 
expressed in matrix notation: 

(4) 

where p = [ a b c ] T. The solution is straightforward. However, from this solution the 
dependence of p on the number of sampled points cannot be established. The proposed HF 
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is an equivalent solution but in the frequency domain and it should be preferred as closed 

formulae can be derived to evaluate the influence of the number of sampled points. 

3. ESTIMATION USING THE HARMONIC FITTING APPROACH 

3.1 Harmonic Fitting equations 

If we consider the sampled points xh as a discrete signal, phase and amplitude of harmonics 
can be calculated using the Discrete Fourier Transform (OFT): 

X 1 '\'N-1 ( ·2 hk) 
h = N L..,k=O xkexp -J 1r N (5) 

where j = J=I. The transform is periodic in the sense that Xh = XN+h = X'''-h = X'fv_h 

where * indicates the complex conjugate. Because of the particular origin placement it can 
be stated that X 0 = Y0 = 0. Moreover, from the Parseval's theorem it can be derived that: 

'\'N-1 2 - N '\'N-1 X X*- N '\'N-1 IX 12. '\'N-1 2 - N '\'N-1 I~ 12 
L..,h=O xh - L..,h=1 h h - L..,h=1 h ' L..,h=O Yh - L..,h=1 h (6) 

and for the sampled measures: 

'\'N-1 N '\'N-1 z X* N '\'N-1 Z*X 
L..,h=O ZhXh = L..,h=1 h h = L..,h=1 h h (7) 

since X 0 = 0. Finally, problem (4) can be expressed in terms offrequency as: 

0 1 [ a l [ 2:~::/ zhx;; 1 0 b = '\'N-1 Z Y.* 
L..,h=1 h h 

1 c Zo 
(8) 

and in matrix form: 

B·p=f (9) 

The solution is therefore: 

(1 0) 

This solution is equivalent to the one obtained from ( 4) but the coordinates of all sampled 

points are expressed in terms of harmonics. In this way it is possible to explain the influence 

of the number of sampled points on the evaluated parameters. In fact, when the number of 
sampled points decreases the aliasing problem affects the harmonics and, through equations 

( 1 0), the estimated parameters. 

3.2 The effect of aliasing on the Harmonic Fitting 

As known, aliasing arises when a band limited signal is sampled at a frequency lower than 
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double its limit frequency [8] [9]. For the discrete case, this frequency condition becomes 
a condition on the number of sampled points: The number should be higher than twice the 
maximum harmonic order present in the signal. If a lower number of points is sampled, due 
to the periodicity of the harmonics Hh an "overlapping" ~fharmonics occurs and more than 
one harmonic is summed to form the aliased harmonics Hh (see Figure (2)): 

(11) 

where Ah are the high order harmonics that are summed because of harmonics overlapping. 
When a surface is band limited at the order N (Hh = 0; h > N) and it is sampled with 
a number M < 2N of points the effect of aliasing can be summarized in the following 
equations: 

A '~:'ph H* + 'I:"Qh H . h n - rN+hl. Q rN~hl h = L....p=1 pM~h L....q=1 qM+h, w ere r-h - ---,;;t , h = ---,;;t (12) 

where 11 denotes integer truncation. Therefore different f and B matrixes dominate the so­
lution: 

- [ 2::!~1 Jx"J2 
B= 0 

0 

0 

2::!~1 JYhl2 
0 

(13) 

The estimated parameters are: 

:P=B~l£ (14) 

and the estimate error is therefore: 

(15) 

Therefore the difference between the estimated and the true parameters can be ascribed 
to the aliasing affect on both the B and f matrixes and depend on the x - y shape of the 
flange (B matrix) and on the harmonics of the generated surface (f matrix). When there is 
no aliasing effect on the B matrix (as in the circular case discussed later) the error can be 
totally ascribed to the generated surface. 

4. THE CIRCULAR FLANGE CASE 

In the case of a circular flange the derived equations can be sensibly simplified. In fact, for 
circular flanges rk = r 't:/k and therefore: 

x" = { ~ ~ : ~ - 1 } ; Y" = { ;}J 
0 elsewhere 0 

h = 1 } 
h= N -1 

elsewhere 
(16) 
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and consequently: 

(17) 

When the circular flange is measured with a number of points greater than three no aliasing 
occurs in the Xh and Yh transforms and these harmonics remain unchanged. The aliased 
matrixes are therefore: 

B=B; d= [ Re(Z1x;) Im(Z1Yt) Zo r (18) 

Considering the effect of the aliasing, at the end one obtains: 

€ 8 = p- p = B-1 · (d- d)= B-1 · [ ~ Re(A1) -~ lm(A1) Ao ]r (19) 

that is the sampling error can be ascribed only to the effect of the harmonics that are reflected 
on the harmonics of order 0 and I : 

A1 = L:~1 z;M-1 + L~~1 ZqM+1; H = INA71l; Q1 = IN.M1l 
(20) 

These equations state that the sampling error that arises from a limited sampling is gen­
erated by high-order harmonics of the surface that overlap on harmonics of order 0 and I. 
Hence, an accurate selection of the sampled points should avoid the overlapping of high am­
plitude harmonics on the harmonic of order 0 and I. 

5. SURFACE GENERATION STATISTICS AND HF 

5.1 Surface generation process 

The geometric deviations (and the consequent surface harmonics) are related to the machining 
process used to generate the part. It can be assumed that these errors are the sum of several 
elementary deviations that can be related to specific phenomena (i.e. vibrations of machine 
tool, material spring back, etc.). Each elementary phenomena, with the pertinent elementary 
geometric deviation, contributes to the generation of total machining error. An example of 
such division can be found in [10] and in [11] for circular profiles 

It is useful for the HF approach to classify the elementary phenomena and their machining 
errors into three classes: 

I. Space dependent phenomena: These phenomena mainly derive from: 

- geometric errors of the moving elements of the machine tool; 
- deformation of workpiece, tool or machine tool due to forces; 
- residual stresses relief 
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These kind of machining errors are generally repeatable in the sense that parts machined 
with the same fixture system and with similar cutting forces present analogous surface 
structure, both in terms of deviation and position. Consequently, the harmonics of the 
surfaces are well defined, both in terms of amplitude and phase. 

2. Time dependent phenomena: These phenomena can be related to the time domain rather 
than to the space one. An example of such phenomena is the run-out of a rotatory tool. 
These phenomena usually generate a surface pattern that can be described in amplitude 
but its position on the workpiece cannot be predicted. Therefore, the surface harmonics 
are generally repeatable in amplitude but not in phase. This leads to the impossibility of 
estimating the harmonics phase in an average sense. 

3. Random phenomena: These phenomena are completely random, both in terms of am­
plitude and phase (or position on the workpiece). Therefore the harmonics that can be 
ascribed to this kind of phenomena cannot be predicted both in terms of amplitude and 
phases. They represent a sort of random "noise" that is superimposed to the more deter­
ministic part of the spectrum. 

The above classification and attribution of generated surface harmonics to specific phe­
nomena is useful since the complete exploitement of the HF approach requires a statistical 
description of the harmonics. 

5.2 The statistical approach 

The first step in the statistical description of the sampling error is the statistical description 
of surface harmonics. This description can be obtained from a machined and measured set 
of surfaces. The joined probability density function of the harmonics f (A) can be obtained. 
The joined probability distribution function f ( E 8 ) of the sampling error can be derived from 
f (A) using the HF equations (10) together with the aliasing equations (12). 

Care should be taken in the harmonic estimation. In fact, the phase can be accurately 
described in a statistical sense only for the space dependent-phenomena (type (I.) in the above 
discussion) and when the orientation of the workpiece has been tracked from the machine tool 
to the CMM. This is a special case that is not generally applicable. 

In a more general case the phase has to be considered as a random variable with uniform 
distribution over [0, 21r]. In this case it can be demonstrated that the mean value of the 
sampling error is zero and an increase in the sampling error variance can be observed [6]. 

The probability of having a sampling error inside range (- E8 , E 8 ) is then: 

(21) 

and is a function of the number of sampled points. It should be noticed that if the phase of 
the harmonics can be predicted, also the position of the sampling grid can be optimized. 

6. CONCLUSIONS 

The Harmonic Fitting approach (HF) aims to the conscious selection of the optimal number 
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of sampled points. When this approach is used, the following conclusions can be stated: 

The knowledge of the influence of the sampled point number on the probability distribu­
tion of the sampling error is the basis for a fully conscious selection of the optimal number 
of sampled points. Optimization criteria can be the maximum probability (equation (21)) 
or the minimum expected cost, as described in [7]. 
Since the sampling error depends on the geometric characteristics of the generated surface, 
a piece of information should be available from the surface generation process in order to 
determine the sampling error probability distribution. This information is the statistical 
description of the surface harmonics which is the "fingerprint of the process". 
The proposed HF approach is the junction element between the probability distributions 
ofthe surface harmonics and the probability distributions of the sampling errors. 

Using the HF approach the influence of the number of sampling points on the sampling 
error distribution can be highlighted and directly evaluated using equations (1 0) and (12). 

The general statement that an increase in the number of sampled point leads to an increase 
of estimate accuracy is not always true. The sampling error can increase or decrease de­
pending on the harmonics that overlap on the harmonics involved in the Harmonic Fitting 
(harmonics of order zero and one in the circular flange case). 
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Figure 1. - Example of flange geometry to be measured by CMM. 
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ABSTRACT: In this article a measuring system based on artificial vision techniques is described. 
Even if this problem is not new, several aspects, including sub-pixel algorithms, system program­
ming and lighting, that are addressed in this paper, are still under study. Among them, the vision 
system calibration is focused. The theoretical model and the practical details of a fast method for 
2-D problems are described, by comparing 3-D techniques already in the literature. The main fea­
tures of the developed system are: cheap and easy to use. An example application is provided for 
the overall performance assessment. 

1. INTRODUCTION 

Even if many 3-D vision applications are available in the literature [1], most of industrial 
applications are still in 2-D. In metrology, non-contact techniques, including artificial vi­
sion, have a rapid diffusion both in the literature and in the industrial environment and have 
been widely approached; in particular, measuring machines based on optical techniques are 
commercially available. However, there are several open problems [2]: the main drawback 
of these methods is the low accuracy due to the optical distortion and to the low resolution 
of available sensors that requires the system calibration and the use of methods to increase 
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the nominal spatial resolution, commonly addressed to as sub-pixel algorithms. In this pa­
per we describe a simple, inexpensive and reliable vision system for metrology based on 
the integration of some of the more promising and fast techniques available in the litera­
ture. 

2. CALIBRATION TECHNIQUES 

The vision system calibration is a key 
factor to achieve the maximum overall 
performance and is necessary in all 
cases when absolute measurement on 
images is performed [2, 3]. It allows 
finding the correspondence between 
image points and workspace. The cali­
bration program is executed ones after 
the system set-up, in order to determine 
the model parameters that are used 
every time an image is grabbed for part 
measurement purposes. The necessary 
parameters are [ 1, 3]: external, internal 
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Figure 1 --- Sample grid with cushion 
(negative) distortion 

and optical distortion. The external parameters describe the camera position: translation 
T3x3 and orientation R3x3 in some world co-ordinate system. The internal parameters are: the 
Image Centre (I C), that is the intersection between the image plane and the optical axis, the 
focal length f, to determine the perspective projection, the image or pixel aspect ratio AR 
and the scale factors (s, or sY if AR * 1) [mm/pixels]. The optical distortion caused by the 
lenses can be reduced below the maximum acceptable error in two ways: with software 
methods, increasing the hardware requirements and the processing time, or with more ex­
pensive optical devices, for instance by the use of a telecentric objective [4]. The maximum 
acceptable error in the case of digital imaging is one pixel or the sub-pixel algorithm accu­
racy, if any(§ 3). Several authors have proposed different techniques that can be charac­
terised as follows [3]: methods based (i) on known world points, (ii) on the geometric rela­
tionships within the image, like the vanishing point of parallel lines, (iii) or assuming spe­
cial hypotheses on perspective or requiring a particular system configuration (stereo view, 
hand-eye, etc.), or (iv) based on motion, from an image sequence, like in robot or active vi­
sion. However developers of artificial vision applications usually do not have the skill, pa­
tience and interest in laborious calibration methods. Therefore camera calibration must be 
simple and as quick as possible. Considering that the examined problem is in 2-D, as in 
many industrial applications, in order to exploit all available information, the system cali­
bration is performed on a plane approximately perpendicular to the camera axis using a 
known pattern. Grids or spheres are common to many techniques, like [5] and [6]. The 2-D 
applications of these 3-D approaches are compared and discussed here in all the calibration 
steps in § 2.1 and 2.2, providing the parameters obtained for the used system. Concerning 
the external parameters, the translation and rotation matrices are represented, in the par­
ticular configuration used, by an identity matrix R = I3x3 and by the vector T = (0, 0, Tz). 
For the internal parameters and the optical distortion, the following methods have been 
used. 
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2.1 The grid method 

This method is the 2-D ap­
plication of [5]. A sample 
binary grid (Figure 1 and 2) 
is used whose intersection 
points represent the control 
points of this method. The 
IC is calculated first as it is 
weakly influenced by the 
more relevant optical distor­
tion component, which IS 

radial. Even if in 2-D prob­
lems a very accurate loca­
tion of the IC is not neces­
sary, it can be automatically 
found with a small effort. 
We assume that its position 

soo r-r=========~--~==========91~ 
o; THE ZOOM THE SPHERE 
:§, METHOD METHOD 

400 

300 

200 

100 

Figure 2 - The grid and !he sphere melhods to find the 
Image Centre (lC) 

is zoom-independent. Consequently a zoom change produces a radial displacement of all 
image points using the IC as the pole. By changing the zoom, a general point Pi moves to 
position Pi+ I• and so forth (left detail of Figure 2). The straight lines displayed in Figure 2 
(left) are determined with the least-squares method. A convergence study gave as a result 
that 5 positions of 60 control points provide the necessary and maximum accuracy. The IC 
is calculated by minimising its distance function ll from all the straight lines, whose coeffi­
cients in the implicit equation are pi, qi and ri : 

where (1) 

Equation (1) is numerically solved to find the IC co-ordinates (X10 Y1c) = (230, 390). After 
setting the zoom in order to maximise the field of view with respect to the observed object, 
the magnification factor is assessed as the ratio T/ f= 15.337, using the control points be­
longing to the less distorted image area (column 1 of Table I). By evaluating this ratio in­
stead of the two values separately, the singularity coming from the 2-D application of the 
grid method is solved. The aspect ratio AR, has been determined as the average ratio be­
tween the square sides of the grid on all the images grabbed to find the IC; AR = 0.9514 
has been determined considering the non-distorted (central) control points. To find the op­
tical distortion, the tangential distortion is neglected and to assess the radial distortion, re­
gression is performed between the measured and the actual Euclidean distance of control 
points from the IC as in [7]. A 2"d order interpolation equation is found, dividing the image 
in four concentric areas (Figure 3). 

2.2 The sphere method 

This method [6] is based on geometrical and optical considerations. The projection on the 
image plane of a sphere whose centre does not belong to the optical axis is an ellipse 
whose main axis is radial and contains the IC (Figure 2, right). A rear illuminated black 
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sphere with known radius and tolerance has been used. The principal axes of ellipses are 

determined with the least-squares method and for the IC again equation (1) is used: IC = 
(235, 399). Geometric relations between the focal length and the ellipse features (eccen­

tricity, principal axis, and boundary position) can be expressed [6]. With this method, the 

aspect ratio AR is given by the ratio between the two axes of each ellipse. 
The sphere method for 2-D problems has generally a lower accuracy than the grid method 

as a consequence of several practical disadvantages: 
- black spheres with low tolerances 

are more difficult to find than laser 
printing a black grid. However a 
sharper grid (Figure 1 and 2) has 
been obtained with a plotter, a 0.1 
mm pen and a transparent sheet for 
rear illumination; 

- the sample positioning and lighting 
is also more critical; 

- focusing a sphere requires a higher 
field depth than a 2-D object; 

- the mathematical computation of the 
ellipse implicit equation is heavier 
than the grid points regression and 
errors on parameters are higher; 

- the axis intersection region (near the 
IC in Figure 2) is larger with this 
method, because of image process­
ing errors (edge detection with out­
of-focus); however the error com­
pensation due to the problem sym­
metry reduces the impact of this er­
ror source. 

The direct consequence of the experi­
mental comparison is that the 2-D ap-

Qj 
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! ::: ············+··········· :~!::::: :::::::: 
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c 

__ /J?.. 2"" order polynomial 
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I 2 .1 ~ 
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0 .9832 0.9905 1.185 1.443 

-0.1032 -1.127 -28.71 -67.17 

Figure 3 (above) - Interpolation of 
control points 

Table I (below) - Polynomial coefficients 
in the four concentric areas 

plication of the grid method is easier and yields a higher accuracy than the sphere method 

and for these reasons it has been integrated in the developed system. 

2.3 The optical distortion symmetry method 

The basic idea of this new method to find the IC is the sample image symmetry: the lens 

should produce a symmetrical distortion with respect to the two image axes. The four 
functions representing the actual distance of control points located in the four quadrants d. 

versus the measured distance~. using the correct IC, are symmetrical two by two. For low 

cost lenses, the radial symmetry centre could be not coincident with the IC, but for the 

above reasons it represents a good estimation of it. This method is more suitable for wide­

angle lenses, but it cannot be applied to the used system, as the optical distortion is lower 

than the convergence step and the algorithm becomes unstable, because the error estimat­
ing the branch symmetry calculating the polynomial ofFigure 3 is of the same order of the 



Vision System Calibration and Sub-Pixel Measurement of Mechanical Parts 699 

iterative accuracy increase at each step. A geometrical interpretation is that, with our sys­
tem, the four branches match in an area that is greater than the error to estimate. 

3. SUB-PIXEL MEASUREMENT 

The nominal spatial resolution RN is the ratio 
between the field of view and the sensor 
resolution. For a higher accuracy and conse­
quently a higher measurement reliability, a a. r-----­
better (lower) resolution RN is necessary that 
can be obtained with the following methods: 
- by increasing the sensor resolution; 
- by reducing the field of view, divided in 

smaller areas, with a relative movement 
between camera and object, like in [2]; 

c. '---=-----' 

- with a sub-pixel method, such as the one Figure 4 - The main steps of the algorithm 
described, or with multiple acquisitions. 
Assuming a Gaussian distribution of errors, when using NP points, the position accuracy 

is increased and RN is reduced by a = .JN": . 
More details concerning the impact of the edge width on resolution can be found in [2). 
This method can be applied (i) to flat object or (ii) when the boundaries belong to one or 
more planes perpendicular to the optical axis, if their edges can be represented with geo­
metric primitives. The main steps of the algorithm are summarised in Figure 4: 
a. image acquisition with rear illumination [8]; 
b. edge-detection, obtained with a binarisation and a convolution; 
c. optical correction and segmentation; 
d. least-squares interpolation of primitives 

[9] . 
A binarisation threshold is easy to find on a 
bimodal histogram (Figure 4a.). However a 
lighting or threshold change may affect the 
edge width and position because of light scat­
tering effects. This problem is solved by using 
a reference dimension on the observed part and 
by finding the binarisation threshold with an 
exhaustive method, until the correct dimension 
is achieved. After edge-detection, data are 
compressed and the boundary co-ordinates 

Q 

' 
' 

only are kept instead of the whole image, as Figure 5 - Benchmark: «blocking levem 
calibration involves those data only. The nee- (dimensions in Table II) 
essary memory is reduced, in the described ex-
ample, from an 8 bit (256 grey-level) 756x567 image, to~ couples of 10 bit co-ordinates. 
The interpolation function depends on the geometric primitive, whose main parameters are 
obtained using the implicit equations, e.g. a straight line or a circle for a segment or an arc 
respectively. 
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4. THE LEARNING PROGRAM 

The inspection planning is manually performed by self­
learning as in most commercial packages. The operator 
provides the system with the critical dimensions and 
their position by splitting the contour of the grabbed 
image into geometrical primitives with a graphical in­
terface and a pointing device according to a decision 
tree. Every primitive is selected through a set of points 
to define a window depending on the primitive being 
searched and according to optimal search criteria. Re­
garding the system engineering, programming can be 
automated using CAD data as described in [9]. The 
primitive selection (segmentation) could also be auto­
mated finding the knot-points between two primitives 
with the method in [1 0]. The system is able to measure 
a part in any position within the field of view with a 
pattern matching technique, like in [3], therefore it can 
be used directly on-line without special fixtures. A 
template of the part to be measured is stored in memory 
in order to find the actual displacement and the angle of 
rotation with respect to the template. The present part 
position and orientation information can be used to 
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Figure 6 - The inspection 
mask. Detail of the search 

window for an arc, 
defined by six points 

shift and rotate the search mask containing the user-programmed windows. This method is 
preferable with respect to rotating the image, because the accuracy reduction due to pixel 
calculation (up to ± 0.5 pixel) may affect the measurement, while the same error is accept­
able when rotating the search mask. 

5. AN EXAMPLE APPLICATION AND THE EXPERIMENTAL SET-UP 

The described system has been designed to be exploited for mechanical part measurement 
in a transfer pressing line for 100% part and process control purposes. At present a statisti­
cal control is performed (i) with a go-nogo calliper by an operator, and (ii) with a CMM for 
the remaining critical dimensions. If an error is detected, all parts manufactured and stored 
in a buffer since the previous control are rejected. As an example, a sheared part (Figure 5) 
has been used to test the system, made of the following components: a PC with a Matrox 
Image frame grabber, and a monochrome CCD matrix camera with a resolution of 
756x567 pixels at 256 grey levels, with zoom lens. The best lighting performance has been 
obtained with a rear illumination, using a Fresnel lens instead of a simple surface diffuser. 
Such collimated light source with parallel rays has the following advantages: (i) it avoids 
reflections on the vertical surfaces for thick sheet parts; (ii) for 3-D objects, where edges 
are not in the same plane, it reduces the disturbances due to shadows and to the curved sur­
face reflections. Using a fixed threshold binarisation, the light distribution should be as 
uniform as possible. This can be obtained with a proper lamp positioning or by software 
means, using a solid sample to find the correction coefficients. The effect of the external 
environmental lighting can be reduced increasing the rear illumination intensity and re-
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ducing the exposure time with a shutter, in order to keep a high signal-to-noise ratio. Tests 
have shown that a change of light intensity produces a measurement error of about 0.02 
mm on +I (Table II) for a grey-level threshold change from 50 to 110. 

6. RESULTS Table II - The vision system performance 

5.2 5.26 5.29 -0.03 -0.6 

5.4 5.46 5.42 0.04 0.7 

5.1 5.16 5.14 0.02 0.4 

19.4 19.36 19.34 0.02 0.1 

18 17.92 17.90 0.02 0.1 

32 32.02 30.06 -0.04 -0.1 

d7 2.7 2.80 2.77 0.03 1.1 

24 24.02 24.05 -0.03 -0.1 

39 38.92 -0.12 -0.3 

3.5 3.48 3.49 -0.01 -0.3 

12.3 12.26* 12.34 -0.08 -0.7 

53 52.84* 52.94 -0.1 -0.2 

56 55.86 55.90 -0.04 -0.1 

7. CONCLUSIONS 

The main features of the described system are: cheap, fast and reliable. Low cost, required 
for industrial applications, is obtained by software means, which is an inexpensive method 
to increase the performance of commercial hardware in addition to adopting higher resolu­
tion cameras. The cycle-time (10 s) is not far from the production-rate (4 s) and could be 
easily reduced by software optimisation or with special purpose hardware. The system reli­
ability has been assessed by direct comparison on measured parts. A sub-pixel algorithm, 
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including optimal hardware calibration to stress the overall performance of standard cam­
eras and lenses has been implemented. The described system, obtained by comparing the 
performance of available techniques from the literature, has attained the goal of 0.3 pixel 
resolution. A new technique, which could not be tested with the used system, has also been 
proposed. 
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ANALYSIS OF THE ACCURACY OF THE CAD MODEL RECONSTRUCTION 
OF SPIRAL BEVEL GEARS BY CMM'S DIGITISATION 
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ABSTRACT: This paper presents the procedure that DIMEG has set-up and tested for the reverse 
engineering of spiral bevel gears and related tools, with particular reference to the accuracy 
analysis applied to reconstructed CAD models. The work is part of a research project whose 
objective is the joint optimisation of forging and machining operations in gear manufacturing. 
Within the project the CAD model of prototypes, semi-finished and final products and related 
tools are required for simulation, manufacturing and testing. Some of these applications require an 
accurate mathematical representation of existing physical objects, and for this reason a particular 
effort was spent on the verification of the accuracy of the reconstructed CAD model. The 
procedure can be split up into three main steps: i) digitisation of functional surfaces on a reference 
tooth, using a coordinate measuring machine (CMM) equipped with contact probe, ii) 
reconstruction of complete solid model in CAD environment, and iii) verification of CAD model 
on CMM. Results of the accuracy analysis, advantages and limitations of this procedure are 
presented and discussed. 

1. INTRODUCTION 

In today' s manufacturing organisations the pressure on product cost is driving most of the 
process re-engineering initiatives. Cost reduction programs are common for all 
manufacturing processes involving medium to high production volumes, especially when 
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mature technologies such as forging and machining are involved. As well known, in most 
cases both of these technologies are used, since forging impresses the overall general shape 
of the component that is subsequently machined on its functional surfaces. The amount of 
removed material is a relevant cost driver for the machining process, to be minimised by 
pre-forming the workpiece; on the other hand, forging capabilities are limited by workpiece 
geometry, material flow resistance, press force and surface finish constraints. Therefore, 
extensive studies on the optimum combination of the manufacturing operations are 
required [ 1-5]. 
The present work is part of a research project on gear manufacturing. The objective is the 
joint optimisation of forging and machining operations for the manufacturing of spiral 
bevel gears, using near-net shape forging and Gleason conventional cutting technology. 

Fig. 1: Semi-finished spiral bevel gear (Courtesy of SIAP-CARRARO) 

Current production routings are based on the following main steps: hot forging of disk­
shaped parts, rough machining and then finish machining. The idea is to substantially 
reduce or eliminate the rough machining operation with the near-net shape forging of parts; 
technical and economical feasibility are therefore mainly constrained by the forging 
process. 

2. PROBLEM DEFINITION 

The research is focusing on the definition of feasible open-die hot forging operations, using 
both physical and numerical simulation. Investigations are carried out using an integrated 
computer-aided engineering system which includes conventional CNC machining, CAE 
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simulations and CMM verification of prototypes, semi-finished and final products as well 
as related tools; 3D CAD modelling is therefore necessary for all the "objects" needed by 
the project. 
In gear design and engineering it is not common to create a 3D CAD model of the gears to 
be designed. As well known, the designer defines the functional parameters of the gear 
(module, pressure angle, number of teeth, addendum modification, helix angle, etc.) and 
then those data are used as input for setting up the gear cutting machines and for quality 
inspection. The problem is that these parameters describe only the final geometry of the 
gear; they are not useful for the geometrical representation of the various parts (prototypes, 
semi-finished gears, tools) to be manufactured, engineered, tested and verified during the 
research project. Furthermore, in some cases CAD modelling operations based on 
functional data are difficult or impossible, due to the geometrical complexity of the gear 
and/or the limitations of the CAD system; this was the situation encountered in modelling 
spiral bevel gears, in particular regarding free-form surfaces representing the tooth flanks. 
On the other hand, some of the parts to be modelled are physical prototypes that can be 
used as reference for reconstructing the CAD model with reverse engineering techniques. 
Some of the analyses require a very accurate mathematical representation of these parts, 
and for this reason a particular effort must be spent on the verification of the accuracy in 
the reconstructed CAD model. 
For all these reasons, investigations have been conducted for setting up a procedure to be 
used in reconstructing the CAD model of parts (prototypes, gears, tools) with geometrical 
features similar to spiral bevel gears. 

3. THE APPROACH 

Different reverse engineering systems are now available, based on different physical 
principles. Accuracy is a key parameter for selecting the appropriate one; in the present 
work an integrated CAD/CMM system has been used, based on a coordinate measuring 
machine (CMM) with contact probe. 
Integration between CAD and CMM enable to generate mathematical models from 
physical objects with high accuracy. Basically, the CMM is used for the acquisition of 
points (digitisation) on the object's surface and then these data are imported in the CAD 
environment, either as triplets of coordinates or as partial reconstructed surfaces. 
The digitisation operation is critical for the whole reconstruction process, and many 
authors are proposing different approaches. Sarkar and Menq [6] work with a procedure 
based on scanning surfaces and afterwards dividing the point cloud into areas without 
sharp shape changes. In Yau [7] a two step digitising procedure is adopted, based on a 
rough model created in the first step and then refined in the second. Lin [8] proposes a 
method that includes a surface lofting algorithm for smooth-surface reconstruction from 

3D measurement data. 
Concerning the reconstruction of surfaces, two different approaches can be identified. In 
the first, the digitised points in (x,y,z) format are imported in the CAD environment; these 
raw data are used as input for CAD routines that transform the points cloud into higher 
level mathematical representations (i.e. B-spline surfaces), as shown in Fig.2 a). 
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In the second approach, the digitisation process generates directly a partial surface CAD 
model in CMM environment; this is made possible by the availability of CAD-like 
software applications fully integrated on the CMM control system. With these applications 
the functional surfaces of a part can be digitised and reconstructed in one single step, using 
semi-automatic iterative operations, available in CMM environment. 
Past research work carried out at DIMEG revealed that the former approach is not suited 
for parts having complex features, sharp edges and difficult accessibility when a contact 
probe is used; for the procedure aimed at the reconstruction of parts similar to the spiral 
bevel gear, the latter approach has been adopted. As shown in Fig. 2 b), tooth flanks and 
top were reconstructed directly in CMM environment only for one reference tooth; the 
complete solid CAD model was created afterwards, importing the three surfaces in the 
CAD system. The proposed approach can save total measuring and modelling time using a 
minimum number of significant point on the functional surfaces. 

(1) 

(2) 

~OIMEG 1999 
a) 

Creating 
surface 
with the 
curves 

Fig. 2: Approaches to surface reconstruction 

4. DESCRIPTION OF THE PROCEDURE 

The CADICMM system 

b) 

The digitalisation was performed on a ZEISS coordinate measuring machine equipped with 
a contact probe head and HOLOS, a software for the measurement of free-form surfaces 
and for reverse engineering. The uncertainty u1 of the CMM is 2.2 1.1m + L/300 and the 
probing uncertainty is 1.5 1.1m [9]. 
The CAD system used was Pro/Engineer by PTC with the specific module Pro/Surface. 

Step 1: Digitisation on the CMM 

A single reference tooth was digitised with the CMM; its complex functional surfaces, the 
two flanks and the top, were reconstructed with grids of 9x9 points. Cubic polynomial 
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functions were chosen, as commonly advised for most CAD/CAM systems [7]. The surface 
model was then post-processed to the IGES format and imported in the PROlE 
environment. 
The parameters of regular features, such as the cylindrical and conical surfaces, were 
measured using UMESS software; these surfaces were not reconstructed in CMM 
environment, since this operation is much faster and effective if done using the CAD 
system. 

Step 2: CAD modelling 

The generation of the gear tooth geometry is based on the contour of the final part. In 
principle, the three-dimensional geometry of gear wheels can be described using the 
features "transverse profile", "guide curve" and "basic body"[10]. The gear geometry, for 
example, is described by parameters like module, pressure angle, number of teeth, 
addendum modification, helix angle etc.; with these parameters the CAD system is able to 
create the tooth profile [11 ]. 

( 1) Patches of 
surfaces 

( 4) Creating the 
gear by the 
tooth quilt 

©DIMEG 1999 

l 

Fig. 3: CAD modelling operations 

(2) Extending the 
surfaces 

(3) Creating tooth quilt 
by trimming and 
rounding the surface 

However, spiral bevel gears manufactured using Gleason cutting technology are very 
difficult to represent with the available CAD modelling functions. On the other hand, the 
availability of "masters" in the form of physical objects allows the reconstruction of the 
CAD model with reverse engineering techniques; the operations, as shown in Fig. 3, were 
the following: 
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(1) a partial surface model of a single tooth was imported in the CAD environment, using 
standard formats such as IGES or VDA; 

(2) in order to create a closed tooth quilt, the three surfaces were extended and 
intersected; 

(3) the tooth surfaces were trimmed and joined, creating a complete tooth profile quilt; 

(4) using the parameters measured on the CMM with UMESS, the regular geometries of 
the gear body were created. The tooth profile quilt was then patterned in the proper 
positions; the teeth were cut out from the solid body using the teeth profile quilt and a 
complete solid CAD model of the spiral bevel gear was obtained. 

Step 3: Verification on the CMM 
Once the CAD model has been reconstructed, it is necessary to evaluate how well the 
model represents the original physical object. This is an inspection task, consisting on the 
measurement of the object with the CMM on the basis of the CAD model; the result is 
represented by the deviations between the points on the CAD model and the points probed 
on the part. 
The inspection process was carried out as follows: 
a) a first rough part alignment was done using the regular surfaces (inner plane and 

cylindrical surfaces); this alignment was then improved using the functional surfaces 
of four teeth at 90 degrees; 

b) surfaces to be inspected were measured point by point with regular grids; 
c) best fitting was applied to the measurement data, using the least squares algorithm; the 

surface fitting involved all the six degrees of freedom. The deviations for the complete 
CAD model were then calculated. 

5. EVALUATION OF THE CAD MODEL ACCURACY 

In order to use the reconstructed CAD model for the planned engineering applications, it is 
important to evaluate the accuracy of the model with respect to the original part. Since the 
number of data points measured in Step 3 of the procedure is significantly greater than the 
number of points used for the reconstruction, there will be found deviations between these 
measured points, distributed on the whole gear, and the nominal surfaces. These deviations 
can be used as an index for a quantification of the "quality" of the reconstruction process. 
The "error" affecting dimensional accuracy of free-form surfaces can be imagined as 
composed by: i) the form error and ii) tilting or translation of the surfaces in respect to 
nominal features. There have been considerable studies on the analysis of surfaces 
reconstructed from 3D measurement data [12-13] ; many sources of errors are influencing 
the final result and they need to be analysed in order to minimise the final error. 
The average error eav is defined as the average deviation between the measured points and 
the CAD model: 
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where m is the number of measured points, ej represents the shortest distance between the 
j-th measured point Pa and the nominal CAD point P •. 
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Fig. 4: Distribution of the deviations between CAD model and measured points 

Fig. 4 shows the result of an inspection conducted with regular grids of 9x3 points on the 
teeth flanks of the whole gear. In this case, the average error is 0.023 mm, the standard 
deviation is 0.017 mm. and 90% of the deviations are less than 0.04 mm. 
The accuracy can be improved with further digitisation and reconstruction; however, the 
target tolerance of 0.05 mm is substantially satisfied and this means that the proposed 
procedure is effective for the required applications. 

6. CONCLUSIONS 

In this paper a procedure for reverse engineering of spiral bevel gears has been presented. 
The approach consisted on the digitalisation and partial reconstruction of functional 
surfaces by means of a coordinate measuring machine equipped with contact probe. The 
partial surface model was completed in CAD environment and a solid model of the whole 
gear was created. This model was then verified on the CMM with respect to the original 
physical component. An evaluation carried out on all the teeth flanks gave good results, in 
accordance with the target accuracy. 
The procedure can be used for reverse engineering of other parts having rotational 
symmetry, sharp edges and complex free-form surfaces, i.e. for geometrical modelling of 
the various parts (prototypes, gears and related tools) to be manufactured, engineered, 
tested and verified during the research project. 
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ABSTRACT: The dispersion of Vickers microhardness values of Plasma Sprayed (PS) ceramic 
coatings is often quite high, due to unhomogeneous phase distribution, defects and porosity. Specific 
experiments have been planned and executed on Plasma Sprayed Partially Stabilised Zirconia (PSZ) 
coatings, in order to analyse the variation of hardness along coating thickness and the dependence of 
the measurements on test load and porosity level. A contribution to a methodology and a preliminary 
protocol defmition for measurement and statistical analysis, to be followed to obtain significant and 
repeatable results, have been studied and proposed. Consequently, microhardness test load, coating 
test area and statistical analysis technique to be applied, have been studied, validated and proposed. 

1. INTRODUCTION 

Vickers microhardness measurements are affected by the influence of elastic-plastic 
behaviour and grain size effects for metals and unhomogeneous phase distribution, local 

defects and porosity for ceramic coatings. However Vickers microhardness measurement of 
Plasma Sprayed (PS) ceramic coatings presents more difficulties than metals. The hardness 
is usually measured on a polished cross section of the specimen using test loads from 1 to 5 
N. On account of the unhomogeneous phase distribution, defects and porosity, the 

dispersion of the measured micro hardness values is often quite high and the dispersion may 
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range up to 15% for ceramic coatings [1]. Moreover the indentations have poor outlines 
due to the indentation damage and this results in measuring errors and poor repeatability. In 
addition to this, the hardness values along the thickness are not constant, and only few 
contributions have addressed the specific topic of the hardness as a function of the 
thickness. Some analyses, made on the hardness of plasma sprayed coatings, give 
qualitative indications: Kobayashi and Kitamura have conducted a gas tunnel type Plasma 
Spraying of Zirconia, analysed the distribution of Vickers microhardness on the cross 
section, and concluded that higher values have been obtained at the surface side of the 
coating [2]. Heimann gave also some indication on an increasing trend of the hardness with 
coating thickness [3]. Blann and Hoffmann demonstrated the repeatability and consistency 
of Vickers indentation diagonal readings on PS ceramic coatings with low porosity, by 
means of the execution of systematic microhardness tests, and the dependence of hardness 
variation on the porosity, which is greater in higher porosity coatings [4]: thus the 
placement of the indentations requires a specific care so that solid areas are chosen. 
In order to define and propose a methodology and a preliminary protocol for measurement 
execution and result reporting, specific experiments were planned and executed on a PS 
ceramic coating of industrial interest for thermal barrier, wear resistance, biomedical 
applications and for specific structural and porosity properties, as Plasma Sprayed Partially 
Stabilised Zirconia (PSZ) coating, to study the variation of microhardness along coating 
thickness cross section, microhardness measurement dependence on test load and porosity 
level. 

2. EXPERIMENTAL 

Four samples (A, B, C, D) of partially stabilised zirconia (PSZ) coatings with different 
porosity (1 %, 4%, 1.5%, 4%, respectively), have been considered (Table 1). Vickers 
microhardness measurements were executed on coating cross sections, prepared following 
standard metallographic procedures. Test load used were 1, 3 and 5 N: consequently, 12 
different conditions were studied. 

Teat PSZ coating sample poroal tv 
load [N] A11%1 8[4%~ c £1.5%1 D [4%] 

1 A1 81 C1 01 
3 A3 83 C3 03 
5 AS 85 C5 05 

Table 1: Vickers microhardness experimental plan on PSZ coatings. 

For each condition, Vickers microhardness tests were executed on different cross sections 
of the coating. In particular, the entire coating cross section was divided in 5 bands for 1 or 
3 N test load, and 3 bands for 5 N test load, because of the larger indentation sizes. For 
each band a series of measures was executed. 
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2.1 Result significance 

The most important hypothesis to be verified is the significance of Vickers microhardness 
variation on the coating cross section at different distances from the interface. In order to 
decide whether the data, collected from each band, provide a significant estimation of the 
variation of the micro hardness values on the coating cross section, statistical analysis has to 
be executed. Microhardness variation as function of test loads has been also studied. The 
sample values obtained in each series of each data set obtained in the experiment have been 
therefore tested for normality either graphically or using Pearson ·l test. Once the normality 
of the distribution has been proved, a statistical test has been applied for rejection of 
outliers. To this effect, different tests, as Q-Test, test of Dixon and Chauvenet criterion, can 
be used. In the present analysis, the Chauvenet criterion has been applied. After rejection of 
the outliers, the main hypothesis to be verified is whether the microhardness mean value 
measured on a cross section depth is statistically the same as that obtained on another cross 
section depth. In the domain of every data set, the bands are indicated with an index ranging 
from 1 to m The null hypothesis Ho to be verified in every data set is therefore J.1 = J.11 = J.12 
=···J.lm• 
If the mean values J.11 , J.12 ••• J.lm belong to a larger common population, whose mean value is 
J.l, the variances of each data series cr1 , cr 2 ... cr m should be equal to the overall variance cr. 
This condition can be verified with the Cochran test or with the more general Bartlett 
criterion. The present analysis utilises the latter test, that is based on the comparison of the 
value of the Bartlett variable with an appropriate X2 value. This is a precondition to conduct 
Fisher-Snedercor test (F test) that can be used to decide whether the series of measures 
belong to a larger common population [5]. 
In fact the mean values J.11, J.12 .•• J.lm in the expression of Ho can be estimated by the series 
sample means, but the difference among-means is not considered significant unless it is large 
compared with the random within-series variation [6]. 
If F test leads to the conclusion that the results do not belong to a common distribution and 
the variation among the series is significant, the further step can be the analysis of the trend. 
In this case it is important to determine if every mean value is significantly different from 
any other mean or if some couples of means result compatible, so that a new hypothesis on 
the classification of the data can be suggested. To compare couples of means many 
solutions have been proposed in the literature: the Fisher LSD (least significant difference) 
test, the Duncan test for multiple means comparison, and the Tukey HSD (honestly 
significant difference) test, that could be generally applied even if the number of observation 
is not the same in every series. 

3. RFSULT ANALYSIS 

The following study investigates the significance of the variation of the PSZ coatings 
hardness measured values depending on the coating thickness depth and on the test load, 
and the dependence of the statistical parameters of the distributions on the involved 
measuring variables. 
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3.1 Initlal data analysis 

The initial analysis has been performed on the 12 data sets obtained from the hardness 
measurements. The series variation is then investigated with statistical procedures in order 
to identify the data trend. 

3 .1.1 Measured values and relative plots 

The measured microhardness values are plotted against coating thickness for the 12 data 
sets. The coating thickness is measured from the interface towards the outer surface. Some 
examples are depicted in Fig. 1. From the observation of the plots, the hardness data values 
present large dispersion. The trend of the data plots reveals that in most of the cases, the 
hardness values near the interface and near the coating surface are lower than at the central 
band. In some cases the trend is flat. 

Data set A3 Data set 83 
Hllrdneaa [HV] 

Hardnaaa [HV] 

1200.0 
1200.0 

1000.0 I • • 1000.0 • I • • • I • • I I • I 
800.0 • • 800.0 

600.0 I • 800.0 I 
400.0 400.0 

200.0 200.0 
0.0 

0 50 100 150 200 
0.0 

0 50 100 150 200 
Dlatance from lntllrfiCI (lun) Dlalllncl from lnllrfiCI [l&m) 

Fig.l: Data plot of hardness as a function of coating thickness for two different PSZ coating 
samples. 

3.1.2 Normality test and rejection of outliers 

The sample values obtained in this experiment are therefore tested for normality either 
graphically or using X2 test within each data set. All data sets were found to be normally 
distributed. 
Then the rejection analysis was made on each series applying the Chauvenet criterion. Some 
of the data sets have presented outliers: in particular set A1 presented 3 outliers, sets A3 
and A5 2 outliers and sets B3 and BS only one outlier each. In the other cases no outliers 
were identified. As seen from this analysis, the rejected values were few. Most of the values 
discarded were in the case of sample A. 
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3.1.3 Hardness variation on coating cross section 

As described previously, the hardness values of the coating were evaluated on different 
sections along the thickness of the coating. The analysis has been carried out on the data 
sets in which the outliers were rejected. 
Before executing ANOV A to demonstrate the null hypothesis on the mean values, a 
necessary precondition is to determine if the variances of the different series are statistically 
comparable. This has been executed by using Bartlett test, which is based on the 
comparison of the value of the Bartlett variable with a particular x2 distribution, to obtain a 
probability value P(B). Results are presented in Table 2. 

Data set 8 P(8) Result Data set F P(Fl Result 
A1 2.71 0.607 Verified A1 16.15 0.000 Not verified 
A3 7.59 0.108 Verified A3 13.74 0.000 Not verified 
A5 3.51 0.173 Verified A5 27.17 0.000 Not verified 
81 12.64 0.013 Suspicious 81 6.80 0.001 Not verified 
83 1.12 0.891 Verified B3 14.60 0.000 Not ver1fied 
85 2.77 0.250 Verified 85 43.80 0.000 Not verified 
C1 5.62 0.229 Verified C1 1.10 0.377 Verified 
C3 4.40 0.355 Verified C3 4.84 0.005 Not verified 
C5 0.45 0.799 Verified C5 1.77 0.204 Verified 
D1 4.60 0.331 Verified D1 34.88 0.002 Not verified 
D3 6.09 0.193 Verified D3 3.89 0.014 Suspicious 
D5 2.17 0.705 Verified D5 1.14 0.345 Verified 

Table 2: Results of Bartlett test. Table 3: Results ofF test. 

As shown in Table 2, all the data sets except one have comparable variances and are verified 
for further analysis with F test. Suspicious condition is not sufficient to reject the 
hypothesis, thus all the values are considered acceptable. 
At this point, the variability of the coating hardness values along the thickness is to be 
verified using F test. The source of variance is considered to be within-series and among­
series and the series sample means are compared. 
The analysis of variance has been done on all the 12 data sets. As indicated in Table 3, 
results show that in data set C1, C5 and D5 the null hypothesis is verified, while D3 has 
resulted suspicious. In all other cases the hypothesis is not verified and the variation is 
considered significant. 
Once the F test is performed, the variability of the data is observed from the trend of the 
data plots (Fig. 1). The trend reveals that in most of the cases, the hardness values near the 
interface and near the coating edge are lower than at the central band. In few cases the trend 
is flat. In any case, fluctuation of hardness data is observed at the two vicinities and as a 
result the central band seems to present consistent data. Based on this observation, three 
regions of the coating are identified: near the interface, central part and near the outer 
surface. 
From the above analysis, it can be concluded that three regions of the coating are subjected 
to a different cooling rate and might present different microstructures. In light of this, the 
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five regions of the coating identified for the previous analyses with 1 or 3 N test load are 
grouped into three parts and investigated for microhardness value differences. This 
observation is verified with a proper statistical procedures as follows. 

3.2. Hardness variation in three regions of the coating cross section 

Once the hardness variation has been demonstrated by means of ANOV A and after 
analysing the trend of the data plots, the coating cross section has been divided into three 
regions, each of which may be characterised by a single hardness value. 

3.2.1 Significance of the differences between couples of mean values 

In the data sets obtained by 1 or 3 N test load, band I which is representative of coating 
near the substrate interface consists of the first two series, band II which is representative of 
the central part, consists of the third and fourth series, and finally band III that represents 
the coating near the outer border, of the fifth series. In the data sets that utilise a test load of 
5 N instead, the new bands correspond to the three series described during the previous 
analyses. 
To study the difference between couples of series means Tukey HSD test can be applied. It 
is based on the comparison of the HSD variable with the absolute value of the difference ~m 
between the two mean values under examination. 
HSD test is performed in three cases: within band II to compare the third and fourth data 
series, data in band II with band I, and data in band ll with band ill. 
The aim of the first test is to show that the central band contains two data series that are 
statistically comparable in each data set obtained with a test load of 1 and 3 N. As seen in 
Table 4, HSD test has proved that this band can be characterised by a unique value of 
hardness in all the eight cases. 

Data HSD test 1 HSDtest2 HSDtest3 
set HSD Am Result HSD Am Result HSD Am Result 
A1 16Q.6 49.0 Verified 176.0 370.2 Not verified 176.0 81.5 Verified 
A3 151.8 123.7 Verified 138.6 312.6 Not verified 138.6 108.6 Verified 
A5 - - - 129.6 180.1 Not verified 129.6 143.1 Not verified 
81 235.9 129.8 Verified 235.9 338.4 Not verified 235.9 22.2 Verified 
83 144.4 137.9 Verified 158.2 368.2 Not verified 144.4 161.9 Not verified 
B5 - - - 80.3 218.4 Not verified 73.3 190.9 Not verified 
C1 126.5 10.3 Verified 126.5 76.8 Verified 126.5 20.5 Verified 
C3 108.5 21.5 Verified 108.5 49.8 Verified 108.5 146.2 Not verified 
C5 - - - 130.0 45.2 Verified 130.0 33.2 Verified 
01 139.8 100.1 Verified 139.8 15.8 Verified 139.8 1.5 Verified 
03 106.4 25.9 Verified 106.4 9.6 Verified 106.4 133.1 Not verified 
05 - - - 73.3 6.4 Verified 73.3 35.3 Verified 

Table 4: HDS test results. 

The HSD test between the data series in band II and band I is executed to check the 
statistical homogeneity of the data in the central region and near the interface. 
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The results demonstrate that in the cases where F test has shown insignificant variability, 
HSD test has also shown the same conclusion. In particular in data sets C5, D5 and Cl the 
hardness of the bands is not significantly different. If these three cases are omitted, the data 
in most of the remaining cases show differences in hardness values of the two zones. 
Statistical homogeneity of the data in the central region and those near the edge has been 
checked with the third HSD test. The results between the data series in band II and band III 
are somehow similar to the results in the preceding case, if not for a more number of 
insignificance cases. 
With a comprehensive analysis of the results provided by ANOV A and HSD tests, some 
conclusions about the data trend can be deduced. In the data plots, three different trends 
have been identified: a pronounced concavity downward, an increasing trend and an 
approximately flat distribution. However, considering all data sets, the hardness near the 
interface and towards the outer border presents a very large dispersion, while the values 
obtained in the central region do not exhibit this peculiarity. 

3.2.2 Standard deviation in the 3 bands 

The calculation, executed on data sets, clearly revealed the variation of the standard 
deviation both with the thickness and the test load. In 8 out of 12 cases the standard 
deviation is lower for the central band compared to the other two bands. This phenomenon 
could be correlated with the measurement problems met during data acquisition. In fact, in 
most cases a redistribution of the porosity in the proximity of the indentations and the 
cushion shape of the indentations observed could contribute to the reading error. 

a) b) c) 

Fig.2: SEM micrographs of Vickers microhardness indentations of Partially Stabilized Zirconia 
(PSZ) coating: a) near interface zone, b) near outer surface, c) magnification of a detail of b). 

For 1 N test load micro-crack propagation has been noticed (see Fig. 2- b, c) although this 
was less evident in the central band. In the interfacial and central zones the diagonals of the 
indentations presented measurement difficulties due to the relative error introduced in 
reading small indentations [7]. In the case of 5 N test load, most of the indentations resulted 
in damaged outlines, macro-crack propagation, deformed and cracked indentations (see Fig. 
2 - a). Therefore some tests had to be discarded and more number of tests were required to 
get the same number of data as in the case of 1 or 3 N test loads. These effects were evident 
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especially near the interface and near the outer surface. 3 N test load gave the best results, 
with limited microcracks propagation in the interface and surface regions. The central zone 
presented the most distinct indentation outlines [8]. 

3.2.3 Minimum number of observations to obtain a flxed error 

In the domain of the experiments, it could be concluded that 3 N is the test load that gives 
the best statistical accuracy of the hardness, and the test should be conducted in the central 
band of the coating. 
This assumption can be demonstrated showing that the minimum number of observations 
required to obtain a fixed confidence level if the test are executed following the suggested 
procedure, is inferior if compared with the standard procedure which does not consider the 
measuring region along the coating thickness. In fact when a Gaussian model is used to 
interpret an obtained statistical distribution, it allows the determination of the probability 
that a single measured value lies within an interval corresponding to a flxed relative error. 
Taking into account firstly the distribution of band II, and then the entire data set, for a 
probability of 0.980 and a relative error of 5 %, results shown in table 5 have been obtained. 

Data n Data n 
set Entire Band II aet Entire Band II 
A3 61 7 C3 19 4 
83 61 17 03 19 8 

Table 5: Minimum number of observation to obtain a relative error of 5%. 

The data obtained for the sets, that use a 3 N test load, highlight the advantages of the 
proposed measuring methodology and procedure. In order to establish a relationship 
between the hardness test results obtained for the entire coating thickness cross section 
(given by the overall mean value for each data set) and the results performed only in the 
central band (given by the mean value in band II), the relative difference has been evaluated. 
For this experiment using the proposed measuring procedure, the hardness results provided 
always higher values than the overall mean. The ratio between the two values ranged from 0 
to 16%, but in most cases the ratio was about 5%. This value characterises the graph shape, 
being lower for flat distributions, and relatively higher for curved trends. 

3.3 Variation with test load and sample properties 

The standard deviation has been found to vary with the test load for each data set. In most 
cases higher loads give lower variance. Considering the microhardness mean values, the 
general tendency is again the decrease of the values with the load mainly due to indentation 
elastoplasticity [7]. Analysing the plots and the statistical results, hardness differences 
among the four samples considered could not be imputed to the difference in content of 
porosity. On the other hand, the porosity values considered (1 + 4 %) are not significantly 
different to cause sensible variations of the microhardness properties. 
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4. CONCLUSIONS 

Based on the observations and analyses presented above, the following proposed procedure 
is indicated as a contribution to define a preliminary protocol for microhardness 
measurement of Plasma Sprayed ceramic coatings: 

i. 3 N test load; 
ii. tests conducted in the central band of the coating avoiding thus mixing up of measured 

hardness values in the region close to the interface and to the outer surface; 
iii. position on the coating section selected such that the indentation lies on a less porous 

region; 
iv. once the test load and test positions are selected, the measured results should undergo 

standard statistical treatments; 
a) the minimum number of observations required could be taken equal to 20, to 

provide only 5 % error on the mean value. This number is defined on the limited 
samples considered and is not a general conclusion; 

b) rejection of outliers using criterion of Chauvenet; 
c) the micro hardness data obtained after rejection can be represented with the mean 

value and the standard deviation. 

The statistical treatment mentioned above has been deduced using the following guidelines: 

on each data set, the microhardness data relative to different positions along the coating 
thickness can be grouped into different series; 
outliers must be rejected using certain statistical criteria like the criterion of Chauvenet. 
The sample is treated to follow a Gaussian distribution but should be checked for 
example with the X2 test; 
ANOV A should be conducted in order to decide if the microhardness variation along 
the thickness is significant; this step involves the verification of Bartlett condition and F 
test; 
if the last step shows the significance of the variation, HSD test can be used to achieve a 
new data classification, based on statistical criteria; 
the minimum number of microhardness tests, required to obtain the results within a 
limited dispersion range, can be calculated using the Gaussian model to interpret the 
data distribution. 

Such a procedure is believed to increase the consistency in exchange of information on 
microhardness, and it helps to reduce experimental time. It also averts against 
misinterpretation of the microhardness properties of Plasma Sprayed ceramic coatings. 
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ABSTRACT: In this paper, the torque-rotational speed characteristics of rotating inicrosysterns and 
the principles involved are examined. Furthermore, some devices on the market and some realisations 
in the scope of TMR-proiect "Handling and Assembly of Functionally Adapted Microcomponents, 
HAFAM" are presented. 

1. INTRODUCTION 

The optimisation of kinetic chains, including actuators and driven elements, requires the 
knowledge of the energy balance of all components and the evaluation of losses. The latter is 
especially important for the development of microsystems, because for small sizes these 
power losses can reach significant values. The reasons are the introduction of high nonlinear 
behaviour caused by the size reduction, and the lowering of the geometrical precision 
induced by when the limits of the technical possibilities are reached. 
The measurement operation assigns a value to a physical quantity [1]. A measurement chain 
for this operation includes the following elements (Fig. 1): 
• Sensors for delivering a signal in accordance with the value of the quantity to be measured 
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• Elements for signal processing 
• Elements for data display, storage or use (e.g. insertion of the measurement chain into a 

feedback control or machining process). 

quantity to be_ .... ~ sensors f--11~ signal 
measured processing 

Fig. I: General structure of a measurement chain 

1.1. Torque- rotational speed characteristics 

display, 
storage, 1 

use 

The main characteristic of a motor is its usable power in Watt which is available at the 
output shaft. For driving a mechanism there are two quantities to be considered: the usable 
torque Cu and the rotational speed in rad/s (m) or in rpm (N). These quantities also define 
the output power Pu = Cu · m. For a driven element, the resistant torque together with the 
rotational speed m gives the required power to drive it. 

1.2. Test device for the torque-rotational speed characteristics 

The general structure of such a device consists of the regular elements of a measurement 
chain (Fig. 2). Since the goal is the measurement of the dynamical characteristics, it is 
necessary to join the components so that the resistance and the torque-rotational speed 
(including brake or driving device, inertial load, etc.) can be estimated. 

Motor to be 
measured+ 

clamping and 
positioning 
elements 

I Motor drive I 

-- --- ---

Connection 
elements 

Speed 
measurement 

Torque j 

measurement 

Acquisition, 1 

processing, I 

storage of data, I 
display 

Fig. 2: General structure of a test bench for torque-rotational speed characteristics. 

The purposes of the device developed for the measurement of the torque-rotational speed 
characteristics are the following: 
• Measurement of torque versus speed in the steady-state, useful for motors and driven 

components like bearings, micro gears, etc. 
• Measurement of transient phases (starting or stopping phase, step mode): torque versus 

time, rotor position versus time or, torque versus rotor position (only for motors). 
For the measurement of torque versus speed, the input parameters are the signal shapes of 
the electric input variables. For the measurement of transient phases, the value of the 
inertial load is a very important parameter. 
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The schematic representations of these configurations are shown is the figures 3 a) and b). 

Brake system 
__ . (measurement of motors) or 

--- Driving motor / Inertial load 

(measurement of driven elements) ~~~ ~~~ 

--------------~ Coupling part ---- ·-

-------------- Motor to be measured 

------------------- Clamping part ~ 
Measurement of the --------- --------Torque sensor -----------

rotor position 

(a) (b) 

Fig. 3: Structure of a measurement device for torque-rotational speed characteristics 
a) Stable speed state b) Transient phases 

1.3. Commonly used brake devices 

The brake device is a very important element of such a test bench. It must guarantee a 
stable speed at a predetermined point of operation. Generally the brake system is based on 
dry friction (e.g. cable brake, eddy current brake etc.) or on viscous friction. Among the 
different systems, there are also the following [2]: 

1.3 .1. Dry friction brake 

• Prony brake: The Prony brake consists of a set of jaws squeezing the output shaft. A 
dynamometer (or, for the large systems, a weight at the end of an arm) allows the 
balancing of the brake at an angular position relative to the torque to be measured. Since 
the braking torque is not perfectly constant this system is more appropriate for the 
characterisation of high-torque machines with low rotational speeds. Consequently, it 
will not be examined in this paper. 

• Tape brake: This device is very simple and it is well adapted for the micromotors. A 
tape or a wire is rolled up on a pulley, which is fixed at the output shaft. On the one end 
of the wire a dynamometer is fixed while at the other end a weight provides the 
necessary braking torque. A version of this device was developed by the IFWT (Fig. 4 ). 

s111no 

Fig. 4: Cable brake of the IFWT 
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A string is wound around an aluminium disc in a single loop. The force along the string 
is determined using leaf springs and strain gauges. CETEHOR developed a similar 
version of this system (Fig. 5). The slide friction is obtained by spacing the two pulleys 
and adjusting the wire strain. 

First strain pulley Wire 

Strain force F 

Test motor Second strain pulley 

Fig. 5: CETEHOR brake system 

This kind of brake is convenient for torque values, which are within a range of some 
11Nm to 2 Nm. The suitable choice of a friction material will guarantee a constant value 
of the friction torque during the measurement. 

• Powder brake: This principle is based on the braking effect caused by magnetic powder 
which is located in the gap between the stationary and the moving parts. The braking 
effect can be adjusted by changing the value of the magnetic field. The braking torque is 
approximately proportional to the current flowing through the induction coil. Another 
electromechanical brake system, which is well adapted for high-speed micromotors, is 
the Eddy current brake system. 

1.3.2. Viscous brake system 

This principle is based on the use of the viscosity of a fluid or of a force field. There are for 
example systems such as, system which use a set of ribs immersed into a liquid or 
hydraulic-brake systems. The device developed by IFWT of the TU Vienna uses the 
friction effect of a conical shaped brake body, which is fixed on the motor shaft and 
immersed into a brake liquid with a known viscosity (Fig. 9). 

1.4. Uncertainty sources 

Systematic uncertainties arise from usual measurement chains: misalignments of the shaft, 
distortion or displacement of the system to be measured within its support or relatively to 
the measurement sensor, fitness and sensor linearity, uncertainty of measurement method 
and data processing. 
Moreover, there are uncertainty sources which are more specific to the measurement of the 
torque-rotational speed characteristics. They are caused by the inaccuracy of the brake or 
driving system or, in the case of a motor, by the power supply. Among them, we can 
mention the following: 
• Instability of the braking or driving effect and, consequently, of the rotational speed. For 

the dry friction brake the instability is for example due to the variations of the friction 
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coefficient in relation with the variation of the friction coefficient with the heating of the 
friction materials. 

• Instability of the power supply (micromotor characterisation). This error source is 
however only imputable to the test bench, if it includes an integrated power supply, and 
the driving elements for the motor to be measured. 

Note: The amount of the uncertainty by torque measurement depends on the shape of the 
mechanical characteristics of the element to be measured. 

2. DEVICE-EXAMPLES AND -REALISATIONS 

2. I . CSEM devices 

The magnitude of the torque acquired during measurements is in the range of some !JNm 
(watch motor of the Lavet type at the second pointer with torque of less than 15 !JNm) to 
about I 0 mNm. The rotational speeds are very low. Figures 6 a) and b) show two test 
benches of CSEM (Neuchatel, CH) available on the market for the watch industry. The 
Engretest is more adapted for the characterisation of small gears. 

a) 
b) 

Fig. 6: Measurement devices from CSEM, Neuchatel (Switzerland) 
a) Variocouple, b) Engretest (Photos doc CSEM) 

For both devices the measurement can only be made for less than I 0 revolutions of the 
output shaft. 

2.2. Universal device for small torque (Fig. 7) 

This device is in development by CETEHOR (Fig. 7). It is the object of a European 
collaboration in the frame of the HAFAM. The partners for the development of this device 
are: 
• Torque sensor: IFWT (lnstitut fur Feinwerktechnik) of the Technical University and 

MTE MeBgerate Entwicklung-und-Vertriebs GmbH of Vienna (Austria) 
• Rotor optical position micro sensor: UNINOV A (Instituto de Desenvolvimento de 

Novas Tecnologias) of the University of Lissabon (Portugal) 
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Fig. 7: Measurement device for small torque (development in the frame of the HAFAM 

program) 

• IMM (Institute of Microsystemtechnics of Mainz) for clamping elements 

• Structure of the bench and electronics: CETEHOR 

The measurement range and the required facilities are the following: 

• Mechanical characteristics of driving- and driven elements. The measurement range 

depends on the used sensor and starts from 50 f.1Nm, with a resolution of 0.05 f.1Nm and 

goes up to 20 mNm (resolution 20 f.1Nm). The speed of rotation can reach 6000 rpm. 

The chosen structure also allows the torque measurement of motors at zero speed (for 

example when the motor is defected or during the course of its development. 

• Transient phases: torque versus time, rotor position versus time or torque 

• Current consumption 
• Digital programmable input/output also allowing various functions such as driving step 

motors and automatic start of programmed measurement processes. 

2.3. Torque measurement based on the cable brake method [4] 

The cable brake is a closed force system, consisting of the cable (or string) and the cable 

disc. The force along the string is determined using leaf springs and strain gauges. The 

steel leaf springs are rectangular. The dimension of the leaf spring is governed by its 

material, the measured range of force and the range of deformation. The spring retainer 

clamps while the leaf spring and one of the holders are movable in the X-direction with a 

micrometer. Thus, the string strength can be adjusted very precisely. 

When the disc is not moving, the force in the string is constant, and no force is applied to 

the disc. When the disc is rotating and the string is stretched, the string causes friction and 

brakes the disc. Two different forces can be measured at the two ends of the string (Fig. 8). 

The force difference is applied to the disc because of the friction between string and disc. 

This friction force acts upon the disc's circumference, creating a friction torque with 

respect to the middle point of the disc. The force difference can be measured and it is 

possible to calculate the friction torque applied to the disc (and to the motor) with the 

known disc radius. 

The torque T can be deduced by a simple equation T = (F2 - F 1) ·(Ru + R,). Where Ru and 

R, are the disc radius and string radius respectively. 
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The rotational speed of the motor is monitored with an optical counter. 

Fig. 8: Torque measurement with the aid of leaf springs and strain gauges 

2.4. Torque measurement with the aid of the so-called measurement cross element [ 4] 

727 

The motor to be tested (Fig. 9) is mechanically clamped in a prismatic motor mount. The 
motor mount and the motor can be slid into the motor's axial direction by means of a 
shifting device. A step motor and a spindle are used to make the shift in 2 IJm steps. The 
motor shaft is braked by immersing an interconnected braking device in a brake fluid of 
known viscosity. 

Fig. 9: Torque measurement with the aid of the so-called measurement cross 

The brake fluid container is fixed on a rigid element with low torsion resistance (the so­
called measurement cross [3]). The resultant braking torque exerts a torsional force on the 
measurement cross, and this is measured by means of a contactless measuring device (a 
laser system with a PSD optoelectronic sensor). The vibration occurring during the 
measurement procedures is absorbed by a damping device. The measurement of the 
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rotational speed of the motor to be tested is also contactless, being performed by a laser 
system. To this end, a reflecting prism is fitted onto the motor shaft or integrated into the 
brake for very small motors. The prism reflects a laser beam onto a circular array of 
photodiodes. When the motor shaft, which is fitted to the prism and the braking device, is 
rotated, all the photodiodes are successively illuminated. This way is possible not only to 
measure the rotational speed but also to record rotational speed fluctuations or step width 
in the case of step motors. 
The measuring procedure is automatic. The brake which is fitted onto the motor shaft is 
progressively immersed into the brake fluid container by a computer-controlled step motor 
and then withdrawn. A characteristic curve of the rotational speed and torque can be 
automatically acquired in this way. 

3. CONCLUSION 

The two test benches of CSEM available on the market have been developed for the watch 
industry. The range of torque measurements is between some !JNm to some 10 mNm. For 
both devices the measurement can only be made for less than 10 revolutions of the output 
shaft. 
The device which will be developed by CETEHOR should measure torque between 
501JNm to 20 mNm with a resolution of 0.05 !JNm. The speed of rotation ranging up to 
6000 rpm could also be measured . 
The miniature cable brake permits the measurement of torque of miniature motors in the 
11Nm range with a resolution of I !JNm and rotational speeds up to 50,000 rpm. 
The torque sensor with the aid of the so-called measurement cross element permits 
uninterrupted recording of rotational speed, torque and characteristics of min.iature and 
micromotors. It is therefore possible to record micromotor characteristics at the sub-IJNm 
range and rotational speeds up to 500,000 rpm. 
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ABSTRACT 

An environment capable of on-line visual quality and motion control is presented. The resolution of 
the visual system is better than 3~m. The objects are held in a flexible paletting system and need 
not lie on predefined position. The data from the visual system may be sent to the motor control and 
can correct the position of the gripping system. The visual motion and quality control actively take 
a part in the control loop of the setup. 

1. INTRODUCTION 

The market tendency toward micro-mechatronic products consisting of a number of 
microdevices is leading not only to the development of new applications, but also to 
improvement of the characteristics and competitiveness of macroscopic systems. Those 
systems in the micrometer range may be found in low- and high-volume applications and 
may be fabricated by using bulk and surface silicon micromachining [1] techniques. On the 
other hand, microsystems may be fabricated in other technologies which do not rely on 
semiconductor technologies. Such microsystems consist of the parts fabricated in 
technologies as LIGA [2] and may be even more complicated containing different materials 
as metals, polymers, glass etc. The objectives of handling and assembly in this area are to 
cover a wide spectrum of different components, materials and shapes at a microscopic level 
with adequate accuracy. In the micrometer range any manual quality control even in small 
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quantities is hard to evaluate. In addition, the parts must be absolutely free of defect for 
later application in medical/life support and similar systems. Therefore automated quality 
control must be introduced which causes the overall microsystem costs to be downscaled. 

For a number of reasons such as low costs, reliability, flexibility, speed and accuracy the 
microparts may be controlled visually. In the field of microsystem handling control, 
another reason for their application is of great importance. The repeatability and accuracy 
of macroscopic mechanical systems lays approximately in the 3 f..Lm and 1 f..Lm range, 
respectively. In order to lower the costs of the mechanics and drive control, the visual 
quality control system may be incorporated in the control loop as intelligent sensing system 
(see Figure). In this case the system may have twofold functionality which significantly 
contributes to the end product- a flexible assembly line for microsystem applications. 

2. SPECIFICATION 

The parts to be assembled lay in a sub-millimeter range. The image processing must be 
developed to fit the need of reliable pattern recognition and image processing, which act as 
an input parameter for a control system. In the scope of navigation for a handling system 
the position and orientation of microparts should be given. In addition such a visual system 
must be able to simultaneously check the quality and the consistency of the parts. The 
accuracy must lie almost in the sub-micron range. Obviously, novel techniques must be 
used in order to permit the work with such components. The aim of this work, in the scope 
of the European Community Project - HAF AM, is to develop reliable and inexpensive 
environment for supporting of handling, testing and assembly in the field of microsystem 
technology. 

The properties of the visual control subsystems for handling will be estimated at first. The 
visual system consists of the light, lenses, camera, processing unit, framegrabber unit and 
communication facilities for handling control. 

The light is in most cases so important as the image processing itself. Bad light conditions 
will cause even the best processing algorithms to fail, and perfect light may make a 
primitive and probably faster algorithm to work perfectly. The setup depends on the 
measurement needs or position estimation of objects. It consists of different types of 
adjustable lights roughly divided into direct diffuse light, sidelight and background light. 
The palleting system or part holder must be so designed that the light can reach the part 
effectively in any position. 

The lens possesses a few properties which must be considered, such as distortion, focal 
length and working distance, Telecentric lenses with appropriate dimensions are available 
for parts with an outer dimension of less than 1 OOOJ.lm. The distortion is very low and 
focusing is not a problem since the parts remain in the area of telecentricity and focus 
(limited to the millimeter range). The working distance is, depending on the lens, in the 
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range from 1 0 to 50 centimeters. Ample working distance is convenient, because of the 
space needed for the light system. 

The camera's speed and resolution are an issue, as they directly influence the properties of 
the system. The use of high-resolution (2048x2048 or higher) cameras may be attractive, 
but this causes the amount of information which must be processed to explode. In standard 
PC system (200Mhz Pentium) significant amount of time is required (~ 1 sees) to load the 
picture loading operation. Therefore, standard (and cheap) solutions must be used. Standard 
EIA cameras combine lower resolution (768x576) with high speed (ca. 20 images per 
second). By incorporating appropriate lenses, the measurement may be in the range of 
micrometer resolution which is satisfactory for most applications. In addition, the position 
of the micropart may be estimated with satisfactory resolution for handling. 

The framegraber loads the pictures and translate analogue signals into digital data. Standard 
framegrabbers in various designs are preferred because of the low cost. The processing 
system must be based on Windows NT workstations. This will provide additional 
flexibility and faster performance in the years to come. In comparison with high-speed 
special solutions programming of the system is better supported and the performances are 
expected to double every two to three years. 

l1 

WOl 

WD2 

Figure 1. a) Position for rough estimation of the part positions (left) b) Fine measurement 
and position control (right) 

3. SETUP 

The basic idea of the visual control system is presented in the Figure 2. It consists of two 
equivalent cameras (Pulnix TM7) with different optics. The first one is fixed in position 
and able to cover the area of the palleting system (85mmx65mm). It determines the 
approximate position of the part in the palette and may have a fault-protection/testing 
function. The system is able to control the position of lower camera with one mirror and a 
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generated grid pattern. The second one is a measuring camera and takes the digitized image 
of the part in the field of 1200x900 IJ.m. It must be mobile for positioning over the region of 
interest determined by the first camera. Both cameras have precise telecentric [3] lenses for 
measurement tasks. The working distances and the lengths of the cameras with lens are 
WD1=420mm, Ll=550mm, WD2=70mm, L2=320mm. 

The main light for measurement tasks, position determination and rough shape estimation is 
a diffuse backlight. It is the best option for precise measurements. The edges are easily 
recognized. The sidelight is important for image processing by using the shadow, which is 
dependent on the topology of the micropart. The roughness and different kinds of holes, 
hills or channels on the surface may be recognized with this light. As a third kind of light, 
normal frontal diffuse light is used for fine recognition of details not visible with other 
kinds of light. Various wavelengths may be applied depending on the application. 

floul11 MeOSUiemenl 
& ~ EsiWnolion 

Poltem Genelala 

~I 
~ConhOI& 
~lion Cooectlon .. 

.. __ ,IIIII ~ 
~55-·I. 

MOTOR CONTROL 

Figure 2. Schematic of the setup 

Since the environmental vibration can be successfully suppressed, the vibration caused by 
motors and interrupted handling motion may be a problem in a high-speed application. The 
picture may be digitised only if positioned stably after subsidence of the vibration delay in 
within ten to hundred milliseconds. The application and the speed of the handling again 
determine the vibration delay and a designer must be prepared for compromise. This 
problem may be decreased by better mechanical design. Obviously, the maximum 
acceleration shock (<7G) [4] for cameras and optics is a limiting factor. The palette system 
has been developed to reduce the costs of image processing. It consists of transparent glass 
plate with a circular depression (5001J.m) with radius of 2mm. The microparts are not 
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expected to be at the defined place, and they may be randomly positioned within the circle. 
Therefore, the cost of mechanical positioning in assembly line will be reduced. 

The accuracy of the optical system may be brought down to 3jlm with the given optics. The 
software system must consider subpixeling and reduce the resolution down to the 1-2 
micrometres. The subpixeling algorithm [5] employs the smooth transition of the black and 
white intensities on the edges to calculate in a range smaller than the pixel width (in our 
case theoretically 1.56J.1m, but practically around 3-4J.1m). 

4. CONTROL LOOP 

A diagram of the control flow is presented in the Figure 3. Depending on the application 
mode the handling control may be absolute or relative. The absolute procedure leads the 
handling system to the right point without any extended visual testing procedure. On the 
other hand, the relative procedure is an iterative process for repetitive correction of the 
position with required accuracy. 

NO 

Figure 3. Control loop with absolute (left) and relative (right) procedure. 

5.SOFTWARE 

The software is built to support the most important functions for simple programming of 
different applications in Visual C++ and consists of several modules for determining a 
shape, position and dimensions of the system. Matrox MIL VS.l libraries [6] have been 
used for our system. This image processing software library has well-developed functions 
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for different fields of application. The interfacing module has been built for the purpose of 
taking advantage of the tens of man-years invested in commercial image processing 
libraries without losing the necessary flexibility and independence of hardware platforms. 
This piece of software takes care about the compatibility with different models of frame 
grabbers. This facilitates future extensions. In addition, more important functions have been 
optimized and adapted to increase speed. 

The modules are divided into three groups: 
• Position estimation 
• Shape recognition 
• Measurement 

The rest of the functions were taken over from MIL libraries. This seems to be a good way 
to reconcile the complexity and the speed. The determination of position is organized in 
several steps: rough position estimation, precise position estimation and a determination of 
object rotation. These functions are critical for the system's speed, particularly if evaluated 
in the control loop. Mostly they are line- or pixel- oriented and do not check an area of the 
image. The area is checked later in smaller regions of interest. 

The shape recognition is based on similar principles. Normally, a slow 20-Fourier 
transformation has to be used for very complex objects, but the MEMS parts are mostly 
very simple and may be covered by simpler functions. 

The measurement of the dimensions is a topic of special interest. We are not interested only 
in obtaining the dimension expressed in pixels but also to obtain the subpixeling position of 
the edge. This is easy to do in the laboratory, but difficult on the assembly line. The 
environmental light may play a role, and the reflection from the handling system as well. 
The light conditions may vary significantly in different positions making any precise 
determination of dimension inaccurate. We use a blend of statistic processing and fuzzified 
rules to support our subpixelling algorithm. Depending on the amplitude, shape and 
intensity of the signal on edges, we are able to correct the calculated values and to achieve 
greater accuracy in the subpixel range. 

Operation Time (ms) 
Rough position estimation for all parts• 
Position estimation 
Precise position estimation with angle' 
Measurement' 
Shape recognition 

Subpixeling edge estimation (line algorithm) 
With additional constraints and simple fuzzy 
rules 0.5-2ms 
dependmg on the object and measurement complexity 

2 depending on the number of objects 

>30 
>5 
>40 

>5ms 
>25ms 

0.25-0.3 
0.5-2 

Figure 4. The speed of processing (200Mhz Pentium PC) 



Low-Cost Visual Control for Handling and Assembly of Microsystems 735 
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Figure S. Application Interface (microgear D=5001Jm sidelight) 

6. CONCLUSION 

The programmable low-cost system for simple quality control, which is also capable of 
providing a support for handling control, has been presented. The objective of this work in 
recognizing today' s possibilities for integrated visual control in automated microsystem 
assembly lines. The imperative of integrating visual control in the assembly environment is 
even stronger in the field of microsystem fabrication technologies. The sensors must be 
more accurate, the motors and controls must be reliable even in submicrometer range. The 
gap between pure macroscopic mechanical control and microscopic grippers will demand 
more complex control and microsensors, which are hard to fabricate . To lower the cost of 
overall systems, intelligent and flexible control of the position and physical dimension is 
needed. The quality of the microparts will be important problem in the near future, after the 
microtechnologies reach a certain level of maturity. 

Twofold on-line visual quality and motion control may reduce the fabrication costs together 
with the costs of the assembly equipment and control in the field of microsystems 
fabrication technology. 
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ABSTRACT: Circular saws are rotating discs which become thinner and thinner according to 
production imperatives. Because of theirs cutting solicitations, they must be prepared in tension so 
as to avoid apparition of vibrations. In the work reported here, we make a synthesis of theoretical 
background on prestressed discs. It is shown the importance of tensioning operation and cutting 
conditions on disc behaviour. All of these results are validated by an experimental study conducted 
on wood sawing. 

1. PRESENTATION OF CIRCULAR SA WBLADES 

For many years, important developments have occurred in design, preparation and 
maintenance of circular saw. This tool is widespread for sawing different materials as 
stone, wood, metal and all of theirs derivatives. However, circular saws production 
involves a complex series of stages from steel sheet to final product. An example of a 
typical production cycle is like the following : 

- initial state, natural or treated steel sheet usually in 75Crl (Din 2003) or 80CrV2 
(Din 2235) 
- shaping, whose widespread process is now laser cutting 
- heat treatment with two stages. First, oil tempering about 870°C to transform 
martensite in austenite. The intermediate hardness must be near to 63 HRC. Then there 
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is an annealing about 450°C to obtain a final hardness between 40 and 45 HRC, which 
is function to the tool application. For information, hardness is a customer 
specification, but this is not the case of grain structure. 
- plane grinding which defines final thickness 
- straightening, to eliminate residual bumps and deeps 
- tensioning to introduce residual stress in the blade core 
- bore diameter, usually H7 or H8 
- external diameter by turning or grinding. 

At this stage, the work of core manufacturer is finished. In order that circular sawblade 
cuts, several operations remain, but depend on final use. Usually, we have, 

-tipping cutting material (carbide stellite diamond) 
- sharpening. 

Complexity of circular saw production process makes that this is a tool of high technicity. 

Moreover, this is blade core which defines tool quality in terms of stability and durability. 
But evolution of customer needs and production imperatives make that core becomes 
thinner and thinner. Therefore, straightening and tensioning, which are the most important 
operations improving sawblade cutting behaviour, must be controlled. 

2. STRAIGHTENING AND TENSIONNING OPERATIONS 

Straightening is an automatic operation where blades are lightly compressed between large 
roller, so as to eliminate bumps and deeps remaining from plane grinding. Tensioning 
involves carefully hammering or more frequently squeezing the blade between narrow rolls 
in a zone about half to thirds of the way from the centre to the periphery. In the contact 
zone, the metal is very slightly thinner: a plastic deformation appears, which induces 
axisymetric and in-plane stresses [1]. It is said that blade is prestressed. Thus, in the plane 
of the saw, the metal in the tensioned region is actually in compression (fig. 1) while the 
metal at the rim of the saw is slightly stretched and is in tension [2]. 
In technical terms, we said that the blade becomes soft or that an dishing effect appears. 
This phenomenon is evident when the blade is mounted on a spindle and collared by 
flanges : the greater the degree of tensioning, the greater the dishing effect. When the saw 
is running at the desired peripheral speed, the metal at the rim stretches under the 
centrifugal forces while the metal nearer the collar can expand correspondingly, 
counterbalancing the strains induced by rolling. The sawblade straightens, and can cut 
accurately when running at the correct peripheral speed: the faster the rim speed is, the 
greater tensioning is required. Mechanically, the aim of tensioning is to introduce internal 
stress in the disc so as to increase its rigidity during running. But how to quantify level of 
tensioning required? Two methods are one of interest : 

- bending test, the most popular in sawblade production. A lateral force of amplitude 
known is applied near the blade rim while sawblade deviation is recorded at 90° from 
the application force point. This is a comparative method. 
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- vibration analysis, used in majority by scientists. This method allows us to evaluate 
residual stresses at the plastic zone boundaries, by computing new natural frequencies. 

3. CIRCULAR SAW VffiRA TIONS 

The most general saw vibration can be considered to be a sum of individual saw vibration 
modes [3]. Each mode has a specific shape and amplitude and it oscillates at a specific 
frequency • mn termed natural frequency. Each mode shape consists of an integer 
combination of nodal circle m, and nodal diameter n. The natural frequencies depend upon 
the saw geometry, clamping ratio, material properties, and the membrane stresses in the 
plane of the saw. These stresses arise from rotation, tension and thermal effects. 
The critical speed determines the maximum stable saw rotation speed of the saw. At 
operating speeds near the critical speed, vibrational resonance occurs; applying a small 
force produces large, transverse displacements which results in inaccurate sawcut. A 
physical explanation of the critical speed for rotating discs has been established [4] and 
requires the concept of a propagating transverse wave. Critical speed can be explained by 
describing saw vibration in terms of two travelling waves for each vibration mode, moving 
around the sawblade at the same speed or frequency. 
For the stationary observer of a rotating saw, the frequency of the wave travelling in the 
same direction as the saw will be increased by the saw rotational speed, whereas the 
frequency travelling in the opposite direction will be reduced. With the increase of a 
rotation speed, frequencies of the backward travelling waves for different vibration modes 
will approach zero at various rotational speeds and will appear as a standing wave. The 
particular rotational speed at which the first backward wave frequency becomes zero 
(corresponding to a vibration mode), is called the critical speed (fig. 2). 
The aim of tensioning is to shift natural frequencies and its critical speed through 
introduction of a membrane stress state. However, there are many more parameters 
affecting critical speed. We can mention the most important which are: 

- thickness sawblade 
- collar diameter. 

All of these parameters have been introduced in a finite element analysis so as to compute 
sawblade behaviour in terms of natural frequencies and bending deflection. We take into 
account effects of centrifugal forces, tensioning, temperature and lateral cutting forces [5]. 
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Figure 3: influence of collar diameter and blade thickness on critical speed. 

4. EXPERIMENTAL APPROACH 

So as to validate our numerical work, we decided to apply it to wood sawing. The most 
complicated problem. Of course blade is submitted to centrifugal forces and lateral cutting 
forces, but in addition we have different heating [6]: 

- a central predominant heating originating from heat conduction of bearings (rim 
speed is about 90 m.s-1) 
- a peripheral heating, originating from wood I steel friction during cutting, which 
conducts to a thermal expansion of the metal at the rim. 

In the others problems, cutting is under watering, which eliminates temperature parameter. 
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Therefore, we have developed an experimental laboratory device of characteristics given in 

figure 4. Blades are held by flanges of 150 mm in diameter. We worked on six carbide 

tipped circular sawblades (table 1) divided in two thickness classes (A and B). For each 

category, we have chosen three level of tensioning (1: slow, 2: normal, 3: strong). All of 

these blades have been characterised by modal analysis and bending test so as to determine 

their first critical speed (stability parameter). 

Carriage feed speed 0 • 20 m/mn 

Cl, C2: eddy current sensors, C3 : tridirectional piezoelectric force sensor 

E1 :electromagnet to excite blade, M1 : 40 HP hydraulic drive, (0- 4000 rpm) 

Figure 4: schematic sketch of experimental set-up 

Circular saws tested 
Outside diameter : 600 mm 

Bore diameter : 110 mm 
Number of teeth : 32 

Rake angle : 20° 
Clearance angle: 15° 

Radial slots : 4 external slots, 55 mm long and 1 mm wide 

Blades Thickness Tensioning Crit.speed 

Al 2.6mm Slow 2450_!Q_m 

A A2 2.6mm Normal 2600_rpm 

A3 2.6 mm Strong 2800 rpm 

Bl 3.2 mm Slow 2950 ___!Q_m 

B B2 3.2mm Normal 3lOO_!P_m 

B3 3.2mm Strong 3450 rpm 

Table 1 : characteristics of blades tested 

Then, we have computed by FEM residual stresses arising from tensioning. Fig. 5 shows 

good agreement between theoretical and experimental results. 
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Then, we aim to compare sawblade behaviour during cutting. We cut in the grain direction 
2m long, 27 mm thick, spruce boards (Picea Abies) with seldom little knots. These boards 
had been naturally seasoned to an average moisture content of 12%. Cutting speed and feed 
speed were respectively 55 m/s and 10 m/mn. Moreover, we recorded blade deviation near 
the cutting zone (sensor Cl, on fig. 4). Fig. 6 gives an example of raw signal recorded. For 
each blade, five trials have been done. 
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Figure 5 : Influence of tensioning on critical speed (theoretical curves and experimental 
points) 

As we see it in figure 7, for sawblades B, the greater the level of tensioning, the more the 
blade stable. It is not right for blades A. A2 is unstable during cutting: resonance occurs. 
For this blade, there is a modal coincidence between one blade frequency and rim speed : 
this is a condition of resonance which results in inaccurate sawcut. 
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Figure 7: tensioning influence on cutting 
behaviour 
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Finally, we see that thinner blades are more stable than thicker. Very surprising 
phenomenon also explained by excitation frequencies. 

5. CONCLUSION 

Circular sawblades are tools of high technicity. Understanding their cutting behaviour 
requires concept of propagating transverse waves. A synthesis of theoretical background on 
vibrations and prestressing discs is first made in this paper. 
Besides this knowledge has been validated on sawing experiments, conducted on a wood 
machine developed in consequence. The results, in good agreement with theory, can be 
helpful for saw manufacturers and sawfillers. 
In the future we shall go on, by designing a new experimental device to mechanically test 
circular sawblades by integrating sound analysis. The study is currently being under the 
way. 
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ABSTRACT: The contact pressure profile between the small end of a connecting rod and the 
gudgeon pin is investigated, having in mind the evaluation of the peak stresses in the small end. 
An· analytical expression for the maximum bending moment in the small end is traceable in the 
pertinent literature, which is based upon a contact pressure profile of the form p=k*cos(8)2 . A 
series of plane finite element (F.E.) studies have been carried out, aimed at clarifYing the 
reliability of the analytical pressure profile. The numerical findings show a pressure distribution 
which appreciably differs from the analytical predictions, and which remains essentially uniform 
along the contact arc. Such a pressure profile produces stresses in the small end which are 

. noticeably lower than the analytical values. As a consequence the analytical modelling, although 
approximate, is conservative, and therefore its practical validity remains unaltered. On the other 
side, high performance connecting rods require accurate calculations, which must be based upon 
realistic pressure profiles, an observation which motivates the current study. Preliminary three­
dimensional finite element studies arealso included, which essentially confirm the plane analysis. 

1. INTRODUCTION 

In this section the basic knowledge is summarised concerning the stress state in the small 
end of a connecting rod ( conrod), with particular regard to the pressure distribution 
between the small end of the conrod and the gudgeon pin. It is in fact observed that the 
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evaluation of the stress state in the small end 
of the conrad and in the gudgeon pin requires 
a detailed knowledge of the contact pressure 
profile between pin and small end. Limiting 
ourselves to the mechanical analysis of the 
small end of the conrad, it is noted that the 
stresses reach their peak value in the small 
end as the conrad is at the top dead centre 
(TDC) and is in tension under the effects of 
the inertial forces. In fact, in this conrad 
position the stresses in the small end are 
found to be higher than those still relative to 

( a ) ( b ) the TDC, but to the situation in which the 
conrad is in compression due to the 
combustion forces. 
Figure 1 details the two afore-mentioned 

Figure 1 situations. In particular, Figure 1 (a) depicts 

the stress flow lines in the small end at the TDC and when the conrad is pulled under the 
effects of the inertial forces, whereas Figure 1 (b) describes the stress flow lines still at the 
TDC , but when the conrad is pushed by the combustion forces. In Figure 1 (a) , the 
contact between small end and gudgeon pin occurs along the upper half edge of the small 
end and, therefore, the stresses affect the whole of the small end. Conversely, in Figure 1 
(b) the contact between small end and pin takes place along the lower half border of the 
small end and, therefore, the load transfers directly from small end to gudgeon pin without 
really stressing the small end. The above observations rationalise the conclusion that the 
small end is more severely stressed when it is at the TDC and when the conrad is in tension 
under the effects of the inertial forces, although the maximum loads acting on the conrad 
are the combustion forces and not the inertial loads. 
It has been observed at the beginning of this section that the determination of the stress 
state in the small end of the conrad presupposes a detailed knowledge of the contact 
pressure profile between pin and small end. In the following, the contact pressure profiles 
traceable in the pertinent literature are briefly reviewed. The most commonly accepted 
pressure profile is that reported in [1,2] : 

p =Po cos2 S (1.1) 

where the origin of the angular coordinate 0 coincides with the centre of the contact arc 
between piston pin and small end, Figure 2 (a) . This pressure distribution reaches its 
maximum value p0 at the contact arc centre, it then diminishes gradually to vanish at an 
angular distance ofrc/2 from the contact centre. Figure 2 (a) indicates that, according to this 
model, the maximum stresses in the small end of the conrod affect section B-B where, by 
interpreting the small end in terms of a curved beam [1], a bending moment and a normal 
force predominate. The peak stress occurs at the inner fibre of section B-B , where both 
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these stress components are compressive. According to [1] , the ovalising bending moment 
M0 and normal force Nat section B-B may be estimated by the following formulae: 

N=P/2 (1.2) 

where P indicates the total tensile load acting on the conrod, and r m represents the mean 
radius of the small end of the connecting rod, Figure 2 (a). 
An alternative pressure distribution is favoured in [3] , where the pressure profile is 
assumed to remain constant throughout the contact arc between small end and gudgeon 
pin, Figure 2 (b). Following [3], and assuming a semi-angular extent of 135° of the curved 
beam part of the small end, [1], the ovalising bending moment M0 and normal force Nat 
section B-B are expressed by formulae: 

(a) (b) 

Figure 2 

N=P/2 (1.3) 

Additional studies on the contact pressure 
profile are presented in [4] , where 
photoelastic and numerical results are 
compared. A photoelastic analysis effected 
for a variety of small end geometries is 
presented in [5] . A three-dimensional 
photoelastic study is presented in [6,7] for 
the contact between gudgeon pin and small 
end of connecting rod, particularly 
addressing the stresses in the gudgeon pin. 
Design formulae for the gudgeon pin are 
presented in [8], which are based on the 
ovalisation of the pin, and which are 
therefore connected to an assumed specific 
pressure distribution between small end and 
gudgeon pin. Finally, in [9] preliminary 
photoelastic and numerical studies on the 

actual pressure profile at the contact between small end and gudgeon pin are presented. 
On the whole these additional studies indicate pressure profiles between small end and 
gudgeon pin which are intermediate between the two extreme distributions illustrated in 
Figure 2, favoured in [1] and in [3], respectively. As a consequence, the peak stresses in the 
small end of a conrod are evaluated in this paper by adoptiag only three models, namely 
the pressure profile according to [1], that favoured in [3], and the pressure profile deriving 
from the direct solution of the contact between small end and gudgeon pin. This last 
problem is solved numerically with the aid of a finite element program. The above 
comparison is carried out for a range of small end geometries, with the aim to clarify 
whether a simplified pressure profile produces sufficiently accurate peak stresses in the 
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small end, that is, whether the peak stresses in the small end can be estimated with simple 
models, without resorting to lengthy finite element modellings. 

2. DISCUSSION OF A PLANE MODELLING 

In this section the development of a plane model is discussed which is as consistent as 
possible with the three-dimensional fashion of the contact problem between gudgeon pin 
and small end. Figure 3 (a) depicts the realistic contact pressure profile between gudgeon 
pin on one side, and small end and piston housings on the other side, as shown in [2]. 
Contact pressure peaks occur at the contact transition zone of the gudgeon pin between 
small end and piston, which confer to this contact problem a strongly three-dimensional 
fashion. Such stress gradients agree with the photoelastic readings of the ovalising stresses 
presented in [4]. Figure 3 (b), instead, describes the classical simplification of the contact 
pressure adopted to evaluate conservatively the pin bending stress crg, said "global stress" , 
as reported in [1]. Finally, Figure 3 (c) depicts the idealisation employed to estimate the 

(a) actual contact pressure distribution 

(b) simplified model for computing 0 9 

p 

-~-

(c) simplified model for computing CI 0 

Figure 3 
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pin ovalising stresses cr0 , [1]. The same modelling is also used to derive the gudgeon pin 
squeeze as a result of its ovalisation, as reported in [8]. This modelling is typically plane, 
since the gudgeon pin contact pressure is assumed to remain constant for each cross section 
of the pin. It is also observed that each pin section is self-equilibrated. Such properties 
classify model (c) as the most consistent plane simplification of the three-dimensional 
contact problem between gudgeon pin and small end of the connecting rod, and this 
idealisation will be adopted in the plane study presented in this paper. As a consequence, in 
this plane simulation the gudgeon pin is supposed to be loaded along the upper half border 
by the contact pressure, ad to be loaded along the lower half border by the same contact 
pressure, which mimics the pressure exerted between gudgeon pin and piston housing. 
The correctness of the contact pressure ( 1.1) between small end of the conrod and gudgeon 
pin is explored in the following, in the limits of the plane modelling just discussed. To this 
aim, the deformed shapes of the small end and of the gudgeon pin are compared at the 
TDC, both when the conrod is compressed and when it is pulled. In particular, it is 
examined whether the deformed shapes of small end and gudgeon pin are compatible or 
otherwise. Figure 4 (a) represents the plane models of the gudgeon pin and small end, in 
the absence of loads. Figure 4 (b) illustrates the deformed shape of the small end at the 
TDC when the conrod is pulled. Under the effect of a contact pressure whose maximum 
falls at the contact centre, and which diminishes laterally, the small end ovalises vertically, 
by increasing its vertical diameter. Instead the gudgeon pin, under the effects of the contact 
pressure shown in Figure (b) , ovalises laterally by increasing its horizontal diameter. The 
two deformed shapes, of the gudgeon pin and of the small end, are therefore incompatible, 
so that the contact pressure ( 1.1) appears to be unrealistic. The actual pressure must in fact 
possess a profile such that the deformed shapes of gudgeon pin and small end are 
consistent. It may be speculated that a contact pressure profile nearly uniform along the 
whole contact arc, [3], produces deformed shapes for gudgeon pin and small end which are 

plane 
model 

small end and 

gudgeon pin unloaded 

TDC when 
the conrad is pulled 

ovalized small end ovolized gudgeon pin 

TDC when 
the conrad is pushed 

ovalized small end ovolized gudgeon pin i-0.'17-

-..;:::;.., 

p 

the ovalizations of small the ovalizations of small 
end and pin are incompatible end and pin are compatible 

(a) (b) (c) 

Figure 4 
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more consistent than those obtained by adopting the pressure profile (1.1). Under the 
effects of a uniform pressure distribution, the gudgeon pin behaves similar to an externally 
pressurised pipe, so that it is subject to a compression force more that to a bending 
moment. As a consequence, the pin essentially does not ovalise, ad a similar deformed 
shape characterised by a limited ovalisation is expected for the small end. It may be 
concluded that a uniform pressure distribution produces deformations in the gudgeon pin 
and in the small end which are mutually compatible. This compatibility suggests that the 
actual pressure profile is not far from being uniform. 
Figure 4 (c) finally illustrates the deformed shape of the small end at the TDC when the 
conrod is pushed. This time the ovalisations of both pin and small end exhibit an increase 
of the horizontal diameter, so that the two deformations are mutually consistent. As a 
consequence, the contact pressure profile (1.1) is more realistic in the TDC when the 
conrod is pushed than when the conrod is pulled, [3]. On the other hand, the situation when 
the conrod is pulled is more relevant, since in this position the small end is more stressed. 
Having clarified that the contact pressure (1.1) is not realistic in the TDC when the conrod 
is pulled, it is necessary to define the correct pressure profile and, in addition, which 
approximate pressure distribution better estimates the peak stresses in the small end. To 
this aim, in the following sections various plane finite element studies are carried out, 
followed by preliminary, fully three-dimensional numerical studies. 

3. PLANE FINITE ELEMENT STUDY 

This section presents various finite element numerical stress studies of the small end 
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which in particular show that 
the dry pressure profile (1.1) is 
conservative, since it 
overestimates the actual stress 
field in the small end. The 
contact pressure distribution of 
the numerical approach has 
been derived by solving the 
contact problem between pin 
and small end with the aid of 
fmite elements. As a 
consequence, such a contact 
pressure exhibits a realistic 
profile, in the limits of the 
plane model adopted in this 
section. This contact pressure 
distribution has been found to 
remain almost uniform along 
the contact arc, as conjectured 
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in section 2 . This result is essentially independent of the relative radial thickness adopted 
for the small end of the comod. 
Figure 5 depicts the circumferential stress at point A , crc A , evaluated for a wide range of 
small end geometries which covers the whole technically ~ignificant geometries, that is, for 
outer to inner radii ratios ranging from 1.2 to 1.8 . The lower figures are more typical of a 
two stroke engine, whereas the higher values address four stroke engines. Four curves are 
presented in Figure 5 . The top cure refers to a small end loaded by a pressure profile 
according to ( 1.1) , and solved numerically with the finite element method. The second 
cure is relative to the same contact pressure distribution, but the analytical formulae (1.2) 
are employed to evaluate crc,A . The third curve adopts a constant pressure profile along the 
small end loaded arc, as in Figure 2 (b). Finally, the fourth curve describes the 
circumferential stress at point A when the contact pressure is determined by actually 
solving numerically the contact problem between small end and gudgeon pin. 
It clearly emerges that the constant pressure profile constitutes an accurate model for 
computing crc,A along the whole range of practically relevant outer to inner radii ratios of 
the small end. It is also noted that the contact pressure distribution expressed by formula 
( 1.1) produces a circumferential stress at point A which becomes appreciably conservative 
for the small end geometries typical of two stroke engines. As a consequence, the 
traditional formulae (1.2), which are based upon such a pressure profile, conserve their 
practical validity, although the constant pressure model is more suitable than the k*cos(8)2 
distribution when a refined calculation of the small end is required, as in the case of high 
performance engines. It is concluded that the circumferential stress at point A may be 
accurately evaluated without directly solving the contact problem between small end and 
gudgeon pin, since a uniform contact pressure distribution furnishes extremely accurate 
stress values. 
It is finally noted that the circumferential stress at point A computed by adopting formulae 
(1.3) reported in [3] for the bending moment and normal force would be heavily 
underestimated, so that a misprint is suspected in [3]. For this reason, the corresponding 
circumferential stress has not been reported in Figure 5. 

4. PRELIMINARY THREE-DIMENSIONAL FINITE ELEMENT STUDY 

Figure 6 

This section presents some preliminary dry, fully three­
dimensional finite element studies addressing the contact 
between small end and connecting rod, in order to assess the 
plane modelling employed in section 3. Figure 6 illustrates a 
mesh adopted for the mechanical analysis of the small end 
and gudgeon pin. Figure 7 shows the stress state in the small 
end at the TDC when the conrod is pulled. For reasons of 
symmetry, only one quarter of small end has been 
investigated. From an attentive investigation of the stress 
contour lines, it clearly emerges that the stress state remains 
essentially constant along the small end axial direction, 
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Figure 7 

5 CONCLUSIONS 
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whereas a very localised stress concentration is perceivable at 
the edge of the small end. This stress concentration is due to 
the fact that the contact pressure exhibits a peak in the 
vicinity of the sharp corner assumed at the edge of the small 
end. Such a contact pressure peak may be reduced, or even 
removed, by properly rounding the sharp edge of the small 
end. Current research addresses the determination of the most 
suitable fillet radius. 
In the limits of the afore observations, it may be concluded 
that the plane model adopted in section 3 for the mechanical 
analysis of the small end is realistic, apart from a limited 
small end portion in the vicinity of the small end edge. 

A dry, plane, finite element study has been carried out for the contact pressure and peak 
circumferential stress in the small end of a connecting rod. It has been shown that 
traditional approaches are overconservative. Preliminary three-dimensional studies have 
confirmed the validity of the plane modelling. 
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ABSTRACT 
The behaviour of hardmetals and cermets under cyclic bending has been investigated by a new 
experimental method. Both coated and uncoated materials have been tested, at temperatures vary­
ing between 25°C and 900°C. The results show a strong fatigue effect. The endured stress ampli­
tudes and lifetimes are strongly reduced under cyclic loads in comparison to the behaviour under 
static loads. Strong negative influences come from temperature and hard coatings. The conclusions 
advise the engineer to take fatigue into account in strength and lifetime calculations. 

1. INTRODUCTION 

Hardmetal and cermet tool materials are very well known in the area of production engi­
neering. They have their most important field of technical application in the area of cutting 
tools [1,2]. In this field they cover the area between HSS-materials with very high tough­
ness and ceramic materials including diamond and cBN with very high hardness [2]. Since 
their initial developement between 1920 and 1930 they have found increasing fields of 
application as cutting tools due to the fact that the toughness and the hardness can be 
changed in relatively large ranges by changing the composition and microstructure. This 
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allows the adaptation of the materials to special cutting processes with their characteristic 

loading profiles. 

In their application the materials are subjected to wear and to different thermo-mechanical 

loads, at 25°C and at elevated temperatures up to about 1200°C at the cutting edge [4,5]. 

The mechanical loads consist of static, monotonically increasing and cyclic loads. The 

complete exploitation of the intrinsic wear resistance of the tool material requires that the 

lifetimes under the mechanical loads are higher than under the wear load alone. Until 1992, 

the mechanical properties of hard metals and cermets were largely characterised by hard­

ness, bending strength, and toughness measurements, and thus only the material response 

to static or quasi static loading conditions was investigated. The material response to cyclic 

loading was generally not investigated, due to the absence of any simple, inexpensive labo­

ratory test. In consequence of this experimental difficulty there was very little knowledge 

in the literature about the fatigue of these materials before 1992 [ 4,6]. A short survey is 

given in reference [7]. 
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Fig. 1: Schematic representation of the apparatus used for bending tests attemperatures 
between 25°C and 1 000°C, 

In order to rectify this situation, systematic investigations of the behaviour of these materi­

als under cyclic loads were started using a newly available experimental testing technique. 

This paper presents the experimental method and most important results about the fatigue 

behaviour from a phenomenological point of view. 

2. EXPERIMENTS AND MATERIALS 

The above mentioned experimental problems in the investigation of the behaviour under 

cyclic loads were overcome by the application of a modified apparatus which was devel­

oped and applied for the study of fatigue of ceramic materials by Fett and Munz in 1990 

[8]. The machines used are shown schematically in Fig. 1. The use of big machines with 
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control of strain and stress would have been very expensive and would not have allowed a 
sufficiently high number of samples to be tested in order to obtain statistically reliable data. 
The simple apparatus used allows cyclic bending tests to be carried out in which only the 
stress is controlled. The stress control alone is sufficient for these materials because they 
exhibit between 25°C and 900°C no plastic regime, but only an elastic regime which is 
limited by fracture. The machines used are relatively small and not very expensive. There­
fore several of these machines could be built in order to be able to investigate a relatively 
high number of samples in a limited time. A further development of the apparatus of Fett 
and Munz in the last 3 years allows the investigations to be carried out at temperatures 
between 25°C and 1 000°C in air [9]. In both types of machines tests under static, mono­
tonically increasing, and cyclic loads can be carried out. The frequencies in the cyclic tests 
are 22 Hz at 25°C and 2 to 5 Hz at higher temperatures. 

3000 

2500 tatic load 

l 

2000 
';;;' 

~ 1500 
~ 

infi nite Jirctime 

l 
b • <l 

1000 

tyclic load 

soo • 
0 

0 2 4 5 6 7 

logNr 

Fig. 2: Wohler-plot of the stress amplitude versus the cycles until failure for the hard­
metal P4M at 25°C, 

The initial aim of the systematic studies under cyclic loads was a phenomenological de­
scription of the behaviour under these loads. Beyond this in the second step microstructural 
investigations by SEM, TEM, and SAM had the aim to find the damage processes occuring 
during fatigue. 

The investigated materials were provided by Kennametal Hertel. They had the following 
compositions in wt.%: hardmetal P4M: WC 86, Co 6, (Ta,Nb)C 5, TiC 3, cermet HT7: 
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Ti(C,N) 53, WC 13, (Ta,Nb)C 8, TiN 5, Mo2C 3, Co 12, Ni 6, hardmetal G10: WC 93, Co 
7, hardmetal G30: WC 85, Co 15. 

3. RESULTS AND DISCUSSION 

In the following section some of the main results will be presented and discussed. This will 
be done with emphasis on the phenomenological description of the mechanical behaviour. 
Some information about the mechanisms in the microstructure will be mentioned, but not 
discussed in detail. 
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Fig. 3: Wohler-plot of the stress amplitude versus the cycles until failure for the hard­
metal P4M and the cermet HT7 at 25°C, 

Fig. 2 shows the results for tests under static and cyclic loads at 25°C for the hardmetal 
P4M in a Wohler plot. The bending strength is given in the Wohler plots at Nr = 0. The 
tests under static loads with stresses of up to 90% of the bending strength lead to infinite 
lifetimes. In contrast to this behaviour the endured stress amplitudes under cyclic loads 
decrease strongly with the cycles until failure. That means that fatigue effects occur in the 
material. Microstructural investgations indicate the damage mechanisms under cyclic 
loads: subcritical surface cracks grow under cyclic loads until they reach the critical crack 
size and critical crack growth with failure occurs. Such a damage mechanism is not ob­
served under static loads at low temperatures. Here no subcritical crack growth can be ob­
served during the measured lifetimes. 
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From these results and from results of earlier works [10,11] it can be concluded that the 
behaviour under cyclic loads cannot be deduced from the behaviour under static or mono­
tonically increasing loads. This behaviour under cyclic loads has to be determined experi­
mentally and has to be taken into account in the design of components subjected to cyclic 
loads during use. The loss of strength by fatigue is relatively strong. From the data in Fig. 2 
it can be seen that only stress amplitudes below about 40% of the bending strength can be 
applied if at least 107 cycles are required before failure of the component in the technical 
application. 
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Fig. 4: Wohlerplot of the stress amplitude versus cycles until failure for hardmetals G 10 
and G 30 at 25°C, 

Fig. 3 shows the results obtained from hardmetal P4M and cermet HT7 after testing under 
cyclic loading conditions at 25°C. Again, these support the conclusion that the behaviour 
under cyclic loads cannot be derived from that under static or quasi static loads. The hard­
metal has a bending strength which is about 35% higher compared with the cermet. How­
ever, if we consider the fatigue behaviour, we remark that the hardmetal loses its strength 
much faster with increasing number of cycles Nr compared to the cermet. Compared to the 
cermet the hardmetal exhibits a higher strength under static loads, but a lower resistance 
against fatigue. This is important for applications with cycles Nr > 105• If however the ap­
plication requires only Nr < 105 then the hardmetal shows a higher strength than the cermet. 
It has already been mentioned that subcritical crack propagation is the main damage 
mechanism under cyclic loading. From investigations of critical crack propagation in 
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hardmetals it is known that the binder phase, which represents between 5 to 30 wt.% of the 
material is responsible for about 80% of the total fracture energy [12,13]. From this fact 
one would expect a strong influence of the binder content on the bending strength and the 
strength under cyclic loads. In Fig. 4 the behaviour of two hardmetals under cyclic loads is 
shown. They differ only in the binder content. G 10 has a cobalt-content of 7 .0, G30 of 15 
wt.%. The hardmetal G30 with the higher cobalt-content exhibits higher strength under 
cyclic loads at low Nr- However, the difference in the behaviour of the two hard metals is 
relatively small and would have been expected to be greater. It also seems that their differ­
ence becomes smaller with increasing Nr. This is obviously caused by the fact that we have 
different damage processes with increasing crack length with influence on the subcritical 
crack propagation. 
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Fig. 5: Wohler-plot of the stress amplitude versus the cycles until failure for the hard­
metal P4M for different temperatures, 

In the behaviour under cyclic loads the influence of temperature is of special interest. The 
occurence of higher temperatures up to about 1200°C in the cutting process has been men­
tioned already. The behaviour of the hardmetal P4M under cyclic loads is shown for sev­
eral temperatures in Fig. 5. For all temperatures one finds the similar behaviour that the 
strength decreases with Nr- If one considers first the curves for 25°C, 500°C, and 700°C it 
can be remarked that the lifetimes for a given stress amplitude are reduced very strongly, 
by several orders of magnitude, with the increase of temperature. The curve for 300°C does 
not fit into the changes of the other curves with temperature. The temperature dependence 
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of the strength becomes more clear when the fatigue sensitivity is plotted versus tempera­
ture. This fatigue sensitivity is defined as the slope of the curves for constant temperature 
in a special Wohler plot, in which the stress amplitude is normalised by the corresponding 
stress amplitude for Nr = 0. The fatigue sensitivities obtained for P4M and HT7 are plotted 
versus temperature in Fig. 6. The fatigue sensitivity changes strongly for both materials 
with temperature. Obviously different processes with influence on the subcritical crack 
propagation are responsible for these decreases and increases. Microstructural investiga­
tions lead to the following responsible processes. P4M shows a decrease between 25°C and 
300°C which is caused by a decrease in the amount of Co transformed from the fcc to the 
less ductile hcp structure during cyclic loading. The following increase is due to an in­
creasing influence of the oxidation of the Co-binder at the crack tip [ 14]. The decrease 
above 500°C is caused by the brittle-ductile-transition of special ceramic phases. The cer­
met HT7 shows no change in the fatigue sensitivity between 25°C and 500°C. This is due 
to the fact that the Co-Ni-binder exhibits no phase transformation and therefore no influ­
ence on the subcritical crack propagation. The following decrease between 500°C and 
700°C is caused again by the brittle-ductile-transition of special ceramic phases. The proc­
ess responsible for the increase above 700°C is the oxidation of the Co-Ni-binder along 
subcritical cracks. 
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Fig. 6: Fatigue sensitivity versus temperature for the hardmetal P4M and the cermet HT7, 

It should be emphasised here that although difficult and very time-consuming, the investi­
gations into the microstructural processes influencing subcritical crack propagation at dif­
ferent temperatures are absolutely essential for the further improvement of the fatigue 
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properties of these materials. The knowledge of these processes is the basis for the devel­
opment of concrete strategies for improvements in the future. 

The influence of coatings on the fatigue behaviour can be treated here only very shortly. 
Details are given in reference [ 15]. More than 50% of hardmetal and cermet cutting tools 
are coated by hard materials such as TiN, Ti(C,N), TiAlN, and AlP3 in order to increase 
the wear resistance. Therefore the influence of these coatings on the fatigue behaviour is of 
special interest. Fig. 7 shows the results of the behaviour of P4M with different coatings 
under cyclic loads. It can be remarked that the strength at 25°C is in general reduced when 
the material is coated with a brittle material. Very strong reductions of the strength are ob­
served for CVD-coatings. The lifetimes of the uncoated material for a given stress ampli­
tude are reduced by several orders of magnitude by the coating. These strong influences of 
the coatings have different reasons. Microstructural investigations lead to the conclusion 
that the following phenomena can play a role in the influence of the coating on the fatigue 
behaviour: residual stresses in the coating and the substrate, crack formation in the coating, 
propagation of the cracks in the coating in the substrate, and damaging of the substrate at 
the surface during the coating process. 
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Fig. 7: Wohler-plot of the stress amplitude versus cycles until failure for the hardmetal 
P4M without and with different hard coatings at 25°C, 
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4. CONCLUSIONS 

The investigations of the behaviour of hardmetals and cermets under cyclic loads lead to 
the following main results. The materials show a strong fatigue effect. Compared to the 
behaviour under static loads the endured stress amplitudes under cyclic loads are reduced 
strongly. This occurs at 25°C and the fatigue effect becomes more strong at higher tem­
peratures. Beside the temperature the other strong negative influence on the fatigue is 
caused by coatings of hard materials. In all mentioned cases the strongly reduced endured 
stress amplitudes in cyclic loading lead to very strong reductions of lifetimes by orders of 
magnitudes. This means that the designing engineer has to take into account this fatigue 
behaviour in his strength and lifetime calculations. For this he has to use experimental data 
about the fatigue behaviour because it cannot be deduced from the behaviour under static 
or quasi static loads. A modelling of the fatigue based on the obtained microstructural 
damage processes is in progress. It will be an additional help for the designing engineer. 
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RESIDUAL STRESSES AFTER INDUCTION SURFACE HARDENING 
AND GRINDING 
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University of Ljubljana, Ljubljana, Slovenia 
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ABSTRACT: A number of research studies have shown that besides the design itself an 
important role is here played also by the stress state created in the material by carelessly 
planned manufacturing technologies. Internal stresses which are, since the completion of 
manufacturing, termed residual stresses very much reflect the manufacturing procedures and 
machining conditions. 
Residual stresses are analyzed in terms of different induction surface hardening conditions 
and then also after finish grinding in terms of different machining conditions. 

1. INTRODUCTION 

In the last decade research and development activities in manufacturing technology have 
been very closely land unavoidably related to computer technology. The quality of a 
product, however, depends very much on the selection of material and on the consequences 
which the machining processes have on products. 
A systems analysis about the machinability of materials has to include also investigations of 
their mechanical and physical properties as well as all the various effects that different 
machining processes leave on the workpiece surface. An integral research of material 
machinability should offer a full insight into the properties of material or product and should 
include material machinability with surface integrity of the material workpiece and tool. · 
The importance of surface integrity for surface quality and reliability in operation has been a 
generally accepted fact for quite some time. In all industrial countries the changes in the 
surface layer of the workpiece after the application of various machining processes are the 
subject of numerous investigations. A lot of progress has been made in the field of 
developing measuring methods, but there is still much confusion in the field of results 
evaluation and systematization. This could be explained by the fact that a great amount of 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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data has to be dealt with which are however not resting on the same experimental basis and 
thus possess only an intrinsic value. A good knowledge of surface integrity can undoubtedly 
help the engineer to make the right selection of machining conditions thus contributing to 
the longer life time of material. 
The investigation of grinding mechanisms have led to a description of what happens during 
abrasive - metal interactions and how the grinding energy is dissipated. Excessive grinding 
temperature causes thermal damage in the surface layer of the workpiece [ 1-4]. 
Due to friction conditions between the grinding wheel and the specimen and due to the 
presence of a coolant/lubricant, this effect is joined by the effect of microhardening and 
tempering of the surface layer. These changes which take place only in the thin layers 
directly under the surface are strongly dependent on the machining conditions and kind of 
material [5-10]. 
The percentage of heat distribution into the grinding wheel and workpiece is principally the 
same, therefore the safety margin to the critical heat energy in the workpiece is even higher 
under this condition. Conventional testing methods such as metallographical inspection, X­
ray diffiaction, residual stress, and microhardness measurement are time consuming and 
cannot be used for the real time testing. Therefore, there is a considerable need for non­
destructive testing techniques [2, 11]. 

2. EXPERIMENTAL PROCEDURE 
Workpiece material 

For manufacturing crankshafts a heat-treatable steel4140 AISI, was used. This steel is very 
appropriate for statically and dynamically loaded parts of car engines and machines 
especially because of its high hardness achieved after hardening (57 HRC). The steel is 
characterized by good hardenability and is thus suitable for manufacturing machine parts 
with large cross-sections in which after refinement a very high strength can be obtained. 
After tempering the steel does not show a tendency to brittleness and therefore no special 
heat treatment procedures are required. This steel is also suitable for surface hardening 
(flame hardening, induction surface hardening) and displays a very good resistance to wear. 
However, special attention has to be paid in the phase of product design and great care 
should be given to the design of radius and transition areas to prevent notch effects under 
dynamical loads. The steel is adapted for the use in a wide range of temperatures and 
preserves high toughness even at low temperatures. 

Induction surface hardening always leaves compressive residual stresses in the surface 
layer which makes machine components more resistance to dynamical loads. 
Compressive residual stresses in the surface layer after induction surface hardening 
prevent the occurrence of cracks in dynamically loaded components and prevent the 
growth of existing cracks on the workpiece surface if these are present due to surface 
hardening or surface hardening and grinding. 

Induction surface hardening is appropriate for more small-sized workpieces (not 
necessarily) since by well chosen technology of heating and cooling or quenching we 
can ensure a hardened surface layer and a refined core. Thus we can create a required 
wear resistance of the machine component on a certain location as well as required 
load bearing capacity of the component suffering only a slight loss of toughness of 
the core. 
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Table 1 gives a comparison of designations of this steel in various national standards. A 
chemical composition of the steel is given in Table 2. The designation indicates that this is 
an alloyed heat-treatment CrMo steel with a medium carbon content. The steel is designed 
for dynamically loaded structural parts as well as for specific machine parts such as: gear 
wheels, traveling wheels, car semi-axes, Cardan-joint elements and similar. 
Molybdenum yields a desirable fine microstructure after hot working as well as heat 
treatment contributing to a good strength- to- toughness ratio. Thanks to its fine-grained 
microstructure it also reaches a relatively high toughness in the heat-treated condition. 

Table I. Designation of alloyed heat-treatment steel4140 according to some national 
standards 

GERMANY ENGLAND USA RUSSIA 
W.No. Designation BS AISI rocr 

DIN 17007 DIN 17006 
1.7225 42CrMo4 En 19 4140 -

Table 2. Chemical composition ofthe heat-treatment Cr-Mo steel4140. 

CHEMICAL COMPOSITION OF STEEL 4149 (AISD 
ELEMENT!%! 

c Si Mn p s Cr Mo 
0.38 0.15 0.50 max. max. 0.90 0.15 
- - - O.o35 0.035 - -

0.45 0.40 0.80 1.20 0.30 

Table 3. Mechanical properties of the alloyed heat-treatment steel concerned. 

DIAMETER YIELD TENSU..E ELONGATION CONTRACTION TOUGHNESS 
D[mm) STRESS STRENGT As z P3 

Rro2[n/M R,.[N/mrn2] [%) [%) [JJ 
M21 min. min. min. 

up to 16 885 1080-1280 10 40 34 
16-40 765 980-1180 11 45 41 

40-100 635 880-1080 12 50 41 

The steel contains between 0.38 and 0.45 % of carbon which makes it a typical heat­
treatment steel and, with regard to the other alloying elements, also ideal for flame 
hardening or induction surface hardening. The steel is not susceptible to brittleness after 
tempering at normal temperature's and duration of heat treatment; therefore, there are no 
special manufacturer's requirements regarding steel quenching and tempering. The steel 
shows very high toughness values at ambient temperature and keeps them also in operating 
conditions, i.e. even considerably below an average ambient temperature. Strength of the 
steel concerned as well as its surface hardness and consequently wear resistance may be 
increased by heat treatment and thermochemical treatment. Table 3 presents mechanical 
properties of heat-treatable steel AISI 4140, such as yield point (R., o2), tensile strength 
(Rm), extension (A), and impact toughness according to Charpy (p 3). The data on the 
properties are related to the characteristic masses of parts which are defined by the diameter 
of the cylindrical part. In table 3, steel AISI 4140 has three characteristic groups of 
diameters, i.e. up to 16 mm, from 16- 40 mm, and from 40-100 mm. Thus in our case 
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presenting a crankshaft with a diameter ranging between 40 - 100 mm, we can estimate the 
magnitude of the yield point to be Rp o.2 = 63 5 N/mm2 and the magnitude of tensile strength 
to be R.n = 880- 1080 N/mm2. Tensile strength of the steel concerned varies between 880 
and 1280 N/mm2 and a minimum toughness value P3 amounts to around 41 J. 
The steel is very sensitive to notch effects in dynamically loaded parts due to unsuitably 
shaped notches and transitions on a machine part. The table gives values which are a basis 
of evaluation of fatigue strength for various types of load. Fatigue strength of a material crn 
is lowest under torsional load and varies, for the diameters mentioned, i. e. 40 to 100 mm, 
from 255 to 310 N/mm2• Fatigue strength under torsional load is three or four times lower 
than the tensile strength of steel under static load. 
Table 4 presents fatigue strength values for steel AISI 4140 under different loads, that is 
under bending, alternate compression-tension, and torsional load. In the best case fatigue 
bending strength for steel 4140 (AISI) ranges between 530 ... 380 N/mm2 , which means 
that the steel has to be very carefully machined and heat treated, and ensures compressive 
residual stresses in the hardened surface layer. These compressive residual stresses on the 
surface should be if possible higher than could be the tensile strength on the surface due to 
external loads. 

Table 4. Fatigue strength in different stages of quenching and tempering structural steel 
4140 (AISI). 

FATIGUE STRENGTII 

TENSILE BENDING COMPRESSION- TORSION 
STRENG Til ao/N/mm2/ TENSION ao/N/mm2/ 

Rm/N/mm2 ao/N/mm2/ 

1180 530 420 325 

980 470 375 285 

880 430 345 255 

780 380 305 255 

Residual stresses after induction surface hardening 

One of the main features of induction surface heating compared with conventional heating 
procedures is that heat is generated in the workpiece itself. In conventional heating 
procedures the heat input achieved is only 5 - 200 kJ/m2 sek energy per unit of area in unit 
of time whereas in induction surface heating this energy input is 300 MJ/m2 sec. In 
induction surface heating, heat penetrates into the workpiece by the aid of high frequency 
alternating current, the choice of frequency depending on heating requirements [ 13 -14]. 
Induction surface hardening is most often used for surface hardening of machine 
components and has the following main advantages over other procedures: 

Heating procedure is not strictly governed by hardening temperature. All that matters 
is that the heating process does not end at a too low temperature as some time is 
necessary for the transformation into austenite. Upwards the temperature of heating is 
limited by the solidus-line temperature since the process is to be carried out while the 
material is in solid condition. Thanks to a short heating up time, there is no danger 
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that at higher autenitization temperatures the austenite grains would grow, which also 
means that there is no danger of formation of coarse and brittle martensite . 

Thanks to the nature of the procedure, after induction surface hardening the machine 
part especially if shaped symmetrically are less susceptible to undesirable 
deformations. The volume changes in the machine part after hardening the surface 
layer can be very accurately predicted or estimated. The volume changes after 
induction surface hardening of thin layers are so small that quite often the function of 
the machine part is not affected. 
The induction surface hardening procedure enables the engineer, by simply adapting 
the shape of the induction coil, to ensure a desired shape of the hardened profile of the 
surface layer. Likewise, the engineer can surface harden only that machine part of the 
surface (local hardening) on which a certain increased level of hardness and wear 
resistance are wanted. One of the main advantages of induction surface hardening is 
that it makes possible to harden a surface layer only on certain places, at defined 
penetration depth and shape. 
These advantages make it possible that the induction hardening can be fully automated 
and is especially suitable for large series of workpieces. 

Crankshafts were taken from production after induction surface hardening with the heat 
treatment and machining conditions as specified in the technology sheet. The residual 
stresses on the main crankshaft bearings were measured on the bearing location in the 
middle (A), on the extreme left side (C) and on the extreme right side (G). 
Figure 1 shows residual stress distribution after induction surface hardening in the central 
bearing location (A) and on the extreme left side (C). For both location residual stresses 
were measured on two samples. The distribution of residual stresses on the location (A) is 
as expected very similar on both samples, the highest compressive stress ranging between 
1020 to 1060 N/mm2 in the depth around 250 IJ.m and then slowly dropping to a depth of 
3.5mm. 
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Figure 1. Residual stress profile after 
induction surface hardening on the sample 

A of the mean bearing location in the 
middle of the cranksthaft and on the 
sample C on the extreme left side. 

7 

The residual stresses distribution after 
induction surface hardening on the bearing 
location (C) is very similar to that in the 
central bearing location (A) only that its 
absolute values are slightly lower and that 
a distinct fall in the residual stresses can be 
noted as early as around the depth of 3 mm 
reaching its minimum value already at a 
depth around 5. 0 mm. 
It can be seen that the residual stress 
distribution is just as favourable as in the 
central location only that its absolute 
values are slightly lower. Our belief is that 
the difference in the residual stress 
distribution can be related to the period of 
overheating on the austeruttzation 
temperature which resulted in a thinner 
layer in austenitization and thus also a 
thinner hardened surface layer. 
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Residual stresses after induction surface hardening and finish grinding 

The last phase in the manufacturing of crankshafts is fine grinding where in order to achieve 
the desirable condition of the surface and the surface layer, i.e. we have to ensure: 

suitable dimensions of the particular bearing locations with respect to the allowable 
deviations; 
suitable surface roughness; 
that the grinding stresses are compressive or lowest tensile so that the favourable 
stress profile obtained by induction surface hardening of the surface layer is 
maintained; 
smallest changes possible in the microstructure and thus also smallest changes in the 
hardness and microhardness profiles in the heat-affected zone after grinding. 

How is it possible to assure a desirable surface and surface layer quality after induction 
surface hardening and fine grinding? Finding an answer to this question requires a very 
good knowledge of the process of grinding on the micro level as well as all mechanical and 
heat effects acting on the layer of the workpiece including the type and condition of the 
grinding wheel. An all-inclusive consideration of the numerous influences of the kind and 
condition of the tool on the changes on the surface and in the surface layer of the workpiece 
in the given machining conditions can be based on the descriptions of "Surface Integrity" 
[10,12]. 
For the grinding process the following conditions have been selected: 

different kinds of grinding; 
different grinding conditions (gentle, conventional, abusive). 
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Figure 3. Subsurface profile of relative 
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Under different machining conditions of grinding, different temperature cycles were 
obtained on the surface and in the depth of the heat-affected zone which has effected 
microstructural changes and changes in the microhardness and residual stresses. Thus on the 
surface a maximum temperature higher than the temperature of melting of the workpiece 
material was obtained. The depth of the remelted layer is only a few micrometres and makes 
a very fine ledeburite microstructure containing fine cementite spread in residual austenite. 



Residual Stresses after Surface Hardening and Grinding 769 

The newly formed microstructure has a slightly lower hardness than martensite. The residual 
stresses in the thin surface layer will be tensile due to plastic deformation of the surface 
layer in grinding caused by tensile forces in the contact zone of the workpiece material and 
to this should be added also the tensile stresses induced by the occurrence of residual 
austenite. In conventional grinding conditions, on bearing location A relative grinding 
tensile forces amount to + 425 N/mm2 and then change the sign in the depth around 175 
J.lm, as shown in figure 2. The relative grinding stress is obtained by measuring the residual 
stress after induction surface hardening and then by measuring on the same spot after 
induction-hardening and grinding and then calculating their difference. In figure 3 we can 
see the measured absolute residual stress profile after induction surface hardening and 
grinding, and the measured residual stress profile after induction surface hardening. Figure 3 
shows the absolute residual stress profile after hardening and grinding on bearing location A 
as well as the average residual stress after induction surface hardening, and then the relative 
grinding stress can be calculated. The results confirm as predominant the residual stresses, 
stresses induced by the plastic deformation of the material and a lesser influence of tensile 
stresses caused by the formation of residual austenite. On the basis of the measurements of 
residual stresses after induction surface hardening and/or induction surface hardening and 
grinding, we can conclude that: 

for residual stresses after induction surface hardening and grinding, the conditions of 
abusive grinding are a more favourable choice. They lower to a lesser extent the 
desirable compressive residual stresses after induction surface hardening; 
grinding conditions can be chosen also so that the melting temperature of the 
workpiece material (gentle-grinding conditions) is not exceeded. Then the favourable 
compressive stresses after induction surface hardening are lowered only due to plastic 
deformation of the workpiece material during the process and thus relatively low 
tensile residual stresses are thus obtained. However, we should take into account that 
this will significantly lower the productivity. 
special attention should be paid to the selection of the kind of the grinding wheel in 
terms of grinding wheel material, binding agent, hardness and pore density, since by a 
right selection we can contribute to higher cutting efficiency concerning the plastic 
deformation of the workpiece material. In this way we can keep the grinding tensile 
stresses as low as possible and make the compressive residual stresses induced by 
induction surface hardening the prevailing kind. 

3. CONCLUSIONS 

Induction surface hardening creates very desirable residual stress state. Residual stresses are 
always of compressive nature and are usually present to the depth of the induction surface 
hardened layer. A major difficulty in induction surface hardening is, however, to ensure a 
very slight/slow variation in microhardness and the existence of compressive residual 
stresses in transition areas to the microhardness of the core material. By gently grinding 
varying the hardness and existence of compressive stresses in the transition area it is 
possible to diminish the notch effect induced by stress concentration. Additional grinding of 
induction surface hardened surface deteriorates the stress state in the surface layer, since 
grinding has always induced tensile stresses. By a right selection of machining conditions 
and grinding wheel taking into account its properties, the engineer will contribute to lesser 
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tensile residual stresses and will avoid deteriorating the favourable residual stress state after 
induction surface hardening. 
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ABSTRACT: The identification of the main mechanical macro and micro-dynamics non­
linearities which are present in precision positioning systems is performed in this work. The 
employed compensation technique makes use of a dual-mode control law in which high 
precision is achieved by using an adaptive pulse width control typology. The obtained 
positioning accuracy is within the interval of uncertainty of the measurements performed by 
using a laser interferometric system. 

1. INTRODUCTION 

In the design of high-precision positioning systems, a solution based on sliding and rolling 
devices is frequently adopted [1]. It is well known, however, that in this case the precision 
of actuation is significantly influenced by the presence of two types of mechanical non­
linearities which are usually referred to respectively as "macro-dynamics" phenomena 
(stiction, Coulomb friction, viscous friction, backlash) and "micro-dynamics" phenomena 
(presliding displacements, i. e. displacements that occur even for loads smaller than those 
needed to overcome stiction [2-4]). While several references dealing with the macro­
dynamics behaviour can be found in literature [5-7], the micro-dynamics behaviour has not 
yet been clearly characterized, particularly concerning its influence on the precision of 
positioning devices [8]. Moreover, despite the fact that there are several ways by which 
backlash and friction can be minimized already in the design phase [8-9], in the case of high­
precision applications this type of compensation is seldom sufficient to reduce adequately the 
obtainable interval of uncertainty of the displacements. It is thus often necessary to use a 
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feedback signal of the actual position and suitably chosen closed-loop control laws. 
PID (Proportional, Derivative, Integral) control is one of the most commonly used control 
laws in precision positioning systems [8, 10-12]. The applicability of this control law to 
nanometer-precision positioning is however limited. In fact, when a PD control law with 
high gains is used to increase the damping and the stiffness of the system in order to reduce 
stick-slip, residual steady-state errors will always be encountered [8, 11, 13]. If an integral 
term is added to reduce these errors, the presence of mechanical non-linearities causes 
stability problems and thus for velocities approaching zero the positioning system will 
always present limit cycles around the reference position [1, 5]. It has been shown [12] that, 
even if with extensive experimental measurements a deep knowledge of the model of the 
system has been acquired and stabilizing values of the parameters P, I, and D have been 
identified, a residual limit cycle will always be present due to static friction. Moreover, 
friction presents a meaningful variability mainly caused by microwear, by position­
dependency and by variability of the temperature and lubrication conditions, so that the 
optimization of the parameters P, I and D performed by using only the deterministic 
component of the model does not make it possible to compensate the disturbances 
introduced by its stochastic component [14, 15]. Secondary effects such as frictional 
memory and rising static friction (influence of the history of motion on the value of the 
frictional force) can then enhance this effect. Hence, the strategy which is being increasingly 
adopted nowadays in order to obtain precise sliding and rolling electro-mechanical 
positioning systems is the usage of adaptive control typologies [8]. 
Several control laws based on an adaptive algorithm have been proposed in literature, but 
only the case of positioning system with macro-dynamics non-linearities has been 
considered, since the positioning precision was such that the influence of the micro­
dynamics effects was negligible. It should also be noted that the need to obtain relatively 
large displacements with high precisions makes it necessary to use dual-mode control laws, 
where a conventional control law is used to bring the system in the vicinity of the reference 
position and then an adaptive controller is used to compensate the residual positioning error. 
The aim of this work is, therefore, twofold. Firstly, to identify experimentally the main 
mechanical non-linearities of a traditional electro-mechanical positioning system, with 
particular attention drowned to its micro-dynamics behaviour. Secondly, to explore if an 
adaptive approach developed to overcome macro-dynamics phenomena can be extended to 
the case of nanometer positioning which involves also micro-dynamics effects. 

2. EXPERIMENTAL SET -UP 

Fig.l shows the system developed for the experimental study. It consists of a DC motor and 
a gear reducer, connected by means of an elastic joint to a lead screw-nut drive mechanism 
that converts motor rotation in a translation of a guide with free rolling elements (balls). A 
spring with a slight preload is used to compensate for backlash. It must be pointed out that 
standard mechanical components without particular accuracy requirements have been 
employed. 
The position feedback signal is obtained by using a Michelson-type laser-Doppler 
interferometric system (HP5527 A) for non-contact measurements. As shown on Fig.2, a 
laser head emits two laser beams of slightly different known frequencies with opposite linear 
perpendicular polarizations; a polarizing splitter reflects the reference beam to a upper comer 
cube, and then back to a receiver mounted on the laser head. The measuring beam (dotted 
line) passes through the splitter towards a comer cube and is reflected back to the receiver. 
In the receiver the measuring and the reference beams interfere; the change in the difference 
of the beams frequencies, evaluated through the use of heterodyne detection, gives a signal 
proportional to the relative displacement between the fixed polarizing splitter and the comer 
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cube that is mounted on the positioning stage. In this optical configuration the measurement 
technique permits a resolution of 10 nm to be obtained. The system is equipped with an air 
sensor to compensate for the variations in the refraction index of the surrounding air induced 
by temperature and pressure changes; a temperature material sensor is also employed to 
compensate for thermal expansion of the supporting structures. 
The uncertainty in the stage linear displacement measurements was evaluated according to 
the procedure described in [16].1n the case of a maximum stage travel of 10 mm an interval 
of uncertainty of ±20 nm was then obtained. 
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Fig. I Scheme of the experimental set-up 

The use of a programmable board (HP10936A Servo-Axis Board) allows to obtain an 
analogue signal (max. range ±10V) which is proportional to the actual displacement (with an 
adjustable constant of proportionality depending on the reference position). This signal is 
then read by the control unit. In order to obtain the exchange of data between the Servo-Axis 
Board and the computer and to increase its rate, a binary interface (HP GPIO, General 
Purpose Input/Output) is used. This interface allows to have a 16-bit bi-directional exchange 
of data in the full-duplex mode at rates that can be up to 10 kHz. 
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The DS1102 board (dSpace GmbH., Germany) is used to control the motor. This board 
uses a floating-point digital signal processor (DSP - model TMS320C31 by Texas 
Instruments) and allows the implementation of linear and non-linear control typologies by 
using algorithms written in C with libraries including predefined control functions. 

3. MICRO-DYNAMICS MECHANICAL NON-LINEARITIES 

In the case of positioning systems that should achieve nanometer accuracy the micro­
dynamics behaviour has to be considered. In this case the load-displacement characteristics 
follows a non-linear relationship due to local deformation prior to stiction breakaway. 
Therefore the experimental identification has to be performed simply by measuring the 
displacement resulting from the application of a load gradually increased up to the point at 
which stiction is overcome. In the case of the positioning system considered in this work, 
the micro-mechanical non-linearities are mainly due to the linear slide. In fact, the presence 
of balls on V-grooves enhances the influence of micro-asperities elastic and plastic 
deformations; moreover, as this is the last element of the kinematic chain, its equivalent 
stiffness has a far bigger influence with respect to that of the other elements. 
The following measurement procedure was used: the linear stage, mounted on an optical 
bench in horizontal position, was loaded in the direction of motion by means of a lubricated 
pulley and wire system to whose end calibrated weights were gradually added on. The 
resulting displacement of the stage was measured by means of a Michelson-type laser­
Doppler interferometric system. The measurements were performed up to the point at which 
stiction breakaway occurred. The load-displacement characteristics was also recorded when 
unloading the system starting from different load levels. 
In Fig.3 the load-displacement characteristic obtained by averaging 10 measurements is 
shown. In the whole measuring range a maximum interval of uncertainty of ±6% was 
assessed, confirming that, as already noticed in [4], the micro-dynamics phenomena have a 
relevant stochastic component. This interval of uncertainty was however not reported in the 
diagram of Fig. 3. 
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It can be observed that, before the load reaches the stiction value, a significant displacement 
is obtained. The measured displacement is a non-linear function of the applied load. When 
the system is unloaded, it travels back, but the resulting displacement is significantly smaller 
than the displacement obtained in the loading phase. Moreover, the displacement vs. load 
characteristic during unloading is almost linear, with a mean slope that remains constant 
independently from the load at which unloading is started. 
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The obtained results are meaningfully different from those obtained recently by Futami et al. 
[3]. In that case, however, the load was applied at high frequency following a sinusoidal 
law and not pseudo-statically as in this work. On the other hand, the results shown in Fig.3 
are in excellent agreement with those reported in an earlier work by Courtney-Pratt and 
Eisner [ 4 ], despite the limits imposed by the poor precision of the measurement techniques 
available at that time. In their work Courtney-Pratt and Eisner [4] suggested also that the 
observed non-linear behaviour was mainly caused by phenomena of elasto-plastic 
deformations which occur at the interface of the bodies in relative motion in the presence of 
forces that are normal and tangential to the contact surface. 
In conclusion, in agreement with the results reported in [4], the micro-dynamics behaviour 
shown in Fig.3 has a main irreversible component due to plastic deformations of the 
asperities in the contact area, but also a reversible component due to elastic strains. This 
elastic component is significant only for very small displacements. If a dynamics loading 
procedure such as that outlined in [3] is performed, probably only this elastic component can 
be measured. 

4. MACRO-DYNAMICS MECHANICAL NON-LINEARITIES 

The most important macro-dynamics mechanical non-linearities are represented by static, 
Coulomb and viscous friction [5, 8]. In order to establish the dependence of the frictional 
loads on system motion, a simple measurement procedure suggested in [ 17] was followed. 
It can in fact be shown that the angular velocity is proportional to the voltage applied to the 
motor, while the absorbed current is proportional to the frictional torque. Therefore, the 
mechanical non-linearities of the system referred to the motor axis can be identified with a 
measurement of electrical parameters. This approach is more accurate and simpler than the 
explicit one. In order to evaluate the contribution of all the elements of the electro-mechanical 
positioning system, at first the procedure was applied to the motor alone, and then it was 
repeated by adding one by one to the motor the other elements of the kinematic chain; in all 
the cases the measurement was repeated in 10 different positions. By comparing the 
frictional loads of the single elements of the positioning system it was established that the 
main contribution was that of the DC motor. In fact, when the contributions of the 
downstream elements have to be referred to the motor axis, the corresponding frictional 
torques must be reduced proportionally to the speed ratios. 
Fig.4 shows the dependence of the frictional torque M on the angular velocity w for the 
whole system. The characteristic Stribeck curve can be clearly observed, where the viscous 
component is mainly caused by the back-electromagnetic force of the motor. This type of 
behaviour is typical of positioning systems driven by DC motors and it is in perfect 
agreement with the most recent tribological models [7, 8, 11, 13, 17, 18]. 
Fig.4 shows also the frictional torque interval of uncertainty resulting from repeated 
measurements; the considerable dispersion (up to ±15%) is mainly caused by the variability 
of friction with respect to system position. Similar percentage values of frictional dispersion 
were reported also in [5], where the case of accurate positioning systems involving only 
macro-dynamics effects was considered. As pointed out previously, the presence of such a 
significant disturbance of stochastic nature implies the necessity of adopting an adaptive 
control law. 

5. ADAPTIVEL Y CONTROLLED PRECISE POSITIONING 

Only the case of positioning systems whose precision was at such a level that no micro­
dynamics phenomena were involved was studied thoroughly in literature. In fact, in this 
case several adaptive-type control approaches have been suggested [5, 6-8]. Particularly 
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interesting is the work of Yang and Tomizuka [5], where a simple control typology with a 
rigorously established stability was developed. The control strategy used in that work is 
based on the modulation of the width of an impulse, determined from a comparison of the 
output of the actual positioning system and that of a reference model. The mechanical model 
of the positioning system used by Yang and Tomizuka [5] is shown in Fig.5; in this case the 
dependence between the pulse width timpand the resulting displacement X is quadratic. 
Because of the variability of the frictional effects the coefficient of proportionality between 
the square of the pulse width and the respective displacement has a significant stochastic 
component and can thus only be determined adaptively by using the classical MRAC (Model 
Reference Adaptive Control) or STR (Self Tuning Regulator) algorithms [19]. 
In the case of high-precision positioning, the only work traceable in literature is that of Ro 
and Hubbel [2]. In that work the micro-dynamics non-linearity is used to obtain precise 
positioning, but the adopted micro-dynamics model is the non-linear elastic model described 
in [3] presenting the limits outlined earlier. Moreover, the method devised in [2] is 
applicable only in the case when the distribution of friction follows a predetermined 
characteristic, so that the approach can not be applied in a more general frame. 
In the case when a simple positioning (as opposed to trajectory tracking) is sought, the 
adaptive control typologies based on pulse width modulation (PWM) constitutes certainly 
one of the most efficient solutions [8]. In fact, as everyday experience shows, when small 
corrective movements are needed to reach the desired position, the application of impulsive 
loads permits the static friction to be overcome without an excessive overshoot (caused by 
the rapid reduction of the resistive loads at stiction breakaway). 
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Trying to extend the applicability of the method developed in [5] to the case of nano­
positioning, it becomes necessary to identify the nature of the dependence of the 
displacement on pulse width. For this purpose repetitive experimental measurements have 
been performed by actuating through the DSP board the electro-mechanical system under 
consideration with constant amplitude impulses and gradually increased width. Comparing 
the experimental data with Yang and Tomizuka's model [5] (Fig. 6), it can be observed that 
for pulse widths smaller than 350 ms (and thus displacements smaller than 20 Jlill) the actual 
and the analytically obtained characteristics are in an almost perfect agreement, both being 
quadratic. For larger pulses width and displacements the difference between the two 
characteristics becomes significant since in the studied case the displacement vs. pulse width 
dependence becomes almost linear. Thus, if the range of variation of pulses width is limited 
to values where the quadratic characteristic is valid, the model developed in [5] still holds. 
However, comparing Fig.3 to Fig.6 it follows that in this range of displacements the linear 
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slide could be in the micro-dynamics field and therefore the model parameters have a 
different physical meaning, than those considered in [5]. In fact, if the linear slide is in the 
micro-dynamics field, its stiction breakaway has not been reached, so that the frictional force 
Fa does not account for the contribution of the slide, but only for that of the upstream 
elements (motor, reducer, leadscrew-nut), which is anyway usually the prevailing one. 
Moreover, for the considered range of displacements the micro-dynamics forces shown in 
Fig.3 prevail on the elastic reaction of the spring used to compensate for backlash. The 
micro-dynamics forces are, however, still negligible, compared to frictional forces, due to 
the effect of speed ratios. The effective contribution of the micro-dynamics forces can thus 
be considered as a virtual variation of Fa and therefore is already taken into account by the 
adaptive approach suggested in [5]. 
The range of applicability of the method can then be easily increased by imposing a dual 
structure to the control law, where the "rough" controller has to be precise enough to bring 
the system within the previously determined range of validity of the PWM control. 
Extensive experimental measurements have allowed to determine that in the studied case it is 
sufficient to use the simple PID control typology in which the proportional term is kept 
constant while the I and D terms are set to zero (P control); in other experimental 
configurations it might be necessary to use a real PD or PID control [8]. 
Based on the above considerations a control procedure was implemented and its baseline 
structure was: 
-the reference position X0 is compared to the actual displacement X measured via the 
interferometric system; 
-if the obtained difference is bigger than the range of applicability of the PWM control, the 
actuation is controlled using the P control up to the point when the electro-mechanical 
system comes to a rest; 
-at this point the actuation is performed by applying impulses of variable width, where the 
width of the first impulse is determined by using a pre-defined (supposed) value of the 
coefficient of proportionality K between the displacement and the square of the pulse width; 
-the subsequent values of this coefficient are then determined by an adaptive approach using 
a MRAC-type algorithm. Fig.7 shows the block diagram of the MRAC system as described 
in [19] and implemented as suggested by [5]; for this purpose the regulator is based on the 
previously described quadratic characteristic, where the coefficient of proportionality K 
between the square of the pulse width timp and the resulting displacement X is determined by 
a parameter adaptation algorithm (PAA). The input signals to this algorithm are the pulse 
width, the actual displacement and the displacement X', that is obtained using a linear 
reference model in which an ideal response of the system is assumed. 
Fig.8 shows the experimental results obtained by applying the described procedure in the 
case of a small reference position (10 J.lm) and rather large one (1 mm). For comparison 
purposes, in the same figure are also given the results obtained by using the simple P 
control. It can be observed that the application of the P control introduces unacceptable 
residual errors amplified by the fact that the values of the proportional gain optimised for a 
determined reference position can not be automatically applied to different reference 
positions because of the stochastic nature of the phenomena. In the case of the dual-type 
control law proposed in this work, the system is initially actuated following a P control law, 
which results in a high slope and a marked overshoot. The adaptive control law is then 
applied for fine positioning resulting in a considerably smaller velocity of approach bringing 
the system to the reference position with nanometer accuracy. In fact, several measurements 
performed with various reference positions by using the proposed approach, allowed to 
establish that in all the considered cases the positioning error was smaller than the interval 
of uncertainty of the measurements done by using the laser interferometric system (i.e. the 
error was within ± 20 nm). 
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The experimental characterization of the dynamics of an electromechanical positioning 
system has confirmed that two kinds of mechanical non-linearities (micro-dynamics and 
macro-dynamics non-linearities) affect the achievable positioning accuracy. It has then been 
shown that the control typology developed in [5] to compensate the mere macro-dynamics 
effects can also be used to compensate for the micro-dynamics non-linearities, if a suitable 
limitation of the range of displacements is adopted. The experimental results obtained with 
the mentioned approach using a DSP have confirmed such considerations. Future work 
should deal with a wider characterization of the micro-dynamics effects, including their 
dependence on mechanical parameters such as normal loads, types of bearings, lubrication, 
etc. When fast positioning as well as nanometer accuracy is needed, further improvements 
might be necessary, in the transition between the coarse and the fine control typology, and in 
the convergence of the MRAC algorithm. 
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ABSTRACT: The traditional production of steel rods for reinforced concrete, a long time considered 
of short technological interest, has been recently modified with the development of new procedures, 
which enhance mechanical characteristics without adding micro-alloys. In particular, the process 
outlined in this paper, said tempcore process, enables to graduate mechanical and technological 
properties of the steel rods, so that these characteristics can vary in assigned limits. The underlying 
principle of this innovative process lies in surface quenching of the rods on leaving the last stand in 
the hot rolling mill, followed by self-tempering. Process adjustment still relies on the experience of 
the production manager, taking as a parameter for assessing process efficiency the temperature 
reached by the rod on the cooling plate. In this paper, the influence is examined of the process 
variables (final rod diameter, chemical composition, water flow rate and velocity), on the ultimate rod 
structure, upon which all mechanical properties, in general, depend. Based on the finding of a 
previous study, the possibility is examined of applying fuzzy logic techniques to the heat treatment 
process under examination with a view to rendering it more rational and independent of operator 
unreliability. The study will have a dual future aim. To evaluate the possibility of predicting the 
properties of the reinforced concrete rods when chemical composition of steel and final diameter are 
known, and secondly, to graduate the intensity of the treatment to obtain rods with predetermined 
properties from steel with known chemical composition. 

1. INTRODUCTION 

The traditional Italian production of steel rods for reinforced concrete with enhanced 
adhesion, types FeB3SK and FeB44K, has always been influenced by Ministerial provisions, 
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which solely contemplated the possibility of exceeding the limit values preset for certain 
mechanical characteristics as well as the observance of other technological and geometric 
ones. 
All this has led to the development of a number of. different methods for manufacturing steel 
rods for reinforced concrete, ranging from the smelting of selected scrap, to the purchasing 
of billets from different manufacturers, to the rolling of products that would otherwise be 
scrapped. 
Fortunately, the recent demand for products with special characteristics (for example, the so 
called weldable rod), the increasingly stringent Community standards and the growing fierce 
competition from manufacturers outside the EU are contributing to underline the 
importance of process control in addition to conventional product control practices. The 
Ministerial Decree of 09/0 1/96 has also introduced some innovations which add to the 
changed conditions mentioned before. Apart from the before mentioned exceeding of 
specific lowest values for mechanical properties, the Ministerial Decree also provides, for 
some of them, that the single trial values found should not exceed the fixed lowest 
performance value over a fixed amount. 
Consequently, all this has led to the consideration that the time is now ripe for the problems 
associated with the manufacture of steel rods for reinforced concrete, to be tackled with 
scientific methodologies not based solely on acquired experience. Traditionally, steel rods 
were regarded as an inferior product and thus not worthy of any particular attention. 
The mentioned needs have led to a gradual but steady abandonment of the empirical 
techniques usually adopted (further cold plastic deformation, addition of micro-alloying 
elements [1, 2]) in order to obtain the values for the mechanical characteristics as required 
by law. Alternatively, the past few years have also witnessed the development of a new 
procedure, called "tempcore" [3, 4, 5] based on a short but intense heat treatment to which 
the rods are subjected on leaving the last stand in the hot rolling mill. An appropriate 
graduation of the intensity of such a treatment enables overall improvement of the 
mechanical characteristics of the rods, without compromising its weldability properties and 
independently of both the initial chemical composition of the bar and the final diameter of 
the rod to be obtained. 

2. TEMPCORE TECHNOLOGY 

The tempcore process exploits the improved mechanical characteristics of the steel that 
underwent heat treatment. In this process, on leaving the last stand in the hot rolling mill, 
the rod enters in the tempcore plant. This is made up mainly of a container including some 
tubes where the bars slide, suitably guided, to avoid any dangerous deflection. Cooling 
water can be sprayed counter-current on the rod from some nozzles placed in circle along 
the route. The cooling equidistant sections are separated from one another in order to allow 
the water to flow away and prevent it from coming into continuous contact with the rod. 
The speed at which the water is sprayed from the nozzles is adjusted by acting on the 
general pressure, while the flow is regulated by closing or opening a certain number of 
cooling sections. This way, an outer ring whose diameter can be suitably changed by 
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modifying the process parameters, is involved in a quenching process thus acquiring a 
martensitic structure. Naturally, the central part of the bar remains at a temperature higher 
than that of the total austenitization and therefore, in the following cooling phase it causes 
the heat to radiate outward, thus inducing a tempering process in the area previously subject 
to the treatment. By doing so, it is possible to achieve an overall improvement of strength 
characteristics (yield point and tensile stress) without reducing its tensile characteristics 
(elongation) and therefore preserving the ductility ofthe material. 
Thus, it is clear that the mechanical properties of the rod can be modified by changing the 
process parameters. Such an intervention makes it possible to adjust the extent of the 
treatment over a certain range and area (6). This technique obviates the need to conduct a 
meticulous chemical analysis of the steel in order to obtain a rod of a certain diameter. On 
the other hand, a certain chemical composition does not necessarily have to be rolled to a 
particular diameter in order to ensure the desired mechanical characteristics. The process 
parameters, which are usually adjusted, are water flow rate and its transfer speed. In theory, 
also the rod speed could be changed but, adjusting this parameter in the continuous rolling 
mill is difficult to be put into practice and also, in some cases, not financially viable. Other 
types of process are therefore usually preferred. 

3. TEMPCORE PROCESS SIMULATION 

The final rod structure after the tempcore treatment will consist of, as showed through the 
macrograph in figure 1, the typical hardened tempered structure, a normalised structure in 
the central core and a mixture of the two in the interlying area. 

Fig. 1 - Macrograph of the rod section treated with tempcore process. 

In order to be able to determine in advance the mechanical characteristics that the rod for 
reinforced concrete will possess after the tempcore treatment, it is necessary to know the 
following: 
- the cooling speed reached in the various outer rings to determine the thickness that can 
undergo transformations producing martensitic or bainitic structures; 
- the residual enthalpic content when the rod leaves the cooling apparatus which defines the 
extent of the self-tempering process in the treated area (7]. 
Since the two phenomena described make it possible, taken together, to determine the 
definition of the final structure and therefore of the mechanical characteristics of the rod, it 
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was necessary to make a numerical simulation of the two stages of the cooling process. 
Namely, the forced boiling inside the heat treatment plant and the process involving heat 
radiation and natural convection in the open air. To obtain this, the discretization of 
Fourier's general equation was used with the method of control volumes [8]. 
The cooling process simulation was performed for all diameters and in various conditions of 
flow rate of the water sprayed from the nozzles and with varying numbers of cooling 
sections operating at the same time. The results are shown in table 1, where leaving 
temperature (Tend) means the external temperature of the rod as it could be measured at 
about 0.5 m from the end of the tempcore plant. The latter was the shortest possible 
distance where a temperature meter could be located in a production plant. On the other 
hand, temperature on the cooling plate (Tplate) means the external temperature of the rod as 
it could be measured on the cooling plate about 30 m from the end of the plant. figure 2 
records the temperatures relating to different cooling conditions for two different diameters. 
An accurate analysis of these results makes it possible to claim that the influence on the 
temperature profile of the two parameters of water flow rate and number of active sections, 
that is, the interaction time between water jets and rod, are quite different. In particular, the 
water flow speed does not influence the temperature reached by the plate. However, it 
influences the temperature at the end of the tempcore plant, although its effect is about half 
of that attributable to a similar variation in the number of sections working simultaneously. 

4. FUZZY CONTROL OF TEMPCORE PROCESS 

The first step is to identify the modifiable variables and to determine their effects on the 
mechanical characteristics of the rod. However, since it is not possible to develop a 
mathematical model of the process that will take into account all the variables in play and 
their reciprocal effects, this information and operator experience would normally have to 
suffice in order to select the process parameters to be used for process control. In light of 
this, a plausible solution is to address the possibility of using artificial intelligence 
techniques, such as fuzzy logic, in order to take the acquired knowledge into account 
without having to use a mathematical model or simulation techniques [9, 10]. 
Fuzzy logic is a powerful yet straightforward technique that can help solve a variety of 
problems, especially in the field of process control and decision-making activities. Much of 
the inherent power of fuzzy logic stems from the possibility to draw conclusions and 
generate answers on the basis of information that may be inaccurate, ambiguous, 
incomplete, vague or of a qualitative nature. Such information can also be formulated as 
deduced linguistic expressions, for example from the every day experience of an operator 
who, in describing his/her own control strategy, may use instruments such as: 

"IF x is equal to y, THEN w is equal to z" 

The basic problem arising from the use of a fuzzy control is to find an adequate group of 
rules to transform the fuzzy inputs into outputs values in the form of fuzzy sets. This 
mapping can also be expressed through fuzzy conditional relations; that is a control rule can 
always be decomposed into a sequence of expressions of the type: 
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IF ... AND ... THEN ... AND 

where the statement following IF is called antecedent and the one following THEN is called 
the consequent of the specific instantiation of the control rule. 

Tab I-Results of the simulation of the cooling process. 

VH20 Sect. ¢J= 12 mm ¢J= 20 mm ¢J=30mm 
[ms-1] Tend Tplate Tend Tplate Tend Tplate · 

[OC] [OC] [OC] [OC] [OC] [OC] 

20 5 659 822 647 829 594 805 
10 513 733 504 752 446 723 
15 418 657 413 686 359 656 
20 351 591 350 630 302 600 

40 5 569 787 558 799 504 776 
10 408 681 404 709 357 685 
15 316 598 319 638 284 616 
20 261 530 268 580 242 560 

60 5 511 763 503 780 453 758 
10 350 651 351 685 316 665 
15 269 567 277 614 255 597 
20 224 501 235 558 221 545 

80 5 469 746 464 767 419 746 
10 313 631 320 670 294 653 
15 243 549 255 600 240 587 
20 205 485 219 545 210 535 

100 5 436 733 435 756 396 738 
10 289 617 299 659 279 646 
15 227 536 241 590 231 580 
20 195 475 209 537 204 529 

Therefore, in order to apply the fuzzy logic to the tempcore process, it is necessary to 
evaluate the influence that the main process parameters exert on the final mechanical 
characteristics of the rod. 
Diameter 
All other conditions being equal, varying rod diameter necessitates that proportional 
variations be made to the size of the area subjected to the heat treatment in order to ensure 
similar values for the mechanical characteristics. However, bearing in mind that the 
temperature at the end of the hot rolling process (about 950 oq can keep the steel in the 
austenitic state but is not sufficient for recrystallization, the austenitic grain size, on which 
the final ferrite-pearlite structure will depend, is greatly affected by the extent of the forming 
process, especially in the final rolling stands. Therefore, in order to obtain the same 
mechanical characteristics in rods of different diameters, the area subjected to the heat 
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treatment must increase more than proportionally with rod diameter. 
Chemical composition 
Chemical composition, carbon content in particular, has considerable influence on 
mechanical characteristics. Such is its importance that in iron and steel industries using 
conventional technologies it is the only process variable that can be manipulated in order to 
obtain the mechanical and technological properties required for steel rods for reinforced 
concrete. The peculiar feature of the tempcore technology is that it allows chemical 
compositions to be largely neglected and tends toward production characterised by only 
slightly variable mechanical properties. It must be remembered, however, that as the carbon 
content increases, the layer subjected to heat treatment must be smaller and the cooling 
speed at the internal limit of this layer may be lower. 
Cooling water flow speed 
The already mentioned table I and figure 2 show that the water flow, that is, the number of 
cooling sections operating at the same time, considerably affects both the temperature 
profile obtained at the end of the tempcore production line, and the temperature profile on 
the cooling plate. However, the effect on the latter is much more marked. It is therefore 
possible to assume that in order to check the temperature at the end of the process, it is 
convenient to use a suitable modification in the cooling water flow speed which does not 
substantially alter the temperature profile on the cooling plate. If the cooling plate 
temperature needs to be changed, it is necessary to change the number of active cooling 
sections, in spite of the fact that this entails, at the same time, a variation in the temperature 
at the end of the production line. As a consequence, it will be absolutely inevitable to 
operate a variation in the opposite direction of the water flow rate. 
An example will be provided in order to demonstrate that the fuzzy logic model can be 
applied to the tempcore process. Let us suppose that we need to produce a rod measuring 
I8 mm in diameter by using steel with 0.37% carbon content. By analysing the CCT and IT 
curves for a similar type of steel [II], one can conclude that tempering is obtained for that 
layer when the cooling speed reaches 500 oc in less than one second. It is also evident from 
the graphs that the hardness of the tempered area, after tempering at 600 oc is 325 HV and 
that in the central core with a normalised structure is 2I 0 HV. If one wants the rod to have 
an average hardness of 245 HV (relating to a tensile stress of about 650 MPa for a mild 
steel), then one deduces, [ 6], that the thickness of the area to be treated with heat must be 
1.5 mm. 
Since the rolling mill process speed for a rod measuring I8 mm in diameter is I 0 ms-1, the 
parameters imposed by the tempcore treatment must be such that on leaving the plant the 
temperature measured at I.5 mm from the external surface must be 500 °C and that the 
plate temperature must be 600 °C. 
This means that the external temperature of the rod as it could be measured when leaving 
the plant is 300 °C. These last two temperatures are the only measurable ones in a 
production plant. Through the simulation process one finds that in order to obtain these 
cooling conditions, the water flow rate must be 35 ms-1 and I2 sections need to be active. 
It has also been assumed that the four variables considered, that is TE (temperature on 
leaving the tempcore apparatus), TP (plate temperature), NU (number of active cooling 



Employment of Fuzzy Logic Modelling in Quenching of Steel 787 

sections) and VE (flow rate of water sprayed from the nozzles, VH2o) can have a range of 

±50% with respect to the values to be reached. For the fuzzy transformation of the four 
variables, identical membership functions have been chosen, all triangular and with five 
classes marked with labels as specified in table II and with a degree of overlap between 
adjacent classes of25% [12]. 
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Fig. 2- Temperature profiles in different cooling conditions. 

Tab. II- Labels and meaning of the fuzzy variables. 

Labels NL NS AZ PS PL 

Meaning Negative Negative Approx Positive Positive 
Large Small Zero Small Lar_ge 

The following tables, III and IV, contain the fuzzy inference rules, bearing in mind that the 
water flow rate only affects the external temperature when leaving the tempcore apparatus 
while the number of active cooling sections affects both control variables. 
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Tab. III - Fuzzy rules for water flow rate control. 

TE I NL NS AZ PS PL 
VE NL I NS I AZ I PS I PL 'I 

Tab. IV - Fuzzy rules to control the number of active sections. 

~ NL NS AZ PS PL 
NL • NL '''' 
NS ·'· NS' NS 
AZ NL NS AZ PS PL . 
PS PS PS 
PL PL 

If one assumes that, in light of the previous experience, one has chosen to have six 
operating cooling sections and a water flow rate of 50 ms-1, the values of the temperatures 
at the end of the production line and on the cooling plate will be 345 °C and 720 °C, 
calculated through the simulation process. Such values are obviously different from 
estimated values so it is necessary to make a few variations on the selected parameters. 
In order to explain the application of the fuzzy logic control, one must suppose to change 
the number of cooling sections first, by taking into consideration the following two control 
rules only: 

Rule 1 
Rule2 

IF TP=PS AND TE=AZ THEN NU=PS 
IF TP = AZ AND TE = AZ THEN NU = AZ 

With the help of figure 3, which includes all the membership functions for all the fuzzy 
variables in a normalised form with a domain (called the universe of discourse) comprised 
between ± 2, it is possible to calculate the membership to each of the single fuzzy sets of the 
variables: 

TE = [(345-300)/300]/0.25 = 0.6, TP = [(720-600)/600]/0.25 = 0.8 
J.Lps(TP) = 0.8, J.LAZ(TP) = 0.2 e J.LAZ(TE) = 0.4. 

Once the membership values of each variable included in the antecedent have been fixed, 
one calculates through an AND operation or through a minimum determination, the truth 
values of each of the antecedents. In particular for rule 1 the truth value of the antecedent is 
0.4 while the truth value is 0.2 for rule 2. The degree of truth of the consequent can be 
determined using the correlation product inference procedure or the minimum correlation 
inference procedure, chosen here as an example. Therefore, the membership functions of the 
consequents are truncated at the truth values . .of their relative antecedents. In other words, 
all the rules are assessed at the same time using an OR operation. Hence, the rule 
application method can be defined as a max-min type of procedure. The final stage in the 
decision-making process is the defuzzification procedure, that is the passing from the fuzzy 
sets of data in output to crisp values that can then be used as an input for process control. 
This is achieved by applying the centre of gravity rule, which means evaluating a weighted 
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mean value of the fuzzy sets produced: 

J x· ,u(x}a 
X = ..:::.D'-=-__ _ J ,u(x}a 

D 

that calculated in the case examined, gives a value of0.63 which corresponds to an increase 
of·16% in the number of nozzles, that is an increase in the number of cooling sections from 
6 to 7. The slight increment is due to the fact that, in order to better clarify how the fuzzy 
procedure works, only two control rules have been considered. 
Actually, the control has to be carried out with an iterative procedure by making 
adjustments alternately to both the speed at which the water is sprayed from the nozzles and 
to the number of active cooling sections. In the cases examined, the deviation between the 
expected and measured temperature both in the plate and at the end of the tempcore 
process, was fixed at ±5%. The procedure, after a few iterations, becomes convergent and 
does not show any instability problem. 

Nl NS AZ. PS Pl. 

Fig. 3 - An example of fuzzy inference and defuzzification stage. 

5. CONCLUSIONS 

By making use of experimental results and a simulation model, in a previous paper, it has 
been possible to verify that the mechanical characteristics of steel rods for reinforced 
concrete, obtained with a tempcore process, are closely correlated with the structures 
acquired during the final heat treatment. They in tum depend on the water flow and on the 
number of cooling sections operating at the same time. 
However, the large number of variables in play makes it impossible to use a closed-form 
mathematical model to describe the dependences and interactions between the process 
variables and those in the material being processed. 
Consequently, in this paper, it was decided to verify the possibility of applying the fuzzy 
logic method to the process control. This has been tested with the aid of a simplified 
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numerical model under the assumptions of constant temperature of the steel rod on leaving 
the last stand in the rolling mill and the same chemical composition of the steel used. Hence 
the application examined has essentially concerned the choice of optimal process parameters 
rather than process control. 
The results obtained were fairly satisfactory. In the future the simulation process will be 
expanded by eliminating most, if not all, simplifying hypotheses. In this way it will be 
possible to test the suitability of the fuzzy logic to the real process control by taking into 
account, among other things, the normal variations in the rod temperature when it enters the 
rapid cooling apparatus and in the chemical composition of the steel used. In this case, it 
will be possible to roll any billet independently of the chemical composition of the steel and 
the final diameter. 
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ABSTRACT: This work addresses the parasitic motion of a rotation mechanism based on flexural 
pivots aimed at precision engineering applications. From the analytical point of view the problem 
is reduced to the study of large deflections of an elastic frame and a solution based on the 
Newton-Raphson method is proposed. An experimental assessment performed by using the 
interferometric technique of laser triangulation permits the limits of applicability of the proposed 
method to be established. 

1. INTRODUCTION 

Flexural hinges (Fig.l) are mechanical drives characterized by high stiffness with respect to the 
translation degrees of freedom (X and Y) and by high compliance with respect to the rotational 
degree of freedom (1?). Usually such devices are constituted by two leaf springs of equal 
dimensions which cross at their midpoints forming an angle 2a, which justifies this fact that 
they are generally referred to as cross-spring pivots. 
Flexural hinges are commonly used in metrology as dynamometers and in the aerospace field, 
for several applications where particular working conditions (high temperature, aggressive 
environment, etc) do not permit conventional sliding and rolling bearings to be used. In these 
cases the mechanical design of the pivots deals with the evaluation of the leaf spring strength 
and stiffness as well as with the stability analysis of the overall mechanism [1]. 
Recently such devices have also been used in precision engineering, nanotechnology and 
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micromechanics. In fact, flexural hinges are free from backlash and friction and therefore they 
permit high rotational accuracy to be obtained. In high precision applications a careful structural 
analysis has to be performed. In fact, as shown in Fig.l, the rotation t'J is followed by a 
parasitic translation 00'. As a consequence the "geometrical" center 0 (i.e. the crossing point 
of the tangents to the leaf springs where they are clamped to the moveable block) moves to 0'. 
This parasitic displacement can be characterized by establishing the variation of the amplitude d 
and of the phase qJ of the displacement 00' , versus the rotation angle t'J. 

q> 

Fig.l : Flexural hinge 

MB2 

MA2 

~ 
Fig.2: Displacements and reactions 

Several methods have been proposed to evaluate the parasitic motion oo· . In [2] the exact 
expression of the leaf spring curvature is used and a solution in terms on elliptic integrals is 
obtained for the case of the hinge loaded only by a pure couple C. In fact, in this case the 
problem is symmetric and therefore the values of the reactions can be evaluated analytically. 
Other authors have obtained approximate solutions based on geometrical [3] or kinematic [4, 5] 
considerations. All the mentioned approaches do not permit the effect of the horizontal load H 
and of the vertical load V to be taken into account and they give results characterized by a wide 
scattering. On the other hand, the experimental results available in literature [4, 6, 7] do not 
make it possible to confirme the reported theories, as the used measurement techniques were 
characterized by high uncertainty. 
In this work a method is proposed that permits the parasitic motions to be evaluated, even when 
the effect of the lateral loads H and V has to be considered. In order to establish the limit of 
applicability of the proposed method, an experimental assessment is also performed by using an 
interferometric technique of laser triangulation. 

2. MATHEMATICAL MODEL 

The hinge parasitic motion can be evaluated following the approach suggested in [1]; in that 
case the analysis was limited to the determination of the hinge stiffness around the undeflected 
position ( t?=O). In this work the overall working range of angular motion will be considered, 
so that the assumption of small deflections does not hold any more and consequently the 
problem becomes strongly non-linear. 
In the usual configuration ofFig.l, where the undeflected spring-strips cross at their midpoints, 
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the equilibrium equations of the moving block are the following (Fig.2): 

V=(P1 +P2)cosa+(F1-F2)sina 

H=(P1-P2)sina-(F1 +F2)cosa 

L L 
C=MAI +F~--PI81 +MA2 +F2--P282 2 . 2 

The compatibility equations for the leaf springs edges A1 and A2 are: 

( 81- 82)cosa + (e1 + e2)sina = Lsina(1- cost?) 

( 81 + 82)sin a- (e1- e2)cosa = Lsinasin t? 

793 

(1) 

(2) 

(3) 

(4) 

(5) 

The leaf-spring equilibrium equations can be written by considering the flexural contribution of 
the axial load and the approximate expression for the curvature; moreover it is supposed that the 
two leaf springs possess the same mechanical characteristics (L, I, E). It follows: 

d2y 
El-2 = PI(2)Y + MAI<2>- FI<2>x 

dx 

where subscripts 1 and 2 refer to leaf spring 1 and leaf-spring 2 respectively. 

(6, 6') 

According to [1], Eqs. (1-6) can be written in dimensionless form by adopting the following 
notation: 

A. - eH2> 
I<2>- t?2L 

;: - 281(2) -1 
~1<2>- t?L 

HL2 
h=--coseca 

El 
VL2 

v=--seca 
El 

Integrating twice Eqs. (6, 6') and putting the expressions of the spring strip edge displa­
cements and rotations equal to those of points A1 and A2 of the moveable block, it follows: 

.Q.( a 2 2;: f3I<2>3 
) 

fi<2> = u 21-'1(2) + ~1(2) a - t h a 
1-'1(2) an I-'I<2> 

( {31<2>2 tanh{JI<2> ) 
mAI<2> = t? {31<2> coth{3I<2>- ~1<2> a - t h a 

1-'1(2) an 1-'1<2> 

The expression for the length variation of the leaf spring as obtained in [8] is used: 

L 1 (d )2 
ei<2> = J 2 d~ dx 

0 

and consequently, by substituting Eqs (6, 6') in (9, 9') and integrating, it follows: 

(7, 7') 

(8, 8') 

(9, 9') 
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lt1<2> = - 1-[/31<2>(3- coth2 /31<2>) + coth/31<2>] + .!.~1 < 2 > 
16/31(2) 4 

(10, 10') 

A system of 11 equations (1, 2, 3, 4, 5, 7, 7', 8, 8', 10, 10') in the 11 unknowns 1\.1, 1\.2, ~~. 
~2. f31, /32, fiAt. mA2, f1, f2, tJ is thus obtained. The parameters 1\.1, 1\.2, ~~ e ~2 can now be 
expressed as function of /31 e fu; by substituting the thus obtained expression in Eqs. (1, 2) and 
making the assumption that: 2a=90°• it is possible to write: 

4/31(2)( 4 + 6 2 ){/32(!) cosh/32(!)- sinh/32(!) )[~( v ±h)- 4/31(2)2] ± 

±cosh .82(1) { +32/32(1)3 /31(2) + 16/32(1)3 /31(2) 11 + 4/32(1)3 /31(2) 6 2 + 2/32(1)3 /31(2) 6 3 ± 

±32/32(1)3/31(2) cos 6 -16/32(1)3/31(2) 6cos 6 + 32/32(1//31(2) sin 6 ± 16/32(1)3/31(2) 6sin 6-

- 32/32(1)2 /31(2) 6 tanh/32(1) - 8/32(1)2 /31(2) 63 tanh/32(1) ± 4/32(1)3 62 coth/31(2) - (11,11') 

-2/32(1)2 /31(2) 63 coth/32(1) + 2/32(1)3 /31(2) 62cosech2 /31(2) + /32(1)3 /31(2) 63cosech2 /32(1) + 

+2/32(1) 3 /31(2) 6 2cosech2 /31(2) cosh 2/31(2) + /32(1)3/31(2) 6 3cosech2 /32(!) cosh 2/32(!)) = 0 

where the upper and lower sign refer to Eqs. (11) and (11') respectively. These expressions 
hold if the leaf springs are under tensional loads; if co)llpressive forces have to be considered, 
parameter f3 becomes imaginary and therefore the substitution f3=im has to be introduced in 
Eqs.(11) and (11'). 
The derived non-linear system of equations with the variables /31 e f32 (m1 and W2 in the case of 
compression) as unknowns, can be solved following a Newton-Raphson method. The 
calculation can be arranged according to an iterative approach: if V and H are known, v and h 
can also be evaluated; for a certain value of tJ the system of equations ( 11, 11') is solved and 
the values of /31 e /32 are calculated. The values of AJ, 1\.2, ~~ e ~2 and of the deflections e1, e2, 
D1 e (h. can then be obtained. From Eq. (7, 7') and (8,8') the values of f1, f2 and of mAl e mA2 
can also be determined. Finally Eq. (3) gives the value of the couple applied to the hinge, that 
has to be compared with the actual value C. The procedure is then repeated up to the point when 
convergence is reached. Simple geometrical considerations allow one to obtain the values of the 
displacements in the X and Y directions and hence the amplitude and the phase of OO' . 

dx 6{~1 +1) , .a2 . sin(a- 6)-sina -L- = 2 cos a+ /1,1 v sm a+ --'---2....!,_ __ 

dy 6( ~1 + 1) . , .a2 cos( a- 6)- cos a 
-L- = 2 sm a- /1,1 v cos a- --'----2--'----

3. EXPERIMENTAL ASSESSMENT 

cp = arctan(dx/L) 
dv/L 

(12) 

(13) 

(14) 

A cross-spring pivot with the following mechanical characteristics has been built: L= 115 mm, 
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t=0,5 mm, b=15 mm, a=45° (t=spring-strip thickness, b=spring-strip width); in order to 
minimize the effects induced by the compliance of the constraints, a ratio tiL<< 1 was chosen, in 
accordance with the results presented in [6]. The leaf springs were made of beryllium-copper 
alloy (E=131 GPa, <1R=1251 MPa, CTo.2=1124 MPa), the other parts of the mechanism were 
made of AISI 304 steel. Following the approach suggested in [1] the maximum working range 
of the angle ~ (±30°) and the values of the vertical load V (-70 N, +12.5 N) defining the 
stability range were established. 
The measurement of the parasitic motion oo· can be performed by considering the rigid motion 
of the moveable block in the X-Y plane. This motion can be characterized by the values of the 
coordinates of a single point of the block versus the rotation angle ~. The accurate measurement 
of a trajectory in a 3D space is generally performed using laser tracking techniques. This 
approach is used in metrology, to calibrate measurement robots [9], and it has also been 
recently applied in micromechanics to characterize high precision manipulators [lO].In the latter 
case the trajectory of a retroreflector connected to the moveable element was obtained from the 
measurement of the variation of its distance from three laser interferometers; the tracking of the 
retroreflector was obtained by using of a photodiode quadrant detector. In the case of flexural 
hinges the laser tracking technique can be considerably simplified. In fact, only a 20 
measurement has to be performed; moreover, as the overall range of the amplitude d is limited, 
a suitable orientation of the retroreflector permits its displacement to be measured without re­
orientering the laser beams. It should be noted that, since in this case there are no errors induced 
by the photodiode quadrant detector electronic drift, the achievable accuracy is higher. 
The measurement principle is schematically represented in Fig.3; two in-plane laser beams 

forming a well known angle r<r= 25°) are reflected by a corner cube whose optical centre K 
coincides with the geometrical centre of the hinge 0. Two single beam interferometers [11] 
permit the two components X' and Y' of the displacement 00' to be measured so that the 
values of X and Y can be easily determined. As a consequence of the optical properties of the 
cube corner (see [12]) the displacement measurement is not affected by the rotation ~of the 
movable block around point 0. The angle ~is measured at the same time by using a differential 
laser interferometric system [12]. 

Y'=Y 

Fig.3: Measurement principle 

CROSS-SPRING 
PIVOT 

DIFFERENTIAL 
INTERFEROMETER 

Fig.4: Scheme of the measurement system 

Fig.4 shows the set-up of the measurement system, which is essentially constituted by a two 
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frequency laser head (HP5517A), two single beam interferometers (HP10705A) with their 
receivers (HP10780C) and a differential interferometer (HP10715A). The values of X', Y' and 
t? were obtained by using a fringe counting board (HP5507 A) interfaced to a PC. The hinge can 
be loaded with couples and forces by means of a simple system based on calibrated weights 
connected by wires to the pivot center. At first the system was loaded by the sole force V, and 
then the measurement was performed by simply increasing the applied torque and measuring at 
the same time X', Y', and t?. 
A resolution of 10 nm for linear displacements and of 0.2 J..lrad for angular displacements was 
achieved. The measurement interval of uncertainty is mainly due to systematic errors 
(alignment and assembly errors, uncertainty in the evaluation ofy); random errors (variation of 
the refractive index of light, dead-path error, etc. [11]) are negligible. 

4. RESULTS AND DISCUSSION 

Fig.5 shows the dependence of the amplitude d and of the phase qJ on the rotation angle t?, 
when the hinge is loaded only with a couple C (V=H=O). 

0.03 .,.......-----,!,...---...... -.-"'TT0,003 

d/L 

i .·· .. ·· 
i .. ·· ,' 

/ .. ·· .·· ,· .·· .. ··· 
.. ···:i~~-<~~····· 

lld/L 

0 +--:::..,.._--.--...---.----.-......,_j. -0.003 
0 7t/12 7t/6 

"[rad] 
(a) 

- - - Wuest [5] 
- -- - Troeger [3] 
_ .. _ .. _ Hasselmeier [4] 

· · · .... Hildebrand [ 4] 

........ Young [7] 
........... Nickols [6] 
--Haringx [2] 

<p 
[rad] 

·~. 

-7t/18~~--.--~~~~ 

0 7t/12 7t/6 
"[rad] 

(b) 

- .. - .. geometric model 
-·-·-.. proposed method 

I interferometric measurement 

Fig.5: Diagram of d/L, L\d/L (a) and qJ (b) versus t? in the case: V=H=O 

The results obtained by applying the analytical and the experimental methods available in 
literature ([2], [3], [4], [5], [6], [7]) are compared to those achieved with the proposed method 
and with the interferometric measurements; in the latter case the interval of uncertainty evaluated 
as described in the previous section is also represented. 
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The results achieved can be more easily compared if the difference ~d/L is taken into account, 
between the values of d/L obtained with each of the considered method and those got with the 
method described in [2]. In the case when the pivot does not undergo lateral loads, the solution 
proposed in [2] should be the most accurate, since in that paper the exact curvature expression 
was used in the equilibrium equation of the leaf-springs. Therefore in this particular case 
(H=V=O) the values of ~d/L correspond to the error introduced by the considered method. 
In Fig.5 it can be noted that the results of the interferometric measurements are in good 
agreement with those obtained in [2]. The method proposed in this work gives acceptable 
results, even if less accurate than those obtained in [3] and in [5]; on the other hand, methods 
[3] and [5] introduce appreciable errors in the values of the phase qJ. All the other methods 
result in very large errors, both in the amplitude and in the phase. 

0.005 rrJ6 -.------=-----=---=------. 
V = 12.5 N -proposed method 

-0.005 
;··.V=-125N 

-0.01 V =- 60 N . 

-proposed method , 
interferometric meas.· 

-0.015 +--.......,-.-....,....,....,-..-,..................,...........,......,.............-.-j 

0 7t/12 7t/6 
'!} [rad] 

(a) 

~cp 
[rad] 

0 

-·-·-· interferometric measr 
/ 

V = 12.5 N 

7t/12 7t/6 
'!} [rad] 

(b) 
Fig.6: Diagram of Lld!L (a) and ~<p (b) versus tHor different values ofV 

The validity of the analytical method proposed in this work is enhanced if the effect of the 
lateral loads is considered. In fact, flexural hinges generally support mechanical elements 
characterized by considerable weights, while the rotation is generally obtained by loading the 
hinge with a force instead of a pure couple; this has great importance from the mechanical 
design point of view. Fig.6 shows the values of ~d/L(tJ) and of~(/)( tJ) (same meaning as ~d/L) 
obtained with the proposed method and experimentally for different values of V. In these cases 
the intervals of uncertainty were not reported, but they are similar to those reported in Fig.5. It 
can be noticed that the proposed method permits the influence of the lateral loads to be 
established clearly. Only in the case of large rotations and in the case of values of V close to the 
instability condition, the theoretical results become significantly different from those obtained 
experimentally. This behaviour can be easily rationalized observing that the approximate 
expression for the curvature used in Eqs. (6) and (6') introduces errors that increase with 
increasing axial loads and leaf spring deflections [8]. It can be concluded that the proposed 
method allows the mechanical behaviour of the leaf-spring to be adequately described, if the 
difference between the approximate and the exact expression of the curvature is limited. 



798 F. De Bona, A. Strozzi and S. Zelenika 

5. CONCLUSIONS 

The evaluation of the parasitic motion of a crossing-spring pivot under lateral loads can be 
performed only if the non-linear behaviour of the leaf springs is considered; a first approach, 
suggested in this work, is that of considering the equilibrium equations, where the contribution 
of the axial loads is taken into account, but the approximated expression of the curvature is 
used. This results in a adequate solution if the most common case of limited lateral loads and 
angular rotations is considered. A more accurate approach could be obtained using the exact 
equilibrium equations (where the exact expression of the curvature is used); this approach 
would however give rise to additional computational problems. In fact in this case an 
expression in therms of elliptic integrals is obtained and therefore in applying the Newton­
Raphson method the Jacobian has to be evaluated following lengthily numerical procedures 
[13]. Probably in the latter case the obtainable solution would not exhibit significant advantages 
with respect to a F.E.M. approach. 
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ABSTRACT: The design of products for ease of disassembly and end-of-life processing to 
recover and recycle potentially valuable materials is influenced by the possible end-of-life 
destinations for the component parts and sub-assemblies. The most appropriate choice of end-of­
life processing for specific components is influenced by a number of factors, including the use of 
surface coatings, fillers, types of assembly methods, compatibility of materials and so on. This 
paper presents an evaluation scheme, which determines the suitable end-of-life destinations for the 
components within a product. The procedure utilizes a series of classification charts and numerical 
ratings, such that each item is given a numerical score for the possible end-of-life destinations. In 
this way, the overall material recovery potential of a proposed product design can be evaluated. 

1.0 INTRODUCTION. 

Public opinion and increased legislation is placing more emphasis on the end-of-life 
disassembly of products to recover and recycle materials [1-3]. The efficiency of material 
recovery is influenced by the appropriate end-of-life destinations of constituent parts and 
materials. The possible end-of-life destinations include various methods of recycling, 
waste-to-energy incineration, landfill disposition and so on. The appropriate choice of end­
of-life destination for a particular component is determined by several factors including, 
surfaces coatings, fillers, materials compatibility, assembly methods and so on. This 
means that the initial selection of materials and material combinations in a product has a 
great influence on the suitable end-of-life destinations for products. Thus a procedure to 
guide designers in the selection of materials for efficient end-of-life processing is required 
and this paper outlines a scheme which uses a series of classification charts and numerical 
ratings to evaluate the suitable end-of-life destinations for materials and products. The 
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aim is for a relatively simple easy to use procedure to guide users towards material 
selections with improved material recovery potentials. The procedure can be used to 
evaluate the end-of-life disposition performance of products and as a means of assigning 
end-of-life destinations for design for environment (DFE) analysis procedures [4,5]. 

2.0 END-OF-LIFE DESTINATIONS 

The end-of-life destinations considered in the evaluation procedure are as follows: 
Recycling 

• Direct Recycling - the reuse of material as feedstock for new components with 
the material processed 'as-is'. 

• Segregated Recycling - the reuse of the material as feedstock for new 
component, but mixed materials must be segregated, pre-treated and each 
material processed or disposed of independently. 

• Secondary Recycling - lower grade recycling, such as regrinding to use the 
material as a filler or to create a composite material. 

Reprocessing 
• Chemical/Thermal Reprocessing - processes to recover the basic material 

constituents, including, for plastics, such processes as glycolysis, hydrolysis 
and pyrolysis, as well as recovery methods for other materials. 

• Incineration (regular) - waste-to-energy incineration without special 
environmental controls. 

• Incineration (special) waste-to-energy incineration, with special 
environmental control to handle toxic materials or emissions. 

• Unique process - specialized processes used for hazardous waste treatment, 
etc., such as the processing of CFCs. 

Landfill 
• Landfill (normal waste) 
• Landfill (hazardous waste) 

There are two other possible end-of-life destinations for products. However 
these can only be determined by the user for individual items. 

• Reuse -_Items recovered can be reused, as is, directly in other assemblies 
• Remanufacture - reclaimed items from retired products are remanufactured and 

reused for secondary markets. 

3.0 CLASSIFICATION OF MATERIALS AND ADDITIVES. 

The evaluation procedure uses a series of classification charts to assign numerical values 
to rank the end-of-life destinations. The classification first divides materials into three 
main material categories: polymers, metals and other miscellaneous materials. A table for 
each category contains a list of materials, together with a numerical rating on a scale of 
zero to 100, which indicates a ranking of the end-of-life destination for the basic materials. 
Figure 1 shows a portion of the table for polymers (plastics). Each main table has 
associated tables of additives that may influence the suitability of the possible end-of-life 
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destinations. These tables include surface coatings, fillers and other additives. Each 
additive is assigned a numerical factor between zero and 1.0, with a value of 1.0 indicating 
no effect on the ranking of the corresponding end-of-life destination. Figure 2 shows a 
portion of the additive table for plastics. An assumption is made that the effect of two or 
more additives to a material is cumulative in the effect on the destination ranking. 

Finally there are two compatibility tables for materials, which assign factors between zero 
and 1.0. These factors are used when more than one material exists in the item being 
considered. The two tables are for the overall compatibility of the main material groups 
and for the compatibility of mixed plastics. As more information becomes available an 
individual material capability table should replace the first of these tables. 

4.0 END-OF-LIFE RANKING METHODOLOGY 

Considerable thought was given to how to rank each material for each end-of-life 
destination. There are three main factors that influence end-of-life destination for a given 
material: environmental impact, the technological practicality of material recovery, and 
economics. Several ranking schemes that combined environmental and economic effects 
were considered, but for simplicity it was decided that the main consideration would be 
processing economics and relative material values (demand). The level of technological 
practicality can be measured by economic means. The less practical the processing 
technology is, the more it will cost to use. Environmental impact can also be measured 
economically, through the imposition of tariffs, elevated disposal costs due to decreasing 
landfill space and environmental harm and so on. With this in mind, the preference 
rankings generated are based on the economics of end-of-life processes (which 
incorporates the economics of environmental impact) and end-use market demand (value) 
of recovered materials. The total ranking is out of 100 points, with half the points devoted 
to each of these two economic drivers. 

The impact of combining materials and additives on end-of-life disposal was also 
investigated. The two primary areas of impact that were investigated were effects on 
reprocessing (cost) and effects on end-use market demand. The impact that each additive 
has on a material's ranking is defined by an effect factor (from 0.0 to 1.0) which is used to 
modify the basic material end-of-life ranking. The total points for the effect factor are 
proportioned evenly between the relative economics of processing and material market 
demand. 

The rankings and factors have been assigned initially based on published data [6-9] and 
from discussions with product dismantlers and recycling companies. A wide range of 
facilities involved with material reprocessing and disposal were contacted to supplement 
the published information. Many of the rankings and factors of the system are based on the 
experiences of these facilities. Some of the rankings should be regarded as tentative at this 
stage to be updated, as more research data becomes available. 
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Figure 1 Portion of the Classification Table for Polymers. 
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Labels, compatible ~astics AP22 0.95 0.95 0.90 0.90 1.00 1.00 1.00 

Figure 2 Portion of the Additives Classification for Polymers. 
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5.0 EXAMPLE OF ANALYSIS OF A MATERIAL 

Below is a step-by-step example of the ranking of an individual material. 

Step #1 
Step#2 
Step#3 
Step#4 

Primary 
Material 

P8 
P8 
P8 
P8 

Coatings, 
Additives Fillers 

AP4 
AP4 AP19 
AP4 AP19 AP22 

End-of-Life Ranking 
Recvcle 

Cl 
a; 
E .5 .... Cl u 1! c >- 'C 

~en s "iij (,) II) Cl II) - ca Ill ca c ca c a: en= 'C:: (,) II) ·- (,) - II) (,) c (,) e e (,) .... >- 0 >-2! C)(,) (,) (,) II) a. 
II) II) II) II) ..c II) 

Q en a: en a: oa: 
70.0 50.0 60.0 75.0 
49.0 25.0 48.0 52.5 
14.7 15.0 36.0 47.3 
14.0 14.3 32.4 42.5 

Reprocess Landfill 

'i:' -Ill a; Ill ca 
II) :; ·u 

c c (,) Cl II) 

0 0 e 2! a. 
Ill -.:=~ ;:: ......... fl. ....... ....... ca .... ca-

II) .... ca .... ca iS ID- II) ·- ::I ;;::: c ::I c (,) .2' 'C 'C 
·- Cl ·- II) c c (,) II) (,) a. c ca ca c .... c Ill ::I ...J ...J - ........ ........ 
75.0 60.0 10.0 85.0 40.0 
63.8 51.0 10.0 85.0 40.0 
47.8 38.3 10.0 85.0 40.0 
47.8 36.3 10.0 85.0 40.0 

Key: P8:PC AP4= Chemical 
Blowing Agent 

AP19= Metal AP22=Labels, 
Coating compatible plastics 

Figure 3 Main Table Showing Analysis of a Material. 

STEP #1. The code for the primary material is input into a Main Table (Figure 3). The 
rankings for each end-of-life destination are input the corresponding Materials 
Table (Figure 1). 

STEP #2. The code for the first additive that is present is input into the Main Table. The 
corresponding effect factors from the Additives Table (Figure 2) are multiplied 
by the rankings in the Main Table for each respective end-of-life category. 

STEP #3. Step #2 is repeated for the second additive present with the primary material. 
STEP #4. Step #2 is repeated for the third additive present with the primary material. 

The bottom line in Figure 3 gives the final end-of-life preferences. It can be seen 
that the end-of-life destination with the highest preference (85.0) is Landfill (regular). 
However, if a disposal option other than landfill was being considered, the results suggest 
that either incineration or reprocessing have the next highest levels of preference. 

6.0 RECOMMENDING AN END-OF-LIFE DESTINATION 

The final step is the interpretation of the results. The strength of the proposed end­
of-life classification system is that it indicates which end-of-life destinations are possible 
by providing a level of preference for each. Therefore, the user should look at the results 
and see which end-of-life destinations have the highest levels of preference. Two different 
biases can be given to the interpretation of the results as follows: 
Economic Strategy 

One strategy for an end-of-life recommendation is based mostly on economic 
considerations; that is the end-of-life rankings derived. The recommended end-of-life 
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destination is the destination with the highest level of preference. If two or more 
destinations have similar values, then the most environmentally friendly option would be 
selected (the destination closest in the Main Table to the left; end-of-life destinations are 
listed in the tables from left to right in approximate order of environmental preference). 
Environmental Strategy 

The other recommended strategy focuses more on environmental impact and 
excludes landfill as a possibility as this is least environmentally friendly destination. The 
highest level of preference with this exclusion is then recommended. 

81% 

1!1 Recycle 
w'w.o.segregation 

•Reprocess 

OL..ardfill 

Figure 4 End-of-Life Destinations for Personal Computer 
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48% 

10% 

lSl Recycle 
ww.o.segregation 
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0 Incinerate 

0 Segregated Recycling 

• Reprocess/Incinerate 

Figure 5 End-of-Life Destinations for Personal Computer -No Landfill 

7.0 ANALYSIS RESULTS. 

Several case studies have been conducted using this evaluation scheme and the 
results of two of these are summarized below. The products analyzed are a personal 
computer processing unit (ffiM PS/2) and a 1995 truck instrument panel. In each case the 
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product was disassembled and the materials identified for each item. End-of~life 

destination rankings for each item were determined as outlined in Section 4.0. The overall 
results of these analyses are summarized in Figures 4 through 7, which the distribution by 
weight of the recommended end-of-life destinations for the two products. Figures 4 and 6 
give the results based on the full range of destinations (economic strategy) and Figures 5 
and 7 give the results neglecting landfill disposal (environmental strategy). For these result 
summaries, when two end-of-life destinations have the same final ranking a combined 
category is show. 

From the results in Figures 4 and 6, it can be seen that, based on processing 
economics and market demand for materials. Landfill disposal is recommended for most 
items in each product. This essentially verifies current practice for disposal of durable 
goods. If landfill disposal is not considered as an option, then the end-of-life destinations 
with the highest rankings become more varied (Figures 5 and 7). Based on this more 
environmentally friendly strategy, more than 60 percent of the components by weight are 
recommended to be recycled in each case. 

1% 16% 

83% 

GJ Recycle 
w/w.o.segregation 

• Reprocess 

D Landfill 

Figure 6 End-of-Life Destinations for Truck Instrument Panel. 

8.0 CONCLUDING REMARKS. 

A procedure for evaluating and ranking end-of-life destinations for materials and 
products has been outlined. This procedure can be used for assessing the end-of-life 
disposition performance of products and as a means of assigning end-of-life destinations 
for design for environment (DFE) analysis procedures. The numerical ratings at present 
have been assigned based mainly on current processing economics and the relative 
recovered value of materials. Alternative rankings based more on environmental 
considerations could be developed. The present numerical rankings should be continually 
updated as different material recovery processes become available and as the infrastructure 
and demand for recycled materials develops. Future expansion of the classification should 
be focused on an extended material compatibility table and the associated ranking factors. 
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Figure 7 End-of-Life Destinations for Truck Instrument Panel- No Landfill 
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A METHOD FOR ESTIMATING THE PROFITABILITY OF 
A PRODUCT DISASSEMBLY OPERATION 
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ABSTRACT: Disassembly is the process of physically separating the parts in a product. End-of-life 
product disassembly is slowly growing into a common and worthwhile indQstrial practice. There 
are several reasons for this, including, (i) the recovery of valuable and reusable parts or subassem­
blies, (ii) product separation to facilitate the downstream material recovery process, (iii) the re­
moval of hazardous or toxic materials, (iv) to remanufacture the product for another useful life, and 
(v) to destroy the proprietary parts or subassemblies. In combination these reasons also help the en­
vironmental 11nd ecological detriments associated with product disposal. The process of disassem­
bly tends to be predominantly manual, and the overall economics is still not well understood. In 
this paper our goal is to introduce a method which will support the "direct disposal?" versus "disas­
semble?" decision making process. We present a model to compute the disassembly return on in­
vestment. This model considers the costs associated with product sortation into disassembly fami­
lies, disassembly operation costs, and the market value of the output streams. We use this model to 
generate both a threshold for the disassembly return on investment, and also the maximum allow­
able disassembly labor time. The model is constructed from empirical evidence gathered from sev­
eral industrial disassembly facilities. This model can be used to evaluate new and old designs. 

I. INTRODUCTION 

The process of disassembly attempts to breakup a product into several pieces, with the ex­
pectation that the pieces together have a net value greater than the discarded product. But 
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unlike an assembly process the net value added percentage in disassembly is significantly 
less. This implies that for a disassembly activity to be profitable, the labor time, equipment 
needs, energy needs, skill needs, and space requirements must be relatively small. During 
product design, designers are rarely concerned with the disassembly or the reuse of parts. 
Consequently, disassembly tends to be an expensive process and is usually not a viable end 
of life option. The process of disassembly tends to be predominantly manual, and the over­
all economics is still not well understood. There is much reported research on the life cycle 
analysis (LCA) of products [1] . These LCA models attempt to capture all costs associated 
with production, usage, and disposal of the product. They usually account for a disposed 
product's costs either as a whole or in parts. But, since the cost to disassemble the part is 
not obvious, disassembly is not easily justified in these models. 

Reclaimed Parts 

Discarded Parts 

I+ I 

I+ I 

Landfill Channel ;.;~ Product is disposed of 
or incinerated 

Shredding Channel I + o Material 
Reclamation 

Disassembly Channel 

Refurbishment I+ Testing & + Part 
Inspection Reuse 

Sort into Bins I+ Shredding & + Reclaim 
Extraction Material 

4 1 Landfill Waste I+ Residue 
waste 

Fig. I: The Product Di posal Channels 

The lack of an effective approach for estimating the product end-of-life disassembly effort 
is one of the primary reasons limiting a more widespread interest in product disassembly. 
As a result products with a good number of reusable/recyclable parts are disposed of or re­
cycled in their entirety. For example in the case of computers and copiers, parts such as 
CRT glass, keyboard caps, drive motors, transformers, and steel casings, could all be given 
a new life if they could be disassembled efficiently. In the long run disassembly issues 
must be addressed and resolved during the product design process. This requires the avail­
ability of tools that can readily and accurately estimate the future disassembly cost. Present 
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research is primarily concerned with estimating end-of-life value, and there is a lack of ef­
fective tools for cost and effort estimation. 

At the end of its life a product may be processed in one of three possible channels as 
shown above in Figure I: (i) direct disposal to a landfill site, (ii) shredded with subsequent 
material recovery followed by landfill disposal of the residual waste, and (iii) partial or full 
disassembly to facilitate recovery of assets and materials. Ecologically, the best channel is 
the third. In this paper our goal is to introduce a method which will support a recycling fa­
cility in deciding whether a product can be profitably processed in the disassembly chan­
nel. We present a model to compute the disassembly return on investment. This model 
considers the costs associated with product sortation into disassembly families, disassem­
bly operation costs, and the market value of the output streams. We use this model to gen­
erate both a threshold for the disassembly return on investment, and also the maximum al­
lowable disassembly labor time. The model is constructed from empirical evidence gath­
ered from several industrial disassembly facilities. This model can also be used to evaluate 
new designs to see the extent to which they satisfy ecodesign principles. 

2. CAUSES OF HIGH DISASSEMBLY COSTS 

Disassembly generates two output streams, reclaimed parts and discarded parts. Discarded 
parts are sorted into commodity bins which have some material commonality constraints. 
Table I lists some example output bins and their average market price in the US. 

Table 1: Common Commodity Output Bins from a Disassembly Facility 

Commodity Vendor Possible Outcome Price/lb 
1 Steel Ferrous Dealer Industrial uses, landfill $ 0.02 
2 UPS Ferrous Dealer Industrial uses, landfill $ 0.02 
3 Maqnets Ferrous Dealer Industrial uses, landfill $ 0.02 
4 Aluminum High Non-Ferrous Dealer AI for Industry $ 0.49 
5 Aluminum Mix Non-Ferrous Dealer Alum, landfill $ 0.19 
6 Copper High Non-Ferrous Dealer Cu $ 0.67 
7 Copper Mix Non-Ferrous Dealer Cu, Landfill $ 0.08 
8 Gold Ends Precious Metal Dealer Industrial gold, landfill $ 0.93 
9 Softfoam Packaging Vendor Home insulation and carpet 
10 CRTS Glass Vendor reused, landfill, glass 
11 Recycle Plastic Plastics Vendor countertops, showerstalls $ 0.02 

12 Hard Mix Plastic Plastics Vendor Tiles, decking, landfill, etc $(0.11) 

Each output stream involves several activities, including I. Collection, 2. Sorting, 3. Prod­

uct Handling, 4. Disassembly Instructions, 5. Part Separation, 6. Part Handling, 7. Part 

Cleaning, and 8. Part Testing and Inspection. Our research confirms that these activities are 

inherently expensive due to several cost drivers, the most important of which are: 

Non-homogenous product stream - This make it difficult to achieve economies of scale 
and leads to a lab~r intensive activity and a high setup effort. 
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Use of quick assembly principles - This often leads to a higher disassembly effort. For 
instance permanent fasteners, nesting parts interference fits, etc. 
Use of destructive separation methods (e.g., saws, hammers, and cutter)- These are la­
bor intensive activities. 
Part outfeed is cumbersome - This usually means manual material handling is needed. 
Unknown material properties and value - It thus not obvious to the disassembly facil­
ity, which part goes where and what is worth disassembling. 
Cleaning involves abrasive and toxic materials 
Wear and tear is not uniform - This means not all parts are okay, so the disassembly 
yield is low. 
Process planning is not well defined - There are no efficient methods for generating 
process plans 
Material composition of parts is not obvious to the bin sorter 
Material extraction technologies limit the level of purity in each output bin 

A disassembly facility is usually equipped with a few tools, and air gun and shear cutter 
being the most common. Since fasteners are the primary opposition to the separation proc­
ess, the most labor intensive part of the disassembly process is unfastening. 

3. DISASSEMBLY ECONOMICS 

We model disassembly as a multi-step process. During each step some reusable parts or 
discarded parts may or may not be generated. To generate these parts the worker performs 
one of two classes of activities: 1. Unfastening Processes - where a fastening device is re­
moved in an operation, which reverses the assembly fastening action. 2. Disassembly Pro­
cesses - All other activities that facilitate the separation of the product into its parts. The 
first step in the economic analysis is project what the outputs of the disassembly process 
for a given product will be. This is done be disassembly planner who is familiar with the 
bill-of-materials of the product and the fastening and joining structure of the product. Let i 
= 1, ... , N be the commodity output bins in the facility and j = 1, ... , M the reusable parts 
reclaimed from the product. Then we introduce the following notation: 

W1 the net generated weight of bini output per unit product 
V1 the market value of bini per unit weight 
R1 the reuse value of reclaimed part j 

Note that the part reuse value is net of any cleaning, refurbishment, and inspection costs. 
Estimation of these variables can be done from experience data or historical norms. For in­
stance in the case of personal computers, we can expect that 45% of the aluminum content 
will enter the Aluminum High bin, 25% the Aluminum Mix bin, and 30% the general 
waste bin. More accurate numbers are derived from developing a detailed disassembly 
process plan for the product. Pnueli and Zussman [5], Johnson and Wang [3] and Penev 
and Ron [6] among others have suggested methods for deriving a product disassembly 
plan. 
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There are three primary cost elements involved. First there is the direct labor time associ­
ated with the disassembly. There are several approaches by which this can be done. Kroll 
[4] developed a method for estimating the disassembly time using work measurement 
analysis. Vujosevic et al [7] also used a work measurement tool to estimate disassembly 
times in developing a simulator for maintainability analysis. Alternatively, a few products 
can be disassembled and a labor estimate derived using time and motion analysis. The sec­
ond cost element is the disassembly effort. This includes the associated tooling and fixtur­
ing needs, part accessibility, worker skill and instructions, process hazards, and force re­
quirements. Das et al [2] propose a scheme for estimation the disassembly effort index 
(DEI) for a product, and this is amenable to our economic analysis. The compute the DEI 
score as a function of seven factors, which are (i) time (ii) tools (iii) fixture (iv) access (v) 
instruct (vi) hazard and (vii) force requirements. The DEI score ranges from zero upwards, 
with zero indicating no effort. The third element is the material sorting and logistics cost 
associated with the disassembly activity. We introduce the following notation to represent 
these costs. 

a the labor cost rate per unit time including all direct time related costs 
fJ the overhead or effort cost rate per unit index 
C the sorting and logistics cost associated with the product 
T the total disassembly time of the product 
L1 the DEI score for the product 

Observe that fJ is representative of the indirect and overhead cost and can be estimated by 
calibrating past cost performance of the facility with the DEI scores. For instance, if the 
indirect and overhead cost for five previously processed products can be estimated. Then, 
we can compute the DEI score for these five and subsequently derive a trial fJ for each. The 
average of these would then provide a calibrating fJ. The profitability of the disassembly 
operation then is a function of the associated costs and values generated. We propose the 
following measure for the disassembly return on investment. 

z:w,Vi+ z:R,-\If 
Disassembly Return on Investment= Rct = ' 1 -I 

aT+ fJ/'o,+C 
(1) 

where, IJf represents the greater value from processing the product in either the shredding 
channel or the landfill channel. Often IJf will be negative implying a cost. For a given sce­
nario one could determine a threshold level for Rd, and that could be used to decide 
whether disassembly is an attractive alternative. 

4. AN EXAMPLE ANALYSIS 

The DeskJet computer printer shown in Figure 2 was disassembled and evaluated. This 
class of product has a useful life of 3 to 4 years and is disposed of in relatively large quan­
tities. Normally the entire product would be landfilled "as is". the product can be disas-
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sembled using the nine step plan shown in table 2. In table 3 the output bins from the dis­
assembly operation are listed. 

Fig. 2: The DeskJet Printer 

Table 2: The Disassembly Plan f or the DeskJet Printer 

Step# Descr_!Q_tion 
1 Release snaps and_Qull out front tr~ assemb_!y 
2 Use chisel level to remove side carriage cover 
3 Unscrew and remove tQQ_ fasteners (x2) 
4 Release bottom snaj)_S and remove__E_I'inter upper housing 
5 Release latches and remove printer cartridge (x2) from cradle 
6 Unscrew _ix~ and remove power supply and connection unit 
7 Usir~g scissors cut out ribbon wire to cartridge cradle 
8 Unscrew (x2) and then use lever to remove circuit board 
9 Use lever to break bottom _printer housi1!9_ from carri'!9_e assemb_!y_ 

We found that for the proposed plan T = 1.20 mins and L1 = 104. There is one reusable part, 
which is the power supply unit, and for it the projected market value is R1 = $1.90. For the 
four output bins market prices are VI= $0.02/lb, v2 = $0.02/lb, v3 = $0.95/lb, and v4 = $-
0.03/lb. Other cost parameters are as follows C = $1.07, a= $10.70/hr,p= $0.014/unit 
score, and If/= $0.12. 

Table 3: Dis a sembly Output from the Printer 

Bin# Contents Wi 
1. Recyclable Plastic 8.0 lbs. 
2. Steel 9.0 lbs. 
3. Electronic Circuit Board 0.64 lbs. 
4. landfi ll Waste 1.67 lbs. 

The Rd for the example printer therefore is 10.75%. Note that Rd is representative of the 
gross margins and hence is a direct measure of the profitability. Rd is sensitive to a variety 
of factors. The most significant issue is the market related values, since these are changing 
constantly. Many disassemblers are reluctant to maintain output inventory since it could 
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adversely affect their profitability. Another key issue is where to stop the disassembly. The 
above plan assumed completed disassembly. Figure 3 charts the change in Rd with each 
disassembly step. Clearly, if we had stopped after step 6 then Rd would have been optimal. 
A disassembler therefore needs to plot the curve and determine the optimal stopping point. 

1 2 

5. SUMMARY 

3 4 5 
Assembly Step 

6 

Fig. 3: Rd and the Disassembly Steps 

7 8 9 

A method to assist a recycling facility decide whether disassembly is profitable has been 
proposed. Such an analysis will help increase the percentage of disposed products that en­
ter the disassembly channel. The economic model requires the user to first have a disas­
sembly plan, and market prices for the output commodities. We can continue to expect that 
disassembly will become a more widespread activity, and can foresee the construction of 
large-scale facilities processing high volumes of disposed products. We are already seeing 
the early phases of this evolution in Europe and the United States. Such an evolution can­
not be simply driven from an environmental concern, but must also be profitable and/or 
cost effective. There continues to be the need for models to support this economic analysis. 
Most of the facilities that we studied were manual operations, but one can expect more 
automation in the future . 
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ABSTRACT: This paper elaborates steps of establishing the ecodesign strategy for the selected 
product to be redesigned. It also establishes how much latitude the project team needs, and 
whether it should proceed incrementally (evolution) or more drastically (revolution). To benefit 
full from such innovations, it is important to consider which ecodesign routes are the best from 
both the environmental and the corporate perspective. In one step therefore the paper focuses on 
establishing the most promising ecodesign strategy for the project. The problem which was defined 
in the design brief in earlier steps is now analysed in greater detail. There are three very important 
questions to answer: «What can the company do?», «What does the company want to do?» and 
«What must the company do?». Based on the analysis of the environmental product profile and the 
company's drivers for ecodesign, priorities are set concerning the most suitable ecodesign strategy 
to follow in the project. The paper ends with a specification of the environmental requirements for 
the planned product. 

1. INTRODUCTION 

Ecodesign can lead to the birth of new ideas. To benefit full from such innovations, it is 
important to consider which ecodesign routes are the best from both the environmental and 
the corporate perspective. Therefore it has to be focused on establishing the most promis­
ing ecodesign strategy for the project. There are three questions: 
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1) What can the company do? -This depends on the existing environmental product pro­
file. 

2) What does the company want to do? - This relates to the internal drivers, or the objec­
tives and possibilities available within the company. 

3) What must the company do? -This is dictated by the external drivers, in other words, 
by the need to include the environmental requirements of other players such as com­
petitors, customers and government. 

Based on the analysis of the environmental product profile and the company's drivers for 
ecodesign, priorities are set concerning the most suitable ecodesign strategy to follow in the 
project. 

2. ESTABLISHING THE MOST SUITABLE ECODESIGN STRATEGY 

The different routes that can be followed in ecodesign are called ecodesign strategies. A 
classification of ecodesign strategies is as follows: 

1 Ecodesign strategy - Selection of low-impact materials (clean materials, renewable 
materials, low energy content materials, recycled materials, recyclable materials). 

2 Ecodesign strategy - Reduction of material usage (reduction in weight, reduction in 
transport/volume). 

3 Ecodesign strategy - Optimisation of production techniques (alternative production 
techniques, fewer production steps, low/clean energy consumption, less production 
waste, few/clean production consumables). 

4 Ecodesign strategy - Optimisation of the distribution system (less/clean/reusable pack­
aging, energy-efficient transport mode, energy-efficient logistics). 

5 Ecodesign strategy - Reduction of impact in the user stage (low energy consumption, 
clean energy source, few consumables needed, clean consumables, no wastage of en­
ergy or consumables). 

6 Ecodesign strategy - Optimisation of initial lifetime (reliability and durability, easy 
maintenance and repair, modular product structure, classic design, strong product-user 
relations). 

7 Ecodesign strategy - Optimisation of the end-of-life system (reuse of prod­
uct/components, remanufacturing/refurbishing, recycling of materials, safe incinera­
tion). 

A procedure of establishing an ecodesign strategy is illustrated in Fig. 1 which can be used 
to select systematically the most suitable combination of ecodesign strategies for a par­
ticular project. The procedure contains five activities. It starts with the analysis of the envi­
ronmental product profile, followed by analysis of the internal and external drivers for 
ecodesign. Based on these analyses, improvement options are generated. To select the most 
suitable improvement options, a feasibility study is executed. Finally, the improvement op­
tions which are expected to be the most promising are presented as the project's ecodesign 
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strategy. All these steps must be implemented by the team members, one of whom should 
represent management. The team should preferably include staff from the marketing, pur­
chasing, logistics and production departments. The results of each step can be, recorded on 
a work sheet. 

" Analyse 

:il 
Analyse 

the Environmental Product 
Profile 

Internal Ecodeslgn Drivers 

'1 
Generate 

Improvements Options 

i'l 
Study 

Feasibility of the 
Improvements Options 

1 
Define the 

Ecodesign Strategy 

Fig. 1: Establishing an ecodesign strategy 

3. ANALYSE THE ENVIRONMENTAL PRODUCT PROFll...E 

A good understanding of the main environmental problems the product causes during its 
total life cycle is essential to ecodesign. To obtain this, the project team should first decide 
the exact subject for the environmental profile. In ecodesign it is not enough to consider 
just the physical product; the whole product system needed to ensure the product's proper 
functioning must be considered as well. In what follows, the term <<product» is used to 
mean the product system as a whole. After this, the team should decide on how it wishes to 
establish the environmental profile of the existing product. Several methods, qualitative 
and quantitative, are available to do this. This section describes two such qualitative tools: 
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the MET Matrix and the Ecodesign Checklist. Note that the term «qualitative» does not as­
sume that an environmental profile can be made ',\lithout using figures or without searching 
for the required data. If the project team decides to analyse the environmental product pro­
file in more detail, it can make use of computer tools which have been developed for this 
purpose. 

4. THE MET MATRIX 

When establishing a product's environmental profile it is essential to take into account all 
the types of environmental problem that a product system produces throughout its life cy­
cle. The MET Matrix is a means of organising such an analysis. The letters MET stand for 
Material cycle, Energy use and Toxic emissions. The power of the matrix is that it helps a 
project team to focus on all stages of the product life cycle (vertically), and on the various 
environmental effects (horizontally) a product has in the subsequent life cycle stages. To 
prevent stumbling over the complexity of environmental effects, the environmental prob­
lems are grouped into three main areas: the Material cycle (input/output), Energy use (in­
put/output) and Toxic emissions (output) (Table 1). 

The column on materials is intended for notes on environmental problems concerning the 
input and output of materials. This column should include figures about the application of 
materials which are non-renewable or create emissions during production (such as copper, 
lead and zinc), incompatible materials and inefficient use or non-reuse of materials and 
components in all five stages of the product life cycle. 

The energy consumption during all stages of the life cycle is listed in the column on energy 
use. Include energy consumption for the product itself, and of transport, operating, mainte­
nance and recovery as well. Inputs of materials with an extremely high energy content are 
listed in the first cell of this column. Exhaust gases produced as a result of energy use are 
included in this column. 

The column on toxic emissions is dedicated to the identification of toxic emissions to land, 
water and the air in the five life cycle stages. 

Table 1: MET Matrix (in general) 
Life cycle stage ~aterial cycle Energy use Toxic emissions 

lnout/Outout) (Input/Output) (Cutout) 
Production and supply of 
materials and components 
ln·house oroduction 
Distribution 
Utilisation Ooeration 

Servicina 
End-of-life system Recoverv 

Disoosal 
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Defining the environmental product profile using the MET Matrix, it is recommended to 
split the analysis into three separate activities: defining the product system boundaries, per­
forming a needs analysis and performing a functional product analysis. First the team de­
fines what exactly belongs to the product system being studied and what does not. For 
ecodesign it is essential not to focus on the physical product only, but to consider also the 
products and consumables which are necessary for the product to function properly over its 
total lifetime. Secondly, the team performs a needs analysis with respect to the product 
system just defined. There are two central questions: how does the actual product fulfil the 
needs it is meant to fulfil, and can a product system be developed that fulfils the same 
needs in a radically more effective and efficient way? Thirdly, a functional product analysis 
is made, focusing on the physical product and its separate components, using the MET 
Matrix. 

A functional product analysis starts with a discussion of the product's functionality, its 
weak and its strong aspects (which parts or functions tend to cause the product to fail), the 
product's actual lifetime and its energy consumption. The product is then taken to bits, the 
weights of the various sub-assemblies and components are measured, the type and amount 
of materials and components used are listed, and the connections between them identified. 

To perform the functional product analysis systematically, the team should fill out the MET 
Matrix for the main product, considering its environmental effects at all stages of its life 
cycle. Ensure that auxiliary materials used in all stages of the life cycle are taken into ac­
count. If a certain sub-assembly or component turns out to be a serious environmental bot­
tleneck, it can be investigated in a separate MET Matrix. Examine all the cells of the ma­
trix and highlight those where there are environmental bottlenecks on the MET Matrix of 
work sheet. Use as many figures in the matrix as possible to prevent working with vague 
statements. 

To avoid forgetting any environmental impacts, use the Ecodesign Checklist which is de­
scribed below. This checklist will ensure that the project team asks the most relevant ques­
tions related to the product life cycle. 

5. THE ECODESIGN CHECKLIST 

The Ecodesign Checklist provides support for the qualitative environmental analysis by 
listing all the relevant questions that need to be asked when establishing environmental 
bottlenecks during the product life cycle. The checklist can thus be used to complement the 
MET Matrix described above. The checklist also suggests improvement options for areas 
where environmental problems are identified. The product life cycle has been divided into 
five life cycle stages as it shown in the Ecodesign Checklist (Table 2). 
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Table 2: Ecodesign Checklist (in general) 

J, Questions Answers 
The Ecodeslgn Checklist needs analysis: 

0 How does the product system actually fulfil social needs? 
0.1 What are the product's main and auxiliary functions? 
0.2 Does the product fulfil these functions effectively and efficiently? 
0.3 What user needs does the product currently meet? 
0.4 Can the product functions be eXPanded or improved to fulfil users' needs better? 
0.5 Will this need chanae over a period of time? 
0.6 Can we anticipate this through (radical) product innovation? 

Life cycle stage 1: Production and supply 
1 What problems can arise In the production and supply of materials and components? 

1.1 How much, and what types of plastic and rubber are used? 
1.2 How much and what types of additives are used? 
1.3 How much and what types of metals are used? 
1.4 How much and what other types of materials are used? 
1.5 How much and which type of surface treatment is used? 
1.6 What is the environmental profile of the components? 
1.7 How much enerav is reauired to transport the components and materials? 

Life cycle stage 2: In-house production 
2 What problems can arise In the production process In your own company? 

2.1 How many, and what types of production processes are used (including connections, surface treat-
ments printina and labellina)? 

2.2 How much and what types of auxiliary materials are needed? 
2.3 How hiah is the enerav consumption? 
2.4 How much waste is generated? 
2.5 How manv products don't meet the reauired aualitv norms? 

Life cvcle stage 3: Distribution 
3 What problems arise In the distribution of the product to the customer? 

3.1 What kind of transport packaging, bulk packaging and retail packaging are used (volumes, weights, 
materials reusabilltvl? 

3.2 Which means of transport are used? 
3.3 Is transport efficiently oraanised? 

Life cycle stage 4: Utilisation 
4 What problems arise when using, operating, servicing and repairing the product? 

4.1 How much, and what lyJ>e of enerav is reauired direct or indirect? 
4.2 How much, and what kind of consumables are needed? 
4.3 What is the technical lifetime? 
4.4 How much maintenance and repairs are needed? 
4.5 What and how much auxiliary materials and enerav are reauired for operatina. servicina and repair? 
4.6 Can the product be disassembled by a layman? 
4.7 Are those parts often reauirina replacement detachable? 
4.8 What is the aesthetic lifetime of the product? 

Life cycle stage 5: Recovery and disposal 
5 What problems can arise in the recovery and disposal of the product? 

5.1 How is the product currently disposed of? 
5.2 Are components or materials being reused? 
5.3 What components could be reused? 
5.4 Can the components be disassembled without damage? 
5.5 What materials are recvclable? 
5.6 Are the materials identifiable? 
5.7 Can they be detached quickly? 
5.8 Are any incompatible inks surface treatments or stickers used? 
5.9 Are any hazardous components easily detachable? 

5.10 Do problems occur while incinerating non-reusable product parts? 
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The questions to ask are given in the left-hand columns of the tables opposite; some im­
provement options could be suggested in the right-hand columns. The checklist starts with 
a needs analysis, which is a series of questions concerning the functioning of a product as a 
whole. The needs analysis is followed by five sets of questions that are relevant to the sub­
sequent stages of the product's life cycle. The main question asked in a needs analysis is to 
what extent does the product fulfil its main and auxiliary functions. This question should 
be answered before focusing on the environmental bottlenecks in the various stages of the 
product's life cycle. 

PRODUCT SYSTEM LEVEL 
7) Opllmlutlon of end-of-l fe ayet m 
6) Optlmlutlon of nll'-llilellme 

6 

Fig. 2: The ecode ign strategy wheel 

6. CONCLUSION 

PrlorhiH for the n..., product 

Exls ng product 

During the analysis of the environmental product profile, many improvement options will 
have come up spontaneously. These improvement options have been filled out on work 
sheet, grouped according to a classification of seven ecodesign strategies. The recom­
mended classification of ecodesign strategies, called the ecodesign strategy wheel, is illus­
trated in Figure 2. To generate even more improvement options, the project can also go the 
other way around by using the ecodesign strategy wheel as an option-generating tool. The 
model visualises the strategies that can be followed for ecodesign. Some relate mostly to 
product components, some to product structure and others to the product system. 

The ecodesign strategy wheel visualises which strategies can be followed for ecodesign in 
general. The model shows which design solutions can lead to improvement of the envi­
ronmental profile of a product, without describing the resulting separate environmental ef-
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fects. At this moment in the step-by-step plan, the ecodesign strategy wheel is used as a 
general framework, provoking new improvement options. Later, the project team can use 
the ecodesign strategy wheel of Figure 2 to visualise and communicate the established 
ecodesign strategy inside and outside the company. First the environmental profile of the 
old product is sketched on a rough five-point scale for reference. Then the ecodesign pri­
orities for the new product are added. The result is a clear picture of the level of ecodesign 
ambition for a certain ecodesign project. The resulting surface visualises the ecodesign 
strategy which is established after evaluation of the proposed ecodesign strategy from both 
the environmental and the business perspective; the bigger the difference between the two 
surfaces, the higher the ambitions for ecodesign are set. 

The options for improvement, clustered in accordance with the ecodesign strategy wheel, 
are subsequently assessed for their anticipated environmental merit, their technical, organ­
isational and economic feasibility, and their market opportunities. Which options are in ac­
cordance with the internal and external drivers for ecodesign? Ecodesign priorities must be 
established by the entire team; all representatives of management and the marketing, pur­
chasing, research and development, and production departments should have their say. To 
set the ecodesign priorities systematically, the work sheet Ecodesign Priority Matrix can be 
used. List the options and give each option a priority rating plus the some labels to indicate 
whether the option should be realised in the short or long term. The technical feasibility 
and the market opportunities are estimated using the techniques that are normally applied 
in the company. 

The last activity deals with concluding and visualising the results of establishing the most 
promising ecodesign strategy for the project. The establishment of ecodesign priorities can 
be drawn up and visualised by adding two activity lines to the ecodesign strategy wheel: 
short-term activities versus long-term activities. This makes it easy to communicate the 
ecodesign strategy both internally and externally. A two-track policy is stimulated: in the 
short term the company can be motivated by options for improvement which are easy to 
carry out; this gives rise to sufficient motivation to tackle other matters, the costs of which 
will be recovered only after additional investments have been made. Finally, the ecodesign 
strategy which is established for the short term is included in the list of requirements for 
the product to be redesigned. The environmental requirements should be described quanti­
tatively as far as possible. This will facilitate at a later stage the mutual comparison of vari­
ous product concepts or detailed solutions. In practice, the analysis of environmental prob­
lems and thinking creatively about options for improvement is best done in groups. Such a 
group consists of the project team and possibly other stakeholders. 
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ABSTRACT: Quality improvement is an important feature in seamless tube production because of 
the critical way in which they are used. In order to obtain this improvement big investments are 
needed for building new furnaces and new quenching equipments. Taking into account the present 
economical situation in Italy, managers prefer a limited investment with a short term pay back time. 
We decided to pursue quality improvement using the chances given by the "DOE" [1]. 

1. INTRODUCTION 

The steel plant we considered is one of the most important in Italy in the seamless tube 
production. Products must meet BS 5750, API Ql and ASME NCA-3800 standards. The 
kinds of steel most frequently requested by customers are AISI 4140, AISI 4130, 25 
CrMo4, 25CrMo6 and C43. The tubes are produced for car, motorbike and oil use and they 
are treated in a homogeneous and repetitive way in lots of weight between 20 and 100 kN. 
Fig.1 shows the flowchart of the hadening and tempering plant able to treat 35 kN/h. 

\} 
Tubes entry 

>·0· >0· >Q· >'\7 
Hardening Waiting platform Tempering 

Figure 1 - Flowchart of the plant 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999. 

Tubes exit 
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The heating system of the hardening module include five circular inductors, of a maximum 
power of 1200 kW at a frequency of 2000 Hz. Two serial heads equipped with water 
nozzles compound the quenching system: the first one is tangential (bolts of water forming 
a hole of variable diameters), the second one is radial. 
The handling device pushes the tubes inside the furnace, leaving no space between the 
subsequent pieces subjected to a rotational and translational speed. The rotational speed 
allows a more uniform cooling during the quenching phase. The nozzles of the quenching 
heads are distributed in circular groups on orthogonal plans in respect of the tube axis. In 
the two first tangential heads it is possible to change the water hole diameter, according to 
the tube diameter, and the amount of water for each head. In the radial head only the 
amount of water can be governed. The total water capacity is 100 m3/h. 
The tempering furnace presents feeding rolls and several pipes in which natural gas and air 
are used. The atmosphere inside the furnace has to be such so as to eliminate surface 
oxidation. Tubes are inserted in blocks and in parallel, using the full length of the furnace. 
The heat comes from the floor and the ceiling but not from the side walls and refractory 
barriers separate different heating zones, allowing the right temperatures for heat treatment 
needs. The tempering phase is simpler than the hardening one because good provisional 
models for the final mechanical properties exist. The important parameters are only the 
tempering temperature and the time while the tubes remain at the temperature: they are well 
controlled so the process seems to be problem free. In effect positioning the tubes in a 
parallel group gives the possibility of a heterogeneous temperature between the central and 
lateral parts. A second critical aspect is the repeatability in the time of the thermal treatment 
independently from the operation state and external factors. 

2. SELECTION OF THE STEEL TYPE AND OF THE RESPONSE VARIABLES 

We have considered different hardening and tempering steels: AISI 4140, AISI 4130, 
25CrMo4, 25CrMn6 and C43. We have chosen the AISI 4130, less hardenable than the 
AISI 4140, in order to carry out our experiments. This steel is used to produce precision 
seamless tubes, cold-drawn and tempered for oil tools. The production process includes 
pickling, tapering, cold-drawing, normalising, roller straightening, front and tail cutting, 
facing and quality control. 
Our aim is to reach a structure as martensitic as possible. This problem does not arise with · 
the AISI 4140 steel and because of this reason it has not been chosen for our experiments. 
The AISI 4130 can produce some changes in the outer diameter and thickness of the tubes 
after quenching especially if martensite and bainite represent each 50% of the structure. 
We have considered the output variables taking into account the requirements of the 
customer. The first set of output variables includes the mechanical properties of the 
hardened and}empered tube: ultimate tensile stress Rm (>677 N/mm2}, proof stress R. (542 
- 643 N/mm) and percentage elongation (>19.5%). Tests must conform to the ASTM 
A370 standard. The second output variable is the hardness on perpendicular layers of the 
tube. Customer requirements impose a minimum hardness HRCmin= 16.0, a maximum 
hardness HRCrnax= 22.0 and a difference inferior to 4 points of the average hardness in the 
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four sectors at the same distance from the edge. The third set of output variables considers 
dimensions and defects. Customers require tolerances for the outer diameter and for the 
thickness of the tubes and the absence of hardening cracks and surface defects. 
Consequently we have considered the mechanical characteristics and hardness of the tube 
after tempering, their dimensional variations after hardening and tempering, the hardness on 
section of the tube after hardening. The control of the last variable is not a customer 
requirement, but it is useful for evaluating the depth in hardening and enables a test on the 
product in an intermediate phase of the process. 
The measuring procedure of the mechanical characteristics and of the hardness of the tube 
after tempering requires the cut of a specimen 600 mm long from the tube tail using a water 
cooled blade. From this piece we cut two longitudinal and opposite (at 180°) specimens 
(according to the ASTM A370 standard) for the tensile stress and a ring 40mm thick with 
parallel faces and with a surface adequately finished for hardness test (API SCT standard). 
The measuring procedure of the size change in the tubes after hardening and tempering 
requires the use of micrometer calipers to measure the outer and the inner diameters at a 
distance of 200 mm from the ends of the tube and along three generating lines at 120°. 
These were precedently punched with the letters A,B, C to enable the measurement in the 
same positions after the heat treatment. Size data have been collected at front and tail ends 
before and after hardening and only at the tail after tempering, because the front specimen 
was cut just after hardening. 
The measuring procedure of the hardness on the radial section after hardening requires to 
cut a 800 mm long specimen from the point of the tube using a oxyhydrogen flame. We 
used the central part, far away from the cut area, to produce a 40 mm thick ring, with 
parallel faces and with the surface appropriately finished for hardness tests (API SCT 
standard). 

3. CHOICE OF THE EXPERIMENTAL DESIGN 

At first we examined the controllable and uncontrollable factors of the plant. Some 
controllable parameters are the same in the hardening and in the tempering process: kind of 
steel and identification code of the casting, diameter and thickness of the tube, feeding 
speed. 
In the hardening process we have also the adjustment parameters of the induction furnace 
(power, voltage, frequency) influencing the peak temperature of the tube in the 
austenitizing phase, the water flow through the nozzles of the two hardening heads, the 
diameter of the water hole produced by the tangential hardening head, the mechanical 
characteristics of the incoming tube (controllable by a preliminary normalising process and 
the temperature of the tube out-coming from the hardening heads (parameter non easily 
controllable). The other controllable factor in the tempering phase is the temperature of the 
heating areas. 
There are two uncontrollable factors in the hardening phase: the water pressure and the 
temperature of the incoming water. There are also two uncontrollable factors in the 
tempering phase: the uniformity of the temperature between the centre and the walls of the 
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furnace and the mechanical characteristics of the hardened tube. In effect the aim of the 
experiments was to find a better way to control this parameter. 
The number of the controllable factors and the difficulties in operating precise adjustments 
encouraged us to consider only two levels of the factors. Our experiments were costly not 
only because of workers, energy, laboratory tests, etc., but also because of disturbances 
inducted in the production regularity of the plant. Consequently we decided to adopt only 
three factors (at two levels) with two replicates (23 factorial experiment with I6 runs). 
At the moment, the tempering process is easier to control than the hardening one because 
we have a better knowledge of the effect of the factors on the quality of the product. Thus 
we have chosen the three factors from the controllable parameters of the hardening process 
and we have maintained the same level of controllability of the tempering phase. 
The three factors of the experiment are: the austenitizing temperature, the diameter of the 
water hole on the head of the tangential quenching unit, the water flow through the nozzles 
of the two quenching heads. We can make the following points: 
I) we were able to determine the austenitizing temperature adjusting the parameters of the 

induction furnace, 
2) we used a preliminary normalising process to guarantee the mechanical characteristics 

of incoming tubes, 
3) we did not consider the temperature of the out-corning tube from the quenching heads 

because al the tests guaranteed that the tubes reached the level Mr, The temperature of 
720° ofthe tempering furnace and the working speed of the tubes of I6 rn/h (equivalent 
to a permanence time in the furnace of 3.6 h) respected the production of 3500 kglh 
that the plant must maintain because of economical considerations. 

We used the experience of the person responsible for the hardening process to chose the 
austenitizing temperature and thus we reached the two levels varying the power and the 
voltage of the heating inductors. To measure the temperature of the tube, we used an 
optical pyrometer, positioned at the exit of the last inductor and just in front of first 
quenching head. 
The maximum diameter of the water hole on the head of the tangential quenching unit 
corresponded to the inner diameter of the tube: the responsible for the process used an 
empirical rule and took into account a strong decrease in the efficiency of the quenching 
using bigger diameters. The adjustment of the parameter was made using a calibrated lever. 
The control of the water flow through the nozzles of the two hardening heads was made 
regulating the first set of nozzles of the tangential quenching head (Table I), whereas the 
opening of the second set of nozzles of the same head and of the ones of the radial head 
were kept constant. 

IOO% IOO% 50% 
0% IOO% 50% 

Table I - Control of the water through the first set of the nozzles of the tangential 
quenching head 
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4. THE EXPERIMENT 

We denoted the controllable factors as follows: 
- A denoted the austenitizing temperature, 
- B denoted the water hole diameter on the head of the tangential quenching unit, 
- C denoted the water flow through the nozzles of the two quenching heads. 
Table 2 shows the signs of the effects ofthe 23 design with two replicates. 
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We chose the order of the 16 runs and the tubes to be used in every run using a randomised 
criterion. We marked all the tubes punching their front and tail ends, identifying specimens 
with a special ink able to permit a complete traceability during the experiment. 

Number Treatement Factorial Effect 
Run Combination A B c 

1 b - + -
2 b - + -
3 be - + + 
4 abc + + + 
5 ac + - + 
6 abc + + + 
7 ab + + -
8 c - - + 
9 a + - -
10 be - + + 
11 ab + + -
12 (1) - - -
13 a + - -
14 {l) - - -
15 c - - + 
16 ac + - + 

Table 2 - Signs of the effects of23 design with 2 replicates 

As the plant is designed for a continuous process, in order to have the time needed to 
change the parameters during the hardening process we used an auxiliary tube. The total 
experiment took 100 minutes. 
We controlled the hardness of the tubes along the same generating lines (front and tail ends) 
and after we cut a portion from the front end of every tube to make the specimens for 
hardness tests. 
The 16 tubes were positioned in parallel during the tempering process and the temperature 
and feeding speed were respectively 720°C and 16 m/h. 
After tempering we measured only the tail end of the tube and we cut the specimens from 
this portion, having used the front portion of the tube during the first phase. We chose 
randomly the three generating lines at 120° and the order of the tubes to be measured, as 
well as the position of the tubes during the tempering phase and the order of the hardness 
tests. 
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5. ANALYSIS OF THE RESULTS 

We collected 32 data of the tubes mechanical characteristics after hardening and tempering, 
96 data of size variations after hardening and the same amount after tempering, and 576 
data of hardness on section of tubes after hardening and after tempering. All the hardened 
tubes showed an increase of the outer and inner diameters and a decrease of the thickness. 
During tempering the outer and inner diameters decreased and the thickness was constant. 
So, after the hardening and tempering processes both diameters increase, while the 
thickness of the tube decreases. Table 3 and Table 4 present the analysis of variance 
respectively for the outer and inner diameters expansions of the tube tails after hardening. 

Variable of output: Outer diameter expansion 
Tube treatment: Hardening 
Test position on the tube: Tail 
Variance Effect Sum of Freedom Mean Fo Fo99.1.8 
source squares Degrees square 

A 0.0712 0.0203 1 0.0203 53.262 11.26 
B -0.0387 0.0060 1 0.0060 15.754 11.26 
c 0.0312 0.0039 I 0.0039 10.245 11.26 
AB -0.0212 0.0018 1 0.0018 4.738 11.26 
AC 0.0687 0.0189 1 0.0189 49.590 11.26 
BC 0.0187 0.0014 1 0.0014 3.688 11.26 
ABC 0.0162 0.0010 1 0.0010 2.770 11.26 
Total 0.0564 15 
Error 0.0030 8 0.0004 

Table 3 

Variable of output: Outer diameter expansion 
Tube treatment: Hardening 
Test position on the tube: Tail 
Variance Effect Sum of Freedom Mean Fo Fo99.1.8 
source Squares Degrees square 

A 0.1200 0.0576 1 0.0576 68.776 11.26 
B -0.0700 0.0196 1 0.0196 23.403 11.26 
c 0.0575 0.0132 1 0.0132 15.7910 11.26 
AB -0.0425 0.0072 1 0.0072 8.6268 11.26 
AC 0.0900 0.0324 1 0.0324 38.686 11.26 
BC 0.0000 0.0000 1 0.0000 0.0000 11.26 
ABC 0.0225 0.0020 1 0.0020 2.4179 11.26 
Total 0.1388 15 
Error 0.0067 8 0.0008 

Table 4 
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The ANOV A test [2-7] shows the great importance of the hardening temperature of the 
tube (factor A). The water hole diameter on the head on the tangential quenching unit 
(factor B) is important, but not as much as factor A. The water flow through the nozzles of 
the two quenching heads (factor C) has no importance on the increase of diameters. The 
interaction AC shows some importance only on the increase of the outer diameter at the tail 
end. The analysis of variance shows a small importance of the three factors in the change in 
thickness of tubes after hardening. The tempering produced a reduction of the outer and 
inner diameters (about 0.05 mm) leaving the thickness unchanged. 
Experiments showed that the hardness 'is always bigger on the outer edge of the wall of the 
tubes both after hardening and tempering and this is coherent with our expectations. 
Only the austenitizing temperature (factor A) is important in the hardening process and the 
analysis of variance shows its importance for the layers inside the wall of the tubes. The 
hardening in the outer edge is independent from the controllable factors. The limited 
quenching capacity of the plant produces a decreasing hardness passing from the outer to 
the inner diameter of the tubes. However the higher level of the austenitizing temperature 
gives a stronger hardness to the inner layers and produces a more homogeneous hardness 
along all the tube. Factor A is the only one influencing the hardness of the tube after the 
tempering process and table 5 shows the results obtained using the analysis of variance for 
the data of hardness measured at the tail end and at half the thickness of the tubes. 

Variable of output: Hardness variances 
Data concerning: Average HRC at half thickness of the tubes 
Tube treatment: Hardening plus tempering 
Test position on the tube: Tail 
Variance Effect Sum of Freedom Mean Fo Fo99.1.8 
source Squares Degrees Square 

A 1.1223 5.0438 1 5.0438 74.359 11.26 
B 0.2396 0.2296 1 0.2296 3.3849 11.26 
c -0.0229 0.0021 1 0.0021 0.0310 11.26 
AB -0.3979 0.6333 1 0.6333 9.3373 11.26 
AC 0.3896 0.6071 1 0.6071 8.9503 11.26 
BC -0.4271 0.7296 1 0.7296 10.7563 11.26 
ABC 0.1604 0.1029 1 0.1029 1.5175 11.26 

Total 7.8911 15 
Error 0.5426 8 0.0678 

Table 5 

The analysis of variance of the average values of the proof stress R., of the ultimate tensile 
stress R.n, of the percentage elongation A% and of the percentage contraction in area Z% 
after the tempering process shows they are independent from the controlled parameter of 
the hardening process. The tempering phase has therefore masked the effect of these above 
stated parameters. 
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6. CONCLUSIONS 

The water flow through the nozzles of the two quenching heads (factor C) does not 
influence the quality of the tube, showing no effect on the dimensional and mechanical 
characteristics. To minimise the use of water and consequently the operating costs, we can 
close the first set of nozzles and open 50% the second set of the tangential head and open 
the radial quenching head at the 50%. 
We must consider that the austenitizing temperature (factor A) influences the dimensional 
variations, the depth of hardening and the hardness of the quenched tube. To minimise the 
tube expansion we had to choose an austenitizing temperature of900°C. but to optimise the 
depth of hardening we selected a temperature of I 000°C. We had the advantage of a 
greater and more uniform hardness of the tube, but we had to compensate the expansion 
during the tube drawing. 
Factor B influences dimensional variations. The water hole diameter of 55 mm gave a 
smaller expansion of the outer diameter (0.28 mm) and of the inner diameter (0.50 mm) 
after tempering than using a water hole diameter of 30 mm (respectively 0.35 and 0.60 
mm). This choice gave an average hardness of the inner edge of the quenched tube of 48.4 
HRC and an average difference of the hardness between outer and inner diameter of 1.2 
HRC. The average hardness difference between outer and inner edge of the quenched and 
tempered tube was 0.8 HRC. The tube expansion was compensated during the drawing 
process. 
To reach the customer requirements we chose a tempering temperature of 710°C and a 
treatment length of 3. 6 hours, which produced a harder tube and a proof stress less than 
655 N/mm2. 
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QUALITY METHODS FOR DESIGN OF EXPERIMENTS 

F. Galetto 

Polytechnic of Turin, Turin, Italy 
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ABSTRACf: Too often managers know little about Statistics and Probability; nevertheless often they make decisions using 
blindly methods imported from Japan, just because they are Japanese methods (e.g. Taguchi Methods). The paper shows that 
Logic and the Scientific Approach are able to provide the right route toward the good methods for Quality. With actual industrial 
applications and theory we show some pitfalls managers are making by using a-scientific methods. Mll!llll!ers have a new job: 
learning Quality through MBITE, Scientific Approach, Intellectual Honesty, Rational Management, TQM2, FAUSTA VIA, .... 

1. INTRODUCTION 

Quality is a "very talked" and "in fashion" subject: many top managers are giving this matter great 
attention, especially due to Quality System Certification (according to ISO 9001/9002/9003 
Standards) and to Quality Awards (e.g. Malcolm Baldridge QA, European QA) and Quality Prizes 
(e.g. Deming Prize); many gurus are providing their precepts for making Quality. 
Recently TQM (Total Quality Management) has taken the chair in the Quality evolution; at its first 
appearance, in 1957, the concept was devised by A.V. Feigenbaum and named TQC (Total Quality 
Control); after that Feigenbaum spread his ideas all over the world. Today, unfortunately, too 
many people refer to it as Total Quality. a statement with no sense at all : in [31] only one, out of 
32 papers (600 pages), used TQM: the editor had to give an Editor's Note "TQM is synonym for 
total quality, the term used in this book"; the wrong term got the "citizenship" against the right 
one!. 
All this in spite of the fact that in the document ISO/TC 176/SC 1 N 95 of 6th December 1990 it 
was stated: "total" is related to "management" and not to "quality". 

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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That is the Cuality Qulture that is around. [yes, written this way, with Q and C interchanged]. If 
one uses Logic, the "science of drawing the right conclusions", he sees how far we are from 
Quality. 
TQC is a concept 40 years old! Feigenbaum (1961) stated "prevention" as more important than 
problem "correction". Unfortunately he did not used the important idea of prevention very much. 
It is very interesting that scholars, like W.E. Deming [3,4] and J. Juran, form 1950 onwards, for 
more than 40 years were teaching Quality ideas, without using the adjective "total": they used, in 
a simpler way, "Quality Control". As a matter of fact, there is absolutely no need of this adjective. 
Juran, in his Quality Control Handbook (2nd ed.), mentioned Total Quality Control only three 
times (in 3 notes, referring to Feigenbaum). Deming never used the adjective "total". 
Absolutely fundamental for Deming is Statistical Thinking [3, 4] that permits manager understand 
the following fundamental principles: 
1. Scientific Statistical Approach is needed to draw logic conclusions and take sensible decisions, 

based on actual data, generated in designed experiments 
2. The absence of statistical approach before. during and after the experiments typically results 

in relatively uninformative output of questionable general validity. 
3. Scientific statistical approach of any experiment entails 

3.1. statistical design. 3.2. correct statistical conduct, 3.3. scientific statistical analvsis of the data. 
Deming began teaching Japanese about Statistical Thinking on 1949, that is 50 years ago. 
Deming always said that this fundamental idea was due toW. A. Shewhart [32, 33]. 
Many managers still lack it: they have a new job: learning how to use Quality methods for 
Quality. Quality of methods used for making Quality is very important and managers are asked to 
break the "Disquality Vicious Circle" and reduce the Disquality Costs [9, 10, I I, 19, 20, 21, 22]. 

2. THE GIQA: PREVENTION VERSUS IMPROVEMENT 

In 1984 Galetto developed a model for Quality, called IQA, Integral Quality Approach: it 
integrated various developments of Integral Theory of Reliability, devised in 1973; then, 1973, the 
Quality System was considered "integration of all company functions for making Quality", well in 
advance to TQM; since then it has been provided to Italian Companies and to Italian students: the 
core of IQA have been Prevention [a point that only in 1994 -years late- was inserted into ISO 
9000 Series of Standards] and the Scientific Approach [still absent (1998) in the ISO 9000]; the 
Scientific Approach is very much bigger and more important than in Juran and Deming 
philosophies. IQA, presented in several papers and Conferences, it is not generally known by 
people writing on TQM. 
TQM and TQM Masters have recently entered higher education, but did Quality enter? 
If you look at those course programs, you can see that they generally lack some very important 
subjects like Reliability (system prediction and testing, FMECA, FTA), Design Of Experiments, 
and Prevention; but there is something worse: if you look at the course teaching, you can see that 
they teach wrong ideas to students in very important fields like reliability analysis, hypotheses 
testing, data analysis, improvements tools, confusion of Problem Solving with Prevention, ... 
Prevention with "future consequences of present decisions" [the futurity], in the Company Space­
Time continuum, has always been the characteristic of GIQA [10, 12, 18, 19, 20, 21, 22]. Quality 
Management, according to GIQA, asks managers to commit to mobilising all level of management 
for Quality, Prevention and Continuous Improvement, using Quality Methods for Quality. 
If TQM, as said in several papers and books, is "about continuous improvement" it is apparently 
clear that the so called "total quality" is only a part of GIQA. 
As a matter of fact, those papers and books relate the improvement to "problem solving" and to the 
use of the PDCA (Plan Do Check Act cycle, called by many people the "Deming cycle", while W. 
E. Deming calls it "PDSA, Plan-Do-Study-Act, the Shewhart cycle"): this is very different from 
problem prevention. Neither the "project by project improvement" process, based on J. M. Juran 
[23] ideas: tackling the so called "quality problems" is not prevention. It is clear that one can 
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plan for product features without planning for prevention: there are thousands of companies 
acting this way and lacking prevention. The Kaizen process of M. Imai is not prevention, as well. 
ISO Standards 9001 and 9002 are not better: see paragraph "4.14 Corrective and preventive 
action". It one of the biggest flaws in the ISO Standards. 
All that does not mean that Quality Improvement is not important: improvement is important and 
saves a lot of money, through the application of the PDCA cycle. 
Quality Improvement is very different from Problem Prevention. 
In this respect, it is very important that managers realise that "Customer Needs Satisfaction" is 
quite different from "Customer Satisfaction". Therefore it is still more important that managers 
realise that "Customer/User/Society Needs Satisfaction" is very different from "Customer 
Satisfaction". "Total Quality Managers" (the managers of Total Quality!!!) do not understand this 
big difference: they are not managers, according to the rational definition of "Manager" given in 
[19, 20 ,21, 22]. Such Managers behave according the "Business core System" [fig. 2]. 
Too many "ISO-drugged managers" and too many Companies are still lacking Quality 
Management on Quality: it is the most huge problem against Quality achievement. To overcome 
this drawback there is a MUST: Quality Education on Quality for Managers.[19, 20, 21, 22] 
This is certainly the most important goal of the course "Industrial Quality Management" at Turin 
Polytechnic, based on real Quality experience (30 years) of the author, both in Industry (as Quality 
Manager in big Corporations), in University (Padova, Genoa, Turin) and as a uality consultant. 

To differentiate GIQA from TQM the following symbol was devised e (}/;~ which stands for 

the "epsilon Quality made by Intellectual hOnest people who always use experiments (Gedanken 
Experimente) to find the truth" [G. E. was a statement used by Einstein; but Galileo too, the Italian 
scientist, was used to "mental experiments", the most important tool for Science; epsilon Quality 
conveys the idea that Quality is made of very many prevention and improvement actions]. GIQA 
uses very important ideas: the Scientific Approach, MBITE, FAUSTA VIA, TQM2: 
• MBITE stands for Management By If ... Then ... Else .... , acronym devised to remind 
managers of their obligations for prevention and log-term commitment, through the ITE approach 
to decisions. It is the fundamental basis for Prevention: i.e. making full use of the thinking ability. 
• FAUSTA VIA (the profitable route to Quality) stands for Focus, Assess and Understand 
Scientifically the needs, Scientifically Test ideas and hypotheses, Activate the solutions 
(Preventive or Corrective); then Verify their effectiveness and Implement extensively on all other 
similar cases; eventually Assure the satisfaction of the Customer, User and Society needs. [fig. 1] 
• TQM2 stands for Testify Quality of Management in Management: Prevention and 
Improvement are both needed and must be shown by Managers. 
In the GIQA it is important to define with Quality the word Quality. In order to provide a practical 
and managerial definition, since 1985 F. Galetto was proposing the following definition : Quality 
is the set of characteristics of a system that makes it able to satisfy the needs of the Customer, 
of the User and of the Society. None other definition (to the author's knowledge) highlights the 
importance of the needs of the three actors: the Customer, the User and the Society. 
They are still not considered in the latest document, the ISO 8402:1994!!! [def. 1.9 "customer"] 

3. DESIGN OF EXPERIMENTS (DOE) IN THE GIQA VERSUS TAGUCHI METHODS 

Any decision about Quality of product and processes is usually based on data, collected through 
tests on samples; there is always some risk of making a wrong decision because of the random 
variation always present. Managers want this risk to be acceptably small: the risk becomes smaller 
as the number of observation increases. 
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Figure 2. the Business core System 

It is clear that the more data we get, the more the cost of testing is. It necessary to keep the cost of 
testing to a minimum consistent with the maximum risk of a wrong decision, that the manager is 
prepared to accept. DOE is a way to get the optimum testing effort: the least cost for the accepted 
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risk. DOE permits to obtain more information for less cost than can be obtained by traditional 
experimentation. 
In DOE the first point to be tackled is the choice of the "dependent" (response) variable on which 
we will collect the data and to define the independent variables (the factors) that may affect the 
response [which factors are to be varied and choice of the levels of any factor (quantitative or 
qualitative), controlled factors or uncontrolled factors, fixed or random]. We refer to the variables 
in terms of which the experiment is conceived as structural or design factors, in order to 
distinguish them from the extraneous or environmental factors that will inevitably be present as 
background sources of variability. If an environmental factor can be isolated and if it is recognised 
as worth controlling, it may be placed on the same footing as the structural factors and 
incorporated into the design (this kind of design is now called "Combined Array" [2, 26] to 
distinguish it from the "Product Array" (early 80ies) of Taguchi; you can see in ref. 7 that this idea, 
with no name given to it, was used, by F. Galetto, at least 5 years before (1975, at FIAT), i.e. more 
than 20 years ago). Otherwise, such factors are combined with the un-assignable causes of 
variation (uncontrollable factors) to provide a within-replicate estimate of the experimental error. 
The second is the way factor levels are to be combined (treatment combinations or test states) with 
the order of experimentation, in random order, and the number of observation to be taken: the 
random type of selection tends to even out any variation associated with the uncontrollable factors. 
Randomisation is used to secure that analysis of data can really provide an unbiased estimator of 
the experimental error: only replications provide a true estimation of the experimental error. 
The third point is the collection and the analysis of data. Since every phenomenon generates data 
that are not the same (due to some disturbing "random error"), in order to extract the "true 
behaviour" of the phenomenon we need to separate the random error from the collected data. To do 
that, scientific methods must be used. One of these is the ANOV A based on the Normal Equations 
and the Gauss-Markov Theorem. As said above, replications are absolutely needed for the 
experimental error estimation: such an estimate is very important for any significance decision. 
The scientific method for DOE based on the Normal Equations and the Gauss-Markov Theorem is 
called G-Method: it is one of the many methodologies proposed by GIQA, the only Quality 
Philosophy that really strives for Prevention.[9, 10, 12, 18, 19, 20, 21, 22] The "Prevention spirit" 
will be again missing in the VISION 2000, the future ISO 9000 Series of Standards!!! 
As a competitor one can find the Taguchi Methods [we can not describe them, due to "space 
problem"; see 22, 29, 34, 35]; they are called up on by managers and scientists to support them in 
making decisions; these methods are very appealing for them as they are claimed to be less 
expensive (i.e. less testing is needed) and easier (i.e. no knowledge is needed). If one designs 
experiments and analyses with Taguchi Methods he will find out that the scientific analysis of data 
provides different conclusions. Since the scientific analysis is scientifically correct, it follows that 
a huge amount of money was wasted, using Taguchi. 
Quality of Quality Methods [that is Quality of the methods, used in the Quality field, for making 
Quality (of products and services)] is often disregarded by the "so-called quality professionals" 
because knowledge is required to judge Quality, according with the "Knowledge Matrix" [12, 16, 
19, 20, 21, 22]. The right tools can be used if managers do use correctly the "Knowledge Matrix". 
Based on an actual industrial application we will show most of the important differences 
between the proposed methods for DOE and the pitfalls managers are making, because they do 
not use the FAUSTA VIA (the profitable route to Quality). Managers, at every level, have to 
meditate upon these facts, decide to learn, and to climb the ladder of knowledge: from 

ignorance ~ awareness ~ simple knowledge ~ know-how ~ full understanding. 
Looking at the Business core System and at the Knowledge Matrix, it is apparent that a golden rule 
has to be understoo~ by managers: tests have to be designed in order to get the information needed 
to take good decisions and to prevent problems and failures. Statistics provides suitable tools for 
"Design of Experiments" (DOE) in order to get maximum of information at stated costs and risks. 
According to professor D. C. Montgomery [28], "in the early 1980s, professor G. Taguchi 
introduced his approach to using experimental design ... ". 
Actually, before 1980 many people in the West, and myself [7], made many applications on DOE. 
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The important method named DOE (Design of Experiments), born in the 30ies due to Fischer and 
Yates, has been applied to many fields (agriculture, medicine, chemistry, mechanics, electronics). 
The merit of Taguchi Methods popularity pertains to Ford Motor Co.; in 1982 Ford introduced the 
methods to its suppliers. ASI (American Suppliers Institute) was founded with the support of Ford; 
MIT edited Taguchi books. Extremely accurate advertising gave popularity to TM and often 
people use blindly Taguchi Methods. Thousand of people (managers, quality managers, quality 
consultants, professors) claim that Taguchi Methods are good; actually, the people I met knew 
little about Design of Experiments and Reliability theory and methods. (ASI experts as well!!) 
To show the drawbacks of such methods we will use an application to parameter design: the paper 
was priced as "best technical paper" by ASQC, in 1986!!! [2]. I knew about it in 1986 when it was 
presented to 80 Top-manager of FIAT, at Marentino. We will compare the Taguchi approach with 
the scientific approach and conclusions provided by the G-Method [13, 14, 15, 16, 17, 18, 19, 22], 
a method of DOE based on the Scientific Approach, originated by Galileo, and on the Gauss­
Markov theorem (that states optimum properties of linear estimators). Mathematics, Logic and 
Physics can prove that Taguchi approach is wrong especially when he writes " ... when there is 
interaction, it is because insufficient research has been done on the characteristic values". Many 
examples of the pack of lies of the "Taguchians" can be shown, using the G-method, (G stands for 
good, general, guaranteed, golden, based on Gauss-Markov theorem, or Galileo-wise); the G­
method, based on the Scientific Approach, uses the "normal equations" of analysis of variance and 
of covariance [13, 15, 17, 21]. By the use of the G-method it comes out that Taguchi Methods are a 
bad version of the good techniques of DOE, as it was mentioned at the plenary session of EOQC 
Conference (1989) by J. Juran [14]: there are many cases that show the benefits of managerial 
and scientific conduct of testing activities. The pitfalls of a counter- conduct are very 
costlv. Taguchi distinguishes between "controlled factors" [he calls their treatment combinations as 
"inner array"] and "noise factors" [he calls their treatment combinations as "outer array"]: 
"controlled factors" are those that we want to use to get the "optimum response" The design then 
of the structural factors is the combination of the two arrays [see 2, the Byrne-Taguchi case]. Since 
generally the number of test states and the replications are very large, the outer ed inner arrays are 
reduced, according to certain rules, and a reduced design is carried out [fractional design]. 
It is obvious that it is absurd and un-managerial pretending that fractional designs provide you with 
the same information of complete designs: you can not estimate neither the factors effect, nor the 
interaction effect; they are inevitably entangled: you have generated the ALIAS Structure. 
Moreover, generally only one application is made of each treatment combination and therefore the 
estimator of the experimental error is not available. 
This point is hidden by Taguchi lovers [13, 14, 17, 22, 25]. That is a huge cost of disquality. 
Since every phenomenon generates data that are not the same (due to some disturbing "random 
error"), in order to extract the "true behaviour" of the phenomenon we need to separate the random 
error from the collected data. This is precluded by the use ofTaguchi-Methods (SIN ratios). 
To overcome this point Taguchi postulates that interactions are zero [are not present, have no 
effect] and then the SS (Sum of Squares) of interactions is used to estimate the experimental error. 
The Case "best technical paper" of Byrne-Taguchi [2]: the experiment was carried out to find a 
method to assemble an elastomeric connector to a nylon tube such that the pull-off force (the 
"response variable") could be maximum. 4 "controllable factors" (3 levels) and 3 uncontrollable 
"noise factors" (2 levels) were identified. Both kinds of factors were "controlled" during the test: 
"structural factors". Following the Taguchi parameter design method, one experimental design was 
selected for the controllable factors A, B, C, D (inner ''L9 orthogonal array") and another for noise 
factors E, F, G (outer "L8 orthogonal array"). The combined array comprised 72 test states [coding 
-1, 0, 1; "standard" I, 2, 3 used by Taguchi]; the pull-off force was observed for each state: the 72 
collected data and the 9 SIN (Signal to Noise ratio) are in the table. Analysing the SIN, Byrne and 
Taguchi found the optimum state A2B1C2D1 , neglecting the interactions between the factors. 
The following graph shows that is not so wise to neglect interactions. 
Since there are 72 data, you can know better your process by analysing the significance of 
interactions, if the original data, not the SIN, are processed: the significant interactions between 
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the "controlled factors" are highlighted in the table ("bolded capital letters") and the significant 
interactions between the "controlled factors and the noise factors" are highlighted in the table 
("italic bold capital letters"); moreover "noise factors" are more significant than controlled factors. 

190 • B-1 

180 ---o-- B-Q 

170 ---8+1 

160 ---o---- C-1 

150 C-0 

140 -----t:r-- C+ 1 

130 
A-1 A-0 A+1 D-1 D-0 D+1 

E 1 1 1 1 -1 -1 -1 -1 
F 1 1 -1 -1 1 1 -1 -1 
G -1 1 -1 1 -1 1 -1 1 

A, B; C, D factors E, F, G "outer factors" 
A B c D response SIN 
-1 -1 -1 -1 19.1 20 19.6 19.6 19.9 16.9 9.5 15.6 24.025 
-1 0 0 0 21.9 24.2· 19.8 19.7 19.6 19.4 16.2 15 25.522 
-1 1 1 1 20.4 23.3 18.2 22.6 15.6 19.1 16.7 16.3 25.335 
0 -1 0 1 24.7 23.2 18.9 21 18.6 18.9 17.4 18.3 25.904 
0 0 1 -1 25.3 27.5 21.4 25.6 25.1 19.4 18.6 19.7 26.908 
0 1 -1 0 24.7 22.5 19.6 14.7 19.8 20 16.3 16.2 25.326 
1 -1 1 0 21.6 24.3 18.6 16.8 23.6 18.4 19.1 16.4 25.711 
1 0 -1 1 24.2 23.2 19.6 17.8 16.8 15.1 15.6 14.2 24.832 
1 1 0 -1 28.6 22.6 22.7 23.1 17.3 19.3 19.9 16.1 26.152 

source df ss MS Fe FlO% signif source df ss MS Fe FlO% signif 
A 2 50.58 25.29 11.85 4.32 * 
B 2 13.38 6.69 3.14 4.32 
c 2 68.59 34.30 16.07 4.32 * E 1 275.7 275.7 129.2 4.54 * 
D 2 23.67 11.84 5.55 4.32 * F 1 161.7 161.7 75.75 4.54 * 

A*B 4 92.27 23.07 10.81 4.11 * A*G 2 26.57 13.28 6.22 4.32 * 
A*C 4 37.06 9.26 4.34 4.11 * D*E 2 21.75 10.87 5.09 4.32 * 
A*D 4 81.97 20.49 9.60 4.11 * D*F 2 15.45 7.73 3.62 4.32 
B*C 4 74.25 18.56 8.70 4.11 * D*G 2 7.86 3.93 1.84 4.32 
B*D 4 119.2 29.79 13.96 4.11 * 
C*D 4 63.96 15.99 7.49 4.11 * Res 4 8.54 2.135 

The so called "product array design" structure (product of the inner by the outer array) led to a 
very large experiment of 72 test states that did not permitted the estimation of the interactions (so 
the authors were forced to neglect them!!).I/they had used the G-method [see 7, as one of the fist 
applications] they could have designed a "combined array" of the "structural factors" that would 
have bee more likely to improve process understanding and decisions. 
A simpler analysis (with similar information on the significance of factors and interactions) was 
done [using a pocket computing machine] immediately after the Marentino conference and sent to 
all the manager: the outcome of that was a very fast application of Taguchi Method at FIAT -Auto, 
the car factory: managers are not able to take Quality decisions, and therefore they waste money!!! 
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The residual error is not computed as difference of the estimated factors and interactions from the 
corrected total sum of squares SS, in the ANOV A table. But there is an important hoax always 
hidden by Taguchi and his lovers. When you carry out a part of all the test you should do (this is 
called "fractional replication design") you can NOT obtain the same information of the complete 
design: you can not separate factors effect and interactions effects: they are inevitably entangled. 
The experimental "inner array" is a "fractional factorial34-2 design" in the controlled factors A, B, 
C, D. There are several ways to get it; a recent and very interesting method is mentioned in [26] 
and shown in [30]: find the solution to the following system of equations (factors are xi) 

x~ -x2 = 0, 4x4 +9x;x~ +3x1 x~ -6x~- 3x;x2 +3x1 x2 +2x2 +4-2x1 -6x; = 0 

x~-x1 =0, 4x3 -9x;x~-3x1 x~+6x~-3x;x2 +3x1x2 +2x2 -4+2x1 +6x; =0 
The solution provides you with the treatment combinations, not the confounding pattern as. on the 
contrary. is written in [261: it is said there that "the left-side two equations confound the 1st and 
the 3rd order interaction of each factor, as it is taken for granted for 3 level factors design. The 
right-side two equations confound the 4th (3rd) factor with a complex combination of interactions 
(of the 1st two factors)". The authors do not provide the "alias structure", as always do the 
"Taguchi lovers" [25]. If they had used the G-method they would had found that every factor is 
"entangled" with various interactions (we use the symbol & for the "entanglement relation" and ••• 
for not shown higher order interactions): A&B*C&B*D&C*D&ABC& ••• ; 
B&A *C&A *D&C*D& ••• ; C&A *B&A *D&B*D& ••• ; D&A *B&A *C&B*C& ••• 
"Entanglement" is an "equivalence relation", in a logical sense. More precisely, there is also the 
ALIAS structure the s mbol @ stands for " uivalent to" , ne lected b B me and Ta chi: 

(A+B)@ C*O@ ••• (A+C)@ 8*0@ ... (A+O)@ B*C@ ... (B+C)@ A*O@ ... (8+0)@ A*C@ ... (C+O)@ A*B@ ... 

This means that changing "additively" any two factors is exactly the same as changing 
"interactively" the other two factors and .... As a consequence you can not choose the best levels of 
factors as though they were independent, "a magic feature of Taguchi orthogonal arrays". 
You can show all that using the G-Method [14, 16, 17, 21, 22]; in chapter 9 of ref. 22 it is 
mentioned a method that allows you to find the bias of the estimate of the parameters of a "reduced 
model"; the same idea can be used for finding the alias structure: Jet X be the design matrix, Y the 
vector of the random variable associated with the test states and ~ the vector of the parameters 
("full model"; let's partition the tests states into two sets, with related vectors Y 1 and Y 2• and the 
full model into two vectors ~1 (the "reduced model") and ~2; the design matrix and S=X'X are 
partitioned accordingly into four sub-matrices Xij and Sij . Assuming that S is non-singular the 
required estimator of the vector ~ is 

rl P~]-[St.1 U +SI2NS21slt1) -SJ.1SI2Nl [x;l:r. + x;l~ lJ -( -1 )-1 
~ - _1 . . where N- S22 - S21 S11 S12 

{32 -NS21 S11 N X12 J; + X 22 Y2 

From this it is easily seen that 
• when a full design is carried out and a reduced model is considered the estimator of ~ 1 is 

biased 
• when afractional design is carried out only a reduced model ~ 1 ,"ALIASED, can be estimated. 
It is not scientific and not managerial say the contrary [9, 10, 11, 12, 14, 16, 19, 20, 21, 22]. The 
right tools can be used if managers do use correctly the "Knowledge Matrix" [22]. 
The same G-Method allows you to find the resolution of a given design: for example, you can 
show that the 54-runs "combined array, allocating for three 3-level factors [X, W, Z] and four 2-
level ones [A, B, C, D]" design in [27] does not appear to be a "resolution V design", unless you 
define "resolution" differently from the usual way [1, 15, 17, 22, 28, 29]: as a matter of fact A is 
entangled with A *B & C*W & .... 
IF skilful people make such kind of pitfalls, what can we expect fonn incompetent ones? These 
last use Taguchi Methods and claim: "TM work", BUT they did not read Taguchi books [35]: it 
very amazing asking them "Did you read Taguchi books [35]?". I always had the reply NO!!! 
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Why people act that way? I have been looking for the answer for at least 15 years: I found it during 
last holidays in [36]: the truth does not influence them: only their conviction is reality!!! 
Using Statistics correctly for the Byme-Taguchi case, the optimum point is therefore different 
from the one found by Byme-Taguchi, due to interactions (as seen from the previous graph). 
The significance of factors and interactions is hidden (if not forbidden) by the analysis of SIN; 
moreover, firstly the noise factors E and F are much more important than the controlled factors A, 
B, C, D, secondly the interactions A *G, D*E, D*F between some controlled factors and the noise 
factors E, F, G are more important than the controlled factors A, B, C, D: therefore it is better to 
act as Rational Managers with the FAUSTA VIA (the profitable route to Quality) [fig. 1]. 
Using Logic, a Rational Manager is not dazzled by "the robust design methodology, following the 
modem Total Quality philosophy, ... (where) Taguchi proposes to use different types of response, 
characterised by great simplicity ... today possible even for inexperienced people thanks to the 
diffusion of advanced statistical software ... "[27]. In the same paper the problem of the alias 
structure is hoaxed-missed again! The entanglement can be found by the G-method. 
Unfortunately, at least 90% of the papers on application of TM do not provide you with the alias 
structure. This attitude unfortunately cheats people and robs them of their right to know. 
If skilful people slip into such pitfalls what can you expect from unskilled managers who act like 
"tamed monkeys monkeying their incompetent consultants and teachers"? 
For ten years, since 1988, Levi [17, 24, 25] and Galetto [11, 12, 13, 14, 15, 16, 18, 19, 20, 21, 22] 
have been suggesting to be cautious in using blindly some Taguchi ideas. At that date the name 
"G-method" was invented, but many applications of it were made before [22]. 
We can not mention here all the wrong Taguchi applications that have been carried out since then: 
let's content ourselves of the few (out of the many) cases reported in the references. [2, 14, 15, 16, 
17, 21, 29, 34, 35]. Form the previous case, and the other many wrong that you can find in 
the literature, it is evident that a lot of disquality was generated and a huge amount of money 
was wasted. Were they unfortunate? Absolutely not, they were a-scientific. 

Does Taguchi Method work??? NO, it is really robust in FAILURE!!! 
"Signal/Noise ratios" used in connection with the so called Robust Design are nonsense from a 
scientific point of view: these are multifunctional transformations of the data, and at the end the 
transformed data must be normally distributed if, logically, the F ratio resulting from ANOVA and 
shown in the "Quality Engineering using Robust Design" books should have any statistical sense). 
In many cases interactions are important; therefore it is quite non-managerial pretending. before 
any test, to say (Taguchi) " ... when there is interaction, it is because insufficient research has been 
done on the characteristic values.", or to say, after a test (Phadke), " ... if we observe that for a 
particular objective function the interactions among the control factors are strong, we should look 
for the possibility that the objective function may have been selected incorrectly". 
All the cases I had the opportunity to analyse show that 

facts and figures are useless, if not dangerous, without a SOUND theory. (F. Galetto ). 
It is silly saying: "I was in Japan and learned: data are important; I speak with facts and figures". 
Interactions are really very important, according the fundamental principle F1 of GIQA [19, 20]. 

4. CONCLUSIONS 

Managers have to learn Logic, DOE, Statistical Thinking to make good decisions. Quality is 
number one Management goal, not only for product and services, but for Quality methods as well. 
DOE is one of the most powerful methodologies for making Quality and preventing problems. 
Managers must know the DOE fundamental ideas. If they do not do that, they are doomed to waste 
Company money and to spoil Company reputation. 
Any transformation is always difficult for human beings; they seem to resist new ideas especially 
when it is required to use, in a better way, rationality, intellectual honesty, Logic, ... Experience 
shows that good ideas work in practice in any case people put them into practice with coherence 
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and intellectual honesty (TQM2). Management must encourage a climate for change and show 
with facts their dedication to Quality [TQM2], because building Quality brings better profits. 
All that is for managers, the Managing Director (or the C.E.O.) included; M.D.s must permit their 
first-line managers, the Quality manager included, to feel secure to express their ideas on Quality 
management, with respect to company Quality commitment (see the Management Tetrahedron and 
the Rational Manager Tetrahedron): again TQM2. "Quality of methods for Quality is important", 
there are methods misleading (Taguchi M., Bayes M., ... ): it is better that MANAGERS BE 
EDUCATED ON QUALITY, always thinking to Deming statements in Out of Crisis. 
• Experience alone, without theory, teaches management nothing about what to do to improve quality 

and competitive position, nor how to do it. 
• It's a hawrd to copy. It is necessary to understand the theory of what one wishes to do or to make. 
• The result is that hundreds of people are learning what is wrong. 
• I make this statement on the basis of experience, seeing every day the devastating 

effects of incompetent teaching and faulty applications. 
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TO LINEAR WEAR PROCESS 
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ABSTRACT: The aim of this paper is to correlate the quality control policy with the deterioration 
process of a production system. The aim is to consider how the wear process of the system 
influences the choice of control policy parameters of the items produced, and how these 
parameters have to be changed according to the need of maintaining optimal working conditions. 
For a failure rate }(t) of the production system increasing linearly with the time it can be 
(analytically) shown how these parameters have to be changed (at different times t) in order to 
maintain optimal working conditions. In particular, a specific objective function of the loss time t 
owing either to defective units or to the production shut-down (in order to make an inspection) will 
be developed and will allow us to vary the parameters over the time. 

1. INTRODUCTION 

Several papers have recently been published on planned maintenance and they show the 

advantage of a possible cost reduction over a long period. Unexpected failures in the 

production process induce a lower productivity level and product quality, with a 

consequent reduction of the expected profit in the long term. 
An important maintenance scheme regards the inspection models. It involves a choice of 

the optimal inspection scheduling of a system that cannot be monitored continuously. 
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Every inspection has a cost, partly due to the stops in production. The basic model 
described in [1] considers failures detectable only by inspection. The failure of the system 
is not catastrophic but provokes a partial degrade to the out-of-control functioning. 
We can divide inspection models in two principal sub-classes [2]: 
1. Models looking to plan an optimal scheduling of the production system inspections 

using statistical hypothesis of the ageing process plant; 
2. Models able to decide immediately for the inspection using a statistical product control 

at the end of the plant. In this case, we have "partially observable Markov decision 
models". It is impossible to control all the pieces because of the cost or of the time 
involved. The above models are very similar to acceptance sampling policies in 
production and/or procurement. 

Our paper refers to inspection models of class "2" and is an extension of the work [3]. This 
regarded the determination of the optimal quality management (control) in a production 
system with a constant wear rate. The purpose was to determine the optimal set of values 
(k,n,c) able to maximise the long term expected profit. The three values (k,n,c) represent 
the size of the lot produced, the size of the sampled lot and the acceptance number, 
respectively. 
This work introduces a failure rate f(t) of the production system increasing linearly with the 
time, instead of a constant failure rate. The goal function to be minimised is based on the 
cbmputation of the lost time producing defective items and inspecting the productive 
system. Suitable weights take into account the cost due to the different kinds of lost time 
and allow an economical analysis. 
Our paper will show the need to change dynamically the choice of the parameters 
optimising the control process management accordingly with the plant wear and with the 
need of maintaining the optimal (working) conditions. 
The model uses information inherent in the wear process of the production system as well 
as the data from the plant control system. It is a first attempt to unify the above two classes 
of inspection policies. 

2. THE MODEL 

We consider a manufacturing system characterised by two possible states. When the 
process is in the in-control state the probability of producing defective units is given by PI. 
while in the out-of-control state this probability is given by p2, with p2 > p1• We consider a 
production system subject to wear: in particular f(t) is the system failure rate linearly 
increasing with the time, i.e.: 

y( t) = as + 2f3t 
where 

a. represents the (mean) value of the failure rate at the beginning of the generic production 
of lot s. The corresponding reliability is given by 
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R( t) = e -a.,t-f3tz. (1) 
The jobs arrive at the production system according to a Poisson process and the amount of 
processing time is stochastic with a known probability distribution function f(.). In this 
plant it is impossible to keep under control the functioning conditions of the system and the 
state of the system can only be known making inspections after the system shut-down. 
In order to find the right instant of time to stop the process for inspection, a (k,n,c) policy 
[3] is adopted. Briefly (see Figure 1), in (k,n,c) inspection policy, a predetermined number 
of n units from each lot of k elements produced is inspected. If the number of non 
conforming units is greater than a prescribed minimum c, the production process is stopped 
and an inspection is carried out. If no failure cause is found (i.e. we have a false alarm) the 
production process is simply continued without any change. Otherwise the process is shut 
down for an additional time to carry out a maintenance operation, until the maintenance 
operation is concluded. The searching and maintenance times are defined by a pdf s() with 
mean (J and variance d (I" and a pdf m() with mean g and variance d 8, respectively. Finally, 
we can assume that, thanks to the maintenance operation, the failure probability per unit 
time 'i(t) is returned to the initial value 'i(O) at the end of the maintenance operation itself. 
In other words, besides re-starting the process in the in-control state, we reset the initial 
wear condition of the system. 

-4·--·-------
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in control 
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I 
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cycle time 
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Fig. 1: Production cycle scheme 
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The quantities of interest of our model that must be calculated are the following: 
1. the probability q1 of giving a false alarm when the process is in-control is given by: 

n (n) . i n-t 
q! = . L i P! ( 1 - pJ) ; 

t=c+l 
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2. the probability q2 of giving a true alarm when the process is indeed out-of-control, is 
given by: 

q2 =. ± (~]_2i(l- P2t-i; 
l=c+1 r 

3. if a system failure occurs in a sampling intervals, the probability that it occurs while the 
j-thjob is in process (i.e. during the time interval [x,x+y]), is given by: 

1 ~~ 
Ajs =-f f(R( X)- R( X+ Y J)J( Y )J j-1( X )dxdy 

Bs 0 0 

(2) 

where the reliability R(.) is given by eqn. (1). Note that fj-1(x) is the (j-1)-th convolution 
of the distribution function f(x) and represents the probability that the total processing time 
required to produce the first (j-1) jobs is x. In this model we consider the case where the 
production system is characterised by an exponential service time with f(x)=J..Le-Jl x, for 
x>=O. Then the k-th convolution ofj(x) is given by the following a gamma pdf 

k e-J..l.X(!.txl-111 
f (X)= ( k -l)f 

with p =It! J.l < 1. Moreover, 
~ 

B, = f (1- R( z J)f k ( z )dz (3) 
0 

is the probability of failure occurring in a sampling interval s and represents the 
normalisation term of eqn. (2). 
Integrating the two equations (2) and (3) we obtain (see Appendix) 

(4) 

A· =-1 _J.l_ 1 1--J.l- +)!_ _J.l_ 1 j{j+l) j(j-1) '-1 '( ) 

'' B,(a,+J ( a,+Jl) B,(a,+Jl) (a,+Jl)2 Jl(a,+Jl) · (5) 

We can note that for [3 = 0 (i.e. if we do not consider the wear of the system with constant 
failure ratey) we obtain the same results presented in [3]. Then, the [3 terms represent the 
corrections due to presence of wear process of the manufacturing system. 
4. if a failure occurs while the j-th job in a given sampling interval s is in process, the 
probability of detecting it through this sample is given by [3] 
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(j-lxk-j+lJ 
k j-l m n-m n (m~ in-m~ 

ql2s = ~js L (k) L w w(l-PI~ t (1-P2r-m-t. 
J=l m=O w+t=c+l 

n 

3. THE COST FUNCTION 

Let us consider a generic production cycle. The aim is to determine the optimal limit value 
c that minimises the expected loss processing time owing to an incorrect choice of the 
parameter c. An incorrect choice of c may give two possible contributes to the objective 
function: 
1. [probability of no failure occurrence] [probability of giving a false alarm when the 

process is in-control] [loss time ttl; 
2. [probability that a failure occurs] [probability of non-giving a true alarm when the 

process is out-of-control] [loss time 't2]. 

We can immediately estimate 't1 that is equal to the loss time for a searching operation that 
was not necessary (t,=O). As regards 't2, it can not be immediately derived because the loss 
due to the second case may continue for several successive lots. In other words, many lots 
of k elements can be processed before the out-of-control state is detected. If I; represents 
the loss time due to an incorrect choice of c, it follows that: 

where 

1'c = (1- Bs )q10 + Bsfl- ql2s )qztz + Bsfl- qtzs )(1- qz )qz2tz + 

+ ... +Bs(l- ql2s )(1- qz i-1qzi't'z+ ... = 

= (1- Bs )qllJ + Bs(l- qlzs )qz't'zL(i + lXl- qz / 
i=O 

represents the loss time "in excess" compared with usual (i.e. with a probability p1 of 
producing a defective unit) caused by the processing, in the out-of-control state, of a 
greater number of non conforming units in any successive lot, after the s-th lot, owing to 
the failure non detection. The equation can also be written in the following form: 

1 
Tc =TiJ +T'Z' =(l-Bs)qt8+Bs't'z(l-ql2s)­

qz 

where T9 is the loss time due to inspections which were not necessary, and T. is the loss 
time due to the production of an excessive number of defective units. The two terms of I; 
have not in general the same importance. In order to evaluate it, the two contributes of I; 
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may be weighted with two numerical coefficients c; and c P • Based on the above, the 

general form of the equation is given by: 

The value of the two coefficients may be estimated considering the costs associated with 
the two different loss times. The loss time for false inspections T8 includes, besides the 
operating costs to detect a failure for each false alarm, the costs due to the non-production 
caused by the system shut-down. To the loss time in producing defective units, may be 
added either the costs of scrapping defective sampled units or the costs of outgoing 
defective units (i.e. the post-sale failure costs). Thanks to these coefficients, it turns out that 
the objective function assumes an economic nature. 

4. EXPERIMENTAL RESULTS 

In order to verify whether the control policy (k,n,c) has to be changed during the wear 
process of the manufacturing system, we consider the set of parameters reported in Table 1. 

K n () C; Cp a cp P1 P2 J.l A 

85 8 30 0.6 1 0 4-10'6 0.05 0.25 4 2 

Tab.1: Experimental data 

Moreover, note that during the choice of the numerical values, we have taken into account 
the following aspects of the analytical model: (i) the binomial distribution has been used in 
the expressions of q1 , q2 , and q125 • It turns out that the lot size k and the sample size n 
have to satisfy the inequality n < k/10. Otherwise, the hypergeometric distribution should 
be used; (ii) A and J.l values give the system's operating conditions in which the production 
system is not saturated (i.e., p < 1). 
Since k and n values are considered to be constant, a variance in the (k,n,c) policy may 
result in a change in the acceptance number c over time. Table 2 shows the experimental 
results, in terms of Tc, according to what was obtained in the previous sections. Notice that 
the mean time between failure (MTBF), given by (for a Weibull distribution) 

MTBF = y + 17r( 1 + ~). 
is also reported. 
As expected, the acceptance number c must be changed several times during a system cycle 
before the MTBF. In particular, while the first lot is processed, with a failure rate /(0):0 
(i.e., the system is not subject to wear), it is worth making an inspection only if there are at 
least four defective units among the eight sampled ones. As lots are produced, the optimal 
control policy requires the limit control c to pass to more and more restrictive values until 
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S=8 where one defective unit causes the production shut-down in order to carry out an 
inspection. We want also to note that during the lot S=34 the minimising c value becomes 
equal to 0. 

Tab.2: Values of T. with the varying of the lotS and the acceptance level c. 

5. CONCLUSIONS 

This paper analytically shows how, it is necessary to vary the parameters of the sampling 
plan (k,n,c) over the time in order to maintain optimal working conditions as the production 
wear goes on. In particular, the case of failure rate increasing in a linear way with the time 
it has been treated. 
Future work should consider the development of the appropriate and more complex theory 
relevant to the more general case of a failure rate which grows with the time according to 
Weibull distribution. 
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APPENDIX 

Now, we report the approximations imposed relevant to Ajs and Bs calculation. Because the 
expression of the failure rate adopted is y(t) =as + 2{3t, we can write that: 

s = 1 t = 0 a1 = y(O) =a, 

s = 2 t = ~ a2 = r( ~)=a + 2{3 ~ =a + 2{3(2 -1) ~ , 

s = 3 t = 2 ~ a3 = r( 2 ~)=a+ 2{32 ~ =a+ 2{3(3- 1) ~ , 

and in general, 
k 

as =a+ 2{3(s -1) A . 

Considering the following integral: 

where 

Ajs =; 77(e-asx-,8x2- e-as( x+y )-,8( x+y ;2 )!( y )fR( x)dxdy' 
s 0 0 

Bs= j(1- e-asz-.8z2 )tk( z)dz, f( y )= Jle-P.Y, and J\x) = e-!lX(J-LXt-I J1 
0 (R-1)! 

with R=j-1. 
Given that, if x<O,l and supposing a small value of {3 (i.e., bY!<O.l), we can approximate 
to first order the exponential in the following way: 

then 

and 

oo xk x2 x3 
ex= ~(-1)k-=1-x+---+ .""1-x 

.L.J k' 2' 31 .. ' k=O . · · 

Ajs = ~ 77 (e -asx(1- {3x2)- e -as( x+y )(1- {3( X+ y p ))!( y )JR( X )dxdy' 
s 0 0 

00 

Bs = J(1-e-asz(1-{3z 2))!k(z)dz. 
0 

Finally, developing the two integrals we obtain the equations (5) and (6) reported in the 
text. 
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ABSTRACT: Quality control extended to the entire life cycle, from design to final product 
inspection, is a prerequisite for technical and economical success. 
The paper presents some activities aimed at analysing a Flexible Manufacturing System (FMS) 
machining process by means of Statistical Process Control (SPC) tool applied to dimensional 
characteristics of a Chock Support of a Rolling Mill Cartridge Stands. 
The paper focuses on the analysis of Process Capabilities Indexes of data collected through an 
extensive Coordinate Measuring Machine (CMM) measurement campaign, at the end of machining 
operations. On the basis of measurement results, causes of variations have been identified. As a 
result, new fixtures and locking procedures have been designed with a view to achieve a process, 
under statistical control, capable to meet geometrical specifications required by the product 
functionality. 

1. INTRODUCTION. 

Statistical techniques are excellent tools for providing information on processes or 
machines. To improve products or processes many analysis and problem solving 
techniques are available. The Statistical Process Control (SPC) technique, applied in this 
study, allows an efficient and effective control of process as well as machine parameters. 
A process is said to be operating in statistical control when the only sources of variation are 
common causes but a state of statistical control it's an achievement arrived at by 
elimination, one by one, by determined effort, of special causes of excessive variation. The 
first aim of a process control system is to provide a statistical signal when special causes of 
variation are present. Control charts are among the tools used to detect these special causes. 

Published in: E. Kuljanic (Ed.) Ad1•anced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999. 
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As long as the process remains in statistical control it will continue to be predictable with 
obvious benefits in consistency of quality, productivity and cost. 
Once the process performance is predictable, its capability can be assessed. 
Capability represents a measure of the actual performance of the process (or machine) 
when compared with specified tolerance limits. Thus it is utilised to assess influences on 
product variability due to the machine itself or the MACHINE-METHODS-MATERIALS­
MAN-AMBIENT system. 
In this work, an example of the combined approach of both Control Charts and Capabilities 
Indexes is presented. 

2. INDUSTRIAL CONTEXT 

The research work has been carried out at Danieli & C., a company specialised in the 
design and manufacture of systems and machines for the steelmaking and rolling industry. 
The production departments are: 

Heat-treatments of raw and semifinished products 

- Machining 
Structural steelwork 
Assembly 

This case study consists in the analysis of the Yasda YBM 1000 FMS machining system. 

3. THE APPROACH 

The main purpose of the measurement campaign is that of: 

developing a procedure to quantify process capabilities indexes of the FMS chip 
forming machining applied to the selected component; 
comparing the effects of two fixture devices on geometrical product characteristics; 

The procedure carried out to fulfil this purpose is structured into the following steps: 

1. identification of product/process parameters to be monitored; 
2. definition and selection of samples size and items (number of lots and samples for each 

lot); 
3. execution of measurement campaign; 
4. analysis of data, indexes calculation and optimisation opportunities; 



Quality Developments in Machining Operations 853 

Fig. I. Ya da FMS YBMIOOO Sy tern. 

Identification 
The study focuses on the machining operations of the "Chock Supp011s" relevant to the 
"Cartridge stands" in figure 2. These chocks have considerable dimensions if compared 
with the centesimal tolerances required which ensure functional ability of the component; 
the central bore diameter nominal value is 0 390 mm, H7 toleranced (0 to +0,057mm), 
and the side bores distance nominal value is 560 mm, H7 toleranced (0 to +0,070 mm). 
Machining operations are performed on a FMS Yasda system (Fig. 1): process phases and 
relevant work-cycles have been optimised. 
The process control point, i.e. the geometrical inspection phase, has been consequently 
defined: measurements are carried out at the end of all machinings. 

Definition 
The Y asda machine processes lots of different products; lots are generally small ( 100 
pieces max. can be reached). The work time for the component selected is approximately 
10 days for 50 pieces. 
Ten lots have been considered; each lot counts 30 pieces. The sample represent 
approximately 15% of the entire lot; it means that each sample counts 5 components. The 
pieces are checked in a consecutive row within the lot (sample). 

Execution 
After machining operations, workpieces have been progressively numbered and time, date, 
drawing#, job#, and work order# have been recorded on a form by the Yasda operator. 
A Coordinate Measuring Machine has been utilised for the workpiece inspection and data 
collection. This system allows CNC programming of measurement cycles which assures 
the 
required repeatability of the inspection procedure. 
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bore with 

Figure 2. Representation of the Chock Support 

The measurement cycle has been defined according to ISO 1101 requirements; adequate 
single-point probings have been homogeneously distributed on the surface of geometrical 
features, identified in step 1, whose relevant actual parameters values have been evaluated. 

Analysis 
Collected data are split into classes; for each of these classes the frequency is calculated 
and completed with the relevant histogram. The frequency distribution curve is then 
analysed by means of the Skewness (Sk) and Kurtosis (K) indexes to verify Normal 
distribution (Gaussian): this is a prerequisite to an effective capability analysis. 

The actual values for Sk and K are to be verified according to the following intervals: 

-0,5 :::; Sk :::; +0,5 and 2,5 :::; K:::; 3,5. 

The capability analysis is based on capability indexes derived from control charts. 
Control charts utilised are X (sample average) and R (sample range) charts; data values 
of X and R are plotted ~rsus sequence of samples through time (fig. 4). For the entire 
study period the R and X are calculated: 

R = Rl +R2 + ... +RIO 
10 

X= XI + 5{2 + ... + XIO 
10 
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The main purpose of control charts analysis is to identify any evidence that the process 
average or the process variability are not operating within statistical control: the X 
chart shows process location of the variable average value. The R chart highlights trends 
and patterns in the range of the variable. 
Process Capability Indexes are a mean to indicate the process variability relative to 
specifications. Indexes Cp (amplitude capability) and Cpk (position capability) are defined 
as: 

C _ AmplitudeTp 
p- 6c . 

Cpk=USL-X 
30' 

Identification of control parameters 

Definition of sample size 
and control points 

Selection of control charts (XR) and of Cp 
and Cpk min. limits 

Data collection and analysis 

Histogram and frequency distribution curve 

Calculation of Cp and Cpk 

or Cpk= X -LSL 
30' 

Corrective action 

The process is Stable and Capable 

Figure 3. Representation of the implemented procedure. 
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With Tp = design tolerance, USL = Upper specification (tolerance) limit, LSL = Lower 
specification X limit, = average values of the measured variable (X), cr = actual 
standard deviation of X. The lower value for Cpk is used. 
Usually the 'target' (acceptable) process variability is pre-assigned to the Cp and Cpk 
indexes: a minimum value of 1,33 was adopted for both indexes. 
The selected Cp represents the minimum value acceptable to define the "Capability" 
process; values comprised between 1 and 1,33 are in any case acceptable but they indicate 
that, as they move closer to 1, the process variability (frequency distribution curve) tends 
to cover the whole functional tolerance range. Values lower than 1 are absolutely 
unacceptable and the causes for the variability shall have to be removed. 
A Cp equal to 1,33 indicates that the 6cr-range lies within 75% of the design tolerance Tp; 
this means that the unknown part of the distribution could lie within the design tolerance 
and this is a safety margin. 
With Cpk equal to 1,33 the distribution curve is centred versus the tolerance; in case of 
lower values, the process is either off-centre or it has a high variability; values comprised 
between 1 and 1,33 can be accepted but are considered to be extreme cases . 

. ~-- -~ --·--
- \')rt,l\\1 I t-• ~ d l ".lfllloh 

Fig. 4 Example of control chart data 

4.RESULTS 

Initial study 
Measured data, obtained from workpieces machined by the Yasda FMS in its standard set­
up, show a not-normal distribution of control parameters (fig. 5). In particular, Sk and K 
relevant to the central bore diameter are: 

Sk=0,1 and K=1,99. 
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Control charts highlight an unexpected variability in the 
production process confinned by having Cp=0,76 and 
Cpk=0,74 (Fig. 5); in this case the FMS-workpiece-ambient 
system is operating under negligible systematic causes: thus, 
it does not require any adjusting operation; as concerns 
variability, some unknown accidental effects act as 
amplifying the expected production spread: the cause might 
be erroneously locked parts as well as excessive machining 
single-operations tolerances. 
A careful on-field inspection pointed out that the workpiece 
locking system was inadequate: more suitable fixtures and 
different locking torques were selected and applied. 
Moreover, Y asda operators were given a more thorough 
training on the work methods and the tool management was 
improved as regards both the wear extent and the 
replacement of bits. 

Second study 
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f\ - ·- ·- ·- · - USl 

" 

~1-·- · -·--- Ull 
Subgroups analyzed 1-10 
Subgroups gnoredlli1tered 0 
Cp = 0,7822 
Cpk = 0,7382 
Process Not Capable 
~+36 = 380,0888 
~ = 390,0284 
lt-36 = 389,8820 
Cales based on XR 

Fig. 5 . Re ults of initial 
study 

The second data measurement cycle, run after these corrective actions, is presented in fig. 
6: 
it shows a Nonnal distribution of central bore diameter (Sk and K indexes within the 
limits). 

. -.---.-. - u~ 

-- .-.-.-.-.-.-. --.-.-.-. ~.-.-.-. -.- LE 

Subgroups analyzed 1·10 
Subgroups ignored/littered 0 
Cp = 1.8412 
Cpk = 1,7445 
E'rocess is Capable 
f<+36 = 380.0455 

~!!l!ll!!l'-!1!~~!!!!1!!!11!~ .. ~~~~-····l[;;ml~l f< = 390,0300 ~ " 5<-3& = 390,0145 
SUPPORTO PER OUARNmJRE 018. N' • .• 07823 - Cales based on XR 

~~-------------~ 

Fig. 6: re ults of the study after corrective actions 
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X chart confirms the centred location (between tolerance limits) of the average bore 
X diameter: equal to 390,029 mm and equal to 390,030 mm respectively in the initial and 
second study. 
R chart reveals a clear improvement in the process variability, from 0,040mm to 0,020mm, 
while 6a-range reduces from 0,075mm to 0,031mm. 
The calculation of Cp and Cpk gives the following values: 
Cp = 1,84 and Cpk = 1,74. 

5. CONCLUSIONS 

A process capability study on the machining of Chock Support for Rolling Mill Cartridge 
Stands was presented. The application of statistical techniques led to the identification and 
the quantitative assessment of most critical manufacturing parameters. Results coming 
from statistical analysis of the production data were used to design some process 
modifications; a new measurement campaign were then performed and a comparison with 
previous configuration was made. We can now say that the new configuration allows to 
maintain the control of the process as well as to achieve capability indexes as required by 
tolerance specifications. 
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ABSTRACT: It is well-known that sequential nested treatments give rise to unknown de­
pendent error effects. Factorial designs assume independence of error term so that each 
experiment must be performed one at a time. Grouping experimental units is a common 
practice, therefore, statistical analysis must be conveniently modified. 
For instance, in determining the effect of annealing temperature, factor A, in breaking stren­
gth of experimental metal alloys, the laboratory ovens are arranged with each different metal 
samples, factor B, (one for each alloy). The temperature levels assigned to each oven are 
different. The experiment may be replicated (blocking factor) during three different tours 
(shifts). 
This is not a factorial design with blocking factors, because annealing is performed simulta­
neously (whole-plots) on different metal samples (sub-plots). 
Standard split-plot design is based upon fixed effects and a special additive version of inde­
pendent error term components ( equicorrelation) under normality. 
In many situations the effects of factors A and B m~y be no longer assumed fixed and, 
moreover, the spatial arrangement of sub-plots may not agree with the simple symmetric 
equicorrelation structure of residuals. 
The paper is devoted to the combined statistical analysis under partial mixed effects and 
unknown spatial dependence. 
Under these extended assumptions, it is proved that the usual standard significancy tests 
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for block and factor A effects are exact in probability. The corresponding standard tests for 
main effects of Band interaction Ax Bare not F-distributed, nevertheless, a simple robust 
procedure may be applied. 

1. INTRODUCTION 

Basic split-plot design replication with fixed effects within random blocks is a well­
known extension of traditional factorial designs due to an actual hierarchical application 
of factors to experimental units. For instance, a first factor (whole) is simultaneously 
applied to a set of experimental samples and a second factor is applied to smaller 
experimental units, e. g., samples or subplots. This nested application of factors give 
rise to special dependencies among residual errors. 
This paper is devoted to the examination of robustness properties of basic split-plot 
analysis under mixed effects (partial) of main factors and unknown non-equicorrelated 
spatial dependence of residual errors. 
The main results, paragraphs 4 and 5, state that the traditional split-plot analysis is 
practically stable or robust. There are only minor differences on non-centrality para­
meters and, therefore, on the power of statistical procedure. 

2. BASIC FIXED EFFECTS SPLIT-PLOT UNDER COMPLETE BLOCKS 

Let us consider a basic situation with two main factors, A, B, and a blocking factor. 
Economical and physical reasons suggest a remarkable modification of the standard 
factorial design, due to a natural hierarchy between factors A and B. 
For instance, in determining the effect of annealing temperature, factor A, in breaking 
strength of experimental metal alloys, it is much more convenient to cluster some 
different metal samples, or different alloys that define factor B, in order to avoid an 
expensive randomized change of the temperature of a laboratory oven as established 
in a standard factorial design. 
In this example, the annealing temperature has a leading role and factor B levels are 
nested within a special common level of factor A simultaneously applied to a cluster 
(whole-plot) of experimental units (sub-plots). 
The blocking factor may be assigned to different experimental sessions in order to 
control environmental effects such as different tours or different laboratories, etc .. 
The residual normal stochastic errors are not i.i.d. as claimed by a regular factorial. 
The standard split-plot design assume equicorrelation among errors of responses of 
experimental units belonging to the same whole-plot. 
Following the terminology of previous example, independence assumption of errors 
linked to breaking strength of metal alloys, simultaneously treated with a common 
annealing temperature, is no longer acceptable. Spatial positioning of metal samples 
in a standard split-plot design affect the correlation of errors with an assumed uniform 
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pattern (equicorrelation). 

The basic fixed effects split-plot model under complete random blocks is 

(1) 

where i = 1, 2, ... , r is the block index; j = 1, 2, ... , a is the level index of factor 
A; k = 1, 2, ... , b is the level index of factor B; Yijk is the observed response. The 
explanatory components of model ( 1) are: J.L, the grand mean response; t;, the random 
effect of the i-th block T;, T; = T "'N(O,a}); aj, the fixed effect of the j-th level 
of factor A, L:j=1 aj = 0; fJk, the fixed effect of the k-th level of factor B, L:t=l fJk = 
0; (a{J)jk, the fixed level of the interaction A x B at levels j for A and k for B, 
L:j=1 ( a{J)jk = L:%=1 ( afJ)ik = 0. 
The residual error term, C.ijk, defines a stochastic normal experimental error of zero 
mean and common variance a 2, C.ijk "'N(O, a 2), but, unlike canonical factorial model, 
the correlation among errors is 

if i - i' ). - y"' k .../.. k'· - ' - ' -r ' 
if i=i',j=j', k=k'; 
elsewhere. 

Independence between T and C.ijk, T .l C.ijk, is a common and realistic assumption. 

3. BLOCK MIXED EFFECT SPLIT-PLOT UNDER SPATIAL DEPENDENCE 

Spatial positioning of experimental units (sub-plots) in a standard split-plot design 
affect the correlations among errors of the same whole-plot with a simple and uniform 
unknown equicorrelation pattern. 
In order to model locally this dependence as a function of distance between subplo­
ts, some papers recently appeared treating special cases. See, for instance, references 
displayed in (1] and (2]. In a previous paper, (1], the standard dependence assump­
tion of a fixed effect split-plot design was generalized in order to examine which part 
of standard split-plot analysis may be robustly performed. The extension was based 
upon E( C.ijkC.ijk') = a 2qkk', where Q = ( qkk') is an unknown full rank correlation matrix. 

Here we consider a further extension with reference to the nature of hierarchical factors 
A and B. We suppose that they are random effects with, possibly, non null mean effects. 
This extension is quite reasonable in many situations, specially when a deterministic 
control of a factor level is not available and, in particular, the planned change of regime 
between two levels is not perfectly deterministic with a stochastic dependence structure 
that does not depict the new local effect of factor as an independent one. 
Here we assume that this type of dependence among levels of the same factor is 
unknown and stable (uniform) among them. 
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Let us define a vectorized version of model (1 ), coherent with implicit hierarchical 

order of effects, i. e., y* = (Ynl, Yn2, · · ·, Ynb, Y121, Y122, · · ·, Y12b, · · · Yrab Yra2, · · ·, Yrab)', 
based upon the Kronecker product 0, 

y* = (lr0la0lb)/l+(/ r0la0lb)t+(lr0J a01b)a+(1r01a0fb)b+(1r01 a0fb)v+€*, 
(2) 

where, t,...., Nr(O,o}Ir) is a random block effect with zero mean, a,...., Na(a,<T~:Ea), 
:Ea = (1- Pa)la + PaJa is a random effect factor A, b "'Nb(/3,<T1:Eb), :Eb = (1-
Pb )h + pbJ b is a random effect factor B, v summarises the fixed effects of interaction 
A X Band €* "'N(O, <T2V), V = (Ir 0 I a 0 Q). 
It may be proved that t* = (Ir 0la 0lb)t "'N(O,<T}abWr), Wr = (/r 0 Ua 0 Ub) 
and U n = ~Jn = ~lnl~; a* = (lr 0 I a 0 lb)a "' N(a*, <T~rbW A), with W A = 
(Ur 0 :Ea 0 Ub) and a* = (lr 0 I a 01b)a; b* = (lr 0 la 0 lb)b "'N({3*, 0"1raW B), 
with W B = (Ur0Ua0:Eb) and {3* = (1r01a01b)f3. Mutual stochastic independence 
of vectors t*, a*, b* and €* is assumed. 
If a* and b* are degenerate random vectors on a* and {3* we attain the model exami­
ned in [1]. Moreover, if Q equals (1- p)Ib + pJb then the basic fixed effects split-plot 
design under complete random blocks is attained. 

Let us examine now which is the behaviour of the usual sum of squares statistics in 
order to arrange a correct analysis of variance under these extensions. 
The main purpose is to evaluate to which extent the usual analysis, based upon the 
basic fixed effects split-plot under complete random blocks, may be performed exactly 
or by the means of a robust approximation. 

4. RANDOM BLOCKS AND FACTOR A EFFECTS ANALYSIS 

The random effect of the block factor Tis evaluated via SSR, i. e., 

SSR = LYl.fab-y~.frab="f:.(t;-t.fr+c:;)ab-c: .. ./rab)2, (3) 
' ijk 

where a dot denotes a sum over the corresponding index, e. g., t. = I:i=1 t;, and the 
involved random vectors are t* and €*. 
Let us define e* = €* + t* and R = [(Ir- Ur) 0 Ua 0 Ub], with rank r(R) = r -1, 
then, SSR = e*'Re* and e* "'N(O,<T2V + <TfabWr). 
Let us fix R = Rj¢ with f/l defined later on. Note that RV = (/r- Ur) 0 Ua 0 UbQ 
and RW T = (Ir- Ur) 0 Ua 0 ub, then 

RVar(e*) = ~ { (/r- Ur) 0 Ua 0 Ub(<T2Q + O"~ablb)}. (4) 

Let us evaluate if a real number fjJ exists such that RVar( e*) is an idempotent matrix. 
Firstly, consider that 

(5) 
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and s denotes the sum of all entries of matrix S. 
The squared version of matrix (4), with S = cr2 Q + cr}ablb, is equal to 

1 
(RVar(e*))2 = <f>2 {(Ir- Ur) ® Ua ® UbSUbS} 

= ;2 {(Ir-Ur)®Ua®iUbs}, (6) 

and, therefore, idem potency is attained for <P = f = ( ~ + cr}ab), and Sb = l~Qlb. 
By a well-known theorem on normal quadratic forms, see e. g. [3] p. 57, it follows 
that 

SSR *'R- * 2 -<P- = e e "' x[r-1,0)> 

and, in particular, the mean value of MSR = SSR/(r - 1) is E(MSR) 
2 T + cr}ab. 

Note that, under the null hypothesis on block effects, 

2 
Ho Cl Sb 2 

SSR "' -b-XIr-1,oJ· 

The random effect of the factor A is evaluated by the quadratic form SSA, 

(7) 

<P = 

(8) 

SSA = LY'J.frb- y~.frab = L (ai- a.+ e.i./rb- e .. ./rab) 2 
'· (9) 

i ijk a 

a function of random vectors a* and E*. 

Let us define e* = a*+E*, FA= [Ur®(la-Ua)®Ub], with rank r(FA) = a-1, and 
FA = ~with a real'¢ defined later on, then SSA = e*'F Ae* and e* "'N(a*, cr2V + 
cr~rbW A)· 
Consider the product matrix 

(10) 

Following a proof similar to steps ( 4- 8), its squared version is idempotent if and only 

if'¢= f = ( ~ + cr~rb(1- Pa)) and then, 

SSA *'F- * v2 
~ = e Ae "'of'\.'(a-1 ..Lrb "" a 2)' 

If/ 12t/J L,.,•=l 1 

(11) 

where, the non centrality parameter is ~E( e*')F AE( e*) = 2~rb L:i=1 a~ and the .me­

an value of MSA = SSA/(a- 1) is E(MSA) = 1/J [1 + a~1 ] = '¢ + a~1 L:i=1 0'.~ 
[~ + 2 b(l ) + ...!±_"a 2] b Cl Ar - Pa a-1 L..i=1 °i · 
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Note that, under the null hypothesis, H0 : aj = 0 and O"~ 0 (or p~ 
1, 2, ... 'a, 

Ho 0"2 Sb 2 
SSA"" -b-X[a-t,oJ· 

The sum of squares that may be compared with S S R and S SA is 

SSEA LYfj./ b - L Y~./ rb - "'£ y?../ ab + y~./ rab 
ij j 

L (t:;j./b- C:.j./rb- t:; . .fab + c: .. .frab)2 

ijk 
*'F- • e EAe , 

R. Guseo 

1), j = 

(12) 

(13) 

where e* = f*, FEA = (Ir- Ur) ®(I a-u a)® ub, with rank r(FEA) = (r -1)(a -1), 
and FEA = FEA/'f'. 
Idempotency of FEA Var(e*) is attained for r.p = ~'then 

(14) 

and E(MSEA) = ~· 

It is easy to prove that SSEA, SSR and SSA are mutually independent. Therefore, 
the traditional split-plot analysis is exact in testing block and random factor A effects 
and is based upon Snedecor's F distributions. 

5. RANDOM FACTOR E AND INTERACTION AxE ANALYSIS 

The random effect of factor E is recognised by S S B, 

SSE = "'£y\/ra- y~./rab = "'£ (bk- !!_b.+ c: .. k/ra- c: .. .frab) 
2

, (15) 
k ijk 

a quadratic form based upon b* and f*. Let us define e* = b* + f*, F 8 = U r ® U a ® 

(h-Ub) with rank r(FB) = b- 1, and FB = FBh so that SSE = e*'F8 e* and 
e* ""N(/3*, u2V + u1raW B)· 
Unfortunately, there does not exist a real number 1 such that the product F8 Var( e*) 
give rise to an idempotent matrix, 

FBVar(e*) = ~ {Ur ® Ua ® (Ib- Ub)[u 2Q + u1ra(1 -·pb)IbJ}. (16) 
I 

Nevertheless, the mean value and the variance of SSE may be easily determined via a 
simple theorem in [3] p. 55. In particular, the expected value of SSE is 
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b 

tr{Ur ® U a® (Ib- U b)[a2Q + a1ra(1- Pb)Ib]} + ra L (3~ 
k=l 

b 

a2 (trQ- s;) + a1ra(1- pb)(b- 1) + ra I: f3Z, 
k=l 

and, therefore, 

a2 ( s ) ra b 
E(MSB)=b- 1 trQ-; +a1ra(1-pb)+b_ 1 L:f3r 

k=l 

The variance of S S B is 

865 

(17) 

(18) 

Var(SSB) = 2 { tr[FB(a2V + a1raW BW + 2f3*'FB(a2V + a1raW B)FB/3*}. (19) 

Under the null hypothesis Var( S S B I H0 ) is 

(20) 

The random effect of B, measured by SSE, may be compared with SSEAB, 

SSEAB I: Yfjk - I: Yfi./b- I: Y~klr +I: y~.frb 
ijk ij jk j 

""(c· ·k- c· · lb- c ·klr + c · lrb) 2 
~ '1 ']· ·J .J. ' (21) 
ijk 

a quadratic form based upon vector f*. 

Let us define FEAB = (Ir- Ur) ® Ia ® (Ib- Ub) a matrix with rank r(FEAB) = 
(r- l)a(b- 1) and e* = E*. It may be proved that e* ~ Af(O, a 2V) and 

SSEAB = e*'FEABe*. (22) 

Given F EAB = F EAB I b, there does not exist again a real b such that 

is an idempotent matrix. 
With simple computations it may be proved that 

E(SSEAB) = a2(r- 1)a (trQ- s;) (23) 

and, therefore, 
a2 ( Sb) E(MSEAB) = b _ 1 trQ- b , (24) 
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with variance 
Var(SSEAB) = 2a4a(r- 1)tr([(Jb- Ub)Q] 2 ). 

6. CONCLUDING REMARKS 

R. Guseo 

(25) 

Under the null hypothesis on the effects of factor B, the ratio RB = MSB/MSEAB 
may be examined following the robust results in [1]. With a similar argument the fixed 
effect due to interaction between factors A and B may be detected via the quadratic 
form SSAB. 

The table Tab. 1 summarises the ANOVA for a partially mixed effects split-plot 
design under unknown spatial dependence. The F ratio of the first part are exactly 
distributed according to a Snedecor's F. The ratios R of the second part are only an 
approximation and may be compared with the robust thresholds in [1]. 

Tab. 1 ANOVA: Partial mixed Split-Plot with two Factors and Complete Blocks 

Source MS() E(MS) Ratio 

BLOCK R SSR ~+aba} Fn = (r-1) 

FACT. A A- SSA ~ + a~rb(l- Pa) + rb"Ei {aaJl) FA - (a-1) 

ER. (A) EA- SSEA ~ 
- ((a-l)(r-1)) b 

FACT. B B- SSB 2 /3~ 
RB - (b-i1 b':_ 1 (trQ- \k) + a1ra(l- Pb) + ra Lk ~ 

IN. Ax B AB SSAB u2 ( Q !It) L (a{3);k RAB = ((a-l)(b-1)) b-1 tr - b + r jk {{a-1){b-1)) 

E. (A X B) EAB= SSEAB L (trQ- !It) 
a b-1)(r-1 b-1 b 
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SOME COMMENTS ABOUT RUN ORDERS 
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ABSTRACT: The problem of finding trend resistant run sequences in performing factorial 
designs has been raised in past years and solutions have been provided to create trend 
resistant run orders with minimum number of level changes (in order to reduce experimental 
costs). With these sequences estimates of factors effects are not affected (biased) by the 
eventual presence of a trend component into the model. 

A simultaneous question is introduced by correlation among observed responses. When 
a V-robust dependence pattern might be assumed it was proved that ordinary least squares 
estimates are totally efficient if a two level fractional factorial design is performed. 

The aim of this paper is to make evidence on the link existing between those two dif­
ferent types of robustness (against an additive trend component and against correlation 

among observations). Moreover it is here proved that, even if both nuisance sources are 

present, ordinary least squares estimates are unbiased and totally efficient. 

1. INTRODUCTION 

Suppose an experiment is to be performed according to a given fractional factorial 
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design. In some cases, the time order in which the runs or treatment combinations 
are performed need not be randomized. Instead, certain systematic run orders may 
be preferred. For example, if the runs are carried out in some time or space sequence, 
each observation may be affected by a trend which is a function of time or position. In 
the presence of a time trend, a nonrandomized run order may improve the efficiency 
with which factor effects are estimated. 

The cost of conducting an experiment is often of practical importance. A second 
run order criterion may be a cost function based on the number of times each factor 
changes level. The practical interpretation is that it costs a certain amount to change 
the levels of each factor, for example to reset a measurement instrument, change the 
fertilizer on a field trial, restart an industrial plant and so on. The literature makes 
available some algorithms for creating run sequences which may balance between 
those two dual objectives. In section 2. main references will be given together with a 
quick outline of that approach. 

Simultaneously there might be the problem of correlation among responses mea­
sured on different runs. In [1] is recalled the definition of V-robust dependence pattern 
and is there stated also the main result proved in [2], namely coincidence between 
OLSE and WLSE for parameters of a multiresponse linear model when a two level 
fractional factorial design is performed. In section 3. the notation (here and there) 
used will be described in order to provide a suitable tool to explain the link existing 
between those two different types of assumption. 

In section 4. it is proved that, when the special sequences proposed in order to 
make estimates robust with respect to a time trend effect are performed, V-robustness 
dependence pattern leads again to coincidence between OLSE and WLSE of factor 
effects parameters and those estimates are also robust with respect to trend effects. 

Finally, section 5. will compare the approach here followed to combine trend re­
sistance with correlated responses with approaches followed by [3] and [4]. 

2. TREND RESISTANT RUN ORDERS 

In experiments that must be carried out in a time sequence, some practical con­
siderations may point to the use of a systematic run order instead of a complete 
randomization (the widespread advice given to experimenters). 

First of all, a randomized sequence might have big costs due to the total number 
of level changes enforced. For some factors, level changes may need themselves time 
(temperature modification, alloy or amalgam composition, for example) or may force 
to long waiting time to reach again the original system steadiness. Since in almost 
every real experimental procedure a waste of time entails big costs, level changes 
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should be carefully taken into account in experimental planning. This is, actually, the 
reason why randomization has been often overlooked in practical experimentation. 
Run sequences with a small number of level changes may represent an interesting 
solution (provided that, of course, these sequences are created following "statistical 
principles" in addition to empirical ones). 

Furthermore, since observations may be affected by a time trend effect, a run 
order counteracting this adverse effect could be essential to avoid misleading results. 
If a polynomial time trend perturbs observations, factors effect estimates calculated 
without considering it will be heavily biased. For this reason it is very important to 
find out if some run sequences might eliminate that bias effect. 

This two-objective problem has been recently examined in the statistical litera­
ture: [5] provides a very clear survey of results by that time available. The foldover 
method and the DW method are there described and compared. Those procedures 
allow the construction of run sequences with a small number of level changes and 
such that 

X'T=O (1) 

(here X is the model matrix while T encloses some trend effect). Condition (1) states 
that effects to be estimated (columns of X) are orthogonal with respect to time trend 
effects (usually linear or quadratic trends are examined) so that estimates are not 
biased at all by trend. 

In particular, the outcome of the foldover method and the DW method is not a 
single run sequence, but those methods generate a whole class of equivalent sequences 
(with respect to trend resistance). The choice of a specific element of that class can 
be done using the cost (number of level changes) criterion. 

This approach has been completed by more recent works ((6], (7], among the oth­
ers), where the same twofold criterion is applied to find out sequences of asymmetrical 
factorial designs and also asymmetrical orthogonal arrays. 

A further related research topic is recently represented by [8], where optimality 
of certain block designs is proved even in presence of linear trend. 

3. CORRELATED RESPONSES 

In [1] the problem of correlation among responses measured on different runs is dis­
cussed with examples of situations where this problem arises. In that paper the 
V -robust dependence pattern is recalled for the more complex context of a multire­
sponse model. Multiresponse observations naturally stem from real application where 
a single item is classified according to many features (in other words, many responses 
are simultaneously measured on the same experimental unit). In this paper, for the 
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sake of simplicity, only the uniresponse model will be considered, but the same results 
could be proved for the more general case as well. 

Let 

y=Xf3+e (2) 

be the linear model to be examined. Here y denotes then-vector of observed responses 
from a fractional factorial experiment with n runs, X nxp is the matrix containing 
columns corresponding to effects to be estimated, either main effects or interaction 
effects, f3px 1 is the vector of parameters of interest. Correlation among different 
observations is modelled by assuming that €nx 1 is a vector of random errors with 
zero mean, E(e) = 0, and covariance matrix 

Var(e) =:E. 

That covariance matrix is assumed to be V-robust with respect to X (this depen­
dence pattern essentially links covariance between responses measured in two runs 
to the difference of factors setup used for those two runs). From this assumption an 
important result follows: 

WLSE(/3) = (X':E,-1 Xf1 X':E-1y =(X' Xf1 X'y = OLSE(/3), (3) 

the weighted least squares estimator (WLSE) for f3 (which is the best linear unbiased 
estimator) is equal to the ordinary least squares estimator (OLSE), whose calcu­
lation can be performed independently from :E. Equality (3) can be proved since 
V -robustness of :E with respect to X leads to 

:EX= XA (and X':E- 1 = A - 1 X') , (4) 

where A is a p x p diagonal matrix whose nonzero elements are eigenvalues for :E. 

4. MAIN RESULT 

Problems discussed in previous sections might not raise only separately. For this 
reason, it would be interesting to analyse the impact of combining into a single model 
a trend effect on the mean value of y and a correlation effect among its components. 
The model here assumed for y is then the following: 

y=Xf3+Ta+e. (5) 
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The time trend effect on the mean value of the responses is modelled via the product 
Tat. Parameters in 0t are here treated as noise parameters and their estimation is 
consequently neglected. Observe that since the run sequence here performed has been 
chosen to be resistant against time trend components, matrix T must satisfy link (1). 
Finally, as in (2), Enxl is a vector of random errors with zero mean, E( e) = 0, and 
covariance matrix Var( E) = 1;. 

The following theorem can now be proved. 

Theorem. Consider model (5). If 1; is assumed to be V -robust with respect to 
X, then assuming (1), OLSE for interesting parameters, {3, produce the best linear 
estimators (and estimates are also robust with respect to trend effects). 

Proof. 
Denoting by Z the matrix obtained by adding T's columns to matrix X, 

Znx(p+t) =[X, T], 

and denoting by "( the (p + t)-vector obtained by stacking elements of {3 and at, 

"Y = [{3' ' Ot ']' ' 

it is well known that 

(6) 

Using (4) and (1), it is possible to prove that the product matrix within brackets is 
a block diagonal matrix: 

Z'l;- 1 Z = [ ~:] 1;-1 [X T] 

[ X'l;-1X 
T'l;- 1X 

X'l;- 1T] 
T'l;-1T 

= 
[A-1X'X 

T'XA-1 
A-1X'T] 
T'l;- 1T 

= [ A-1x'x 
0' T'~1T] · (7) 

By substituting (7) into (6) and using again (4), it follows immediately that 
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WLSE(,B) = (A - 1 X' Xf1 X':E-1y 

= (X'X)-1X'y 
= OLSE(,B). 

C. Mortarino 

0 

Previous result states robustness of OLSE(,B) against two possible simultaneous 
model misspecifications: an additive trend effect and a correlation pattern among 
response components. Ordinary least squares estimates are generally appropriate for 
model (2) with Var(e) = a2ln. Previous theorem proves that this method preserves 
its good properties (unbiasedness and full efficiency) even if (5) is the "true" model 
from which observations stemmed. 

For this reason, if trend effect or V -robust dependence (but also both of them) 
are suspected to have an impact on a practical experimental procedure, a carefully 
chosen run sequence of a two level fractional factorial design might be a useful (and, 
as argued in previous sections, sparing) solution. 

5. A COMPARISON WITH DIFFERENT APPROACHES 

The approach here followed to consider a model with both trend effect on the mean 
value of y, the response vector, and correlation among different components of y, is 
not, of course, the only possible one. 

In [3] trend resistant run sequences are investigated when time effect is modelled 
via a first order autoregressive model. In this case, the sequence {w;} of error terms 
is a first order autoregressive process with 

w; = pwi-1 +a;' 

where the a; are independent, zero mean random shocks. The authors of that paper 
deduce that run orders are trend robust if the factors change level many times. This 
is, of course, conflicting with the cost criterion described in previous sections and 
shows how entangled might become in practice this multiple criterion problem. 

Steinberg, in [4], adopted a model structured as 

(8) 

where u is a stochastic vector with zero mean value and Var( u) = a 2 In and t is an 
ARIMA time series model: 
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<I>(B)(1 - B)mt; = 8(B)a;, 

where B is the backshift operator (Bt; = t;_1), <I>( B) and 8(B) are polynomials and 
the a; are uncorrelated random shocks with zero mean and common variance r 2a 2 • 

In this way both correlation and trend are embedded into t. Model (8) generalizes 
the standard assumption of a polynomial trend which was used in the others cited 
papers dealing with run order. 

However, as pointed out by Steinberg himself, this model requires, in order to be 
estimated, that the structure of the ARIMA model (polynomials <I>( B) and 8(B)) is 
known (or at least well estimated) and also that a good estimate of r 2 is available. 
Parameter r 2 represents here the variance component ratio that controls the trade 
off between trend and noise. 

Different structures for the ARIMA model have little impact on final estimates, 
which are instead heavily affected by r 2 . Steinberg reports good results obtained 
with a generalized cross validation procedure in order to estimate r 2 and the ARIMA 
model. 

This procedure proves to be very powerful but very complex to implement and 
there are situations when the whole method can not be applied at all: since some 
degrees of freedom are necessary to estimates those extra parameters, nearly saturated 
fractional factorials are excluded. 

For this reason, result proved in section 4. may represent a solution for all situa­
tions when the procedure suggested by Steinberg can not be applied. Furthermore, 
the approach here suggested stems from a robustness reasoning: a standard, simple, 
well known procedure can be thoroughly used beyond its classical assumption domain 
(whether the different assumption structure is perceived or not). 
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ABSTRACT: The paper presents the economic design of an X control chart preserving the statistical 
proprieties of the chart. The classical algorithms of economic design are based on the minimisation of a cost 
function which depends on the sample size n, the width of control limits k, and the time interval between 
samples h: the statistical proprieties, represented by ATS1 and ATS2 are obtained values. It is possible to 
achieve a control chart that reaches the economic goal but has an insufficient ATS1 or ATS2. For this reason 
an appropriate design is necessary before the chart is used In this paper a new approach, based on an 
evolutionary algorithm, to solve this problem is proposed. The design of the chart bas been developed 
considering the objective function, which directly handles on a and ~ values and permits to consider both 
economic and the statistical properties. The proposed approach bas been compared to a well-known heuristic 
algorithm, a sensitivity analysis bas been carried out too. The obtained results show the effectiveness of the 
evolutionary algorithm. 

l INTRODUCTION 

The model developed by Duncan [ 1] considers the costs associated with the 
implementation of X control chart, proposed by Shewart [2], and defines a cost function 
which depends on the sample size n, the width of control limits k, and the time interval 
between samples h. Then, hand k, values that minimise the cost functions are chosen to 
utilise the chart in the production process. The heuristic algorithms to minimise the cost 
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function and to find the optimal design of the chart proposed by many authors consid~r the 
statistical proprieties of the chart as output values. But as pointed out by Woodall [3], 
control charts based on economically optimal design generally have poor statistical 
properties and the values of ARLo and ARL1 obtained by the chart parameters are not 
optimised accordingly to a statistical point of view. In order to resolve this problem Saniga 
[4] proposed a constrained model, while Del Castillo et al. [5] considered an interactive 
multiobjective algorithm on the basis of a simplified procedure. Simpson and Keats [6] 
have developed a trade - off analysis which shows as large gains in statistical properties 
are attainable with little increase in costs; a multiobjective evolutionary algorithm, which 
uses n, k and h as variables and a fitness function which depends both on costs and 
statistical properties, has been presented by Celano. In this paper an evolutionary algorithm 
that can consider both the economic and statistical objective has been developed: the 
variables of the objective function are a and ~ values and the parameters of the chart are 
obtained from them. The performance of the proposed algorithm has been tested by 
computer simulation utilising the examples reported in literature and the results have been 
compared with one of the best conventional algorithm. A sensitivity analysis has been 
carried out to evaluate the relationship between the cost when the process is out of control 
and the economic and the statistical proprieties of the chart. 

2 ECONOMIC MODEL 

In order to design an X control chart with respect to economic criteria it is necessary to 
make some basic assumptions about the behaviour of the process. It is characterised by a 
single in control state, which can be represented by the mean ~ of a process parameter 
when no assignable causes are present; it may have s :?: 1 out of control states: each one of 
them is associated with a particular assignable cause. The assignable causes occur during 
an interval of time accordingly a Poisson distribution: so, assuming that the process begins 
in an in control state, the length of in control period is an exponential random variable. The 
last assumption implies that the transitions between the two possible states of the process 
are instantaneous. The process is not self correcting, so, if a transition to an out of control 
state has occurred, it can be returned to the in control condition only after an operator 
intervention; moreover, during the search of the assignable cause, the process is allowed to 
continue the production of items. The process is divided into cycles constituted by the 
following phases: production, monitoring and adjustment; each cycle begins with the 
production process in the in control state and continues until there is the appearance of an 
out of control signal on the control chart. Following an adjustment in which the process is 
returned to the in control state, a new cycle begins. Let E(T) be the expected length of a 
cycle and E(C) the expected net income gained during a cycle. 
In the classical model [ 1] the optimisation of costs associated with the implementation of X 
control charts is realised by choosing the variables n, k and h minimising the expected loss 
per hour E(L). The Duncan's model parameters are defined with the following symbols: 
- 'A is the number of occurrences per hour of an assignable cause: it represents the 

parameter ofthe exponential distribution that models the length of in- control period; 
- o represents the number of standard deviations cr in the shift of the mean ~ of a quality 
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characteristic to value 11o+~cs or llo-OO; 
- Vo is the net income per hour of operation in the in control state; 
- V 1 is the income per hour of operation in the out of control state; 
- a.. is the loss incurred per hour of operation own to the production of nonconforming 

items: a..==Vo-Vt; 
- a1 is the fixed component of sampling cost; 
- a2 is the variable component of sampling cost; 
- a3 is the cost of finding an assignable cause; 
- a' 3 is the cost of finding an assignable cause when none exists; 
- g is the time required to take a single item and interpret the results; 
- D is the time required to find an assignable cause after a point plotted outside the 

control limits; 
The expected length E(T) of a cycle is equal to: 

1 
E(T) = i+h ·ARL-t+ g· n + D (1) 

where ~ is the mean time interval that the process remains m control state and 

h · ARL - t is the length of out of control period; the first term represents the number of 
samples required to produce an out of control signal times the time interval between 
samples. The Average Run Length with process in out of control state is 

ARL = _1 = (rrr.-aJn +(z}iz + r ,-+{z}iz)_, 
1- ~ -«> -a"n 

(2) 

The second term of h · ARL - t 

r<j+I)Ja ~( U 
t=Jjh A.·e- t-jhpt=l-(l+A.h)·e-a 

1j+l)h ~ "' (1 -a) A.· e- dt 11.· - e 
jh 

(3) 

is, given the occurrence of an assignable cause between j and j+ I sample, the expected 
time of occurrence of the cause within this interval. The term g · n is the time required 
taking a sample and interpreting the results and D is the time required finding an 
assignable cause. 
The expected number of false alarms Nra may be defined as a times the number of samples 
taken before the shift: 

where a is the reciprocal of the in control Average Run Length 

a =-1- = 2· f"+(z}iz 
ARLo -«> 

(4) 

(5) 
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The expected net income per cycle E(C) has the following expression: 

1 ( h ) a.· a~ · e -1Jt ( ) E(T) E(C)=V0 ·-+v;· ---'t+g·n+D -a3 1Jt a1 +a2 ·n ·-h-
A. 1-P 1-e 

(6) 

First and second term of this expression are the gains obtained respectively during in 
control and out of control periods; the remaining ones represent the costs associated to the 
search of assignable causes, to false alarms and to sampling. 
Assuming that the sequence of production - monitoring - adjustment can be represented as 
a renewal reward stochastic process, the expected net income per hour E(A) can be 
determined by dividing E(C) by E(T): 

E(A) = E(C) (7) 
E(T) 

rearranging the terms of this expression, it may be written: 
E(A) = V0 - E(L) (8) 

where the expected loss per hour E(L) is equal to: 

E(L) = a4 · (h/(1-P)-'t+ g· n +D)+a3 +a~ ·a.· e-1..1t 1(1- e-1..1t) + a1 +a2 • n 

1/A.+h/(1-P)-'t+g·n+D h 
(9) 

The function E(L) must be minimised in order to pursue the economic goal, whereas the 
statistical objectives are reached by maximising the value of the average time signal in 
control state (ATSt) and minimising the average time signal in out of control state (ATS2). 

ATSt and ATS2 are defined as: 
ATS1 = h * ARL0 ATS2 = h * ARL1 (10) 

As variables of the function E(L) we have chosen a. and P so that we can directly consider 
the statistical aspects of the problem, while h has been calculated through the formula 
obtained by the economic optimisation . 

3 EVOLUTIONARY ALGORITHM 

Genetic algorithms (GAs) simulates the evolution of a population, based on the rule of the 
survival of the fittest for the given environment [7]. The pool of chromosomes forming the 
actual population contains differing genetic material and the main genetic operator, the 
crossover operator, works selecting pairs of solutions from an actual population, and 
combining them to produce new solutions. It develops a set of solutions with individuals in 
reciprocal competition and the evolution of that population is obtained transferring the 
beneficial adaptations gained during the search from the chromosomes of the parents to the 
ones of the offspring. The genetic operators for the control chart design have been selected 
and worked out on the basis of a previous experience of the authors, particularly, a decimal 
encoding of individuals has been adopted, as well as a preference for genetic operators 
which directly ensures solution feasible procedure. Moreover, an elitist strategy has been 
chosen during the evolutionary process, consisting in preserving the best chromosome 
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l Initialisation J 

l Crossover J 
Pm I 

l Mutation J 

l Population control J 

ll Mutation on duplicates exceeding Dmax J 

Control parameten updating 

l Nit 

l Stop J 

from disruption caused by the application of 
the mutation operator. In order to avoid 
premature convergence, due to a quick 
increase of the number of copies of «the 
fittest individuals», a population control 
technique that, over a given number, mutates 
the duplicates of current chromosomes in the 
actual population has also been embedded in 
the developed GA. The architecture of the 
proposed evolutionary algorithm is sketched 
in Fig. 1. After the initialisation, the 
evolutionary process is carried out, based on 
the selection at each iteration of two parents 
on a fitness basis and on the application of 
the crossover operator. Similarly, mutation is 
performed. The appropriate chromosomal 
diversity in the current population is assured 

Fig. 1 Genetic algorithm by using, after the application of the 
conventional genetic operators, a population 

control operator which applies the mutation operator to the copies of each individual which 
exceeds a given level. 

3.1 Genetic operators 

Representation. For the problem investigated the decimal encoding of individuals has been 
adopted. Each individual consists of a decimal string of two elements,a. and p, that 
represents a feasible solution because the chart parameters n, h and k are obtained from a. 
and p, through the following relations: 

n=(z;k)2 h= (11) 

where k and z are respectively the values of the normal standard variable corresponding to 
a. and p. 
Fitness. To evaluate the individual effectiveness three ways are considered depending on 
the configuration of the algorithm. When the economic objective is considered the fitness 
value, F, coincide with the expected loss per hour (9). If the objective are the statistical 
proprieties the fitness values depending from ATS, eAT~: 

F=W*ATS+~ (12) 
I I ATS 

2 

In the multiobjective configuration the fitness is a function of the economic and the 
statistical goals: 
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F = E(L) * (w * ATS + ~) 
I I ATS 

2 

(13) 

W 1 W 2 are coefficients, which values ranging from 0.1 and 1. 
Crossover. Considering that two genes only constitute an individual, crossover operator is 
performed mixing the genes of two chosen individual. Fig 2 
Mutation. This operator is randomly applied during iterations with probability Pm; an 
individual is casually chosen on a fitness basis, and substituted with a new one generated 
by the mutation operator. Mutation is constructing a new sequence through random 
drawing; 

at lJ!1 jparent 1 

a:z 1 p2 1 parent 2 at I Pt I Parent 

a1 lJh J offspring 1 a 2 I p2 I Offspring 

a:z I Pt I offspring 2 
Crossover Mutation 

Ftg. 2 Genet1c operators 

Population control. In order to avoid premature convergence of the algorithm, due to a 
quick increase in the copies of the fitter individuals, an operator that discards duplicates 
exceeding Dmax is applied at each iteration. The duplicates are identified on a fitness basis 
and the discarded individuals are substituted with their "offspring" generated by the 
mutation operator. 
Control Parameters Updating and Stop test. To perform intensification-diversification 
cycles of the evolutionary process, after Nip iterations without improvements, the mutation 
probability is increased by ~m; on the contrary, when a new minimum is found, Pm is 
reset to the initial value. The previously described operators are iteratively applied until the 
ending criterion, the maximum number of iterations Nitmax, is fulfilled. 

4 SIMULATION RESULTS 

Three configurations of the evolutionary algorithm have been considered corresponding 
the three different fitness functions described in 3. 1 : the economic design algorithm, ED A, 
the statistical design algorithm SDA, and the multiobjective design algorithm MDA. In 
order to assess the effectiveness of the proposed technique, the algorithms have been tested 
on a set of 5 problems reported in literature [ 1] [8]. The following setting of control 
parameters has been employed: Ns=SO, Pm=O.Ol, Dmax=2, Nit=SOOOO. The results of the 
three algorithms, together with the ones obtained by one of the best conventional algorithm 
[8], CA, based on economic optimisation, are resumed in Table 1. The E(L) average of 
EDA compared with the conventional algorithms shows a significant improvement. The 
control chart designed on the basis of the SDA results shows excellent statistical 
proprieties but an unacceptable increment of cost until the 476 % of the example I. The 
MDA results show little increase in cost, the 7.1 % in average, but at the same time a 
significant improvement of statistical proprieties, the increment of 88,3% of ATSt and the 
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decrease of 7,3% A TS2. 

Example algorithm E(L) ATSo ATSI n h k 
CA 624,26 101,04 1,81 3 0,97 2,59 

1 EDA 624,26 101 1,82 3 0,96 2,59 
SDA 3598 16 13597,8 0,1 20 0,1 4,48 
MDA 642,24 254,55 1,6 4 0,84 2,94 

CA 10,38 447,01 0,85 5 0,76 2,99 
2 EDA 10,37 308 0,83 5 0,77 3,02 

SDA 14,01 1,32E6 0,76 25 0,76 5 
MDA 11,97 695,7 0,82 3 0,42 3,43 

CA 608,86 131 1,7 5 1,3 3,2 
3 EDA 541,79 161,3 1,86 2 1 2,74 

SDA 1626,15 1,74E6 1 25 1 5 
MDA 557,25 327,7 1,82 2 0,75 3,05 

CA 594,13 171,6 2,7 2 1,6 2,6 
4 EDA 563,2 174 3,00 3 2,54 2,44 

SDA 2935,62 1,74E6 1 25 1 5 
MDA 616,62 246,5 2,58 2 1,34 2,78 

CA 647,5 371,8 2,1 17 1,9 2,8 
5 EDA 627,6 156 1,9 11 1,45 2,6 

SDA 983,19 1,22E6 1,4 25 0,7 5 
MDA 658,09 185,3 1,77 8 0,89 2,82 

Table 1 Simulation results 
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To evaluate the effectiveness of the 
MDA algorithm in different process 
environments a sensitivity analysis is 
carried out considering the results of the 
economic and the multiobjective 
algorithms, E(L), ATSI and ATS2, in 
relation with the value V 1, particularly it 
ranges from 0, this mean there is no gain 
when the process is out of control, until 

I so Vl the gain 75% of Vo. The Fig. 3, 4 and 5 
Fig. 2 Ex~p-e-ct-ed-lo_s_s -pe_r_h_o-ur ___ _J show respectively the relation between 

E(L}, ATS2, ATSI and VI. The costs 
calculated with the two algorithms have small difference ranging from the 5% and 2,23% 
corresponding to VI equal 0 and 75%. Instead the ATSI and ATS2 have relevant shifting. 
The increment of ATSI range between the 169% and the 85%, whereas the decrease of 
ATS2 ranges from the 15% and the 11%. These results obtained confirm the effectiveness 
of the multiobjective algorithm. But they also point out that, when the products realised 
during an out of control are defective and it is no possible any recycle, the cost difference 
are double in comparison with there is at lest an earn of the 50%. In this condition the 
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statistical advantage remain significant: the 169% for ATS, and the 15% for ATS2. 

------ ---

ATSI --FDA 
](XX) -+-MDA 

100 ._ ______ __ 

to •VI 
0 ~ 100 ·~ 

Fig. 3 Average time signal in control 

5 CONCLUSION 

ATS2 
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2,00 

1,50 

1,00 

0,50 

0,00 

I-----

--EDA 

-+-MDA 

0 W WO IW 
--------,-----,---,----

Fig. 4 Average time signal out control 

The present paper deals with X control chart design. A multiobjective approach is 
proposed to pursue contemporaneously an economic objective and a statistical objective. 
The results obtained with the developed method show that is possible, for every kind of 
process, to gain a great improvement of the statistical properties of the chart with a relative 
small increase in costs. In this way is possible to have sensible charts which present the 
signal of a special cause in a very short time and consequently the production of possible 
non conforming items is considerably reduced. 
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ABSTRACT: The quality manufacturability (QM) of a design is defined as the likelihood that de­
fects will occur during its manufacture in a standard plant. Clearly, some designs are more likely to 
have a lower production yield rate and/or higher quality management cost as compared to an alter­
native design. The reason for this is that in any production facility there is an inherent defect occur­
rence process, the strength of which is dependent both on the product's design and process capabil­
ity. This relationship between the defect occurrence process and the design is the basis for QM. The 
output of the DFQM method is the QM-Index matrix, which indicates the QM of each part in the 
assembly. In this paper we present standardized influencing factors that are used to derive the OM­
Index Matrix. Quality assurance groups can use DFQM for evaluating a design even before proto­
type manufacturing. Design groups on the other hand can use this method as part of their design 
analysis in the virtual environment. DFQM will help improve the quality yield of a plant, and also 
lead to a shorter product cycle time. Two case studies of an automobile door handle and a cellular 
phone are presented. 

1. INTRODUCTION 

The primary objective of a designer is to develop designs that first satisfy a certain func­
tionality, and second are economical to manufacture. Following this, there are several sec­
ondary objectives to be met. One such objective is to create designs that have a high level 
of quality manufacturability (QM). The QM of a design is defined as the likelihood that 
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quality defects will occur during its manufacture. Creating designs with a high QM ensures 
that a minimal effort is expended in maintaining and achieving quality specifications on 
the production floor. Further, the need for product redesign is reduced. Improving QM in­
volves executing a design analysis to answer the following questions: (i) what quality de­
fects will possibly occur during the manufacture of a given design (ii) what is the signifi­
cance of these defects, and (iii) how will these defects effect customer satisfaction and 
functionality? Traditionally, these questions can not be reliably answered until initial 
manufacturing has begun. In this paper we discuss a new method, called DFQM, to help 
designers answer these questions early in the design cycle. This permits the designer to im­
prove the QM in a virtual environment. This new method can be implemented in the form 
of a computer based tool which is able to model and simulate the manufacturing "defect 
occurrence process", and hence predict likely quality problems. 

An assembled product is comprised of several parts which are held together via some fas­
tening mechanism. In the simplest case we may have a product with just two parts, while at 
the other extreme we have an automobile or aircraft which is assembled from thousands of 
parts. It is well known that many of the quality problems in an assembled product originate 
during the assembly process itself. The process of positioning, inserting, and fastening sev­
eral different parts to form one product, inherently results in assembly defects. Often the 
occurrence of these defects is a function of the design itself. This implies that there are 
some designs that are more likely than others to have assembly defects are. In order to de­
velop a generally applicable QM analysis tool, we need to first identify general classes of 
quality defects. Our research indicates there are six general classes of manufacturing de­
fects in assembled products. These are, 

1. Missing or misplaced parts 
3. Part interferences 
5. Assembly non-conformity 

2. Part misalignments 
4. Fastener related problems 
6. Damaged parts. 

Note that all of these defects are physical in nature. These defects will manifest themselves 
in a functional defect, depending on the type of product. For example, a misalignment may 
cause a motor to heat up, while in the case of a door it may cause water leakage. 

DFQM models the linkage between the above defects and a variety of design features. 
These models identify which design features and relationships promote the occurrence of 
assembly defects, and under what conditions. In this paper our focus is on these "causing" 
design features. We introduce the features and present a standardized format for measuring 
them in a QM context. The results presented here are part of a larger research initiative in 
the DFQM area. Details of the DFQM method, which complement the results reported 
here, are reported in Das at a! [2] and Tamboo [8] (1994). 

2. QUALITY MANUF ACTURABILITY AND DFM 

DFM is an approach for designing products so that, (i) the design is quickly transitioned 
into production, (ii) the product is manufactured at minimum cost, (iii) the product is 
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manufactured with a minimum effort in terms of processing and handling requirements, 
and (iv) the manufactures product attains its designed level of quality. Several techniques 
for DFM have been developed and implemented in industry. Typically, a technique will 
focus on one or more of the above listed objectives. There is not much research on evalu­
ating a design from a manufactured quality perspective. Techniques such as Taguchi meth­
ods and robust design methods [5, 7, 1], Ishikawa or cause/effect diagrams, and quality 
function deployment [3] are usually used to better only the design quality of a product. 
Morup [ 4] introduces design for quality (DFQ) as a quality driven form of integrated prod­
uct and process development, but the emphasis is more on functionality than manufactura­
bility. DFQM is a new approach that focuses exclusively on evaluating the design of as­
sembled products from a manufactured quality perspective. DFQM analysis is also appli­
cable in a global supply chain environment. Smith and Whitehall [6] observe that design 
and manufacturing groups tend to be geographically distant from each other, with little in­
teraction. Taylor [9] proposes a model for design for global manufacturing and assembly 
(DFGMA). He considers the costs of production setup and design setup for different global 
sites. DFQM would help reduces these costs. 

3. THE QUALITY MANUFACTURABILITY ANALYSIS SCHEME 

The analytical process in DFQM is structured as a sort of reverse cause-effect analysis. 
That is we are identifying causes, and then predicting effects or quality defects during as­
sembly. This is similar in structure to the failure mode effects analysis (FMEA) method. 
But while FMEA provides the user with a blank worksheet, DFQM already models the 
causes and effects, and the user is only required to identify the presence of the causes. The 
flowchart in Figure 1 identifies the three key elements of the approach and their relation­
ship, and their definition follows. 

Presence or 
Strength of 

Influencing Factors 
.. Quantitative Function 

Derives the Level of 
the Error Catalysts 

.. 
Fig 1: Logical Elements of DFQM 

Occurrence 
Probability of the 
Defect Classes 

Influencing Factor Variables- A variable or feature of the design or assembly process 
which can lead to one or more of the defect classes. Factors may relate to the physical 
attributes of the design, or the manufacturing process. 
Defect Classes - An assembly quality defect commonly seen in manufactured products. 
Each defect differs in terms of what causes them, and their specific orientations. 
Error Catalysts - These describe design-assembly situations that promote the occur­
rence of quality defects. The logic of the error catalyst function describes factor condi­
tions that are undesirable. The prevailing level of each factor variable is used by the er-
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ror catalyst function to create a likelihood estimate of a defect occurring. For each de­
fect classes there are several error catalysts. 

In improving the QM a designer must first evaluate the intensity level of each error cata­
lyst. The level is given by an accompanying function, and is defined on a 0 to I scale. 
When the intensity is I, then conditions are such that it is highly likely the associated 
specified defect will occur during practice, Conversely, when the intensity is 0 then its 
highly unlikely to occur. When the error catalysts are strong, then the designer must 
change the design so as to weaken the error catalysts. In the ideal design all the error cata­
lysts will be 0 or inactive. 

Dir. Of Separation Force Force Mapping Ratio Fastener Accessibility Spacing 
A 8 c D 

Parallel to fastening Access from 5 directions Constant with a pattern 
0.75 < FMR < 1.00 

1 

0 0 0 

Fastener Location 

Perpendicular to fastemng 0.50 < FMR < 0.75 Varying with a pattern 

0.25 < FMR < 0.50 

4 

Fig. 2: Standard Chart for Fastening System 
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4. STANDARDIZED FACTOR VARIABLES 

A variety of factors could influence the occurrence of quality defects. We have identified 
some of the primary factors, and then standardized them for use in the DFQM method. 
There are in total three categories of factors, each of which is described below. 

ABUTMENTS INSERTED With Locators 

1. 2. 3. Fully 4. Partly 

OVERLAPPING 
Self Locating 

5. Fully 6. Partly 

Without 
Locators 

~~ m ffi 0 ~[§] ~ ~ 
~BP BP ~ tF 
c 

pifferent 
Bases 

VertiCal 

Same as 
cs 

Same as 
C6 

Same as 
C7 

Fig. 3: Standard Chart for Positional Relationship Between Mating Pairs 

4.1. FASTENING SYSTEM 

In our research we found the fastening system to be a key determinant of product quality. 
Fastening systems are defined in four dimensions from a QM perspective: (i) direction of 
the separation force (ii) force mapping ratio (iii) fastening accessibility and (iv) inter fas­
tener distance. The force mapping ratio is the between the fastener enclosed area and the 
part mating area. The standards for measuring each of these is shown in Figure 2. In all 
cases the QM deteriorates as we move down the table. Generally the best case for QM is 
(Al-Bl-Cl-Dl) and the worst case is (A3-B4-C4-D3). 
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4.2. POSITIONAL RELATIONSHIPS 

Many defects originate from the difficulty in assembling two mating parts. We thus find 
that the positional relationship of parts is an important determinant of quality. This rela­
tionship is measured in two dimensions: (i) the commonality of the base on which the two 
parts rest and (ii) the ease with which the parts are located. Figure 3 illustrates the range of 
standard positions. The base is the part on which a part rests. Example locators are pins, 
grooves, or notches. The relationship between QM and the position is not monotonic 
across the table. There are some dominant QM related positions. For example, Al tends to 
be best, while C 1 and C7 tend to be the worst. Column 5 is a recommended design strategy 
since it eliminates the need for locating devices, while still having a low chance of error. 

1 
No 

Motion 

2 
Joint 

3 
Relative 
Motion 

Physical Support 
A 

D . . 

. 

~ and 1:-:·:·:-:-:1 represent the mat1ng pair 

Car Door 

Limiting or Guiding 
c 

Same as Cl 

Fig 4: Standard Chart for Functional Relationship 

4.3. FUNCTIONAL RELATIONSHIP 

Another key determinant of quality is the functional relationship between mating parts. 
This relationship is measured in two dimensions: (i) the nature of the motion between the 
parts and (ii) what function is transmitted. Figure 4 illustrates the range of functional rela­
tionships. Physical support implies one part provides primary support for the other. Con­
nective implies the mating link provides a desired functionality (e.g., electrical, force 
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transmission). Limiting implies one part restricts the position of the other. The effect of the 
functional relationship on the QM is dependent on a variety of factors. For instance, when 
two parts have relative motion and are connective then the chance of misalignment is high. 

The logic of the DFQM method is captured in the error catalysts. For a given design, every 
part is described as per the above standard definitions, and this is used to generate the QM­
Index matrix. The rows in this matrix represent the parts and the columns the defect 
classes. Each matrix entry therefore evaluates the QM of a part in the context of the corre­
sponding defect class. The matrix entries are computed by the error catalyst functions. The 
following case studies illustrate the utility of the matrix. 

Lever Pin -/ 
Spring - Handle 

Frame 

Detectaass 
Part 1 2 3 4 5 6 

loclt 
Handle 0.1 0.5 0.3 0.0 0.0 0.0 
Frame 0.0 0.0 0.0 0.0 0.0 0.1 

Gasket Gasket 0.4 0.0 0.0 0.3 0.0 0.1 
lock 0.0 0.0 0.0 0.0 o.o 0.0 
Spring 0.4 0.0 0.0 0.1 0.1 0.3 
lever Pin 0.0 0.3 0.1 0.0 0.4 0.4 

Fig. 5: Design of an Automobile Door Handle Fig. 6: QM-Index Matrix for the Handle 

5. AUTOMOBILE DOOR HANDLE CASE STUDY 

The design of the handle is shown in Figure 5. The assembly sequence is as follows, first 
the frame is fixed, then the handle, gasket, spring, lever pin, the welding operation, and fi­
nally the lock are inserted. Consider the mating between the handle and the lever pin. Then 
the fastening system is A2-Bl-C3-Dl. The positional relationship is B2 and the functional 
relationship is C3. Figure 6 shows the QM-Index matrix for the handle. The defect num­
bers are listed in section 1. A major problem with the design is that the assembly cannot be 
done strictly in the Z-axis. Hence manual assembly or a dual axis assembly machine is 
need, which sets the stage for quality problems. Another problem is that the spring must be 
positioned before the end of the lever pin can be welded on to the frame and handle. There 
has to be an external fixture to hold the spring since the frame is contoured and has no 
natural resting positions. The rubber gasket is flexible and is attached to the frame by inter­
ference pins, further, it is a functionally non-critical part. This could lead to a misplace-
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ment error. The legs of the handle are inserted through two slots in the frame with no 
positional elements. This sets the stage for a misalignment between the handle and frame. 
The lever pin passes through four holes, two in the frame and two in the handle, and there 
are no positioning or guide elements. This could also lead to a misalignment between the 
frame, handle and lever pin. 

6. CELLULAR PHONE CASE STUDY 

The design of the phone is shown in Figure 7, there are a total of twelve parts. Figure 8 
shows the QM-Index matrix for the door handle. The analysis indicates that there is no de­
sign feature that could lead to catastrophic levels of assembly defects. We observe that 
there is little to no likelihood of nonconformance or interference type defects. The only 
moving parts in the phone are the antenna and keypad. None of these appears to be prob­
lem sources. There are several potential problems related to the remaining defect classes. 
Parts with the most significant defect sources are (i) Mylar Dome (ii) LCD (iii) Upper 
Housing (iv) Receiver (v) Keypad (vi) LCD Lens and (vi) Antenna. The receiver has no 
positioning elements and is assembled on the upper housing in a negative Z-axis. This 
could lead to misalignments or a fastening failure. The Mylar dome, which is a flexible 
sheet, also has no positioning elements and is likely to be missing or misaligned. The posi­
tioning elements on the keypad and microphone are symmetrical and a 180-degree mis­
alignment is possible. The antenna is inserted into the assembly with a non Z-axis assem­
bly and then tightened. The possibility of over tightening this part is quite high as the an­
tenna has an odd shape; this defect could be reduced by snap fitting the antenna on to the 
lower housing instead of threading it. 

Defectaass 
Part 1 2 3 4 5 6 

Or Board 1 0.0 0.0 0.0 0.2 0.0 0.1 
Cir Board 2 0.0 0.0 0.0 0.2 0.0 0.1 
Chassis 0.0 0.0 0.0 0.2 0.0 0.0 
Mylar Dome 0.4 0.1 0.0 0.0 0.0 0.0 
LCD 0.0 0.2 0.0 0.0 0.0 0.0 
Microphone 0.1 0.0 0.0 0.0 0.0 0.0 
Lower Hsng 0.0 0.0 0.0 0.0 0.0 0.2 
Upper Hsng 0.0 0.3 0.0 0.0 0.0 0.1 
Receiver 0.6 0.4 0.0 0.2 0.0 0.1 
Key Pad 0.3 0.3 0.0 0.0 0.0 0.0 
LCD Lens 0.0 0.2 0.0 0.1 0.0 0.0 
Antenna 0.0 0.0 0.1 0.2 0.0 0.2 

Fig. 7: De ign of a Cellular Phone 
Fig. 8: QM-Index Matrix for the Cell Phone 
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7. SUMMARY 

The manufacture of high quality products is a necessity in today's market place. But short 
life cycles, large product mixes, plus short design lead times often make it difficult to 
achieve this requirement. It is important that designers be able to develop products that re­
quire a minimal monitoring and inspection effort, that is they are robust to the variations 
and limitations inherent in a normal plant. The proposed DFQM method introduces a pro­
cedure by which designers can evaluate the design from a manufacturing quality perspec­
tive. The DFQM method predicts only quality defects that occur during the assembly proc­
ess, it cannot and does not have the intelligence to predict quality defects that occur during 
part fabrication processes. Further, the methodology does not focus on defects on a func­
tional level but rather at a physical level. 
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ABSTRACT 

Total Quality revolution of the last decade put the issue of personnel training as a mandatory 
commitment for companies, to assure human resources more flexibility and self-consciousness 
on the production problems. Training activities are quite often delegated to external consultants 
or to non-professional internal skilled personnel, which applies naive approach in teaching. 
The original ideas that inspired the ESPRIT project n.28974, named "Total Quality 
Management on-line", are here presented. The project, currently in process within a consortium 
of several I '1 and 2"d tier automotive suppliers, addresses the problem of continuous education 
on Total Quality topics using the most advanced Information Technologies. The present paper 
sketches the main features of a virtual learning environment which is proposed as a new 
approach to this aim. 

NOTE: The paper was originally conceived by both Authors during fruitful discussions 
held in 1998. Unexpected decease of Professor Attilio Alto prevented him to contribute 
to the writing of the final version. 
It is a wish of the coauthor to maintain the name of Professor Attilio Alto to pay 
homage to his memory, to his innovative spirit and constant attention devoted to ethic 
and social aspects of the scientific research and educational activity throughout his 
life. 
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1. INTRODUCTION 

The revolution taking place in Europe, Total Quality (TQ), is primarily focusing 
attention about people and teamwork (esprit de corps) to achieve the common goals of 
business. 'People building', through formation and motivation, and 'management by 
training' are the fundamental bricks of this industrial renaissance to foster latent talent 
emergence from employees in new ideas and achievements. Continuous learning is 
made at all levels, particularly within automotive companies, addressing several topics: 
technical skill improvement; relationship capacities; work-group; problem finding and 
solving attitudes. 
One of the most crucial point of this activity is the trade-off between the effectiveness 
of the traditional training programmes and methods and the investment to be sustained. 
This problem may become even more significant for multi-site companies, which do 
have also multi-cultural topics to face, sometimes related to different countries. 
Advanced Information Technologies (IT) may represent a turning-point for training; 
they may in fact increase efficiency of training in two ways: 1) customisation of the 
training programs either in terms of training contents or availability of access to 
information; 2) more objective and controlled learning processes. But to do so, new 
approaches have to be developed since IT training tools developed so far, even though 
with spectacular graphical effects, use a passive approach for training (see for instance 
the electronic book and encyclopaedia), leaving to the trainee the responsibility of the 
learning results. 
Based on these arguments, in the paper are sketched the basic ideas and the feature for 
a new approach to train personnel for an interactive learning environment, based on IT 
and oriented to the training on Total Quality mainly thought for automotive 1st and 2nd 

tier suppliers. 
The original ideas presented here were the basis of the ESPRIT 28974 project named 
"Total Quality Management on-line", operated by the Authors within a consortium of 
several 181 tier automotive suppliers (Bosch, GKN, SKF, Lucas Varity) and 
representative of 2nd tier suppliers (CLEPA and San Valeriano) as well as multimedia 
companies (Grifo Multimedia and Synergie ). 

2. TRAINING NEEDS FOR TOTAL QUALITY 

The problem of total quality within companies is to transform quality feeling (our 
common sense) in an operative attitude (tools, methods and behaviours) to solve small 
daily problems at all level within the company. Quality implementation is nothing else 
than an application of series of common sense actions: but how much is difficult to 
apply them. 
Training plays a fundamental role in this process. The basic objective for total quality 
training may be thus formulated as follows: the development for company personnel -
in all functions and at all levels - of those attitudes, that knowledge, and those skills in 
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quality which may contribute to production of company products at minimum cost 
consistent with full customer satisfaction. This objective is not a trivial task , since 
several different types of knowledge exist, which may be tacit or explicit according to 
[1], as well as company specific or common technical knowledge. 
In the present time, companies are getting used to invest heavily in continuous training 
programmes to this aim. Independently of the company size, every person in the 
organisation is entitled to training: s/he may be practitioners but, also, personnel 
changing positions and so on. Most enlightened companies produce also annual 
training plans. 
A standard approach for training in industry is to take volunteers form all level of the 
organisation (from supervisor to manager) and trainee them in the practical approach to 
be used. These people become then facilitators (mentors) with the job to cascade the 
knowledge learned in a series of courses and on-the-job sessions. The most experienced 
person on the subject, on the other hand, is not always the best person to teach the 
common technical knowledge; sometimes slhe is not either the best to teach even the 
company specific one! Outside consultant may thus be profitably employed. The 
problem in this case is, of course, how to transfer company specific knowledge as well 
as the tacit one. 
Quality training programs has to be tailored for each company, depending also on the 
skill profile and capacity of the employee to be addressed. Each time a training phase 
has to be restarted, new efforts have to be devoted by companies: a course costs an 
average of 7 times the cost per hour of personnel for one-of-a-kind course, tailored for 
a specific need. This is a significant investment of money and time! Furthermore, 
uncertain outcomes may result, either in term s of learning results (not all the persons 
are able to teach and it is not always assure the availability of experts everywhere and 
anytime in the company!) or in terms of time spent to reach a specific target, which 
might depend also on the specific epoch experienced by the company (overloading; 
critical phases; etc.). As a result, the cultural level on quality of personnel might result 
not constant. Another aspect has to be taken into account at this regard, which is 
becoming important with the emerging forms of distributed companies and the co­
makership approach widely adopted in the automotive sector (up to the distributed 
virtual enterprise which is behind the comer): tailoring courses for multi-plant and/or 
multi-cultural company, means not only the need to translate words but also the need to 
translate concepts following the local habits and idioms. Selling the TQ programmes in 
the large, distributed companies call naturally for a great deal of flexibility in the 
training plan. As compared with the single plant, TQ programmes the multi-plant 
company may require a wider degree of initial participation in plan development and 
also much more extensive way-paving before application may be initiated. A larger 
organisation has to be involved to support the associated expense, devoting more 
attention to preparation of extensive quality control of training materials to be used in 
the early phases of the introduction the programme. 
All these aspects rise the problem of training effectiveness and the return on investment 
in training, which are becoming very strong points to address [2]. 
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Unfortunately keeping an accurate track of training is not a common practice within 
companies. Nowadays, in fact, one more frequently finds the training given to staff 
to have been informal and perhaps in the nature of supervised 'on the job' experience. 
Although this is the appropriate way to teach some skill ( particularly for the company 
specific knowledge and the tacit knowledge), the real problem with this is that all-too­
often one finds that this approach is unstructured, and there is no record to demonstrate 
that is ever completed. There is less difficulty where the training is achieved by 
attending formal courses (evidence; certificate by the training organisation). 
Accurate objective methods for evaluating the actual impact of training on the trainee in 
the mentoring process are needed. The number of days devoted for training per year per 
head is, to the Authors opinion, too aggregate digit to have a clear measure of the 
training outcomes. Training need assessment may be one possible premise (not a 
solution) to this problem, allowing a clear statement of the training targets (objective 
list of all the topics and cultural profile per each skill level) [3]. 

3. THE VIRTUAL LEARNING ENVIRONMENT 

The 'virtual learning environment' (VLE) sketched in the paper is thought as to face 
training needs of European automotive supply industries. The basic philosophy of the 
approach is to create a common standard for training on quality topics, thus stimulating 
co-operation attitudes amongst big companies and SME's at the learning and knowledge 
transfer stage. 
The idea behind VLE is to train personnel on real case problems, giving her/him the 
possibility of an open interaction of the trainee with different knowledge sources: s/he, 
under appropriate guidance, should be also allowed to simulate the use of quality 
techniques in a stand alone fashion, to access to a testimonial case database or even to 
interact with other people sharing the same problem or the same experience working in 
different plants, by giving her/him the chance to 'call for a real-time help'. In this 
direction, several learning methodologies has to be used combined with the most 
advanced Information Technologies available (web-based; virtual reality; etc.). 
We propose here to set a network (open network, i.e. the Web, or closed network, i.e. 
company intranet) to create a 'virtual learning environment", where trainee's needs 
should be satisfied forwarding help-tokens in the network. This space might allow 
also the settlement of a sort of temporary 'virtual quality circle', by means of 
appropriate regulation of the interaction between experienced people willing (or 
appointed to) answer the token. 
The framework of VLE sketched here should consists of three parts, as explained in 
further detail in the next sub-paragraphs: 
• The Simulator, with local stand-alone simulation learning features, covering the 

relevant aspects of quality systems and quality tools for general employee training, 
mainly addressing common technical knowledge. 
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• The Case Database, which can be accessible either in local or in remote fashion 
using standard web-based technologies, integrating company/project specific cases 
and/or documents to support training, mainly addressing explicit knowledge. 

• The Virtual Interactive Open-Space, based on the new Web technologies, oriented 
to on-the-job teaching and on-line interactive problem solving, mainly addressing 
common technical, explicit and even tacit knowledge. 

A general user interface and a set of web-oriented facilities for management of training 
session as well as a set of services for synchronous and asynchronous communication 
supporting collaborative learning should complete the VLE. The user-friendly 
interface should facilitate the navigation within the environment and the access to all the 
facilities of the VLE (e.g. access to a video conference session without initialisation 
problems upon verification of true need of access; etc.). It can be realised, for instance, 
on the basis of graphic metaphors recalling a training centre, with rooms and offices 
where "virtual" training takes place. 
Advanced didactical methods and techniques have also to be employed to support 
multilingual and multicultural curricula as well as to stimulate learning, as explained in 
the next paragraphs. 
The VLE should adopt the most advanced Information Technologies: a careful attention 
should be paid in using these latter, taking into account the degree of confidence of 
industrial personnel with IT, as well as the fact that it should be the user to control the 
process of knowledge improvement and management not vice versa. For instance, 
virtual reality simulators should carefully used because of some statistics reveal 1/3 of 
the users to suffer from kinetosis. 
In the same way, the number of degree of freedom in exploring didactical contents 
has to be carefully controlled as to avoid the 'get lost' syndrome. 

3.1 THE SIMULATOR 

The VLE here sketched should allow the trainee to learn by himself using simulation 
sessions; s/he should also be allowed to play the role of several skill levels within the 
company, allowing s/he to explore a virtual firm with appropriate guide to give help and 
answers during the navigation. 
The idea is to represent a "virtual enterprise", to give a lively simulation of the plant 
environment, based on graphical interfaces, embedding interactive multimedia tutorial 
and toolkit for understanding how implementing quality system quality tools. 
Appropriate didactical approaches has to be designed to adapt knowledge (explicit 
and/or common technical one) to the new training approach, in order to favourite the 
"learning by exploring" approach and, at the same time, assuring a smoother increase 
of the didactical complexity during the learning sessions, to fit the specific training 
needs of industrial personnel. 
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3.2 THE CASE DATABASE 

Simulation of real operation condition is not enough for customised learning; the 
trainee has to face practical problem-solving situations. To this aim we propose to 
build a case database, with a structured access according to an interactive decision­
making process, under the control of appropriate software agents. 
For software agent we intend here a software tool designed to perform a specific 
function and acting as a controller running under the main application environment 
but hidden to the user. 
The knowledge base, to our view, should embed explicit company-specific knowledge. 
Very accurate approach has to be devised in structuring cases, as this may affect the 
efficiency of training sessions. Database access has to be made in fact through a 
question & answer mechanism, thus acting as a virtual on-the-job learning. 
The database, at regimen, should be an on-line buffer of testimonial cases, to be updated 
dynamically via question/answer sessions with experts, and also linked to Simulator's 
applications. Users seeking answers to questions can search directly for the relevant 
information in the database or, if not available, ask questions to experts responding to 
the question. Answers coming back to the knowledge base, may becomes dynamically 
available in the future for everybody having access to it. The experts can be both 
corporate or external experts appointed specifically for training purposes. 
Initial data base building process should be as follows: 1) data collection from existing 
sources (concern database; dis-quality records according to standard procedures; etc.) 
2) homogenisation of them according to a common didactical structure; 3) 
implementation of the database; 4) creation of 'data marts', i.e. smallest part of the 
database which should be accessible in read-only mode by trainees concerning a 
specific quality subjects. 
The database should be made such as each record represents a cube with n-dimension, 
where the n-dimension should represent the n-unit in which the firm is divided: 
production, marketing, administration, and so on, as to allow the user to understand 
what total quality means involving all the functions of the business. 

3.3 THE VIRTUAL INTERACTIVE OPEN-SPACE 

As to favourite group-ware training and also to assure a true problem-solving approach, 
a virtual interactive communication open space should be implemented to support 
collaborative learning through asynchronous and synchronous communication tools. 
This virtual communication space should be realised setting a network (either open or 
closed one) and using advanced IT technologies oriented towards virtual live-sessions 
of training, discussion and interaction between different people (we call this "Virtual 
Quality Circle"). The open space, on the other hand, should give the opportunity to the 
trainee to communicate asynchronously or synchronously, based on a common problem 
or theme concerning quality, with previously designated subject-matter experts and 
share their expertise independently from the country or even the company of origin. 
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Partners, even suppliers or client, sharing the same technologies, should greatly take 
advantage from this interaction. 
The asynchronous communication tool is intended, in this ideal sketch of VLE, here to 
facilitate collaboration and knowledge transfer independently of their spatial or 
temporal location of experts. It should also allow an ongoing audit trail of significant 
events, meetings and communications regarding one or more topics with links to 
supporting documents, training and resources. 
The synchronous collaboration tool instead is here intended to enable on-line 
collaboration, tutoring or training using vis-a-vis debates by means of facilities for 
application sharing, common web browsing, multi-point Internet telephone, question 
and answer mode and video conferencing. 
A special software agent (i.e. automatic tracking procedure with statistical records) has 
to be provided to allow measurement of the training sessions. Special care should be 
devoted in setting the agents for 'hollow' interactions, such as videoconferencing or 
unstructured mailing communications!. 

4. EMBEDDED TEACHING STRATEGIES 

People empowerment is reached by a clear definition of what and when things are 
required from them; people should be allowed the ability to grasp the situation for 
themselves and understand the guidelines in which they can operate. Explaining at 
trainee's request new jargon, new procedures, new routines and even new languages 
would simplify understanding and consequently increase the involvement, interest and 
contribution increases. As stated before, much of quality learning process - especially 
in attitudes, but to an appreciable extent also in knowledge and skill - take places very 
informally and almost imperceptibly during the course of a man's regular working day. 
Part of it is forced upon him during the finger-burning of on-the-job experience; a great 
deal of it comes about as a result of the daily contacts between the man and his superior; 
part of it results from the exposure of the man to his fellows workers. 
Stimulating learning by means of curiosity in the VLE is an important aspect to be 
considered. Education is a product and the teacher should serve much the same 
function in producing educated people as does the supervisor in manufacturing 
products. The new emerging paradigm in teaching is, in fact, the Total Quality teaching 
[4]. Today's tutor is expected to design work ensignment that stimulate interest, award 
systems that stimulate initiative and expectations that challenge and then coach each 
trainee individually to success. 
To do so, VLE here proposed should allow to access to a variety of experts (or 
knowledge sources) easily and quickly, with a constant and reliable support oriented to 
problem-solving; s/he should have also the opportunity to compare and contrast the 
different opinions of the different experts. This aspect would be addressed by the 
virtual interactive open space. 
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The VLE didactical architectures should embed these concepts and be designed to 
bring trainees to the point that they want to know something, searching amongst 
different topics which has thus to be appropriately structured. 
A mixed teaching strategy is here suggested, particularly for the Simulator of the VLE, 
to overcome the standard passive approaches in training. The trainee should thus be 
allowed to move without any pre-defined scheme: appropriate software agents have to 
recognise his/her actions and assist him/her to learn something which is near his/her 
implicit requirements; some recurring mistakes, actions or questions might allow the 
software agents to intervene appropriately to the user's need. 
To leverage the processes of 'natural learning', VLE must offer answers on an as­
needed basis allowing a certain degree of freedom. This means trainee must be allowed 
to try things out and fail in a simulation fashion. It also means trainees must be given 
answers only after they have generated questions and/or have attempted to solve it 
several times unsuccessfully. 
Sometime, trainees might not know how to formulate questions neither he know exactly 
how to ask something before knowing it: multiple key-points access to simulation 
scenarios can be adopted to address this problem. 
Much of human reasoning is case-based rather than rule-based: the database architecture 
should address this idea. When people solve problems, they frequently are reminded of 
previous problems they have faced. We are constantly accumulating cases and 
comparing those cases to the cases we have already accumulated in a effort to 
understand the next case that will appear. This should be the way cases and knowledge 
are build in the database. 
In the "learning by doing" approach the trainee experiences failures, times when s/he 
realises that s/he needs new information in order to progress. Such are the times when 
'case-based teaching' can provide the knowledge that trainee needs. Because isolated 
facts are difficult for trainees to integrate into their memories, useful knowledge is 
typically best presented in the form of stories or, better, metaphors. 

5. LEARNING EFFECTIVENESS ASSESSMENT 

Training is now a must statement, it has to be done for every company: but how much 
it is effective?. The widely accepted concepts of "measure it to control it" has also to 
be applied also to training since this activity is becoming a very important investment 
for companies. It is very hard to correctly measure the training effects and to 
demonstrate that is training to make the difference. In several situations, standard 
measures commonly adopted are: productivity; customer complaints; scraps; etc. The 
problem is that many of the measurable outcomes at work are influenced by different 
factors as well as training. 
We suggest to address this specific problems within the VLE using appropriate 
strategies and implementing these using specific software agents. Several things might 
be eligible for measuring: 
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1) reaction of participants to training; for instance measure of training satisfaction . To 
derive in-progress information about the training session as well as at the very end 
of it has become a quite standard practice since the last two decades. Questionnaire 
and/or multiple answer tests are the most used one; recently the interview technique 
has been introduced. This basis might be sometime invalidated by subjective trainee 
factors. 

2) Learning, i.e. the difference between pre and post-course knowledge and skill. 
Learning, unless practised and reinforced, is too soon forgotten. The true efficiency 
of the learning process, which is a result of two factors -the ability of the trainee to 
rapidly understand and the capacity of the teacher to stimulate attention and 
curiosity to learn- should be checked after a certain period of time since the 
learning phase. This period should be longer enough as to allow the enthusiasm to 
settle down and to see if the contents of the course has taken place in the standard 
practice of everyday's habits. A follow up tracking procedure has to be settled 
down based on a training need assessment to this aim. 

3) Behavioural changes, which can be measured later (three-months) and is best 
judged or rated by subordinated of the trainees. Other objective measures are 
revenue generation, end-user or customer satisfaction (most popular but difficult to 
relate only to training), speed of process at the work unit. 

4) Costs, which should be broken down into segments: direct labour (teachers); direct 
labour (trainee). The cost data not necessary provide a reliable measure of the 
training effectiveness, since costs may represent a too aggregate information. 
Furthermore, accurate operating quality-cost report should be available from the 
existing accounting system. 

The VLE should contain customised built-in 'software agent', which should be an 
intelligent software able to perform specific tasks in background on the interactions 
between trainee and VLE. According to the above, objective indicator of learning 
efficiencies and, if it is possible of effectiveness, should and can be provided within the 
modules of VLE. 
The idea of software agents here suggested is to assess learning effectiveness based on 
accurate tracking of each session during the learning stage, using either statistics 
automatically collected during the interaction of the user with the applications. For the 
specific session these can be frequency of mistakes, time to answer, learning paths 
followed, etc. Tracking the session should be made with the agreement of trainee, 
since this fact might strongly influence the success in using the VLE. 
A different approach should be provided where using 'hollow' approaches for 
interaction, such as videoconferencing, in which the evaluation become very difficult: it 
should be delegated using standard approaches to skilled personnel as well as to a 
subjective questionnaire to be completed by answer of the trainee. 
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5. DISCUSSION 

The virtual learning environment sketched in the paper is thought to address selectively 
different skill levels with a problem-solving guided approach. The exploration of 
practical cases has to be favoured and explained at trainee's demand in their resolution 
via appropriate software agents. Trainee may enter the environment with a specific 
request or question; a guided path should allow him to access the proper tools, didactic 
material and or experts (e.g. corresponding personnel in another site) as to allow 
her/him multi-faced possibility to solve given training (hopefully real) problem. 
Mainly four principles should be respected in building the environment: 
1) concentrate upon practical, meaningful quality material and case studies; 
2) training material should be made consulting the line organisation to the fullest extent 
possible, especially in regards to the scope and the kinds of material to be used in the 
programs; 
3) continuous improvement should be strongly encouraged, through several means, 
since . the solution to the industrial problems are always changing and thus education 
contents and education for educators too; 
4) individual approach (tailored upon the specific level of personnel to fit the specific 
needs) since interests and objectives differ widely among organisation levels: middle­
upper management; practitioners; skilled workmen and assembly operators; shop 
personnel and so on. 

6. CONCLUSIONS 

Training is not a cost but an investment, an enablement, indeed a necessity. But is this 
investment worth it? Does training affect the bottom line? The VLE architecture 
sketched in this paper moves into the direction of improving the efficiencies as well as 
the effectiveness of training activities by means of a new approach to the training 
activities. It may address also a very critical problem faced in industry: motivation of 
personnel in using the quality culture and attitude. It allows in fact 1) the opportunity to 
understand according to proper needs, avoiding declaring any personal fault to 
anyone; 2) to ' dress the daddy's clothes', allowing trainee to play different roles, thus 
promoting cross-cultural exchanges between higher and lower skill levels. 
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