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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 Systems and 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 Systems and Technology AMST’93 was held in
Udine (Italy) in April 1993 and the Fourth International Conference on Advanced
Manufacturing Systems and 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 learning by job division and job simplification.
200 years ago Beckmann, a scientist in Gottingen 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 governmental 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. Each 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. It 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 CENTURY EVOLUTION OF BASIC MACHINING TECHNOLOGY
AN INTERPRETIVE REVIEW

M.E. Merchant
Institute of Advanced Manufacturing Cincinnati, OH, USA

KEY WORDS: Machining Technology, Empirical Technology, Science-based Technology.
Computer-based Technology

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 of that 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 20™ 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

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology,
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999.



2 M.E. Merchant

1. INTRODUCTION

This paper presents a brief 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 countries 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 Industrial 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 bore 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 had 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 19™
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 MACHINING TECHNOLOGY

In the 20™ 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. We 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 basis. 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 mimicked 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 research program at a company known as the
Midvale Steel Works -- a program that lasted 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 Tuse ?

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.
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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 classic 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 metal 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
well 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 Metal 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]
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The best known and most widely used of these was the equation:
VT'=C (1)

where V = cutting speed (m/min)
T = tool life (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

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 his 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 role 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 persons 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 contrast with Taylor's
work, the effort was no longer confined almost wholly to industry, but quickly spread to
universities as well. Further, and also in contrast 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 metal cutting process in practice. A sizable contingent of proficient
researchers in this field evolved, in both academia and industry, with their "rallying point"
eventually becoming the ASME Research Committee on the Cutting of Metals, organized
in 1923. This contingent of researchers could 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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T WORK PIECE- .

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 metal cutting and grinding research”, lasting 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 blossoming
handsomely among manufacturing-oriented university researchers and faculty. During
the period, substantial progress in developing that science base was made.
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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 1960s. 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 integrate 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).
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Fig. 4. Initial concept of the computer integrated machining system (1961) [4]

Accomplishment of such integration in industry (which was well 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, tool/chip interactions and non-linear
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geometric boundaries, such as the surface of the chip. It 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 to be 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
hobbing and high speed broaching, nonconventional processes, microfabrication and submicron
manufacturing — nanofabrication are presented.

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

The author

1. INTRODUCTION

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 # 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.

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
maxim;

The profit of a factory "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 of living.

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 around the workpiece and tool (turning) and stop the machining. The chip
should break away from the workpiece and cutting tool.
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Figure 2. Effect of tool 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 automotive or aerospace part.

A system approach and optimization of some parts of tool system can be applied [1].

2.1. TOOL CONDITION MONITORING

At present the need to apply tool condition monitoring 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.

Sensors are the front-line troops [2] in this "war" to make a product of high quality at low
cost and in a short time. There are different sensors such as laser, vibration, acoustic



14 E. Kuljanic

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 turning 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
signal
transmission CNC
signal
processing

Direct measurement of’

- temperature

- wear

Knowledge about:

- thermal load on tool and workpiece
(workpiece behaviour)

Possibility to:

- monitor one-off production

- compensate thermal expansion

- adapt cutting conditions

temperature
geometry

Figure 3. Concept of intelligent tool [4]

The dimensions of the wear zone are monitored 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 layout for the intelligent tool is given on
Figure 4, [5], which 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
Laboratory of Machine Tools and Production Engineering (WZL) at the Technical
University Aachen.
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Figure 4. Schematics of the sensor layout for the
intelligent tool [5]

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/mm?. 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
monitoring — 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 laboratory 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
(Colleage international pour I' étude scientifique des tecniques de production mecanique)
— Paris, proposed to standardize milling testing through CIRP and ISO. The results of this
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 of Technology) 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, chip form 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 laboratory 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 self-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.



Machining - the Present and the Future 17

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. Notable 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 feed fis different as follows:

— al/f = 10 conventional turning [8],

— al/f < 10 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
of the near-net-shape part are much greater, and the hardness of the workpiece surface is
greater due to the cooling effect etc.

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

4.2. NEW APPROACH IN MACHINING TITANIUM BASED ALLOYS

Low machinability materials such as titanium and nickel 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 nickel 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. Kilocke et all [9] for turning titanium based alloys an alternative is
Polycristalline Cubic Diamond — PCD. Ceramics and Polycristalline Cubic Boron Nitride
~ PCBN for nickel based alloys. They can be used at higher cutting speeds than carbides
owing to greater hardness and wear resistance. The reliable application in turning 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 [10, 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 TiAl6V4
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 of a "slim" TiAl6V4 compressor blade. The result was unexpected. The
tool life of the PCD cutter was 7 = 381 min at cutting speed v. = 108 m/min, feed f. =
0,135 mm, radial depth of cut a, = S mm with cooling. The tool life of carbide cutter was
approximately 7'= 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 TiAl6V4 at very
low stiffness of the 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 lot 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
hobbing and in broaching.

High Speed Hobbing

Hobbing is an operation in which the geometrical accuracy is very important. High speed
hobbing 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.

It is known that chips absorb high amount of heat generated during machining in high-
speed machining. In hobbing 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 hobbing machine as quick as possible in order
to prevent negative effects of the heat, such as distortion of different parts.
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The main advantages of high speed dry hobbing 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 v. = 3 m/min for broaching a
gear steel. Today the cutting speed could be v, = 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
v, = 66 m/min. A better surface roughness is obtained as well. The comparison of tool
wear of HSS-TiN coated, cemented carbide WC6Co-TiN and cermet uncoated in dry
broaching is given in Figure 5. It can be seen that cermet has much longer tool life. 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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Figure 5. Long tool life of cermet tool in broaching [13]
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High speed machining has a great promise for die and mold makers as well as for large
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 laser [14]. Laser-based
processes can be applied in different areas. At present small companies find some
difficulties to use CO; and Nd: YAG high-power lasers as machining tools due to
complexity, cost and sizes of laser systems. The conditions of the application of high-
power lasers may change in the near future.

Controlled metal building (CMB) combines laser deposition welding and high-speed
milling [14]. The laser deposition generates near-net-shape buildings of metallic
materials. Milling follows the generation of each layer. The laser 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 laser, hot
plasma etc. Laser heats the workpiece material locally that has to be removed by cutting.
This operation is called laser 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 laser — 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 smali-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 lead 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 of polymethylmethacrylate —
PMMA, 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 um, the
thickness of the gear is 100 pm and the tooth thickness is approximately 20 pm.

T 3 ¥

Figure 6. Negative shape of microgear made by deep x-ray
lithography using synchrotron radiation [16]

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 level will lead to the creation of new materials,
eliminate separate joint and assembly operation, and allow material composition to be
varied throughout a single part.

Nanofabrication technology includes the following types of processes: nanomachining —
in the 0,1 to 100 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 level [17].

In the near future revolutionary changes will occur in larger-scale production components
too
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7 CONCLUSION
In the light of the 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
monitoring — optimization and adaptive control, as well 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 hobbing in comparison to conventional wet
hobbing with HSS hob. High speed broaching can be successful by using cermet broach. The
cutting speed could be v. = 60 m/min and more compared with v, = 3 m/min for HSS broach
twenty-five years ago. High speed machining has a great promise for large workpiece
machining, for example, in 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 (Electro Discharge Machining) is the best method for
machining carbide parts, laser to make thousand relief holes on a sealing ring in one
second, laser 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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MACHINERY AND SYSTEMS: A COMPETITIVE ANS SUSTAINABLE "HIGH-TECH"
MECHATRONIC PRODUCT FOR EUROPE.
THE ROLE OF RESEARCH
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ABSTRACT: Europe is faced with challenge of maintaining its standard of living and welfare in
the era of globalization. This calls for competitive and sustainable industrial growth.

Manufacturing Industry has an important role to play for maintaining and generating jobs, directly
and through services. It also impacts on sustainable development.

For European Manufacturing Industry, mainly SMEs, -which sustains 120 million jobs- to be
competitive and sustainable, products and process innovation is required.

Advanced Machinery and Systems (M&S) can play a very important role. They ensure the
competitiveness and sustainability of all Manufacturing sectors and are high-tech "mechatronic"
products, holding a leading position on the world market.

The European Machinery and Systems Industry: has a turnover 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 strategic research and innovation policy.

To this end a reference model for manufacturing is presented. It shows that strategic innovation of
such a diversified “world” as Manufacturing may be achieved by investing in M&S Research on
critical transectorial technologies and their sectorial applications.

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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M&S European Industry is composed of SMEs. It 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 Industry that Research
Institutes and Universities play a fundamental role as the M&S "innovation motor", integrated and
embedded within the M&S Industrial "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 to be competitive, retain employment

and reverse its decline in the value generating industrial production sector

(MANUFACTURING). This should take place while globalisation leads to opposite

changes: economic strategies of companies, as well as their operations, transcend national

boundaries.

Manufacturing Industry - products and related processes - has indeed an important role to

play. In USA, it has been recognised as:

- fundamental for keeping jobs and generating new ones;

- asource 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 of products (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. EUROPE AND MANUFACTURING

The European Manufacturing Industry, 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 Industrial 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
rise.

European competitiveness on global market is challenged both by low labour cost and
technologically advanced countries

| (GROSS ADDED VALUE - PRICES 1985)
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100
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80 82 84 86 88 90 92 94

source: OCSE

Fig. 1: Evolution of industrial production in the 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 large 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 1. 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 born in Europe during the first Industrial 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 Institutes and 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 well, internal market.

To contribute to the definition of the 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 10,8 1,604,576 8.4
and parts
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 Industry 97
Table 1: Production and Employment in three relevant sectors:
motor vehicles and parts, machinery, aerospace

3. A REFERENCE MODEL FOR 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 level 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. Fach 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 level, involving three main areas: technology, organisation and
logistic competence (fig. 6).
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Fig. 2: Reference model for dynamic and strategic Manufacturing

The above model enables a “manageable” representation -at product level- of:

- agiven 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
emerging 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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Fig. 3: The product Matrix: sustainable quality vs Hw&Sw configuration
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The reference model for Research and Development

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

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 mic

ro (fig. 7) and macro level,

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-Innovation "Actors”
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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 Institutions and 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).

For a 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.

L

M Sustainable quality
m
— ‘\

Radical
innovation

time

Fig. 9: Product/Process Response to Sustainable Quality 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 level, 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 Synergic and Strategic MACHINERY Innovation Matrix
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Investing in R&D of transectorial technologies may lead to high savings in R&D costs,
more efficiency in R&D, high impact on Manufacturing industry as a whole.

complexity

'. ;;fended
l factory

[tactory |
&

machine
functional unit |

component | System level

Fig. 11: Manufacturing system from components to extended factory

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. For this to happen Institutions as well

as Research Actors must provide their active contribution.

At Institutions level:

- the European Commission has addressed the above problem 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 problem solving approach
adopted by FPS transfers to the Actors the definition of strategic needs and
technological responses;

- Eureka Factory, through the strategic Project DNA, is addressing the M&S innovation
problem with particular reference to a sectorial approach.
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At Actors level 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 lead 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.11) - at each system level 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, strategic innovation of
M&S may come from large 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 level 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 strategic survival of M&S European Industry that

research institutes and Universities become the driving force of the M&S strategic

innovation process, the strategic "heart" of the Machinery and System Industry. To do this

Research Institutes and Universities must take a strategic problem 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 strategic role - 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 ENVIRONMENTAL 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 coming
from a CAD System are 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 damage 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 Systems and Technology,
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999.
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Within a special research project ! at the Darmstadt University of Technology, engineers,
scientists and sociologists from nine different institutes are working together on methods,
means and instruments for holistic development of environmentally proper products, on
integrating these into current design engineering methods and on implementing a com-
puter-aided design environment. 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 useful life;

— to identify, evaluate and make preventive use of the potential for environmentally 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 environmentally and commercially (Fig. 1).

—

Change task |

| Vs | A— Criteria
Ve f -
f Faults 7 Ecological Faults
Deficits (" |/ Economical Deficits
| Previous product / Technical ew product
Pre- Product- Use End of life Pre- Product- Us«e End of life
Manufacture Manufacture Manufacture Manufacture

Life-Cycle-Stages

Figure I: Integral Product Development

2. INTEGRATED DESIGN ENVIRONMENT

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

! 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 well as an information
system providing ecological data must be available. The latter system will comprise:

- a life-cycle modeller 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 of tools 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-making (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 of input/output balance data into the data bank [1].

Fig. 4 shows an example of what such a product development environment may look 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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Fig. 5: Outlines of an ecological balance as per ISO 14040 [4]

The core of the eco-balance (Fig. 5) is represented by the input/output 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 input/output 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
CO; 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] = mj [kg] - EF i,CE -1 1)

n

effect potential ~p[kg] = 2 effekt contribution i.cE [kel )]

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

From the results of input/output 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 studies 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 studies are re-
stricted to the area of the point of chip generation [10, 13]. In other cases, the extent of the
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 RELATIONSHIPS

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).

main spindle
feed drive

tool changer
control

heating
chip building

cleaning

oil pumps
machine tool

main spindle frequency
converter

conditioning of
coolant lubricant,

material transport

process periphery

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 literature [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 well 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 of the causes [16].

The energy requirement at the chip generation point can be calculated from the specific
cutting force k. and the metal removal volume V [13, 18]. Determination of the 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 load, by the machine tool and the process peripherals [17].
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6 RELATIONSHIP OF ENVIRONMENT AND PRODUCT CONFIGURATION

As a rule, machining operations and process control are not yet known during the design
phase. For this 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 well as a rough estimate of production 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
[ ProdgctiOn timé _- -
[_Elrooess parametars]

(Company specific
rs

enwronment paramete

. s ‘ i
i [ allocation H“‘ I (in ot Ouwrn
| workpiece - machine tool J Environment, _p___
: " Reference data for process _'_._
' process parameters _ coherences| © |
| [ Rules for a rough estimation |
| _of production time —_— I l

|

- “fuzzy” data
— —

—~

'Envlronment-shapa-coherences ]

Fig. 8: Estimate of input and output data in product development via environment/ con-
figuration relationships

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
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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-to-handle and accurately aimed decision-making aid re-
garding the environmental soundness of the solution alternatives considered (Fig. 9).
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Figure 9: Course of the ecological evaluation embedded into integrated design environ-
ment

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.
Input/output-based analyses furnish 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 furnish 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 strategy Example - Result
Which impact group is the most | Combination of all causing | "Regional impact group® is the
relevant ? impacts acc. to contributing | most relevant impact group
impact groups

Which impact category is within | Combination of an impact “Acidificaion” is the most
— the identificated impact group | group acc. to confributing relevant impact category
the most relevant ? impact categories

Which impact contribution within | Combination of an impact “Sulphur Dioxide" is the most
the identificated impact category | category acc. to contributing | relevant indicator with the
is the most relevant ? indicators greatest impact contribution

Which Iife stage is in a product | Combination of the product | Raw material extraction and
life cycle the most relevant ? | life cycle acc. to the impact | -Processing” is the most
of separate life cycle stages | relevantlife cycle stage

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

Based on the resulting ecology index (Fig. 10, level 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 mouse click. Colour marking of the most important con-
tribution in each case enables the user to identify relevant aspects fast. Activation of these
contributions then leads to the next lower level 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 concerned, the problem 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 well, 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 Atrtificial Intelligence techiniques is
pointed out.

1. INTRODUCTION

Process design plays a fundamental role in the modern metal forming industry. The high
level 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 well 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.c. 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 monitoring 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 problem 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 offered by the application in this framework of Artificial Intelligence tools.

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

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 properties 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 material loss 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 preform shape
design.

The first attempt is probably due to S. Kobayashi and his 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 preform 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 well 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 stroke. 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 determine 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 preform geometry. The effectiveness of the method was proved using FEM
simulations.

Osman and Bramley [6] proposed an upper bound modeling based technique to design
preforms for forging of rotationally symmetric parts; their approach was applied to the
precision forging of bevel gears and allowed an improved metal flow as well as a reduction
of the energy required in the final stages of the process.

Finally Fourment 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 preform 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 preform 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 APPROACH TO PREFORM 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 governing 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 properties of the final component and a minimization
of metal losses 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 literature 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. Thus 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 load and die wear.

The investigated problem 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
literature [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.c. 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):

< W, (preform rib width);
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% t, (preform web thickness);

% Ry, (preform fillet radii);

* R, (preform corner radii).

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 (W, t,, R, R,) to be utilized in
each simulation.

i
i
i
1
i
i
i
I
i

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+0.8261 %+6.688W,*-0.027R,*+2.075t,W,+0.406,R , +4.484W Ry,
-33t,-117W,-30.3R,,

where y is the unfilled volume percentage. The variable R, 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.

(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 lead 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 metal 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 patterns aimed to the optimization of stamping operations.

As far as the former are concerned, recent reports showed that drawability can be improved
utilizing a variable blank-holder force, function of the punch stroke. 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 stroke 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 rectangular 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-holder force was experimentally utilized by Siegert et al. [18] in
order to improve the formability obtaining a wider acceptable blank-holder force range.

On the other hand the definition of optimal drawbead positioning patterns was investigated
by Xu and Weinmann [19]; Michler and Weinmann [20], Weinmann and Kernosky [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 concerned. In other words, if during the process the
frictional conditions vary with respect to the assumed ones, or if the material properties 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 concerned 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 monitoring 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.



60 N. Alberti and F. Micari

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 rectangular boxes are presented.

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

The investigated process was a typical deep drawing operation aimed to the production of
rectangular ASTM A622M steel boxes with dimensions 50 x 33.3 x 16 mm. Proper punch
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 around 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
(D,, D,, D, 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 well as the determination
of the degree of support (DoS) of the If-Then rules (which are the core of the fuzzy
inference process). The latter 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
sound box (according to the numerical simulation results), avoiding excessive thinning or
tearing.

—o—BHF1 [N]
—=—BHFC [N]
—a—BHF2 [N]

1650
1240
930

620
0 2 4 6 8 101214 16
Punch stroke [mm]

BHF [N]

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 monitoring 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 lot 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 lot 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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1. 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 well 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 well 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 further 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 will point out that a careful design is always necessary.

2. ADVANTAGES AND 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 summarised as follows :

advantages:

e only compression and tension in the struts; no bending forces,

parallel strut construction leads to greater rigidity and better stiffness,

low masses to be moved enable high dynamics,

many equal parts and therefore the possibility of modular design as well as
favourable ratio between masses to be moved and load capacity.
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disadvantages:

¢ unfavourable ratio of system size to workspace,

o limited dexterity and small tilting angels (£15° ... £30°) as well as
o 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 lack 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 of the 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 APPLICATION 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 1a the distribution of different applications is shown.

3 80%
other machine tools » O commercial systems
positioning 6% 35% 70% M prototypes
33% ‘F' R 60%
- ; - 500‘{0
/ 40%
30%
measurement robotics 20%
4% 229 10%
0%
machine tools  robotitics devices
a) b)

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 1b). Up to now there are only few
systems in industrial use. In most cases only one prototype of each machine has been buit.

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 longer 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 times higher than
the number of parallel kinematics machine tools.

In the field of positioning devices it is very difficult to list 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 KINEMATICS 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 well 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 are also 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
hand the aimed advantages of the parallel systems especially the stiffness has to be 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
R® which can not be conceivably represented. Thus, illustrations of results are restricted to

cuttings and projections of the workspace into %’ or R”.
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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 internal collisions between struts and limited
angles of the 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 of the Jacobi matrix is zero det(J) = 0.

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

det(J '1) = 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 of the 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 &, of the struts including the joints and
drives, the over-all compliance matrix C can be calculated via the Jacobi matrix J to

C=JKJ". (1)

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

K = diag(k; ). ®)

With the function f1 (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 f with respect to g; (MCS) as

of | . m
Jg)= =| : R 4
aq, o o,

The above relation can also be formulated when using the inverse Jacobi matrix J*', 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 hand, 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 J, and Jg. In the next step they have to be superimposed. The compliance matrix C in
the Cartesian reference system results in

C=J K} I, +J KI5, )

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

Generally, the stiffness of the 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 leads 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 ¢ of the Jacobi matrix J. If the stiffness is equal for all spatial directions the
condition number is ¢ = 1. For anisotropic stiffness, ¢ increases to ¢>1. Mathematically the
condition number c is the ratio between the maximal and minimal singular value o, of J

max

c= — min. 6)

min

In turn, the singular values are the square roots of the eigenvalues ), of J'J

G; = Vki(JTJ) . ™

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 layout 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 of the fixed platform is »,~2204.5mm. The radius ratio of the fixed to
the mobile platform is 2:1. The length of a strut in the zero position amounts to 2700mm.
The tool length 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 itself has the length of 200mm.

The stiffness of the joints is determined with kc=200N/um. 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 of the drives, for example, received by the flexibility of the nut of
the ball screw drive, is determined to £,=50N/pm. 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/um for each single strut is reached when the strut length equals
u=2600mm. The total stiffness of a single strut ; is composed of the summing-up of the
stiffness of the two joints, the length depending stiffness of the strut itself and the stiffness
of the drive

(2 ! 1)‘
ki=|l—+—+—| . (8)
ks, EA k,

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.

10.1. COMPARISON OF WORKSPACE

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

It 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 of the 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 joint angle 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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workspace in relation to TCP-orientation and joint angle
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Figure 4: Comparison of the workspaces of a hexapod and a tripod with a serial wrist
joint. 7,~2204,5mm, r5=1102,3mm, traverse path #=+450mm, average length
of the struts L,=L,=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 limits are £15° (figure 4c).

If the joint limit is set to 10° the workspace is clearly reduced by the joint limits. In turn,
this limitation depends on the demanded orientation of the TCP. For a vertical orientation
of the TCP the joint limit results in a shorter travel path in x-direction mainly. This leads to
a 10% smaller hexagonal-shaped workspace (figure 4d).
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Generally, it can be seen that for a hybrid kinematics structure, up to a demanded set angle

of the tool of £90°, a workspace is existing which shows an advantageous 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.

10.2. COMPARISON OF STIFFNESS AND ANISOTROPY

In the following figures the kinematics in the zero position and the limit 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/um and
69.93N/pm. 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 ¢=1 due to the system design for optimal anisotropy.
Towards the margin and downwards this ratio increases up to ¢=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 of the struts L,=L,=2700mm, stiffness of the

joints kG=200N/pum, stiffness of the struts kg=EA/l with EA=130E6N, stiffness
of the drives k,=50N/pm.
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displacements caused by a force in x- or z-direction (without wrist)
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Figure 6: Hybrid structure with stiff wrist. The traverse path from the marked zero po-
sition #=+450mm, average length of the struts L,=L,=2700mm, stiffness of
the joints k;=200N/um, stiffness of the struts k&=FEA4/] with E4A=130E6N,
stiffness of the drives k,=50N/um.

Figure 6 shows the stiffness characteristics of the tripod structure with a stiff wrist. The
stiffness varies in the workspace between 11.89N/um and 49.54N/pm. 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 1s
minimal ¢=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



78 H. K. Tonshoff, G. Gunther and H. Grendel

k_min= 11,89N/um is located at the lower edge of the 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 of the 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 higher due to the simple fact that the six struts in a
parallel arrangement are more stiff than 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 of the total stiffness mainly in the horizontal direction.

11. SUMMARY

Parallel kinematics were first 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 of build items depends on the application sector. Most of the 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 of build items. In this sector also 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 of the parallel part of the hybrid are less.
Thereby, it has to be 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 limits 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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THE CONCURRENT ECODESIGN METHODOLOGIES
ECO SUSTAINABLE TECNOLOGIES FOR PRODUCT AND PROCESSES

G.F. Micheletti
Polytechnic of Turin, Turin, Italy
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ABSTRACT: Life Cycle has and shall play an increasing role 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 level, to anticipate, many of
the problems that arise at the end of a product life. Eco-sustainable technologies shall be faced
with a global monitoring as a summa of sub-monitoring 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), in which the investigation of the role of Ecodesign was made,

along four main guidelines in the area of Life Cycle:

Life Cycle Analysis - Engineering - Assessment - Development Concept

! Role and Influence of Ecodesign on new products conception, manufacturing and assembly” by
G.F. Micheletti, AMST’ 96 (September 1996 Udine Italy)

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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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 years, 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)
To better 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.

? Since its adoption in USA after 1989.
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Fig.1: Diagram of Concurrent Engineering and Concurrent Ecodesign towards a
sustainable development

Prospect 1
Concurrent Engineering (CE)

The core is identified in the
Design Process
Usual procedures connected with it are:

Functional Analysis, Concept, Development, Implementation, Production;

that 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 - 1ISO 10303 ...);
Value Analysis: evaluation of the activities finalised to optimise the quality level 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 warehouse and to
assure their punctual delivery
Total Quality: conformity to the principles of Quality Assurance and Quality System.
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Prospect 2
The concurrent Ecodesign (CED)

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 fora proper use of the resources (materials, processes, a.s.0.).

Eco-Software’s: info-techniques to support the design and to evaluate the environment requirements of the products,
pracesses, materials; there are software tools allowing quantitative evaluations of environmental impacts of the product
system all Life Cycle long; they can be grouped in two main categories: LCA (Life Cycle Assessment) and LCI (Life
Cycle Inventory)*.

Another important software tools category is given by: DFX (Focused Analysis Tools, or Dedicated Instruments), for
special strategies (f.. 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 Intenet and Infranet in order to include, in the
design phase, designers placed in different part of the world, connected by terminals; ali 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 label 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 productive process; it can be
extended to companies that offer - for instance - consultancy, organisational strategies, softwaring programmes
research & development addressed to key aspects of ecodesign.

Industrial Symbiosis: plants proper localisation in order to optimise strategically the productions (it may happen that
the waste of a company can become row material for another placed in the same area), the same symbiosis could be
planned in spite of geographical distances, depending on the material volume.

Strategic 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 during their use; proposing a longer 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 reach 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, Buwal 250, ECO-it, EcoScan 2.0, SimaPro, TEAM/DEAMs, LEADS
** Design for environmental software tool, ECODESIGN TOOL, Idemat, LASeR, P2-EDGE, RECOVERY,
RECREATION, ReGrEd/DisPlay, ReStar, RONDA e.s.o0.

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 functions capable to encourage and foster products “willing to
react” to the environmental requirements. In fact, CED generates Ecodesign, and Net Co-
Design techniques, Strategic 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 pilot initiatives
demonstrate that undoubtedly the core of the problem 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-1 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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It’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 problem 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 “DRAWING AND STYLING” TOWARDS 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
all 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 of various elements;

to reduce, where and if possible, 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 of the 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 order not 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.

(9%
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It is evident, but not easy to put in action, the “orchestration” of the 12 points together.

6. FUNDAMENTAL MODES FOR ENGINEERING THE PRODUCT TOWARDS AN
ECO-COMPATIBLE CONCEPT

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
Design for Manufacturing (DFM) and Design for 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 of the 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 level of importance. Fach 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 mode! -
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 of the 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.
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. »  Behavior
operational .
stress evaluation
l Y
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Fig. 2: General procedure of life cycle simulation (S. Takata)

Operational parameters: torque, speed, temperature

Stress evaluation: stress exerted on facility components during the operation

Deterioration evaluation: induced by exerted stress and resultant changes in the properties
Facility model: reflecting the results

Behavior model based on deteriorated facility 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-
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tremely important to individuate the level of the deterioration as a sort of break-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-
mura’ presenting his interesting interpretation of the “closed loop of the product life cycle”

( Fig. 3).

Product Quality Evaluation —
y
Product Behavior Simulation
Deterioration / + Up-grade
Simulation Simulation
Deterioration Up-grade
i 2l
[ A 4
Component, Assembly/System Life
Part Structure Cycle
Product Model

Fig.3: Scheme to illustrate the simulation model 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 together with a periodical up-
grading, facilitate parts/product reuse, giving a sound contribution to reduce the product

% “Product quality Evaluation Based on Behaviour Simulation of Used Products* by F. Kimura, T. Hata, H.
Suzuki, Annals of CIRP 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 to be achievable.

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

the rapid development of technology that make parts quickly obsolete;

the difficulty to make an identifiable quality assurance of old parts;

modular or standardised design allowing parts re-use, that is somehow redundant;
the cost of collecting and repairing old parts, higher than fabricating new parts.

bl

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 of the consum-
ers (especially in respect of their household appliances), inclined to keep the product until
the moment when severe (say dramatic) breakdown will occur: the product is then so old
and obsolete to block 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 Fraunhofer® Institute in Stuttgart devel-
oped a new method to calculate the life cycle cost of capital goods as machines 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. Westkdmper).

« 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?

* E. Westkamper, O.v.D. Osten-Sacken, Fraunhofer Institute (IPA), Stuttgart
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Fig. 4: Responsibility of the Designer/Manufacturer (E. Westkdmper)

The environmental protection of course claims the second part within the economical cor-
rect confrontation, being now a day available efficient monitoring supports, that lead to op-
erate the product much more effectively, than traditionally done, 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 Westkémper, 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 of the Fraunhofer Institut research is evident: “the life cycle cost accounting
has to prove the thesis that longevity of products including the permanent up-grading of the
operating system is ecologically and economically useful, (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 maitter, 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 longer be consid-
ered as passive entities used merely to be processed and turned 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. It 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 leisure goods for example.
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I would like to draw attention to this interface. The shell should no longer exercise its ex-
ternal appeal that reduces its technical content to a sort of hidden black box unintelligible to
consumers. If 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 between form 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 together 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 New Age 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 number
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.

1. 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 summarized in terms of a
small number of spectral components, which account for a large 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 well as in frequency
of the dominant components along time due to non-stationarity.

Published in: E. Kuljanic (Ed.) Advanced Manufucturing Systems and Technology,
CISM Courses and Lectures No 406, Springer Verlag, Wien New York, 1999.
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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 damage 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 EXPERIMENTAL 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. It
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
E(t*) (&;) 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 of the consequences is that 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. If the 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 hand 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 look 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 general 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(f) shows the overall
strength with which any frequency f is contained in the signal x(¢), 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 portions 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 of TFT in the analysis of spectral experimental responses

The main utilization of TFT in our problem 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, wrong.
Remind that in case of strong departure from stationarity, observation of only a small
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portion of the signal leads 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 dealing 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

Minerali Industriali S.p.A. is one of the 13 production units of Gruppo Minerali 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 Minerali Industriali has developed
the roll-press to break silica sand down to 45um 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,
100pum...). 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. If the
finished material has to be (for example) all under 75pum 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 of roll-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 well 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 hand.

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 number of plants in different
locations.

Experimental design in the form of a complete 2* 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
clustering around actual operating values, thereby increasing precision at expense of
generality, and spacing levels wide apart in order to cover an broad sample space.

5. MAIN RESULTS

Results are depicted as normalized response surfaces in cube plots [2], in terms of
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normalized variables (main factors). The normalized 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 level, whereas two interactive terms 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 levels of covariates for reference purposes.
The energy absorption cube plot for control pressure level = -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 level of control pressure.
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Fig. 3: Cube plots for energy absorption, at lower and upper level 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 loads at different
frequencies was used, assuming a 1/3 variation coefficient, quite a substantial value
justified by the large scatter typical of fatigue test results and the additional variability
(compared with laboratory 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 of the waveforms of Fig. 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 of that frequency. A
short-time frequency transform shows these events more clearly in Fig. 6.
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Normalized STFT amplitude
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Fig. 6: STFT of the second signal in Fig. 4, observed over about 60 s.

Failure risk was estimated modeling the fatigue response of the material of the
transmission shaft when an equivalent torque T,, made up of the dominant components is
applied:

T, (t) = Ay + A, sin(2nfit) + A, sin(2nfyt) + A, sin(2nf5t) ¢))

Components A, through A, 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 ¢ corresponding to strain gauge bridge output signal AV is
calculated as:

c=23)*Gk'AV/V, )

where G is the shear modulus of the material, k the calibration factor of the strain gauges
and V, the excitation voltage. .
To evaluate the cumulative damage produced by the different sinusoidal terms in the above
equation the Miner hypothesis was used. If N;, N,, N; are the durations (expressed as
number of cycles) corresponding to equivalent stresses o,, G,, o, the fatigue failure occurs
after a time

D = n,/f, = n/f, = ny/f; 3)

where the cycle numbers n,, n, n; are determined, according to Miner, so that the
following holds:
n/N; +ny/N, + ny/N; = 1 4)

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

D=f"/(N"+ f,/f, N, + f,/f, N, 5)

It is straightforward to verify that fatigue life is indefinite only if N,, N,, N; 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 alternate stress load is represented, a
closed region within which indefinite life is predicted for a given material at hand. Load is
defined in terms of static and cyclic stress components o, and ¢, , material is characterized
by yield stress o,, ultimate tensile strength R and fatigue limit G, , the latter corresponding
to a sinusoidal load with a zero static component. Fig. 7 shows experimental points plotted
with Goodman contour lines plotted at different risk levels according to an elliptical
approximation to the classic polygonal diagram. Cube plots shown in Fig. 8 depict where
indefinite life regions are located in the sample space; limit surfaces and corresponding
risk levels are also shown.
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Fig. 7: Goodman diagrams at three risk levels, showing experimental points (G,,.,=C., +G.).
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 hand 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
personnel 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 damage 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 a challenge 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 turning 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 turning an iron-based
welded hard-facing material. Results of machining trials 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 offering 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 engineering ceramics [5].

CBN tools have been successfully used in machining nickel-based and cobalt-based hard-
facing alloys at a speed of 200-250 m/min 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 offered 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 tool/workpiece
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 (¢100, L300mm) using a
flux cored arc welding (FCAW) 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 RNGNO70400 solid indexable inserts (7mm diameter with a 0.1mm
edge chamfer) held in a matching 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 monitored and cutting was stopped when an
insert was observed to have lost its ability to cut effectively.

A ‘quick-stop’ technique was used to preserve the tool:chip interface, formed under 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 accelerate 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 (Sml HCL, 1ml picric acid, 100ml
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);Cs [7, 8] formed during the
welding process. The majority of these were columnar with hexagonal cross section, due to
preferential cooling from the mild steel base. .



110 E.J. Brookes, R.D. James and X. Ren

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 chemically stable compact comprised of a rigid network of small sized (5-
8um) cubic boron nitride particles with an AIN 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 minutes. 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 examination (Figure 1b) reveals small-scale chipping damage concentrated at
the lower edge of the chamfer. It is probable that cumulative chipping damage of this type has
resulted in the flaking of the rake face.

Fig la General view of insert after Fig 1b Edge chipping in early stages of
15 minutes cutting cutting

A detailed examination of worn tools (Figure 2a) revealed that, within the zone of contact on
the flank face, cracks propagated around the primary CBN particles. Therefore, the chipping
damage 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 limited
deflection.
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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, columnar (Cr, Fe);C; 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, semicircular 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
microstructural 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, columnar, 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 chromium-
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 columnar primary
carbides was evident near the surface region and it is clear that plastic deformation of the
carbides has occurred during the cutting process. When a cluster of columnar 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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S. DISCUSSION

Chromium-carbide based hard-facings are very difficult to machine because of the presence
of large 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 well established that CBN cutting
tools retain their hardness at high temperature [9] but so do carbide-containing hard-facing
materials [10]. Thus, the beneficial effects of thermal softening 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 homogeneous 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,
large 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 large carbide particles are subjected to bending moments,
which, if sufficiently large, 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 pattern is generated around the edge region, with the maximum
stress at the chamfer [13]. The hard-facing matrix in this region will 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 large
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, tool life 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 well 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 damage mode, which directly influences tool life, appears to be
closely related to small 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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MANUFACTURING OF MAGNESIUM PARTS - MACHINING AND FORMING
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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 turning 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

Sand cast bars with a diameter d = 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 burnishing experiments were carried out on a CNC inclined-bed lathe
Gildemeister MD10S with a main power P =50 kW and a maximum number of
revolutions of n = 10,000 min™. A Kistler 9257 B dynamometer was integrated in the
machine tool to investigate machining forces. Surface roughness R, and R, were measured
with a contact stylus instrument Hommel T1000 with a tip radius of 5 pm and a tip angle
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of 90°. The effect of different machining conditions on the surface formation was detected
by scanning electron microscopy (SEM).

Uncoated carbide tools and tools with polycrystalline diamond (PCD) tips as well as TiN
and PCD-coated carbide tools CCMW 120408 and CCMT 120408 were used in a tool
holder SCMCN 3225 P12. Resulting angles at the cutting edge (tip radius 0.8 mm) were a
flank angle of o = 7°, a rake angle of y = 0° and a tool angle of x = 50°. The rake for the
CCMT-geometry is ¥ = 5°. Tools with solid PCD tips that are soldered to a carbide body
were only available with a rake of y = 0°.

The influence of different cutting tool materials and coatings, respectively, on adhesive
effects is shown in Fig.1. Cutting conditions were a cutting speed v, = 900 m/min, a depth
of cut a, = 1.5 mm, a feed rate f = 0.4 mm and a cutting length . = 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. If 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

¢ acertain affinity between cutting tool material and workpiece material,

¢ the existence of a sufficient temperature in the tool-workpiece contact,

o a soft material component in which a hard phase are embedded [1, 2] as well as
¢ high mechanical stresses.

workpiece : AZ91 HP tool : HW, HC, PCD
cutting speed : V= 800 m/min geometry : CCMW 120408
feed f =04 mm CCMT 120408
depth of cut ‘ag= 1.5mm
cooling lubricant : nona L. Y Aelx e
7| 0] 5 |o*|eot50] 0.6 mm
HW K10 HW K10 PCD HC TiN HC TiN HC PCD HC PCD

CCMwW CCMT cCMw CCMw CCMT ccMw CCMT

cutting length I = 750

314/19017 © IFW
Fig.1: Influence of cutting tool materials and coatings on adhesive effects
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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 1, = 10 m. Grooves
caused by the tool feed can be observed. If cemented carbides are used at a cutting speed of
Ve = 900 m/min additional grooves are caused by the tool material’s grains. At a cutting
speed v. = 2100 m/min magnesium particles are torn 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].

Rz = 26 ym
HW K10

: AZ81 HP

: V= 900 - 2100 m/min
:f =04 mm
rag=1.5mm

. hone
: HW K10, PCD
: CCMW 120408

e

0.8 mm

314/19004 © IFW

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

= Ve = 900 m/min
Rz =25 um

HC PCD

S v =2100 m/min
Sranesan 100 HMpe R, =23 pm

: AZ91 HP
cutting speed 1 V= 900 - 2100 mimin
:f =04 mm
depth of cut rag=1.5mm
lubricant : none
tool material +HC TiN, HC PCD
tool geometry : CCMW 120408
aly|r|le fg
7*|0°|0° 0.8 mm

314/19005 © 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 v, = 900 m/min. Molten workpiece material can be
found at v, = 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 surfac
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Fig.4: Influence of the cutting tool material on machining forces and surface quality
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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 F, and back force F, for
carbide tools and PCD-tipped tools and coated cutting tools, respectively for cutting
speeds from v, = 300 m/min up to 2400 m/min (a, = 1.5 mm, f = 0.4 mm, 1. = 10 m). PCD
tools, either tipped or coated, show lower machining forces and a better surface roughness
R,. As machining forces are decreasing, the thermal load 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 EG14 burnishing tool was used to carry out burnishing tests on the named
AZ91 HP bars. All specimens had been prepared by identical turning operations before
burnishing. 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 R, can be reduced to approx. 15% of the initial state after turning

(R, = 1.5 um). However, if the rolling force is chosen too high (e.g. F; > 3 kNN), the surface

is damaged resulting in increasing R, values. In spite, the gain in surface hardness is most

significant for highest rolling forces (108 HV10 for F; = 5 kN compared to 68 HV10 after

turning). Residual stresses parallel to the rolling direction for both rolling forces F, = 1 kN

and F; = 5 kN are compared in the right section of fig.6. It can be shown that

e compressive residual stresses can be induced in the workpiece subsurface by rolling
operations,

e 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 F, = 5 kN tensile residual stresses can be detected in the workpiece
surface.

Tensile stresses in the workpiece surface can cause damages to the workpiece and may

decrease its working life [4].

Surface damage caused by high mechanical loads (F, = 5 kN) are shown in fig.7. Whereas
surface and subsurface layer appear smooth and undamaged for a rolling force of F; = 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 F; = 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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Fig.6: Influence of the rolling force F; on surface roughness, hardness and residual stresses
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Fig.7: Influence of the rolling force F; on damage 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=5-7pum and d = 50 - 56 um, 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,
Vi = 100 m/min, f;=0,2mm). SEM pictures show SiC-particles of both sizes being
embedded in the workpiece (Fig. 8, left hand side). Whereas particles of the mean diameter
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of 50-56 um can be crushed by the roller, comparatively small particles remain
undestroyed. Compared to the machined surface (R, = 1.5 pm), achievable surface
roughness is improved for small particles (R, = 1.0 pm) and slightly reduced for the coarser
particles (R, = 2.2 ym).
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Fig.8: Rolled-in ceramic 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 load (Fy = 100 N). The indentation tracks caused by the
sliding contact are shown in Fig. 8, right hand side, for a length of I =12 m (close type
tribological system). For small particles of d=5-7 um, plastic deformations can be
observed, the reinforced layer is destroyed. The coefficient of friction is raising from
u=02(1=0m)top=0.5 (=12 m) whereas for the layer of particle size d = 50 - 56 pm
p = 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 lead to flank build-up at
cutting speeds of v, = 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
Ve = 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 F; = 1 kN gives good results whereas
F; = 5 kN leads to serious damage in the surface and subsurface, respectively. The rolling-
in of a ceramic reinforcement 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 pm).
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HIGH-SPEED CONTINUOS AND DISCONTINUOS MACHINING
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ABSTRACT: The performance of very hard and strong pure Al,O3 ceramics with grain sizes of
0.5-0.7 pm is investigated on machining hardened steel (HRC = 60) and globular hard cast iron
(HRC = 43). These ceramics 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 ceramics surpass CBN tools
on discontinuous and interrupted conditions.

The behaviour of pure submicrometre alumina tools is compared with new Al,O5/Ti(C,0) 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 finish, important tool life criteria are the surface rough-
ness of the machined workpiece and the stability of the cutting tip position (which deter-
mines the accuracy of the 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 hand, it is imperative to keep a constant (high) hardness on final

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology,
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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 influences on hardness [3], wear [4], and the power of ceramic grinding
materials [1], an average grain size of less than 1 um 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.

If 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 pm alumina ceramic is about one half of the value on a ground 3.6 um 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 Al,O,/Ti(C,N)
composites, and a first commercial grade claimed "submicronstructured” appeared on the
European market in 1997. Compared with conventional Al,O,, 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 Ky. of which may drop to values
less than known for pure sintered alumina [7].

Contrary to the use of advanced Al,04/Ti(C,N) composites for machining hardened steel,
first studies with pure, submicrometre sintered Al,O, 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 ceramics which are more fine-grained than in previous investiga-
tions [4][7][10] and which may promote the substitution of grinding by turning.

2. MATERIALS AND METHODS

Most manufacturers have started to develop submicrometre composite tools on the basis of
Al,O; with TiC or Ti(C,N), but the covalent nature of the carbides prevents pressureless
sintering at temperatures of 1600 °C or less, and the most fine-grained of new (laboratory)
composites with TiC concentrations of 25-35 % exhibit average sizes of AL O, and TiC
subregions of about 0.8 - 1 um (associated with a hardness HV10 up to 23 GPa, measured
at a testing load of 10 kgf) [11]. On the other hand, 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 ceramics were used as references. SH1 is a well known Al,0,/Ti(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 AT60A. The scanning electron micrograph gives an
average size of single phase subregions of 0.44 pm (Ti(C,0)) and 0.84 pm (AL,O;) [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 pm for both the alumina matrix and the Ti(C,0) crystals.

It is not clear if carbide-reinforced tools will meet the thermodynamic and chemical de-
mands for turning hardened steel. On the other hand, pure sintered corundum ceramics 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 % Al,0, by
cold isostatic pressing and pressureless sintering, the microstructure is given by Fig. 2.

Fig. 2: Microstructure of pure Al,O; 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 exhibit a different hardness [4][7]. Therefore, in Tab. I the data for
ground surfaces are more representative to illustrate the cutting behaviour.

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

Composition Density Grain size Vickers hardness
absolute (relative) (testing load = 10 kgf)
[orem?1[ %] [pm] [GPa] [GPa]

(for composites [cp. Fig. 11 surface preparation:
size of single phase subregions polished  ground
[average of all phases])

Pure alumina

AC41 Al,05 3.96 (99.3%) 0.56 20.2+0.2 22.1+09
Composites
ATE0A Al,Og
+ 33 vol-%
TiC0'73OO‘14 4325 (100 %) 070 208:{:02 2281:08
AT62 Al,O4
+ 33 vol-%
TiC0’4200‘23NO'35 4355 (100 OA’J) 070 202103 211 :!:06
Commercial references:
SH1 AlLO5 4,352 1.52 19.6+03 21.2+0.2
+ 33 vol-% Ti(C,N)
"submicron” Al,03 4.356 1.63 19.6x02  21.2:05

+ 33 vol-% Ti(C,N)

The cutting performance of inserts SNGN120412 (12.7-12.7-4.76 mm?, radius 1.2 mm, 20°

chamfer / width 0.2 mm) was tested on a 35 kW CNC lathe (NILES, Chemnitz, 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 v = 6°, an inclination angle A = -4°, and a

large entering angle x = 45° chosen to maximize the selectivity of the tests (related to the

tool materials) by high loads at the cutting tip. In some additional experiments with an en-
tering angle x = 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:

(1)The flank wear width VB is the usually evaluated wear parameter at the primary cutting
edge.

(2) The cutting edge displacement CED determines the degree of precision in machining a
hard metallic workpiece. It 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 of the cutting tool perpendicularly.
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(3)The quality of the cut metal surface 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 R, as the sta-
tistical average depth of the profile and R, as the arithmetic average of a number of
measurements that assess the maximum depth for some measuring distance.

(ii) On turning 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 m/min) was required to restore a surface with the original hard-
ness before every new experiment with v > 250 m/min.

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 (German standard notations):
- alloyed globular hard cast iron G-X300CrMo153 (0.3 wt-% C, 15 wt-% Cr, 3 wt-%
Mo) with an average Rockwell 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 counterpart and discontinuous cutting conditions with a
changing frequency and power of impacts. Cubic boron nitride inserts (dreborid®, Lach
company, Hanauw/Germany) failed on machining the hard cast iron, and hardmetal inserts
(WC + 6 % Co, Vickers hardness =~ 16 GPa, Kj, = 9 MPavm) were not able to cut the
rough outer shell of the hardened steel shaft (neither at v = 50-100 m/min nor at higher ve-
locities). The same negative result applied for both commercial ceramic composites.
Therefore, the new laboratory grade ceramics 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

It is commonly assumed that Al,O; ceramics with toughness values Ky, < 4 MPavVm cannot
be used for interrupted machining or with high feed rates. With the failure of all com-
mercial tools, however, the submicrometre alumina and Al,0,/Ti(C,0) inserts had to be
applied and were used at v = 120 m/min with a large feed rate f = 0.3 mm/rev 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 ceramics (composites - pure Al,O;).

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 R, =4-5 pm 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 (AC41) 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 (R, < 2 ym for t < 30 min).

Fig. 4 gives the flank wear. Surprisingly, under these severe conditions the general per-
formance of pure alumina ceramics (AC41) is even more prospective than the behaviour of
the new submicrometre composites AT60A and AT62.

3.1.2 Continuous cutting: Fracture behaviour and wear at v = 200-250 m/min

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 large input of heat into
the metal chips which appear rather flaming than red-glowing.

For the references (SH1 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 turning hardened steel with
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Cutting edge displacement on turning 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 first 5-10 minutes at v = 300 m/min (Fig. 7).
At v = 300 m/min, 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 given as an additional parameter in Fig 7.
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Fig. 7. Flank wear width VB on turning hardened steel at v = 300 m/min. HRC, 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 less wear than the other reference SH1, and wear is further
reduced in the new Ti(C,0) reinforced submicrometre composite AT60A, apparently due
to its higher hardness (Tab. I). When nitrogen is introduced into the covalent oxycarbide
phase (AT62), the hardness drops to the same level as also observed for SH1 (Tab. I), and
AT62 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 AT60A 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 Al,0,/Ti(C,0) composite AT60A.

At a lower cutting speed of 150 m/min, the advantage of the pure alumina tools (AC41)
compared with the commercial composites was about the same as given in Fig. 8 (220
m/min), and the behaviour of the new submicrometre composite AT60A was close to
AC41. Unfortunately, the composite deteriorates at v > 200 m/min (Fig. 8).
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Fig. 8. Flank wear VB on turning globular hard cast iron at 250 m/min.

Another important criterion for the quality of tools in precision turning of hard materials is
the obtained roughness of the cut metal surface. Fig. 9 describes the time dependent in-
crease of the average roughness R,. A fixed ratio Rzp/Ry = 5 between the statistically av-
eraged maximum depth of roughness and R, 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 SH1 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 AT60A, 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 turning 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,0) 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,0) increases the hard-
ness and may reduce the wear on turning hard cast iron, but the effect is not large.

- The reason is indicated by the much higher wear resistance of pure, thermodynamically
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 AL,O,/Ti(C,0) composite

compared with the commercial Al,O,/Ti(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 turning hardened steel, again both the pure alumina (AC41) and the laboratory grade
composite AT60A exhibited less wear than the commercial cutting tools, but the ranking of
AC41 and AT60A ceramics 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 ceramics is affected by some important basic properties:
(@)1t has been shown for AL,O,/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,0). 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 machin-
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,0O,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 ceramics exhibit the same wear (Fig. 5), and at 300 m/min
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 turning on the hardness of the workpieces (Fig. 7) is impor-
tant for different aspects in the development of new machining technologies. With a high
velocity, the softening of the steel promotes high material removal rates even at small feed
rates, and turning of hardened steel with cutting ceramics that are less expensive than cubic
boron nitride (CBN) becomes possible. On the other hand, final precision machining has to
conserve a constant high hardness of the cut surface. This feature defines critical limits 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 turning hardened steel at v
> 220 m/min and the surprising lack of such events with the new laboratory grades even on
pre-machining rough shafts for about one hour (with one cutting tip / discontinuous condi-
tions!) cannot be compared readily with the bending strength at 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 Al,O; ceramic [10]. The fracture
toughness of all of the laboratory grades is 3.3-3.8 MPavVm, whereas surprisingly high val-
ues of 5.5 MPavm (SH1) and 6.6 MPaVm (submicron commercial composite) are given by
manufacturer’s informatipn 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 ceramics on the basis of
alumina which stand both the high temperature on high-speed machining 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 um seems to be the
first, most important requirement, probably associated with a strength > 600 MPa. The
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fracture toughness Kj. 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 ceramics 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 ceramics 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 Al,O,
tools disappeared from the market 25 years before and were totally replaced by composites
reinforced with ZrO, 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 BEHAVIOUR
OF CUTTING TOOLS
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University of Dortmund, Dortmund, Germany
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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 loads. In order to deal with this
collection of stresses adequately the highest demands must be placed on the cutting tool
with respect to the cutting 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 problem 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 lasting damage to the tool, such as microstructural
changes or microcracks, can be caused [2-4].

'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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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 are still 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. Metallographic 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.

tool breakage drill head: cermet P25

lateral grinding of the rake face
with oil cooling lubrication

grinding mark

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 larger 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 damage 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 P10
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 turning
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].

grinding process turning process
grinding wheel: 1A1-125 D84 C100 resin bonded workpiace: 42CrMo4 V
parameters: oil cooling lubrication: & = 0.1 mm paramaters: Vo= 130 mimin; 1, = 0.7 mm; ap=1.5mm; t.=5 min
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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 material removal
rate could be increased from 1 mm3mms to 5 mm*%mms through specifically applied
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 well 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 leads 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 had 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 leads
to greater thermal stress on the whole tool. A thermal overload can have a harmful effect
on the surface (e.g. crack formation). This damage acceclerates 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 damage noted on the cermet cutting
tips (Fig. 3). The cracks run parallel 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 well as their
distribution in the tool are mainly responsible for the development of cracks.

heat source (grinding wheel)

tarnished areas

.‘_gwg direction

temperature

1 mm
= 1 mm

crack formation
temperature field

Fig 3: Forms of damage 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 leads 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.

cutting tip: cemented carbide/cermet P10
grinding process
grinding wheel: 1A1-125 D64 C100 resin bonded
parameters: oil cooling lubrication;
Veg = 30 mfs; vy, = 10 mm/s;
89 =0,1mm
dressing: SiC-wheel
w turning process
2 workpiece: 42CrMo4 V
-] parameters: Vg = 130 m/min; f, = 0,7 mm;
o ay =1,5mm;t; =5 min
§ use: grinding marks L chip flow
[ cemet
- cemented carbide

D46 D&4 D91

Fig. 4: Influence 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 the 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 turning (Fig. 5).

-

cutting tip: cemented carbide P10 / B
grinding process [ workpiece
grinding wheel:  1A1-125 D64 C50 resin bonded | chip flow // grinding marks
parameters: oil cooling lubrication; v= 20 m/s Oimay_
Vig = 10 mm/s; agy = 0,2 mm | e [
dressing: SiC-wheel \ g
turning process \ \
workpiece: 42CrMo4 V ||
parameters: Vee = 130 m/min; f, = 0,1 mm; /
aP,=1rnn1',l,=?’min |

|" workpiece '|
chip flow L grinding marks
Y

\

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 hindered 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 leads 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 load 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 flank face also 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 carbide P25
grinding process: wheel: 12A2-150 D64 C100 resin bonded
parameters: Vg = 30 m/s; without cooling lubrication

counter body: C 60, & 80
friction velocity: vz =80 m/min

normal force: F,=100N
e e e e e | e = = 4
l_gn'nding direction // 3 Ry | gnngllng QIreqﬂon 1L | i
turning direction | turning direction | N\

Fig 6: Tribological tests of grinding mark direction

5. CONCLUSIONS

During the course of numerous experiments the basic correlations between grinding
conditions and the application behaviour of geometrically determined cutting tools were
ascertained. In this context, the influence of the grinding process on cemented carbide 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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CHIP FORMATION IN ORTHOGONAL CUTTING
FEM SIMULATIONS AND EXPERIMENTAL EVIDENCE
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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 input variables 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 tool life and on the quality of the final part.

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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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 problem 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 EXPERIMENTAL 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 well, 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 mechanical load can be neglected for the used
application.

The thin film sensors are applied to standard cutting tools made of Al,03-ZrO, ceramics
(Figure 1) by PVD processes. The sensors size is 0.2 ym in thickness and 25 um 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 AlO; layer of 2 pm 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 cutting tool

protective layer connection

ixc’a}

-

-\_\\ /
$en.'mr{PIJfr e
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7 (Np0412Zr0y)
AR 0 Oy : pressure coefficient R : resistance

o =6 - AP + Cip- AT T : temperature
Oy :temperature coefficient  p : pressure

31411801 ©IFW

Figure 1: Thin film sensor

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 mechanical load 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 face can be measured
directly, as the wedge angle is 90° and the clearance angle of 6° is neglected. The resulting
cutting force F, is split into the components normal and shear force on the rake (Fyy, Fyy) as
well as normal and shear force on the flank (Frno, Fgo). Therefore the cutting force F, equals
the normal force on the rake Fyy plus the shear force on the flank Fgy. Accordingly, normal
force on the flank F,, and shear force on the rake Fy, both form the feed force Fy. In
orthogonal cutting the passive force F, equals the feed force Fy. 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.

contact length CLT
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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 of the 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 incremental
(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 (c) is assumed to be strain, strain rate and temperature dependent.
Since ¢ values were not available for large strains, in this range ¢ 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 temperature is also considered.
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Parameter Workpiece Tool
Model for the object: Plastic Rigid
Geometry Height = Smm Rake angle o = - 6°
Width = 20mm Clearence angle 6 = 6°,
Tool Tip Radius r = 0.05Smm
Material Aluminium Alloy AICuMgPb ALO; - Zr0,
Number of elements 1800 600
Thermal Properties:
Thermal Conductivity: 204 W/(m K) 28 W/(m K)
Heat Capacity: 879 J/(Kg K) 850 J/(Kg K)
Emissivity: 0.75 0.75
Interface Heat Transfer Coef.: 10 kW/(m*K) 10 kW/(m’ K)
Friction: Variable friction law (experimental)
Cutting Feed: 0.2 mm
Cutting Speed: 200, 400, 600, 800 m/min
Initial Temperature: 20°C 20°C

Flow Stress Law
0=311.5e* ¥ MPa (9 =20°C)
6=744¢% MPa (8 =300°C)
6=51.6e%" MPa (8 =400°C)
0=35.1e""% MPa (8 =500°C)

Table 1: Parameters of the simulation

secondary shear zone

shear plane

>

workpiece primary shear zone

after G.Warnecke 0/18791c © IFW 0389

Figure 3: Chip formation in orthogonal turning
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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 t. ,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:

e 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 m/min. 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).
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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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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 longer 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).
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ABSTRACT: Sandwich-structured three-layered ceramic inserts were made with the aim of
obtaining ceramic cutting tools with an increased useful life.

Alumina was chosen for the external layers because of its high hardness and chemical inertness.
Mixtures of Alp03 and tetragonal ZrOp were used for the inner layer since it is possible to
predetermine the tensile stresses on the rake 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-ZrO2 commercial inserts. In particular, the prestressed layered ceramics
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 AlpO3 plastic deformation during turning tests.
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1. INTRODUCTION

In previous works, studies were made of the wear performances of commercial ceramics
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 my/s, 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 to thermal effects were established.

The first is related to plastic deformation of alumina grains above 1000°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. Ceramics 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 AlpO3-ZrO2 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-monoclinic
transformation of zirconia.
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The inner layer contained 60 % vol Al203 and 40 % vol ZrO) (partially stabilized with
12% mol CeO2). In view of the higher thermal expansion coefficient of zirconia, rake

faces of the tools were prestressed in compression after the sintering process; the resulting
compressive stress can be calculated by the following equation [7]:

E E.dAg,
o, ==
(1-v)2Ed +E,d,)

Where E1 and E7 are respectively the outer and inner layer elastic modula, d2 is the inner

layer thickness, v is the Poisson ratio and Ag 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 to be 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 m1/2. The hardness 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 h at 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 continuos dry turning on AISI 1040 steel whose characteristics are
reported in table I.

Chemical composition:
C=0.43%, Mn=0.76%, S5i=0.28%, S=0.027%, P=0.016%
Tensile strength R=620 MPa

Hardness HBN(2:5/187.5)=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 y=-6°

clearance angleat = 6°

side cutting edge angle y= 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 = 5.5m/s and 7.8 m/s.
The flank wear criterion (VBB=0.3 mm) was chosen to evaluate tool life.

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
laminated inserts with respect to wear on the rake face for the compressive stresses do not
increase the hardness of the AlpO3 outer layers. Fig. 1 shows the aspect of a laminated
tool tested at 7.8 m/s 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, microcracks or chipping phenomena
were observed in flank zones after the tests. This is an important result because these wear
mechanisms were observed on alumina-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 m/s for a period of 200 s. This kind
of wear was observed in alumina-based commercial tools at cutting speeds below 5.5 m/s.
Above this value, only chipping phenomena were present. Probably both plastic
deformation and chipping actually occur but damage caused by chipping hides deformed
alumina grains. In the case of inserts with a laminated structure, compressive stress
excludes chipping and Al203 deformation is evident.
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Fig. 1. Aspect of laminated ceramic insert after testing at 7.8 m/s: cratering is negligible.

In spite of the better resistance of laminated tools to the chipping, they exhibited a life (VBB
criterion) 30% - 40% shorter than commercial tools tested under 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. Alumina plastic deformation is
evident.

Two hypotheses may be put forward. The first 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 laminated 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 laminated insert, The evident brittle fracture 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 sintering 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
finish 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
confirmed 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 tool/workpiece 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 of the 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 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 (i.e. crater wear-KT/KM and flank wear-VBg) 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
of the 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 finish turning operations [13]. Actually, in the present
work, the study of wear in finish 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 of verify the applicability of the proposed technique.

2. TOOL WEAR EXPERIMENTS
2.1 The grooves survey methodology
The grooves survey methodology employed is based on the techniques of acquirement and

processing of images [13].
: - Tool holder ‘
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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 finish 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%,
composition Si=0,28%,P=0,016% |Mn=0,78%, Si=0,28%, P=0,016%
Hardness HBN(2,5/187,530) = 208 HBN(2,51187,530y= 390
Tensile strength |R = 700 N/mm* R = 1150 N/mm”

Table 1. Characteristics of the employed materials.

The commercial materials selected for the tests, according to the insert number
TNGA160408, were as follows:
+ Zirconia-toughtened alumina (Al,03 -7vol%ZrOy),
in the following called with its commercial name CC620.
+ Mixed-based alumina (Al,0; -TiN.TiC-ZrOy),
in the following called with its commercial name CC650.
» Sintered carbide grade S1P (WC-TiC-Co).
» Sintered carbide grade 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=-6° Depth of cut: d=0,5 mm
Clearance angle o=50 |Feed: £,=0,05 mm/rev, £,=0,1mm/rev

Side cutting edge angle = 0° Cutting speed V1=3,3 m/s, V2=4,16 m/s, V3=5 m/s

Inclination angle A=-6°

Table 2. Geometry and cutting parameters employed during the tests.
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The finish-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 VBg 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 RESULTS

For all the couples of the cutting parameter above mentioned the tool lifetimes are reported
in tables 3a,b for both sintered carbide and alumina based inserts working AISI 1040 and
39CrMo4 steels respectively. The lifetimes are evaluated on the base of a limit roughness

of 3.5 um.

AISI 1040

tool S1P SM30 CC620 CC650

ka 0,05{ 01 {005 01 |[005| 0,1 |0,05| 0,1

3331 95 | 120 | 45 60 | 290 | 310 | 315 | 340

4,16 | 95 7 45 40 | 203 | 215 | 265 | 285
5 80 60 38 28 | 1841 202 | 250 | 230

Table 3a. Inserts lifetimes working AISI 1040.

39CrMo4
tool S1P SM30 CC620 CC650

V. 005] 01 (0,05| 01 |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 | 8 | 80 | 100

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

For the two kinds of tools working both AISI 1040 and 39CrMo#4 steels, for all the cutting
parameters, it has been observed that the roughness reaches the imposed limit 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 (VBsg) 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 VBz=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
limits before that the number of grooves decreases; see figure 3.
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Figure 2. Roughness, number of grooves and flank wear versus cutting time for CC650
insert working AISI 1040 steel. (Vc=5m/s, £=0,05 mm/rev).

Figure 3. The S1P insert after 6 min working 39CrMo4 steel. (V¢ = Sm/s, f = 0,1mm/rev).

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 (V=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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B

Figure 4a — Minor cutting edge and the correspondent binarized image.
V=5 m/s, £=0,05 mm/rev, cutting time = 45 min.

Figure4b — Minor cutting edge and the correspondent binarized image.
V=5 m/s, £=0,05 mm/rev, cutting time = 110 min.

Figure 4c — Minor cutting edge and the correspondent binarized image.
V=5 m/s, £=0,05 mm/rev, cutting time = 215 min.
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Figure 4d — Minor cutting edge and the correspondent binarized image.
V=5 m/s, £=0,05 mm/rev, 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-finish turning offering an alternative to grinding operations.

4. CONCLUSIONS
On the basis of the 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 of the micro-geometry of the worked surface.

o 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.

o This methodology has been tested both on different workpiece materials and on several
kind of tools (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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ABSTRACT: This paper investigates the micromachinability of Cu-Be alloys and the effect of
microstructure. The material temper, tool material, lead 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 levels. 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 R, and 8 nm R, were achieved. Beryllide
inclusions and the precipitates degraded the micromachinability, while the lead particles improved it.

1. INTRODUCTION

The effect of surface quality of a diamond-turned 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 damage 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 O alloy [10] in their studies.

Arnold et al micromachined OF coppers and Cu-Be alloys [11,12]. A machined OE
copper sample retained residual stresses with magnitudes from -27.3 to +4.1 MPa. Depths
of cut, ranging from 1.27 to 38.1 pm, did not affect the resulting surface finish. Three
commercial Cu-Be alloys were machined: C17200 (Berylco 25: Cu, 1.9 wt% Be), C17300
(Berylco 33-25: Cu, 1.9 Be, 0.4 Pb), and C17500 (Berylco 10: Cu, 2.5 Co, 0.6 Be). These
authors used single-crystalline diamond tools with 3.175 mm nose radius, feed rate of 5.08
pum/rev (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, R,, of those successfully machined samples were measured to be in the range 20-
41 nm. The C17500 samples exhibited an orange-peel texture for all tempering conditions,
while the C17200 samples showed the grain boundaries for all tempering conditions.

With limited published information on micromachining of copper alloys and the
popularity 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 possible surface quality of Cu-Be alloys by micromachining, and (ii) study the
effects of tempering and microstructure on the surface quality.

2. EXPERIMENT

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 316°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 oil 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 Illa), a profilometer (FT, Form-Talysurf 120L), a
phase-shift interferometer (PSI, WYCO NT2000), a laser 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 K, radiation.

Table 1. Details of tested diamond tools.

Tool Tool geometry* Edge radius Crystallographic
(nm) orientation, rake face
O -255+5,0, 5, 5, 30, 0, 0.03-2.00 mm 20-80 (100)
C -2550,0,7, 17, 30, 0, 0.64-0.77 mm 20-80 N/A (synthetic)
S 0,0,7,7,30,0,0.3050.50 mm 500-750 N/A (polycrystalline)

* American Standard Association's tool nomenclature

Table 2. Machining parameters for facing operations.

Parameter High value Low value
Circumferential speed (m/min) 75 30
Coolant air oil mist
Depth of cut (um) 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 { /Gb (where ( 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
levels 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 lead 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. 1.

Concentration of beryllides
(spikes) at the grain
boundaries of C17300-H.
SPM tapping mode; 0.3 Hz
scanning rate.

X 5.000 pw/div
2 200.000 nm/div

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; 1 pm depth; 5 um
/rev feed; 30 m/min
circumferential speed,
tool "O" (-15° back

rake; 0.5 mm nose

radius). ;

) 1 c17300H, low machinability
Fig.3. 601 B C17300H, high machinability
Distribution of C17200H
beryllides and lead

particles in different
batches. Low
machinability refers to
the material batch that
had poor surface finish.

Image analysis on
SEM, 2000x.

Particle count

0.0 0.2 0.4 0.6 0.8
Inclusion size, pm

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 C17300-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 inhomogeneous 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 pm to 1 mm. However, segmented macro/micro chips (~1-2mm) 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 1000x. The
microchips showed similar features (but at different scales): (i) smoothened chip due to
rubbing at the tool rake face, and (ii) inhomogeneous shear causing the shear bands. The
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shear band (microlamellar structure), about 0.5um 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. Such textures were assumed to be similar from
inside to outside of a heavily cold drawn rod as those in this study. It 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 finish was in the range 1.5 -2.0 nm
R, Reasonable agreement between the theoretical surface finish and the measured data
(Fig. 4). The theoretical surface finish was calculated from [19]:

2
R, =~ 0.031551;- (1)

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 problem was the
shallow depth of cut compared to the large edge sharpness of a PCD tool (Table 1). The
surface finish from the C17300 samples was better than that of C17200 due to the
lubricating property of lead. The lead particles (i) reduced friction at the tool chip interface
(i1) 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 C17200-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 of Cu-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 R,
and 8 nm Ry). The roughness of 8 nm R, was an improvement over the published data
of 20-41 nm R, for similar material.
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The beryllide inclusions reduced the micromachinability of C17300 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 of the improved Cu-Be alloys.

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

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 of C17300-H
and C17300-HT; 0.2-1.0 pm
depth; 1-5%R pum /rev; -25° to
5° back rake; 509-641 pm nose
radius.

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

Plot of mean and standard
deviation of four surface finish
measurements for each group.
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DUCTILE REGIME MACHINING OF METAL MATRIX COMPOSITES

N. P. Hung and Z.W. Zhong
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KEYWORDS: Microstructure, Ultraprecision Machining, Metal Matrix Composites,
Diamond Turning, Surface Finish, Ductile Regime.

ABSTRACT:  This paper presents research results on ultraprecision machining of metal matrix
composites (MMCs) reinforced with either SiC or A1,0s 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 um. 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 um and
0.2 pm for MMCs reinforced with A1,0;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

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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applications of these composites. The surface finish and surface integrity were important for
surface sensitive parts such as optical lenses 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 of the brittle ceramic reinforcement 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 aftected
the surface integrity of MMCs reinforced with SiC or Al,Os 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 ALLOs.

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]:

. 2
d.o plastic flow energy ~0.15 E YK )
fracture energy H | H
Where  d, : critical depth of machining E :Young’s modulus
K, . 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, d_,
for Si, SiC, and AL O; were calculated to be 0.4, 0.6, and 1.0 pm respectively. Further
investigation showed that grinding speed had insignificant effect on d,, but there was a
dramatic change of d. 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 pm.
Higher speed, lower feed, shallower depth of cut, and low volume fraction of reinforcement
improved the surface finish of the samples. Further study using transmission electron
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 ALOs;
particles/whiskers were experimented [3]. Depth of cut was selected at 15um. Examination
of the machined surfaces by electron microscopy showed the brittle fractures and evidences
of pulled-out reinforcements. Grinding of A359/SiCp and 2618/AL,0sp were also
experimentally performed [4,5]. Fine grinding using 3000-grit diamond wheel at 1 pm
depth produced ductile-regime cutting of the Al,Os particles but micro fracture on the brittle
SiC particles.

Although precision turning and grinding of MMCs was conducted as shown in the
literature survey, the ductile-regime 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/Al,03/20p composites were kindly 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 atomic force microscope (AFM, Digital Instrument
Nanoscope Illa). 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 pm
/10p 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)
/A1, O3 Reinforcement: Al,Os, median 21 £ 2 pm
/20p Processes: extrusion at 427°C, extrusion ratio 35/1, speed 6.1m/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% of tool nose radii. The samples were machined at constant depths of cut
in the range 0.2-1.6 pum at an increment of 0.2 pm, or a taper cut to vary the depth of cut
continuously from ~0.0 to 0.2 pm. The cutting speed was 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 observed/scanned in the as-machined condition, then repeated again after
etching the samples in Keller's etchant (190 ml H,O, 5Sml HNOs, 3 ml HCI, 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.

Table 2. Details of cutting tools.

PCD Polycrystalline diamond: 0.5 pum 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 Association

4. RESULTS

4.1. Surface Integrity
The average roughness R, 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 of the machined surface was given by [6]:

K(f,R i 0.03155 S

R,=K(f,R) 7 =0 z 2
The calculated R, would be in the sub-nanometer surface finish using /' = 0.5%R for the
tools detailed in Table 1. A parallel study showed that a mirror surface of R, = 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/Al,Os 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, tooling, 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/Al,O; 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 pm (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/A1,05/20p since the alumina particles distributed uniformly
in the matrix.

Fig. 1. Form Talys urf i
Surface finish in the | (B Atomic Force Mcope
aluminum phase of
A359/SiC/10p after
ultraprecision machining.
Facing at feed = 0.5% nose
radius (um/rev). The
sample’s nomenclature
indicates Temper /Cutting
speed (m/min) /Depth of
cut (um) /Tool material/
Tool radius (mm).

g

8

3

Roughness (R,,nm)

=)
NN

F/20/0.2/PCD/0.32
T6/20/1/PCD/0.32
FM110/0.6/PCD/0.32
T6/110/0.6/PCD/0.32 -

T6/200/1/SCD/2.1
Ff20/1/SCD/2.1
T6/110/0.6/SCD/2.1
F/110/0.6/SCD/2 .1
T6/20/0.2/SCD/2 1

T6/200/0.2/PCD/0.32

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 um depth, 2.55 pm/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 AL,Oj3 are tabulated in Table
3. Thus, the calculated ranges for the critical depth of scratching using equation (1) were d.
= 0.023-0.059 pm for SiC and d. = 0.08-0.25 pm for ALOs. This range for micro-
scratching, however, did not agree with the published critical grinding depth 0.6 pm for SiC
[1] and 1 pm for AlO; [1,4]. Using the properties of AlO; in Table 3 and d. = 1 pm,
equation (1) gave the value of the proportional constant 4 = 0.6. With this new constant 4,
the adjusted critical depth of cut for SiC should be in the range 0.092-0.236 um. This result
agreed with the experimental depth of cut 0.2 pm at which the transition of ductile-brittle
machining of SiC was observed (Fig. 3). Facing the 6061/A1,03/20p at 1.0 pm 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 AlLO;

reinforcement:
2
dc=0.6—E— K ) 3
H | H

Table 3. Selected properties of common reinforcements for MMCs [7]

Ceramics Young’s modulus | Fracture toughness Knoop hardness
(GPa) (MPa.m”™) (GPa)
a-ALO; 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 to separate 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 problem.

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 Al,Os also affected by the crystalline orientation as well as its physical and
mechanical properties. The SiC reinforcement had either diamond structure (B-SiC),
hexagonal or rhombic structure (c-SiC), while the common a-Al,Os reinforcement had a
hexagonal structure. The critical resolved shear stress, on a crystalline plane of the
reinforcement due to the cutting action, was directly proportional to the Schmid factor
cosicosd, where ¢ and A were the orientations of the slip plane and slip direction. It was
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postulated that an ideal ductile mode happened when the cutting shear stress was parallel to
both the slip plal\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 Al,Os.

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 turning of MMCs
reinforced with particles or whiskers.

Fig. 3. Fig. 4.

Pseudo-ductile mode of a SiC particle. Ductile mode of an Al,Os particle. Notice
Notice (a) the ductile feedmarks, and (b) the absence of cutting marks. Horizontal
the micro-cleavages. Vertical cutting cutting direction

direction.

Facing A359/SiC/10p-F then etching with ~ Facing 6061/A1,03/20p then etching with
Keller’s etchant; 6.7 m/min speed; 2.55 Keller’s etchant. 50 m/min speed, 1 pm
pum/rev feed; 0.1 pum depth of cut; SCD tool depth of cut; SCD tool (-25° rake, 0.03 mm
(0° rake, 0.51 mm radius). radius).
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5. CONCLUSIONS

Ultraprecision machining of A359/8iC/10p and 6061/A1,05/20p was studied. This
investigation showed:

1. Equation (3) was recommended to calculate the critical depth of cut for MMCs
reinforced with SiC and Al,O3. The critical depths of cut of 0.2 pm and 1.0 pm were
calculated and verified with experimental data, for SiC and AL,O; respectively. At
such depths of cut, most metal matrices would be machined in the truly ductile-
regime.

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 of machined 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 of PCD 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 centerless grinding operations, grinding wheel and workpiece regenerative chatter
can affect the accuracy of the surface finish as well as the workpicce roundness. An algorithm for
automated classification of chatter by type is needed to develop closed-loop vibration control systems.
In this paper, threc approaches are compared for vibration signal classification applied to
regencrative 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
computational loads.

The results show the better performances of the neural nctwork approach, that outruns the others also
in flexibility, due to the particular network typology adopted.

1. 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 higher precision, productivity and automation level [1].
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
machines [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 damage 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) of the 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 expressed as follows:
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where: Re,, real part of the frequency response; &,, static rigidity; &, contact zone rigidity,
G grinding ratio; &, cutting rigidity; v, part speed; v, grinding wheel speed.

s

3. CLASSIFICATION TECHNIQUES

There are several methods for signal classification, most of them belonging 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
signal was not known a priori, we have tested methods belonging to all of them.

3.1 Time-domain techniques

Among the several methods belonging 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 for the population is assumed
[8]. If x'” is the sampled data batch to be assigned to a reference class, and x™ a data batch
observed and stored as reference, the K-L distance between the two series is given by:

d(x(o) x(m)) - llOg(&—i"J n 1 pzmga(m)(l)a(m)(‘])c(o)(j _ I) -1 (1)
’ 2 5'(2) OA—?,, 1=0 y=0
where:

C(O)( bi —i) is the estimated covariance function for the time series; a('”)(i) is the estimated
2

m?

parameters' vector; o7, O are respectively the estimated dispersions of the observed and

reference populations.

3.3 Extraction of the 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 of the maximum amplitude, of the maximum area or of the half-area peaks of the
spectrum, and the spectrum entropy [9], but other features are suitable, like the Root Mean
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Square (RMS) of the pure signal and the mean value of the 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 =(p,,p,,...,p,) is a probability distribution with: p, 20 Vi €[1,n] and

Z p, =1, the entropy function is defined as follows: Izn p Z[p, ln(p ] with
i=1

p;-In(p) =0 if p =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: y, = 9i
The features for which y, <01 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 problem can be overridden
by using networks able to carry out self-learning and self-updating, like the ART2 networks

that are used in the present paper.

O/W

\ m
0BG .
attention

orientation
subsystem
subsystem

Figure 1 - Structure of the ART2 Neural Network.
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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 ART2 nets used for analog inputs. The basic
schema of the ART2 network is represented in figure 1. Two subsystems are present: the
orientation subsystem and the artention subsystem [14], each of them formed by one or
more levels. 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 level of 0.05. The number of eves 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 classifying 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.

anti-aliasing anti-leakage
file ]
—_ “——\ ]
~ |
- — T
classified | 1 >
spectrum
neural network power spectrum

Figure 2 - Schema of the signal processing system.

Vibration data have been processed by using a Butterworth low-pass filter of the 6™ 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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Table I - Operating conditions.

Grinding wheel White corundum WA120M7V, 40050, dia. 400 mm, width 50 mm
Workpiece material 38NiCrMo 4
Machining conditions ~ Wheel speed 30 m/s

Accelerometer Briiel & Kjer, mod. 4332
Charge Amplifier Briiel & Kjer, mod. 2634
Acquisition Board National Instrument AT-MIO-16E-10

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 of the Neural Network.
Classification error

Training cycle (No of error samples/Total no. of samples)
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 parameter 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:

4
g(o"")(]) - a’(m)x(o)(t)
=0
Then, the covariance is estimated by:
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n-k
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ns
n--k
k) = X [a" k-1, for k> p,+1
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The K-L distance can now be computed with eq. (1) and the sampled vibration signal
assigned to the reference class for which the smaller distance results.

Such method has been able to classify correctly 172 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
around 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
0.35
0,3
0,25
0,2
0,15
0.1
0,05

0 o 1 2 3 4 5 6

Figure 3 - Probability distributions of the entropy function for some sampled signals.

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

follows:

e If the entropy value falls in [A1,+00} the grinding condition is classified as normal,

e If the entropy value falls in {A2,A1} the grinding condition is classified as wheel
regenerative chatter;

e If the entropy value falls in {-00,A2], the grinding condition is classified as workpiece

regenerative chatter.
With Al and A2 threshold levels respectively set at 1.352 and 0.885, using the following
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criteria:

® Al=(lowest entropy value in normal condition + highest entropy value in wheel
regenerative chatter)/2;

* A2=(lowest 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 well in classifying chatters, the neural
network approach shows the best classification performances: 0% classification error on the
test data set, along with an acceptable computational load.

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 ART2 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
computational load if adopting an FFT algorithm to extract the signal power spectrum.
Finally, the time-series approach, with the computation of the K-L distance between the AR-
filtered sampled data sets and some reference AR polynomial classes, shows satisfactory
classification performances, but the higher computational load and response time.

If a final classification is to be made, the neural network approach with the proposed
network structure shows the best overall 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 load. The worst classification performances were shown by the entropy
extraction approach, but with the lowest computational load, while the K-L distance method
showed the higher computational load 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 treatment of the workpiece. Grind hardening is a
complex manufacturing process governed 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 determine the
impact of the process parameters on the working result, namely the surface hardness on both sides
of the part. The network results, concerning the level of accuracy of its predictions for different
combinations of process parameters, have been obtained and evaluated as satisfactory.
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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
concerning this process. In particular, there are empirical and semi-empirical models,
which concern 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 of work done in 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 Al techniques in grinding is extensively discussed in
[3], where different Al 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 multi-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 Al methods in machining processes, indicating the
great advantage of the Al 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
monitoring [6] and tool condition monitoring [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 well.

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 ', 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.

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 learning 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 of the next layer [13].

A typical neural network architecture is shown in fig.1. The network is composed of J
layers and layer j (j=1,2,...,J) includes I neurons. Each of these neurons is represented as
(i;, j), where i, (i, =1,2,...,1)) is the neuron number 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, (i;, j) and (i, j+1), and their
connection. The connection function receives the output y; ; of the source neuron (j;, j) and
transforms it into an input £, ; for the destination neuron (111, j+1). The connection function
implemented is:

fi=Yi,5 Wi )

where w; ; is the weight value associated with the link.
The neuron input function x combines the inputs (£ ;) of a neuron. The input function used
in most cases simply sums up the values of the neuron’s [ inputs:

X, j1 = Zf @

i,=1
‘The neuron output function determines the rela‘uonship between the combined neuron input
it and the neuron output y; ;.. 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:

-(net 41, j+1)7-1
ylJ+1 I+l G(netlﬂ J+1) [1+€ ! ] > where netlﬂ il Xijﬂ,J*l h bi,1+1,J+1 (3)

The quantity b, ;. is the neuron bias, and marks the value of the combined input Xjp,,, 1 at
which the neuron output y;_, ;., “jumps” from near 0 to near 1. Changing the value of this
bias modifies the computational behavior of the 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 of the training inputs
onto the corresponding training outputs. The most commonly used learning algorithm is
called backpropagation. Using this algorithm, 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 8. The link weight adaptation formula is:

AW = M Oy et Yy “
where Wi ;. j+1) 1S the weight of the link from neuron (i, j) to neuron (ij,, j+1), 7 is the
learning rate, §;,, ;. is the local error fraction at neuron (i, j+1), and ¥, j is the output

value of neuron (i, j). The local error fractions for the neurons in the output layer are
computed using the following relationship (sigmoid functions are assumed):

61J+1,j+1:(dij+1,j+1 - Yi,ﬂ,jﬂ) ) [ac(netrjﬂ,jﬂ)/anet il =
=(di,. 51— Vi n) Vi (1= Vi)
where dw i 1s the desired output of neuron (i, j+1), Vi i1 18 the computed output,

(dl)ﬂ‘ o yl-JH,JH) is the error and o(net - 1) is the sigmoid output function of
neuron (i, j+1). The local error fractions for non-input-layer neurons are calculated as:

®)
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IJ+]

&; = [Oo(net; ;)/dnet, ] - > (W(ipp(iw 0O, ) )
Y =1

1 ©

)+l
= Vit (L= Vi) - Z(W(i,,pam,m) ' 8<ih,,j+1>)
i =

Bias changes are computed as:
Ab 1j+1,j+1: -n- Sijﬂ,ﬁl (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

N=p+p ®

where p, is the number of quantitative parameters and p, is the number of qualitative
parameters. On the other hand, when vector notation 1s used, N is expressed by the
following equation:

Py

N=p, +ZLk 9)

k=1

where L, is the number of levels of the 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. Tt 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 of the 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 algorithm to handle
the data more easily and to converge quicker and more efficiently. In our case, the [-1,1]
interval was used.

Work-  Depth Feedrate  Cooling Work- Punching Grinding

Piece of cut (V) Method  piece wheel
speed (a) (mm/min) side
(Ve) (nm)
(m/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 [10060] [10] [10] [10]
notation [0100] [01] [01] [01]
[0010]
[0001]

Table 1: Quantitative and qualitative parameters and their levels used for the grind-
hardening experiments. Number and vector notation of the qualitative parameters.

During the training stage, the network tried to map the correlation between input and
output by altering internal 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 level 4 more significant than level 2, or even consider the level
"coolant" as the equivalent of the level "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 levels 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 pm) in order to visualise its effect on the surface hardness.
Finally, the impact of DC on the surface hardness is also depicted in figure 5 for different
values of the Feed Rate (FR).

Parameter Nominal value
Workpiece speed (m/min) 15.00
Depth of cut (um) 500.00
Feed rate (mm/min) 2.75
Cooling [1000](dry)
Workpiece side [10] (up)
Punching [0 1] (no)
Grinding wheel type [1 0] (soft)

Table 2: Nominal values of the process parameters.
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6. DISCUSSION

From the figures 3 to 8, conclusions can be deducted concerning 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 large 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.

Concerning 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
itrespective of the 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',, 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',, 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 concerning 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 hobbing 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 laboratory research and industrial experience has been conducted.

So two big phases can be individuated in this activity:

o laboratory testing and analysis;

o 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 Systems and Technology,
CISM Courses and Lectures 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:

e selected materials, powder metal characterised by high value of hardness and
resistance;

e high performance coatings, with good adhesion and high tribological behaviour;

e 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.1) 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 identification.

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:

e machining parameters: cutting speed, feed rate, depth of cut, shifting, lubrication (dry),
etc.;

e 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);

e machine parameters: software, hardware, data acquisition, vibrations, tool fixing,
workpiece positioning, workpiece fixing);

s 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 Simplified 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 machine. The machining parameters and the workpiece materials were the
same used in production for hobbing 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,
® anew 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 MACHINING 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 Ct |Mo (W vV |Co Mn [Si
MATA 2.3 40 7.0 [6.5 6.5 [10.5
MATB 1.55 [4.0 1225 [5.0 |50 0.3 ]0.3
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 Ti,N TiAIN TiAICN
M.P.
Opt. Thickness (um) 1-20 1-8 1-5 1-5 1-5
Hardness (HV 0,01) | 2.200-2.400 | 3.000-4.000 [ 2.400-2.700 | 2.400-2.800 | 3.200-3.400
Critical Load on 60-80 50-70 50-70 - -
HSS (N)
Friction Coefficient 0,67 0,57 - - -
against 100C6
Oxidation resistance | 450-500 450-500 450-500 700 600
(T°C! hour in air)

Table 2- Characteristics of hard Ti-based coatings produced with the Cathodic Arc

technology




212 S. Durante, M. Comoglio and F. Rabezzana

A brand new type of coating was applied: MOVIC. This coating is a particular MoS,-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 MoS»-based 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 damage 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 Movic coated tools have been tested in dry cutting conditions. The
reason of this choice is that MoS,-based coatings are soluble 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 microscope analysis of the milling 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-damage coating and the damage-
substrate -150X

In particular, increasing the magnification (fig.5), is possible to examine the interface zone
between the not-damage 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 TiAIN + MoS; PVD coated
hobs rather than standard TiN coated hobs.

In particular the duplex TiAIN + MoS; PVD coatings tested in hobbing operations show
the following indications:

1. In hobbing operations with HSS hobs, good tool life increments are gained by using
TiAIN + MoS; 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
external MoS, coatings.

3. In comparison with standard TiN coated hobs, with the duplex TiAIN +MoS; coated
hobs have increased the tool life due a lower crater and flank wear, which means a strong
decrease of flank wear at the same tool life productivity.
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ABSTRACT: A computer-supported procedure to create NC-code with optimum paths and cutting
conditions in 2 % 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. Various 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.

1. 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 [1]. 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 % 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 Systems and 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 (external 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 well 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].

Machining planes ~/

—— final workpiece
= - initial workpiece

Initial workpiece

/COHIOUI’ \“

Final
workpiece
confour

Machiping Mgﬁg@mg

plane

Material
which has
—_  tobe
removed

Figure 1: Definition of machining planes and of the raw material to be removed, on each of
them

2. DETERMINATION OF MATERIAL TO BE REMOVED ON MACHINING PLLANES

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 of them. Using a CAD
system, commonly, the part geometry is described, without calculating intersections with
the machining planes. For this reason, an appropriate procedure has been developed, which
moreover recognizes the material to be removed on the successive machining planes. The
steps of this procedure are:

o determination and classification of horizontal planes containing initial part features,
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¢ non horizontal edges correlation to the horizontal features, as well as machining planes
definition and

o determination of workpiece intersection shape with every machining plane.
2.1 DETERMINATION AND CLASSIFICATION OF HORIZONTAL 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 % milling 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 of the 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.

Z1] \1.12 [ Z6]
o —
— =
= 5]
g
:F)
1/ ©
“1.1.4
feature 1.1

Figure 2: Determination and classification of horizontal 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 NE1 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.
Furthermore, the workpiece is intersected by horizontal machining planes. To define the
machining planes, the user determines 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.

Non Initial Final
horizontal | horizontal| horizontal
edge clement | element

NE1 E2.1.5 E4.1.6
NE2 El.1.1 E6.1.1
NE3 El1.1.2 E6.1.2
NE4 E2.1.3 E6.1.3

Figure 3: Non horizontal edges correlation to the horizontal features

2.3 WORKPIECE SHAPE RECOGNITION ON MACHINING PLANES

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 P1 at the upper left of the Figure 4) is determined and located on a
non horizontal edge (NE2), associated with the related horizontal feature element (E.1.1.1).
The next horizontal element (E1.1.2) 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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plane
1 |Vertex Pl ~_P"Z
2 [Non horizontal edge NE2 || NE3
2] 3 [Initial element E1.1.1)| E1.1.2
24 |[Element type line || circle
E 5 |Next element E1.1.2|E1.1.3
‘2| 6 |Correlated non honzontal edge| NE3 || NE8
En 7 |Intersectionpoint | yes || no || yes || |
<[8[Theoretical intersection point TP1 8
9 |Connection element Cl C2 .
T0]Next vertex P2 || P3 || P4 ]| P1 Worguece tpe

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 P1P2) as the horizontal feature entity (E1.1.1), 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 algorithm is applied. If the horizontal feature element (E1.1.2) 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 (TP1). This point and the previous vertex, belong to a circle,
which has as center the projection point of the corresponding horizontal feature element
(E1.1.2). 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 of the closed contours corresponds to an external 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. For each
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 leads 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 of the 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 load 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 are also 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 1 will be
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realized with tool motions parallel to the workpiece contour, because this strategy leads to
the shortest cutting time. The reduction of the cutting time achieved between the worst
cutting strategy with initial cutting conditions and the best tool motion strategy with
optimized cutting conditions is about 33 %. Similar results are concluded for every
machining plane. Figure 5 shows moreover a section of the NC-code for the machining of
contour 1, on the specific machining plane, according to the selected tool movement
strategy and the optimized cutting conditions. This NC-code section corresponds to the tool
path regions indicated by wider solid line on the upper right part of figure 5.

Cutting time with initial / opimized cutting conditions
3.82 min / 2.68 min 3.89 min/ 2.74 min 3.78 min/ 2.61 min

|

|
Hﬂnmnﬂﬂﬂ

. RN 2%

Tool entry Initial workpiece

— fina] workpiece

- wtabvorkpieee IS GG S o |
Machining %175
plane Z=-45

N110 TS

N120 M3 S1000

N130 GO X-180.000 Y-190.000 Z 0.000

N140 G0 X-180.000 Y-190.000 Z-45.000

N150 GO X-152.929 Y-190.000 Z-45.000

N160 G1 X-152.929 Y-162.929 Z-45.000 S3501 F1820
N170 G1 X-152.929 Y 162.929 Z-45.000 S3501 F1820

Workpiece material : N180 G1 X 152.929 Y 162.236 Z-45.000 S3501 F1820
Al12024 T351 N190 G1 X 152.929 Y-162.929 Z-45.000 S3501 F1820
Cutting Tool : N200 G1 X 107.668 Y-162.929 Z-45.000 S3501 F1820

$-6-5-2-5 D=20 mm z=2 [N210G1X 76.407 Y-148.929 Z-45.000 $3501 F1820
Initial cutting conditions: |N200 G3 X 87.844 Y-138.929 Z-45.00010.J -50. $3899 F2183
s=0.2 mm/(rev. , tooth)  [N210G3 X 109.088 Y-111.032 Z-45.00010. J-50. $3342 F1738

v=200 m/min

Figure 5: Tool motion strategies for the machining of feature 1 and NC-code with optimum
cutting conditions



222

K.D. Bouzakis and R. Paraskevopoulou

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:

e Machining planes definition and recognition of the initial and final workpiece shape on
every machining plane.

e Seclection of the tool movement strategy so that a minimum cutting time is achieved.

e Optimization of the cutting speed and of the 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 times 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. It is presented also a new methodology
and model 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.

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, lack of tools, delays, etc.), contributes to an environment
characterised by a dynamic behavior. Quite often the process plans

|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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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 batch-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 dispatching 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 elemental 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 1 — Computer Integrated Manufacturing  Figure 2 - Integration of process planning and
platform: manufacturing functions and shop floor scheduling and monitoring
information flow

The process planning system is automatically informed about the real shop floor conditions
at two levels (Figure 2):

1. During the machine tool selection to achieve a more uniform resources load,

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 well 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 load 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. It 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).

£ Active process plan
Constrain plan
T —
Cutting Parameters || -——S=——s===mmm Shop Floor

Optimisation Request for an alternative pla

i ; Scheduling
Available time cheduling

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. It 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.

Operation i, Job j |

: Legend |
; : Operation a, lob b :13[;::9"1 ¢, Jobd o= Planned
Workstation|
[ s = 9—. e Actual
M . —
| ¥ now time = {} Due date
Planned schedule for workstation M with process plans of minimum cost

without time constraint. Due date not met

Operation a, Jobb Operation i, Job j Operation ¢, Job d
' o O 0

time

Workstation
M

Re-planned schedule for workstation M with an alternative process plan of minimum cost
considering a time constraint for operation i, job j.

Figure 4 — Initial scheduling and final scheduling with an alternative process plan

The scheduling system receives real-time information on the shop floor status (resources
and jobs progression) from a production monitoring 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 longer 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 / economical models that have been reported in the literature 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 elemental operation, in an independent way, being the total part
machining time the addition of optimal machining time for every elemental operation
(using the minimum cost or minimum time 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 elemental 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 Programming 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 of the machining cost
for every elemental operation, C;, each one depending on three decision variables: cutting
speed, v;, feed rate, f;, and depth of cut, a;:

noper
mm[ ZC,(v,,f,,a,)}
=1

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:

g;(v,,f,a)=0 wherej =1, ..., k; i=1, .. n operations
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g,,f,a)<0 wherej = k+1, ..., n;, i =1, ... ,n operations

Finally a shop floor constraint is introduced, when required, by a load criterion:

noper

Zgl,n+l(vl"f;’al)_tmax S O
=1

where g; ,+ ] is the machining time for operation i and #max is the maximum available
time on the machine tool to produce the part.

4. CASE STUDY

One of the first steps to generate a process plan is the elemental 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 of tools is selected. The optimisation
of the cutting parameters allows the identification of the minimum cost tools for each
operation (Table 2).

R R R e e e A e i
E Max. Power - 50 KW _|
[ Max. Speed -- 3000 rot/min
J Min. Speed -- 200 rot/min
; Max. Power Speed -~ 800 rot/min
—IM . ‘ | Rapid Traverse -- 5000 mm/min
: . | Max. Clamp. Force -- 100000 N
. Setup Time -- 35 min [
| Tool Change Time  -- 0.5 min
- ; Adjust Time -- 0.02 min
.4:“:1 ":“-,',ﬂ ‘ Workstation. Cost - 48 USI)-']_I
Figure 5 - Elementary operations automatically Tabile 1 - Dt for Gildmeister

generated by the CAPP system Lot
£ ) workstation

Under these cutting conditions, the minimum machining cost is 41.8 USD, and the
correspondent machining time is 41.1 min. Considering a batch size of 22 units, a 1min
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.



Integrated Model for Cutting Parameters Optimization 229
Operation Tool Speed Feed Depth | Tool life

(m/min) | (mm/rot) (mm) (min)

1 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 MTINL2020K16 TNMM160412-QR 435 184.02 0.53 4.85 14.25

4 MTINL2020K16 TNMM160412-QR 435 173.81 0.60 5.40 14.25

5 PTTNL2020K16 TNMMI160412-QR 435 173.81 0.60 5.40 14.25

6 PSBNL2020K12 SNMMI120416-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 machine 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 simultaneous jobs. Due date for Job 014 is not met.

“e Available time to perform the job: | Operation | Speed Feed Depth Tool life |
900 min (m/min) | (mm/rot) (mm) (min)
e Maximum unit machining time: 1 299 19 0.50 , 2.50 [ _(_:;?i
38 min 2 | 299.19 | 050 | 2.50 6.75
 Machine tool set-up time: 3 20350 | 053 | 485 | 953 |
35 min 4 | 19218 060 | 540 | 953
e Part load and unload time: 5 19218 | 060 540 | 953
Ilmin 6 179.50 0.76 668 | 805

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 approximation. In the paper is presented a possible
solution to this problem 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) programmer uses the CAM system to

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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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 m/min 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 problem
that is the too high number of information that the machine must compute in real time,
while the machine is working[1]. To resolve this problem some CNC developers have
decided to improve the Hardware features. But this solution cannot solve the problem of
sudden redirection connected with high speed[2]. This problem 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

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 milling machine Prolight1000.

3 CHOICE OF THE INTERPOLATION METHOD

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.

s  First cnfm'ol Point

|/« Second control Point

{

N\
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End Point

Starting Point
| ] | 1 >
i T T I

Figure 2: Non linear interpolation

Using the linear interpolation method to generate a tool path on a large and overdetermined
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 underflow and in
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 number 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 Bézier curves. This kind of interpolation is codified in the ISO program of the
machine centre with the sign G101. The command line of this kind of interpolator is:

Gl0lxy 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, of the 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 BEZIER 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 number of points #n+1 of the CAM tool path

Xi1, Y1) (XY Xis1,Yir1)

for every three points we compute the ordinal connecting segments using these
mathematical formalisation:

Y-Yi1 = [(Yi- Vi )/(Xi-X5.0))*(X-Xio1) Y- Yinr= [(Yiar- i)/ (X -X) 1 * (X-Xis1)
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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 problem we must evaluate the angle, connected with this inclination,
and make the average of this. We can obtain these parameters using the common
trigonometry

®@; = TAN" [(Yi-Yi )/ (Xi-Xi1)] @2 = TAN" [(Yirr-Yi)/(Xis1-Xi)]

Op=(D+®)2 Kn=TAN (D)

The parameter K, represents the inclination on the average angle and also the
approximation of the tangency in the interpolated point[6].

1 n
Figure 3 : Phase n

The procedure proceeds computing, for every point, the value of the intersection between
the tangency of the point X; and of the point X;,; (Fig. 3).

Y =Kx+h,

Y =K +1+h +1
Computing on every n+] points the value of the intersection of the tangency with its
nearest, we obtain other » 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.

XM, Y™ with j:0...n-2

When we have obtained these information we can start with the phase »-1. In this phase we
must construct a vector obtained from the connection of the points 7 of the phase n-1 with
the point i+ 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. Value 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:

0.0 jil..n2  Ax=(Xw™-X"0) Ay = ( Yi™ = Y40y
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Only in the first step of the phase n-/ the value (X,Y) coincides with the starting

( X|+l“-l 'Y1+l“-l )

(XY™

!
[}
t
;
-V
Figure 4 : Doubling of the vectors in the phase n-/

(X1 Ypl)

interpolated points Xo*! = Xg and YO“'1 = Y. Proceeding with the methodology we obtain
in general the new points of the phase n —(j+1)[8]:

Xi+ln—(j+1) - ZAX + Xin-(j+1) Yi+ln-(j+1) = 2AY + Yin-(j+l)

First Control Point Second Control Point

1 n b .
Sarting Point End Point

Figure 5: Phase n-1/ Figure 6 : Phase 0

If we want to understand geometrically this procedure we can analyse the following figures
that represent some of the #-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 number of points, for example using,
in the CAM definition, a chordal error of 1 mm or more, we obtain a less number of points
during the scanning procedure used by the CAM system to realise the tool path for the
CNC machine[10]. Remembering 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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Xp1= (Xp() + 2Xp*)/3 Xpo = (Xp3 + 2Xp*)/3 Yp1 = (Ypo + 2Yp*)/3 sz = (Yp3 + 2Yp*)/3

In these equations (Xp; ,Yp;) and (Xpy ,Yp,) represent the value of the two control points
that the control machine needs to use the non linear interpolation. The values (Xpg ,Ypo)

and (Xp3 , Yp3) represent the value of the interpolated points, the starting and the end move
command points [11].

(Xps ,Ype) (6.9, &

(Xpo »Yro)

Figure 7 : Intersection procedure

4 EXPERIMENTAL WORK

The experimentation[12] has been carried out using the interface, developed in Turbo

Pascal language, in the machining of a semisphere with a ball end mill tool with a
diameter of 10mm.

: . ._ !
Figure 8: Semisphere @, =40 mm.£.=0.05 mm. a) Linear interpolation b) Reverse Beziér

a) b)
Figure 9: Semisphere ®,;=40 mm. =1 mm. a) Linear interpolation 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 &, = 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 ®,,=40 mm, with the use of the non linear interpolation ( G101 Reverse Beziér )
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, Reverse Beziér, 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.) £, | Number of program lines
Linear interpolation 0.05 2000
Reverse Bezier 0.05 400
Linear interpolation 1 200
Intersection 1 200

Tablel: 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 and in Fig.9.

At last we have measured the object obtained from the different interpolation procedures,
using a coordinates measure machine. The diameter @, rand the sphericity g 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 Beziér 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 Imm.  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 of the curve [14].
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Type of machining &,C Dom LONEY Dyr-DPom | Co
operation [mm] [mm] [mm] [mm] (mm]
Linear interpolation - 0.05 39.85 40 0.15 0.04
Reverse Beziér 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 first 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 machinability
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 tool life model
parameters to a given machining 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
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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 turning 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 1. The output of Tool Selection (TS) module includes the
candidate tool assemblies able to perform the operation along with the associated data
required for optimization. The optimum cutting conditions in a constrained environment,
considering a compromise solution
of two economic objective functions -
minimum unit machining cost and
minimum unit machining time, are
determined for each candidate tool
by Cutting Conditions Optimization

T00L WEAR
w —==3{ Toow Lire MopEL BulLDING

.| module  MuLTIPLE REGRESSION

CUTTING FORCES & SEQUENTIAL ESTIMATION (CCO) rr.lodule. Finally, the candidafce
N tool with the best economic
—— ] TooL SELECTION 0 performance is selected for a given
w P module PARANETERS opqration. The inijtial solutipn is
| el derived on the basis of previously
MACHAE Towis documented tool life model
w i
|| Curring CoNDITIONS OPTIMIZATION pararr;etgrs estlmateg. The a'ct.ual
TOOLHOLDERS T tool life in the on-going machining
N— NoN-Lnear prosramming |l process will serve as additional
e DIRECT SEARCH of HOOKE 2 JERVES N data to gain a better set of
INSERTS RANDOM SEARCH .
e 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
Figure 1. System framework and information flow  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 cutting is to be performed [2], Figure 2.

f turni
toolholder file type of turning
turning direction PSKNR.........
N
e CNM.
turning operation
b
:| approach angle
material file y
— PSKNR 2020K....
shank section CNM

machine tool file

ranges of the depth
of cut and feed

<4 PSKNR 2020K....
: insert file MM CNMG............ -GM

V PSKNR 2020K....
o ] ||| S0

. | | PSKNR 2020K12

_’ cutting edge length CNMG 1204.... - QM
GC425

PSKNR 2020K12

. . CNMG 120412 - QM
insert nose radius
GC425

preliminary tool set

selection

Figure 2. Flow diagram of tool selection procedure
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The tool class is determined as a group of tools produced by a given manufacturer for a
specific turning operation, with specific design and clamping system. The selection is
progressive and relatively straightforward at the first level, while later is more complex.
At each level 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 y,(x), the following two-criteria
objective function is adopted [3]:

yx)= yl(x)+ e )J’2(x) (D

()

where w is the weight coefficient, y;'(¥) 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]. For handling the
constraints, the modified objective function method is implemented. The constraints are
incorporated into the objective function (1) which leads to an unconstrained model of the
form:

minimize { y(x) + Cr ,Z: k[ g, (x)]} )

where Cr is correction factor, m is the total number of non-linear constraints g,(x) and
the exterior penalty function is of the form:

0 g;(x)=0
k[gf (x)] - {gl (x) g,(x) <0 ®
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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 literature 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
quickest approach for solving the above minimization problem.

A computer program in Fortran 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.

DATA
STARTING
POINT
i

DECREASE 4 INCREASE
STEPS VARIABLE

IMPROVEMENT?
YES

[ NEW STARTING A DECREASE
POWT VARIABLE
STEP IN
DIRECTION
oo e TAKE NEXT KEEP OLD ADOPT NEW “W
TRULSIEE VARIABLE VALUE VALUE

YES

IMPROVEMENT?

Figure 3. Flow diagram of direct search procedure of Hooke 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]:

J=fle. b)) k=0,1,2,..p, x =1 (4)

where J is the tool life prediction, & are the estimated tool life model parameters and p
is the number of cutting conditions x. 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. Kuljani¢ [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-linearity, the second order polynomial models with included
significant interactions are introduced. The estimating model is as follows:

P P P
y=b +Zbk X +kzbkk xl% +;bkl X X, @)
k=1 =1 <

The model (35) 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 well 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 together because of limited total available testing points and
unknown stopping point in the test. Moreover, regression analysis 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 existing 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
ul+l - Zxk.1+l uk1+zxkl+l u(p+k)1+zxk1+1x11+1Pu(2p+m)17 =12, ""n—l—zl) (6)
2 2 4
A:+l = 0 + kZ;,Jxk./H Ak.1+l + Zxk.zﬂ Ap+k.l+l + Zxk.1+l xl.1+l A2p+m.1+l (7)
= k=1 k<l

p P
2
€1 =V — Zxk w10, — Zka by, — Zxk,m X101 bia, (8)
k=1 k<l
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€41
bu,l+l = bu.l + Au.l+l AI+ , U= O, 1’ (] p (9)
1+1
e
Bypysy =by, + Ay ==, v=1,2,.,p, u=p+1,..2p (10)
A 1+
e
b1 = b, + Aun A’“ , v=z=12.p, v<z, u=2p+l,..,n-1-2p (11)
1+1
Av1+1
Puv.1+1 :Puv,t _Au,1+l A , u=v=01..,n-1 (12)
1+1
?_m where As, A, and e are intermediate
variables, Ps are the estimated covariance
\ ""’u: WAP / of the bs, and o’ is the variance of tool life
st fivv boi..o P OF ¥, (prior information). A computer program
in Fortran for the estimation of model
CALCULATION OF parameters sequentially according to
EQ”*“o“s (6-12) | cquations (6-12) was developed and the
flow diagram of routine is given in Figure 4.
NO /SIGNIFICANCE or bist.. In terms of compptation time, this is a very
£> Rl fo) fast procedure since only one new data
d _YES’| LA entry is introduced at a time.

MODEL ADEQUACY? '\ NO 3. CONCLUSION
fi < ff(r'., fo)

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

OUTPUT DATA ' : ‘
REFUSE buist... Puists %t implemented on the main frame computer

for larger manufacturing systems as well 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.

Figure 4. Flow diagram of sequential
estimation procedure
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TIME WEIGHTED PETRI NETS FOR OPTIMIZATION OF
A REFRIGERATOR MANUFACTURING PLANT

O. Sawodny and E.P. Hofer
University of Ulm, Ulm, Germany
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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 well 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 of the manufacturing plant. Finally, the number of workpieces in process is optimized to
reach a high performance of the 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.

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology,
CISM Courses and Lectures No. 406, Springer Verlag, Wien New York, 1999,



250 O. Sawodny and E.P. Hofer

1. INTRODUCTION

The considered home 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. MANUFACTURING 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 foaming 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 of the appliance, and number of mould and DTV (fig. 2).
The other manufacturing structure (fig. 2) has only a maximum of S stations but with a
higher mould ca-
pacity. Instead of a
unique path from > HS 1
the PS to the han-
dling stations, PS1 | —> FS
and 2 is fixed con- —
nected to handling
station 1 and PS —
3,4 and 5 to han- 1 y l l
dling station 2. The 5 8
[

-—
N e
g————

1
PS’s are directly i 617
connected with the l CT ] l ‘ ]
following  manu-
facturing assembly plastification stations (PS) 1 to 9

lines of the differ- Fig. 1: Sequence oriented manufacturing structure.
ent appliance

types.
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To minimize the
risk of low plant
productivity a —>»HS1
simulation [3] in
combination with a » FS
optimization [4] of =’

the plant by evalu- ’—> HS 2

ating the optimal
number of PS’s,
capacity of these
stations, number of
Pouds in procass plastification stations (PS) 1 1o 5

was done for these Fig. 2: Type oriented manufacturing structure.

alternative manu-

facturing  struc-

tures. For simulation an effective tool is the modeling of the 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 of the transition process is introduced. Active places are marked by a token.
For distinguishing different types of tokens different colors can be used which leads to the
so called colored petri nets.

},‘;0{};:,;’”53’3; —()—> Partof piocess, e.g. foaming siation of DIV track section

laces are
{)rack sections —}—  transition, process fime for previous process part
of the DTV
parcour or the Fig. 3: Assignment of places, and transition to the given problem.
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 of blue 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 problem 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 programm al-
lows the definition of a
petri net structure via a
initialization file. In a list
the places are defined with
the transition time to the
following nodes and the
type of structure element
according to fig. 4. As
well the decision for the
route of the vehicles ac-
cording to the algorithm
for the allocation of the PS

forking merging present problem:
alternative switch on
processes DTV parcour
parallel
processes unloading mould
for plastifying
splitting synchronizing

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. If there 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.

Fig. 5. Manufacturing structure according to fig. 2 modeled as a
petri-net.

4. OPTIMIZATION OF THE MANUFACTURING PLANT
4.1 Optimization of the 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 #,.. 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 of the foaming station. This results in a necessarly definite cycle of leaving DTV’s
for plastification at the end of the FS determined by the cycle time f,. of the station. So
there can be a necessary serve frequency for each station defined which is the next lower
natural number of the quotient of #..m and #,.. In the present problem the serve frequency
for the stations of the manufacturing structure according to fig. 1 are given in table 1.

PS 1 2 3| 4 5 [ 6 7 8 9 | 10
Serve frequency 8 8 8 8 7 6 6 6 6 6

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 layout 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. A station 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 of target PS’s for DTV’s leaving the foaming station.

Next is the optimization of the number of vehicles 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 of the 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 r=/274s 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. Buffer FS DTV for 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 number of DTV’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 #,,. The time needed for the distance of handling station to foaming sta-
tion 7, is also well 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 #,., and #to #,.. Because in this calculation no dynamic influ-
ences like occupying of one track section 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 well 22 moulds instead of 21 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 of the 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 leads 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 1, 40% of type 2, and 10% of type 3 the 5 PS’s are
connected as follows (table 4) where the different plastification times are considered.
Because the number of PS’s and the conncetion between type and station is given the opti-
mizatzion problem is reduced to the evaluation of number of DTV’s and number of moulds.
Due to fixed connection of PS and type implicit a fixed connection of vehicle, mould, and
PS is given. To get the optimal number of vehicles it is assumed that in front of the 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 of vehicle cycles per shift can be evaluated.

appliance type (assembly line) PS
1 1,2
2 4,5
3 3

Table 4: Connection of appliance type and PS of manufacturing plant.

PS 1 2 |3/ 415
Vehicle cycles per shift | 78 | 93 |84 | 80 |76

Table S: Vehicle cycles per shift depending on the PS.
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For 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 if the quotient of for output necessary number of moulds 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 of vehicles 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 34 4
6 3.71 4 3.87 4 3 3 3.9 4 4.1 4

Table 6: Tuning table of number of moulds and resulting number of vehicles.

From table 6 a schedule table for the plant operator can be derived in which he looks 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 of the production line of type 1 is presented.

To prove the resuits of the optimization different scenarios 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 of the screenshot the PS are located. In the lower right corner the han-
dling stations are placed. The bottom of the 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 of the 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 PS1 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
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5. CONCLUSION

In the paper after in-

troducing the proce- Fig. 6: Screenshot of simulation tool with modeled plant by time
dure of manufacturing weigthed petri nets.

home appliances the

bottleneck plant of

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 these variables 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 problem 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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ECONOMIC DESIGN OF CONTROL CHARTS CONSIDERING
THE INFLUENCE OF THE TOOL WEAR
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ABSTRACT: Startistical analysis, within the quality control technique, allows us to evaluate the
reliability of the processes under consideration by means of: control charts (x-R, n-p, ...) and
suitable parameters (c,, C, ...), especially when a great number of pieces is worked. 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 and the shift
phenomenon. These phenomena can be strictly correlated to either regular or accelerated tool
wear. The data for monitoring the process are taken at regular intervals. The basic idea of the
present work is 1o consider the influence (in terms of cost) of the intermediate check of the work-
piece condition (according to the process statistical analysis) on the tool substitution and
management policy.

1. INTRODUCTION

When a great number 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 problem by means of: control charts (x-R, n-p, ...)
and suitable parameters (cp, Cpx, -..) [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 control limits) and the shift phenomenon (i.e., the trend of a given piece dimension
to increase or decrease) as shown in figure .

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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Figure 1 - Examples of X charts showing out control processes

In cutting processes these phenomena can-be correlated with the tool status which can be monitored
in many ways. The tool status can be correlateg with the flank wear VB (either regular or
accelerated) and it is generally described as a stochastic figure for given VB value [1,2,3,11].
Figure 2 shows, as an example, the experimental results obtained turning carbon steel (C40
annealed) with TPGN 160304 S1P IN sintered carbide tool tips with: s 215 m/min, £ 0.2 mm/rev, d
2 mm [4,5,6,8].

40 Accelerated 0,16
35 wear \ % a0 oh 0,14
o 30 =" == . ~ v ... 5 0.12
2 25 ° £ o1
e ool T
n 20 i : § 0,08
g 15 i,ﬁ it & o006
20l } 001
L
0,02
2 Time
0 0
0 5 10 15 20 25 0 5 10 15 20 25 30
Figure 2 - Wear land distribution vs. time Figure 3 - pdf for the monitored tools
(30 tools monitored) [4,5,6,8] at VB equal 1o 30 [4,5,6,8]

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
{1,3,9,11].

From literature 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 d.rawn on Viamey decks Tor
the control chart. When out-of-control pieces are the tool substitution | ~™\
produced or when strange behaviour is noticed,

the too! can substituted before the expected time, ﬁ
so giving a different tool performance. ik JLM M MM
WM

Several re-working policies can be adopted for
the out-of-control pieces, which can also be
definitively  scrapped. These intermediate

X value
3
T;i.

Shift of control

inspections affect the cost per piece calculus process data
which, obviously, depends on both the checking
time interval and the consequent tool reliability. Samples

The identification of this influence, the new cost
per piece and the tool reliability are the
objectives of the present work.
2. THE PREMATURE BREAKDOWN IDENTIFICATION CASE
When we speak about production time, we refer to T, defined as:
T,=Ta-Ra+T,-(1-Ra) (1)

This area corresponds to 1-Ra
/- (broken tools percentage)

0,16
0,14 1
0,12 0,8
Z o1 z
8 o008 g 0°
2 o006 ¢ 04
0,04 — Toolsreliabilitv{ﬂmj
0,02 0
0 0 Time |

5 10 trs 20 25 30 0 5 10 115 20 25 30
Tox (expected tool life) | Ta (expected tool life)

Figure 4 - Meaning of the several parameters involved in formula (1)

where (see figure 4):

Ta  is the expecred tool life i.e. the time at which the tool must be substituted
Ra s the rool reliability i.c. the probability that the tool is able to reach T
Ty is the breakage mean time i.e. the time at which, on average, those tools that do

not reach 7o break down
This means the mean number of pieces worked by each tool tip can be expressed as:

Np=Trz (2)

where Tc is the cutting time.
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It is well known that the cost per produced piece Cp can be written as:
Cotc Ca (1-Ra)- (Rw+Rt)

Cp=Co-Tc+ (3)
g Np Np Np
where:
Co s the operator cost per minute Rw is the penalty cost
Ca s the tool cost Rt is the penalty time, i.e. the cutting
tc  isthe tool changing time 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 /TxTc ZXITC 3XITC 4X'TC T formula (3) represents the cost
per piece when the premature
47 $ é 47 break-down of the tool can be

good good good no good _D ::::;{‘()’:;Z'{‘Jgic ¢ scrapped| identified.

3. IN CONTROL AND OUT OF CONTROL PIECES
A different tool substitution policy can be outlined.

If no intermediate checks on the

v AL e | ATe e ade=To pieces produced are carried out,
the tool will continue the
47 \J7 47 47 J7 Vg cutting operation until To is
good good good good nogood  no good reached, and it will be
[ool change substituted  only at To
| more than one prece 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:

_ — — Ta-T,
~o=~,,,,-NpJo/TC-Np:o—Ra)( = ]

(4)

Referring to the control chart analysis, in this case we can obtain the well 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=C0~Tc-(le+/Vo)+Ca+C0<rc+Rw-No (5)
Considering that: Cp =C/Np we can derive a new expression for Cp:

Cp=Co-Ta~%+ Ca-E+Co-tc-E+Rw-(l—Ra)-M

(6)
p Tp Tp Tp



Influence of the Tool Wear in the Design of Control Charts 261

This expression must be compared with that obtained from formula (3). As an example, figure 5
shows the T¢ and Rw influences on Cp values according to shift or no shift policy. The calculus are
carried out considering: log-normal distribution (¢ = 2.35; 0= 0.20), Ca/Co = 5.0, tc = 0.5.

From the analysis of figures S and 6, several considerations can be made:

1. 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 T,

3. on the contrary, when Ta becomes 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 = 10(
2,7 T 52 < Y
Cp \ shift (Te=0.1) 47 Cp N\ shift (Te=0,1)
2,5 | CoTc'. - shift (Te=0.5) CoTc  shift (Tc=0,5)
2 42 - -
23 | shift(Te=1) 37 bk shift (Te=1)
21 3.2
--\"'_‘ 2,7 no shift
19 no shift
’ 22
1,7 1,7
0.5 0,6 0.7 08 09 Ry ! 08 0,85 0,9 095 gy 1
Figure 5 - Behaviour of Cp/(CoTc) according to formula (3)
and formula (6) vs. Tc value
20 The solutions to this problem can be found
18 —a—ooc Too1 by reducing the penalty term'( Rw- No), that
16 —d—inc Tc=1 . . . ;
i oo Tostié is, malfmg mtgrmedmte controls as the
12 | | —®—incTe=05 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
05 0.6 0.7 08 09 g, 1 To into equal intervals performing the
controls on the sampled pieces in
correspondence to these stops.
Figure 6 - Behaviour Oflhé’ in control (inc) and This po]lcy allow us to reduce the number of
out of control (ooc) pieces vs. Tc 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.

Piece number
o
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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.

In this case the expected time

S Dreccnan Ta is divided into n, long A,
intervals.

0 L 2 3xh 4xh Sxi o mxh=Ty The figure at the side shows the

I e e e T ' new adopted policy. In this case

ﬂ C{‘7 ﬁ7 37 i a new cost per produced piece

good good good good no good can be identified starting from

the new expression of out of

|:;:::f;?llzltlx)lffmepieceycruppe(il control pieces No (refer to
formula (4)).

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 limit of the interval (4;) and the mean time
n at which the too! breaks within the interval (7.
3 : 1), divided by Tc, and multiplied by the
— ' probability that the breakage actually takes place
h {7 (Rao,.;-Rer) in this interval. Extending the
- T, ?Tu calculus to the whole T, we have:

— 0 i-h=Te .,

No=Y" (Ra,., -Ra,) [_T“ 7)
As a consequence the number of in control pieces Np becomes:

— » Ra_,-h i'h—'TR(:—Ii)

Np = 2 = _(Ra , ~-Ra, )| ————= 8

14 Z,=1 Tc ( -1 i ) ( Te ( )

This means that the cost expressed by formula (5) becomes:

C=Co-Tc-(Np+No)+Ca+Co-tc+Rw- 1—\/—0+C1n-(1+z:Ra(-) (9)

where /Vp and No are derived from formula (7) and (8) and Cm is the single sample control cost.

Intermediate checks

NO intermediate checks interval | Tagty | R Ra, No Np Total

Interval | Tmpry | Ra No Np Total 01 9.22_| 100.00 | 100.00 | 0.00 | 20.00 | 20.00

Unique | 78.93 | 85.04 | 6.35 | 193.65 | 200.00 1-2 18.07 | 100.00 | 100.00 [ 0.00 20.00 | 20.00

2-3 26.92 | 100.00 | 99.97 | 0.00 | 20.00 { 20.00

34 36.19 | 99.97 | 99.80 | 0.01 19.98 | 19.99

Note how we can obtain the same 4-5 45.77 | 99.80 | 99.23 | 0.05 19.91 | 19.96

number of in control pieces, 56 | 5552 | 99.23 | 98.03 | 0.11 | 19.73 | 19.84

6-7 65.36 | 98.03 | 96.01 0.20 19.41 19.61

working a lower number of pieces; 758 1 7525 | 96.01 | 9312 1 029 | 18.01 | 19.09

in particular the number of our of . 89 6517 1 9312 | 8942 038 1825 | 1863

control nieces hecomes smaller. 3 9-10 | 95.11 | 89.42 | 8504 | 045 | 1743 | 17.88

N 1.49_| 193.62 | 195.11
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n-l . .
The term: 1+ Z' lRa, 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 g = 5.124, o= 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 T and then with respect to A.

0.72
0.7
0.68
=
8 066
8
2
& 064
0.62
0.6
0.58
5 10 15 20 25 30 35 40
Figure 7 - C/(CoNp) vs. Taand h with intermediate controls (formula 9)
The influence of the several figures involved in
0.72 . .
this formula make it evident that:
07 - if the cost of the rough pieces is high
g 008 compared to the single sample control cost,
° 066 it is better to carry out a greater number of
é 0.64 intermediate checks (h V¥)in order to identify
o2t - - - - e the occurrence of the shift phenomenon as
o6 | . : S soon as possible;
0.58 - To - on the other hand, if the cost of the rough
20 30 40 50 60 70 80 pieces is low compared to the single sample

control cost, a lower frequency check will be
Figure 8 - C/(CoNp) vs. Tt without intermediate made (h 1);

controls (formula 6) the final number of in control and out of
control pieces ia also affected by the Tc

value with respect to A.
As an example, figure 7 shows the influence of & (for constant values of To) 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. It 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 /i 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 4. The absolute minimum
found is lower than the one obtained without intermediate controls. The signs a represent the two
minimum conditions.

The calculus are carried out for the following values: Ca/Co =35, tc =05, Rw/Co = 10,
Cn/Co = 1.

7. CONCLUSIONS

In the present work the authors have showed how it is possible to optimise the tool substitution
interval together 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, during the
optimisation phase, is also outlined.
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OPTIMIZATION OF TURNING TOOL GEOMETRY
BY NONLINEAR PROGRAMMING

G. Cukor and M. Jurkovic
University of Rijeka, Rijeka, Croatia
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ABSTRACT: This paper deals with the determination of optimal tool geometry for longitudinal
turning. 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
central composite design of experiment. Since the criterion function is inherently nonlinear in this
case, t.¢. 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 problem 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.) Advanced Manufacturing Systems and Technology,
CISM Courses and 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 satisfying.

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 of the following model [1]:

y=flx.8), i=0,1,2, .k x,=1 (1)

where y is the tool life prediction, b,s are the estimated tool life model parameters and £ 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-linearity (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 1.

The best experimental design to use will depend on the selected form of tool life model.
Using the second order central composite design of experiment [2], it is possible to
establish the tool life response function in the second order polynomial form:

k k k
y:b0+Zb, X, +Zb” x,2+ZbU X, X, (2)
1=1 1=1

1<y
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where regression coefficients b,, b,, b, denote linear, quadratic and the effects of two-
factorial interactions respectively, and xs are the coded values of input physical
parameters p,s in accordance with:

_ p:max + ptmin

b
2
X, = 3
' Pimax — Pimin ( )

2

| SELECTION OF MODEL FORM ]

| DESIGN OF EXPERDENT |

| PERFORMING OF EXPERDENT ]

|MULTIPLE REGRESSION ANALYSTS |
I

<SIGNIFICANCE OF COEFFICIENTS?\\NQ,_

Student's t-test
YES |
NO MODEL ADEQUACY?
Fisher's F-test
YES|
ADEQUATE COEFFICIENT OF \ N
DETERMINATION R*?
YES |

RESPONSE FUNCTION  \| RE:““—EUSE
l
e D

Figure 1. Algorithm of tool life model establishing

3 OPTIMIZATION PROCEDURE

The tool life T is the basic optimization criterion of tool geometry. If the selected input
tool geometry parameters are clearance angle «, nose angle ¢ and approach angle «; as it
is shown in Figure 2, the following maximum tool life criterion can be postulated [3]:

T = ¥(a, £.5) (@)

opt
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£ TURNING | 7w =Y (2 & Ay
"black box"

I Towing! T

Y A r condiions Material

<

Figure 2. Scheme of input/output parameters

The optimization criterion (4) should be maximized within the feasible region of the space
of tool geometry parameters. Hence, for handling the boundaries of parameters, the
modified criterion function method is implemented [4]. The boundaries are incorporated
into the criterion function which leads to a boundless model of the form:

maximize {y +Cr Zn:g[hm(x)]} (5)
m=1

where Cr is correction factor, n is the total number of boundaries A,,(x) and the exterior
penalty function is of the form:

0 h,(x)=0
el (9] = {hm(x) () <0 ©)

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 literature 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 problem presented.

A computer program using Fortran programming language was developed and the
algorithm 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. A minimum installation needed for the
program is PC/486.
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:

D

INPUT
DATA
A TRIAL STEP
STARTING .
POIINT INCREASE
VARIABLE
TRIAL STEP DECREASE
o
DECREASE
VARIABLE
s
NO
| KEEP OLD ADOPT NEW
‘ VARIABLE VALUE VALUE
TRIAL STEP T I
- NO

Figure 3. Algorithm of direct search procedure of Hooke and Jeeves

4. EXPERIMENT RESULTS

The experiments were performed on
universal lathe TS-200 with tool grade
P30 (ISO). Longitudinal turning in
Figure 4 was conducted dry and
performed at constant cutting speed
v. = 3 m/s, feed f = 0,125 mm per
revolution, depth of cut a, = 2 mm,
~--. rake angle y = 6° inclination angle
'y A=4° and nose radius 7, = 1 mm. The
workpiece material was quenched and
tempered steel C 60 (DIN) with Brinell
hardness 260 HB. The tool life criterion
was planned to be VB =03 mm
and tool wear was measured on the
tool micrometer microscope Carl Zeiss
Figure 4. Tool geometry (0,01 mm).
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By means of mathematical model (2) and using the second order central composite
design of experiment N = 2 + ng + n, = 2° + 6 + 6 = 20, the tool life was modeled
(x1 = a, x2 = & x3 = k) by varying all the factors on five levels (-1.682, -1, 0, 1, 1.682)
as shown in table 1.

Table 1. Review of observed tool life results

Test Coded values Variables Measured
no. T
N X X2 X3 a° & K° y, [min]
1 -1 -1 -1 5 75 35 23.0
2 1 -1 -1 11 75 35 22.0
3 -1 1 -1 95 35 28.0
4 1 1 -1 11 95 35 26.0
5 -1 -1 1 5 75 55 25.0
6 1 -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 45 292
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.

Table 2. Regression coefficients

b() bl b2 b3 bll b22 b33 b12 b13 b23
28.5167|-0.3892|2 86826|2.01314/-1.0828|-0.9060|-0.7293| -0.375 | -0.125 | 0.125
v/ v v v v v v X X X

v - significant at level @, = 0.05; X - not significant
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Significance evaluation of calculated coefficients was done according to Student's z-test
for the condition |b| > 4b, = + tso\fc}; where fy =ny -1 =6 -1=25 and a level of
significance & = 0.05 (i.e. 5%). Considering only significant regression coefficients, the
following mathematical model of tool life was obtained:

y =285167 — 0389x, +2868x, +2013x, - 1083x} —0906x% - 0729x2  (7)

The verification of model adequacy was done according to Fisher's F-test for the condition
Fo <Fd(fa, fo) = Fi(8, 5) with probability P = 0.99. Since F, = 9.339 < F,(8, 5) = 10.30, the
dependency of tool life on tool geometry has been well explained. According to coefficient
of determination R* = 0.8778, the tool life 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=-9177+179a +1827 ¢ + 0857« — 012a* — 0.009 &2 — 0.0073x> (8)

Finally, using the optimization procedure described in previous section, the optimum
values of tool geometry parameters were obtained from the tool life model (8). Hence, the
optimum tool geometry was defined by the following angles:

G = 7927,
f = 101°30",
Kp = 58°42'.

5. CONCLUSIONS

Based on the performed research and the obtained results, the following conclusions can

be drawn:

o the adopted methodology of tool life modeling as well as the recommended tool life
model can be successfully used for the optimization of tool geometry according to
maximum tool life criterion,

e the proposed optimization procedure based on nonlinear programming can be
successfully applied for defining and selecting the optimal tool geometry;

e for the presented example, it is shown that tool life is on the increase with the
increasing of angles & > 90° and x> 45° up to their optimal values &y and oy, also
with the decreasing of angle a < 8° down to its optimal value dq, which can be
explained by better withdrawal of heat for the angles & and oy, that is by the
decreasing of cutting force for the angle &y

Therefore, the definition of optimal tool geometry is strongly suggested whenever is
possible since it is proved that tool life can be increased significantly.
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CLASSIFICATION OF FEATURES CONSIDERING THEIR MACHINABILITY
AND FACTORY FACILITIES FOR COMPUTER AIDED PROCESS PLANNING
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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
of these features is accomplished and with the aid of the features normal vectors, the necessary set-
ups as well as the process plan of the workpiece are determined.

1. INTRODUCTION

The process planning is a very significant stage in the manufacturing procedure of a
product. For this 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].

FEATURE
RECOGNITION

IGES FILE

REORGANISATION
AND
CLASSIFICATION
OF FEATURES

FACTORY
FACILITIES

MACHINABILITY
FILE

DETERMINATION
OF SET-UPS

PROCESS PLAN

Figure 1: Structure of the 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. CLASSIFICATION OF FEATURES AND EXTRACTION OF THE WORKPIECE
PROCESS PLAN

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.

Figure 2: Workpiece example for the selection of the side with maximum number of
features

- Intersection of holes.

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 of breaking 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, if the 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 1 through 4 and the other consisting from features 5 through 8.

Features: | 2 3

Figure 3: Hole with changeable diameters

4
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Features: 1 2 3 4 5 6 7 8

Figure 4: Through hole with changeable diameters

- Maximum length of holes.

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 of a 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) if the cutting tool uses as entry faces the 1 or 3, the curvature indicated in figure
5(b) will be formed. For this 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 machinability 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.

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. For each feature 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 part of this 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
features normal vector directions, the process plan of the 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
concerning 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

0
0
0
(0

———dq-

-

.....

..............

_______________

Figure 6: Workpiece example for the minimisation of the 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 of the 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 of that file is illustrated in figure 8.
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Blind step-2

Through slot-1

Through slot-2

Figure 7: An application example

Machine Machining centre: FQH 50a (Sinumerik 8M)
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-up 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: drilling
Features Hole-3, Hole-4, Hole-5, Hole-6, Hole-7, Hole-8
Machining Surface 4
Reference surface 3
Set-up surfaces 5,6

Figure 8: The process plan of the application 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 to be 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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USE OF MANUFACTURING FEATURES FOR COMPUTER AIDED PROCESS
PLANNING AND MANUFACTURING SYSTEM DESIGN

APPLICATION TO FURNITURES PARTS OF SOLID WOOD
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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. We have developped a description model of solid wood furniture 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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We have 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 restrict 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 problem 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 problem 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 problem 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 problem 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
part to be 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.

It is the matter of a planning problem 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
problem is coupled with a problem of allocation and sharing out of resources. An action
becomes effective when a cutting tool, a fixture and a machine-tool belonging 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 problem 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 part type is defined, group technology can be used to define each part family.

- 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 FOR 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.
We 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 formalism

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.1) 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 Part design 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 Part design 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.

So the part is described by a list 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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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 P1
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 level a list 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 list
of possible operations, machines and tools which allow to machine a part belonging to a
part family. So it is an union of the different possibilities of route sheets for each part
family. The system grades 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. Part dimensions 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 furniture
parts. As furniture 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 hand 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 engineering 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 problem of process planning
becomes a problem 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 problem 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].



288 P. Martin and P.J. Meausoone

REFERENCES

1-Sohlenius G. - Concurrent engineering - Royal Institute of Technology, Stockholm -
Annals of the CIRP - 41/2 - 1992- p645-655

2. Groupe GAMA - La gamme automatique - Editions HERMES - Paris - 1990-

3. ElMaraghy H.A. (1993), Evolution and future perspectives of CAPP, Annals of the
CIRP, Vol.42/2.

4. Leung H.C. (1996), Annotated bibliography on computer-aided process planning, Int.
Journal of Advanced Manufacturing Technology, Vol.12.

5. Shah J.J., Shen Y., Shirur A. (1994), Determination of machining volumes from
extensible sets of design features in Advanced in feature based manufacturing, Shah,
Mantyla, Nau editors, Elsevier.

6. Lenau T., Mu I (1993), Features in integrated modelling of products and their
production, Int. Journal of Computer Integrated Manufacturing, vol.6 n°1&2.

7. Meausoone P.J. - Approche en ingénierie concourante pour les industries du bois -
These de doctorat de I'université Henri Poincaré-Nancy I - 15 Novembre 1996

8. Collonges A., Hugues J., Laroche B., MERISE : Méthode de Conception - Collection
Dunod Informatique - Editions Dordas - Paris - 1986

9. Martin P. , Bois et productique - Collection automatismes et production - Editions
CEPADUES, Toulouse, 1992.

10. Brady G., Martin P., Charpentier P., "Utilisation du concept d'entités d'usinage dans
un contexte multi-utilisateurs. Application a la seconde transformation du bois".
Computer Integrated Manufacturing and Automation Technology, CIMAT'96, Laboratoire
d'automatique de Grenoble, pp. 193-198, Grenoble, 29-31 May



A MULTIPLE-CRITERIA SCHEDULING METHOD FOR PLANNING
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ABSTRACT: The main objectives of Food Industry nowadays, are to insure the high quality of
their products, to provide uninterruptedly the market with products, as well as to reduce production
costs.

The large number of final products, the continuous manufacturing processes and the non-
interruptible order processing, together with the sensitivity of raw materials/products and the very
short product life-span, are the most common planning problems faced by the Food Industry,
especially in the field of dairy production.

This paper describes the application of a scheduling and synchronization method to the production
planning problem of a Typical Food Factory. The objective of this work is to develop a method
for supporting the scheduling procedures and for synchronizing the schedules of the different
production stages. This method, based on a multiple-criteria decision making technique, provides
a complete resource allocation schedule for each one of the production stages, as well as a set of
performance indices for each of them in order for the schedule evaluation to become feasible. A
set of static, dynamic and combined dispatching heuristics has also been incorporated in this
method. An algorithm for the synchronization of the partial schedules for the production
departments has been developed.

A set of experiments was designed and carried out in order to evaluate the method. The multi-
criteria scheduling method is compared with the dispatching heuristics applied to a simulated
environment and the results are discussed. For these experiments realistic data coming 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 problem 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 problem 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 levels 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. It is well
known that a manufacturing system can be defined as a combination of humans, 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 of yogurt 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.
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Fig. 1. The overall manufacturing diagram for the Typical Food Factory

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 well 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 well 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 large 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 large 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 lead 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 of the 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).
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Fig. 2. The information flow diagram for 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 large, especially in the packaging section. Thus, the number of
alternative solutions becomes large. This number of production scenarios 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-productive operations: The quality standards of the products and the sensitivity of
raw materials lead to a large 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 well as the sterilization of tanks.

Short product life span: The short life span of the final products leads to short inventory
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keeping, so, the batch size of the production orders is small. This fact, together with the
large number of the final products, leads to a great number 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 problem, 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 number of
resources and tasks is large enough, so as to make the problem combinatorial explosive [2].
For this 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 number 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 dispatching heuristics [1] is
incorporated in the scheduling method.

3.2.  THE SYNCHRONIZATION ALGORITHM

The problem of synchronizing the partial schedules of different production sections is quite
often in multi job-shop manufacturing systems. This problem 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, Completion and Slack Time or
Tardiness for each job order of the section.
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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, being under study, consists of different production lines and as defined in
paragraph 2, this paper is concerned 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 load which includes the Job
and Work load definition as well 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 dispatching heuristics [1] as the operating policy. The
criteria defined in the scheduling method used are Mean Flowtime, Tardiness, Cost 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 of Work Centers (Table 1).
Table 1. The factory model

Job shop - ID Process - ID Number of Work centers
Preparation - JB Milk and Cream Preparation for production 3
Production - JB Yogurt and desserts production . 5
Filling - JB Filling of cups, packaging and freezing 2

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 modeled as a job shop with two work centers.

Table 2. Job Shop model - Preparation Section

Work Center-ID  Process-1D Resource # Resource-1D

Silo - WC Milk storage and initial 13 TS5, T6, T7, T8, T9, T11, T12, T13, CC109, CCI115,
preparation CC118,PLI1, PL2

Cream - WC Cream preparation 6 R2, T101, T104, CC407, DISP2, PL3

Mixers - WC Mixing with additives 4 T51, T52, T53, CCS505
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Table 3. Job Shop model - Production Section

Work Center ID  Process-ID Resource #  Resource-1D
Paster - WC Milk Pasteurization 4 P1. P2, P3, P4
Strained - WC Strained & Stirred2 37 T21,T22,T23, T24, T25, T26, T27, TH2-3, T35,
production. T36., SEP1, SEP2, C1, T39, T40, T41, T42, T43,
Straining TH4, T44, T45, T46, T47, CC308, CC311, CC315,
Cream mixing CC613, T33, T34, T102, T103, T106, T107, T108,
Homogenizing T109, T110, T111
Stirred 1 - WC Stirred | production. 11 T55, 156, T57, Tol, T62, C4, T63, T64, T6S,
Homogenizing CCIl111, CC2502
Set - WC Set production. 5 T66, T67, T68, T69 CCS530
Desserts - WC Desserts’ production. 7 TH15, T116, T118, T119, CC206, CC207, CC508
Table 4. Job Shop model - Packaging Section
Work Center ID  Process-1D Resource # Resource-1D
Filling - WC Bottling, packaging 5 FMI1, FM2, FM4, FM3, FM6
Thermo- WC Heating, freezing of final 5 THERMOA, THERMOB, THERMOC, TUNTI,
products TUN2

43. WORKLOAD MODEL

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 of instructions that determine the sequence of the different tasks as well
as their technological constraints.

Work Load model: The generic job model is JX-yyyy, where X indicates the Job Shop ID,
namely, 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 model 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 of the implemented workload is presented in Table 5, while its precise definition
is given in [3].

Table 5. The workload definition

Section # of Orders # of Jobs per section # of Tasks per section
Preparation 16 184
Production 16 238
Packaging 16 16 115
Total 16 48 537

4.4.  PROBLEM APPROXIMATION

In order for the above described problem 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 dispatching
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=1,2,...,N the number of Job Shops,

1
m=1,2,...,M the number of orders, and PT(Jn,m) = Y P.T(Ti,,,), thus,

DD(Jn,m) = AT(Jn.m) + ¢ x PT(Jn,m) (1)
where DD the due date, AT the arrival time, PT the processing time, Ti,,, 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 (MIC), 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 comes out 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 MIJT, except for LPT, which resulted in slightly
lower MIT. 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, MIW 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 of the results from the dispatching 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 dispatching 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, MIW 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 results from the experiments (PM stands for Planning Method, MJC in monetary units)

Loose Due Dates Tight Due Dates
MJT (h) MJF (h) MIC MCU (%) MIW )| MIT(hy MIF(h) MIC MCU (%) MIW(h)
PM 0,19 12,53 112,64 4833 8,12 2,72 12,19 111,30 49,18 7,70
SPT 0,35 12,26 11345 4492 8.00 2,93 12,26 113,45 4492 8,00
LPT 0,18 12,29 113,48 4939 7,81 3,17 12,29 113,48 4939 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 11432 46,40 8,59 3,31 13,28 11432 46,39 8,59
MWKR 1,73 2221 11437 4548 20,12 11,60 2221 11437 4548 20,12
P+WKR(a) 0,38 13,01 11432 4570 8.29 2,94 13,01 114,32 45,70 8,29
DS 1.63 21,76 11496 40,24 18,31 7,24 18,76 113,24 43,43 14,16
S/IPT 1,41 21,68 11496 4594 19,63 6.45 17,57 11585 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
dispatching 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 of the 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.

7. REFERENCES

1. Chryssolouris, G., (1992) Manufacturing Systems: Theory and Practice. Springer-
Verlag, New York.

2. Mourtzis D., Papakostas N., Chryssolouris G., (1995) An Approach to planning of textile
manufacturing operations: a scheduling method. IFIP WGS5.3 International Conference on
life-cycle modeling for innovative products and processes, Berlin, Germany.

3. Mourtzis D., Xeromerites S., Ellinikos D., (1998) Modeling of the manufacturing
system. Project report, RETEX No 10830155.

4. Vollman T., Berry W., Clay Whybark D., Manufacturing Planning and Control Systems.
IRWIN, Boston, 3 edition 1992.

5. Chryssolouris G., J. Pierce, and K. Dicke (1991) An Approach for Allocating
Manufacturing Resources to Production Tasks. Journal of Manufacturing Systems, Vol.
10, No. 5, 368-382.

6. Chryssolouris, G. and M. Lee (1994) An Approach to Real-Time Flexible Scheduling.
International Journal of Flexible Manufacturing Systems. Vol. 6, 235-253.



Planning of Continuous Manufacturing Processes: a Food Industry Case Study 299

Fig. 5. The Mean Job Tardiness Fig. 6. The Mean Job Flowtime

o Tight Duse Dates
@ Loose Due Dates

O Tight Due Dates.
@ Loose Due Dates

R

]
T T
: I ’
} 7,24; | l
- 6,4%. ; ‘
0,19 T | i ‘ [
SPT-T(a) %6 ! : ! :
1 0 1 2 C‘i 4 5 6 7 8 9 10 1 12 (;1;34557éé101\1213141516171519202“222;24‘
: Mean Job Tardiness (h) Mean Job Fowtime {h}
Fig. 7. The Mean Job Wait time Fig. 8. The Mean Job Cost
o ‘ 0 Tght Due Dates. e | oTgnDwesates

[
£ Loose Due Dates J .

! 1 O Loose DueDates
S - i

|

& s 16.67
FOPNR : ﬁiﬂ

) lws,as
113,15 ‘ ;
45 i |

2012
i :
' \
20,12
149
" os .
' ‘?.63 Sow A s | 114,96 )
' ]

= ~ - . [ :
01 2 3 4 56 7 8 9 1011 1213 14 1516 17 18 19 20 21

114 115 116 17 118

Mean Job Wait time (h) ' Mean Job Cost (mon units}
Fig. 9. The Mean Capacity Utilization Table 7. The tight and loose due dates used
T e e for the simulation
JobID  P.T(h) Due Dates(h)
tight loose
JFDEI 3,55 4,44 24
! JFDE2 1,72 2,15 24
) JFSE1/1 14,09 17,61 24
v JFSE172 14,09 17,61 24
KR : 46 oo JFSE2/1 13,66 17,08 24
. 4.0 @ Loose Due Dates JFSE2/2 13,66 17,08 24
4024 I | i ' [ i JFSE3 14,25 17.81 24
* L | JFSE4/1 11,57 14,46 24
ST A2 s IFSE42 8,00 10,00 24
T [ s e R JFSES/1 13,17 16,46 24
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Mean Capacity Utilization (%) JFSR2 3,72 4,65 24
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APPENDIX
A short description of the Dispatching Heuristics used for the experiments is given in the
following table
Rule Description
SPT Job is selected which has the shortest operation processing time.
LPT Job is selected which has the longest operation processing time.
FOPNR Job is selected which has the fewest operations remaining to be performed.
LWKR Job is selected which has the least work remaining to be performed.
MWKR Job is selected which has the most work remaining to be performed.
S/PT Job is selected which has the least ratio of slack time divided by remaining processing
time.
DS 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).
P+WKR(a) 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.
SPT-T(a) 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 a job has waited too long, it is given dominating priority.
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Abstract: Automatic 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.

1.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.[1] 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,
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accuracy and improved "Quality" etc. It encourages concurrent engineering ie. 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 modelling difficulty, in recent years a feature based modelling has been proposed.
A feature based design system is a front 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 is a partial
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 Desi
THE COMPONENT DRAWING repre:;%:ﬁon
FROM <
MANUFACTURING POINT OF in CAD
VIEW
* \_/
ANALYSIS OF THE EXTRACTED
FEATURES FOR THEIR —]  SELECTION OF
FEASIBILITY l4——] MANUFACTURING
IN MANUFACTURING PROCESSES

v

ANALYSIS FOR THE SEQUENCING
OF THE VARIOUS MACHINING <
OPERATIONS

I

GENERATE THE PROCESS
PLAN AND CNC PART STOP
PROGRAM

Fig.1
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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.1

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
well as B-rep based solid models. Although these techniques are mathematically sound and
robust, , they contrast with the engineers FEATURE based view of the component.[3]

A number of approaches to part feature recognition for rotational as well as prismatic
components. They include syntactic pattern recognition[3],geometry decomposition ,expert
system rule logic[1] ,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.[1]

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 (AI), 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.
DXEF 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 Arcs 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)

T BT L ——— “‘® Incremental Y

< _
Incremental X X

Fig 3 Separation of views.

e 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 horizontal line 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 vertical lines, 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.

Identification 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)

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-1
Angle between Lines | Code Example
190 1
270 0 B
>270 2 >
<90 3 <

In each view, from minimum X co-ordinate value, the scanning is done is clockwise
direction. Each 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=1
ELSE
If the angle between the lines is 270 deg THEN code=0
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 Automatic in the future. Automatic approach needs CAD
model to be interpreted automatically for accuracy and completeness. Automatic 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 0-1-0

—
Rectangular slot 0-1-1-0

= 5

T-slot 0-0-1-1-1-1-0-0
Dovetail 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 polygon
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 mimic 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:

o 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.

e 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 of production system’s models.

e 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.

Graphic simulation of machine 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. OPENGL, 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 well
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.
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c) Difference operation b) Union operation

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 language 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 part program 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
movements 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 duting the simulation, the user can rotate ahd zoom into the part in
another window. The user can use a NC program editor to modify the NC file and rerun the
simulator. 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 dynamic
rotate, pan, zoom), the cross-sectional display of stock, the machining conditions and
finaily the part program for editing respectively.
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Fig. 2 — A snapshot of developed software

5. CONCLUSIONS

The part program check is very expensive in terms of time and human resources if it is
manually performed. The possibility to correct programming mistakes after the post-
processing stage involves the elimination 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 program. 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 machine 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 mimic the machined
part, this software provides a better approach for NC simulation and verification on a
personal computer, allowing:

e To increase of machine tool utilization and productivity;

e To significantly reduce both the cost and the time to produce parts;

e To improve quality and reduce scrap material;
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¢ 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 of Flexible 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 number of
operations and with different use of machines is foreseen [1, 2]. The alternative process
plans enable different ways of transforming an input raw material »’ into the final part type
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. For that purpose
the modified model of process plans set selection is developed.

2. MODEL OF PROCESS PLANS SET SELECTION
The problem 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 transport 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 load of FMS;

Constraints: complying with the exploitation characteristics of FMS, structure of
working order and available alternative process plans.

The problem data of model are as follows:

o the set N of part types in working order to be produced, N={1,2, ..., n, ..., [N]};

o the set M of machines in FMS, M= {1,2, ... m, ..., IM|};

o the set () of the number g(n) of parts that must be produced for each part type n € N,
O={gm)|neN};

o the sets P(n) of the number (n) of developed alternative process plans p(n, i) for each
parttypen € N, P(n) = {p(n, i) | i=1, 2, ..., r(n) and n € N} while p(n, i) can be
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represented by p(n, i) = {{d.[p(n, i), fip(n, i), m}), ..., {dfp(n, i)], 0)} where
d.[p(n, 7)) is the input path segment between nodal points a and b that a pallet has
to pass before required operation on machine m, d,[p(n, )] is the output path
segment between nodal points y and z after last operation is done and #[p(n, i), m] is
the operation time required to machine a part type # on machine m according to the
alternative process plan p(n, i),

o the speed v, 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 load
1[p(n, i)] of g(n) parts that have to be produced, that is:

¥z

Ao - 40)| E ool ) 0
meM vp ab

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 € N. Hence, the total time load of each machine m € M

as well as the total time load of transport system for complete set N can be obtained

respectively by:

T, (m) = qln) f|p(n,i)m|, YmeM )

0= - 2o Saulptu) o

For achieving the optimal results, it is of a great importance to balance at the utmost the
time loads among the machines of FMS. The measure of time load diverse is expressed by
the magnitude Am as a difference between the bottleneck-machine time load and the
average time load of other machines in the FMS according to equation:

M ) ~ T )
) M -1

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:

Am

(4)

T,(N)<[1, (m)],., > Ak =0 ©)
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1,(N)> [Ty ()] = 8= T,(N) = [T ()], ©)

Model formulation: as the goal of process plans set selection is to ensure the least time
load of FMS together with the best possible balance between the time loads of both
the machines and automatic transport system, the general form of the model may be
stated as follows;

minitmize { 53 elplon )] x[p(n,i)]}+Am oy ™

neN i=1

. Yis selected
subject to x[p(n, i)]: J‘ 1, if the p‘(n,l)ls selecte , Vx[p (n,i)] ®)
\0, otherwise,

r{n)

Zx[p(n, 1)] =1, VneN )

=]

With the proposed model, the selection of only one process plan of each component of
part types mix is ensured as well 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 large number of
components of part types mix and large number of alternative process plans for a single
part type seeks for large volume of activities. The solution area is defined by the
expression Hne Nr(n) . Using the convenient heuristic algorithm, the procedure is made
practically applicable at various structures of working orders. For this 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 = {p\, pa, ..., P», ..., P} Where
the process plan number p, denotes selected process plan p(n, i) for the part type n € N
and posses an integer value between 0 and [r(n) — 1], thatis p, =7 - 1.

For procedure performing, it is necessary to associate a code mark to every searched
solution S¢. 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 € N is equal to
the product of related number p, from 0 to [r(n) — 1] and the total numbers of variant
processes of successive parts from 7 + 1 to |V in ordered set Sc. Accordingly, the code of
solution S¢ can be expressed as:

N ]

C(Sc)= Zz;,PnI_I"(”)JFP\N\ (10)

n+l
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The favorableness rate of solution Sc is obtained in accordance with the objective function
(7) as a value of merit function fSc), in the following way:

£60)= 3 py) + AmlSe) + ah(se) ay

n=1

where 7(p,) is the sum of machining and transport time for g(n) parts of type n obtained by
the equation (1) according to the process plan p, selected in solution Sc, while Am(S¢) and
Ah(Sc) represent the influence of time load 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={p1, P2, ..., Pns ---» PWI} PAIR-WISE
C(So) ::) EXCHANGE
ASo) METHOD

ﬂ Sc € o(So)

min f{Sc) 3l ir‘(n)- 1]
C(Se) <:] Lo

Figure 2. The structure of selection procedure

Searching algorithm starts from the solution Sp which p, = 0 for all » € N and establishes
the solution value by calculation of function f{So). At the same time, the solution S, is an
initial best solution. In every following step, the set of s?l?tlons o(So) is generated using
the pair-wise exchange method [3] which results with Z [r(n ~1] new solutions S¢. In
every new solution Sc, the selection among the others of developed alternative process
plans is varied by altering the value p, for one. The momentary best solution Sc is the one
with the least value of merit function f{S¢) satisfying the condition that it is not on tabu list
TL, thus becoming new best solution Sp for the next step. All previously considered
solutions are set on tabu list, thus being excluded from repeated selection and
consideration in the following steps. This restriction is not activated if the value f{Sc) of
momentary best solution Sc is less than value f{Sy) in the previous step. As the case
stands, the value f{.So) in the previous step is to be joined as the aspiration value a; to the
solution So on tabu list.
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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 lot sizes Q = {50, 20,
80, 60}, the alternative process plans defined by the sets of parameters were developed:

pu= {(do= 2, 11i=30), (ds= 8, t12=15), (das= 4, 1115=35), [ds= 8, 1115=30), (dso= 2)}
Part 1 4V {(do3:10, t122=35), (d47:13, t124=28), (dg]z 6, 1121':45), (d29= 5)}
Piz= {(d03=10, t132:35), (d45= 4, t|33=20), (d57= 8, 1134:60), (dgg= 2)}

pa= {(dos=14, 1;15=10), (ds7= 8, £15=40), (ds=15, £12=25), ([da=10, £1=15), (dr= 5)}
po= {(doi= 2, n=22), (dor= 8, £24=30), (ds5=135, £2n=32), (dus=14)}

Part2  pr= {(dos=14, 12y=25), (der=15, t51=18), (dor= 8, 12=30), (dss= 2)}
Pa= {do= 2, ba=42), (do= 8, h4=45), (dro= 2)}

3 Ppa= {{dos=14, £15720), (ds;= 6, 15=30), (da=10, £51,=40), (drr= 8, £515=15), (dso= 2)}
Part3 o= {(des=14, £:5=58), (dar=15, £:2=52), (= 5)}

pa= {{dor= 5, t1a=18), (dsi= 6, 15,=12), (d= 8, 1212=25), (dss=14)}
Part 4  po= {(des=14, t423=20), (dsi=13, t431=42), (d= 5)}
Pas= {(dos=14, t535=10), (ds3= 6, 1:32=18), (dn=10, t31=15), (do= 8, t13=12), (dso= 2)}

The above processes were developed for use in FMS with four machines and automated
transport system, Figure 3.

G) 0 G ® Matrix of transport times:
larget stations

l ""‘" l l JD 1 3 |5 719

P 02 |10[14] 5 0

% 2 8§ 113 8| 5

w[4 ] 108 4]13]14

Ele|15] 6 8 |11

“18]615]10 B0 2

Figure 3. FMS with four machines and automatic transport along with the survey
of matrix of transport times

For problem solving the application of pair-wise exchange method was conducted in 12
steps. Optimal solution Sp = {2310} with the value of merit function {So) = 27247 was
already found in the third step, consisting of the set of process plans {pis, pas, P32, pa1}.
The solving procedure is represented in table 1 showing first 4 steps.
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Table 1: Survey of the solving procedure on the example

WP Se | G0 | ASo) | SceatSo) | €S | ASo) (,(;h .
1 {0000} 0 29413 {0001} 1 30453 0/ o0
{0002} 2 30313
{0010} 3 29040
{0100} 6 28860
{0200} 12 28687
{0300} 18 27953
{1000} 24 30597
{2000} 48 29700
2 {0300} 18 27953 {0301} 19 30333 | 18729413
{0302} 20 28853 0/
{0310} 21 28660
{0200} 12 28687
{0100} 6 28860
{0000} 0 29413
{1300} 42 29137
{2300} 66 28093
3 {2300} 66 28093 {2301} 67 28620 | 66 /27953
{2302} 68 28813 | 18729413
{2310} 69 27247 0/ 0
{2200} 60 28887
{2100} 54 29170
{2000} 48 29700
{1300} 42 29137
{0300} 18 27953
+ {2310} 69 27247 {2311} 70 29567 | 69 /28093
{2312} 71 28260 | 66 /27953
{2300} 66 28093 | 18/29413
{2210} 63 28280 0/ o0
{2110} 57 28260
{2010} 51 28927
{1310} 45 30093
{0310} 21 28660

etc. until 12th step

At the best solution identified, the time load of FMS is represented by the following time
load structure of isolating elements (in time units): 7y, = 5720, T}» = 3250, Ths = 5640,
Ta = 4980 and T; = 6140. From these data the following quantities arise: Am(Sp) = 1097
and AA(Sp) = 420. These quantities point at the significant unbalance of time load of FMS.
The bottleneck of the system is the automatic transport since its time load value 7;
exceeds the maximum time load value of momentary bottleneck among machines, i.e. 7j.
It should be noted that in case of accelerated transport of 17,5% for instance, transport is
not anymore the bottleneck of the system and the solution Sy = {2310} still remains the



322 J. Ljubetic and G. Cukor

most favorable one with the value of merit function f{Sg) = 25757. Thus, together with the
same time loads of machines the quantity Am(Sy) remains unvaried, while 7, = 5070 and
AA(Sp) = 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 load 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 level of reliability in finding the
most acceptable solution as well 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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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 theological 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 to be effective in predicting loads, optimum die 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 patterns [3-5]. In the most sophisticated applications, these techniques enable
forging loads and pressure distribution at interfaces to be 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 cavities 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 modelling 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
microstructure, opportunities for redesign and optimisation 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
optimisation 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 1000-1200°C for three different values of the
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strain rate (¢’ = 15, 36, 45 s'])

The flow stress tests have been carried out on the computer-controlled dynamic system
Gleeble 2000%. It can be programmed 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.1) 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 alternate 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.

£=0.7 -0.25 e=0.1
le=tsst | [ |e=36s || |e=45s"
I T=1150°C T=1150°C T=1150°C
:
b B O . R L T A TR,
)
e
time

and strain rate £’=15 5™}, (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™'. 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 temperature is also evident from the two microstructures of Fig. 3.

500 = — — —
T = 1000°C
400 - S
- T=1050°C |
§/300 - ©T=1100°C -
& T= by
N e kil sl
@ T=1200°C
100 | [Materiak Nimonic 80A] T T
Strain Rate: 15 s
0 : ' : : |
0 0,2 04 grain 0,6 0.8 1
Fig.4: Flow curves for five different temperatures
250
200 - -
o
& 150 -
E 100 4= i e .
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0 . .
0 03 0,6 strain 0,9 1,2

Fig.5: Instantaneous 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 €’ =36 s”. 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.



Hot Workability Studies of Nimonic 80A 327

300

250 -
200 { - - -
150 -

stress [MPa]

Material: Nimonic 80 A
Temperature = 1150°C
Strain rate = 36 s~
0 . . 1

0 0,2 04 strain 0.6 0,8

100 -

Fig.6: Flow strength in flow stress test (a) and in 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 microstructure at three different locations of the blade section.
The different grain size in the three locations are due to the different levels 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.

(®)
Figure 7: Microstructure at three locations of the airfoil section forged in 3 steps (a) and in
2 steps (b)
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5. CONCLUDING REMARKS

Main achievements in investigating the workability of Nimonic 80 A are (i) the
quantification of the sensitivity of he flow strength to temperature and strain rate, as well
as its reduction during the forging process due to static and dynamic softening, and (ii) the
evaluation of the influence of thermal and mechanical cycles on the final microstructure.
On the basis of the workability data, the forging process has been successfully re-designed
reducing from three to two the number of forging steps, with the twofold advantage of
shortening the production cycle and improving the microstructure as a consequence of the
removal of one re-heating operation.
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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 ratio did not 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 homogeneous 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 & (Al3Li)
precipitates in the microstructure. The &’ 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 & particles grow
homogeneously in the matrix, and have the CuzAu (L1,) 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 composition 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
(12in.) X 96 cm. (38 in.) X 30.5 cm. (12 in.). The ingot was later preheated in a gas fired
furnace 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 c¢m (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 Indiana, after being reheated to
temperatures of either 466°C (870°F) or 290°C (555°F). Six product geometries, three
round rods and three rectangular 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 (1022 °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 (NaNOs) 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 solution was 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 microscopy (LOM) was
performed on samples that were fine ground and mechanically polished to 0.05 um. 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 pm alumina and (4) 0.05 um 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 ml deionized
H,0, 55 ml HBFE,, and 7 grams H3;BOj; (Boric Acid) for one minute at 18 volts and —-32 °C.
Polarized light micrographs 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 particle size distribution and particle morphology were examined and photographed
using transmission 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 inclinations.
Centered dark field images were used since they gave good contrast between images of the
& particles and the matrix phase (see Figure 2). Particle size measurements of both the
AlLi precipitates and composite AlsLi-AlsZr precipitates were performed directly from
TEM negatives. A semiautomatic eyecom II image analyzing system was used to measure
the particle sizes. The average particle size was measured for each aging time. Particle
size distributions of over 500 particles were constructed for each aging time. Two particle
diameters were measured for each particle in order to determine the aspect ratio of each



332 J. Fragomeni

particle, and thus quantitatively describe the spherical morphology of the particle size
distributions.

6. THEORETICAL CONSIDERATIONS

6.1 DETERMINING THE MEAN EQUIVALENT EXTRUSION TEMPERATURE

The relative motion between the billet and the container wall which cause heat to be
generated during 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 Sellers [1], is often used to show this relationship and is expressed as

Teq = (2 To T¢)/(To + Ty) (1

Where T, is the initial billet temperature, Tt is the exit extrusion temperature or the final
billet temperature, and Teq is the average equivalent extrusion temperature. Thus the
general rise in temperature during 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 EQUIVALENT STRAIN RATE

There are several factors that can influence the strain rate of a material during extrusion
such as lubrication and temperature. Both the strain and strain rate during extrusion are
not constant nor independent of position [2,3]. Investigators making use of partially
extruded billets clearly show that the microstructure is inhomogeneous with a
heterogeneous strain distribution across the cross section. Due to the heterogeneous 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
Feltham [4], who suggested a time-averaged method based on the relationship given by

€ = total strain/time to produce the strain = E/t 2)

with the total strain E given by
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E=In(xRe) 3

Where R, is the extrusion ratio, and 7 is the shape factor for noncircular extruded product.
The time required to yield the total strain is expressed as

t=D/{6V tano} 4

where V is the ram speed, o 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={6Vtano}{ln (x R)}/D (5)

where ¢ is the average equivalent strain rate. A semi-conical die angle o 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 o 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 HOLLOMON 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 = £ exp{Qaow/RT} = A[sinh(Bo)]" (6)

where € is the mean equivalent strain rate, Qow is the activation energy for deformation or
plastic flow, R is the universal gas constant, T is the extrusion temperature, G is the flow
stress, and A, B, 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 ACTIVATION ENERGY FOR PLASTIC FLOW

The activation energy for plastic flow, Qgow, 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 Qgow
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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 KlJ/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 aluminum 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]

dyg' = ag + bygInZ

where ds, is the average subgrain size, Z is the Zener-Hollomon parameter, and ag and by,
are empirical constants. Using linear regression techniques and the examination of
subgrain sizes along with the calculated values of Z, the constants asg and bg; can be
determined. Thus, for the Al-2.6wt.%Li-0.09wt.% demonstration alloy in the as-extruded
condition as;; = -1.178, and bsy = 0.055. For the Al-2.6wt.%Li-0.09wt.% demonstration
alloy in the solution heat treated condition asg = -0.533, and by = 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 & 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 Al;Zr 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 Zener-Hollomon parameters for the Al-2.6wt.%Li-0.09wt.% demonstration alloy were
determined from the extrusion processing variables and correlated to the average subgrain
sizes. The average equivalent temperatures were determined 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 In(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 1: Calculated Parameter for the Extrusion of the Al-2.6wt.%Li-0.09wt.% alloy.

Extrusion Equivalent Total Equivalent Zener
Geometry Extrusion Strain Strain Hollomon
Temperature (cm/cm) rate Z
(°C) (cm-per-cm/min) (10's™
2.54X8.9 308 22 26.2 1058.7
5.3 dia. 303 22 303 1663.4
0.635X%8.9 324 3.6 40.0 661.6
2.69 dia. 332 3.6 46.8 517.9
0.318X8.9 319 43 39.4 874.8
1.91 dia. 339 43 47.8 367.0
2.54X8.9 469 22 26.2 0.82
5.3 dia. 468 22 303 0.97
0.635X8.9 456 3.6 40.0 1.97
2.69 dia. 421 3.6 46.8 8.73
0.318X8.9 433 43 39.4 4.58
1.91 dia. 451 43 47.8 2.82

. Figure 1. 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 73:1 extrusion ratio.

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 73.0:1 extrusion ratio.

Figure 2:
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ABSTRACT: Cold rolling process belongs to the oldest deformation processes in metal-working
industry. Opposite to the massive forming processes, this paper deals with the numerical modelling
and computer simulation of the sheet — metal 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 a part of sheet, e.g., it is narrow thin plate. The numerical procedure
is based on the finite element technique. Large strain elastoplastic updated Lagrangian Hencky
formulation is used. Computer program using numerical algorithm is made and tested comparing
by the well-known results as well as by numerical mvestigations

1. INTRODUCTION

In 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 well 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

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology.
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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 modelling techniques [2]. One between these
techniques is mentioned finite elements technique. The problem 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 metal
products to very tight tolerances and controlled surface finish [3].

2. FINITE ELEMENT FORMULATION, IMPLEMENTATION AND ANALYSIS OF
COLD ROLLING-FLATTENING PROCESS

The problem under consideration in a basic concept in Fig. 1. is presented.

Roll

v
p  Neutral point
P

workpiece

Friction

: Torque :
forces

= e

Entry Exit
zone zone

()
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workpiece: thin plate (strip)

Hen > Py en — entry
Wep Wen ~ Wey ex — exit
Lo < lox I - length

(plane-strain deformation)
\Wo

/ Vex

o
1y

(b)

Figure 1. Basic concept of cold rolling process of thin 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]:

J' HA;SU S e Q=g (1)

ty
v

where all variables are referred to the last calculated configuration, after some
mathematical operations, the following linearized equilibrium equation can be written:

y oty

[ Cpoiebie,dV [ e, 8n,dV=""R= ("7 6e,dV )
y ty iy

There are:

Stresses:
S =TS ; S 3)

t~y t~y
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Strains:
HA; Elj :t EU ) t el] :tez] +t 771] (4)
1 1
€y = 5( u, +tuj,1) A :Etuk,: Uy ;- (5)
and:
t SU :t Cz]rx terx > 5t€y :5fe1] (6)

Equation (2) in incremental displacements based updated Lagrangian formulation, in
matrix form can be given as follows:

'BL,C'B. AV + [!Bh t'BydV |a=

IV IV
T ~
- IHS I+Athdt+AtS+ J'HTt+Athdt+AtV_ J;B{tTdtV, (7)
H-AtSf I+AIV IV
or:
t t tHALp t
(,KL+,KNL)U: "S'R-{F, (8)
where:
o 'K, Ky - linear and nonlinear strain incremental stiffness matrix
o AR - vector of externally applied nodal point loads at t+A¢
e U - vector of increments in the nodal points displacements
o« IF - vector of nodal point forces (equival. to the element stresses)
e« H'H - surface-and volume-displacement interpolation matrices

trateS +8pB _vectors of surface and body forces

o !B, !By - linear and nonlin. strain-displacement transformation matrices
e C - incremental stress-strain material property matrices
e ‘1’1 -matrix and vector of Cauchy stresses.

Friction between roll and workpiece is modelled with friction layer technique [7]. This
technique is based on experimental observations which have shown that shear stresses at
the contact of die-workpiece is essentially equal to material yield shear stress multiplied by
material-dependent constant 7. In order to simulate mentioned behaviour, fictitious layer
of finite elements is placed at the die-workpiece interface. Stiffness matrix of each
fictitious finite element is multiplied with the stiffness matrix multiplier 3:
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p=mf(1~m) ©)

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. 1.

Table 1. Geometrical and material properties

Property Symbol Value
Initial height Ay 6.274 mm
Output height Py 5.385 mm
Roll radius R 79.775 mm
Initial workpiece length 2 16 mm
Elasticity modulus E 70 GPa
Friction factor m 0.25
Yield stress Oy 50.3 MPa
Poisson's ratio v 0.30

Stress — strain behaviour in elastoplastic range is described with equation:
1 026
0':50.3(1+——g ] 10
005 ° (10)

Finite element mesh consisted of 126 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. If greater values for friction factor are used [10], 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.

140E

Legend:
T Lin and Yang
Lin and Yang
—— Li and Kobayashi
— Liu et. al.
— This paper
— Al-Salehi et. al.

= ' = Analytical solution (Bland and Ford)
Figure 3. Pressure distribution

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 of the 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. Relative velocity fields in workpiece during rolling

4. CONCLUSIONS

Using large 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 loads 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 well 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. INTRODUCTION

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
properties in order to make the operation successful.

As far as the tools are concerned, in cold extrusion fatigue cracking of the die is the most
important cause of failure [1,2]. Generally tool life is much more constrained by fatigue
cracking than by wear. On the other hand 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 problem 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 tool life: Lange et al. [5] proposed a Fatigue Analysis
Concept to estimate tool life during the process and tooling design phase; Hansel et 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 load and to the die strength.

It 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 AIST 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 tool life: 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 level 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 load 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:



Optimal DIE Design for Cold Extrusion 347

the basic idea is to determine the analytical linkage 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 fulfill 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):

0 =210¢*" [Mpa] 1)

A typical cold extrusion die material has been utilized in the numerical simulations of the
process, namely AISI D2 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 (o)
and proposed a solution based on the Upper Bound method. The optimal o value is the one
able to minimize the total forming energy i.e. the one which lets the best compromise
between the energy dissipated by friction (which decreases at increasing c) and the
redundant work (which increases at increasing o).

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)=t1.+ ((;1

‘:r°)) (z-2)+(@-2)(z-2)[P(2)] @

Zo
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where (z,; 1,) and (z;1,) are the coordinates of the points of the profile corresponding to the
die entry and exit respectively, while P (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, 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, 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) =1+ ((;: — Z)) (z - 20)+ (z - 22)(z - zo)(z + p) (3)
Among the die shapes belonging 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°.

Zo3To)

(Zo¥o)

(b)

T

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 the
analytical function able to express the linkage between the design variables of the
optimization problem (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, z;-z,). As far as the output variable is
concerned, 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.

It has to be underlined that the profiles which assume values out of the range [r,, 1,], have
been excluded from the test class 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 t0 O, in the die. The obtained data sets have been
structured as follows:
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