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PREFACE 

Manufacturing a product is not difficult, the 
difficulty consists in manufacturing a product 
of high quality, at a low cost and rapidly. 

Progress in materials and manufacturing sciences and technology, as weil as in intelli
gent machining systems, promotes an increase in productivity and a decrease of costs and pro
duction time without compromising the reliability of the products. In the new global and 
national condition the competitiveness of products depends in turn on their quality, which is 
becoming increasingly relevant. 

The International Conference on Advanced Manufacturing Systems and Technology -
AMST is held every third year. The First International Conference on Advanced Manufacturing 
Systemsand Technology AMST'87 was held in Opatija (Croatia) in October I987. The Second 
International Conference on Advanced Manufacturing Systems and Technology AMST'90 was 
held in Trento (Italy) in June I990. The Third, Fourth an Fifth Conferences on Advanced 
Manufacturing Systemsand Technology were alt held in Udine (Italy) asfollows: AMST'93 in 
April I993, AMST'96 in September I996 and AMST'99 in June 1999. 

The Sixth International Conference on Advanced Manufacturing Systems and 
Technology - AMST'02, which was held in Udine in June 2002, aimed at presenting up-to-date 
information on the latest developments - research results and experience - in the field of 
machining of conventional and advanced materials, machine tools and flexible manufacturing 
systems, forming, nonconventional processes, robotics, measurement and control, quality, 
design and ecodesign, rapid prototyping, rapid taofing and manufacturing, materials and 
mechanics, thus providing an international forum for a beneficial exchange of ideas and fur
thering a favourable cooperation between research and industry. 

Elso Kuljanic 
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THE DYNAMIC CLUSTER STRUCTURES: 
A NEW MANUFACTURING PARADIGM FOR 
PRODUCTION OF IDGH-TECH PRODUCTS 

J. Peklenik 

Department of Control and Manufacturing Systems, University of Ljubljana, Slovenia 

KEYWORDS: duster structure, elementary work unit, production unit, networking, education, subject. 

ABSTRACT. The contribution discusses a new approach how to organize the development and manufac
turing of high-tech (HT)-products by small and medium size enterprises. The paper introduces the 
concept of a dynamic production duster (DPC), explaining its structure and operation. The importance of 
the cooperation between research and development units (RDU) and production units is stressed. The 
market analysis represents the basis for forming the dynamic production duster. The role of continuous 
education of the subject on various Ievels is explained. 

1 MOTNATION AND OBJECTNES 

Since the introduction of computers into manufacturing technology and the production of various 
products in 1952 [1], the trend of ever increasing application of these devices has become the 
leading direction in the industrial development. Modem computer equipment and software devel
opment have provided the means and methods for an unprecedented advancement of the 
production of goods for global markets. 

It is, however, necessary to point out that these developments in manufacturing have decisively 
contributed to the improvements and competitiveness of the companies that are financially and 
from the managerial viewpoint capable of investing and irnplementing these advanced production 
means and methods. 

On the other band, national manufacturing industries reveal a very large number of small and 
medium size production systems. These frrms have, in comparison with large companies, some 
apparent disadvantages. Let us review and analyze the reasons for this conclusion. 

In order to become or to remain competitive on the markets, the manufacturers of products must 
be able to continuously execute a number of vital activities required in the production of goods. 

The analysis of the markets represents the frrst and very important step, providing the answer to 
the question, whether a product, planned or improved, will have competitive chances on the mar
kets. Only if the result of the inquiry is positive, the product development should be introduced. 
An important step in this procedure is making and testing the prototype. Mter this step has been 
assessed as successful, there follows the design of the product for manufacturing, planning, pro
gramming, fabrication of components, assembly and testing. The on-time delivery of the products 
to the customers is an imperative! 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 



2 J. Peklenik 

All these steps must be implemented by applying the best and the most advanced work methods 
and technologies in order to offer to the markets a competitive product ofhigh quality. 

The complexity of the work methods or/and procedures, as weil as the complexity of modern 
manufacturing technologies require highly knowledgeable and competent subjects on various 
Ievels, as weil as the financial means in order to implement the production with advanced machin
ery processes, information technologies (IT), etc. to accomplish the objectives. The Ievel of 
investments into the subjects as weil as the equipment and information technologies is so high that 
only weil designed, weil equipped and managed factories of a certain critical size can be success
ful in this complex world of manufacturing. 

The chances for small and medium size enterprises to become successful are very small due to the 
fact that: 

they are hardly to develop an innovative product based on new and advanced research 
accomplishments and be competitive; 
manufacturing technologies and work methods supported by IT do not only require the 
financial means, but also advanced knowledge and creativity on a wide spectrum of activi
ties; 
marketing of these firms is usually not capable of providing reliable answers about the 
chances of the products on the markets; 
the risk capital for support of these firms is very difficult to find. 

A large and economically strong company can, of course, meet these requirements, but a small 
or medium size firm is definitely not in the position to fulfill all the conditions related to the 
marketing development, fabrication and selling. On the other hand, a large company is usually 
not flexible enough to meet very randomly variable input orders, quickly enough. In addition, 
the organizational structure of a factory is fixed and difficult to change. Also the structure of 
subjects working in the factory and their knowledge does not always meet the Ievels required 
for the development of innovative products, their manufacturing and management and control 
of the factory on various Ievels. 

Due to the fact that e.g. in the EU the small and medium size companies (SME) employ about 66 
% of all employees and generate 56 % GNP. The most important objective is to find new ways 
and means of how to improve the productivity and competitiveness of SME on the global markets 
with innovative products ofhigh quality. 

In order to accomplish these objectives, it is essential to develop a new manufacturing paradigm, 
different from the over ninety years old F.W. Taylor paradigm [2] still in operation. The condition 
for such a development is a very close cooperation between marketing as an economic entity, 
research and development, and the production systems. 

2 THE EXISTING STRUCTURES OF PRODUCTION SYSTEMS 

In order to establish a basis for the comparison between classical manufacturing structures, the 
proposed dynarnic production clusters might be useful to reassess the basic manufacturing struc
tures operating today. 



A New Manufacturing Paradigm for Production of High-Tech Product 3 

2.1 STRUCTURE OF A CLASSICAL PRODUCTION SYSTEM 

Figure 1 illustrates a cybemetic structure of a factory system exhibiting three levels of activities, 
which arevital for the manufacturing ofHT-products [3]. The frrst level is focused on the strategic 
formulation of the production policy and on the decision mak:ing process. The second level is 
responsible for the managerial activities in generat and for planning development, marketing, 
commercial activities and manufacturing standards in particular. On the third level - the manufac
turing processes necessary for the fabrication of products are implemented. 

The rnajority ofthe production systems (factories) today is structured as shown in Figure 1. 

KEYWORDS: FACTORY, CIU, MULTILEVEL SYSTEU 
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FIGURE 1. Cybemetic structure of a factory 

2.2 CLUSTER STRUCTURE OF A PRODUCTION SYSTEM 

The last two decades exhibit a strong influence of the inforrnation technology on manufacturing. 
Not only the CNC-rnachinery and equipment for fabrication of components have been intensively 
affected, also the work processes and procedures such as design, planning, scheduling, production 
control decision mak:ing, marketing etc. have been computerized to great extent. This has led to 
more effective implementation of the human work and faster adaptation to changes of manufactur
ing technologies. 



4 J. Peklenik 

The efficiency of the work force and management in factories have increased tremendously due to 
the introduction of local and global networks (e.g. LAN, INTERNET, INTRANET). These devel
opments offer new opportunities in the search for a new paradigm in this field. W e know that the 
globalization of markets has forced the industrial enterprises into greater production flexibility. 
The response and delivery time for the orders is a decisive factor in this highly competitive envi
ronment. That means that the structure of the production system must exhibit a very high 
adaptability in terms of a quick fabrication adaptation regarding the 

type of products A, B, ... K 
number of orders NA, N8 ... NK 
number of customers C (C1, C2 ••. Cn) 
time of incorning orders TA T 8 T K 

Figure 2 illustrates the stochastic structure of the incorning orders for products A, B . . . K and 
customers Cl, C2, ... CH. Also the tirning of orders varies randomly. 
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FIGURE 2. Stochastic structure of incorning orders 

These stochastic characteristics of incorning orders generate problems in the planning and control 
of fabrication activities and require a highly adaptable system. 

Several years ago the formation of a production system as a duster of several enterprises appeared 
on the industrial scene. Figure 3 yields a duster structure of a production system [ 4-7]. The main 
manufacturer (MM), who is the duster Ieader, conducts the marketing research for a product to be 
developed and manufactured. In case that the analysis reveals a positive answer, the MM initiates 
the development and product prototype. Usually the product development takes place in bis own 
factory. Only in exceptional cases an extemal R&D-unit is employed. There follows a selection of 
partners or cooperators K" K2 ••• Kv, and the information networking of the duster units by LAN, 
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INTERNET, INTRANET, ect. Transport logistics also represents an integrative means in forming 
the duster. Of course, the principle of the virtual enterprise plays an important role in the integra
tion ofthe decentralized production units [4,7]. 

This type of structuring provides a move effective production, better control, higher flexibility and 
adaptability of the units integrated into the duster. MM is responsible for all the important deci
sions and the coordination of the activities within the duster. 
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FIGURE 3. Cluster structure of a production system 

3 GENERIC MODEL OF A DYNAMIC PRODUCTION CLUSTER, DPC 

Our brief survey of the existing production systems indicates that the manufacturing paradigm is 
slowly changing, turning away from the F. W. Taylor approach [2] to the more adaptable duster 
structure [5]. However, it should be stated that some deficiencies could be observed in the duster 
structure of a production system as shown in Figure 3. 

With the globalisation of markets, the competitiveness of the SME may considerably be affected 
when compared with the large international companies (LIC). The criteria, which have to be con
sidered, are: 

marketing 
development of HT -products 
innovations related to the HT -products and manufacturing technologies 
product quality 
usage of IT technology 
human resources 
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T ABLE lo Comparison of the relevant criteria for a successful operation of productions systems 

LIC-Large International Corporations SME-Small & Medium Size manufacturers 

MARKETING 

very professional and worldwide IIimited and more or less localized 

HT -PRODUCT DEVELOPMENT 

top Ievel due to human resources and finan- llimited due to insufficient knowledge, finan-
cial means cial and human resources 

INNOVATIONS RELATED TO PRODUCTS & MANUFACTURING TECHNOLOGIES 

with strong intentions to get on the market and 

strongly supported, promoted and finan-
stay thereo Innovations depend on the creativ-
ity and knowledge of the owners or the 

cially rewardedo Advanced research on 
employeeso Financiallimitations regarding 

related problems, also support from research 
investments into new technologies impedes 

institutions 
the innovation processo Research institutions 
are only very seldom asked for helpo 

QUALITY OF PRODUCTS 

ho h 0 0 0 0 h 0 I is properly pursued only if knowledge and tg pnonty pursmt wtt out a compronuse fi 0 1 d ~q1 mancta means are a e uate 

USAGE OF INFORMATION TECHNOLOGY 

in manufacturing activities and various other depends upon the available IT -knowledge 
processes is intensive and wide spreado which is rather limited in SMEO There are also 
There are almost no limitations financial restrictions 

HUMAN RESOURCES 

selection of high quality human resources is high quality human resources are exceptional 
top priorityo Financial questions are not of and rarely selected by the company ownero 
great importance There are financiallimitationso 

Table 1 compares these criteria in terms of LIC and SMEO 

The analysis of the criteria for a successful operation of the SME manufacturers shows that the 
only way for these enterprises to become competitive in a certain niche against the LIC, is as fol
lows: 
lo The SME must cooperate with a R&D-unit or the institution which is responsible for re

search and development in the field of SME interest; 
20 The human resources of SME must get the opportunities to increase the knowledge re

quired for the activities related to marketing, HT-product development, quality and usage 
of IT in manufacturingo This means that additional education of the subjects is necessary; 

30 The state must create a policy which will enable the SME manufacturers to invest into the 
infrastructure, particularly into the software and hardware of the information and control 
systemso 
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On the basis of this analysis a generic model of a DPC has been developed [3]0 Figure 4 shows its 
conceptual model. It consists of three subsystems: 

the production units PU" PU2 000 PUno 
research & development unit (RDU) and 
a virtual unit for coordination, control and marketing (CCMU)o 

The selection of various units depends upon the HT -product to be manufacturedo That means: 
a) market anticipations for a particular HT -product; 
b) the production capacities of the cooperating PU8 -units, induding their technological 

capabilities, must be well-known; 
c) the knowledge of the subjects (managers, designers, operators etc) on various Ievels of 

activities is required the knowledge on information and computing technologies is particu
larly important; 

d) capabilities of PU to invest and 
e) RDU dealing with research and development in the field or related field of the proposed 

HT -product. 

RD- UNIT 
RESEARCH, DEVELOPMENT, EDUCATION 

HT PROJECTS HT 1, HT2 , ... 

NEW TECHNOLOGIE$ 

-·INTERNET 

CCM- VIRTUAL UNIT 
COORDINATION, CONTROL, MARKETING 

ORGANISATION 

COORDINATION 

DATABASE 

FIGURE 40 Generle model of dynarnic production duster 

Based on this information, knowledge, related market and economic analysis, the formation of 
DPC for a certain HT -product can be implementedo 

It should be stressed that, if the HT -product is changed, the selection and integration of cooperaing 
units PU" PU2 000 PUmas weil as RDU must be modified in order to get optimal duster structure 
for the manufacturing of this particular product. 
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3.1 STRUCTURE OF THE PRODUCTION UNIT, PU 

A production enterprise consists of one or more production units PUl, PU2 ... PUl<.. They are 
equipped with proper machinery, subjects (operators, group Ieaders, managers etc) intemal trans
portation equipment, LAN-local area networks and perhaps the INTERNET connection. A typical 
structure of PU is shown in Figure 5 

In order to get a unified basis for structuring the PU and integrating it into the duster, the concept 
of the elementary work system EWS has been proposed [9]. 

INPUT 

ORDERS 

PRODUCTION UNIT PUn .............................................................................................................................................. 1 

I 
!ouTPUT 

! COMPONENTS 
! PRODUCTS 

•·········· ........................................................... .1 LP 
0 

I L ________ ~0&_~~-~f_tr_~-~-~~-o~-~~e~~~~~--RN_E_T ____ __ ________ J 

INTERNET 

- MATERIAL FLOW 

===:> INFORMATION FLOW 

L~, LP,- LOGISTIC LINKS-UP 

FlGURE 5. Structure ofproduction unit, PU 

Figure 6 reveals the structure of EWS. lt consists of the process P (cutting, drawing, computing, 
welding, etc.) the process implementation device PID (lathe, drawing table, computer, welding 
device, etc.) and the subject (operator, program designer, manager, etc). The block presentation of 
the EWS enables the use of the control system theory for the description of the PID and process 
behaviors. The subjects can be characterized by assessing his competence [10] for the job. His 
task is to determine the process conditions, to supervision the process and to communicate with 
other subjects. 

In case that the PID and/or the process P are computer controlled, a control system is introduced 
and connected via LAN with other workplaces for prograrnming, control and integration, Figure 7. 

3.2 RESEARCH & DEVELOPMENT UNIT, RDU 

The development of a HT -product represents a very complex problern for a SME manufacturer. 
The knowledge of the entrepreneur about the newest accomplishments in scientific and techno
logical research is usually lacking. This means that to develop a new HT -product he has to get in 
touch with an institution doing research in the field in which he is interested. However, the mecha-
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nism and the procedure required to establish such a link, should be developed and tested. The state 
with its development policy can, in this case, be very helpful. 

UTPUT 

COMMUNICATION WITH 

OTHER SUBJECTS 

FIGURE 6. Elementary work system EWS 

INPUT OUTPUT 

COMMUNICATION 

VIALAN 

COMMUNICATION 

WITH OTHER SUBJECTS 

FIGURE 7. Extended EWS 

To implement an active cooperation between the PU and RDU a mixed team should be formed in 
order to develop a new product or/and to improve an existing one. 

The same sort of cooperation applies also when new manufacturing and IT technologies have to be 
introduced in the PU. The education of employees is vital for a successful operation of production 
clusters. The RDU should organize short courses for e.g.: 

general work and communication with computers and networks; 
computer aided design CAD; 
technological process planning CAPP; 
NC-programming; 
computer aided planning and production control; 
quality control CAQ; 
etc. 
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There is another important problern which the RDU must address by creating cooperation with the 
production units. The development of an innovative HT -product requires creativity and compe
tence of the subjects working on the project. 

Figure 8 reveals the work system for the development of a HT -product in cooperation between PU 
and RDUs. It is necessary to form a PU-team supervised by a competent researcher and instructors 
from the RDU. The project is specified and the PU-team searches for solutions, supported by 
advice from the supervisor and the instructors. The PU-team should have the necessary knowledge 
as well as creative ideas contributing to the solution of the problem. This type of project approach 
has been developed at the Department of Control and Manufacturing System, University of Ljubl
jana and has proved very successful [11]. 

INPUT: 
PROJECT 

SPECIFICATIONS {X I 

FUNKTIONS ...... ..... x, 
PERFORMANCE . . . x, 
LOADINGS 
QUALITY 
RELIABILTY & 
LIFECYCLE 
PRICE 
TIME TO PROTYPE 
SPECIFICS ............. l\, 

FIRST INPlJT· KNOWLEDGE FROM PU • SUBJECTS 

BASIC KNOWLEDGE MATHEMATICS, 
MECHANICS, THERMO DYNAMICS, 
CONTROI., CA-DESIGN, MATERIALS 

CREATIVE IDEAS, 
INOVATIONS, 

ADDITIONAL KNOWLEDGE ON 

~~~~~~~~~ONTROI. 
RESEARCH RESULTS, 
COMPETITNE PRODUCTS 

HIGH LEVEL PROGRAMMING 
MICROPROCESSORS 

{xl HT ·PROOUCT 
DEVELOPING TEAM 

F~MPUn 

lul 

{VI 

OBJECTIVES { z I 

~~~.4%0t~dfo~~~~o 
TOTRIGGER: 

:~B~~~I!IP 
TO UNDERSTAND: 

:fo~~~-Jr!Ttmt~8&85 

TO LEARN HOW. 

-~bMW~&~m~9f 
. ~0 ~ea~k IN A TEAM 

FIGURE 8. Work system consisting a PU-team and RDU instructors 

3.3 VIRTUAL COORDINATION, CONTROL AND MARKETING UNIT, CCMU 

The formation of a dynamic production duster DPC is possible only if the marketing analysis 
indicates successful selling of a product. The operation of the DPC rnay only be promising and 
acceptable if the work, control and logislies are properly organized and managed. 

The question to be answered is: "How should the structure and operation of the CCMU be formu
lated in order to implement its integrative and coordinative role in the duster?" 

The inforrnation which is vital for the operation of the DPC and has to be at disposal, is listed 
below: 

survey and analysis of competitive products; 
detailed information about the manufacturing technologies and capacities, available in PU; 
data on materials, rnachinery elements, electrical and electronic elements etc., required for 
the HT-product, in addition, the costs, suppliers, delivery times, etc.; 
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information on the suppliers of manufacturing machinery and devices, tools, accessories 

etc; 
information on transport logistics; 
etc. 

The organization of the CCMU is virtual due to the fact that the individual PUs possess a Iot of 

information, and so do the subjects with knowledge required for the functions of coordination, 

control and marketing. In addition the contributions, particularly in marketing, are corning from 

the RDU. The localization of the active subjects of the CMMU and relevant data bases can be 

widespread, but interconnected via computer networks. The communication between the decision 

making subjects on different locations is vital for the operation of DPC. 

4 FORMATION AND OPERATION OF DPC 
Based on the presentation and explanations of the DPC concept, its formation as a cybemetic 

structure will be briefly discussed, Figure 9. 
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= 
= 

GLOBAL 
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{Y} -OUTPUT SPECIFICATION 
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FIGURE 9. Cybemetic structure of a dynarnic production cluster DPC 

The virtual unit of CCM, establishes what chances a certain HT -product may have. A team of 

production unit PUn consults a relevant RDU about the development of a HT-product vaguely 

conceived by the PUn. when the decision of this team is acceptable, the virtual CCMU starts the 

market research. If the results are prornising, the PUn and RDU form a team in order to develop 
this HT-product. The organizational team structure is shown in Figure 9. The specifications of the 
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project are defined as a set of requirements, the technical documentation prepared and the proto
type manufactured. 

After these steps have been taken the formation of the rest of the DPC is implemented. The selec
tion of the production units PUl, PU2 ... PUn is based on the economic interest of the PU to 
become partners on equal footing. Of course, the condition is that the criteria specified in previous 
discussion are met. That is to say that they have: 

adequate manufacturing means and technologies; 
adequate fabrication capacities in terms of delivery dates, quantity and quality; 
capable subjects; and 
an acceptable location. 

When forming a DPC it is important that the cybemetic and control system methods are applied in 
its structuring. The inputs and outputs of the cooperating units must be well known in order to 
control them as well as the entire duster. 

Illustrative example of a DPC. In order to test the proposed concept of DPC, in terms of economic 
and organizational suitability, the following simple example has been initiated. 

Manufacturers need for their products various sheet components with the following variations, 
Table 2. 

T ABLE 2. Example data 

Type Characteristics 

dimensions small medium large size 

materials A B c 
sheet thickness <2mm 278mm >8 

partstorder <5 5 730 >30 

shapes simple medium complex 

The cutting technologies employed for the fabrication of sheet parts as shown in Table 2 are: 
mechanical cutting with plate shears, piercing machines; 
electrical arc, flame cutting; 
water jet; 
laser beam. 

Five manufacturers PUl, PU2 ... PU5 have been selected for the test. They have CNC machines 
with the above cutting technologies available. The individual machines are not fully employed. 
The actual time in which the sheet components are produced varies between 20 % and 70 %, con
sidering the eight-hour work time. 

The aim is to increase the actual work time to 100% and later to increase it to two to three times. 
And the prospect is very promising. 
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5 CONCLUSION 

The structure of the dynamic production duster (DPC) represents an innovative approach in the 
forming and realization of all activities required for the manufacture of a HT -product by SME 
enterprises. The formation of the DPC is based on market research, executed with the help of a 
virtual coordination control and marketing unit (CCMU). 

The cooperation between the PU and RDU is vital for the innovation of the HT -products based on 
research in a certain field. By introducing this concept, the transfer of knowledge between PU and 
RDU will become very intensive and very efficient. The flexibility of the DPC is high and the 
results of the adaptation of the duster manufacturing structure to the market fluctuations will be 
extraordinary. 

In addition to these positive influences, further continuous education of the subjects of SME will 
contribute to a higher technical culture in the industrial environment. 
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RECENT DEVELOPEMENT AND TRENDS IN TOOL 
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ABSTRACT: The trend in manufacturing is towards the intelligent machining systems. The productivity 
and quality of the output of such a system, as weil as the machining cost, depend on many factors. One of 
the most significant factors for tool condition monitoring in machining is the sensor system. This paper 
reviews recent developments and trends in tool condition monitoring, among them are: the motivation for 
application of these systems in turning, milling and drilling, optical sensor systems, electrical resistance 
and temperature sensor systems, radioactive sensors, cutting force and torque measuring systems, 
effective power and motor current measuring systems, vibration sensors systems and acoustic emission 
sensors. A multiple sensor approach and its application in industrial conditions are discussed. Further 
investigations needed in tool condition monitoring and process monitoring are presented. 

1 INTRODUCTION 

The effectiveness of new machining systems has been lower than expected. The weakest part 
of the machining system is the tool, i.e. the cutting edge. Sometimes we do not realize that the 
cutting edge is working probably in the most severe conditions within the whole technical 
field. The specific cutting force in turning hardened steel could be more than SOOON and the 
temperature is around 1 000°C, when two surfaces are sliding one over the other without any 
lubricant. Namely, the coolant vaporizes before entering between the tool and the chip or 
between contact surfaces of the tool and the workpiece. The problern is how long the tool will 
be able to cut, i.e. what the tool wear rate or the tool life will be. The productivity, the 
machining cost, the quality, the integrity of the machined surface, and the profit strongly 
depend on tool wear or toollife. 

Not only the tool breakage is very important for the effectiveness ofthe machining system but 
the detection of tool wear as well. When the tool is wom the machining process has to be 
stopped and the tool must be changed. The rnachining system is not producing when the tool or 
the tool tip is changed. Since the operator is not available on a new machining system to 
determine when the tool is wom, there is a need for reliable and simple tool wear sensor 
systems. The chip form can change with the increase of tool wear, which could be very 
important in turning, since the long chip can stop the turning process in long-cut cases. The 
chip control system has to be used in such conditions. In milling, the chip is usually short and 
does not stop the milling process. From the author's experience a long chip can be obtained in 
face milling stainless steel with carbide cutter, even if the width of the workpiece is only 50 
mm and the cutter diameter is 1 OOmm. The chip could be more than 500 mm long due to the 
welding of stainless steel chips. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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Tool wear sensor system and, for tuming in some cases, the chip control system are the 
·minimum requirements for a successful functioning of a machining system. Advanced sensor 
design, coupled with signal processing technologies, provides improved information about the 
process condition thus enabling process optimization and control. lt is not adequate to have 
information relating solely to tool wear or to tool condition. Additionally, capabilities such as 
in-process quality control and machine tool diagnostics are the requirements of the future, i.e. 
there is a shift from monitoring the tool condition to monitoring the process conditions and the 
resulting part quality. 

Many different sensors are available for monitoring the machining systems, Figure l [1]. 
However, the most common sensors used in industrial conditions are force, power and acoustic 
emission sensors. The most important sensor is the one which ensures a successful and reliable 
machining process. 

In order to obtain almost an optimum performance of the machining system, there is a need for 
monitoring the following parts of the system: tools or tooling - state of wear; lubrication; 
workpiece dimensions and geometry; surface roughness; tolerances and surface integrity; the 
process itself, chip formation; cutting temperature and energy consumption. In practice, it is 
quite difficult to obtain the optimum. Therefore, it is important to identify the optimum and to 
come as close to it as possible. 
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There is a great amount of information re1ating to this topic. The first comprehensive survey 
was published by Miche1etti et.al. [2] in 1976 on tool wear sensors for cutting operations. A 
critica1 review of sensors for unmanned machining systems was pub1ished by Tlusty and 
Andrews [3] in 1983. Deve1opment and trends in monitoring and contro1 ofmachining process 
were published by Tönshoff et al. [4] in 1988. Other surveys had been published on various 
aspects of tool and process monitoring [5,6,7,8]. A comprehensive review was published by 
Byrne et al [9] in 1995. The review database of too1 condition monitoring was published by 
CIRP - Teti [10] in 1995. In 1999 the author of this paper partly covered the concept of 
intelligent tool [ 11 ]. 

The aim of this work is to investigate the recent development and trends in tool condition 
monitoring in machining process including tuming, milling and drilling with an emphasis on 
progressive tool wear, tool chipping, catastrophic tool failure, tool fracture and collision. 

2 TOOL WEAR SENSORS 

The tool wear sensors can detect the signal out from the tool, the workpiece and the machining 
process. According to Miche1etti et al. [2], there are continuous and intermittent systems, and 
direct and indirect measuring system. The continuous measuring sensor systems use measured 
data from the machining process, and the intermittent measuring systems take data only during 
intervals, i.e. when the tool is not in contact with the workpiece. 

2.1 DIRECT MEASURING SYSTEM 

Direct systems measure actual quantity of the tool wear, i.e. the flank wear land VB (average 
or maximum), crater wear, Figure 2, or the plastic deformation of the cutting edge, Figure 3 
[12]. According to the author's research, the plastic deformation of the cutting edge can occur 
in hard turning with carbides tool only few seconds after the start ofturning. 

~ l 
~ ~~--~--~~~~~~~~~~~ 

A·A 

FIGURE 2. Geometry oftool wear 
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Flank surface 

FIGURE 3. Plastic deformation ofthe carbides cutting edge 

OPTICAL SENSOR SYSTEM 

Optical sensor systems can be applied to cutting edge when the cutting edge is not in contact 
with the workpiece. Recent direct tool wear monitoring systems are most frequently based on 

machine vision by camera. Determining tool wear from processed images of wear zone of the 
cutting tool has been investigated for more than thirty years. 
A research for optical detection of tool wear is going on at the University of Udine - DIEGM, 
in order to develop an automatic system for tool wear measurement. The basic system for tool 
wear measurement used in the research is illustrated in Figure 4 . 

• Post Processing (contran, 
brightness, ... ) 
• Edge detection 
-Worn zone recognition 
- Measurement 

FIGURE 4. Basic System for tool wear measurement 
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The image of the tool wear is digitalized and processed by a computer. The algorithm used to 
detect the wom zone from the image is a high-pass bidimensional filter that enhances the 
edges. In this way a new direction algorithm will be applied for tool wom area detection. lt 
seems that the system is a promising one. The obtained data will be used for tool condition 
monitoring automatically. 

Kurada and Bradley [13] have published a review ofmachine vision sensors for tool condition 
monitoring. They covered the basic principles, instrumentation and various image-processing 
schemes used in the development of vision based on tool condition monitoring system-TCMS. 
Wong et al. [14] showed that there is a good corre1ation between tool wear and intensity of 
Iaser scatter pattem of the reflected Iaser ray. The system consisted of a Iaser focused on the 
machined workpiece surface in such a way that its reflected ray was captured through a digital 
camera. The deduced surface roughness was related to the tool wear. lt was found that it was 
very difficult to determine the tool wear by observing the roughness of the machined surface. 

According to Pfeiferand Wiegers [15] optical direct measurements are very promising for tool 
wear monitoring. They proposed a method for adaptive illumination of the tool wear area to 
obtain optimised camera images. In such a way several machined vision based on monitoring 
systems have been realized [ 16, 17]. Optical sensors systems can be used for workpiece surface 
quality measurement, i.e. Iaser focus system for circle form error, eccentricity and surface 
roughness, and stray-light sensor system for circle form error and for surface roughness 
measurements. Also, a Iaser triangulation sensor can be used to sense grinding wheel profiles 
during grinding. In general, optical sensor systems are sensitive to chips and dirt and suitable 
solutions have to be applied. 

ELECTRICAL RESISTANCE AND TEMPERATURE SENSOR SYSTEMS 

The electrical resistance sensors can be used to detect flank wear land of cutting tools. 
Some solutions were found in this field in the early seventies [ 8, 9, 10). 
In the nineties an important research, in this field, was done in cooperation among the Chair on 
Manufacturing Technology at the Laboratory of Machine Tool and Production Engineering 
(WZL) at the Technical University of Aachen, Fraunhofer Institute for Coating and Surface 
Technology (FhG-IST) in Braschwerg Fh-IPT in Aachen, and Fh-IZM in Berlin. The result of 
the research was an intelligent tool [ 18, 19]. The sensor approach is based on thin film sensor 
integration into the coating of the coated carbides insert for tuming operation. The concept of 
intelligent tool is given in Figure 5. 

In this way it is possible to detect the tool wear and the cutting tool temperature during cutting. 
The position and the dimensions of the wear zone are monitored on-line using geometrical, 
adapted mesh of strip conductors. The electrical resistance of this structure, during the signal 
processing correlated with their location, gives information of the wear geometry on the coated 
carbides insert. Also, it gives information ofthe temperature close to the cutting edge. 
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processing 
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- temperature 
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- compensate thermal expans10n 
- adapt cutting conditions 

FIGURE 5. Concept ofintelligent tool 

The advantages of such sensors are that they can operate on-line during machining, and there 
are no problems with dust, chips, coolant fluid, sensor fixing, and positioning. Therefore, to 
make such sensors, which have to work in very difficult conditions close to the cutting edge -
high temperature (more than 900°C) and high specific cutting force, the solutions have tobe 
found in different fields such as thin-film and surface technology, micro-structuring, bonding 
technology and cutting process monitoring. 

The first prototype of the force sensor integrated in a tool for turning using strain gages was 
done at the University ofPisa [20]. The sensor system is given in Figure 6. 

The advantages of the sensor system are as follows: no modification of the machine tool, 
negligible reduction of static and dynamic stiffness of the tool, no modification of the external 
dimensions of the tool, quick and easy installation on the machirre tool, adaptability to 
workshop conditions and acceptable cost. 

Since the tool cost is low in comparison to other cost in machining, the intelligent tool or tool 
condition monitaring system, even if more expensive than a conventional tool, could be a 
practical solution for tool and process monitaring in the future. 
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FIGURE 6. Schematic view ofthe sensor system with the strain gages 

RADIOACTIVE SENSOR 

21 

The research on radioactive sensors started approximately fifty years ago. Merchant et al. [21] 
developed a method for rapid tool life testing with radioactive cutting tool. Opitz and Hake 
[22] made a wear analysis of carbide tools by means of radioisotopes. After these publications 
a Iot of research was going on in this direction. 

E 
E 

..... 
I 

Active particle 

\ Tool geometry when the tool is wom 

FIGURE 7. Radioactive sensor 

At MIT Cook et al. [23] developed the micro isotope tool wear sensing method in 1975. The 
method consisted in placing a small radioactive particle, with an activity 1 o-8 Curie, beyond the 
cutting edge on a given distance corresponding to tool wear criterion for example, VB= I mm 
for rough tuming, Figure 7. When the tool wear reaches VB=l mm, the radioactive particle 
will be wom out too, and a drop of radioactivity will be noted. This method is very simple. 
However, it did not find industrial application due to radioactivity. Also, other radioactive 
sensors were not applied in industrial condition, for the same reason. 
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2.1 INDIRECT MEASURING SYSTEMS 

The tool wear, tool breakage and some important process parameters can be determined by 
applying indirect measuring processes. The main characteristics of the indirect methods are the 
continuity of measuring. These processes are generally less accurate than direct methods. 
In this section the measured suitable variables for industrial application such as cutting force 
and/or torque, electrical power and motor current, vibrations and acoustic emission, will be 
discussed. 

CUTTING FüRCES AND TORQUE 

The cutting forces andlor torque measuring systems are the most important for indirect 
continuous measuring monitoring. Intensive research has been done to correlate cutting force 
with tool wear since 1966 Micheletti [24]. 

The conditions, in this field, have completely changed in the meantime. The most important 
characteristic of the new dynamometers is the wire1ess signa1 transmission. This possibility 
Ieads us to a rotating dynamometer. 
The Kistler rotating dynamometer, Figure 8, is suitable for three forces and torque 
measurement. 

Dynamometer 

Accelerometer 

Cutter 

FIGURE 8. Kistler rotating dynamometer 

The advantage of this dynamometer is that there are no constraints of the dimensions of the 
workpiece in comparison to the plate dynamometer. The rotating dynamometer can be 
mounted on the spindie of a milling machine in production, and the workpiece can be of any 
dimensions. This dynamometer is suitable for measurements in milling, drilling and taping 
during machining in industrial conditions. The rotating dynamometer is composed of a rotor 
and a stator. The rotor is clamped between the spindie and the tool and the stator are fixed on 
the spindie housing near the rotor. 
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F IGURE 9. Measured cutting force in milling 

The measured cutting force Fe in milling, by means of the rotating Kistler dynamometer, is 
given in Figure 9, and the corresponding torque is illustrated in Figure 10. The investigation of 
cutting forces and torque in milling with the rotating dynamometer is presented in [25]. The 
disadvantage of dynamometers for force based monitoring is high cost and a Iack of overload 
protection. The overload can occur in case of tool collision. 
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FIGURE 10. Measured torque in mi ll ing 
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MACHINE INTEGRATED FORCE AND TORQUE MEASURING SYSTEMS 

For practical reasons, instead of using dynamometers, force measuring plates or rings are 
installed in the spindie of the machine tool or between the turret disc and the turret housing. In 
the latter the cross-sensitivity could be greater than the one in dynamometers. For example, 
Kistler commercial piezoelectric quartz force sensors, for use in machine structure, are 
available. 

FIGURE 11. Prometec flexible measuring plates. 

In Prometec flexible measuring plates- FMP [25], lD or 3D wedge-type measuring elements 
are applied. Ready-made standard distance plates are available for all commercial tool turrets. 
These sensors are over-load protected. An important characteristic of the sensors is high 
stiffness. 

Montronix presents force sensors with integrated charge amplifiers - ICA, Figure 12, which 
are designed specifically for fixed tool applications, for example, the lathe [27]. Also, they can 
be used in other machining operations, for instance, in broaching. These force sensors are 
available in retrofittable versions as weil as in more traditional versions designed to be 
embedded within the machine structure. The characteristics of the force sensors with ICA are 
as follows: fast response time to detect force transient, improved reliability and easier 
maintenance in industrial conditions. 

Pins, extension sensors, measurement of displace to detect the displacement or bending of tool, 
force measuring bearing, are weil covered in Byrne et al. [9]. Pins are extension sensors, which 
generally possess a low Ievel of sensitivity. They are suitable only for breakage identification 
during rough machining. 

Measuring the displacement or bending of tool in the direct vicinity of the cutting point 
represents a good approach for tool monitoring. However, the risk of disturbances due to chips, 
dirt and cooling lubricant is very high. Therefore, the use of such sensors is not recommended 
particularly when an automatic tool changing is applied. Force measuring bearing usually 
reduces the stiffness of the spindle. Since the spindie stiffness is very important it might be 
used in special cases. 
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Recent research on the application of sensors integrated motor spindie for monitorlog a flexible 
machining center was done by O'Donnel et al. [28]. A method for pre-processing of sensor 
signals is detailed and the performance of the sensor integrated motor spindie is examined with 
regards to realization of the process forces, detection of collision and spindie condition 
monitorlog in drilling. 

EFFECTIVE POWER AND MOTOR CURRENT MEASURING SYSTEMS 

One of the simplest sensors is the sensor to measure the current or effective power of the main 
spindie or the feed drives. The disadvantages ofthe sensors are as follows [1]: when the current 
or power ofthe feed drives is measured, the problems occur due to the friction in guide ways or 
in other places contained in the measuring signal, whereby this component is usually greater 
than the component of the signal, which is of relevance to the process and may fluctuate 
strongly in accordance with both the lubrlcation state and the transverserate [29]. Due to inert 
masses the output signal has a low-pass filter characteristic. The tool breakage is detected after 
the consequent darnage has occurred, due to the integrating characteristic of the measured 
parameters. 

The spindie power is proportional to the main cutting force in the direction of the primary 
motion, which is the least wear sensitive parameter. In spite of this, the first author [30] has 
found out that there is an increase in the sum of the spindie power and feed power of 
approximately 20 to 22%, when the face milling cutter is wom in comparison to the power 
when the cutter is sharp, Figure 12. Since the difference is significant, the power sensor can be 
used in rough face milling. Brons [30] came to similar conclusion. Such sensors can be used to 
detect collision, tool breakage and tool wear if adequately large enough cross-section areas of 
the cut are used. 

AP = 20 to 22 % of P 

0 0,2 0,4 0,6 0,8 1,0 
Tool wear, VB, mm 

FIGURE 12. The increase ofpower- spindie and feed- due to tool wear 
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VIBRATION SENSOR SYSTEM 

Oscillation of cutting forces induces vibrations of the machine structure, and these vibrations 
change due to tool wear. Vibrations are connected to natural frequencies of machining system, 
therefore, they are connected to system dynamics. Vibrations can be measured either directly 
by using a position transducer or indirectly by using an accelerometer. Widely used vibration 
sensors are accelerometers. Typical accelerometers for tool condition monitoring are given in 
Figure 13 and Figure 14. 

FIGURE 13. Single direction accelerometer - Kistler 

Vibration models as a function of tool wear and cutting parameters have been developed in 
order to understand the basic principles of the phenomenon and they have been used to obtain 
information for tool condition monitoring. Measurement ofvibration and signals analysis could 
be used for tool condition monitoring. Both systems for tool breakage detection and tool wear 
monitoring have been developed [9] . Breakage detection can be accomplished by detecting 
signal peaks that occur during tool breakage. Clearly, tool wear monitoring is a more complex 
task than tool breakage detection. 

FIGURE 14. Multiple direction accelerometer- Kistler 
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After acquisition and conditioning, the vibration signal is post-processed in order to extract 
features parameters to be used for tool condition identification. Several approaches have been 
tempted to detect tool wear state by feature parameters using different indicators: wavelet 
packet transform [32], time-series modeHing [33], Fourier frequency transform, signal root 
mean square [34], etc. The wavelet packet transform seems tobe very useful. 

Recently F.Klocke et al. [35], have developed a system for tool condition monitoring in mould 
and die milling finishing using a tri-axial accelerometer mounted very near the tool. Thus it 
was proved that the system reliability is high. Compared to the dynamometers and the acoustic 
emission sensors, the vibration sensors are less expensive and the results are more reliable. 

ACOUSTIC EMISSION SENSOR SYSTEM 

Acoustic emission for tool condition monitoring is a widespread research activity. Acoustic 
emissions are generated in the chip formation zone, thus information on tool condition and 
cutting dynamics are embedded into acoustic emission. However, there are other sources of 
acoustic emission, for example, the impact of the chip at the workpiece, friction on the rake 
face and the flank, crack formation and propagation and chip breakage. Several analytical 
models [36,3 7] for acoustic emission generation have been developed considering the chip 
deformation mechanism [38], the cutting parameters [39-41], tool and workpiece geometry, the 
type ofworkpiece material [42], and surface characteristic ofmachined workpiece [43][44]. 

In the past, several systems for tool breakage detection based on acoustic emission had been 
proposed [9][45][46]. The development of an acoustic emission-based monitoring system for 
tool breakage detection is quite simple. When the tool breaks, high-power pulse of acoustic 
emission is released, as shown in Figure 15. 

t [s] 
FIGURE 15. Acoustic emission tool breakage example 

Nowadays the industry requires on-line tool wear estimators to avoid, if possible, tool 
breakage. Thus, in recent years, research has been focused on application of acoustic emission 
for tool wear estimation. 

The acoustic emission signal is acquired by using sensors that must be placed very near the 
acoustic emission source to reduce sensibility of the environment noise. The acoustic emission 
sensor with integrated charge amplifier is given in Figure 16. 
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FIGURE 16. Acoustic emission sensor with integrated charge amplifier- V allen Systeme 

The acoustic emission sensor signal is processed in order to extract features parameters for tool 
state characterization. These feature parameters should reassume all the information on tool 
state contained in acoustic emission signal. A !arge number of parameters can be used for this 
purpose: root mean square (RMS) [47-49], auto-regressive time-series model parameters [50], 
Fourier frequency transform coefficients [51], skew and kurtosis [52], wavelet packet 
transform [53,54], etc. The correlation between feature parameters and tool condition is not 
simple. Thus, self-organizing information processing system should be used. Common used 
methods for tool state identification are: neural networks, polynomial networks (GMDH), 
fuzzy classifiers, etc. 

The state of the art regarding generation, detection, storage, processing and characterization of 
acoustic emission sensor has been presented by R.Teti and P.Buonadonna in the CIRP 
collaborative work "Round Robin on AE Monitoring of Machining" [55]. Acoustic emission 
signals have been acquired in three different laboratories and the obtained data have been 
investigated using state of the art methods in six different laboratories. A standard procedure to 
facilitate industrial application of acoustic emission in tool condition monitoring during 
machining has been proposed. 

Another important branch of research activities covers the application of acoustic emission 
sensor coupled with other sensors in order to obtain a multiple sensor monitoring system, 
which seems to be efficient and more reliable. 

3 MULTIPLE SENSOR APPROACH 

The need for a reliable tool condition monitoring system over a wide range of industrial 
application is taking research efforts towards a multiple sensor approach. By using multiple 
sensors, more indicators can be used for tool condition identification. Therefore, the 
monitoring system can be more reliable and more accurate. An integrated multi-sensor, i.e. 
acoustic emission and vibration sensor is shown in Figure 17. 
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b) 

FIGURE 17. a) charge amplifier, b) acoustic emission and vibration sensor- Prometec 

The main problern of single sensor system is its extreme specialization that makes it useless 
when the system is used in different conditions. By using more sensors at the same time, the 
system can be provided with self-leaming capabilities to adapt itself dynamically to different 
conditions. 

Signal Feature Parameter Sen~ors 
Condltlonlng Extraction 

Classlficatlon 
System 

FIGURE 18. Multiplesensor monitaring system 

Estlmated tool 
wear 

Figure 18 shows a typical multi-sensor monitaring system. The data obtained by different 
sensors are conditioned and features parameters are extracted independently from every 
channel. The acquired parameters constitute the input of a tool wear classification system. The 
result could be the estimated tool wear. The classification system can be realized by using 
neural networks, polynomial networks, etc. 

Intensive research has been done in coupling different sensors. In table 1, different sensor 
combinations of the sensors application are given, where: CF is Cutting Force, VI is 
Vibrations, AE is Acoustic Emissions, EP is Electrical Power, IP is Image Processing, NN is 
Neural Networks, FC is Fuzzy Classifier, GMDH is polynomial networks - Group Method 
Data Handling, SOM is Self Organizing Map - Unsupervised Neural Network, AR is 
autoregressive parameter extraction. 
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sensors 
CF VI AE EP IP 
X X X [66] 

X X A!&orithm [62] 

X X Tool [57] 
Geometry 

X X X Fuzzy Reasoning, NN [64] 
X X NN [60] 

X X GMDH [61] 
X X X X [67] 

X X [58] 
X X Data fusion tests [63] 
X X NN [56] 
X X SOM [65] 
X X X AR [59] 

lt is obvious that the multiple sensor monitoring systems are more reliable than single sensor 
systems. The question is which sensors combination will provide the required information at 
the minimum cost. 

4 CONCLUSION 

After more than thirty years of the tool condition monitoring research we still do not have 
reliable and simple solutions for industrial application. In accordance with the considerations 
presented in this paper, we may draw the following conclusions. 

The application of the tool condition monitoring systems contributes to improvement in the 
stability of the machining process, tool wear detection, prevention and detection of tool 

breakage, reduction of non-productive time, optimization of machining process, in-process 
quality control, etc. 

One possible solution for an intelligent tool system could be a new sensor system based on thin 
film sensor integration in the coating of a coated carbide insert. 

Rotating dynamometer as a sensors is more practical for milling, drilling and taping than the 
plate dynamometer, since it is mounted on the spindie of the machine tool independently of 

the size of the workpiece. 

Furthermore, vibration sensor are less expensive and yield more reliable results than 
dynamometers and acoustic emission sensors. 
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Since the cost of intelligent tool or tool condition monitoring system will be much lower than 
the cost of an intelligent machining system, the application of the intelligent tool or tool 
condition monitoring system will not significantly increase the rnachining cost on advanced 
intelligent machining systems. 

It is not adequate to have information based solely on the tool wear or on the condition of the 
tool. There is an equal need for monitoring the machining process conditions as well as the 
resulting part quality. 

There is also a need for suitable decision making strategy. The sensors and sensor systems 
must become integrated as a part of the intelligent machining system not only for the increase 
of the effectiveness of the machining system, but also for data acquisition, for example, 
machinability data acquisition, probably, by applying the first author's Integrated 
Machinability Testing Concept [68]. 

It will be of a further interest to investigate multiple sensor monitoring systems regarding 
reliability and flexibility, practical application and cost. 
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ABSTRACT. This paper presents a new approach to predict the manufacturing accuracy of given work
piece geometries by comprehensive numerical simulation of the whole meta! cutting production process. 
The intention of the simulation is to determine dynamical influences of the machine tool structure, the 
meta! cutting process and the CNC/PLC on the precision of the workpiece. The simulation of metal
cutting manufacturing consists of four elements, which depend on each other: a CAM module, an elasto
kinematic model of the machine tool structure, a model of the cutting process, and a simulation of the 
CNC/PLC. After the simulation of the manufacturing process, the actual workpiece geometry is weil 
known. A comparison of this geometry and the nominal workpiece geometry is the basis for an optimiza
tion of the NC-Code. The result is an improved manufacturing precision. One application of this 
simulation system is to obtain higher manufacturing accuracies on weak machine tool structures. 

1 INTRODUCTION 

In up to date CAM-systems numerical control code formachirre tools is generated autornatically. 
If this NC-Code is used, the resulting workpiece differs from the CAD-model. Unaccounted inac
curacies between the real system and its model cause deviations above the design tolerance. These 
deviations can be due to wear, vibrations ofthe machirre tool with respect to the tool, milling cut
ter deflection and thermodynamic influences. These influences are not modelled completely yet 
[ 1]. This is the starting point of the department of virtual manufacturing at the Institute of Produc
tion Engineering and Machirre Tools at the University of Hannover, founded by the lower saxony 
ministry for science and culture. This paper shows how the process simulation, the machirre tool 
simulation and the NC-program simulation will be linked and merged in one comprehensive sys
tem. 

To enable the virtual machirre tool to create and optimise the NC-program, a CAD-model of the 
real machirre tool plus further boundary conditions (type of machirre control, tool data etc.) is the 
input data. The comprehensive model is the basis for a simulation of the cutting process and opti
misation ofthe NC-program. 

It is almost impossible to specify all influences in one comprehensive model. There is no compre
hensive perception of the interaction between single influences and the workpiece, as a huge 
number of interactions occurs ( cutting tool deflection, cutting behaviour, damping properties of 
the machirre tool, thermodynarnic influences, etc.). Therefore weil known models of single influ
ences can be integrated into the simulation model. The interaction between the influences can then 
be investigated to figure out if some influences can be neglected. The quality of the model and the 
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simulation will be approved by comparing results of the simulation and machined components. 
Optimisation criteria are dimensional stability, finish quality, machining time and costs. 

Influences can be classified in four groups: rnachine tool (kinematics, dynamics, capacity, etc.), 
tool (geometry, wear, cutting material, etc.), workpiece (material properties, surface properties, 
etc.) and cutting process (forces, cutting parameter, arising temperatures, etc.). 

These groups will be integrated into the cutting simulation system (CutS), developed at the Insti
tute ofProduction Engineering and Machine Tools. The comprehensive simulation system consists 
of separate modules, each containing several models. The general principle of modelling and 
simulation and the modules will be described in the following. 

2 GENERAL PRINCIPLE OF MODELLING AND SIMULATION 

A model is a simplified representation ofa system. Simulation is the process ofimitating (appear
ance, effect) important aspects of the behavior of the system in real time, compressed time, or 
expanded time by constructing and experimenting using the system model. Studying the behavior 
of the system by modelling and simulation is necessity in the case of the machine tool system. A 
computer simulation model can be tested and proofed in two different ways. Figure I shows the 
paths for model verification. 

real system 

model 
verification 

modeHing 

FIGURE 1. Model verification 

model 
verification 

model 

theoretical 
prediction 

At first the real system, in this example the machine tool, has to be represented by a model. This 
model can be expressed in a approximated or analytical theory and a simulation. The theory and 
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the simulation result have to be compared with the experimental result. If the simulation result is 
not close enough to the experimental result, the model must be improved. That means, modeHing 
is an iterative process. This is the procedure of specified cutting simulation system. 

To develop a comprehensive simulation ofmanufacturing processes the described procedure must 
be repeated several times. So it is necessary to generate a modular simulation program, that will 
easily allow changes of single models. Up to date approaches try to include all physical behaviors 
in one closed system of equations. With these models the verification can be done like in figure 1, 
but ifthere are deviations at the results there are no chances to find out the reasons. 

The new approach is to model complex systems in a modularized way. This will give the opportu
nity to include well known but inexact models and substitute them if there are new perceptions. In 
the following modeHing of the appearing processes and the structure of the simulation system is 
explained and an example model is shown. 

3 MODELLING THE CUTTING PROCESS 

The cutting process is the most significant part of the manufacturing process. A Iot of researchers 
are engaged with the modeHing and simulation in the scope of cutting, chip formation, and the 
contact between tool and workpiece. Various existing models specizy the shear zone and the shear 
plane respectively while cutting or strain process is in progress [2]. These models determine the 
present strains and temperatures as well as the graded index and contribute to the determination of 
workpiece stresses during the cutting process. 

To calculate cutting forces in CutS, an analytical approachwas chosen. The implemented module 
of cutting simulation is based on the theories of Merchant, Shaw, Oxley and the semi-analytical 
approach of Armarego [3][4][5]. The models are enlarged by theories oftribology. These theories 
are necessary to describe tool wear [6]. The cutting forces themselves are influenced by the fric
tion coefficient and the resulting tool wear. To test models that are influenced by microscopic 
material properties FEA will be used also. Most approaches concentrate on macroscopic relations 
and calculate the median of appearing stresses. The new model integrates works that investigate 
plastic and elastic stresses and rheology models which can be imported through solids subdivided 
into parts. 

With the input parameters, speed, width of cut, cutting velocity, tool angles for all directions etc. it 
is possible to calculate the cutting forces, temperatures and strains. Coupled with dynamic and 
static behavior ofthe machine tool, it is possible to predict the momentary surface formation point. 
The exactness ofthe prediction depends on the modelsthat are chosen. 

The forces, temperatures, friction coefficients, and strains are calculated three dimensional and 
time-dependent because of the dynamic process behavior that is assumed in the simulation model. 
As an example the prediction of cutting forces is shown exemplary. In the following the cutting 
force prediction module is presented. 
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PREDICTING CUTTING FüRCES 

In this part, as an example, the prediction of tunring process cutting forces is described. Figure 2 
visualize the parameters of turning. 

w o:rkp:i:ce 

D, 

FIGURE 2. Parameters ofturning 

The workpiece diameter is reduced at the difference between 0 2 and 0 1 .. This is called the depth 
of cut. The Rotation is Vc and the cutting feed is vr. The geometric circumstances are explained in 
the figures 3 and 4. In turning processes the cutting velocity has an inclination angle 1C (oblique 
cutting angle), and thus the directions ofshear, friction, chip flow, and resulting cutting force vec
tors have components in all three Cartesian coordinates (x,y,z). 

The x axis is perpendicular to the cutting edge but lies on the cut surface, y is aligned with the 
cutting edge and z is perpendicular to the xy plane. The forces exist in all three directions. The 
important planes are the shear plane, the rake face, the cut surface xy, the normal plane xz and the 
velocity plane. The angle between the shear and xy planes is called the normal shear angle <l>n· The 
shear velocity lies on the shear plane but makes an oblique shear angle <1>1( with the vector normal 
to the cutting edge on the normal plane. The sheared chip moves over the rake face plane with a 
chip flow angle 11 measured form a vector on the rake face but normal to the cutting edge. The 
friction force between the z axis and normal vector on the rake face is defined as the normal rake 

angle Yn· The friction force on the rake face ( Frr ) and normal force to the rake ( Fv ) form the 

resultant cutting force ~ with a friction angle of p. The resultant force vector ( Fz) has an acute 

projection angle of <I>K with the normal plane, which in turn has an in-plane angle of <l>n + Yn with the 
normal force Fv. <l>n is the angle between the x axis and the projection of Fz on the normal plane. 
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FIGURE 3. Shear, force, velocity diagrams 
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FIGURE 4. Geometrie of oblique cutting 
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The outcome ofthis is the following geometric relations: 
. sin ef(" . e . . 

Frr=Fzsmp=Fz. ~sm~rc=smrsmT] (1) 
sm 1] 

tan(e +r) 
F = F tan p = F n n ~ tan(e + r ) = tan p COST] (2) 

Ty v v COSTJ n n 

The velocities of chip ( vc ), shear ( v 1 ), and cutting ( ve) form the velocity plane as shown in 
figure 4. Each velocity vector can be defined by its Cartesian components: 

v; +::::] (3) 

By elimination V, Vc and v. from the velocity relation 

the geometric relation between the shear and the chip flow directions can be obtained. 
tanJCcos(<Pn -rn)-cosrn tan<PK" tanT] 

(4) 

(5) 

(6) 

(7) 

Now the geometric relationships are defined. To predict the cutting force, it is necessary to make 
some assumptions. From the geometry, the shear force is expressed as a projection of F in the 
directions of shear. 

FFib = FAcos(en + <Pn)cosel<" cos<Prc + sin erc sin <Prc] (8) 

Another possibility is to take the force as a product of shear stress and shear plane area. 

Fpfb =r.A. =r(-b_y ___ h_) (9) 
cos JC J.. sm <P n 

where A.,, band h are the shear area, the width of cut, and the depth of cut (uncut chip thickness), 
respectively. By equation the two shear force expressions the resultant force is derived: 

F = r.bh (lO) 
z [cos(en + <Pn) cos el<" cos <PI<"+ sin ef(" sin <PK"]cos J( sin <P n 

The assumptions regards the shear angle and the ship flow angle. There are up to 50 different 
theories [2] for prediction these angles. The same problern appears with the material constants. 
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Until now there are no assumptions about friction or thermal effects. This is done through the 
Coulomb friction law which integrates the slip-stick effect. By including the energy input of the 
system it is possible to calculate the current temperatures. Even if the theories are chosen, the 
equations can only be solved by iteration. To enable calculations ofhigh dynamic processes, like 
cutting, the times step size has to be variable. This becomes more important if the machine tool 
dynamic is integrated into the simulation. 

CUTTING PROCESS MODULE 

The cutting force prediction module is divided into single model parts, as shown in figure 5. A 
workpiece material model, the cutter geometry and the cutting parameters plus the decision which 
cutting process are chosen (tuming or milling). Than the cutting force prediction module calcu
lates the cutting force surface with a chosen shear angle, friction and temperature model. The 
cutting force prediction module interacts with the machine tool model, and the environment tem
perature. The environment temperature interacts with the heat dissipation caused by the cutting 
process. The machine tool needs the cutting tool edge location and the appearing forces to calcu
late the machine tool movement and the cutting tool deflection. 

machine tool 
movement 

cutting force prediction module shear angle model 

friction model 

temperatures model 

environment temperature 

FIGURE 5. ModeHing the cutting process 

4 MODELLING THE MACHINE TOOL 

The machine tool design is very important for the dynamical behavior of the machine tool struc
ture. Also it is necessary to include the elasticity of the clamping and the cutting tool into the 
machine tool model. 
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The machine tool model is separated into different parts of the real machine tool. One part is 
called the machine tool structure model, it represents the machine structure. Other parts are models 
of the workpiece, the cutting tool and the numerical control system. All these parts form the ma
chine tool module. 

Figure 6 is a principle overview of the machine tool module. The dataflow will be shown in the 
following. The CAD model which represents geometric data of the machine tool is extended by 
information about material properties, damping properties of the parts and their connections. This 
information is stored in a database and has been developed by experiments during the design and 
assembly of the machine tool. A software tool is under development to extend the CAD model 
with definitions of sliding contact bearings, bearings, spindie and drives, that means all moveable 
parts of the machine tool. The datamodel is now prepared for a meshing with subpart-elements, 
which are based on the Superelement technique [7]. The subpart-elements were developed during 
the proceeding of the project. With these subpart-elements it is possible to create a multi-body 
system to calculate the dynamic behavior ofthe machine tool structure. 

CAD-models 

• maschine tool 
• cutting tool • material 
• workpiece • damping 

machine tool model 

FIGURE 6. Machine tool module 

A separate model of the cutting tool enables the possibility of tool changes during the manufac
turing process. The structure of the tool is treated like the machine tool structure and is coupled 
with the tool fitting. The cutting tool can be a milling or a tuming tool, depending on the selected 
machine tool structure. The cutter deflection is calculated time dependent during the dynamic 
simulation ofthe cutting process. This is achieved by the implemented multi-body system. 

The workpiece is modeled in the geometric shape of the raw part. The clampings fix it to the 
clamping plate with a static force, that has to be entered before calculations. The subpart-elements 
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mesh is more detailed than the machine tool structure to raise accuracy of the prediction. It is 
possible to choose a constant property allocation or a statistical allocation for material design. The 
first one represents the median which is determined by tension tests and the second one is a closer 
approximation of real circumstances determined by grinding patterns. 

The workpiece simulation will include a model of the elastomechanic properties to determine the 
system response of force effects and a model of the material properties to determine the surface 
properties and reactions to thermal influences. 

A control unit model is necessary to simulate the machine movements. So it is possible to send 
NC-code to the application, and NC-commands will be executed step by step. The NC-commands 
will be translated and transferred to the virtual spindie drives and this will force the movement of 
the dependent machine tool parts. 

The machine tool module interacts with the process module and the NC-program. This way the 
dynamical behavior of the machine while cutting is calculated. The result of the calculation is used 
to recalculate the cutting forces and predict the surface properties. 

The graphical representation and the aim of the Simulations system are described in the next 
chapter. 

5 THE SIMULATION SYSTEM 

The machine tool module and the process module and their connection are implemented in the 
simulation system. Output parameters are input parameters for the depending module. Calculation 
results are visualized in the graphical user interface. The visualization is done during or after the 
simulation process. 

The input parameters to simulate the machining process are shown in figure 7. The machine-tool 
on which the machining should be processed, must be well known. The CAD-model, the material, 
darnping and elastic properties of the machine tool have to be defined before simulation can start. 
The raw part of the workpiece has to be known and the cutting tools that are in use need similar 
datasets as the machine tool. Now the machine tool module preprocesses the dataset as described 
in the chapter 'modelling the machine tool' (exten4 CAD-data, mesh, etc.). 

After preprocessing the machine tool dataset, the simulation system expects the NC-program. It is 
possible to create the program online on the CNC/PLC interface like on a real machine tool con
trol unit. Furthermore a CAM system can be used to create an NC-Program nearly automatically. 

When the NC-program is imported or coded manually, the simulation system is ready to start. The 
machine tool module and the process module are interacting while processing the NC-blocks step 
by step. After processing the NC-code, the workpiece surface is well known. 

The cutting sequence and the differences between target and actual contour are visualized. Addi
tionally the machining time and workpiece tolerances are calculated and plotted as a result. If the 
simulation result is not close enough to the planned workpiece surface, form, dimension and/or 
machining time, an optimization process can be started. If the machining strategy can be im
proved, the reprogramming of the NC-program is necessary. An automatic change is not 
implemented yet. 
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FIGURE 7. Cutting simulation system (CutS) 

6 CONCLUSION AND OUTLOOK 

This article presented the systematical proceeding to simulate cutting processes in one compre
hensive model. The modelwill be part ofthe cutting simulation system (CutS), which is currently 
under development. With a suchlike system it is possible to simulate the machine tool behavior 
under machining conditions. The presented modelling, simulation and verification process will be 
continued. The quality of the model and the simulation will be approved by comparing results of 
the simulation and machined components. An experimental machine tool is under development 
for this pm-pose. 

The simulation of machine tool behavior has two considerable benefits. The start-up times of 
cutting processes will be shortened by reducing costly tests on real machine tools. The tests will 
be performed on a virtual machine toöl. The system can be used in the design phase to predict 
properlies of the designed part. In this stage changes can be done with mean effort. This will 
reduce failure costs in progress planning. 
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ABSTRACT: Today knowledge management must be understood in this way that knowledge essentially 
contributes to company's success. 
Successful companies use new and specific methods of knowledge management with the objective to 
become faster, better and eheaper than the competitors. Knowledge is the key for this and not only the 
product, the capital and the personnel of the company. Good knowledge management correlates with 
company's success. 

1 INTRODUCTION 

Today knowledge management must be understood in this way that knowledge essentially 
contributes to company's success. 
The introduction and use of information and communication (IT)-technology alone is not 
sufficient. To only Iook on hard figures for company's success like financial indicators, e. g. 
profit, marketshare etc., Ieads to a wrong point ofview. A holistic consideration shows that the 
so-called weak aspects, which cannot be fixed by real figures, e. g. customers relationship, 
patents, special strong facts of the company and its products essentially guarantee the future 
life ofthe company. 
Therefore, knowledge is the understanding of relations and causalities, and is essential in 
making operations effective, building business processes or predicting the outcomes of 
business models. 
Knowledge-management is a conscious and systematic decision making about the best use of 
scarce resources under uncertainty to achieve Iasting improvements in an organization' s 
performance. 
So modern knowledge-management Ieads to a new kind ofthinking in a holistic dimension. 

2 THE BRIDGE TO COMPANY'S SUCCESS 

PTW and McKinsey created a survey which very clearly shows the correlation between a good 
knowledge management and company's success. This is a very new point of consideration. 
We analysed companies of different industrial sectors (fig. 1), roughly equally throughout 
Europe, the US and Japan. 
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FIGURE 1: Participants of Knowledge Management Survey 

As a result of more than 400 interviews with 100 specific questions a database with almost 
50.000 entries was generated. At each company we conducted 8 managers of different 
management Ievels: R & D, procurement, production, marketing, sales and the chief executive 
for knowledge-management. A special performance indicator reflects the company's process 
and financial performance (fig. 2). 
Using this indicator we categorized the top 15 companies as "more successful" and the bottom 
15 as "less successful". Figure 3 shows the remarkable differences of the performance figures 
of the more and the less successful companies. 
Analyzing the state-of-the-art and the actualliterature we found a basic set of 139 knowledge 
management techniques. Regarding this in the survey we got a fundamental statement 
considering the relationship between a good knowledge management and the company's 
success. 
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FIGURE 3: Performance figures, 1995-1998 
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We defined six characteristics ofknowledge that distinguish from other aspects: 

Subjective - the interpretation of knowledge is heavily dependent on individual's 
background and the context in which it is used 
Transferable - knowledge can be extracted from one context and profitably applied in 
anewone 
Embedded - knowledge invariably resides in a static and often buried form that 
cannot easily be moved or reformulated 
Selfreinforcing - knowledge does not use value when shared, indeed its value grows 
when widely distributed 
Perishab/e - over time, knowledge becomes outdated, especially for an individual 
organization, although there can be unpredictable volatility 
Spontaneaus - knowledge can develop unpredictably in a process that cannot always 
be controlled 

Naturally, knowledge has to be managed optimally in all functions of a company. In this paper 
it is demonstrated on R & D, for instance, because this function is responsible for the 
determination ofthe costs ofa product (fig. 4). 

100% -

• ca. 80% of IU1owledge must 
be applled ln lhe earty R&D
phele ct pnx1uct Ufe 

• At fhe $1WMIIme appr. 20% of 
capltal must be ln-"d 

FIGURE 4: Application ofKnowledge and Product Life 

time 
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Product life becomes shorter and shorter and creates a complexity pit (fig. 5). 
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FIGURE 5: 10 Years Changes ofProduct Life and PayoffTime 

Therefore, we have three centralized sections ofproblems (fig. 6). 

V 

V 
operating Ievei 

practical level V 

Management must handle 
knowledge focused on 
compare objetives companies 

R & D must be organised 
corresponding to the 
necessary knowledge 

Knowledge must be defined 
and ready for appliance 

FIGURE 6: Levels ofKnowledge Management in R&D 
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At the practical Ievel knowledge must be created, transferred and applied 
(fig. 7). 

individual 

group 

creation of 
knowledge 

Spontaneaus 

Self- reinforcing 

transfer of 
knowledge 

Embedded 

Transferable 

application of 
knowledge 

Subjective 

Perishable 

FIGURE 7: Knowledge Proces e of Practical Level 

At the Operating Ievel we found three instruments, which could be individually configured (fig. 
8). 

FIGURE 8: Methods ofOperating Level 
At the objective Ievel a feed back control process must be installed (fig. 9). 
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FIGURE 9: Feedback Process ofObjective Level 

But only the very close correlation of the generat objectives with benchmark data Ieads to the 
company' s specific targets (fig. 1 0). 

External datas 

-; 
Benchmarking 

closed loop automatic system 

FIGURE 10: Introduction ofBenchmarks 
The comparism with the benchmarks allows to create sections of activity with different 
priorities. Industrial and global sectors must be regarded (fig. 11, 12). 
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lndustrial-
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r-
1 32% transferable -32% 

embedded -23% _ -10% _ j 39•1. 
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b o% self-reinforcing -12% _ 
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j 30% _j 12% -1% 

-
spontaneaus -21% _ -12% _ I s7% 
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FIGURE 11: Divergencies ofBenchmarks Tolerances ofDifferent Industrial Sectors 

An example, a machine tool manufacturer with a turnover of appr. 500 Mio Euro, shows the 
efficiency of a good knowledge management. 

Europe us Japan 

c h~ c 

subjective j 4% -16% _ _] 18% 

transferable .J 6% -12% _j 6% -

embedded ·1% __j 11% -13% __.:. 

_jB% -45% 
- r- J 49% self-reinforcing 

perishable -10% - 10% -3% -
spontaneaus _} 6% -6% ...... -5% -
Average ...2!!..J ~ ...2!!..J 

FIGURE 12: Global Divergencies ofBenchmarks Tolerances 
The objective to achieve the technology leadership forces to use knowledge as a factor for 
differentiation and strong competition. The average annual growth demands for new 
organizational structures and processes. The growing personal number Ieads to the necessity to 
compensate the knowledge gap. The globalisation demands for changes in the management and 
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communication sector. The use of a special normalized analysis model (fig. 13), developed at 
PTW, allows to find the priorities for the activities (fig. 14). 
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FIGURE 13: Closed Loop System 

Normalized activity 

1,61 

1,42 

automatic control 

1,93 

2,09 

0 0,5 1,0 1,5 2,0 

FIGURE 14: Priorization ofthe Specific Necessary Activities 
Based on this it is possible to derivate and to introduce the necessary relevant strategies (fig. 
15). 
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task Best practice solution 1 
1 Installation of a competition-oriented Detailed comparision by external I 

knowledge in purchasing department benchmarking 

2 Installation of a competition-oriented Permanent analysis of costs and process 
knowledge base in R&D performance 

3 
Access to external information in lnfonnation services (internal and 
product marketing external) by interne! 

4 Installation of a market oriented Cooperation with external service-
knowledge base organisations 

• • 
• • 
• • 
• • 
• • 

1. 

FIGURE 15: Examples of Activities Considering Spontaneaus Knowledge 

3 CONCLUSION 

Successful companies use new and specific methods of knowledge management with the 
objective to become faster, better and eheaper than the competitors. Knowledge is the key for 
this and not only the product, the capital and the personne I of the company. Good knowledge 
management correlates with company's success. 
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ABSTRACT. Basic, time proven design principles are a key factor for successful industrial experiments 
today, as they were in the past. One must also take into proper considerations practical aspects and human 
factors, easier said than done with some characters - and some situations. Simple guidelines may help in the 
difficult task of selecting a compromise between abstract formulations and real world constraints, a 
recurrent problern with no general solution. 

1 INTRODUCTORY RUMINATIONS 

On a side you've got abstract principles, theoretical considerations, and on the other one dirt, 
mistakes, practical constraints; in a nutshell "All is fair in love and war", and that sure applies 
to experimental work at shop floor level. No platoon leader ignores that with the smoke of the 
first shot fired in anger up and away go all elaborate theories and abstract strategies of military 
school, all he's left to fend off with are guts, cohesion between mates and leadership, and 
precious little else. On the factory floor life's seldom at stake, reputation however is; important 
decisions must be takenon the spot, armchair strategist's comfort is denied, and consequences 
aretobe faced squarely. There's nothing wrong with such a situation, though; once the initial 
shock is over, and you've come to appreciate that it's also piranhas besides catfish in the 
stream, you can play the game, and find some fun, too. The script may well range in between 
kiddy cartoons and westems, perhaps with a fair sprinkling of comics. 
Let us recall a few incidents collected over some four decades. In the early fifties here applied 
statistics and DOE were a non starter in mechanical engineering, control charts were just 
showing up in QC; probability paper had to be ordered abroad, or painstakingly band rnade on 
the drawing board. No access to modern computing facilities, non-existent or priced sky high; 
clumsy, noisy electromechanical calculating machines of Fisher - Yates vintage were the rule 
for all sort of computations. Printing calculators were slow, their rigid, inconvenient format 
entailed anyway plenty of transcription and input work, a sure source of errors; everybody 
feared the dreaded moment a sum ofsquares would turn up negative, sure sign you'd better start 
all over again from scratch. In linear algebra inversion of a 6x6 matrix even with the 
abbreviated Gauss-Doolittle method entailed half a day's hard work, even when the mandatory 
check via identity matrix gave eventually the green light. 
Sure enough you'd better think twice about numerical problems, the price for the wrong choice 
could be stiff. Then electronic calculators came, and digital computers; nothing like what even 
kids have today, in the late sixties a HP 2116B was as large as a kitchen refrigerator, had a 4k 
memory (that's right, a measly 4096; no mega, no giga) and cost would top a quarter million € 
in today's term. Input/output were via a 10 car/s teletype, programs were recorded on punched 
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paper tape in ASCII code; sometimes eitber puncb or reading bead went awry like voting 
macbines in tbe last presidential election in Florida, and you were in a big mess. Hornemade 
software was tbe rule, diagnostics were cryptic at best if at all existent, and to flusb out bugs 
Sberlock Holmes' flairwas needed- or eise. 
Wbat bardly cbanged witb time is tbe interaction witb tbe otber guy, tbe cbap we bave to 
cooperate (or figbt) witb ifmeaningful results are to turn up. Tbere's a wbole rogue gailery of 
tbem, let's take a guided tour, taking a leaf or two off a well-wom diary; by tbe way, we're not 
talking about fiction, and don't believe tbis experience is an exceptional one. 
Be on tbe lookout for tbe guy wbo's a notcb too sbarp, or just a plain cbeat; in tbe course of a 
comprebensive round robin test program on material testing metbods one cropped up wbo tbought 
be could just as weil dispense witb a Iot of test work and feed us witb fake results, wbo' d notice 
anyway. Weil, tbe moment I smeiled tbe rat I feit personally stung, and started plotting result after 
result on control cbarts; sure enougb sometbing pointed straight in bis direction, yet on tbat 
evidence only we couldn't nab tbe man. So we fed bim some samples taken from a Iot witb 
peculiar properties be wasn't aware of, and sure enougb a properly concocted set of "results" soon 
came back- wbicb blissfully ignored facts real tests would bave clearly shown. That's all we 
needed to throw to the round file whatever came from that Iab, labe! it as an unreliable source, and 
exclude it altogether from tbe final report, duly published; the man didn't have the gail of asking 
how we came to that conclusion. 
Lazy people are a nuisance, however I've found at my expenses many years ago that idiots or 
simply careless people may be even worse; there's plenty ofthem around nowadays, an old adage 
says the mother of fools is always pregnant. In the course of an extensive experimental 
investigation on surface properties performed for a !arge industrial concem we couldn't make 
head or tails of results on many tests, some aspects simply couldn't be explained. After double 
checking and recalibrating the setup, and having the inexplicable results confirmed by replication, 
error in identification of experimental material - supplied by the customer under his responsibility 
- came to be the only possible explanation, and after days and weeks of inconclusive work we 
faced the man with evidence at hand. At first he outright rejected even considering that possibility, 
then pushed to the wall he shrugged and admitted that, after all, a rnistake might have occurred, 
but why make all that fuss ... A strong temptation of doing summary justice here and there was 
resisted out of sheer laziness, after all getting rid of all idiots would be such a formidable task as to 
dwarfthose ofHerculean fame. 
There's hardly a more damaging character tban tbe big sbot wbo believes be knows everytbing, 
and acts accordingly. He may Iet you work, but on his conditions; no DOE please, it won't work, 
just do wbat I teil you and tbat's ail you're expected to do, I already know whatever we need to 
know about tbis stuft so your work bere isn't reaily needed, is it? Unless you managetoperform 
behind his back a meaningful test program, meaningless results is wbat you get saddled witb 
according to his recipe, and be'll not fail to throw in for good measure he already knew it. Wasted 
time and plenty of frustration is wbat you get working under tbese conditions; you end up wiser, 
and leam bow to deal witb such fellows- one ofthem is one too many. 
Sulfuric, vicious characters may prove to be hard to deal with, and rather unpleasant too. The 
manager of a !arge pipe rnill we were called into to perform badly needed tests simply wouldn't 
toterate us around his machinery, and we were wamed against crossing him; no way ofinterfering 
witb production in bis fiefdom, wbere machines kept breaking apart. The task was by no means 
easy, meaningful signals of a few m V bad to be extracted from strain gage circuitry under strong 
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electromagnetic fields originated by electrical machinery in the MW power range, signal to noise 
ratio in the beginning was abysmally low; heat, dust, noise and vibration galore. No problem, we 
were graciously permitted to work on Saturday night and Sunday as late as we wished, provided 
we packed up and disappeared before Monday's morning shift- after that it would be a mere 300 
km car ride back home. Everybody slept in the car but the driver; we took turns at the wheel and 
still remernher how hard we struggled against falling asleep while driving in the night, thoroughly 
done. By the way, results were obtained, a nasty source of fatigue failure was tracked down and 
remedial action pointed out, so the case was dosed. Full credit for the team's survival goes to 
Heavens, of course. 
There's plenty offine, cooperative people around it's a pleasure to work with, I've made a number 
of good friends among them; however they don't make headlines, it's a case of dog bites postrnan. 

2 BASIC PRINCIPLES 

Let's restriet to where it belongs the Aristotelian/deterministic frame of mind, we know 
experiments only can provide proper answers to some questions; problern number one is, how 
to exploit efficiently time and resources available. By the way, the logic of knowledge buildup 
established by dassie Greek philosophers hardly changed over the last two dozen of centuries, 
the revolving sequence "thesis -7 hypothesis -7 synthesis" still holds true today. No matter 
what the field, some sort of "a priori" knowledge is often available, if only at the Ievel of gut 
feeling. A dassie knowledge fusion device, Bayes' theorem, may then be exploited, giving at 
the same time a wide berth to the infamous postulate, hardly beyond criticism. 
Exploitation of a priori knowledge, even if scanty, is particularly needed at planning stage, 
where practical decision must be taken, such as which factors and responses - and within which 
ranges - should be considered, which materials, instrument systems, tooling & machines are to 
be used, usw. A priori knowledge invariably affects our choices, which are best made taking 
into account the strength of available evidence, that is giving nature a fair chance of disproving 
our expectations whenever based upon flawed information. A cydic nature is therefore typical 
ofthe cognitive process, since on the ground ofpriori knowledge, that is tentative model No. I, 
we design the first experiment and analyze its results. Synthesis or fusion of results with 
previously held concepts Ieads to an a posteriori model No. 2 (hopefully improved), which may 
in turn provide the foundations for a second experiment, and so on. When analyzing 
experimental results an all too common whine sounds like "if only I'd known that", therefore it 
makes sense to adopt darnage control devices such as keeping some spare resources just in case, 
or if at all possible a sequential approach. 
We'll deal here only with that subset of experiments in which factors may be made to take 
selected Ievels within a given range, and responses observed accordingly. A test entails 
therefore controlled, substantial stimulation of the system under consideration, and recording 
selected output signals, as opposed to passive observation typical of such fields as astronomy 
and meteorology, in which planned system stimulation is generally out of question. 
Two major problems appear in experimental investigation, namely one due to the finite amount 
of resources and the second to the well-established fact that if Iady luck is as blind as a bat, 
jinx's got an uncomfortably sharp sight. Let's examine how we can tackle both, with a dear 
understanding that sometimes failures are unavoidable, it's a fact oflife we've got to accept. 
Given r factors (either quantitative or not) ar-dimensional space may be defined accordingly, 
where the subset under consideration, that is the sample space, is defined by the ranges 
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pertaining to variables. Standardization makes sample space a segment ifr = 1, a square ifr = 2, 
a cube ifr = 3, and a hypercube ifr ~ 4. Within the sample space experimental design is defined 
by coordinates of the n treatment combinations, corresponding to test points, whose number n is 
defined on technical and economic grounds. 
Common sense would suggest spreading test points evenly over sample space, avoiding 
overcrowding as well as voids. Thus the old and inefficient criterion of "one factor at a time", 
that is exploring sample space only along coordinate axis, is disposed of once and for all by 
simple space filling logic, since it leads to ignore systematically large regions without a shred of 
justification. Let us recall a sentence R.A. Fisher wrote with his characteristic style in the mid 
'twenties, debunking forever what was then accepted as common wisdom, 
''No aphorism is more frequently repeated in connection with field trials, than that we must ask 
Nature few questions or, ideally, one question at a time. The writer is convinced that this view 
is wholly mistaken. Nature, he suggests, will best respond to a logical and carefully thought out 
questionnaire; indeed, if we ask her a single question, she will often refuse to answer until some 
other topic has been discussed." 
That is, attempts of explaining a complex real world in terms of overly simplified linear, additive 
models are necessarily bound to fail, as they cannot account for interactions and non-linearity. A 
no nonsense approach to experimental investigation addresses squarely the issue of higher order 
terms, to be dropped eventually should they prove negligible. 
Everything's fine as long as n >> r , and exhaustive exploration of sample space is possible; 
difficulties do however arise whenever the number of tests is limited, and/or stationarity is far 
from granted. Estimates of order of magnitude of main effects, with substantial uncertainties, may 
be obtained as long as n > r , below that level from investigation one slips into gambling. As a 
good start, and simple too, it's worth exploring every vertex ofsample space, that is taking n = 2r, 
corresponding to two-level factorial designs; some replications and a center point are worth 
adding whenever possible. Second order effects of both single factors and their interactions may 
be investigated taking n = 3r , at the price however of a substantially !arger number of tests. 
No matter which design is selected, it necessarily represents a filter between a variegated real 
world and the finite set of conclusions which may be supported by a finite sized experiment, a fact 
which requires careful consideration. In the elementary case of r = I , n = 2 , sample space is a 
segment whose end points only are accessed; no inference may be drawn in between, nor is an 
estimate of error available. At two Ievels only, our "green tinted spectacles" of Kant's paradigm 
cater only for green (linear) models, a good starting point in many instances, a far cry from 
accurate description in other cases. 
Let' s stick to the elementary case of r = I , with sample space boiling down to a unit segment of a 
straight line. The n test points allotted may be spread out evenly without replication, spaced 1/(n-
1) apart, or piled up in two heaps sized n/2 at both ends of segment, or any other pattern. In the 
first case no degrees of freedom are left for the estimate of pure error, and n- 2 are allotted to lack 
of fit, the opposite being true in the second case; as for the third, a mixture of the former two 
would apply. Again, in the first case a polynomial up to the n- 2 degree can be fitted, while in the 
second uncertainty in the estimate of slope would be lowest; there' s no way of having both at the 
same time, just as you cannot have your pie and eat it. Either extreme options are justified in 
particular circumstances; as a rule they are not, and a sensible balance between estimation 
capabilities in several directions appears more reasonable a choice. 
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In a given sample space, for any combination of r and n , should model's form be known, 
identification of an "optimal" experimental design is a simple enough mathematical exercise in 
terms of a selected objective function, e.g. minimization of uncertainty in parameter estimates. 
Such a result should not be construed into proving the superiority of the so derived design over 
any other one, for in fact the opposite might weil be true, a truism the freshman may be 
uncomfortable with; hardly so whoever's got a modicum of practical experience under bis belt. 
First of ail, optimal designs are necessarily tailor fitted to a given model, and fare distinctly worse 
than general purpose designs ifactual model's formturnsout to differ from the assumed one, that 
is they're seldom robust to model changes. Furthermore, they are prone to dictate test point 
concentration on sample space borders, to the expense of inside regions that may weil be close to 
actual operating range, where dependable information is a key requirement. Last but not least, in 
industrial work several responses are considered as a rule, the case of a single one being an 
exception; a model adequate for one may be ways off the mark for another. Optimal models Iook 
great on the blackboard; they're however seldom worth considering in applied work, where solid, 
reliable tools are preferred to fragile analytical niceties. 
Sometimes resources hardly permit reaching at ail the goal, forget about how; targets must be 
soberly redefined in terms ofwhat's at band, larger uncertainties and less strict significance Ievels 
accepted out of sheer necessity - and made to be accepted to ail involved parties, easier said than 
done. A thin budget entail cuts in replications, reduced effect separation capability, and larger risk 
of error when interpreting results. In order to address the situation adequately, proper attention 
must be paid to an often overlooked facet of the problem, since unbeknown to us something 
devilish may actuaily be working towards our demise; according to a coroilary of that 
fundamental axiom familiar in every lab - Murphy's law- "Mother Nature is a bitch". 
That is, besides the set of factors under control, or at least known, there's a whole array of others 
uncontroiled and even ignored at ail, which may weil play havoc with our experiment by causing 
on responses effects we may blissfuily ascribe to the wrong cause. Not only may thus uncertainty 
be blown out of proportion, but also inherently false results may be arrived at. Not to take proper 
precautions would be irresponsible just as surfing the net with no anti-virus worth speaking of; the 
experimental design must therefore pack proper defensive devices, along with those aimed at the 
maingoal. 

3 STATISTICAL TOOLBOX 

Application of statistical devices may lead to positive results in experimental work - just as in any 
other endeavor- only if guided by common sense, a commodity whose demand may weil exceed 
supply in not a few instances. Let us consider a few items of a checklist best kept in mind at 
preliminary stages, hopefuily before getting definitely committed. 

Identify main goals and scope of investigation right at the beginning - and, do so in a properly 
organized meeting, with all interested parties in attendance, with a properly drafted agenda and 
minutes initialed by whoever's taking part in the exercise, first and foremost the guy who's going 
to foot the bill. It may be not that easy, especiaily under emergency conditions when results are 
needed urgently, but it's definitely worth the effort; in other words, the price of failing to do so 
may be rather stiff. Resources, expectations, factors and responses, who' s going to do what, must 
be spelled out beforehand, not as an afterthought. Tostart without a clear plan "in order to save 
time" is a sure recipe for misunderstandings, bickering and eventual failure. 
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Insist on quantitative responses if at all possible - just recall Lord Kelvin's adage. People argue 
easily about words, properly documented figures leave little room for discussion. If qualitative 
responses must be dealt with, make a point of insisting on scales with universally agreed reference 
terms, as e.g. in Mobs or Weizenbach scales. Needless to say, quantitative measurements are a 
farce if gages and instrurnents are not properly calibrated by competent technicians, and traceable 
to the relevant standards; in case of doubt do check right away. 

Replication - Andrews went as far as affirming that the three most important R in experimental 
work are .... Replication, Replication, Replication! (Snee et al., 1985). The man was worth its salt, 
scatter/noise/error is a key component of system's signature, the premier way of estimating it is by 
replication - no mere repetition - of actual tests. Precision of estimates derived from n replicates 
increases by a factor proportional to ..J n , distribution of averages tends to normal form no matter 
how individual elements are distributed, and above all unbiased estimate of error may be obtained, 
a key factor in all tests. Repeatability is assessed, and precision of estimates may be made to 
match requirements, given of course the needed resources. 

Randomization- horror stories abound on the devastating effects of Superposition over a "regular" 
factor of a lurking variable, no one in his senses would add his name to an already long Iist of 
absurdities derived according to the infamous principle "post hocergo propter hoc". Again, R. A. 
Fisher showed that protection at reasonable cost is readily available, just allot randomly 
experimental material, time order of tests and whatever eise may conceivably affect test outcome. 
By assigning to each and every treatrnent combination the same probability of being allotted to 
any given time span, operator and machine a major portion ofbias is averaged out, the remaining 
part becoming a legitimate component of error. Randomization's like insurance, in that by paying 
a moderate price in terms of planning complexity coverage is obtained against potentially 
devastating occurrences. It may not be that easy, situations may dictate otherwise; in field work, 

you may face an angry Count Almaviva with as much leeway as the hapless Don Basilio had at 
the businessend ofthe gun's barrel, and behave accordingly. 

Blocks - as a rule tests performed in the same day, on the same setup, on the same Iot are more 
uniform, and enable comparisons more sensitive than when a wide range of situations is involved. 
On the other band, tests must be performed on different days, on different machines and by 
different operators, if only to ensure general validity of results. The overall design may however 
be split up in a patchwork of subsets, or blocks, inherently more uniform. By accommodating 
contrasts to be privileged in comparisons within blocks, precision and generality are preserved, 
while between blocks comparisons evaluate overall variability, a term to be reckoned with. The 
price's paid mainly in terms ofa more complex organization oftests. 

Alias & confounding - nice as it would be estimating effects unaffected by all factors but one, 
time and resources often do not permit it. When the number of tests allowed exceeds but 
marginally the number of factors considered, aliases must be accepted as a fact of life. That is, 
estimates of single and combined effects are more or less inextricably mixed with some unwanted 
terms, usually corresponding to interactions of an order high enough to make it plausible to 
assume their expected value is small enough not to upset the apple cart. Some all important terms 
may be privileged at the expenses of others, or if need be a few additional tests may be added later 
on, if added precision is worth the price. What's really needed is to make it clear right from the 
beginning to the executive in charge, whose statistical knowledge may be a wee bit rusty, that 



Industrial Experiments - Theory and Practice 67 

savings in tests come to a price he must be ready to pay in full, and that in DOE just as in any 
other endeavor there are no free lunches. 

Resolution- a nickname for confounding and aliasing, typical of fractional replication of factorial 
designs. Resolution III designs entails confounding single effects with two-factor (double) 
interactions, acceptable at screening level only when identification of the vital few out of the 
trivial many is the main goal. At least Resolution V is required for routine work, single effects 
being confounded with quadruple interactions, and double interactions with triple. Any available 
hint about the presence of interactive effects helps in selecting resolution level; as a rule in 
presence of several effects of comparable order of magnitude at least some sizable interactions are 
to be expected, as inadequacies of simple additive models are exposed. 

Sequential experimentation and model validation - it makes sense to consider experimentation 
aimed at model building, and at model validation, as separate entities. Ideally the former should 
cater for model identification, and parameter estimation, while the latter must put model in 
jeopardy, expose its weak spots and describe shortcomings. When validation work is aimed at 
model improvement, sequential experimentation steps in, where every stage is planned according 
to the outcome of the previous one, and provides the grounds for the next set of tests. When at all 
feasible such a strategy may lead to substantial savings, as after conclusion of most large scale 
testing information is gleaned on the advantages offollowing another way- if only we'd known it 
beforehand. Dynamic rescheduling and reprogramming testing in the light of fresh information is 
the buzzword, not to be confused with jaywalking - that is, hopefully so. And, in any case, never 
empty your magazine with the first volley, few people ever regretted saving a lump of test 
resources for a second round. 

TABLE 1. Main requirements and methods in DOE 

Requirements Methods 

Clear identification of goals, Statistical and specific techniques appropriate for proper 
priorities, and resources selection of: factors and Ievels, responses, testing 

equipment and procedure, field of application 

Protection against effects of Experimental design: material & test instruments control, 
factors uncontrolled or ignored blocks, randomization, ANOV A, AN COV A 

Systernatic error prevention Blocks (balanced ifpossible), proper techniques, 
randomization, replication 

Univocal results Quantitative responses and standard test procedures; 
otherwise, use scales with recognized reference terms 

Error & noise evaluation Replication, randomization, residual analysis 

Accuracy of estirnates, adequacy Resolution, replication, randomization, orthogonal 
to stated purposes comparisons, ANOV A, AN COV A 
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4 BASIC EXPERIMENTAL DESIGNS 

Let us recall the main features of typical experimental designs, starting from the simpler ones 
catering for first order models, where additive effects only are considered and any interaction 
among factors is ruled out. More involved structures afford as a rule better precision, and 
enhanced protection against lurking factors; these benefits are paid for in terms of more complex 
management of experimental work, and increased vulnerability to such facts of life as mistakes 
and missing data, which may occur owing to factors beyond experimenter's control. 
Simple randomized designs - straightforward, adaptable structures, with no restrictions 
conceming allotment of experimental material to treatrnents, nor replications. Typical features are 
fair precision, and robustness to missing data, the loss being restricted to the corresponding 
degrees of freedom for error. Given k treatments and n replications, of the nk-1 degrees of 
freedom corrected for the mean k-1 are available for estimates of effects, while k(n-1) go to the 
estimate of error. 
Randomized blocks - enhanced precision thanks to superior homogeneity which may be achieved 
within blocks, as typical of smaller subsets of a large entity. Thus in tire testing on the road a 
block may correspond to a vehicle, or an axle thereof; in machinability testing to a given machine 
tool, in manufacturing experiments to a shift, and so on. Randomization is restricted in that 
treatments must all appear within every block, no particular limits apply to replication. Given k 
treatments and b blocks, for a single replication ofthe bk-1 degrees offreedom corrected for the 
mean k-1 are for treatrnents, b-1 correspond to blocks, and to the estimate of error (b-1 )(k-1 ). 
Incomplete blocks - a necessity whenever block size cannot accommodate every treatrnent, and 
therefore contrasts may not be restricted exclusively within blocks. When total number of tests 
divided by number of tests per block equals treatrnents, every contrast appears once in a block, 
and the balanced design caters for uniform precision of estimates. If need be unbalanced designs 
may be resorted to, accepting their inherent limitations. 
Latin squares - an efficient design providing for elimination of the effects of two potentially 
damaging factors, thanks to a two-dimensional randomized, balanced square pattem. Levels of 
such factors must be the same, and equal to the number of treatment combinations. Original 
applications were in agriculture, aimed at elimination of effects of fertility gradients in two 
directions; extension to other fields soon followed. For instance, on a wear testing machine which 
can accommodate four specimen at a time, four different materials may be tested in as many test 
runs, allotting to all materials different locations on the machine in every run. Given k 
treatments, the 12-1 degrees of freedom corrected for the mean are split up into k - I for 
treatrnents, rows and columns, the remaining (k-1 )(k-2) corresponding to error; thus for the 
example the split is 15 = 3+3+3+6. 
Graeco-Latin squares-an extension of the concept of Latin squares to the case in which three 
distinct effects of as many disturbing factors must be eliminated, with the added Iimitation that the 
number of levels of the three factors must be the same, and equal to the number of treatrnent 
combinations. Given the basic Latin square layout, the third factor is taken care of by associating 
it with treatment combinations, every level being associated once only with any one row, column 
and treatment. As in the case of Latin squares, no interaction among disturbing factors is admitted. 
Y ouden squares - quite similar to Latin squares, with one Iimitation somehow relaxed. One 
disturbing factor only is required to have as many levels as treatrnent combinations, the number of 
replications however must be equal to the number of levels of the remaining disturbing factor. 
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Restricted randomization is mandatory for rows, columns and treatment order, just as in the case 
ofLatin squares. 
A design may be preferable to another in a given situation, the reverse being true in another case; 
there's no suchthing as a hard and fast selection rule, some kind of compromise is inevitable just 
as in day to day life. The main properties listed in Table 2 provide some criteria for selection. 

T ABLE 2. Main properties of some basic experimental designs 

Design 
Characteristic 

Simple Randomized Latin 
Randomized Blocks Squares 

No. ofreplications No Iimitation Same for every Same for every 
treatment treatrnent 

Test preparation Simple Not very complex Rather complex 

No. oftreatments No Iimitation Limit: block size Range 3-12 

Degrees of freedom for Maximum Reduced by No. of Reduced by No. of 
error blocks rows & columns 

Protection against Iack of Poor Good in one Goodin two 
uniforrni ty direction directions 

Control of Simple Feasible Rather complex 
heteroschedasticity 

Missing data No problern Limited darnage Large darnage 

Errors in test organization Rather robust Quite vulnerable Highly vulnerable 

5 FACTORIAL DESIGNS 

Simple designs described above are appropriate whenever responses are expected to be linear and 
effects simply additive; in real world it may well be otherwise, and R. A. Fisher's observation 

quoted above applies. Having first defined the problem, he devised an appropriate solution under 
the form of factorial designs, first termed complex experiments (Fisher 1935, Yates 1937). A 
major stumbling block stood in the way under the form of interaction, that is variation in one 
factor's effect associated with a shift in the Ievels of one or several other factors. By the way, Iet 

us stressthat the concept doesn't involve causation, which may be implied by specific mechanistic 
considerations only. Thus interaction entails a multiplicative action originated by the association 
of factors, whose action when taken one at a time may be substantially smaller (or !arger), as 
frequently observed in field trials, pharmacology and many other fields. 
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Two factor (or more) interactions corresponds to non additivity, while single factor interaction 
amounts to non-linearity, both common occurrences whenever a sizeable range is covered. The 
opposite concept, that is absence of interaction, corresponds to a linear, additive model, a not 
unreasonable starting assumption at exploratory Ievel, hardly a safe one for an in depth 
investigation. The "one factor at a time" approach is inevitably bound to fail when interactions are 
present, as their effect cannot be explained in terms of single factor effects only; owing also to the 
low efficiency and inadequate coverage of sample space such an approach has nowadays but 
marginal applications, being superseded by inherently superior designs. 
Factarial designs - a strikingly efficient tool for systematic analysis of single and combined 
effects of several factors - either quantitative or qualitative - on experimental response(s). A 
complete factorial design with r factors at k Ievels entails the k'" treatment combinations 
corresponding to all combinations of factors and Ievels. For k = 2 , a rather common choice 
particularly at exploratory Ievel, the model must accommodate all significant terms among r 
effects of single factors, r!/2(r-2)! two factor interactions, r!/3!(r-3)! three factor interactions, 
and generally r!/q!(r-q)! interactions ofq-th order (q~). up to a grandtotal ofas many as 2r-l 
effects whose estimates are all orthogonal. In the general case of m replications of r factors each 
at k; Ievels, the number oftests required, equal to mx k1x k2 x ... x k,. , gets fairly large should r 
and/or the k; exceed moderate values. 
Fractional factorial designs - a solution for accommodating many factors in a design of moderate 
size, assuming that some higher order interactions may be disregarded at all, and other interactions 
safely confounded with the estimates of effects under consideration. The option is particularly 
attractive at exploratory Ievel, since it caters for expeditious examination of a large number of 
factors, and further tests may be planned on the most important ones should more detailed 
inforrnation be required. A subset only of the complete set of combinations of factors and levels is 
considered; thus with e.g. r factors each at k = 2 Ievels a one halffraction entails 2~'- 1 tests at as 
many treatment combinations, and in general a fraction of order 1f2P entails 2r-p tests. Savings 
in time and resources thus achieved are paid for in terrns of complete loss of inforrnation on at 
least one effect - selected as a rule among higher order interactions, expected to be negligible -
and confounding all estimated effects with one or several aliases, besides the general loss in 
precision entailed by the smaller number of tests. The degree of entanglement among estimates is 
identified by the resolution of the design, that is the sum of the orders of effects confounded. Thus 
a Resolution III design entail confusion between the effects of single factors and second order 
interaction, acceptable at exploratory Ievel only, while with a Resolution V design single effects 
are confounded only with fourth and higher order interactions, and second order estimations with 
third and higher order ones, a frequent compromise between cost and precision. As a rule error 
estimates are obtained from higher order interactions or extemal inforrnation, as there are no d.f. 
forerror. 
Saturated designs- pared down (almost) to the bone fractional factorial replications or similar 
plans with a number n of treatment combinations barely exceeding the number r of factors, 
typically n = r + I ; estimates of effects of single factor are orthogonal, but all aliased with second 
and higher order interactions since these designs are Resolution III. Fractional factorial designs of 
the 2r-p series are frequently adopted in this context, proper of preliminary, exploratory 
investigations. 
Supersaturated designs - two Ievels only, more factors than treatment combinations ( r > n ); r and 
n are both even in order to cater for estimation of single effects, albeit not independently of 
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course. Factors exceed orthogonal comparisons, and entanglement among single factor effects 

cannot be avoided completely; confounding with a number of second and higher order interactions 
also occurs. Applications cover mainly preliminary screening work, in which many factors must 

be considered although but a few of them are expected to have substantial effects, dwarfing those 

of interactions. Single replication being the rule with most fractional designs, in absence of 

extemal estimates of error normal plots of effects and scree plots may be relied upon to provide 

reference terrns of some sort. 
A broad range of options is provided by these designs, as shown by considering what may be done 

given eight tests corresponding to as many treatment comparisons (but for the first case ), with 

different tradeoffs between precision and comprehensiveness. The experimenter may e.g. select 
one among the following lines, to estimate the single effects of: 
• two factors and their single interaction independently, averaged over two replications, with 

four degree of freedom for the estimate of error; 
• three factors and all their four interactions (three double, one triple) independently, with a 

single replication, no d.f for the estimate of error; 
• four factors and three double interactions (out ofthe six double, four triple and one quadruple) 

with a l/2 replication, all remaining interactions being assumed negligible, all estimates 

having one alias, no d.f. for error; 
• five factors and two double interactions with a l/4 replication, all other interactions being 

assumed negligible, all estimates having three aliases, no d.f. for error; 
• six factors and one double interaction with a l/8 replication, all other interactions being 

assumed negligible, all estimates having seven aliases, no d.f. for error; 
• seven factors with a l/16 replication, all interactions being assumed negligible, all estimates 

having fifteen aliases, no d.f. for error. 
Any one of these options may be preferable in a given context, and less than ideal in another; 

there's no suchthing as a "best" design, just as a shoe you've got to select it according to intended 

use, and it doesn't hurt to check it, too. 
Definition of a full factorial design is straightforward, as opposed to a fractional replication 
thereof, especially if many factors are considered and fractions are small; published catalogs of 
fractional designs or ad hoc software should be used. A realistic evaluation of costs versus benefits 
of alternative options is a must in order to reach as objective a decision as possible, and steer clear 
of gambling, unless you really wish to do so. In case of doubt keep in mind Andrews' leit motiv
Replication, Replication, Replication! - and play it safe. Not only does replication increase 
precision by averaging out random errors, but thanks to the central Iimit theorem means tend to 
normal form no matter how individual responses are distributed; since most statistical tests assume 

normality, use on unreplicated values may welllead to sheer nonsense. 
A typical application of fractional factorials in industry deals with robust design, aimed at meeting 

specific requirements in terms of means, scatter and insensitivity to extemal disturbances beyond 

operator's control, within given technical and economic constraints. Introduced some forty years 

ago by Morrison, "rediscovered" and widely advertised by Taguchi over two decades later, this 

methodology is aimed at identifying target values and related tolerances for the parameters under 

consideration, in order to meet the robustness required at the lowest cost. Experimental 

investigation is almost always required to obtain relevant information; exploration of sample 

space with both numerical and physical tests Ieads usually to substantial savings in time and 

resources. 
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6 CONCLUDING REMARKS 

Shifting reliance, from blind trust into almost religious beliefs beyond criticism to experimental 
evidence open to rational discussion, was the bold step taken by the founding fathers of modern 
science of Rinascimento, a tuming point of the history of mankind. Oddly enough, that 
developments in error theory and statistics had obviously to Iead to experimental design, an 
accepted fact today as it was a hotly debated upon subject three quarters of a century ago, is still 
argued among educated people who should know better. Applications of DOE in industry often 
take place after quite a bit of haggling, and authority must be brought to bear to push aside all 
sorts oflame excuses purporting to show why it won't work in that particular case. When results 
speak for themselves it's another story, and success finds itself son of many fathers, as usual. 
Contrary to common wisdom, higher education does not appear to affect favorably the attitude 
toward DOE, as it is not uncommon to find technicians far more open to fruitful cooperation than 
university graduates. An open mind and willingness to leam by doing are not privileges depending 
upon higher education; indeed some universities have curricula which, if not actually designed to 
stifte innovative minds, at any rate do so quite effectively. 
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ABSTRACT. The continuous progress in manufacturing techniques and the increasing ecological 
consciousness have led to a constant refinement in natural resources exploitation. In particular, the 
advisability of a Ionger and more reliable life cycle of products and the reintroduction of mere materials in 
the production cycle have created new research fields in maintenance, remanufacturing and recycling, 
respectively. Allthese subjects have a common need: the complete or partial disassembly ofthe product in 
order to obtain more efficient and profitable results. The aim of this paper is therefore to analyse the state 
ofthe art ofthe research in disassembly techniques applied in these fields, emphasising the problemstobe 
solved and the perspectives in the next years. 

1 INTRODUCTION 

In the last years, due to the spreading of sustainable development concepts, disassembly has 
been considered as a key issue in activities like maintenance, remanufacturing and recycling 
[1], which play a fundamental role, respectively, in extending product life, in decreasing the 
environmental impact of new products, in closing the materials life cycle. A Iot of work has 
been done by many researchers to develop methods and tools to make disassembly a 
promising, profitable and widespread activity. In this context, at least three actors must be 
considered: 

• producers, who are pushed to use Design for Disassembly (DFD) techniques [2] or try to 
embed Life Cycle Units (see section 3.3) [3] in their products or use innovative tools in 
maintenance (e.g. augmented reality [4]); 

• users, who start to consider the new concept of selling use instead of selling products [ 5] 
with the consequence of a completely different way to conceive the market and their 
habits; this practice, allowing a total control (i.e. correct maintenance, strict monitoring, 
final disposal, etc.) on a huge number of products, could be crucial in remanufacturing as 
weil as in the general optimisation of resources. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Courses and Lectures No. 437, Springer Wien New York, 2002. 
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• dismantlers, who are interested in decreasing the dismantling costs and speeding up the 
disassembly process of end-of-life goods: the development of innovative dedicated tools is 
one ofthe ways to solve their problems. 

2 GENERAL ASPECTS OF DISASSEMBLY PROCESSES 

The following Iist of relevant issues should be considered in order to outline the complex scenario 
of disassembly (Table 1 ): 

• In maintenance only standard (i.e. non destructive, see below) disassembly operation can 
be normally performed, since the main target is the restoration of a working condition in 
machines or facilities. 

• If the aim of disassembly is a mere material recovery, the destruction of parts during 
dismantling is often profitable to speed up the process and to increase the profits. This can 
be necessary in particular for damaged products, where the status of the joints may be 
altered (rust, oxidation, deformations ... ), or in presence of drive fits, welded or glued 
joints. In Figure l, an example of pro fit increased by using destructive operations is shown 
[6] . 

• A very important issue in disassembly for remanufacturing and maintenance is the 
knowledge of the Ievel of wear and darnage affecting the various components of the 
product. Unfortunately these data are usually unknown since they depend on the product 
life, its storage after discarding and its transpoft to the disassembly plant 
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FIGURE 1. Effects on the generat profit by using destructive disassembly operations [6] 

• Almost all widely diffused products are not designed to make the disassembly process 
easier: only functionality and assembly constraints are mostly considered. Traditional 
joining methods are unsuitable for fast disconnection, materials are chosen only to 
maximise the performances and to decrease production costs [1]. 
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• At present the market for remanufactured components is limited. 

• End-of-life goods have tobe transported to the disassembly plant with high costs owing to 
unsolved logistic problems. 

• Disassembly for recycling process can be economically profitable only with a high plant 
input volume. So the only available categories of products are currently cars, household 
appliances (TV sets, washing machines, refrigerators, dishwashers ... ), PCs, monitors, 
printers. 

• Legislation can largely influence the planning and the results of a disassembly process 
because some constraints can be imposed. Typical examples are: removal of dangerous or 
toxic substances (oils, refrigeration fluids, acids ... ); incentives for using recycled materials 
[1]; EU guidelines on End-of-Life Vehicles (ELV); EU guideline draft on Waste of 
Electrical and Electronic Equipment (WEEE) [7]. 

The main result of the described problems is that the creation of an effective collection, within 
a complete disassembly and recycling network, has a relevant delay and disassembly issues are 
not yet fully considered. However many signals Iet Iook at disassembly as an unavoidable 
technology and the future challenges are the decreasing of disassembly costs and 
rationalisation of disassembly activities. 

T ABLE 1. Relevant issues in disassembly process: Ievel of importance in different application 
fields (®: low; ®®: medium; ®®®: high) 

Related aspects Maintenance Remanufacturin2 Recyclin2 

Use of a destructive disassembly ® ®® ®®® 
Product status (Ievel ofwear, damages, etc.) ®®® ®®® ®® 
Dedicated product design (DFD) ®®® ®®® ®®® 
Limited market dimension ® ®®® ®®® 
Logistic problems ® ®® ®®® 
Volume ofproducts tobe disassembled ® ®® ®®® 
Legislative constraints ® ®® ®®® 

2.1 DISASSEMBLY OPERATIONS, TOOLS AND EQUIPMENT 

From a general point ofview, a disassembly operation is "an action which separates (or enables 
to separate) two or more components of a product". This definition therefore includes both the 
simple detachment of two parts and the pre1iminary Operations such as unfastening, elimination 
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of connections, creation of holes or cavities for improving accessibility to the parts to be 
disassembled, etc. Disassembly operations can be divided in the following three categories: 

• Standard operations: they are the most intuitive, representing the reverse of the assembly 
operations. They need standard tools and equipment, similar to those ones used in assembly. 
These operations are non destructive and therefore assure the integrity of parts after 
disassembling. Due to this property they are almost the only possibility for a maintenance 
intervention but, considered as recycling actions, their execution can be difficult to be 
performed or unprofitable ( depending on the kind of connection). 

• Destructive operations: they perform the physical (partial or complete) destruction of one or 
more parts in order to obtain the successive separation or to improve the accessibility to the 
other parts. These operations do not preserve the integrity of parts but they are usually faster 
than standard operations. Often they are performed to avoid the disassembly of other 
components economically not relevant. Destructive operations can be also necessary in the 
case of non reversible connections (e.g.: welded joints) or part alterations (e.g. oxidation, 
damages on screw heads, etc.). 

• General purpose operations: they are all the operations not included in the previous 
categories, not strictly related to disassembly, but usually requested for completing the 
process (e.g.: handling, presenting a product or a single part in a desired orientation andin a 
given position, etc.). They usually require special tools and equipment. 

Table 2 summarises the main disassembly operations, giving a short description, some examples 
of applications and abrief list of problems which can be encountered during disassembling. 

Tools and equipment required in a disassembly process are usually the same used in general 
purpose activities such as pliers for separating objects, wrenches and spanners for unscrewing 
operations, cutters, shears and grinders for destructive cutting operations. Table 2 also shows 
the various kinds of tools usually adopted to perform the different disassembly operations. 
However, particularly in disassembly for recycling, the use of traditional tools does not allow 
to achieve sufficient profits [5]: therefore dedicated tools to speed up and rationalise the 
disassembly ofwidely diffused goods have tobe developed, as described in section 3.4. 

3 THE STATE OF THE ART IN DISASSEMBLY 

In the following paragraphs some of the most recent developments m the research on 
disassembly are presented. 

3.1 PRODUCT DESIGN 

A correct approach to disassembly is based on a design oriented to solve the problems before 
they occur. Using DFD techniques [8, 9] or other related DFx procedures, such as Design for 
Environment (DFE) and Design for Recycling (DFR), the best results in terms of recycling 
easiness and environrnental impact can be achieved. DFD techniques are aspects of concurrent 
engineering process, where different and often antithetic requirements have to be harmonised 
in a single product. 

The most important DFD criteria deal with: 
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• Innovative fastening techniques: during the disassembly phase the detachment of the 
various parts of the product has to be easy and quick. In particular the separation of parts 
made by different materials has to be performed as easier as possible. In the case of 
material recovery, the integrity of the various parts is not important and breakable joints 
can be adopted. An innovative and interesting approach to the material separation problern 
named "active disassembly" [10, 11] has been developed. The product structure is studied 
to identify the zone where a separation action will be more effective to obtain pure and 
recyclable materials. During the production phase one or more simple and cheap devices, 
able to facilitate the separation, are embedded in the product. They remain "sleeping" 
during the whole working life of the product. Only during the disassembly phase they are 
activated to obtain the separation of desired parts. An example is the insertion of a Ni-Cr 
wire around the screen of a CRT. During the dismantling of the TV set, a current flows 
through the wire with the consequence of a heat generation and the CRT breakage in two 
parts with different glass properties, more efficiently recyclable. 

• Materials homogeneity: the use of a minimum number of different materials in the product 
can increase the purity of the recovered materials. Also the use of painted parts should be 
minimised. Although the presence in the products of different materials is very often 
necessary, the designer should try to cluster the parts made of the same, or compatible, 
materials. In this way the dismantling of the products can include a lower number of 
operations because the homogeneous subassemblies do not need any further disassembly. 

• Material selection: metals and glass are the most recyclable materials and some plastics 
(PET, for example) are quite easily recyclable. Thermosetting resins cannot be recycled 
but only shredded and reused for different purposes, for example as fillers. In any case 
every plastic part should be identified by a proper symbol indicating the material. 

• Product structure: a very important aspect related to the product structure is the 
accessibility of parts. Particularly in maintenance, where standard disassembly operations 
are mostly used, it deeply influences the disassembly cost and time. 

• Toxic substances: the elimination of toxic substances should be made as easy as possible 
because they must be always separated from the rest of the product, independently from 
the selected disassembly cycle. For instance, if a lubrication or cooling circuit has to be 
included in the machine, the drain plug should be easily reachable by the worker. 

• Handling and grasping: in many cases the disassembly of a component can be made easier 
and more reliable by including shapes suitable for their grasping and handling. This is 
particularly important in automated disassembly. 

In these last years different commercial DFx software has been presented. A widespread 
application is DFMA (Design for Manufacturing and Assembly) [2]. This tool, together with 
another software for DFE, can be used to implement DFD techniques. Although these 
applications need a high volume of input data conceming the product, their interface is 
extremely user-friendly and the designer can quickly obtain useful suggestions (also from the 
economical point of view). Another interesting tool is Design for Service (DFS), specifically 
oriented to maintenance. 
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TABLE 2. Classification ofthe main disassembly operations 
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3.2 DISASSEMBLY PLANNING SOFTWARE TOOLS 

The main reasons for the development of disassembly planning software tools can be 
synthesised in the need for finding optimal solutions among many alternatives and the 
possibility of integrating it in a CAE environment (interaction with other computer-aided 
activities such as simulation, scheduling, etc.). 

DATABASE: PRODUCT: PLANT: 
Economical information Mathematical model Layout, 

(material value, costs) (parts, contacts, Tools 
Product information connections) 

(parts, weight, materials) 

......c-=1 II r I 

Refinements of 
--' PLANNING: 

the process until Disassembly Sequences Generation, Disassembly 

an acceptable --. Sequences Check, Subassembly Detection, Tool Selection 

solution is .II 
reached 

L OUTPUT: 
Optimal disassembly sequence or set of sequences, 

1 Simulation of disassembly process, Profit evaluation 

FIGURE 2. Flow chart of a general disassembly planning system 

In Figure 2 the typical structure of a such kind of a system is shown. Using these tools, where a 
model ofthe product is stored together with a series ofrelated information (such as the number 
ofparts, their weight, kind ofjoints, materials, market values, etc.) a disassembly sequence can 
be tested to evaluate the achievable profit. The most complete systems are able to suggest one 
or more optimal sequences to the planner. If used to simulate the disassembly of a product 
during the design phase, these systems represent, together with DFD techniques, powerful 
concurrent engineering tools, allowing the production of easily and profitably recyclable 
products. 

Most disassembly planning systems have been deve1oped in recycling research area. Both 
traditional and innovative methods have been proposed to implement these systems: expert 
systems, neural networks [12], ant co1ony systems [13], genetic a1gorithms, fuzzy logic [14], 
Petri nets [15, 16, 17], wave propagation approach [18, 19]. 

An interesting approach to the typical problems of disassembly has been recently proposed in 
[20, 21] and named reactive planning. Very often the conditions/characteristics of a product 
are unknown, therefore predetermined plans may be unrea1istic [22]. While the usual predictive 
planning assumes to know everything about the product to be disassembled, including the 
expected deterioration, reactive planning starts from a predicted plan and adapts the decisions 
to the actual conditions of the product. The adaptation is carried out dynamically during the 
recycling process when the data on the product become available. 
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Another example of disassembly planning system for recycling problems is DIRECT 
(Disassembly for RECycling Tool) proposed in [6]. It performs: 

• an integration with CAD: avoiding a tedious insertion of all geometrical information for 
product model creation; 

• an automated detection of subassemblies having relevant recycling properties ( e.g. 
homogeneity of materials ); 

• an automated identification of all the possible ways to disassemble a product: allowing a 
complete analysis ofthe disassembly possibilities. 

The system includes a database containing information about the materials present in the 
product, the market data (energy cost, labour cost, material values, available tools, etc.). The 
results are automatically displayed as shown in Figure 1, where the profit evolution of a 
disassembly sequence is reported. 

3.3 LIFE CYCLE UNITS 

The knowledge ofthe actual status (wear, working time) of a product is very useful to optimise 
both remanufacturing of parts and maintenance. Only components with a sufficient residual 
value should be disassembled and remanufactured. Maintenance could be performed only when 
really useful, with a general saving of time and resources. 

Unfortunately, when a product arrives at a disassembly plant, normally no information about 
its actual working life and general wear are available and in the same way no information are 
available for maintenance (apart from a rough working time estimation). To overcome this lack 
of information, a category of devices named Life Cycle Units (LCU) has been proposed [3]. 
They are based on one or more sensors able to monitor a physical phenomenon ( e.g. 
temperature, humidity) conceming a component of the product, and to store the collected 
information in on-board memory or communicate them to an extemal elaboration unit. 

Differentprototypes have been developed: monitoring ofthe RPM fluctuation in a fancooler to 
predict the bearing wear [3]; determination of residualloading capacity of accumulators [3]. In 
[23] a device named Electronic Data Log (EDL) has been used to monitor the life of an electric 
motor in terms of starts and stops of the motor, accumulated run time, motor temperature and 
power consumption in each individual use cycle (peak and average values). 

In a near future, these units could be used also to control actuators for a simultaneous and 
selective disassembly. For instance, a magnetostrictive actuator embedded in a connection 
device [3] could release automatically the joint, driven by an extemal computer where a 
specific disassembly plan has been stored. 

3.4 INNOVATIVE DISASSEMBLY TOOLS AND EQUIPMENT 

The great variety of geometrical shapes to be treated, their unknown status and the need for very 
short working times, have led to the development ofnew families oftools (e.g. tools forming new 
acting surfaces). The next list reports, for some relevant disassembly operation, innovative 
examples of disassembly tools and equipment proposed in these recent years: 
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• Separating operation: a special device dedicated to this Operation is the splitting tool 
described in [24]. lt isasimple mechanism allowing an entry strength or impulse (given by 
an hammer, for example) to be divided into two forces that execute the separation of the 
parts. 
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FIGURE 3. Special disassembly tool for fast unscrewing [25, 26] 

• Unscrewing operation: a screwdriver using a device capable of creating acting surfaces on 
the head of the object to be unscrewed is described in [25, 26]. lt is particularly useful to 
speed up the unscrewing operation or to allow the unscrewing of damaged joints. 
The basic idea is generated by the difficulty encountered in disassembly oxidised screws 
using standard screwdrivers. In this disassembly tool (Figure 3) a special screwdriver is used 
to imprint the screw head by creating a new slot and unscrewing the part. This tool can be 
used also as an universal screwdriver being able to create proper acting surfaces on each kind 
of screw heads. 
Another tool named drilldriver is proposed in [24]. If working points are available on the 
screw to be disassembled, it works as a standard screwdriver, with the possibility to grip on 
several types of screws ( cross recessed, slotted, etc. ); if the working points are not available, 
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a short drilling process is started (at low rotational speed) in order to create drill chips to be 
used to transmit torque during unscrewing. If this last process does not succeed ( due to 
corrosion, for instance), the complete destruction ofthe joining element is obtained by using 
the drill at a high rotational speed; 

• Grasping operation: a special device, named dri//gripper for handling components without 
working points is described in [24]. The tool consists of a drill and a gripper. The drill is used 
to make a hole on the workpiece and to create a working point. The gripper, represented by 
an expandable elastomer, penetrates the hole and grasps the workpiece. 

During the disassembly process, both manual and automatic, the parts to be disassembled have to 
be reached in a short time, so their accessibility assumes a great importance for the profitability of 
the process. In addition ergonomics and safety have to be considered in manual disassembly. 
Thus special manipulators have been developed for products having high weight and/or 
dimensions. In Figure 4 an example of such devices is shown [27]. 

FIGURE 4. Manipulation equipment for ergonomic hausehold appliances orienting [27] 

3.5 DISASSEMBLY AUTOMATION 

The difficulties (mainly the unpredictability) affecting the disassembly process make its 
automation quite difficult. Thus, most examples of disassembly plants are manual or only 
partially automated: only the easiest and repetitive Operations are perforrned by robots, 
sometime guided by automatic vision systems. For the complex and variable operations, human 
operators are employed. 

Some attempts of automation have been made to disassemble minidisks [28], industrial electric 
motors [29] and cars [30) in a prototypical disassembly cell based on a vision guided robot. In 
these cases the variability of the input can be drastically reduced (the products are very similar 
to each other and the damaged ones are rare) and the automation of the process can be realised. 
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In the field of hausehold appliances, a complete automation is more difficult to achieve, mainly 
due to a higher variety of shapes and intemal Iayouts. In [31] a refrigerator disassembly plant 
with a six axes robot is described. The robot is used to cut the cooling circuit by a shear and to 
extract the compressor by a gripper. The difficulties related to the variety of models are 
overcome by teaching action points in a previous station in the disassembly line. In [32] similar 
concepts are applied to the disassembly of air conditioners. The robot is guided by an 
automatic vision system and the final disassembly of the compressor is performed in a manual 
station. TV sets are disassembled in the plant described in [33]; also in this case manual (TV 
loading, components disassembly) and automated operations (rear cover cutting and removal, 
cleaning, CRT breaking and removal) are present. 

4 A CASE STUDY: A ROBOTIZED CELL FüR AUTOMATED DISASSEMBLY 
OF COMPRESSORS 

At the Dept. of Mechanical, Nuclear and Production Engineering of the University of Pisa 
several projects in disassembly have started in the last years both in manual and in automated 
operations. One of the most meaningful examples of automation is a feasibility study regarding 
the automated disassembly of compressors usually present in refrigerators. The reasons for 
such research are: 

4 Stator 
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external body _ ....:...._-+ .... 

a Internat 

gas tube 

FIGURE 5. Section view and main components of a typical compressor 

J group 

• at present compressors do not have a wide market as reusable components and on the other 
side most refrigerators are recycled through cryogenic eroshing and separation of different 
materials; nevertheless some problems of impurity still remain on the ferrous fraction; 

• from the point of view of their material content, compressors may represent a source of 
profit, since significant percentages of copper and aluminium are present in addition to 
steel and cast iron; 
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• even if some types of compressors differing in some features are currently present on the 
market, their overall standardisation may allows a high degree of automation. In this study 
two widespread types have been considered. 

A typical example of compressor with its main components is shown in Figure 5. 
The design of the robotized cell started from a set of manual disassembly tests in order to 
optimise the disassembly sequence and to find the optimal solutions for destructive operations, 
like cutting of the external body and bolts. lt must be considered that actual compressors have 
not been designed following the DFD rules. The cell is intended to receive compressors fed 
through a conveyor, with electrical supply cables and gas tubes already cut to a fixed length. A 
simplified Iayout of the cell is shown in Figure 6. A robot and a simple pick-and-place 
manipulator are present. 
The selected sequence for one of the two possible types of compressors processed in the plant 
is shown in Figure 7 and it is based on the following steps: 
a) The compressor on the conveyor is located through a sensor, the conveyor stops and the 

compressor is identified through a vision system. It is possible to select the proper 
sequence as a function of the compressor type, to check the external conditions and to 
transmit to the robot the data necessary for a correct grasping; 
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Steel conveyor 
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FIGURE 6. Disassembly celllayout 

b) The compressor is grasped by the robot and positioned in a proper blocking fixture; then 
the robot, after a gripper change, uses a cutting tool to cut the upper part of the external 
body 1 (see Figure 5). Data from the vision system are used for the tool path. During this 
Operation the part is held by a vacuum cup and then moved to the proper output conveyor 
through the arm ofthe manipulator. 

c) Another special tool mounted on the robot wrist cuts the internal gas tube 5 whose position 
is constant and does not require the use of a vision system. A further special tool cuts the 
electrical connector on the external body. 
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d) The intemal part of the compressor is extracted by the robot through another gripper and 
the extemal body is moved from its position to the output conveyor by the manipulator. 
Then the robot moves the intemal part to the blocking fixture. 

e) A milling operation of the four bolts 4 is then necessary to separate the stator from the 
other components: this is made through a proper tool mounted on the robot wrist. 

t) The stator 2 is extracted and positioned on the cutting station for the Separation of the 
copper winding. 

g) The subgroup rernaining is then positioned in the same blocking fixture after a 180° 
rotation. This is necessary since the milling operation of a connecting element can be rnade 
only from this side and through the unavoidable help of the vision system. Another milling 
operation of connecting elements is then required to separate the pump group 6 from the 
rotor. 

h) Finally the robot moves the cast iron pump group 6 and the rotor 3 to the proper output 
conveyors. 

On the stator previously positioned on the cutting station, the following operations are 
performed while the robot is performing the previous actions: 
a) A part of the copper winding is separated through a cutting operation performed by a 

properly designed shears; during such operation the cut part falls into the proper conveyor. 
b) In the same position the remaining part of the winding is extracted from the other side 

through a properly designed tool and released into the conveyor; 
c) Finally the stator 2 is deposited into the proper conveyor by a simple pick-and-place 

device. 
A similar sequence is possible in the cell for the other type of the compressor. A series of 
different grippers, tools, a proper design of the blocking elements and the presence of the 
vision system give the cell sufficient flexibility. 

While the robot is a general purpose articulated 6 d.o.f. one, the manipulator was the result of a 
careful design. In order to avoid complex gripper rnagazines, a solution based on a rotating 
turret was preferred. Both the vacuum cup and the fingered gripper are mounted on the turret. 
The flexibility required by the disassembly sequences has been obtained through properly 
designed active surfaces ofthe hydraulic vice ofthe blocking fixture. 

All the operations required to separate the copper winding from the iron stator are here performed 
in a time shorter than the robot and manipulator disassembly time, so that they do not affect the 
totaltreatmenttime for each compressor. 

An economical analysis has been made to evaluate the feasibility of the cell. The analysis 
considers the total cost ofthe cell, the total disassembly time (about 5 minutes), the operative 
costs including two persons for supervisory tasks and loading/unloading operations. Possible 
profits have also considered under the hypothesis of selling copper, aluminium and ferrous 
content within the recycling market. The result is that a profit of about 1.2 Euro can be 
achieved for each compressor. Also the financial analysis has given encouraging results in 
terms of return of investment. 

The research is going on and a prototype of a multipurpose gripper is under construction. By 
such a gripper the following operation will be performed: 1) moving of the whole compressor 
from the input conveyor to the blocking fixture, 2) cutting ofthe intemal gas tube, 3) extraction 
ofintemal part ofthe compressor (electric motor and pump}. 
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12. 
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14. 

15. 
Pump 16. 
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Rotor 18. 
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FIGURE 7. Disassembly sequence ofthe compressor 

5 CONCLUDING REMARKS AND PERSPECTIVES 

Disassembly is likely to be a strategic technology in the next future in the fields of 
maintenance, remanufacturing and recycling. Even if a lot of work has been done in different 
aspects of this wide and multidisciplinary field, some open issues are still present and many 
problems have to be solved. The most relevant from a scientific point of view, representing 
possible and interesting directions and perspectives for research activities in the next years 
could be: 
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• development of new solutions to be used in DFD such as new fastening techniques, 
solutions for easy identification ofmaterials, toxic agents, etc.; 

• development of efficient disassembly planning systems able to find optimal solutions in 
terms of maximum pro fit and disassembly depth and able to interact with the disassembly 
plant; 

• automation of disassembly operations through innovative, modular and flexible solutions 
( development of fixtures, equipment and sensors ); 

• development of dedicated tools for improving the feasibility of_disassembly operations and 
reducing disassembly times. 

In addition to these concepts, the results of a survey conducted consulting more than 100 
German companies involved in disassembly of electronic devices can be also considered [34]. 
In particular, an interesting aspect of this survey is represented by an investigation about the 
main problems occurring in disassembly and the demands derived from them for further 
research and developments. It appears that the most important problems is the huge variety of 
electronic devices to be disassembled and the biggest demand for further research and 
development is in the field of product design. 

Furthermore, it is advisable that a greater amount of work should be done in legislative matter 
which will play a fundamental and driving roJe in research and development activity. 
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ABSTRACT. In the field of sheet forming, innovative and flexible processes that do not impose 

the use of expensive conventional equipments andlor do not require time consuming set-up op
erations have become, nowadays, a rather promising research topic. Two different main lines are 
currently followed: the former is based on the development of new starnping processes based on 
the utilization of flexible media, while the latter is aimed to develop so called progressive forming 
processes (spinning and irreremental forming). Both hydro-forming and irreremental forming 
permit a very relevant reduction of the tooling and set-up costs and improve process flexibility. 

These items are discussed in detail in the paper; furthermore some experiments aimed to the char

acterization of material formability in the mentioned processes are presented. 

1 INTRODUCTION 

The growing request for customer oriented products Ieads to a deep change in manufacturing 
systems. In particular, the capability of a rapid conversion of the production towards new prod
ucts and the possibility to carry out a quick variation of manufacturing capability in order to 

match market requirements, are definitely crucial competitive factors for modern manufacturing 
industries. 

In this way, the development of innovative technologies within manufacturing is highly re
quested. In particular, as far as forming processes are concerned, innovative processes that do not 
impose the use of expensive conventional equipments andlor do not require time consuming set
up operations have become, nowadays, a rather promising research field. In fact, such technolo
gies give rise to flexibility improvement in manufacturing processes, and, as a consequence, 
enable a competitive advantage for industries in the modern manufacturing environment. 

The availability of different production alternatives is a quite relevant improvement both from an 

economical point of view and from a technological one. Thus, innovative sheet stamping proc

esses can be considered as useful manufacturing opportunities that can Iead to economical 

advantages with respect to traditional processes, mostly because of the reduction of tooling costs. 

Moreover, in the modern competitive scenarios, the request of flexible production technologies 

for small batches production is becoming more and more important since manufacturing indus

tries are greatly interested in small market segrnents where technological capacity and flexibility 

are crucial. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
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The research in the field of innovative stamping processes follows two differe_nt evolution direc
tions. The former is based on the development of new stamping processes based on the utilization 
of flexible media, such as elastomers (rubber forming processes), liquids (hydro-forming proc
esses) or gases, with the aim to substitute one of the dies of the traditional stamping processes. 
The latter is aimed to develop so called progressive forming in which the final shape of the com
ponent is determined by the relative movement of a geometrically simple and small punch with 
respect to the blank (spinning and incremental forming), rather than by the shape ofthe dies. Such 
processes should be carried out on CNC machines, where it is possible to assign and control the 
punch movement according to fixed paths. 

Both hydro-forming and incremental forming permit a very relevant reduction of the tooling and 
set-up costs and improve process flexibility; on the other band they are quite "young" and under 
development processes, which require a considerable research effort. 

In the last few years the authors have been involved in several research projects both on hydro
forming and on incremental forming. In this paper some of the most relevant obtained results are 
reported and discussed in detail. In particular the former part of the paper is focused on hydro
forming: the process of hydro-mechanical deep drawing is taken into account and some experi
mental tests aimed to the investigation of material formability are shown, together with a detailed 
numerical simulation of the process. Moreover a simple and economic experimental apparatus to 
evaluate material formability in tube hydro-forming is presented with an extensive experimental 
investigation, carried out to investigate material formability over a wide range. 

In the latter part of the paper, in turn, some results of a wide research activity on incremental 
forming will be presented. Several incremental forming tests were carried out on 1050-0 and 
6082-T6 Aluminum Alloy sheets utilizing a properly designed fixture mounted on a 3-axis con
trolled CNC milling machine. The tests were aimed to the production of complex shape 
components. Here again, a finite element analysis of the forming process was carried out, in order 
to investigate the process mechanics and to evaluate the forming Iimits. 

2 HYDRO-FORMING 

2.1 SHEET HYDRO-FORMING 

The application of sheet hydro-forming in the modern automotive industry has bad a very large 
increase in the last decade [1]. It is worth pointing out some ofthe mostrelevant advantages of
fered by sheet hydro-forming. This technology allows to strongly reduce both the costs due to the 
manufacturing and the maintenance of the dies and the ones linked to set-up times. Such reduc
tion is not only due to the avoidance of one of the dies; furthermore the pressure distribution due 
to the fluid action over the sheet is more gradual and distributed, thus permitting to construct the 
remaining die in less expensive materials than the conventional ones. 

Other advantages supplied by hydro-forming are a remarkable increase of the limiting drawing 
ratio in deep drawing, a more uniform thickness distribution on the stamped sheet, a safer residual 
stresses distribution and finally a better surface quality than using other traditional processes [2-
6]. 
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The fonner item was carefully investigated by the authors in a couple of recent papers [7-8]: a 
simple experimental equipment was developed to carry out hydro-mechanical deep drawing Op
erations on a typical deep drawing steel and on AA6082T6 Aluminum Alloy sheets. The aim of 
the research was to investigate the influence on the process mechanics of some of the most im
portant operating parameters (ram speed, blank-holder pressure), in order to obtain the highest 
deep drawing ratio. 

A simple and schematic sketch ofthe experiment is reported in Figure I. The rigid punch and the 
drawn cup penetrate into an enclosed liquid chamber, generating an hydrostatic pressure of the 
liquid which pushes the drawn component against the punch: thus fluid pressurization is obtained 
through the movement of the punch. The main difference between the experiment and the indus
trial sheet hydro-forming operation is that in the latter the hydrostatic pressure of the fluid 
replaces the action of the punch and it is obtained by means of extemal working media sources, 
such as pumps or pressure intensifier systems. 

The pressure value is controlled through a maximum pressure valve; furthennore as the punch 
goes down, a thin fluid film flows under the flange. According to the above considerations, it is 
quite easy to conclude that process mechanics is strongly affected by the blank-holder force 
value: such parameter in fact detennines to some extent the thickness of the fluid film and then 
the value of fluid pressure in the chamber due to the punch penetration. 

,...--+---, ~Punch 
Bhd 

FIGURE 1. Hydro-mechanical deep drawing 

The process conditions which allow the highest deep drawing ratio were searched for. From the 
theoretical point of view, the idea that hydro-mechanical deep drawing should permit a relevant 
increase of such ratio is based on the observation that in this process the sheet is strongly pushed 
by the fluid action against the punch and consequently !arge fiictional forces occur at the punch
sheet interface. These forces are very helpful, since they cooperate to apply the drawing force to 
the sheet: in other words the drawing force is not applied just on the bottom of the cup, as occurs 
in conventional deep drawing, but a relevant contribution is due to the above mentioned fiiction 
forces. By this way a relevant reduction of the axial stresses acting on the cup walls is achieved, 
moving away the danger of necking and tearing. 

Such considerations are confirmed by the comparison of typical fractures in the traditional proc
ess and in hydro-mechanical deep drawing. In the fonner case fracture typically occurs at the 
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punch radius, i.e. at the comer between the bottom and the wall of the cup, due to the above men
tioned tensile axial stresses; in the latter case when material formability is exceeded, fracture is 
generally localized close to the chamber radius, i.e. at the comer between the flange and the wall 
ofthe cup. 

The theoretical considerations were confirmed by the experiments: in particular the highest "safe" 
deep drawing ratio utilizing steel blanks was ß=2.62, i.e. quite a very high value with respect to 
the typical ones in conventional deep drawing. As well the highest "safe" deep drawing ratio on 
AA6082T6 blankswas ß=1.83, again a very high and promising value. 

On the other band sheet hydro-forming is characterized by forming times much larger than tradi
tional operations; as a consequence such technology cannot be taken into account for large scale 
productions, but only for small batches. 

Furthermore the suitability of sheet hydro-forming depends on the complexity of the part to be 
stamped: if, for instance, it is characterized by small fillet radii, very high fluid pressures could be 
necessary, requiring large and expensive equipments and determining relevant problems from the 
point ofview ofmaterial safety. 

In this sense another experimentwas developed by the authors [9]. The study was focused on the 
investigation ofmaterial formability, the latter being measured through the capability ofthe blank 
to deform according to the punch shape due to the action of the fluid pressure. Thus the tests were 
carried out at the varying both of the geometry of the front part of the punch and of the blank
holder force which really determines the pressure of the fluid inside the chamber. 

As far as the former issue is concemed, three different punches were utilized as shown in Figure 
2. The punches are characterized by a different geometry of the nose, as regards both the number 
of the cylindrical sections ( one or two) and the heights of the sections themselves. All over the 
tests both the comer and the fillet radii of the punches were maintained constant and equal to 
l mm, while the diameter of the blank was equal to 70mm. The tests were carried out on the deep 
drawing steel ASTM A622. 
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FIGURE 2. The utilized punches 

Figures 3 (a and b) shows for instance the cups obtained utilizing the A-type punch and fixing the 
blank-holder force to a value corresponding to an initial blank-holder pressure (Bhpi) equal to 2% 
or 6% ofthe initial yield stress ofthe blank material (l96MPa). Actually the increase ofthe BHF 
permits to increase the fluid pressure inside the die chamber and consequently allows a better 
overlapping of the sheet metal over the punch shape, even if the comer radius is not completely 
filled. The above considerations are confirmed by the next Figure 4 which shows the fluid pres-



Analysis of some Innovative and Flexible Sheet Forming Processes 95 

sure histories during the two tests: the pressures were measured by means of an high pressure 

fluid sensor based on the strain gage technology. 

FIGURE 3. A-type cups (a:Bhpi=2%cr0; b:Bhpi= 6%cr0) 

400 
350 

'i:' 300 Rl 

BHPi =6% cro 

~ 250 
~ 200 :I 

BHPi =2% cro 

1/) 150 1/) 

~ 100 Q. 

50 
0 

-10 0 10 20 30 40 

Punch stroke [mm] 

FIGURE 4. Fluidpressure vs. stroke curves 

The hydro-mechanical deep drawing operation here addressed was numerically simulated by the 
implicit elastic-plastic MSC-AutoForge commercial code. The effect of the fluid pressure was 

taken into account applying the above reported fluid pressure history on the lower surface of the 
sheet, i.e. the one in contact with the fluid inside the die chamber. Figure 5 (a and b) reports a 
particular of the deformed meshes corresponding to the two investigated process conditions: 
actually the numerical analysis is able to predict the better overlapping of the punch shape ob
tained with the higher BHF and the incomplete filling of the comer radius. The effectiveness of 
the numerical simulation is confirmed as weil by the very good prediction of the punch Ioad dur

ing the process, as shown in the next Figure 6. 
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(a) (b) 

FIGURE 5. Deformed meshes (a: Bhpi=2%cr0; b: Bhpi=6%cr0) 

70 

~ 60 
z 
~ 50 
"0 
01 40 0 -Experimental 

...J 30 .r. - FEM 
u 

tf 
c: 20 
:I 
0.. 10 

0 
0 10 20 30 

Punch Stroke [mm] 

FIGURE 6. Comparison ofthe predicted and the experimental punch Ioad (Bhpi=6% cr0) 

Further details on the experiments at the varying of the punch geometry and, as a consequence, of 
the heaviness ofthe forming conditions can be found out in reference [9]. 

2.2 TUBE HYDRO-FORMING 

In the most recent years, tube hydro-forming has become an econornic and industrially suitable 
alternative to various stamping processes. Tube hydro-forming enables in some cases the manu
facture of complex parts, starting from hollow components, in just one operation, while 
traditionally a whole sequence of stamping and welding processes would have been necessary; 
thus both the tooling costs, due to fewer parts, and other secondary operations can be reduced 
[10-15]. 

Again, tagether with the above mentioned advantages, some relevant drawbacks must be men
tioned as well: tube hydro-forming is characterized by slow cycle time as compared to 
conventional stamping operations and requires very expensive equipment. Moreover there is still 
a relevant Iack ofknowledge about tube hydro-forming in particular as far as material formability 
is concemed. 

A simple and econornic experimental device to evaluate material formability in tube hydro
forming was proposed by the authors [16]. Simplicity and cost effectiveness represented the most 
relevant constraints to the design of the experiment: thus no extemal pressure source were util-
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ized, because the fluid pressure is obtained through the movement of the punch. The tests were 
carried out placing the tube into a die characterized by a proper expansion zone and filling the 
tube completely with the fluid (Figure 7). Then the movement of the punch was able to supply 
both the axial feeding of the tube material and the intemal pressure, the latter being controlled by 
means of a maximum pressure valve. In this way, at the varying of the expansion zone geometry 
and the limiting pressure value, material formability was investigated over a wide range. 
The tests were carried out on AISil015 steel tubes. The diameter ofthe tubes was 40 mm, while 
two different thickness values (namely 1.0 and 1.5mm) were tak:en into account. Three different 
dies were designed and constructed, characterized by different expansion zones for the tube. The 
latter task was achieved utilizing three different values of the maximum diameter of the die cavity 
(D) and of the semi-cone die angle (a), see Figure 7. The values of the above geometrical pa
rameters for each one of the three dies are summarized in Table l; in the latter column of this 
Table, the largest theoretical hoop strain occurring in the expanded tube is reported for each die 
geometry. 

T ABLE 1. Geometry of the utilized dies 

Die Maximum Inner Diameter (mm) Semi-cone angle Maximum hoop strain 

1 48 20 0.18 

2 56 20 0.34 

3 64 30 0.47 

Fluid pressure inside the chamber was measured and controlled. The former task was achieved by 
means of a strain gage pressure sensor, while the latter was carried out by means of a maximum 
pressure valve. The working ranges ofthe sensor and the valve were 0-100 MPa and 10-50 MPa 
respectively. 
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FIGURE 7. Diesketch (all the dimensions are in mm) 

The above described equipment was mounted in a 1 OOOkN hydraulic testing machine; a PC based 
data acquisition systemwas set-up to obtain a continuous monitoring ofthe mostrelevant process 
variables, i.e. the punch stroke, the axialload and the fluid pressure inside the chamber. As men
tioned the tests were carried out varying the expansion zone geometry (i.e. utilizing the three dies 
described above) and the value of the fluid pressure inside the chamber. Depending on the test 
conditions it was possible to observe a wide variety of flow defects, as weil as ductile fractures on 
the tubes: Figure 8 reports some typical defects, namely wrinkling, buckling and bursting. 

FIGURE 8. Some defects observed during the tests 
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Therefore the developed experiment, even if very cheap and simple, permitted a wide investiga
tion of material formability in tube hydro-forming. Taking into account, for instance, the set of 
tests on 1.5mm thick tubes, the experimental evidences are reported in Table 2: the result of each 
test is simply indicated as "sound" or "defective", depending whether the fluid pressure was able 
to ensure the expansion of the free surface of the tube up to completely fill the die cavity or, on 
the contrary, a shape defect occurred. No ductile fractures were, in fact, observed on 1.5mm thick 
tubes within the investigated pressure range. 

TABLE 2. Test results (tube thickness: l.Smm) 

Fluid Press. [MPa] Dien.l Dien.2 Dien.3 

40 Sound Sound Defective 

35 Sound Defective Defective 

30 Defective Defective Defective 

Tube hydro-forming was simulated as weil utilizing the implicit elastic-plastic MSC-AutoForge 
commercial code. An axi-symmetric analysis was developed taking into account the geometry of 
the parts. The numerical model was able to follow the process mechanics and to predict either the 
insurgence offlow defects or the complete filling ofthe die cavity as confirmed in Figure 9. 

FIGURE 9. Experimental and numerical results for different testing conditions: a) die n. l, pres
sure 30MPa, thickness l.Smm (wrinkling occurrence); b) die n.2, pressure 40MPa, thickness 

l.Smm (sound part); c) die n.3, pressure 40MPa, thickness l.Smm (defective part) 

The set of tests on l.Omm thick tubes showed, in turn, the insurgence of ductile fractures, i.e. 
bursting, for the heaviest testing conditions (die n.3 and highest fluid pressure value). Therefore, 
in order to predict the insurgence of fractures, the numerical simulations were carried out apply
ing a ductile fracture criterion as weil. In particular the Cockroft and Latham fracture criterion 
was implemented by means of user subroutine [ 16-17]. 
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3 IN CREMENTAL FORMING 

Incremental forming is based on the idea to progressively deform a sheet utilizing a small and 
geometrically simple tool which moves along an assigned trajectory controlled by computer. The 
tool deforms the material through a bending and/or stretching deformation mechanics. In this way 
no conventional punches and dies are required and the final shape of the sheet is determined by 
the trajectory assigned to the tool only. In other words, in illeremental forming material deforma
tion does not depend on the punch and the die shapes ( as usually occurs in meta! stamping), but 
on the relative movement of the punch with respect to the blank. The fmal shape is obtained 
through the "sum" of local deformations induced by the punch. Thus the effective defmition of 
the tool path on a CNC machine represents one ofthe mostrelevant issues tobe investigated [18-
22]. According to the above considerations the advantages offered by incremental forming in 
terms of process flexibility are quite evident. Nevertheless incremental forming is typically a very 
slow process. Therefore industrial suitability of such technology can be assessed only for very 
small batch productions. A very promising field of application for progressive forming may be, 
on the contrary, rapid prototyping. In the last few years the authors carried out an extensive basic 
research activity on illeremental forming [9]. The tests were carried out on 6082-T6 and 1050-0 
Aluminum Alloys l.Omm thick sheets utilizing a properly designed fixture mounted on a 3-axis 
CNC machine 10 a,b,c ). 

FIGURE 10. Incremental forming: a) the experimental equipment; b) the process at an initial 
stage; c) the process at an advanced stage 

b) 



Analysis of some Innovative and Flexible Sheet Fonning Processes 101 

At each test the blank, which had square or reetangular shape, was clamped at the boundary; in 
this way the punch movement determined an almost pure stretching deformation mechanics. The 
tests were aimed to the production of different complex shape components, such as conical and 
cross shells. Some of the obtained shapes are reported in Figure 11 . 

b) 

c) 

FIGURE II. Some typical shapes obtained through incremental forming 

A detailed description of the experimental investigations may be found out in references [9] and 
[23]. Here it is worth pointing out, more in detail, the process mechanics which characterizes 
incremental forming. Actually, in this process, the applied deformation is strongly localized: step 
by step, the moving punch applies plastic deformation on the material through a local biaxial 
stretching mechanism, i.e. to sheet thickness cost. Therefore material formability in incremental 
forming is limited only by the maximum thinning that the material is capable to undergo before 
fracture. 

According to the above considerations the forming Iimit diagram for incremental forming is, for 
the same material, quite different from the conventional one. The latter statement has been re
cently demonstrated by the authors, as reported in reference [24]. 

Finally numerical simulation of incremental forming requires a fully three-dimensional analysis 
since no symmetry conditions can be assumed in the progressive interaction between the punch 
path and the clamped sheet. Thus an explicit dynamic model was utilized by the commercial code 
PC Dynaform. The simultaneous contact of several shell elements with the tool surface allowed 
the proper modeling of the progressive deformation impressed to the sheet metal. In the next 
Figure 12 the typical obtained deformed meshes reproducing the investigated shell shapes are 
reported, confirming that the numerical simulation is a powerful tool in order to investigate the 
process mechanics of the incremental forming operations. 
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FIGURE 12. Typical deformed meshes obtained through numerical simulation 
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IMPROVEMENT OF THE SURFACE TEXTURE QUALITY 
OF MILLED DIESAND MOLDS 
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KEYWORDS: Multi-axis milling, 3D surface texture, tool path, continuity oftangency, dies and molds. 

ABSTRACT. One of the goals of multi-axis milling for dies and molds is to achieve good accuracy to
gether with an improvement in surface finish, in order to minimize polishing operations, still necessary to 
obtain the surface finish required by the autornative industry and the plastic injection sector. Tbis present 
study concems the multi-axis milling of a specific mold steel by a ball nose carbide tool coated with 
Ti(CN). Surface fiilish analysis given by 3D measurements and data processing techniques shows that 
micro-geometrical defaults generated by a C1 continuous tool path are definitely less important than those 
obtained by classical tool paths driven via linear interpolation. 

1 INTRODUCTION 

Die and mold manufacturing represents a significant area of application of cast steels and alloy 
steels [1]. Machining and polishing of dies/molds represent approximate1y two thirds oftheir total 
manufacturing costs [2][3]. 

Since 1960, molds and dies making is of growing interest. Machining of complex surfaces with 
ball or bull nose tools is today done with a1gorithms written in the 70s. Modem CAD-CAM ( com
puter-aided design, computer-aided manufacturing) software, provide paths with reasonab1e 
accuracy; collisions between too1 and part are avoided (but, sometimes, not the spindie and part). 
Generally optimized paths are now quickly computed, and at the end of the processes ([4][5][6] 
[7][8]), the machine tool receives a Iist of numerous statement programming linear trajectories, 
always shorter rather than Ionger (some microns) [9]. 

Due to the improvement of machine too1s, we have started this study in order to check the quality 
of the machined part (accuracy, roughness) using 1ong paths with respect of tangency continuity 
and appropriate cutting conditions as a result of the tool-work material combination behavior. The 
main goal ofthis task is to reduce the subsequent "polishing" length oftime for mo1ds and dies. 

2 TECHNICAL AND ECONOMIC ANALYSIS OF MOLD 
MANUFACTURING PROCESSES 

Technical and economic ana1ysis of mold manufacturing processes can be achieved only by 
working on real examples. The injection market exhibits a wide variety of aspects, various sizes of 
pieces, various kinds of molds. Mo1ds for plastic injection can be made from different grades of 
HB 300 or 400 pre-hardened steels. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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Transport (automotive industry, industrial vehicles, etc.) use represents more than a third of in
jected plastics needs. The automotive industry presents both representative and homogeneous 
characteristics. lnjected parts are visible pieces for which surface finishing is of prime importance, 
with large dimensions, made into polypropylene. Injection series quantities are around hundreds of 
thousands, into molds with single or more cavities, made ofHB 300 pre-hardened mold steels. 

The analysis of mold steels sold around the world shows that the automotive industry is represen
tative of numerous other small markets. Indeed, mold steels represent around 30 % of the tool 
steels market [10][11]. HB 300 pre-hardened mold steels, like those used by the automotive in
dustry, represent around 70% ofthe mold steels market [12][13]. Assuming that mold making for 
the automotive industry is sufficiently representative, this mold making process and sector is con
sidered to represent the various stages involved in mold making. (see Figure 1). 

... Delivering of p1lducts. 
services c:r 
transformatim 

FIGURE 1. Stages involved in mold designing and making [10]. 

Amongst those involved in mold designing and manufacturing, the mold maker has a centrat posi
tion. 

Operation sharing: 
-Design (plastic piece definition): Automotive industrial; 
- Studies, simulations (mold definition): lnjector and mold maker first Ievel; 
-First rough machining (cube machining, first cavity, etc ... ): Steel supplier; 
-Rough machining (milling, EDM, drilling, deep drilling): Mold maker subcontractor; 
- Halffine and fine machining (Milling, EDM): Mold maker; 
- Adjusting, polishing: Mold maker; 
- Injection tests: Mold maker; 
- Retouching: Mold maker; 
- Surface finishing: Polisher; 
- Qualifying injection: Mold maker, Injector and customer. 

First rough machining is generally achieved by the steel supplier, while the mold maker subcon
tractor takes charge ofthe rough machining ofthe cavities, drilling, etc. Semi-fme and fine milling 
as well as adjustments are achieved by the first level mold maker. 
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Figure 2a gives a cost ana1ysis ofthe mold making process [12][13] and Figure 2b shows the im
portance ofp1astic injection molds (73 %) for the mold industry [14]. 

I njection cost 
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Others 
5% 

(a) 

Steel 
r 5% 

Design I 
Simulation 
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Mold 
manufac-

tu ring 
30% 

Plaste 
injection 
molds or 
rubber 
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Meta I 
molds or 
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FIGURE 2. (a) Analysis ofmachining costs ofa plastic injection mold, (b) Product type partitions. 

3 MULTI-AXIS MILLING OF COMPLEX SURFACES AND TRAJECTORY 
APPROXIMATION 

Major CAD-CAM software can be used to produce previously designed comp1ex shapes; gener
ally, using surfaces are known as parametric surfaces: 
• Bezier surface: 

lf Py poles, a Bezier surface equals: 
n m 

S(u,v) = LLPiiBin(u)B7(v) 
i=O j=O 

where B;' ( u) ~ ( ~}' (1- u) '_, (Bernstein polynomials ), 

• B-Spline surface: 

where 

S(u, v) = fff>uNt(u)N;(v) 
i=O j=O 

Nim (u), B-Splines, m polynomials degree, U0 (u1 ( . •• (un+m . 

L,N;m(u) = 1 

N;m(u)~O 

Nt(u)=O if u~ [u;,Ui+m+l] 

Nm()- (u-u;) Nm-1( )+ (ui+m+l -u) Nm-1() 
i u - ( ) i u ( ) i+l u Ui+m -U; ui+m+l -ui+l 

N;\u) = 1 if UE [u;,u;J 
• NURBS Surface (Non Uniform Rational B-Spline): 

(1) 

(2) 

(3) 

(4) 

(5) 
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ff wiJPiJNt(u)Nj(v) 
S(u v) = .:...i=....:.O..:...i=....:.O ______ _ 

' p q 

LL wiJNim(u)Nj(v) 
i=O j=O 

(6) 

where wii are the weights allocated respectively to the poles Pii [15]. 

They are meshed in small plane faces and the tool path is generated using linear trajectories, with 
simple continuity, linking points computed as intersections of faces with principal planes. Accu
racy is achieved by minimizing chord error [16] (distance between exact curve path and segment 
approximation) (see Figure 3). 

FIGURE 3. Chord error. 

Usual machines tools know only linear and circular trajectories and a surprising phenomenon 
occurs frequently. Complex surfaces elaborated by the designer are approximated by a series of 
short segments often not machinable due to overhead and overshooting problerns. 

Segments are programmed by machine software which is then able to define complex curves ma
chinable by NC milling machines. Original surfaces are first approximated, then constructed again 
tobe machinable. Originalinformation from designer is lost. Naturally cutting information (feed 
per tooth f" cutting speed Vc, radial engagement ae, etc ... ) [17][18][19][20] is not taken into ac
count during the optimal path computation. Trajectories with a mathematical approximation 
reduced to zero produce a part which requires a time-consuming polishing process taking some 
hours. 

LINEAR TRAJECTORIES. Linear trajectory algorithms are well known in literature. The tool is 
driven from its center, extremities or by a point on its surface. In this case, the theoretical path is 
programmed with a chord tolerance and the N.C. computer does the correction on the path normal, 
if it exists. Mold or die end milling by a ball or bull nose tool is often done by millians of linear 
trajectories, always hard to check before real machining. The finished surface is generally 
"faceted" and 3D movement is possible. 

LINEAR AND CIRCULAR TRAJECTORIES. Rarely are algorithms combining linear and cir
cular trajectories published. Paths are approximated by a series of segments and circles with 
respect to continuity of tangency at their ends. Elementary trajectories are naturally computed to 
set in the tolerance areas. The NC milling program becomes a succession of ISO statement G 1 
(linear interpolation) and G2 I G3 ( circular interpolation) moves. 
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4 EXPERIMENTAL STUDY 

Tested mo1ds materials are a new redesigned mold steel grade SP300 (Tab1e 1) (Usinor Industeel, 
France), and an aluminum alloy, A1Cu4Mg, with high machinabi1ity. In this study, the work sur
face (ellipsoid 40-20 mm) (see Figure 4a) is machined by a Widia ball nose carbide tool coated 
with hard coatings such as TiCN, with 2 teeth, and diameter (D) 16 mm. Foreach experiment, the 
numerical approximation ofthe surfaces is estimated with a theoretical chord error of0.02 mm. 

TABLE 1. Chemical analysis oftested mold steel SP300 

% ponderal HB 
c I Cr I Mn I Mo I s I Ca, V,B 

0.25 I 1.3 I 1.3 I 0.4 I 0.02 I - 300 

(a) (b) 

FIGURE 4. (a) Machined part, (b) Tool position on the work surface. 

The machine tool used is a five-axis vertica1 machining center (Gambin 120 CR) equipped with a 
Fischer spindie with maximumpower of 14 KW and a capabi1ity of 40000 rev/rnin. Machining is 
done with a 3-axis program and paths are chosen in the (G19) Y-Z planes. Spindie rotates (n) at 
3000 rev/rnin, axial engagement (<~p) is 0.4 rnm, radial engagement (a") set 0.5 mm, maximal cut
ring speed (V cetrmax) and minimal cutting speed (Vceffmin), as shown in Figure 5, are determined by: 

V - 1t.n .D (7) 
ceff max - lOOO 

v ceff min 

2.1t.n.~D.a P - a P 2 

1000 

160 -,--------

c 140 ........... 

1 120 "JII!"' 
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ll 100 ~ 

~ 80 ../ 
~ V 

__ ..--. 

[ --A sce ndi;;gl 

---+--- Plunging I 

8 :: I 1o • 16 mm, a, = 0,4 mm, a, = 0 , 5 mm, n • 3000 rev/~ 
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FIGURE 5. Cutting speed Vceff variation (ascending and plunging). 

(8) 
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The milling tool path is the trajectory of the cutter center, which is also known as the cutter loca
tion CL path, and is given by the NC part program. The cutter contact CC path is the tangential 
trajectory between the ball-end cutter and the part surface. It is shifted from the tool path by a 
distance equal to the cutter radius (see Figure 4b). When the cutter moves in parallel trajectories, 
as shown in Figure 4b, scallops are created on the finished surface. The distance between the par
allel trajectories is the CC path interval, which depends on the local curvature of the surface, the 
size of the cutter, and the allowable scallop height rernaining on the surface after the machining 
operation. 

5 RESULTS 

5.1 MICROGEOMETRICAL TEXTURE OF THE SURFACE 

This study aims to characterize the machined surfaces with the use of the SOMICRONIC
SURF ASCAN three-dimentional profilometer. The 3D analysis enlarges the possibilites of 
knowledge and representation of the surface texture [21]. 

Result shows (see Figure 6) the associated surface by the least squares fit criteria. The effect of 
linear trajectories pictured with small planes of length equal to the length of programmed linear 
segments (see Figure 6a) is clearly observed. On the other surface, machined with respect of con
tinuity oftangency, facetisation is not visible (see Figure 6b). 

(a) (b) 

FIGURE 6. Surface texture ofthe workpiece, (a) Linear interpolation, (b) Continuity oftangency. 

The tridimensional pararneters of the texture surface: arithmetical mean surface Sa, root mean 
square deviation Sq and skewness of height distribution Ssq (see Figure 7a) of the workpiece 
compare the continuity oftangency method with programmed linear interpolation. 

D Linearinterpolation lill Continu ity of tangency 
3,5 r----------------, 

3 
2,5 -

::! 'li''i ~~111 o L-~~wa-~~~~-r~~wwW-~ 
Sq [).Im) Ssq [-) 

(a) 

G Linearinterpolation llll Conti nuity of tangency J 
600 .-----------~ 

'2 500 
]. 400 
" .§ 300 

"' 200 
" ~ 100 
0 
0.. 

AICu4Mg SP 300 J 
(b) 

FIGURE 7. Workpiece one-way, linear interpolation and continuity oftangency, (a) 3D surface texture 

pararneters. (b) Polishing time. 
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5.2 POLISHING TIME 

At the end of the milling process, surface texture of the workpiece was measured in the various 
interpolation cases. 

Then, a manual polishing was dorre up to a finite surface chosen as polished mirror, by means of 
abrasive papers ( of grading from 320 to 1200) and diamond paste. 

As previous results on convex ellipsoid surfaces show that a strong reduction in manual polishing 
time is obtained when the part is machined from a path respecting the continuity oftangency (see 
Figure 7b, 8). Using the time for polishing the same part machined with the dassie linear interpo
lation program as a reference, the reduction in time is 31 % with the alumirrum alloy part to 41 % 
with the steel SP300 part. 

Polishing volumc 

FIGURE 8. Workpiece one-way, linear interpolation and continuity oftangency. 

6 CONCLUSION 

lt is obvious that polishing will still need to be done on molds of this kind in the future, particu
larly when a mirror finish is needed. The benefits in choosing paths programmed with trajectories 
with respect to the continuity of tangency, even with the constraint of circular interpolation in 
principal planes, have been clearly shown. 

In addition to a lower occupation of the machirre tool memory and a shorter, more readable pro
gram, the accuracy of the part and the 3D surface roughness are improved compared with those 
obtained with paths basedonlinear approximation (even in 3D). 

The improved surface quality together with the higher precision obtained by using a program with 
continuity of tangency Iead to a decrease in polishing time from 31 % in the case of A!Cu4Mg, to 
41 % in the case of SP 300 mold steel grade for plastic injection. 
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ABSTRACT: Iron-based hard-facings are a popular choice for abrasion resistant materials in industries 
as diverse as mirring and food processing. Alloys forming chromium carbides dispersed in a relatively 
soft matrix are particularly effective because these carbides are usually present as relatively !arge micro
constituents, which present !arge surface areas to the abrasive material. Hard-facing materials are 
usually deposited onto a substrate by welding to provide wear-resistant layers several millimetres thick. 
Subsequent machining is usually necessary to achieve required standards of dimensional accuracy and 
surface finish. However, effective abrasion-resistant materials are, by their nature, very difficult to 
machirre other than by grinding. Cutting tools based on PCBN present the possibility of tuming and 
milling as more cost-effective alternatives. The work reported here included industrial and laboratory
based cutting trials together with a detailed examination of both the tool:work-piece and tool:chip 
interface acquired using a novel milling 'quick-stop' device, developed at the University ofHull. 

INTRODUCTION 

Abrasion-resistant materials are important in industries such as mining and food processing, 
where excessive wear of critical components will adversely affect equipment performance and 
operating costs [ 1]. Iron-based hard-facing materials are commonly used because of their 
excellent wear-resistance, which is attributable to hard carbides dispersed in a softer matrix 
[2]. Alloys forming chromium carbides are particularly effective because these carbides are 
usually present as relatively large micro-constituents, which offer large surface areas to the 
passage of abrasive material. Hard-facing materials are usually applied to a substrate by arc 
welding to provide a wear-resistant layer several millimetres thick. The welded layer almost 
invariably requires subsequent machining and, until quite recently, grinding was the only 
effective process. However, ultra-hard cutting tools, based on polycrystalline cubic boron 
nitride (PCBN), now offer the possibility of turning and milling as economic alternatives to 
abrasive machining. 
A particular advantage of PCBN tools is that, unlike diamond, they are suitable for machining 
hard ferrous materials. Their superior performance over more conventional tool materials, 
particularly in terms ofhigher material removal rate, has been shown in many areas [3]. PCBN 
tools can successfully machirre hardened alloy steels, cobalt-based alloys, nickel-based alloys 
and tool steels. Furthermore, cast irons, including nickel/chromium cast iron, can be machined 
at very high speeds due largely to the ability of PCBN to retain its of strength at high 
temperature. PCBN tools can also be used to machine very tough materials including Ni-hard 
[4], tungsten carbide and other engineeringceramies [5]. 
PCBN tooling products were intended for use with difficult-to-machine ferrous work-pieces 
but not specifically to cope with carbide-containing hard-facings. Lack ofunderstanding ofthe 
machining process with these materials, especially the work-piece material deformation 
process and tool:work-piece interaction, has restricted the application ofultra-hard tools in this 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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fie1d. In earlier work, the authors [6] reported an app1ication ofultra-hard tools in turning of 
wear-resistant welded hard-facings. The hard-facing materials used were of high hardness 
(HRC 55-60) and high carbide content, which made machining very difficult with tungsten 
carbide tools. Furthermore, the ridged surface layer, resulting from the weld-deposition 
process, together with micro-structural in-homogeneity and varying hardness added to the 
difficulties by creating unstable loading conditions on the tool inserts [7]. 
The work reported here is concemed with assessing the suitability of high-CBN content 
cutring tool materials for both turning and milling iron-based hard-faced work-pieces. The 
work included cutring trials and generation of samples, using 'quick-stop' devices, for detailed 
examination of the tool:work-piece and tool:chip interfaces. Quick-stop devices for turning 
processes are weil established and have been in use for many years. However, preservation of 
the work-piece:chip interface in milling operations is far more difficult. In the work reported 
here, the authors describe the development of a novel quick-stop device and its use in the 
investigation of tool:work-piece interactions when milling an iron-based hard-facing material 
with PCBN tools. 

2 EXPERIMENTAL DETAILS 

2.1 TOOLMATERIAL 

For the turning tests, the PCBN tools used were solid 7mm diameter circular inserts. In the 
milling tests, solid, 'square' inserts were used with an edge length of 12.5mm and a comer 
radius of 3.5mm. The PCBN turning and milling inserts were manufactured from material 
with a high volume fraction of CBN and had a very dense structure. The measured hardness of 
the CBN was HK2 36.5GPa. 

2.2 WORK-PIECE MATERIAL 

The microstructure of hard-facing material used is complex. The material used is 
representative of the Fe-Cr-C alloys suitable for weid deposition on a mild steel substrate. In 
the welding process, solidification begins with the formation ofprimary (Cr, Fe)?C3 carbides, 
the residual liquid eventually decomposing by a temary eutectic reaction into a mixture of 
austenite and more (Cr, Fe)7C3 [8]. As can be seen from the micro-section, a main feature for 
the material is the high volume fraction oflarge-sized primary carbides (8-l5!Jlll in diameter) 
exhibiting columnar growth with hexagonal cross section. Hardness measurements revealed 
that the bulk hardness ofthe hard-facing was approximately HRC 57 but the Knoop hardness 
ofthelarge carbides is about HK50g 14GPa. 

2.3 MACHINE TOOL AND WORK-PIECE DETAILS 

LABORATORY TESTS 

Turning tests were carried out in a laboratory with work-pieces prepared from a chromium
carbide-based hard-facing layer, nominally 6mm thick, deposited on a mild steel bar (41100, 
L300mm). The hardness ofthe welded layer was HRC 55-58. The samples were pre-turned, to 
remove the rough welded skin, before the controlled cutting tests commenced. The tests were 
conducted, without a coo1ant, using a Churchill 'Computurn' 290 CNC lathe. The cutting 
conditions were S 70m/min, F 0.25mmlrev, DOC 0.65mm. Stages in the wear ofthe flank and 
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rake faces of the cutting tool were monitored and cutting stopped when an insert ceased to cut 
effectively. Milling tests in the laboratory were carried out on a Kryle V535 CNC vertical 
milling machine on flat samples ofhard-faced mild steel with a two-flute 32mm diameterend 
mill. The cutting inserts in both materials were 12.5mm square with 3.5mm comer radii and a 
thickness of 5mm. Cutting conditions were S 3000rev/min, F 600mm/min and the DOC 
0.8mm. 

FJELDTESTS 

Field tests were conducted in a factory producing hard-faced components on a regular basis. 
Tuming tests were carried out using a Wamer & Swasey Universal 315 CNC lathe at 
S70m/min, F0.25mm/rev and DOC 2mm; this depth was chosen to ensure that cutting 
occurred below the rough surface layer. The work-pieces used in the milling field tests were 
helical components with diameters between 200-400 mm. The components had, typically, a 
6mm thick weld-deposited layer on top of a mild steel substrate. As in the case of the turned 
parts, the components had rough, undulating surfaces as a result of the welding process. The 
milling was carried out on an lngersoll Bohle BW120 horizontal 4 axis CNC machining 
centre. The tool holder was a 63mm diameterend-miHing cutter with provision for 4 'square' 
inserts. The cutting conditions were S909 rev/min, F0.06-0.12 mm/tooth and DOC 1.5mm. 

2.4 MILLING QUICK-STOP TESTS 

An attempt to produce milling quick-stop samples by accelerating the workpiece material 
away from the tool/workpiece interface using an explosive device has been reported, however 
the disadvantages include the need to develop a very high force, a very small sample size and 
the very critical requirement to time the explosion to occur at a precise position [9]. A 
reduction in the mass of either the tool or the portion ofthe workpiece, which is detached from 
the bulk, would translate into a reduction in the forces required to achieve a separation rate 
comparable to the explosive methods used in turning - a rationale employed by Byme et al 
(10] for a turning quick-stop. In the work reported here, this approach has been adapted and a 
low mass workpiece has been developed in which the forces generated during machining 
fractures the workpiece with the chip intact. Pre-machined into a flat bar, with a reduced 
section at one end, the workpiece is clamped to the machine bed along the 'back', whilst a 
spring-loaded device to the right ofthe spindie can pivot away from the milling cutter (Figure 
l(a)). Cutting proceeds from left to right, and material is continuously removed from the bar 
until a narrow bridge-shaped section is formed. The cutting forces generated during machining 
are supported until, ultimately, the reduced bridge section fractures. At that point, the 
unclamped portion is rapidly accelerated away from the tool:workpiece interface, shown in 
Figure 1(b). 
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FIGURE l. Geometry ofthe mi11ing quick-stop, (a) prior to fracture, (b) after fracture 

3 OBSERVATIONS 

3.1 TURNING 

In the turning trials, high cutting Ioads and temperatures were clearly being generated. The tip 
of the PCBN cutting too1 glowed and red-hot chips were observed even when new inserts were 
used. With increased cutting time and consequential tool wear, the temperature increased still 
further. On-site measurement using an infrared optical pyrometer showed that local 
temperatures in the region of 750-800°C were developed during the cutting process. The 
cutting tool life achieved was approximately ten times Ionger than that of the standard 
tungsten carbide tools. 

3.2 MILLING 

The milling field tests were started at S909 rev/min, F0.06 mm/tooth and DOC l.Smm. In the 
process of cutting, it was observed that the tool inserts glowed red-hot and the chips formed 
were highly segmented. At these conditions, the PCBN tool inserts gave better performance in 
terms of the cutting toollife, as judged by the time an insert lasts before losing its ability to cut 
effectively. The average cutting life of the PCBN tools was found about three to four times 
that ofthe standard whiskered ceramic tools [11]. 

3.3 TOOL WEAR MECHANISMS 

Typical tool wear that developed during milling for each tool:work-piece combination is 
shown in Figure 2. Details of the tool wear that occurred during tuming have been described 
in detail by the authors elsewhere [12]. In general, as edge chipping occurs a loss of 
performance results and, with significant loss oftool geometry, the feed force increases during 
cutting. 
The primary wear mode ofthe PCBN tool insert, shown in Figure 2(a), was by edge chipping 
on a relatively small scale. 1t is suggested that this small-scale chipping gradually removed 
the tool material from the cutting edge probably as a result of the impact forces developed 
during milling. Chipping was predominant in the early stages of cutting and was concentrated 
at the lower edge of the chamfer. A more detailed examination of worn tools showed that, 
within the zone of contact on the flank face, cracks have propagated around the primary CBN 
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particles and wear of the near edge region occurred due to the removal of individual grains or 
aggregates. The consequence is that individual particles have separated from the bulk of the 
tool material. The flaking process on the rake face, however, was the result of transgranular 
fracture i.e. cleavage cracks which have propagated across the CBN particles. A high 
magnification view of the wom, fractured surface of PCBN, Figure 2(b), features both 
fractured and loose particles. This suggests that the PCBN ultimately failed by mixed modes: 
both transgranular individual particle failure, andintergranular failure through the particle 
boundaries. This observation is in general agreement with earlier work outlining wear 
mechanisms in PCBN [13] . A smeared layer ofwork-piece material was present on the flank 
face of the PCBN, but no such layer was observed on the whiskered ceramic tools. However, 
this layer does not appear to directly contribute to the wear process in this tool:workpiece 
pamng. 

(a) (b) 

FIGURE 2. (a) PCBN tool wear, (b) transgranular and intergranular fracture ofPCBN particles 

3.4 DEFORMATION OF THE WORKPIECE 

An earlier paper by the authors [13] showed that the strain imposed during chip formation in 
tuming operations resulted in the production of discontinuous chips. The hard-facing chips 
were 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, influenced by the rnicrostmctural 
heterogeneity of the work-piece. The result of the 'quick stop' test for PCBN tooling is 
reproduced in Figure 3, and shows a clean detachment of the cutting tool with the retention of 
the chip to the workpiece. Clearly both the morphology and the quantity of the carbides 
inhibit the chip formation process and the deformation within the chip segment. Large, 
colurnnar primary carbides can be seen, roughly perpendicular to the cutting edge and 
hexagonal grains, with defects in the form of inclusions at the centre, are observed roughly 
parallel to the cutting edge. Cleavage fracture of the large carbides ahead of the cutting edge, 
parallel to the cutting direction, occurred and in some cases the carbide and matrix separated 
along the boundary of the carbide and the 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. 
Cracking and bending of colurnnar carbides was evident near the surface region and it is clear 
that plastic deformation of the carbides has occurred during the cutting process and where the 
colurnnar primary carbide particles were close packed, the carbides were severely bent and 
cracked. 
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FIGURE 3. Turning quick-stop ofwelded hard-facing with PCBN tooling 

An examp1e of a milling quick-stop produced using novel technique is shown in Figure 4. In 
this case tungsten carbide has been used to cut titanium alloy Ti-6Al-4V, to demonstrate the 
potential of this method to produce a well-formed interface and clean detachment of the tool. 
Figure 4(a) shows the long, continuous and severely deformed chip, typical ofmaterials which 
undergo extensive plastic deformation during machining, still attached to the workpiece. The 
characteristic narrow shear zone produced when cutting titanium alloys can be seen in the 
metallographic section shown in Figure 4(b) 
A milling quick-stop produced during milling welded hardfacing with PCBN tooling is shown 
in Figure 5. As in the case of tuming, the hard-facing chips were saw-toothed, semicircular 
and severely serrated and the tool face side was smooth. The chip was extremely friable and 
became segmented and detached while still on the machine (Figure 5(a). Clearly the 
compressed material ahead of the tool has failed in a brittle manner (Figure S(b)) with 
cleavage fracture of the !arge carbides ahead of the cutting edge and significant failure of the 
carbide matrix interface. Fragments of the carbide have moved into the chip, as was seen in 
the tuming quick-stop. 

(a) (b) 

FIGURE 4. Quick-stop chip produced when milling Ti-6AI-4V with carbide; 
(a) SEM micrograph, (b) etched section 
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(a) (b) 

FIGURE 5. Quick-stop chip produced when milling hardfacing with PCBN; 
(a) SEM micrograph, (b) etched section 

4.0 DISCUSSION 

119 

The poor machinability of the carbide-containing hard-facing materials is related to their 
microstructure and, specifically, the behaviour of the carbides in the cutting process. The 
presence of significant numbers of large carbides in a relatively stiff matrix will result in high, 
but intermittent, forces on the edge of the cutting tool, which Ieads to damage. Thus, the main 
mechanical requirements of a successful tool material for this application will be high 
hardness, to withstand the abrasive carbide particles, combined with toughness to withstand 
the variations in cutting forces. 
Whilst the performance of PCBN is impressive in both tuming and milling applications, there 
remains much tobedonein optimising its use for particular applications. For example, in the 
milling field tests, although the material removal rate could be increased to twice that of the 
standard whiskered ceramic material, under these conditions so much heat was transferred to 
the tool holder that thermal expansion resulted in the PCBN inserts becoming loose. A further 
important consideration for many potential users is the cost of PCBN tools, which are 
typically five times more expensive than whiskered ceramic equivalents. 

5.0 CONCLUSIONS 

• PCBN tools can be used successfully for tuming and milling carbide-containing welded 
hard-facings, 

• In both tuming and milling operations, darnage to the PCBN tools was mainly by 
progressive chipping and small-scale flaking. 

• The excellent performance of PCBN is mainly due to its higher hardness, fracture 
toughness and thermal conductivity. 

• Despite the established performance advantages, the current high cost of PCBN tooling 
remains a barrier to its wider usage 

• A novel quick-stop device has been developed which facilitates investigation of material 
removal processes in milling operations 
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ABSTRACT. The machining process optimisation always received special attention of process engineers. 
Nowadays however, the competitiveness increase asks for additional technologies that result in 
competitive capacity improvement. Good effects can be achieved when the process optirnisation is 
accomplished in shop floor, based in technicalleconomical constraints, using parts that are in 
manufacturing. In this way, the productive line is not broke ofT and the machining process can be 
optirnised. That is the conclusion of this work, which presents a practical methodology to optimize 
machining process in shop floor, based in the related constraints, joined with test results of turning and 
drilling process optirnisation. 

1 INTRODUCTION 

The utilization of modern tools, modern fixtures systems, modern machines, raw material 
reasoning and acquiring cutting parameters by the traditional way, such as manufacturer's 
catalogue, could not be enough to guarantee the needed increase of competitiveness of industries 
that use the machining process in an expressive form. Even if the data from the reliable tests in 
statistics terms is used [1], on an industrial application these values may need to be optimised 
considering the seenarios characteristics. 

The traditional way normally used to make a practical tool replacement by some "better or new 
generation tool" one is to compare both tools through cutting performance and cost/benefit tests. 
These tests normally are not based on optimised cutting condition and, because of this, they could 
give wrong results. 

Can the performance ofthe tool in use still be improved? And the newer tool, can be optirnised or 
not? This problern happen because is unusual the use ofthe Maximum Efficiency lnterval- MEI, 
in process development or in process optirnisation. The refereed interval is formed by the 
rninimum cost speed, Vcmc• and the maximum cost speed, Vcmxp• see Figure 1. Know ifthe cutting 
speed in use, or the optirnised cutting speed, belongs to MEI, can represent a great competitive 
distinguish, to avoid unnecessary costs that occur when the cutting speed below the V cmc or above 
the V cmxp is used. 

When MEI is applied in the development or in process optirnisation, the different seenarios have 
tobe considered such as: mass production; flexible production with Group Technology- GT and 
flexible production less GT. The challenge is to determine which cutting speed from MEI will be 
used, as a reference, in the process optirnisation of specific scenery. There are same cases that the 
Vcmc is indicated, however, there are another cases that V cmxn shows better results. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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FIGURE 1. Maximum Efficient Interval, MEI. 
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To find the final results will be necessary to accomplish machining tests in shop floor, to 
determine the x coefficient and the k constant ofTaylor Life's Equation- see Equation 1,. Joined 
with an industrial atmosphere analysis, which allow that the reference to optimisation will be 
specified. An Expert System, ES, to optimize the machining process based on the described until 
here, can be very helpful, allowing that the all steps of the optimisation could be accomplished by 
machine operator, in real time with the occurrence ofthe process. 

(1) 

Where T (min) is the toollife, k is the constant e x is the coefficient ofthe Taylor's equation. Vc 
is cutting speed (m/min). 

Techniques and information that allow the machining process optimisation occurs in shop floor, 
without stop the production, respecting the MEI and the productive scenery are presented in this 
work. 

The optimisation methodology is showed together with the scenario's classification and their 
information, followed by a short introduction about the TOES (Tool Optmisation Expert System) 
and their application. 

2 OPTIMISATION METHODOLOGY 

The machining process optimisation methodology its based on a model proposed by Pallerosi & 
Coppini [2], which consists in the x and k values determination in industrial atmosphere, following 
the steps described below: 
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a) adopt start operational conditions according to the traditional method in use, such as 
manufacture tool catalogues or previous experience; 

b) execute the cutting process of the programmed workpieces batch with a constant cutting 
speed and carry on until the toollife end, according with a previously defmed criterion. Take 
note of the toollife value, which can be expressed in time, cutting length or number of pieces; 

c) modify the cutting speed value at the most 20% greater than the previously cutting speed 
used, ifthis is not possible in function ofthe process constraints, a value 20% smaller have to 
be adopted [3]; 

d) execute the cutting process with the second cutting speed until obtain a second value to the 
tool life, according with the same previous criterion, and keep the second value of the tool 
life; 

e) determine through the Equations 2 and 3 the x and k values, and through the Equations 4 and 
5, the minimum cost speed V cmc and the maximum production speed V cmxp values, which are 
theMEI; 

1nj~) 

x=~(Vc2)+l 
~I 

(2) 

(3) 

Where Zu and Za are toollife in number ofworkpieces, for the first and second cutting speed (Vc1 

and Vc2), and tc is the cutting time (min). 

t) the calculated cutting speed values through the Equations 4 and 5 should belong to the speed 
interval used on the machining tests, with a tolerance of±lO%. In case this condition is not 
attended, a new speed interval should be adopted and the tests should be repeated until that 
this condition is satisfied. Sometime, mainly in function of cutting time, Vcmxp can be bigger 
then the maximum cutting speed available in the machine tool. So, this second cutting speed 
must be considered as the reference instead ofV cmxp. 

For reasons that will be renowned in this work, the VcrtK: and Vcmxp determination was not 
supported by the statistics proceedings. Off course, that the simple toollife determination, based in 
the tests above described, given us a reasonable reliability. Whatever, the cutting speed optimize 
based on the V CrtK: and V cmxp must be validated during their application, in function of the specific 
scenery as showed bellow. 
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vcmxp=x( ) x-1 ·tft 
(4) 

k 

X 

k·(Sh+Sm) (5) 

60·(x-l)·[K + (Sh+Sm)·t ] 
ft 60 ft 

Where the tft is the too1 rep1acement time (min), Ktt is the too1 cost per too11ife (U$), and Sh is the 
man!hour cost (U$), Sm is the machine/hour cost. 

3 SCENARIES AND INFORMATIONS ABOUT THE PRODUCTNE 
ENVIRONMENT 

3.1 SCENARIES CLASSIFICATION 

The seenarios were classified by the batch size, the workpieces diversity, the material type and 
geometric forms. Thus, the following seenarios are identified as: 

a) mass production- this scenery has a big batch size, which allow that the machining tests, to x 
and k determination, be accomplished a Iot of times, as much as necessary. This is the ideal 
scenery to apply the optimisation methodology proposed in this work. In it, the MEI can be 
defined more accurate and the statistical validation can be done easily; 

b) flexible production where workpieces have the same material and similar geometry - this 
scenery although be flexible, consent that all workpieces be treated like just one batch. In this 
case, the total workpieces quantity, permits that the tests be accomplished like the mass 
production; 

c) flexible production where workpieces have the same material, but different geometries - this 
scenery will be treated in the same way of the last scenery. However, in function of the 
difference among geometries, the results can be influenced by the tool wear down variation. 
Although of these distortion possibilities on the result beings, this scenery will be treated like 
the last scenario. But, in this case, the tool life must be expressed in time units, due the 
difference among the geometries. The statistical validation can be followed by a bigger 
dispersion when the cutting speed optimised will be used. This dispersion occurs in function 
of the sequence of the different geometries in the batch, although of the pair tooVmaterial be 
keep constant; 

d) flexible production with material's and geometrie's workpieces different, however using the 
same tool to cut all the workpieces for the same operation - this scenery is more complicated 
when compared with others described before, because the sequence of the workpieces can 
vary during the tests running and it is possible to cut different workpieces by one tool life. 
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However, to manage the number of tools, the portion of tool life shared among different 
workpieces must be calculated. It can be used x and k values from the literature. In this case, 
the reliability is not so good. But also, they can by obtained in the machining process 
development, using the optimisation methodology proposed in this work, which is more 
expensive, however, more trustful. In function ofthe tool wear down variation, caused by the 
different material in process, the results can be show some variation. Thus, this approach 
given us conditions to specity the number of the tool that will be necessary to machine all 
batch of different workpieces, and the operator need to report the real number of the tool 
spend. The statistical validation, in this case, is damaged, so, the results must be used like an 
orientation to the operator. This means that the operator is free about the responsibility related 
with tool replacement moment. 

3.2 INFORMATIONS ABOUT THE PRODUCTIVE ENVIRONMENT 

Joined with the MEI some information about the productive environment, which has some 
influence over the cutting speed, must be analyzed before the optimised cutting speed choose, this 
information are: 

a) setup time- when this time cause a delay in the productive line, the machine can become a 
neck, in this situation, the Ycmxp is indicated tobe reference to optimisation; 

b) tool replacement time - the V cmxp is inversely proportional the tool replacement time, so, as 
much this value down, the Ycmxp value will increase, see the Equation 4; 

c) tool cost- when the tool cost is expensive, the use ofthe Ycmxp is not indicated, due to the tool 
cost increase; 

d) cost system- the Activity Based Cost- ABC cost system, allow that the Ycmc be calculate 
trustfully; 

e) standard tool- when a standard tool is used, which can be found easily with the supplier, 
there is no problem, but, when a special tool is used, which the buy ask for previous 
programming, the use ofthe Ycmxp is not indicated. 

f) tool stock - this information is essential when the special tool is used. Is valid to remernher 
that the use ofVcmxp spend more tool; 

g) kinds of workpieces and their quantities - used to classified the productive line, like mass or 
flexible production; 

h) family code - used to arrange different workpieces into just one batch; 

i) material- used to scenery classification. 

This inforrnation can be used to built rules and consequently, Expert Systems, which allow that the 
machining process optimisation be done reliable. 
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4 TOOL OPTIMISATION EXPERT SYSTEM - TOES 

To aid machining process optimisation the TOES was developed [4], which is an expert system to 
accomplish all calculus required to MEI determination, and off course, also choice the reference 
cutting speed, to optimisation, respecting the productive scenery. 

Simulation, laboratory and industrial tests [5, 6], made the TOES performance validation. In all of 
then, their effectiveness was verified. The TOES also has a database with the optimisation results, 
which can be used to adopt cutting parameter in machining process similar [7]. 

5 APPLICATION 

How described, some application tests were done, but in this work, only the last one will be 
present. 

The tests happened in an automobile industry placed in Brazil. The workpiece choose is called 
"base tube", which is used in buses and trucks. The Figure 2, shows a draw of the referred 
workpiece, eminence the optimised area (dimension of 0100 x 69, 0110 x 53 e 0115 x 22.5 
mm). 
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FIGURE 2. Workpiece. 

The tests consists in the finishing operation, which have a fine dimensional tolerance, controlled 
by the operator by the micrometer and roughness both equipment are Mitutoyo. The cutting 
parameters in use to the operator were adopted like the first cutting conditions. The tool Iife 
criterion was the superficial roughness, which was the criterion in use by operator. Another 
informations are: workpiece material: ST 52 3N with 83HRB hardness; Machine: horizontallathe 
INDEX: Model GU 800; Tool: insert TCMT 16 T3 08 UM, 4025 class- Sandvik. 

The place, where the workpiece is manufactured, is a flexible cell and two another pieces are made 
in it. However, in this test on1y one piece was appraised. All informations about the scenery 
configuration were obtained with the area supervisor, and all ofthen were imputed into the TOES. 
The first cutting speed, VcJ. was 300 m/min and the second, Vc2, was 360 m/min. Two Iife values 
were obtained to each condition, see the table 1. 
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TABLE 1. Test's results. 

Too11ife Vc1 = 300 Too1 Life V02 = 360 
m/min (Zt) m/min (Zt) 

Test 1 29 17 
Test2 27 17 

Average 28 17 

After impute the test results into the TOES, the following information were showed from it: 1) 
scenery: mass production; 2) MEI: Vcmxp = 1067 m/min, Vcmc = 387 m/min; 3) cutting speed to 
optimisation reference: Vcmc· Thus, it is recommended to use 390 m/min as the optimised cutting 
speed. This means that the industry was using a cutting speed 1ess than V cmc and for this reason, 
1oosing in terms of competitiveness. The 1oss by each piece manufactured using 300mimin instead 
of 390 m/min can be determined and showed to be around US0,051piece. Table 2 shows the 
advantages obtained by the methodology application. 

T ABLE 2. Productivity analyses. 

Item vcl = 300 m/min Ycontimised = 360 m/min 

Cutting time I workpiece (min) 2,25 1,72 
Manufacturing time I workpiece (min) 4,63 4,1 

Toollife (workpieces) 28 14 
Hourly production (workpieces I h) 13 (12,95) 15 (14,63) 

Machining cost (US$) 1,25 1,20 

The hourly production increases about 13%, and despite rise ofthe consumed tool, the machining 
cost per workpiece is about 4% smaller, although ofthe cutting time be about 30% smaller. 

6 CONCLUSIONS 

Based on the results obtained in this work it can conclude that: 

a) the cutting parameters indicated by the tool manufacturer's catalogue can not suggest the best 
economical conditions, as it was showed in the test during on line shop floor application ; 

b) the MEI, joined with the shop floor information's, allow to optimise the machining process 
with better reliability; 

c) the shop floor information accomplished to the scenery classification and choice of the 
optimised cutting speed, showed to be very appropriate; 

d) the proposed methodology to optimize cutting speed, can be reproduced by an Expert 
System. TOES make easily the use of the proposed optimisation method and allow to rich 

very good results. 

e) Based on the authors experience, normally the methodology application could introduce 
productivity improvement and more pro fit during cutting process. 

f) The methodology and the use of TOES are not very intrusive for real time applications in 
shop floor, as to say, during production by cutting process normally running. 
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ABSTRACT. Large crankshafts are used in the field of stationary power generation and ship motor con

struction. Due to the strong global market pressure and the very high technical requirements on the 

component, economical and reliable production technologies have to be used. This treatise presents opti

misation possibilities for machining !arge forged crankshafts on machining centres with respect to the 

complete process chain in the field of cutting technology. lnvestigations in special cutting technologies 

such as turn-miHing of grooves to reduce tension and of the crankpins as weil as deep hole drilling with 

single-edge gundrills for the purpose of machining oil holes are presented. A reduction of the production 

time, an increase of the process security at the required quality and a higher flexibility regarding the 

complete process chain can be achieved simultaneously. 

1 INTRODUCTION 

Large forged crankshafts are used in the field of ship engine manufacturing, stationary power 

plants and off-road vehicles. For the complete machining of forged crankshafts different machin

ing operations such as tuming, tum-milling, milling, drilling, deep hole drilling, tapping, grinding 

and deburring are necessary. Machining large forged crankshafts Ieads to specific problems due to 
the component and the employed processes. Problems are caused by the extremly large size of the 

crankshafts and the balance error during the single process steps. These important factors 

necessarily demand a minimal amount of chucking and a low rotational speed of the workpiece. 

The amount of chucking time, cost intensive manual work, e.g. transport and set-up time, and the 
darnage risk can be reduced. Therefor the complete process chain in the field of cutting technology 

has to be kept in mind. Key aspects are the substitution of process steps by using combined 

manufacturing methods such as tum-milling, investigations in drilling, machining of form 

elements, minimization of burr formation and the development of cooling lubricant with a low 

dass of water endangerment. The process chain can be reduced as shown in Figure 1. 

2 TECHNOLOGIES 

2.1 TURN-MILLING 

To ensure the exploitation of the potential of modern cutting materials when machining large 

crankshafts the use of rotating tools is necessary. This Ieads to the use of the turn-miHing technol
ogv instead of tumimr. Ort.hmronal tum-millin!' is mostlv used for extemal machinin!! of shafts. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Courses and Lectures No. 437, Springer Wien New York, 2002. 
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tum-milling parallel to the axis is used for machining parts clamped in a chuck [1] . Scientific re
search almost exclusively focusses on machining rotationally symrnetric work pieces. This allows 
a high number of revolutions of the work piece. When machining large, eccentric work pieces this 
is not possible which Ieads to different boundary conditions. 
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FIGURE 1: Process chain configuration 

2.2 DEEP HOLE DRILLING 

Generally, there are three different types of deep hole drilling technology: BT A-, ejector- and 
single-edge gun drilling. Besides !arge drilling depth, deep hole drilling can be used to machine 
bore holes with a high quality. For diameters up to 32 mrn single-edge gun drilling is mostly used 
[2]. The use of deep hole drilling technology on machining centres is for example desirable to 
enable a complete machining of work pieces on one machine tool. 

To use deep hole drilling tools on machining centres special requirements have to be fulfilled. A 
high coolant pressure and flow rate is necessary to transport the chips out of the deep bore hole. 
Furthermore, water based cutting fluids instead of special deep hole drilling oil must be used be
cause of the operative conditions. In addition, guidance for the spot-drilling with the single-edge 
gun drill has tobe realised by a pilot hole, since a spot-drilling bush with periphery is normally not 
available in machining centres. Especially the problern of guiding the single-edge gun drill when 
starting the hole on hardened and sloped surfaces is still not solved. On conventional bench drill
ing machines accordingly shaped Spot-drilling bushes are normally used. These have to be 
designed and chosen for every special case. 
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3 RESULTS 

3.1 TURN-MILLING OF ANNEALED CRANKSHAFTS 

At the crankpin and at the intemal sides of the crankwebs there is a !arge overmeasure on the forg
ing blank which has to be rough machined. Depending on the forging die and the actual crankpin 
the overmeasure varies by a !arge amount. Tum-rnilling parallel to the axis with extremely big disk 
rnilling cutters is conventionally used. This Ieads to a high material removal rate because of the 
very big tools. Furthermore a low number of revolutions of the crankshafts is possible, which is 
advantageaus because of the balance error. However, for this special machining task the crank
shaft has to be chucked separately on an appropriate machine tool. Furthermore the landed costs 
are very high, so that this strategy is only profitable when machining a high amount of the same 
crankshaft type in big batch sizes. 

To reduce the necessary amount of chucking and consequently the non-productive time this ma
chining step can be done by orthogonal tum-rnilling on a turn-miHing centre. Using this strategy is 
advantageaus when machining small batch sizes or a small total amount of the same crankshaft 
type, e. g. job lots, single work packages, prototypes or rush-orders. 
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Toreach an acceptable essentialoperationtime using the orthogonal turn milling, a high material 

removal rate must be achieved. Therefore high feed rates and high depths of cut and working 

engagements have to be realised, which Ieads to a very high mechanical tool Ioad. The choice of 

appropriate indexable inserts here is very important. A solid wedge and the coating system 

TiCN+Ah03+ TiN proved tobe best. 

The rough milling of two complete cranks, in this case the crankpins and the inner sides of the 

crankwebs, can be realised with a high process security (Figure 2). The wear of cutting edge varies 

due to variation in heat treatment and the wear of the forging die. This Ieads to different material 

properties and working engagements between the single batches. 

3.2 MACHINING OF GROOVES TO REDUCE TENSION 

Due to the sharp-edged transition, peak stress-loads occur within the crankpin where it enters the 

crankweb. To achieve a stress reduction in this area, grooves are machined into the crankpin. For 

this purpose, orthogonal turn-miHing using tools having an appropriate geometry is employed. 

Compared to conventional turning with a special machine and HSS-tools, the essential operation 

time can be reduced significantly (Figure 3). The rough machining is carried out with a standard 

tool and round indexable inserts. The two stress reduction grooves of one crankpin are simultane

ously finished using up and down milling. This requires the use of ultra-accurate tools as well as 

an individual selection of the indexable inserts for the single insert seats. Thereby an even wear 

progression, a high process security and satisfactory surface qualities can be achieved. The surface 

quality is improved significantly and consequently the manual work is reduced by half. 
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3.3 MACHINING OF HOLES IN ANNEALED CRANKSHAFfS 

For the greasing of the crank pin and middle bearings oil supply holes have to be machined into 
the crankshafts (Figure 4). Dependent on the construction of the crankshaft the oil supply is for 
example realised through the front of the crankshaft. In this case each half of the crankshaft is 
supplied through the respective shaft end with the aid of a branched oil supply hole system. An
other possibility is the supply of every single crank pin through the adjacent middle bearing. The 
problerns when machining the oil hole system are nearly the same independent of the construction. 
Most critical are the deep holes and the spot-drilling on sloped and hardened surfaces. 
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FIGURE 4: Machining of oil supply holes 

For machining deep holes on machining centres, single-edge gun drilling is an appropriate tech
nology to produce them efficiently with high quality. However, soldered cemented carbide drills 
can be used to machine drilling depths up to 1/D = 7 at significantly higher feed speeds. Further
more, for using single-edge gun drills on machining centres, a pilot hole for the guidance during 
spot drilling is also necessary. Twist drills are used for this, so that a tool change must be carried 
out in any case. Thus, the use of soldered cemented carbide drills was tested. These were con
structed to drill up to 1/D = 7.5. If the complete drilling depth is less than this value, oil supply 
holes can alternatively be machined completely in this way without using single-edge gun drills. 

In this special usecase the diameter of the pilot hole machined with the soldered cemented carbide 
drill (D = 14.5 mm; I= 100 mm) was maximally 25J.1m above the nominal diameter and is thus 
suited to be used as a pilot hole. Generally spoken, the diameter of the pilot should be as close as 
possible to the nominal diameter [3]. For the second part of the borehole (I= 100-250 mm) the 
use of deep hole drilling technology is necessary, since the relative drilling depth is 1/D = 17.5. 

Using this combined machining strategy and simultaneously employing optimised process parame
ters, the essential operation time can be reduced by approximately 30% (Figure 5). The quality of 



134 K.Weinert, H. Loebbe 

the hole deteriorates within the frrst section, where the soldered cemented carbide drill is used, 
compared to the section machined with the single-edge gun drill. However, the hole still clearly 
exceeds the quality required. 
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3.4 MACHINING OF PILOT HOLES IN HARDENED AND SLOPED SURFACES 
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The machining of pilot holes to guide the single-edge gun drill in hardened and sloped surfaces is 
problematic. A cemented carbide drill is pushed away in this case. This is why the helical milling 
with a square shou1der facemill is used. The coolant is extemally supplied emulsion to remove the 
chips out of the bore hole. 

During the experiments, the pilot holes could be machined in a wide range of parameters. A varia
tion of the diameter of bore is possible by radius correction. All bore holes are conical towards the 
end (Figure 6). Using down milling, the process is acoustical more quiet and there is less vibration. 
Furthermore the range of diameter in this case is srrialler and absolute run-out of the centre is sig
nificantly smaller compared to up milling. Totally, down milling is favourable to up milling in this 
case. Using this technology, process secure single-edge gun drilling is possible even in hardened 
and sloped surfaces on machining centres. 

3.5 COOLING LUBRICANT 

Using deep hole drill technology there is a high demand on the coolant. At the guiding pads a 
good lubrication has to be ensured. On machining centres this has to be realised by water based 
cutting fluids, since other Operations are carried out here as weil. Based on a standard product, a 
water based cutting fluid was developed, which fulfilled the technical effort. The newly developed 
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emulsion has a Iow pH-value, which Ieads to a high skin compatibility. Another goalwas to reach 
as Iow a dass of water endangerment as possible while retaining universal applicability of the 
coolant. This goal was reached through further development. 
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FIGURE 6: Processing technology for machining oil supply holes 

4 CONCLUSION 

By using the orthogonal turn-miHing for machining !arge forged crankshafts the process chain can 
be shortened, costs can be reduced and the flexibility rises. The rough machining of annealed 
crankshafts can be performed in an econornic way and with a high process security. The use of 
ultra-accurate tools makes the machining of form elements profitable. 

Oil supply holes in non hardened crankshafts can be machined with a combined processing tech
nology so that the demanded quality can be reached in an econornic way. Using helical rni11ing in 
hardened and sloped surfaces to machine pilot holes enables to transfer the deep hole dri11ing 
technology from the bench drilling machine to the machining centre. This Ieads to a time advan
tage and a higher flexibility. 
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ABSTRACT. High-speed machining of hard materials, which is nowadays widely applied in the tool 
manufacturing industry, has several advantages over conventional machining. However, in practical 
machining one of the important tasks is still to define the values of the cutting speed Iimit, where we enter 
into the high-speed region. In the paper some ofthe results ofthe investigation ofthe strain hardening process 
of hardened steel (52 HRC) in milling with a speed range from 50 to 1500 m/min are presented. The 
influence of the cutting speed into the strain-hardening rate is identified by micrographs and measurement of 
micro hardness, and the chip shape is also discussed. On basis of the results obtained it is possible to predict 
the searched speed Iimit when the cutting process enters into the high-speed region. 

1. INTRODUCTION 

High-speed machining, like the cutting of hard materials, at higher speeds are those technologies, 
which are recently being increasingly applied in the production industries especially in mould 
producing. These machining processes are characterised by their high productivity, good surface 
finish quality and higher dimensional tolerances. Additionally these technologies make it possible 
to execute final machining operations without consequent grinding or similar finishing operations. 
Among different high-speed machining processes the most commonly applied is high-speed 
milling. 

The newest investigations in this segment of processes are focused on the four characteristic 
directions: mechanisms of tool wear [1][2], quality of surface finish [3][4], mechanisms of chip 
formations [5][6][7], and problems of machining of materials in their hardened state (hard 
machining) [3][8][9)[10)[11). Allthese researches are mainly focused on the one common goal, to 
establish the possibilities of optimal use of the high-speed machining in practical applications. One 
of the most important tasks, therefore, is to establish the regime of the cutting speeds that 
correspond to the Ievel when the process enters into the high-speed range. 

In the present work an analysis of the chip formation mechanism; plastic behaviour of the 
machined material and analysis of the chip shape produced is used as the principal approach to 
investigate those problems. In examples of the high-speed machining of hard materials, the main 
common chip types appear in the form of the saw-tooth chip. This kind of chip is the result of 
some interrelated mechanisms such as localised shear, adiabatic shear and also as a catastrophic 
shear in the form of extensive cracks [8). Chips are formed segmentally and the morphology of 
their formation is a result ofthe changeable cutting conditions, which mainly depend on: 
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• Mechanical, thermal and thermo-chemical characteristics of the work material, 
• Cutting conditions, 
• Changes in sliding characteristics at the primary zone, 
• Changes in tribological circumstances at the tool-chip interface, 
• The possible interactions between the primary and secondary shear zone and the dynamic 

behaviours ofthe machine-tool system and its linkage with the cutting process. 

2. EXPERIMENTAL WORK 

The experimental work has been carried out at the Faculty of Mechanical Engineering, University 
of Ljubljana. The machining was conducted on the milling machine, type Moriseiki-Frontier. The 
machining conditions were as follows: cutter diameter D = 80 mm, depth of cut d = 2mm, tooth 
feed fz = 0.1 mm, cuttertype SUM-UF0-4000, cutting insert SFKN 12T3 A2TN- AC230, cutting 
speed Vc = 50-1500 m/min, y = 27°, A. = -7°, X =45°. 

The chemical composition ofthe investigated steel grade is shown in Table 1, and Figure 1 shows 
the microstructures and results ofVickers micro-hardness measurements ofthe machined steels. 

Steel grade 

X63CrMoV51 

T ABLE I . Chemical composition of the investigated steel 

Chemical composition [ %] 
c I Si I Mn I P I S I Cr I Mo I V I Cu I Al 

0.62 I t.o I o.59IO.Ol71o.oo4l5.46lt.21I0.46I0.26IO.o28 

a) b) 

FIGURE I. Microstructure of the machined steel grades: 
a) X63CrMoV51- annealed, 282 HV, 
b)X63CrMoV51- tempered, 629 HV. 

The microstructure of X63CrMo V 51 in annealed state consists of ferrite with spheroidal carbides 
and low quantity of perlite due to incomplete annealing. The microstructure of the same steel in 
tempered state is martensite with the characteristic eutectoid carbides and some retained austenite 
due to "yielding" after quenching. Steel in the annealed state was machined at the cutting speeds 
ofbetween the !50- 1500 m/min, andin tempered state at speeds 50, 150, 300 and 1500 m/min. 
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3. RESULTS AND DISCUSSION 

All the experimental results are presented in Figure 2 in the form of a diagram of the micro
hardness HV and cutting speed magnitude; the diagram is illustrated by the microstructures of the 
chip shape produced. On the left band side the figure presents the microphotographs of the initial 
microstructure for the steel at the annealed (292 HV) and tempered state 629 HV - 52 HRc ). 

In machining ofthe above mentioned steel at the annealed state with a speed ofvc = 150 m/min a 
continuous type of chip is produced with the distinctive Ievel of strain hardening, microphotograph 
No.1, Figure 2. The average micro-hardness oftbis chip is 470 HV, which gives us the coefficient 
of strain hardening of n = 470/282 = 1.67. The texture of the grains and also the friction layer 
(secondary deformation) at the inner side ofthe chip can also be clearly noticed. The shear angle is 
changeable (unstable), and consequently waviness on the other side of chip can be observed. 
Changes at the shear angle can be explained by the instability of the deformation processes and 
tribological conditions in the chip-tool contacts at the rake face. Instabilities of the deformation 
process in this steel grade are the consequences of the differences in deformability of the ductile 
ferrite base and hard and fragile carbides. Tribological circumstances in the chip-tool contact are 
changeable due to the stick-slip effect and high contact strains, which Iead to the instability ofthe 
deformations at the secondary shear zone. 

In machining at a speed of 1500 m/min the chips are segmented as the consequence of the 
localized shear deformation, microphotograph No.2, Figure 2. The average micro-hardness at the 
boundaries of the segmented chips is 457 HV which gives us strain hardening coefficient n = 1.62. 
On the inner side ofthe segments the hardness ofthe chipwas measured as 380 HV. Therefore the 
material within the chip segment is less deformed. The white layer, however - characteristic of the 
predominant local shear deformation and thermal softening - is not evident. In the relation between 
the chip shape and the mechanism of formation it might be ascertained that for this kind of 
annealed steel the Ievel ofspeed Vc = 1500 m/min corresponds to the region ofhigh-speed cutting. 

In machining of these kinds of steel grade in tempered state at a speed of Vc = 50 m/min the 
mechanism ofthe chip shape is quite similar to the circumstances ofmachining the annealed grade 
at a speed ofvc = 150 m/min, microphotograph No.3, Figure 2. The main distinctive difference is 
in the appearance of the white layer on the inner side of the chip, which is the consequence of the 
thermal softening of the material. The average measured micro-hardness is 660 HV, which in 
relation to the initial values (629 HV) gives us a low Ievel of strain hardening n = 1.05. The 
structure is characteristically identical, i.e. with uniform plastic deformation. 

In machining at a speed of Vc = 150 m/min, the chip is segmented and has a typical saw tooth 
shape, microphotograph No.4, Figure 2. Clearly visible is the white layer both on the inner part of 
chip and also between the segments. Therefore, the appearance of the thermal softening and 
mechanism of deforming is present. The average measured value of the white layer is 756 HV, 
consequently the strain hardening coefficient is n = 1.2. However, on the inner part of the 
segments the average hardness is only 632 HV, which shows as a complete un-deformed structure 
in relation to the initial state of the workpiece material. On basis of the above findings it can be 
concluded that the speed of Vc = 150 m/min is already of the range in which we can talk about 
high-speed machining. 
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In machining at a speed of Vc = 300 m/min the chip is even more strongly segmented, with lower 
thickness and with the segments of lower dimensions in comparison with the lower speeds, see 
microphotograph No. 5, Figure 2. At the sametime the thickness ofthe white layer is lower and its 
average measured micro-hardness is 742 HV, consequently n = 720/629 = 1.18. The micro
hardness between segments is 640 HV. 

As a final ascertainment, with the cutting speed of Vc = 1500 m/min the chip shape is heavily 
segmented with even lower thickness and magnitude of the segments, microphotograph No. 6, 
Figure 2. Moreover the thickness of the white layer is lower compared to the machining with the 
lower speeds, its average micro-hardness is 720 HV and strain hardening coefficient n 0 720/629 = 

1.14. Micro-hardness within the segments is 618 HV. 

4. CONCLUSION 

In the paper the experimental investigations of the chip shape and measurement of the chip micro
hardness serve as a basis for the analysis of the process of plastic deformation in machining of the 
steel X63CrMoV51 at the annealed and tempered conditions. Cutting has been performed by the 
milling process t a cutting speed within the range of Vc = 50 - 1500 m/min. In relation to the 
results obtained some main conclusions can be defined: 

• In machining with lower cutting speeds and lower workpiece hardness, strain hardening 
of the steel is dominant. 

• At the higher cutting speeds and higher hardness of the work material thermal softening 
of the material and initiation of cracking is dominant, and the chip is mainly shown as 
being of segmented type. 

• On the basis of the analysis of the chips produced, some characteristic regions of strain 
hardening can be defined in Fig 2 as: 
a) region ofthe strain hardening, 
b) transitional region with shear localised deformation with lower influence of the 

thermal softening, 
c) and region with prevailing initiation of cracking and influence ofthermal softening. 

• On the basis of the presented analysis some distinctions within the cutting speed region 
defined as conventional or high speed machining can be ascertained. 
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ABSTRACT: The paper proposes a mathematical model to predict the tool flank wear during the tuming 
process. The thrust component of cutting force has been found to correlate with the gradual flank wear 
progress. Prediction of tool flank wear has been achieved by combining the thrust force-time 
measurements and developed adhesion flank wear model. The model was verified by comparing the 
predicted values with the measured values. A strong correlation was obtained between these two sets of 
values. 

1 INTRODUCTION 

The most undesirable yet inherent characteristic of machining processes is wear of the cutting 
tool. The tool wear is a complex phenomenon that manifests itself in different and varied ways. 
Cutting tool wear can be classified into several types as follows: 
1. adhesive wear associated with shear plane deformation, 
2. abrasive wear resulting from hard particles cutting action, 
3. diffusion wear occurring at high temperatures, 
4. fracture wear such as chipping due to fatigue, and 
5. other mechanisms. 
Tool wear processes generally occur in combination with the predominant wear mode (Fig. 1) 
that is dependent upon the cutting conditions (principally cutting speed vc), workpiece/tool 
material and the tool insert geometry. The more predominantly modes of cutting tool wear in 
tuming operations are flank and crater wear. Flank wear has been traditionally emphasized 
more than crater wear because of the more direct influence that flank wear has on the accuracy 
of the workpiece dimension, as well as surface quality. 
Flank wear arises due to both adhesive and abrasive wear mechanisms from the intense 
ruhhing action of the two surfaces in contact, i.e. the clearance face of the cutting tool and the 
newly machined surface of the workpiece. Its rate of increase at the beginning of the toollife is 
rapid, settling down to a steady state then accelerating rapidly agairr at the end oftoollife. 
Enough work has been dorre in the past to correlate various parameters with the progress of 
tool flank wear [I, 2]. One of the most promising techniques for its indirect detection appears 
to be the measurement and use of cutting force, since it can be successfully correlated to flank 
wear [3]. This can largely be attributed to the fact that cutting force signals are highly sensitive 
carriers of information about the status of the machining process and, hence, they are suitable 
alternatives to tool flank wear monitoring. 
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FIGURE 1. Various wear and fracture surfaces on a worn cutting tool 
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FIGURE 2. Cutting force components 

In tuming, it is convenient to consider the 
resulting cutting force F as a three
cornponent system: the feed (axial or x-axis) 
component Fx, the thrust (radial or y-axis) 
component Fy and the main cutting force 
(tangential or z-axis) component Fz (Fig. 2). 
Although it has been widely established that 
variation in the cutting force can represent 
an accurate and reliable approach to assess 
tool flank wear and failure [ 4,5], 
disagreement still exists as to which cutting 
force component (or combination) is the 
most sensitive and reliable. 
The aim of this study was to develop a 
reliable mathematical model for predicting 
the flank wear of turning tool. The thrust 
force (Fy) in time domain has been modeled 
from the experimental data and it was 
introduced in developed adhesion flank 
wear model. This relationship was then used 
for prediction of tool flank wear. A strong 
correlation was obtained between predicted 
and the measured flank wears data. 

2 ADHESION FLANK WEAR MODEL 

In this investigation, adhesion has been considered as the predominant flank wear mechanism. 
When two mating surfaces are brought together, they touch at the tips of the higher asperities. 
The real area of contact supports the load, and increasing the normal load increases the amount 
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of deformation and contact area, thus increasing the number of asperities that support the Ioad. 
According to the fundamental law of adhesion wear [6], the possible adhesion flank wear 
volume Vad under normalload F after sliding distance I is given by: 

Fl 
Vad = Kad-, (1) 

Hn 

where Hn is the Brinnel hardness value of the wearing material and Kad is called the wear 
coefficient for adhesive wear. Wear coefficient Kadis a principal value for a friction pair to 
describe its wear rate. The physical meaning of Kad is the wear vo1ume fraction at the plastic 
contact zone, and it is strongly affected by the material properties and the geometry ofthe zone 
in compression and shearing. lt varies between 10-7 and 10-2 depending on the Operating 
conditions and material properties [6]. It should be recognized that a wear coefficient Kadis not 
a constant value but it is a possible value in the range of adhesive wear rate. 
In order to predict the tool flank wear under different conditions, it is essential to build the 
cutring force model accounting for the influence of cutting speed Vc, feedf(and depth of cut ap 
ifvary), along the duration ofmachining t. Cukor [7) had developed a model-building method 
for the non-linear modeling of machining processes. The method is weil suited for this 
application since: 
• data storage requirements for this method are small, 
• the computation is efficient, 
• subjective prior information can be made use of, and 
• it allows adaptive estimation of model parameters. 
The basic m-order polynomial model is: 

n j)m(i-l)tJ (In~, y-1 
r=i0 II~r ' 

i=l 

(2) 

where r is the measured response, ~; are the input variables, n is the number of input variables 
and b0,1,2 , ... are the estimated model parameters. Accordingly, for aP = const., the proposed 
model ofthe thrust force Fy is 

(3) 

Since dl = Vc dt, Eq. (1) can be rewritten as 

dVad = Kad ebov l+b1 +b2 Invc fb3 +b4Inf 1bs. 
dt HB c 

(4) 

Tool flank wear geometry can be simplified as presented in Fig. 3. Considering ßABC, where 
a is the clearance angle and y is the rake angle, 

tana 
ds = dVb. 

1-tanatanr 

For the entering angle "• the width of cut is b = aplcos K, and the volume of the wom out tool 
material from the flank face at any instant during a time interval of At is dV Iw> which is given 
by 
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FIGURE 3. Tool flank wear geometry 

Neglecting the dV62 term, 

aP tana 
dV fw = ( ) V6dV6, 

cosK" 1-tanatany 

and upon differentiating, the value of the flank wear volume rate is obtained as: 

dV fw aP tana dVb 
--- Vb-

dt - cos I( (1- tan a tan r) dt . 
(5) 

Since the adhesion flank wear volume rate dVa)dt is the same as flank wear volume rate 
dV.rJdt, equating Eqs. (4) and (5) yields 

V dVb _ KadcosK"(1-tanatany) b0 l+b1+b2!nvcfb3 +b4 !nf b5 
6 --- e vc t . 

dt H8 aP tana 

lntegrating both sides, 

~ ( ) I 

J "dV = KadCOSK" 1-tanatany b0 l+b1+b2!nvcfb3 +b4!nfJ b5d 
Yb 6 e vc t t, 

0 H8 aPtana 0 

therefore, 

1 v2 - Kad cos I( (1- tana tan r) bo l+bl +b2 In vcfbl +b4!nf tl+bs 
- b- e vc --. 
2 H 8 a P tan a 1 + b5 

Finally, a mathematical model for flank wear prediction is 

Vb = [2Kad cos K" (1- tana tan y) iov l+bl +b2!n vc fbl +b4!nf t'+bs]o,s 
H8 aP tana (1+b5 ) c 

(6) 
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3 VALIDATION OF THE PROPOSED MODEL 

The aim of this section is to validate the predictive mathematical model. For this purpose the 
experimental data appear in Dimla et al. [8] was used. Details of the experimental set up were 
as follows: machine tool - Lang Swing J6, workpiece material - EN24 BS 970, hardness - 255 
HB, tool holder - Sandvik SSBCR 2020 K12, insert - SCMT 12 04 08 UM, tool material -
Sandvik Coromant P25 4025, "= 7Y, a. = T, y = 0°, vc = 275 and 300 m/min,f= 0,1, 0,2 and 
0,3 mm/rev, aP = 2 mm. 
Due to Iimitation of space only one but typical plot for experiments is presented. Fig. 4 shows 
the three components of cutting force and flank wear for different durations of machining for 
one particular cutting condition. There is an increase in all components of cutting force with 
progressive increase in flank wear. The fluctuations in force values can be attributed to random 
variations in material properties. Close analysis of Fig. 4 indicates a good correlation between 
flank wear Vb, feed force Fx and thrust force Fy. 
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FIGURE 4. Cutting force components and flank wear with time (vc = 275 m/min,f= 0,3 mm/rev) 

The thrust force model derived above, Eq. (3), was solved to estimate the unknown model 
parameters. Forthis purpose the method ofleast squareswas used, therefore 

F = -33,8897 12,09768-0,80147lnvc/4,155551+0,979588lnft0,l60592 
Y e ~ . (7) 

For the given friction pair Kad = 1,05E-10 [6], hence the following mathematical model of 
thrust force-wear characteristics, for aP = 2 mm, can be obtained: 

vb = (7 ,183 ·1 o-24 vc l3,09768-0,80147ln vc f4,l55551+0,9795881nf tl,l60592 }'5. (8) 

Once the mathematical model was developed, the input parameters, i.e. cutting speed, feed and 
time, were fed to the Eq. (8) and the output variable, tool flank wear, was predicted for the 
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experimental data. A few flank wear-time plots (Figs. 5-8) were drawn comparing the 
predicted flank wear and the measured flank wear. A good correlation was obtained between 
these two sets of values. Thus it can be stated that the developed model predicted the values of 
flank wear reliably over the selected range of input cutting parameters. 

I ~ measured -o-- predicted I 
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FIGURE 5. Flank wear-time plot (vc = 300 rnlmin andf= 0,1 mrnlrev) 
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4 CONCLUSIONS 

The basic aim of this study on the investigation of the possibility of indirect prediction of the 

tool flank wear has been fulfilled. In the present work, a predictive mathematical model has 

been developed. Flank wear has been deduced indirectly by measuring the thrust force (Fy) in 

time domain and implementing the derived adhesion flank wear model. The following 

conclusions can be made. 
• For monitaring of tool flank wear, a mathematical models of both thrust force (Fy) and 

adhesive flank wear have been developed successfully. 

• Comparison of predicted and measured values of tool flank wears shows that strong 

agreement has been achieved between them. Therefore the developed model is 

recommended to be used for predicting the flank wear. 

• As an extension ofthis study, an effective control strategy can be implemented for on-line 

monitaring and control during tuming process using the mathematical model presented. 
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ABSTRACT. The main properties required to the modern cutting tools tobe employed in production, are 
both high wear resistance and chemical stability. In this last years, in the rnachining ofMMCs several kinds 
of coated tools have been developed; they are characterized by high hardness to resist to the relevant strength 
and abrasive action of the reinforce fibers or particles, arranged inside the rnatrix. In tuming of MMC the 
employ of Tungsten Carbide tools coated with Polycrystalline Diamond (PCD) have shown to be very 
effective, whereas they are very expensive thus increasing the production costs. 
In order to reduce the tool cost, in the present work, some other tool materials, characterized by hardness 
values similar to PCDs, like coated Cermet tools and CBN (Cubic Boron Nitrite), are employed in the cut of 
a MMC. To evaluate the possibility of employing these tools in substitute of PCDs, toollife data have been 
compared taking into account both their cost and the surfaces quality obtained. 

1 INTRODUCTION 

The family of material classified as MMCs comprises a very broad range of advanced composites 
of great importance to both industrial and aerospace applications. However, the development and 
use of MMCs are still in their infancy when compared to monolithic materials or even PMC 
systems. Therefore, only a handful of applications have been designed and produced, but these 
areillustrative ofthe potential ofMMCs. The primary advantage of advanced composites is their 
ability to provide higher mechanical properties and tailored physical properties at less weight than 
that of conventional materials. The use of metals as matrices imparts important properties to the 
resultant composites. High matrix strength and elastic modulus impart high composite shear and 
transverse strength and stiffness compared with monolithic metals, MMCs have higher strength
to-density and stiffness-to-density ratios, better fatigue resistance and superior temperature 
properties, lower CTEs, and better wear resistance. In the case of MMCs, these advantages are 
available for high-temperature applications (>316°) where PMCs are inadequate. In general, it 
can be seen that the strength of the composite is usually better than for unreinforced aluminum, 
and the modulus (a measure of the stiffuess) is improved significantly. Furthermore, because 
metals are more electrically and thermally conductive, MMCs can be used in heat dissipation and 
transmission applications. In addition MMCs show higher temperature capability, fire resistance, 
higher transverse stiffuess and strength than PMCs and also no moisture absorption, higher 
electric and thermal conductivity, better radiation resistance, no outgassing in a service 
environment, and manufacturing with conventional metalworking equipment. 
The addition of a reinforeerneut to metal can be ceramic in nature with high strength and high 
stiffuess retention at high temperature, or it can have physical attributes such as high heat transfer 
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of low thermal expansion characteristics, or it can exhibit high wear resistance. Being very small 
in size, generally these reinforcements do not suffer from the flaws and defects generally 
attributed to bulk materials of the same chemistry. The presence of reinforcements can Iead on 
the converse some disadvantages due to the higher material and fabrication costs, Iack of material 
databases, and limited service experience. In addition the costs of design, analysis, and quality 
control are greater [1-4]. 
From the workability point of view, the reinforce inside the matrix causes very strong abrasive 
action on tools during the cutting operations. In figure 1 is shown the SEM image of the MMC 
material employed in the current investigation. In this image it's possible to recognize the 
presence of the reinforcement particles inside the metal matrix. This characteristic Ieads to very 
short toollife, bad surface quality, built up edge and high power needed for th~ cut [5,6]. 

FIGURE 1. SEM Image 

In turning operation the employ of Tungsten Carbide tools coated with Polycrystalline Diamond 
have shown to be very effective, due to their high hardness, whereas they are very expensive thus 
increasing the production costs. 
In order to reduce the tool cost, in the present work, some other tool materials, characterized by 
hardness values similar to PCDs, like coated Cermet tools and CBN (Cubic Boron Nitrite), are 
employed in the cut of a MMC. 
To evaluate the possibility of employing these tools in substitute of PCDs, toollife data have 
been compared taking into account both their cost and the surfaces quality obtained. 

2 TOOL WEAR EXPERIMENTS 

2.1 EXPERIMENTAL SET -UP 

The cutting testes were conducted on a Boeringer DM550!1000 lathe. The workpiece employed 
was an MMC 6061/Al203/10p (Duralcan® W6A.lOA-T6) with an extema1 diameter of228 mm. 
Its characteristics are reported in the following: 
Chemical composition: Si= 0,6%, Fe= 0,13%, Cu= 0,28%, Mn= 0,007%, Mg= 1,03%, 

Cr = 0, I%, Sn= 0,004% 
Hardness: HBN(2,5/62,5/30) = 50 [ daN/mm2] 
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Tensile strength: R=352N/mm2 

A piece of this material, approximately 800 mm long, was fixed between chuck and tailstock. The 
commercially available materials selected for the tests, according to the insert number TCMW 16 
03 08, were as follows: 

Cermet HT 3015 KlO in the following called "A" 
Cubic Boron Nitride - CBN (CB20) in the following called "B" 
Polycrystalline Diamond - PCD in the following called "C" 

Each material was tested three times in continuous dry turning with the following cutting 
condition: 

geometry: 
o rakeangle 
o clearance angle 
o side cutting edge angle 
o inclination angle 

parameters: 
o depth of cut: 
o feeds: 
o speeds: 

y=Oo 
a=7° 
'I'= oo 
A.=oo 

1,5mm 
0,14 mm/rev; 0,28 mm/rev 
5,5 m/s; 7,8 m/s 

At the end of each cut, flank wear was evaluated by acquiring the image of the primary edge employing a 
processing image system as shown in figure 2. lt is composed by a CCD camera (Sony A VC-D50CE 
monochrome, high resolution) connected with a PC, properly equipped to store and process the acquired 
images. 

~ Tool holder 
Data store 

Spot lights / 
optical fiber 

CCD Camera 

PC - S W "Inspector 5 .1" 

FIGURE 2. The image processing system employed for the tool wear evaluation. 

On the acquired image, the value of flank wear was measured employing the commercial 
software "Inspector 5.1" by Matrox. This measure was performed ad fixed time interval until the 
value ofVB8 = 0,2 mm was reached, for each test. 
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2.2 EXPERIMENTAL RESULTS 

For all the couples of cutting parameters above mentioned, the flank wear trends are shown in 
figure 3 for the three kind oftools employed, called A, B, C. 
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FIGURE 3. Flank wear trends. 

500 1500 t[s] 

Among the wear criteria, only the value of VB8 has been taken into account, · because the crater 
wear was negligible. 
Since the workpiece material during the cut have a tendency to weld on the tool tip, after the cut, 
it was necessary to perform a slight mechanical removal to clear the primary cutting edge 
allowing the correct evaluation of the flank wear. The flank wear along the cutting edges was 
regular as shown in figure 4. 
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FIGURE 4. The SEMimage ofa PCD tool- XIOO. 

The lifetime is evaluated on the base of a flank wear Iimit VB8 = 0,2 mm. In table l, are 
summarized their values, for all the above-mentioned tools and cutting parameters. 

TABLE I. Toollife 

Tool A B c 

Vc f 0,14 0,28 0,14 0,28 0,14 0,28 
[mm/re [mm/re [mm/re [mm/re [mm/re [mm/re 

5,5 [m/s] 850 730 660 525 1420 1500 

7,8 [m/s] 510 490 450 360 890 1000 

At the end of each cut also the roughness of the workpiece was measured on six longitudinal 
profiles in different radial positions, by means of a profilometer Handysurf E-35A by Zeiss. In 
the following table 2 the values of workpiece roughness at the end of the tool life are 
summarized. 

TABLE 2. Worlcpiece roughness [IJID] 

Tool A B c 

Vc f 0,14 0,28 0,14 .0,28 0,14 0,28 
[mm/re [mm/re [mm/re [mm/re [mm/re [mm/re 

5,5 [m/s] 2,2 5,7 1,15 3,46 1,62 4,12 

7,8 [m/s] 2 4,8 1,14 2 1,7 3,6 

In the figure 5, the trend ofthe Raparameter is reported for the tools employed. 
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FIGURE 5. Workpiece roughness trends. 

3 DISCUSSION OF THE RESULTS 

During the cutting of MMC the main responsible of the wear is the direct contact between the 
reinforce particles inside the workpiece material and the primary cutting edge and the flank, that 
causes several grooves along the flank wear, as shown, in figure 4 [7]. 
This kind of abrasion require the correct choice of the cutting parameters in order to avoid the 
removal ofthe coating thin from the tool [8], caused by the strong shear actions that are generated 
between the coating and the substrate ofthe tool during the cut. 
For the employed cutting parameters, examining the tool life data reported in table 1, and the 
workpiece roughness data, in table2, we can draw that the best performance are obtained by the 
PCD tools (C). 
The flank wear trends show that, at increasing the cutting speed, the tool life for all the examined 
tools decreases, whereas at increasing the feed, only PCDs toollife tends to increase [9,10]. 
This behavior can be explained by supposing the following dynamics: at the same cutting speed, 
at increasing the feed, both the mechanical stress and the abrasive effect of the alumina particles 
grow, since a greater quantity of material is cut; on the converse, from the observation of figure 6 
a, b, where the SEM image of the chips for the two feeds adopted is reported, we can draw that 
the opposite effect is generated from alumina particles at increasing the feed. In particular, in 
figure 6a, we can observe that the reinforce particles, during the cut at lower feed, tend to thicken 
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along well-defined directions generating a very strong abrasion on the primary edge and flank. 
For higher feed rate, figure 6b, the reinforce particles are more uniformly distributed inside the 
matrix material, thus reducing the abrasion. 

FIGURE 6. SEMimage ofMMCs chip: a) f= 0,14 mm/rev, b) f= 0,28 mm/rev. 

The effect of such distribution is than to increase the lifetime of the PCD tools at increasing the 
feed even if the quantity of material removed is bigger at higher feed. The minor wear on the 
PCD insert can be attributable to the better abrasion resistance of such material [ 11]. For the other 
tool materials (A e B), their reduced abrasion resistance involve that, the increase of removed 
material, for higher feed, results in a shorter lifetime, even if the particles distribution is more 
uniform. 
Moreover, the above reported results (see figure 5 and table 2) show that the finishing obtained 
with the A inserts is worst, for the same cutting parameter, than the one obtained by employing 
the CBN and PCD tools. Nevertheless it's important to highlight that the difference among the 
values ofRa reached at the end ofthe inserts toollife is always less than 25-30%. 

4 CONCLUSION 

On the basis of the obtained results we can draw that: 

The MMCs can be machined not only with PCD tools but also with coated Cermet ones. 

For the investigated cutting parameters the lifetime of the Cermet tools is about half the 
PCDs one. 

The CBN inserts doesn't show to be competitive with the other tools examined both as 
regard the lifetime and the surface quality. 

The most suitable tools appear to be the PCDs but, taking into account the costs of the 
tools, we suggest that it's profitable from the economic point of view to employ the 
Cermet tools (A), because theselast have shown lifetime of about 50% ofPCDs one, when 
the edge cost can be evaluated to be about 1150. 

The use ofPCDs can be limited for the cases when very low values ofRa are required. 
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ABSTRACT. The measurement of the cutting force is important from the theoretical and practical point 
of view. An investigation of cutting forces and torque in milling with a rotating dynamometer is de
scribed. Rotating dynamometer is more practical for milling, drilling and taping than the plate 
dynamometer, since it is mounted on the spindie of the machine tool independently of the size of the 
workpiece. The experimental results have been compared to estimated instantaneous forces computed by 
using Kronenberg's approach. The measurement system has been tested. Also, the dynamic and static 
characteristics ofthe rotating dynamometer are presented. 

INTRODUCTION 

The knowledge of cutting forces gives an important information which can be used both for theo
retical and practical purposes [1]. Cutting forces are strongly correlated to chip formation 
mechanism, therefore, the measure of the cutting force can help understand the basic principles of 
metal cutting. In the past, the measurement of cutting forces allowed the researchers to develop the 
first mathematical models of cutting processes [2]. 

The measurement of cutting forces allows to investigate the influence of tool geometry on cutting 
process thus enabling the producer to develop better tools. Also, the cutting force data are indis
pensable in dimensioning parts and subsystems of the machine tool, and in optimizing the 
machining processes. 

The dynamometers are instrurnents able to measure the force. Different dynamometers have been 
used in metal cutting to measure the cutting forces. More than hundred years ago the specific cut
ting force k,; N/mm2 as a ratio ofthe main cutting force and Fe and uncut chip cross-section area A 
bad been introduced. 

k =Fe 
s A (l) 

Specific cutting force data are given for different workpiece material and different shapes of the 
uncup chip cross-section area in ordertobe able to determine the main cutting force without mak

ing experiments. 

It has to be pointed out that the dynamometer has to be enough sensitive to register small force 
variations and to be stiff enough to avoid larger deflections and vibrations. It is difficult to make a 
good dynamometer, also, with or without small cross-sensitivity [3]. 
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In the 1atest years, the interest of dynamometers has moved to their application in the machining 
systems and too1 condition monitoring system as machining sensors [4]. In particu1ar, the app1ica
tion of dynamometers together with other sensors for too1 condition monitoring seems to be very 
prornising. 

Severa1 kinds of dynamometers can be found on the market, such as p1ates, rings, strain gages. A 
rule ofthumb for cutting force measurement is to put the sensitive element very near to the tool tip 
because the interposed parts interfere with the measure. This statement explains why reliable 
measurement of forces, during rnilling, is difficult. Recently, special dynamometers for rnilling, 
boring and tapping have been developed. These dynamometers can be mounted directly on the 
spindie ofthe machine, i.e. very near to the tool tip. 

The aim of this work is to investigate the application of a rotating dynamometer for cutting force 
measurement in rnilling as weil as to investigate the characteristics ofthe rotating dynamometer. 

DYNAMOMETERS 

Basically, by using strain gages or piezoelectric sensors, it is possible to measure the forces. Strain 
gages must be attached to the parts where the highest deformation occurs in order to obtain maxi
mum sensitivity. Usually, deformations are very low (10-3-10-5 mm), thus the sensor sensitivity is 
highly dependant on the amplifiers used to condition the signal. 

Piezoelectric sensors must be subjected to the forces requested to measure, hence they are inserted 
in the structure. The sensitive element releases electrical charges during deformation. By integrat
ing the released electrical charges in time domain, the stress can be computed. Usually, the 
piezoelectric sensitive e1ements are inserted between pre-1oaded p1ates in order to increase stiff
ness of the sensor and for linearity between deformation and output signal. 

At present, two different kinds of dynamometers can be found on market: plate dynamometers and 
rotating dynamometers. 

An examp1e of plate and rotating dynamometers can be seen respectively in Figure 1 and Figure 2. 

FIGURE 1. Plate dynamometer - Kistler 
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FIGURE 2. Rotating dynamometer- Kistler 

Plate dynamometers are placed between the work piece and the work:ing table ofthe machine tool. 
Both dynamometers can be used for tool condition monitoring in milling, drilling and threading. 

Figure 3, shows different reference systems that are adopted by measuring forces with plate and 
rotating dynamometers: Fe and FeN are the forces in the dynamometer reference system, Fr and FtN 
are the forces in the fixed reference system. The axial force Fa is the same in both reference sys

tems. Obviously, the dynamometer reference system rotates together with the dynamometer 
because the sensing elements are fixed on the dynamometer. 

FIGURE 3. Rotating (Fe, FcN• Fa) and fixed (Fr, FfN, Fa) reference system 

As it can be seen in Figure 3, the forces measured in the rotating reference system are always or

thogonal to the cutting speed and they are very similar to theoretical forces in orthogonal cutting. 
Each reference system can be switched to the other one by using roto-translation algebra. 

The forces measured in the fixed reference system could be affected by the position of the tool, 

which is not the case when the rotating dynamometer is applied. 
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The rotating dynamometer is a complex device composed of two parts the rotor, clamped in the 
spindle, and the stator. The rotor must communicate to the stator without contact by using teleme
try. Therefore, the rotor must be coupled to the stator placed very close to the rotating tool-holder 
and fixed to the spindie housing. The stator transrnits the power by mean of electromagnetic 
waves. 

The rotating dynamometer contains the sensitive elements, charge amplifiers, digital signal con
verters for every channel and the telemetry electronics. It is very difficult to integrate all these 
instrumentation in a very narrow place such as the rotor itself. Also, the rotor must be enough stiff 
and light. To decrease the system complexity, the telemetry has a lirnited bandwidth, which Iimits 
the amount of information carried by every single channel and a number of channels. 

Recently, a special tool-holder dynamometer for high-speed rnilling monitoring has been devel
oped in the Department PTW in Darmstadt [ 5]. This device has enhanced bandwidth and is 
capable to measure forces and accelerations in rnilling. lt is suitable for high-speed dies and 
moulds rnilling. 

2 MILLING DYNAMOMETER SET-UP 

As stated before, the dynamic and static characteristics of the dynamometer depend on the me
chanical parts interposed between the tool tip and the sensing element. 

Figure 4a) shows a very simple model of the rotating dynamometer. The rotating dynamometer 
can be modeledas a mass element m (the tool), connected by aspring element k and a damping 
element c, in the three main directions x, y and z to the dynamometer. In the z direction the system 
is very stiff. F or the sake of simplicity, Iet consider the system independent of the x and y direc
tion. The model in the x direction is given in Figure 4b ). 

As it can be seen, the model found in Figure 4b, the forces measured by the dynamometer are the 
structural reactions of the spindie to tool vibrations and forces applied to the tip. 

b) 

a) 

m 

~~ 
li.-ml~~ 
......_~kx Fx-mi 

~ m -X 

FIGURE 4. Spring-damping-mass model oftool holder dynamometer: a) 3 dimensional; b) one direction 
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From a mathematical point ofview, dynamics ofthe tool can be written as follow: 

{ mx(t) = Fx(t)- kxx(t)- cxx(t) 

FDx (t) = kxx(t) + cxx(t) (2) 

In frequency domain: 

(3) 

The frequency transfer functions for forces becomes: 

FDx (s) (cxs + kJ 
Fx (s) ms 2 + cxs + kx 

(4) 

The characteristic of the transfer function is neither constant nor linear in the frequency domain, 
thus requiring compensation. Indeed, the transfer function ofthe tool-dynamometer system is more 
complicated compared tothissimple model. It is clear that the frequency characteristic ofthe tool
dynamometer system must be identified before using the dynamometer. Todetermine off-line the 
dynamic and static characteristic of the tool-dynamometer system, the pulse test can be applied 
[6]. The pulse test consists in hammering several times the tool tip and comparing acquired force 
signal from dynamometer to hammer-induced force signal. The frequency-transfer function of the 
dynamometer used in this study is given in Figure 5a. The theoretical transfer function plot ofthe 
mono-directional mass-clamping-mass system is shown in Figure 4b (see Figure 3). There is a 
good concordance between the experimental and the theoretical transfer function of the measuring 
system. 

By using the transfer function, the system can be identified. It is possible to build a signal condi
tioner, which compensates the effects on measured force. However, it is not possible to obtain the 
original signal by inverse filtering due to the low-pass effect that eliminates higher frequencies. 
Moreover, the system contains some retarding elements that prevent compensation [7], thus only 
an approximated reconstruction is possible. In Figure 6, the difference between theoretical cutring 
force ( a) and measured force by the dynamometer (b) is shown. It can be seen that the measured 
cutting force signal contains elements of the transfer function of the clamping system. 

The identification of the system can also be accomplished during machining by comparing recur
sively the measured cutting force and the theoretical cutring force [8]. 
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FIGURE 5. a) Experimentaltransfer function ofthe dynamometer and b) theoretical transfer function ofthe 
dynamometer 

3 CUTTING FüRCES IN MILLING 

Face rnilling tests have been carried out in order to compare the relationship between theoretical 

cutting forces obtained by using M.Kronenberg's model and the cutting forces obtained experi
mentally. M.Kronenberg's equation [1] used in this research is as follows: 

(5) 

Where F c is the cutting force, N, k. is the specific cutting force (l ), 3p is the depth of cut, mm, hx is 
the uncut chip thickness, mm, and km is the corresponding exponent ofhx. 

The tests were performed on an Okuma MA 550-VB rnilling machine. The rnill was a Sandvick

Coromant Corornill R290-050A32-15M, diameter 50 mm, inserts R290.90-1504M-WM 4040, on 

C60 workpiece for a face rnilling operation where 3p = 0.8 mm, a" = 25 mm, fz = 0.1 mm/tooth, 

z=2. 

There is a significant sirnilarity between the experimental cutting force curve and the theoretical 
cutting force curve. This proves the applicability ofthe M.Kronenberg's force model for turning in 
rnilling. The effect of the entrance of the cutter into the workpiece is more evident in the torque 
signal. 
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Figure 6 shows the experimental cutting force after inverse fittering where the theoretical cutting 
force. Figure 7 shows the experimental torque and the theoretical torque. 

Both the eccentricity ofthe cutter and the eccentricity due to incorrect mounting ofthe insert have 
had a strong effect on cutting force, torque, vibrations and tool wear. 
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After many years of research in cutting force, using plate dynamometers in milling and drilling, 
there are available rotating dynamometers which are mounted on the spindie of the machine tool 
independently of the size of the workpiece. In accordance with considerations presented in this 
paper, we may draw the following conclusions. 

The mathematical model (2), (3) and (4) ofthe dynarnic characteristic ofthe measurement system 
is fitting well the experimental behavior ofthe system. 
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It has been proved that the tested rotaring dynamometer gives satisfactory results of the cutting 
force and torque in milling. 

There is a significant similarity between the experimental cutting force curve and the theoretical 
cutting force curve when applying M.Kronenberg equation. This is a proof of the applicability of 
M.Kronenberg's force equation in milling. 

The rotating dynamometer can be used for tool condition monitoring and/or for process condition 
monitoring, and in industrial conditions. 

It will be of further interest to compare the results obtained with a rotating dynamometer and the 
plate dynamometer, and to investigate the application of the rotaring dynamometer for tool condi
tion monitoring and process condition monitoring. 

5 ACKNOWLEDGEMENT 

The authors would like to thank Professor E.Schulz, Professor E.Abele, U.Fiedler, A.Versch and 
the staff ofthe PTW Institute ofthe Darmstadt Technische Universität (Germany) for their contri
bution to this work. 

REFERENCES 
I. G.F.Micheletti, (1977), Tecnologia Meccanica, UTET 
2. M.C.Shaw, (1984), Meta! Cutting Principles, Oxford Science Publications 
3. E.Kuljanic, (1972), Study of Wear in Single-Tooth and Multi-Tooth Milling, Doctor of Phifosophy 

Disertation, University of Cincinnati, Ohio, Congress Library, USA 
4. G.Byrne, D.Dornfeld, I.Inasaki, G.Ketteler, W.Koenig, R.Teti, (1995), Tool Condition Monitoring 

(TCM) - Status of Research and Iudustrial Application, Annals of the CIRP, Vol. 44/2/1995, 
541-567 

5. H.Schu1z, A.Versch, U.Fied1er, (2001), Process Monitoring with Mechatronic Too1 Holders, Produc
tion Engineering, Vol. VIII/2, 115-118 

6. I.E.Morse, W.R.Shapton, D.L.Brown, E.Kuljanic, (1972), Application ofPulse Testing for Determin
ing Dynamic Characteristic of Machine Too1s, 13th International Machine Too1 Design and 
Research Conference, Birmingham, 1-13 

7. H.Schulz, T.Herget, (1994), Simulation and Measurement ofTransient Cutting Force Signal in High
Speed Milling, Production Engineering, Vol 112, 19-22 

8. J.Altintas, (2000), Manufacturing Automation, Cambridge University Press 



SIMULATION OF CHIP FORMATION 
IN AN ORTHOGONAL CUTTING PROCESS USING FEM 
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ABSTRACT - The objectives of this work are to develop a plain strain simulation model of orthogonal 
cutting with predetermined process conditions and to analyze the orthogonal cutting events with respect 
to plastic strain, equivalent stress and applied external force, with the goal to insure, as far as possible, the 
quality of the simulations. This work is based on a !arge deformation-large strain finite elements theory 
using an incremental approach in a 2D elastic-plastic model of an adiabatic steady state cutting, using the 
Mare AutoForge software package. Please, send any comments or questions by e-mail to: tetiro@unina.it. 

1 INTRODUCTION 

Cutring is one of the manufacturing processes more frequently used to produce parts of desired 
dimension and shape through the removal of unwanted material, in the form of chips, with a 
wedge-shaped tool. Due to the workmaterial deformation with large plastic strain, friction, high 
temperature, high strain rate, and their coupling effects, metal cutting is a highly non linear and 
coupled thermomechanical process [1]. An understanding ofthe physical phenomena involved in 
metal cutting is essential in order to predict cutting forces and temperatures, to select the tool ma
terial, to size machines and to choose the cutring parameters ( cutting velocity, rak:e angle, feed 
velocity, etc.) for the economical operation of the process or the safety and performance of the 
machined product. The earliest analytical models of orthogonal cutting were proposed by Mer
chant [2], Lee and Shaffer [3] and Palrner and Oxley [4]. However, these analytical models show a 
significant divergence with experimental results due to the simplifying assumptions about the 
friction at the tool-chip interface, work hardening, strain rate and temperature dependencies ofthe 
work material properties. To take into account more realistically such process variables, the appli
cation of non-linear finite element techniques to the simulation of metal cutting becomes 
necessary. Over the last two decades, two kinds of mechanical formulation have been used for the 
finite element modeling ofmetal cutting. The first is the Eulerian-based approach [5, 6] in which 
the grid is not attached to the material and the cutting is simulated during the steady state, avoiding 
the need for a chip-separation criterion but requiring that the boundaries of the chip free surface 
must be known in advance. The second is the Lagrangian approach [5, 7, 8] in which the grid is 
attached to the workpiece and the cutting can be simulated from the incipient to the steady state, 
allowing for the prediction of chip geometry and residual stresses in the workpiece. This approach 
requires Ionger computational times to reach the steady state conditions, a remeshing algorithm to 
update the mesh, and a chip separation criterion to allow for the chiptoseparate from the work
piece [9]. Many separation criteria have been proposed in the last years and all of them are based 
on a certain characteristic quantity. When this quantity achieves a threshold value, the separation 
ofthe chip from the workpiece occurs. In the so-called geometric separation criteria [10], when the 
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tool tip approaches a node within a small critical distance, that node separates from the workpiece 
and becomes part of the chip. The physical separation criteria are based on the comparison of a 
"failure" variable with a critical value. The most common failure variables are effective plastic 
strain, strain energy density, and stress (normal, shear, von Mises equivalent stress) [8, 9, 11]. The 
difficulty to be overcome in the utilization of physical criteria is the determination of the critical 
value ofthe failure variables. The material flow behavior at high temperature, strain rate and strain 
encountered in the cutting process cannot be provided by the normal cr-e test or impact tests. Thus, 
extrapolations are necessary. 
In this paper, an original numerical mode1 of continuous chip formation was deve1oped using the 
Mare AutoForge FEM software package for AISI 304 stainless steel. The cutting process is car
ried out by a rigid tool and the fracture propagation model is realized by a stress Separation 
criterion. The obtained results show the influence of the rake angle and friction coefficient upon 
the cutting force, chip geometry and the stress distribution in the chip and the workpiece. 

2 FINITE ELEMENT MODEL 

2.1 WORKPIECE AND TOOL MATERIAL MODELLING 

WORKPIECE MATERIAL 

The work material used for the plane-strain orthogonal cutting simulation was an AISI 304 stain
less steel (0.08% C, 18-20% Cr, 8-10.5% Ni). This material is coded in the FEM Mare AutoForge 
as X5CrNi 18 _9. The physical and elastic properties of this steel at 25 °C are in Table 1. 

TABLE 1. Physical and elastic properties of the X5CrNi18 9 steel 
-

Mass Density 7850 (kg I m"1 

Me1ting Temperature 1790 oc 
Specific Heat 500 (J/kg 0 C) 
Thermal Conductivity 16.2 (W/m-K) 
Young's modu1us 193 (GPA) 
Poisson's ratio 0.28 
Hardness 88 (HRB) 

CONSTITUTIVE EQUATION 

During cutting, the material undergoes high deformation ( e » 1 ), high strain rate ( E = 104 + 106 s· 
1) and high temperature (T > 300 °C). To account for such effects on the material properties, a 
constitutive equation describing the flow stress as a function of strain, strain rate and temperature 
is needed. In the FEM simulation, the material was modeled as isotropic elastic-plastic with iso
tropic strain-hardening through !Jle Johnson-Cook formulation, eq. ( 1 ), where A, B, C, m and n are 
material parameters (Table 2), eo the equivalent strain rate at which the material starts to be sensi
tive to strain rate, T room the room temperature and T melt the melting temperature. The simulations 
were conducted at constant temperature T = T room = 25 °C, which is a reasonable hypothesis in the 
case of a large flow rate of cooling fluid, so the thermal softening factor in eq. ( 1) is zero. 
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creq =(A+BE~q)[l+Cl{~eq]][l+( T-~room Jm] 
Eo Tmelt Troom 

(1) 

TABLE 2. Johnson-Cook parameters 

Material A(MPa B c M (MPa) n 

X5CrNil8 9 154 198 0.0541 0.0035 0.207 

TOOL 

The tool is modeled as tungsten carbide and is considered a perfect rigid body. 

2.2 FRICTION CONDITIONS 

A critical aspect of cutting process numeric modeling is the characterization of contact and friction 
conditions at the tool/chip and tool/ workpiece interfaces. Modeling of these conditions has a 
fundamental role in the simulation since it directly ensures the agreement of the numerical analysis 
with the physical reality of the interaction between workpiece, tool and chip. Experimental obser
vations revealed that the tool/chip interface can be divided into a stielring and a sliding region and 
the force distribution on the tool rake face cannot be considered linear [1]. If the total force is 
decomposed into two components, the component normal to the rake face varies along the rake 
face in an almost linear way. The tangential component evolves in a non linear way within the 
sliding zone and reaches a value of saturation in sticking zone, close to the tool tip. Friction condi
tions modeling in metal cutting should account for both behaviors. For simplicity, it may be 
hypothesized [7, 8] that the whole face ofthe tool is characterized by a sliding zone and the Cou
lomb friction model with a constant friction coefficient J.1 can be used. In this work, the friction is 
assumed to follow a Coulomb law, with a constant friction coefficient J.l. 

2.3 NUMERICAL SIMULATION 

NUMERICAL MODELAND LAGRANGIAN FORMULATION 

The FEM used for the plane-strain metal cutting simulation is based on the Lagrangian formula
tion provided by the Mare AutoForge code. As is well known [1], the plane-strain assumption is a 
reasonable approximation of the orthogonal cutting process if the width of cut is at least five times 
greater than the uncut chip thickness. The elements used for the FEM simulations are four node 
quadrilateral elements (QUAD). The workpiece wasmodeledas composed oftwo borlies attached 
along a node line; these two borlies will separate as the tool advances according to a pre
determined separation criterion (Figure 1 ). The upper part of the mesh represents the undeformed 
chip layer and the lower part the rest of the workpiece. The vertical and horizontal node displace
ments at the lower and the right workpiece boundaries are set equal to zero (boundary conditions). 
The chip layer consists of 80 QUAD elements with 84 nodes; its length and thickness are 50 mm 
and 0.4 mm. The rest ofthe workpiece has 160 QUAD elements with 189 nodes and thickness 20 
mm. The tool moves ftom left to right with a constant cutting velocity of 150 rnrnls. 
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CHIP SEPARATION CRITERION 

The chip separation criterion is based on the node Separation method [8, 1 0]. In this model, cutting 
is supposed to take place along the line dividing the undeformed chip thickness from the rest of the 
workpiece. Therefore, separation is assumed to occur only at the nodes lying on this line. The chip 
layer and the rest of the workpiece are initially in contact node to node along a line, but the two 
nodal lines ( one on the chip layer and one on the rest of the workpiece) are distinct. When the 
equivalent von Mises stress reaches a threshold value, the separation of chip from workpiece oc
curs, eq. (2). The threshold value is set equal to the yield stress ofthe work material: 500 MPa. 

(2) 

3 RESULTS AND DISCUSSION 

The first phase of chip formation (Figure 2) is characterized by a high compression at the tool 
/chip interface. The chip deforms progressively against the rake face and takes on a free shape. 
The distribution of the equivalent plastic strain rate is shown in Figure 2 where the primary and 
secondary deformation zones are also visible. The focus of this study is on the dependence of chip 
form and cutting force on the tool rake angle and the friction conditions at the tool!chip interface. 

3.1 INFLUENCE OF THE TOOL RAKE ANGLE ON CHIP FORM 

In this section, the effects of the tool rake angle will be considered. A set of four cutting simula
tions were carried out with identical cutting parameters except for the rake angle that varied 
between 5° and 20° by steps of 5°. The depth of cut is 0.4 mm, the cutting velocity is 0.150 m/s 
and the :friction coefficient at the tool!chip interface is 0.1. The results ofthe analyses are presented 
after a tool path of 1.295 mm. Figure 3 shows the chip geometry at the end of the four simulations. 
The cutting ratio, r = to I th is seen to increase with increasing rake angle, in agreement with the 
physical phenomenon. It can be noted that the contour line of the forming chip free side presents a 
fairly regular shape for high rake angles. The main reason for these phenomena is that for small 
rake angles (5°), the cutting force can be assimilated to a compression force. The effect of com
pression yields the formation of the barreled chip shape and the considerable increase of chip 
thickness after cutting. By increasing the rake angle, the compression decreases and the metal 
cutting proceeds in a less coercive manner. This effect is confirmed also by the trend of the hori
zontal cutting force obtained by the simulation for the four rakeangle values (Figure 4). 

3.2 INFLUENCE OF THE FRICTION COEFFICIENT ON CHIP FORM 

In this section, the effects of the friction coefficient will be considered. In a set of four numeric 
simulations with tool rake angle 10°, cutting velocity 0.150 m/s and depth of cut 0.4 mm, the fric
tion coefficient varied from 0 and 0.3 by steps of 0.1. The results of the analyses are presented 
after a tool path of 1.295 mm. For high friction coefficients, the chip remains in contact with the 
tool rake face for a Ionger length than in the cases of low friction coefficients (Figure 5). The fric
tion Coulomb law states that the slip between two contact surfaces occurs only when F/Fn > ll· 
Therefore, for high friction coefficients, the chip in contact with the tool rake face has difficulties 
to flow as easily as in the case ofweak coefficients (Figure 5). 
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Thus, the material accumulates and crams on the tool rake face. V ery rounded shapes of the chip 

free sides can be noted for values of friction coefficient 0.2 and 0.3 (Figure 5); this is due to the 
effects of the high stresses that make the chip to accumulate on the rake face. Such effect is con

firmed also by the trend of the horizontal cutting force obtained by the simulation for the four 

friction coefficients (Figure 6). 

3.3 STRESS DISTRIBUTION 

Numerical tests were carried out to study the influence of the friction coefficient on the stress 

distributions in the chip and work material. For all simulations, depth of cutwas 0.4 mm, cutting 

velocity 150 mm/s, tool rakeangle 10°. The results for cr11 , cr22 and the von Mises equivalent stress 
are reported in Figures 7, 8, 9, respectively, after a tool path of 1.5 mm. 
Figure 7 shows that cr" is negative (compression) in the chipandin the workpiece ahead ofthe 
tool tip, whereas it is positive (tensile) behind the tool tip and at the chip extrernity. Figure 8 shows 
that cr22 is positive in a large zone ahead ofthe tool tip which during cutting is under traction. This 
is necessary for chip separation to occur in agreement with the Separation criterion described in 
section 2.3. It can be observed that the cr22 tensile stress within the same zone decreases when the 
friction coefficient increases making chip separation harder. The plastic flow behavior can be 
exarnined from the von Mises equivalent stress distribution (Figure 9). The stress contours in the 

chip, ahead of the tool tip, are parallel and connect the tool tip with the turning point on the chip 

free side, thus identifying the shear angle. For fl = 0.3, cr11 and cr22 ahead ofthe tool tip are very 

high at the surface to be manufactured. This can explain the observation of a very high Von Mises 

equivalent stress. Therefore, for this value of fl, the surface to be manufactured is subjected to 

higher stresses than for lower f1. values. 

3.4 STRAIN DISTRIBUTION 

The contour plots of strain components E11 and E22 are given, respectively, in Figures 10 and 11 for 

4 values of the friction coefficient. For fl = 0 and fl = 0.1, E11 is negative (compression) at the 
tooVchip interface and positive (traction) at the chip free side. When f1. increases, a zone defined 

by positive E" can be observed near the tool tip at the tooVchip interface. For E22, the observations 

are opposite to those for Eu: for fl = 0 and fl = 0.1, E22 is positive at the tooVchip interface and 
negative at the chip free side. When f1. increases, a zone of compression (E22 < 0) develops before 
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the too1 tip, at the tooVchip interface, determined by the "dry" contact (sticking zone) ofthe rake 
face and the chip, near the too1 tip. The opposite behaviors observed in the chip for e11 and e22 can 
be interpreted in the following manner. The distortion in the chip is plastic and thus incompressi
ble, which brings to the well-known relation e11 + e22 + e33 = 0. The plane distortion condition 
implies e33 =0, and thus e11= -e22• The distribution of strain component e12, representative of the 
shearing, is shown in Figure 12 for 4 values off.!. The maximum shearing, naturally, takes place in 
the chip. The shearing in the workpiece is relatively weak in comparison. The existence of a !arge 
shearing gradient can also be noticed along the line that joins the tool tip with the turning point on 
the chip free side. This zone of strong gradient is the primary shearing zone. lt can be noticed that, 
in each simulation, the gradient increases from right to left and, as fl increases from 0 to 0.3, the 
value of shearing becomes !arger. 
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4 CONCLUSIONS 

J..L = Ü.l 

J..L=0.3 

In this paper, FEM simulations of the orthogonal meta! cutting process of an AISI 304 stainless 

steel were carried out using the Mare AutoForge code and a Lagrangian approach. A physical 

separation criterion for chip formation was applied utilizing a von Mises equivalent stress critical 
value and a nodal release technique. Chip/tool contact was modeled using the friction Coulomb 

law and a constant m value. The numerical simulations performed covered the incipient as well as 

the steady-state of the cutting process for a range of tool rak.e angle and friction coefficient values. 

The obtained results showed the dependence of chip morphology, stress and strain distributions 

and the cutting force values and trend on the rake angle and friction coefficient variations, in good 

agreement with the physical reality ofthe orthogonal cutting process. 
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ABSTRACT: The high necessity for productive quickness required nowadays, mainly due to 
globalization process, the research centers, industries and all social segments related to the development 
of productive activities are suffering a strong pressure to act drastically in order to avoid lost of time 
during products manufacturing. Among machining processes which have passed through this kind of 
requirement, the drilling process, subject of this research, has been suffering enormous changes in order 
to become better and optirnized. These changes are the results ofresearches with the purpose ofbalancing 
the knowledge and the technological development concerned to drilling process in relation to other 
conventional machining processes with geometric defined edge cut. In such case, this issue aims a brief 
evaluation ofmacro and micro quality deterrninants (such as roughness and integrity ofthe inner surface) 
of parts obtained from optirnized drilling process. It also aims to analyze which influences these 
deterrninants can have on the failure occurrence on the parts. 

1 INTRODUCTION 

Cornpetitiveness is leading the companies to study various possibilities in reducing costs, 
especially in those sections directly related to the production. This is the rnain reason why new 
manufacturing technologies are being developed intensively, like the machining process 
without coolant or with a very high cutting speed. 
However, these developments not always are followed closely by experts. In most of the cases 
they were made upon empirical decisions by professionals who were not qualified for that, and 
did not have enough knowledge of the requirements to which the manufactured pieces would 
be submitted in field [1]. 
Among machining processes which have passed through this kind of requirement, the drilling 
process, subject of this research, has been suffering enormous changes in order to become 
better and optimized. These changes are the result of researches with the purpose of balancing 
the knowledge and the technological development concemed to drilling process in relation to 
other conventional machining processes with geometric defined edge cut. 

However, the researches for improving the process (usually through new materials and 
technologies in drill manufacturing, elimination of cut fluids or machining condition 
optimization) have very little stuck to macro and mainly to micro quality determinants of the 
machining products. Such a reality caused an interest in studying with more attention the 
existent relationship among the improvements made to optimize, specially the increasing of cut 
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speed and the quality determinants, more specifically the roughness and the integrity of the 
sub-superficiallayer. 
In the present research it is intended to analyze, from the results obtained in an optimized 
drilling process, the behavior of macro and micro quality determinants due to this optimization. 

2 GENERAL FEATURES OF THE DRILLING PROCESS 

The drilling process is the most frequently process used in general manufacturing industries, 
and it is largely employed in the automotive industrialization. This can be very easily observed, 
taking into account that almost all kinds of pieces has at least one hole, and that only a very 
small quantity of these pieces comes with the holes already done or almost done [2]. The 
pieces, generally, have tobe full drilled or have their holes enlarged through drilling process, 
and this fact makes the study of the optimization of this process very important. 
The drilling process is behind handed in relation to other machining processes for many 
reasons, but the main one is the drill diameter. A lOmm diameterdrill (which is very common), 
tobe used with speeds compatible to the hard metal (speed around 200 m/min), would need a 
rotation of 6400 rpm, something very far from the Iimits of the conventional drillers. For this 
reason, the number ofuse ofCNC machining drilling centers for drilling process has increased 
[2]. 

Considering the importance of drilling in machining process, new materials and processes for 
manufacturing of pieces and drills has been emerged, producing tools with a large range of 
hardness and tenacity [3]. However, the most used drills are still made of HSS drills. This 
occurs in part because of a Iack of information from the people who make decisions in 
companies. 

On the other band, inside machining world there are research groups working with the purpose 
of overcoming the Iimits inside of the set tool/machine/piece, and they always ( or almost 
always) find new resources to brake the barriers ofprocess optimization. This is the case ofthe 
elimination of cut fluid, as exposed below. 

2.1 CUTTING FLUID ELIMINATION (DRY CUTTING) 

The main functions of refrigerant/lubricant fluids are: to reduce the generation of heat by 
reducing the friction; to eliminate the influence in raising temperature in the material structure; 
and, transporting I removing turnings generated during the process. In machining with non
fluid cut the friction and adherence between tool and piece raises due to raising of the thermal 
charge present in the process. This propitiate significant raises in tool wear, in forming craters 
and long turnings that cause problems, specially in drilling processes. These difficulties can be 
minimized nowadays with the use of covered and geometric changed tools. [4]. 
In the last years, concems with the environment have been pointed as a market request 
consequence (IS014000 and "green point"). Works related to the banishment of the use of 
products which generate chemical residue (chorine, brimstone and phosphorus), harmful to 
human being and nature, have been developed, among them the lubricating and refrigerating 
fluids used in machining processes (specially in drilling) [3]. 
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The global tendencies to environmental control are becoming rigorous and are focusing the 
manufacturing, watehingthat it does not cause damages to the environment [5]. The requests 
are present in rules of high importance for that companies which claim for acknowledgment as 
"W ord Class Enterprise" or for those that are looking for partnership with these ones. 
From these tendencies come, originally, the researches about the non-fluid cut drilling. Beyond 
the try of working with optimized parameters, people started working with non-fluid cut, 
looking for the banishment of residue and the reduction of production costs. The prices of 
lubricants and refrigerating, and of the equipment involved with them, for example the 
attention to avoid the development of bacteria inside the warehousing tanks, may reach 
approximately 15% of the production costs [5]. 

3 EXPERIMENTAL PROCEDURES 

To make the analyses proposed in this paper, a set of holes drilling in the specimen material, 
steel 4340, in a vertical machining center Mori-Seiki (model SV -40 CNC), was made, without 
the use of lubricant I refrigerant, in optimized operational conditions as described in the 
method of COPPINI ET AL, 1988, and of PALLEROSI ET AL, 1991[6]. In this method, 
proved in laboratory and production environment, from the coefficients x e K of Taylor's 
equation, obtained from preliminary essays, the speed of reference from the Interval of 
Maximum Efficiency (IME) - V mxp (velocity of maximum production) and V0 (velocity of 
minimum cost). In general, in cases of process optirnization, people try to work with V mxp• 

what make it possible to aceeierate the production rhythm. 
In the already made essays, from de figure of IME to optimize the process, the follow value 
was reached: V mxp = 163rn/min. The advance used was f = 0,18 mrn/rev ( data obtained from the 
drill manufacturer catalog). 
The used tool was a one piece hard meta! drill P40, with 10 mm of diameter, kind ALPHA 2, 
right version, with covering TiN-Al (model A3265 TFL- Titex), according to the Norm DIN 
6537K for drill and DIN 6535HA for screw. The holes made were 32 (mm) depth. 384 drills 
were made (12.288 mm oftotal drilled length). 
The analysis was done in two distinct moments: evaluation of macro quality determinants 
behavior (roughness, diameter variation and cilidricity variation), and evaluation of micro 
quality determinants behavior (sub-superficial layer integrity of the drilled piece and residual 
stress in the hole). To evaluate the roughness measurements with the portable Mitutoyo 
Surftest-211, with "cut-off' of0,8 mm was used. For the diameter and cilidricity variations, a 
Starett 3D Machine was used. For the analyses of sub-superficial layer a high-resolution 
camera CCD Hitachi KP-M coupled to a meta! graphic optical rnicroscope Nikon was used to 
obtain the images of the macrostructure of the layer. The obtained images were analyzed with 
the help of "Global Lab Image View" software, which has screw and measurement recourses, 
due to the rnicroscope obtained image enlargement. And to the residual stress, it was used a 
Residual Stress Analyzer (Digital Fastress). 
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4 RESULTS AND DISCUSSIONS 

The anaiysis of the resuits is based on the quaiity of parameters that allow predicting the 
product behavior during its use; these parameters are known as micro and macro-determiners 

of quality. As a resuit of the experimentation described above, they had the behavior shown in 

the graphics of the figures I to 4, where the roundness and the ciiindricity deviation of the 

hoies, the surface stress and the roughness are represented. The HAZ formation is also shown 
at the figures 5 and 6. 

It can be noticed that, except to some values, it does not exist significant increment in holes 

roughness value. This can be observed more clearly on the graphic on Figure I, which shows a 

tendency to diminish the roughness as the number ofholes increase. 

On figure 2 it can be observed the behavior of the cilindricity deviation of the holes, which has 

the same tendency of roughness: diminishing during the drilllife. 

These behaviors can be the result of the wear at the main edge, that increases the role of the 

secondary edge during drilling due to the drill geometry, that assures its stiffness, and a 
consequent process stabilization, reducing the cilindricity deviation. This kind of stabilization 

is not so good, because it also brings a reduction on the hole diameter (fig. 4). 
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FIGURE 1. Roughness Analysis FIGURE 2. Cilindricity Analysis 
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FIGURE 3. Stress Surface FIGURE 4. Diameter Analysis 

The surface stress behavior shown at the figure 3 refers to the conditions found along the 
surface of the specimen at the holes nearby. Among the holes were chosen the points that 
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represents regions that go from the beginning of the drilling until the region closely near to the 
last hole drilled, where are the presumed extreme conditions of the experimentation. 
The behavior of the surface stress can be the result of a normalizing on the microstructure of 
the drilled material. Temperatures of the set drill/material during the process can reach Ievels 
between 800° to 1000°C (where the steel changes its phases) and assume a slow cooling 
velocity that causes this presumed normalizing; it is a no desired treatment because it occurs 
with no control and results on changes of the material structure that is different from the 
beginning of the experimentation. 
The occurrence oftbis affected layer (as shown in the figures 5 and 6) can also be explained by 
the possibility of existence of friction between the drew and the drill wall, what causes a crush 
of the machining surface and the formation of a misshapen Jayer on the sub-superficial 
structure of the drill. This, however, must be the least prevailing factor for the formation of the 
affected layer, but it must be one ofthe reasons for the tendency ofroughness diminishment. 

FIGURE 5. Typical HAZ FIGURE 6. Typical HAZ 

formation. formation. 

1t is important to outstand that, usually, the drill elements contained in the pieces are used to 
fixation and so, they are subrnitted to propension forces. In this case, the formation of HAZ (or 
rather of a damaged layer on the drill wall) can be the point from where failures can start 
during the use ofthe pieces (trenches, tenseness accumulation, etc.). 
It is also important to outstand that in the conditions the operation was made, it must be still 
another phase of manufacturing which correct the detected problems (an operation of 
conclusion for the removal of HAZ, for example). 

5 CONCLUSION 

According to the results obtained in this essay, it remains clear the need of a previous study on 
the application of the piece in the working area for the development of an optimized process 
ofthe directed machining parameters, with the objective ofnot harming its performance. 
The banishment ofuse of cutfluid is possible due to innovations developed in drilling process. 
However, it is important to outstand that the possibility of HAZ formation is higher in this 
case, what can Iead to the occurrence of failures in the pieces, originated from the drilling 
process. 
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It is also valid to hold that even with the roughness diminishment on the holes wall, the HAZ 
tends to appear, pointing to a possible need in realizing a new phase ofthe process to reliefthe 
tensions and to correct the dimensions. 
The analysis of the results shows that it is important to focuses more than one characteristic of 
geometric deviation to help on the results interpretation. For instance, the roundness or the 
cilindricity all by themselves are not enough and can bring mistakes on the interpretation of 
the results. 
In the stress analysis it is advisable to make at least one evaluation of the temperature gradient 
to reach the real condition of the material after machining, because of the different conditions 
ofheat transfer found in the piece. 
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ABSTRACT. A comparison between two different experimental methods for predicting the cutting-edge 
tool life in tuming is presented: the Standard ISO 3685 and the here proposed one, that make free the 
variation of cutting parameters, in particular the cutting speed. 
The methodology here presented take into account the cumulative darnage or the residual life of the 
cutting edge. On the contrary to the Standard, the cutting speed is not constant up to the complete wear of 
the edge, but different cutting speeds are to be employed. This brings to perform a test with a minimum 
use oftwo cutting edges and to evaluate the Taylor exponents analytically. 
The comparison is based on experimental tests for both methods and the results in this previous work are 
encouraging. 

1 INTRODUCTION 

In chip removal, the cutting parameters are weil correlated by the Taylor equation, which 
actually remain the most convenient despite the approach by more complicated models with 
not appreciable improvements [1]. For determining the unknowns ofthe Taylor expression, the 
exponents and the constant, an experimental test is mandatory because of the influence of 
uncontrolled factors which Ieads high uncertainty in computation if model is adopted [2]. 
Experimental tests are produced and often offered by manufacturers of cutting tool inserts, but 
data must be carefully used because of different tool machines and materials employed. Hence 
in factory it is significant to run tests proving the best behaviour of the cutting tool, therefore 
tests must be rapid and give as many information as possible. Several techniques have been 
proposed like RMS [3] and Factorial design[4] for choosing the number oftests to perform and 
to cover an assigned range of values, whereby a linear regression for Taylor relation would be 
determined. 
The method presented in this paper relates to the cumulative darnage or the residual life of the 
cutting edge and the base hypothesis is first posed, followed by the analytical exposition which 
Ieads to the formulation ofthe Taylor equation. 

2 THE RESIDUAL TOOL LIFE 

In considering valid the empirical Taylor equation vT'=C at the cutting conditions expressed 
by C, one can asks which amount of residual life L1 should have the cutting edge after a 
cutting time t01 <T1 at cutting speed v1. With t01 the working time from the initial state 0 to 1 at 
the cutting condition expressed by 1: the residuallife is L1= T1- t01 and the rate of consumed 
life is d1= 101 / T1, remaining the residual rate /1=( T1- lo1)/ T1=1- d1. 
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Under the hypothesis that the residual tool life rate /1 is constant varying the operating 
conditions, for example the cutting speed v, it is defined: 
Lij : residuallife at time t; , with cutting speed vj ; 

L;; : residuallife at time t; , after processing at cutting speed v; ; 
dr=(T,-L;;)I T; = 1- L;;IT;. 

Can be generalised as follows: 
L;; = T; (1- d(i-IJ)- t(i-1); 

L(i-I)i = T; (1- dri-IJ); 

d. = "'i· f(j-I)j do = o 
I Li1=1 T. 

1 

Using the Taylor equation, as logarithmic transformation : 
Y=a+bX, with X=Inv, Y=InT, c =lnC and a=c/n, b=-1/n, 
in fig. 1 the progression ofthe tool1ife is represented. 

A 
In v4 ln v2 In vl In v3 ln v 

FIGURE 1. Graphie representation ofthe progression ofthe toollife. 

By eliminating the unknown T; with the Taylor equation, the above three equations can be 
expressed with the unknowns n and C. 
If the cutting speed Vj, j=1,2, ... i, will only vary during the test, other cutting parameters 
remaining constant in C, the cutting edge will be completely wom at time 'Z'; = I; tri-I)i which 
correspond to L;r=O or dr= 1 : 

. f(j l)j . -y,; y,; 
di = Ii=1T.= I}=ltv-l)j -c n -vjn =1 

1 
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For solving such an equation, which has the two unknowns C and n, it is necessary another one 
of the same type. This is obtained by using two cutting edges which are tested A and B times 
respectively up to their complete wom out: 

"'A l(j ) ·C-Yn ·VYn -1 """ja=l ·-1 ja ja -

B -Yn Yn 
L jb=l l(j-l)jb · C n ·V jb = 1 

with 

This means that two series of measures, two cutting edges, are needed for finding the constant 
terms ofthe Taylor equation in the form vl"=C. 
The problern can be extended to two independent variables for solving the Taylor equation in 
the form v1" xm=c·, withx the feed ratef orthe depth ofcut p. 
Assuming the feed rate f as second variable and using the logarithmic transformation of the 
Taylor equation, the equation of a plane must be found: 
Z=aX + b Y + c', with a=-1/n , b=-mln, c'=lnC'/n. 
The system is based on three equations where the unknowns are C', n, m as follows: 

"'A t C'-Yn Yn f'% -1 """ja=l (j-l)ja · ·V ja · ja -

B -Yn Yn '% 
Ljb=l l(j-I)jb · C' n ·V jb · fjb n = 1 

-Yn Yn '% 
L)c=l 1(;-I)jc · C' n ·V jcn · fjc n = 1 · 

with 

This means that three series of measures, three cutting edges, are needed for finding the 
constant terms ofthe Taylor equation in the form v1" .f'=C·. 
The extension to the third variable, depth of cut, is immediate. 

3 THE FLANK WEAR CRITERION 
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For toollife experimental determination in turning the flank wear criterion has been adopted. 
This is a comrnon industrial procedure because of the correlation with the surface roughness 
being obtained in turning chip removaL The test case refers to an industrial working condition: 
insert TiCN coated type ISO HC-P25, nose radius r=0.8 mrn; steel material 34CrNiMo6; 
requested roughness Ra=3.2 J.lm. The cutting edge has been registered with an angle x=93° and 
rakeangle r=-6°, fJ= 90°, A.=-7°. 

9r---------------------------------------------------· 
8 

6 

Ra[mm] 

4 

3 

2 • 

1 ~·-··. 
0 0,2 

• 
• 

• • • • • • • 

0,4 0,6 0,8 1,2 1,4 

VBmax[mm] 

FIGURE 2. Ra- VB experimental data. 

The roughness has been considered as a constraint for the maximum flank wear assumption 
and the first measures have been addressed for finding the progression of the flank wear V8 

versus the average roughness Ra , as in fig. 2, which bring to adopt a maximum V8=3.2 mm. 
The working conditions ofthis test were: v=258.26 rnlmin, p=0.45 mm and }=0.182 mm/rev. 
Two series of tests has been performed because of comparing the here proposed procedure to 
the ISO 3685 [5]. A Taylor plane, taking the logarithmic representation (T, v,j), must be found 
so that the regression will be calculate for ISO 3685 procedure and the equation by solving the 
system in section 2. In following the ISO procedure will be indicated by constant cutting speed 
test Vc and the here discussed one by variable cutting speed test vv. 

A series of five values for feed rate has been chosen }=0.16, 0.182, 0.252, 0.308, 0.364 . 
The cutting speed has been randomly selected in the range from v=150 m/min to v=258 
m/min. 

4 TEST WITH CONSTANT CUTTING SPEED. 

Ten cutting edges have been employed obtaining Nl=lO experimental data in the form (vi,fi, 
Ti) with i=1, ... NI. The regression plane, using the least squares principles, for Taylor equation 
Zc = acX + bcY + cc, is 

lnT=-8.4008 ln v + -0.1533 ln f + 46.8577 
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with a correlation coefficient R2=0.9419. 
Ifthe test case is taken with }=0.182 mm/rev a line regression is obtained in the plane (T,v) as 
represented in fig.3: 
lnT=-8.4008 ln v + 47.1206 
In the following a bidimensional plot is used as intersection of the Taylor plane equation with 
the planef=0.182. 
The 95% confidence interval for the predicted value ofT is also plotted in fig.3 which gives an 
error of34.4% at v=l90.56 m/min. 

100 1000 
v [m/min] 

FIGURE 3. The regression curve and the confidence interval. 

The number of test points will obviously decrease the error, but it will also be not lower of a 
minimum Ievel [2] , in fact after 5-6 points it is drastically diminished and then it continues to 
decrease more lower. 
The F test provide the statistics validation which gives F= 17.22 that is greater if compared 
with F=3.79 given for a 95% probability and 7 degrees offreedom [6]. 

5 TEST WITH VARIABLE CUTTING SPEED 

Three cutting edges must be used for solving the three equation system as before seen in sec. 2. 
for finding the Taylor's exponents. The experimental test has been repeated five times so that 
N2=5 systems have been solved finding N2 tems of (a;, bio c;) with i=l, ... ,N2 using an 
amount up to fifteen cutting edges: 

Z;v = a;v X+ b;v y + C;v 0 

Each cutting edge was wom up to VB=0.4 mm with different cutting speed and different feed 
rate as for example C5 in tab.l and with reference to fig.l.: it begins with v=156.1 m/min, 
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.f=0.252 mm/rev for t=5.6 min, then with v=l77.9 m/min,.f=0252 mm/rev for t=7.3 min, again 
with v=l67.8 m/min,.f=0.252 mm/rev for t=6.7 min, and more with v=216.7 m/min,.f=0.308 
mm/rev for t=1.76 min, finally wom out with v=213.4 m/min,.f=0.308 mm/rev for t=1.76 min. 

TABLE 1 T . tl tf d C5 est senes or cu tl!&_ e !Ke 
n v [m/min] f[mm/rev] t [min] 

1 156.1 0.252 5.6 

2 177.9 0.252 7.3 

3 167.8 0.252 6.71 

4 216.7 0.308 1.76 

5 213.4 0.308 1.76 

Solving the N2 systems, five tems of coefficients are obtained as follows in tab. 2. 

TABLE 2 C ffi . t fth 1 f oe tcten so e p ane ~ua tons. 
1 2 3 4 

av -8.37115 -8.32247 -8.26739 -7.51414 

hv -0.12211 -0.1413 -0.1413 -0.52398 

Cv 46.69237 46.3973 46.1437 41.91215 

Taking the mean value ofthe five, the plane equation can be written: 
Zv=-8.02997 X- 0.30296 Y + 44.79063 
and T= ezv. 

5 
-7.67469 

-0.4439 

42.80765 

Ifthe five equations are plotted (fig.4) in the (T,v) plane, at.f=0.18 mm/rev, and compared with 
the regression before obtained from the standard ISO 3685, one can observe that they lay very 
close each other and with good agreement with the standard one. 

6 VALIDATION OF THE RESULTS 

If the agreement is good enough a mix F test provide it by taking the standard method 
measures from one side and the equation obtained in sec.5 on the other. 
The test verify the agreement because F=11.37 is greater than F=3.79 requested for 95% of 
probability. 
F ocusing now the analysis to the bidimensional representation of the equation, taking .f=O .18 
mm/rev, the distribution of the coefficients can be shown in a scatter diagram containing the 
plot ofthe range of95% probability. 
Such a visualisation method [6] (fig.5) indicates ony axis a value A proportional to av and ony 
axis a value C proportional to cv: 



Experimental Test for Tool Life Prediction in Tuming 

100 

T 
[min] 

10 

1 

-

_\\-=_ 
\\-
_\\ 
\\ 
\\ 
~ 

·-

~ 
"" =--\\ 
\~ 

~ 

-

- -

r-

·--

100 

[ - 1 
v [m/min] 1000 

--2 --3 - =-4------ -- 5----1-SO-j---, 

FIGURE 4. The comparison between the two methods 

The range is bounded by an ellipse 

N ·(C-c)l +2 ·(C-c)·(A-a)L,f:1 X; +(A-afL_7=i xf = K 
2 K = 2·sy. F2,N-2,I-a 

which become an ellipsoid if coefficients of a plane are discussed. 

7 CONCLUSION 

191 

Two experimental test methods have been compared: the ISO 3685 and the here proposed one. 
An advantage is put on light, that is a minimum number of cutting edges is enough to evaluate 
the Taylor exponents and the constant. The equation is very close to the regression which need 
to wear a large number of cutting edges and a more complicate procedure requested from the 
constant cutting speed. From the industrial point of view is more important to know a reliable 
average performance of the insert, cutting waste time from experimental tests, instead of 
knowing the associated error. The variable cutting speed method presents a lower dispersion of 
data which can be considered an effect of the average of the various workiog conditions as a 
memory of its own story. Hypothesis on the constant residual tool-life will certainly simplify 
the approach and reliability of such an assumption will be discussed in an analysis in progress. 
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Ifthat, the error will not be sensible, the control on the use ofthe tool could be weil monitored 
in production. 
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FIGURE 5. Scatter diagram ofthe coefficients 
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ABSTRACT. In this paper approaches to the modelling of grinding process of Metal Matrix Composites, 
based on empirical relationships, are proposed and discussed. To this purpose, experimental data obtained 
from tests carried out on a horizontal surface grinder have been employed. The simple relationships ob
tained could be utilised to predict how the grinding wheel type influences the grinding process and the 
machining quality of these non-traditional materials. The influence of shape, orientation and content of 
the reinforeerneut on the grindability of metal matrix composites is analysed. Investigations deal with 
grinding forces and degradation of the grinding wheel surface, acquired during the machining process and 
ground surface roughness. The effects of workpiece material composition on grinding wheel wear and 
ground surface quality is described considering grindability indices. 

1 INTRODUCTION 

The interest in machining of Metal Matrix Composites (MMCs) is rapidly growing due to the 
increased performances and requirements ofhigh-technology and consuption industries. MMCs 
components need to be formed into the desiderate shapes and finished to the required dimen
sion and tolerance. Metal Matrix Composites are given their required shape by brazing, 
bonding, powder metallurgy techniques, casting, metal spraying and by forming operations 
such as bending, swaging, drawing and extrusion [1], [2]. Although advances have been made 
in near-net-shape technology, finishing Operations are often required to obtain dimensional 
tolerance as well as good finish. 
Machining of these new rnaterials requires tool materials of very high wear resistance because 
the reinforeerneut is extremely abrasive [3], [4]. Among traditional machining processes, 
grinding operation is important for MMCs, since it could be applied also in heavy-duty ma
chining, in addition for obtaining desired dimensional tolerances and surface quality. 
In recent years, considerable work has been carried out to understand the mechanisms of 
grinding conventional materials by regarding the grinding process as an interaction system 
between the surface ofthe wheel and the workpiece [5]. On the contrary, information about the 
grindability ofMMCs is still insufficient [6], [7]. 
Since grinding is a complex rnanufacturing process with a lot of quantities which influence each 
other, modeHing can be an useful tool to the comprehension and the simulation of the process 
itself [8]. Tönshoff et al. have described the state of the art in the modeling and simulation of 
grinding processes oftraditional rnaterials [9]. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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In this work some empirical relationships for predicting how the grinding wheel and the work
piece material affect the grinding forces, the flat area percentage on the active surface of the 
wheel and the surface roughness are presented. 

2 EXPERIMENTAL TESTS 

Experimental tests have been carried out on a horizontal surface grinder, utilising grinding 
wheels based upon conventional abrasives and superabrasives. Grinding wheels, based upon 
alumina (Al203), silicon carbide (SiC), cubic boron nitride (CBN) and diamond (ASD) abra-

sives, have been used (Table 1 ). 

T ABLE 1. Characteristics of grinding wheels employed 

Grinding wheel Diameter I Abrasive Grit size Bond type 
Identification Width(mm) 

32A46-IV · 200/25 Al203 46 Vitrified 

39C 60-KVS 200/25 SiC 60 Vitrified 
CBN 126QB99 200/15 CBN (75% concentration) 126 Resinoid 

ASD 126R75B99 200/15 Diamond (75% concentration) 126 Resinoid 

Hereafter, the above four types of abrasive wheels are referred to as A46, C60, CBN and ASD, 
respectively. The materials employed for tests are aluminium alloys reinforced with silicon car
bide. 
Two types of MMCs, both made with an aluminium alloy matrix and SiC reinforeerneut in differ
ent shapes, have been investigated. The former, which is referred to as 15P-p in the course of the 
article, had a reinforeerneut in form of powder, the latter, 15W -n, bad the reinforeerneut in form of 

whiskers. Specimens with dimensions 13 x 23 x 23 mm3 have been cut from extruded rods. MMC 
samples reinforced with powders have been ground in direction parallel to the extrusion one, while 
MMC specimens reinforced with whiskers have been ground in the direction perpendicular to that 
of extrusion, i.e. perpendicularly to direction to which the fibres are preferentially oriented. Subse
quently, in order to study the influence of workpiece material characteristics, different kinds of 
MMCs have been grounded, utilizing grinding wheel made by alumina (Al203) abrasive (Table 

2). 
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TABLE 2. Workpiece materials employed for tests 

W orkpiece Material Denomination Hardness (HRB) Grinding Wheel 
Al-2009 I SiC-15P 15P-p 83.4 ± 1.0 A46 
Parallel to extrusion direction 
Al-2009 I SiC-20P 20P-p 62.4 ± 1.7 A46 C60 
Parallel to extrusion direction CBN ASD 
Al-2009 I SiC-20P 20P-n 67.6 ± 1.5 A46 
Normal to extrusion direction 
Al-2009 I SiC-25P 25P-p 72.6 ± 1.0 A46 
Parallel to extrusion direction 
Al-2009 I SiC-15W 15W-p 62.1 ± 1.4 A46 
Parallel to extrusion direction 
Al-2009 I SiC-15W 15W-n 70.5 ± 1.1 A46 C60 
Normal to extrusion direction CBN ASD 
Al-2009 I SiC-20W 20W-n 95.9 ± 0.7 A46 
Normal to extrusion direction 
Al-6061 I SiC-25P 6061 25P 52.4 ± 0.6 A46 
Normal to extrusion direction 
Al-7075 7075 47.4 ± 0.6 A46 
Normal to extrusion direction 

Dry conditions and constant cutting parameters have been adopted for all tests, as reported in 
Table 3. 

TABLE 3. Grinding parameters 

Depth of cut, a (mm) 0.01 
Workvelocity, Vw (mm/s) 300 

Wheel peripheral speed, Vs (m/s) 20 

Foreach test, 100 plunge cut grinding passes with 0.01 mm depth of cut have been performed. 
Force components, flat area percentage and surface roughness have been measured every 5 
single up-grinding passes. The images have been acquired by means a CCD camera and a digi
tal acquisition image card, illurninating the wheel with perpendicular light [10]. 

3 MODELLING RESULTS AND DISCUSSION 

Empirical models are used in all fields of machining technology because their development 
requires less effort than physical models. However, every empirical model can be employed for 
the description of one machining application only. Material grindability is not dependent on a 
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speeifie teehnologieal property, but is a funetion of a set of different eharaeteristies whieh ean
not be eorrelated eaeh other. In order to eompare the behaviour of different eases under test, the 
weighted average values of normal and tangential eomponents of grinding forees, flat area, and 
roughness, have been ealeulated defining the following grindability indices [ 11 ], [ 12]: 

2. (xi. V ~i ) 
I (x) = _1"---,. ..,..---

l,v ~i 
i 

(1) 

where x is F'n• F'1, A and Ra respeetively, V'w is the speeifie material removaland index "i" 

refers to pass number. The results have been reported as a funetion of the ground material type 
and grinding wheel abrasive. 

3.1 GRINDING FORCE 

Figure la, b shows the weighted average values of normal and tangential eomponents of spe
eifie grinding foree for different workpieee materials. 
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FIGURE 1. Weighted average values ofnermal (a) and tangential (b) components ofspecific cutting force 
fer different workpiece materials 

The normal and tangential eomponents of the grinding forees are affeeted by orientation, shape 
and volume fraetion ofthe reinforeerneut and by the type ofmatrix. For partieulate eomposites 
having the same matrix, namely Al-2009/SiC-lSP, Al-2009/SiC-20P, Al-2009/SiC-25P, both 
the eomponents of the grinding forees are inversely related to the material hardness. On the 
eontrary, materials reinforeed with whiskers, namely Al-2009/SiC-lSW and Al-2009/SiC-20W, 
show opposite tendeney. This different behaviour is also found if it is eonsidered the rein
foreerneut orientation. In faet, while for partieulate eomposite Al-2009/SiC-20P, the lowest 
foree values have been obtained perpendicularly to the extrusion direetion, for whiskers eom
posite Al-2009/SiC-lSW, the lowest foree values have been reaehed parallel to the extrusion 
direetion. However, the reinforeement, both powder or whiskers, eontributes to reduee the 
tangential eomponent of foree. As ean be seen in Figure 1 b, the highest value of the tangential 
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force has been obtained for non reinforced alumini um. The influence of the grinding wheel type 
on the forces are shown in Figure 2. 
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FIGURE 2. Weighted average values ofnonnal (a) and tangential (b) components ofspecific grinding force 
for different grinding wheel abrasives 

Diagrams in Figure 2, evidence that the lowest values of tangential and normal components are 
obtained with the wheel C60. Therefore, if the criterion of selection is based upon the grinding 
force, the best choice falls on the wheel C60. In this case, no significant differences between the 
two ground material exist. For other types ofwheels, the composite 15P-p tends to give force 
values higher than the composite 15W-n, which exhibits a lower hardness (Table 2). 

3.2 FLAT AREA 

Figure 3a shows the weighted average values of flat area percentage for different workpiece mate
rials. The influence ofthe grinding wheel type on the flat area is shown in Figure 3b. 
Grindability indices conceming flat area percentage of grinding wheel for different workpiece 
materials are fairly close to those conceming specific tangential force. The highest flat area 
percentage has been revealed during grinding of non reinforced aluminium, while the compos
ite Al-6061/SiC-25P seems to show the lowest tendency to clog the wheel. 
As far as the flat area is concemed, the minimum values are obtained with A46 and C60 
wheels. However, there exists a certain interaction between the type of wheel and the material 
being ground. The minimumclogging occurs for the composite 15W-n when ground with the 
wheel A46; this one exhibits the most open structure among the employed wheels. The contrary 
occurs when grinding with wheel C60, where the minimum clogging is obtained for the com
posite 15P-p. As aforesaid, in general, the composite 15W-n exhibits the lowest tendency to 
clogging phenomenon (Figure 3b ), probably because of a higher notch effect associated with 
the fibrous reinforcement. From the above results, it descends that, if the criterion for wheel 
selection is the minimum tendency to clogging, the best choice will fall within conventional 
abrasives and, among these, it depends on the material being ground. 
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FIGURE 3. Weighted average values of flat area percentage for different workpiece materials (a), and 
weighted average values of flat area for different grinding wheel abrasives (b) 

Grindability indices conceming flat area percentage of grinding wheel for different workpiece 
materials are fairly close to those conceming specific tangential force. The highest flat area 
percentage has been revealed during grinding of non reinforced aluminium, while the compos
ite Al-6061/SiC-25P seems to show the lowest tendency to clog the wheel. 
As far as the flat area is concemed, the minimum values are obtained with A46 and C60 
wheels. However, there exists a certain interaction between the type of wheel and the material 
being ground. The minimum clogging occurs for the composite 15W -n when ground with the 
wheel A46; this one exhibits the most open structure among the employed wheels. The contrary 
occurs when grinding with wheel C60, where the minimum clogging is obtained for the com
posite 15P-p. As aforesaid, in general, the composite 15W-n exhibits the lowest tendency to 
clogging phenomenon (Figure 3b), probably because of a higher notch effect associated with 
the fibrous reinforcement. From the above results, it descends that, if the criterion for wheel 
selection is the minimum tendency to clogging, the best choice will fall within conventional 
abrasives and, among these, it depends on the material being ground. 

3.3 SURFACE ROUGHNESS 

The surface roughness is a characteristic quantity which determines the quality of the work
piece and refers to the rnicrogeometry or topography of machined surfaces. Figure 4a shows the 
grindability index for surface roughness for different workpiece materials. The influence of the 
grinding wheel type on the surface roughness is reported in Figure 4b. 
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FIGURE 4. Weighted average values of surface roughness for different workpiece materials (a), and 
weighted average values of surface roughness for different grinding wheel abrasives (b) 

Both for particulate and whiskers composites having the same matrix, the surface roughness 
follows a decreasing trend as a function of material hardness. However, the above mentioned 
correlation falls into failure when it takes into account the constituents of composite material, 
matrix and reinforcement, as well as reinforeerneut orientation. In fact, the highest roughness 
value has been obtained for composite Al-2009/SiC-15W, ground along the extrusion direction, 
notwithstanding its higher hardness with respect to both composite Al-6061/SiC-25P and non 
reinforced aluminium Al-7075. 
The mean roughness of the ground surface is generally lower for the material 15P-p. However, 
also in this case, the characteristics ofthe material and the type ofwheel show a mutual influence. 
For the composite 15W-n, the best surface finish occurs when using the coarsest grit wheel, i.e. 
A46, while for the composite 15P-p, which is barder than 15W-n, the best surface finish is ob
tained with the wheel C60. It may be noted that, for the conventional wheel C60, the highest value 
of surface roughness has been obtained for the material which exhibits the highest value of flat 
area, while the contrary occurs for superabrasive CBN wheel (Figure 4b). 

3.4 TOTAL GRINDABILITY INDEX 

Grindability indices considered are representative of a single characteristic, because take into 
account a single characteristic. It is possible to introduce a Total Grindability Index (TGI) by a 
linear combination of the singles indices: 

TG I = a · I (F 'n) + b · I (F 't) + c · I (A ) + d · I (Ra ) (2) 

where the coefficients a, b, c, d (selected adopting the bond: a + b +c +d = 1), are dependent 
on the characteristics we want to underline and consequently on the grinding process. As far as 
the TGI has been concemed, better grindability is typical of a material exhibiting a lower value 
of the index. Figure 5 shows the TGI values for the different materials grounded by employing 
alumina grinding wheel, assuming equal values for the coefficients (a = b = c = d = 0.25). 



200 

Ci 
1-

1.00 

0.80 

0.60 

0.40-

0.20-

20P-p 
7075 

I 25P-p 

III 
25P-n 15P-p 

I 
I 15W-p 20W-n 

20P-ni I I 
15W-n 

I maximum value 
average value 
minimun vatue 

0.00 -+--.,.-,-1-,--,1-.--,--1-,--.--1-.--1 

Werkpiece material 

A. Di Ilio, A. Paoletti 

FIGURE 5. Total grindability index for different workpiece materials 

Figure 6 depicts the influence of workpiece hardness and grinding direction with respect to 

extrusion direction on Total Grindability Index. 
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FIGURE 6. Total Grindability Index as a function ofworkpiece hardness for powder reinforced composites 
(a) and of grinding direction (b) 

Both particulate and wiskers composites exhibit lower values of the index when they have been 

rnachined in direction orthogonal to the extrusion one. The TGI shows a decreasing trend as 

workpiece hardness increases. 
As far as the TGI has been concemed, it takes into account the rnain three aspects of grindability 

that are toollife, surface finish and power required to cut. Giving different weights to coefficients 

a, b, c, d, it is possible to emphasize the influence of one or more aspects which characterize the 
machinability. 
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4 CONCLUSIONS 

Metal Matrix Composites generally exhibit a certain free-cutting tendency which make them 
easier to be ground with respect to non-reinforced light alloys. Grindability indices have been 
settled taking into account grinding forces, wheel wear and workpiece surface roughness in 
order to compare the behaviour of different grinding wheel abrasives and workpiece materials. 
Among the grinding wheels employed in the tests, the silicon carbide one represents the best 
solution if the main concem is to hold low the grinding forces. 
Flat area and roughness exhibit a more complicated behaviour. For the particulate composite 
the best results, in terms of both flat area and roughness, occur when using the silicon carbide 
wheel. The lowest tendency to clogging occurs with the aluminium oxide wheel that is charac
terised by the most opened structure among the wheels used. 
The grindability of MMCs does not depend on a specific technological property, but is a func
tion of a set of different characteristics which are not simply related each other. In fact, 
geometry, orientation and volume fraction of the hard reinforeerneut greatly affect the cutting 
ability of the grinding wheel and the surface finish of workpieces. 
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ABSTRACT. In production the appearance of processes development in mixtures conditions is often 
present. For example, it almost regularly happens in chemical and process industry, but also in industry of 
polymer, rubber manufacturing andin welding and allied processes. For settlements ofrespond functions, 
to achieve optimal conditions of process, it is necessarily to use a special kind of experiments: 
experiments with mixtures. In this paper the basic thesis of such experiment on the example of welding 
(MAG treatment) under protective gas (gas mixture of Argon, Carbon dioxide, Oxygen) will be presented 
together with the procedure of numerical and graphical optimisation of process conditions, with 
previously defined optimisation's criterions: the mechanical properties ofweld, the geometry ofweld and 
loss of alloy elements. 

1. INTRODUCTION 

In production and technological processes a condition of mixture which is created by two or 
more components is often present, but in a such way that properties of the product or the result 
of the process depends on proportians of components. Generally, there is an assumption that 
the mixture is consisted from q components, where is x; a value of the individually component 
In that case, the mixture can be defined by the next definitions (1) and (2): 

Xi ~ Ü; i = 1, 2, ... , q (1) 

(2) 

The analysis of the design results, especially when there is a need for determing of influence of 
components on the design result, is based on determing the response surface: 

E (y) =<I> (x" x2, ... , xq) 

The response surface can be linear: 
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(4) 
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The response surface can be higher-order: 

q q (5) 
E(y)=ßo+ Lßi ·xi +LLßij'Xi'Xj 

i=l i:Sj 

In practical realisation of design with mixtures there is often an appearance of lower and/or 
upper boundary for proportions of individually components, i.e.: 

1 ~ q (6) 

Specific feature of such design models is Iimitation defined in (2), what is, for different values 
of q, realised as it is illustrate in Figure 1. The degree of response polynomial is defined by 

mark m, so the common mark of this models is: {q, m}. Figure 1. illustrates cases: {2,2}, 

{3,2 }, {4,2} , {3,3} and {4,3 }. 

0 0 0 

x1=1 x1= x2=112 x2=1 0 

,--T-- x1= x2= x4 =113 
x1= x3= x4 =113 

FIGURE 1. Some {2,m }, {3,m} and {4,m} simplex-lattice arrangements. 
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Table l. illustrates polynomial {3,m} and related simplex - lattice arrangements which are 
common forms for those models. 

T ABLE I. {3, m} polynomial and {3, m} simplex-lattice. 

Types of 
Polynomial {3, m} Forms of simplex-lattice polynomial 

Linear E (y) = ß,·Xt+ßz·X2+ß3·X3 L 
E(y)=ß,·Xt+ßz·X2+ß3·X3+ 

D Quadratic +ßtz"Xt·X2+ß13·Xt·X3+ß23"X2·X3+ 
+ßl2·Xt·X2·(Xt-X2)+ßl3 ·Xt·X3"(XrX3)+ 
+ß23"X2·X3·(X2-X3)+ßt23"Xt•X2·X3 

Full Cubic E(y)=ß,·Xt+ßz·X2+ L +ß,z·Xt·X2+ß13·Xt·X3+ßz3 ·X2·X3 

E(y)=ß,·Xt+ßz·X2+ß3·X3+ L Special Cubic +ß12·Xt·X2+ß13·Xt·X3+ß23·X2·X3+ 
+ßm·Xt·X2·X3 

2. SIMPLEX AND PSEUDOSIMPLEX-LATTICE 

Because of already described conditions in (6), complete simplex-lattice is often not possible 
for design model. Therefor, the princip of "pseudosimplex-lattice" is using, as it is illustrated 
in Figure 2. 

x,=t 

~=I 

FIGURE 2. The full simplex and pseudosimplex-lattice. 
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Recaculating the original to pseudosimplex is represent by the next equation: 

xi-ai 
x·= 

I 1-L 
d 

(7) 

The lower boundary for proportians of individually component xi is marked by 3-j. Ld marks 
the summary of alllower proportians of components. 

3. OPTIMISATION OF MAG WELDING PARAMETERS USING 
"EXPERIMENTS WITH MIXTURES" 

It will be illustrate partial research results of mixture composition influence of protective gas 
on the geometrical characteristics of weld join. Entirely results are in reference [4]. The design 
is performed with constant weld speed, by two ways of metal transmissions. In this work are 
represented results for spray arc with speed v=8.1 meter per minute and power stream i = 284 
amperes. Welding electrode was Bohler MK-8, q> = 1.2 mm, tin thickness was t = 10 mm, 
with arc length 1 = 4 mm. The experiment was performed on steel St 52-3 with composition: 
0.150 % C, 0.480 % Si, 1.030 % Mn, 0.011 % P, 0.002 % S, 0.030 % Al, 0.0057 % N and 
98.2913 %Fe. Composition of gas mixturewas varies as Table 2. illustrates. 

TABLE 2. Composition varieties of gas mixture 

Design Pseudocomponents Original proportians of 
points components 

XJ x2 XJ X1 (Ar) X2 (C02) X3 (02) 

1 1 0 0 100 0 0 
2 2/3 113 0 94 6 0 
3 112 112 0 91 9 0 
4 113 2/3 0 91 9 0 
5 0 1 0 82 18 0 
6 2/3 0 113 94 0 6 
7 1/2 0 112 91 0 9 
8 113 0 2/3 88 0 12 
9 0 0 1 82 0 18 
10 0 113 2/3 82 6 12 
11 0 112 112 82 9 9 
12 0 2/3 113 82 12 6 
13 113 113 113 88 6 6 
14 2/3 116 116 94 3 3 
15 116 2/3 116 85 12 3 
16 116 116 2/3 85 3 12 
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s 12 11 10 9 

S tdErr o f Design 
Xt • A ; A r 
X2 "' B . C02 
X 3 "' C ; 02 

• Dosgn Po1n1s 

FIGURE 3. Points variates of gas mixture. 
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StdE:rr of Design 

Beside geometrical characteristics and mechanical properties of weid join it was measured and 
analysed chemical elements ignition Iosses during the welding in dependency of gas mixture 
composition a welding conditions. All results are in Figure 3. Results of geometrical 
characteristics· are illustrated in Figure 4a., 4b., 4c. Results of experiment and 3D presentation 
of response surface are illustrated in Figure Sa., Sb., Sc. The figures are showing the Mixture 
Quadratic Model graphs. 

OESIGN-EXPERT PIOI 

Slrln• navara • 
Xt • A : AI 
X2 -8: C02 
.X3•C: 02 

CESION-EXPERT Pfot 

NMtYI"""j• n • ..".,. b 
X I • A:N 
X2 • B: 002 
X3 •C::02 

18..00 
B : C02 

82 .00 

Slrfna navara a 

FIGURE4a. 

18.00 
C : 02 

18 .00 82-00 18..00 
B; C02 C ; 02 

Nadviserje navara b 

:':':-...~~~-... 
X2 • B~ C02 

Weid width 

OE$1GN-E:XPEA:T Ptol 

Nadvl•n J• nav.ra b 
X1 • A : Al; 
X2•B: C02 
X3•C: 02 

FIGURE4b. Weid reinforcement 

FIGURE 5a. 

FIGURE5b. 
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DESIGN-EXPERT Plot 

P&netradJa p 
X1 • A.Ar 
X2 ~~: 8: 002 
X3 •C: 02 

18.00 
B:C02 

82.00 

Penetracija p 

FIGURE4c. 

4. CONCLUSION 

18.00 
C: 02 

OESIGN-EXPERT Plot 

Penetradja p 
XI • A: Ar 
X2 • 8 : 002 
X3 • C: 02 

Penetration 
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FIGURE Sc. 

With such model of design it is possible to get insight in effects of mixture compositions on 
responsive data. Technologists are able to directly optirnise processes with graphical 
presentation of responsive surfaces. Numerical methods of optimisation are also available. 
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ABSTRACT: The productivity and the efficiency of machining centers are influenced inherently by the 
cutting conditions and the quality ofNC programs. This paper proposes a methodology for incorporating 
classic and heuristic technique to analyze cutting conditions during the optimization process. The prob
lern of selecting optimal cutting conditions, where the formulation involves the use of empirical relations, 
is considered. Optimal cutting conditions are determined by machining parameters during the optimiza
tion processes. Classic (non-linear) and heuristic (genetic and fuzzy) technique associated with empirical 
relations make the optimization. 

1. INTRODUCTION 

Flexibility, quality of the machining, productivity and efficiency are the tendencies of the de
velopment of manufacturing. They are the principles of the concurrent engineering. 
Development of the computer's technology enables these tendencies in the manufacturing in
dustry by applying of high-speed machining systems with automatically and flexibility, which 
made possible performing optimal technological processes of machining. 
Machining centers, as NC machines, are presented as flexible technological structures with: 
high level of automatisation, integration of many machining operations with high speed of cut
ting, manufacturing of complex mechanical parts, computer numerical control, automatic 
change of tools and depot for tools etc. 
The questions of selecting optimal machining conditions and machinability development of 
machining centers are performed by research ofthe producers and the laboratories [1,3,4]. The 
productivity can by evaluated by productive and nonproductive time. In NC machining, the 
machining time consumed in running a NC program to machine a workpiece takes up almost all 
the productive time. In this sense, the productivity of the machining center depends directly on 
the quality ofNC programs. For effectivity production, in the laboratory researches, optimiza
tion methods for analysis of machining parameters, as indicators of machinability are 
developed. 
F or increasing of the efficiency and the productivity of machining process, in this research, the 
methodology for deterrnines the optimal parameters of machinability is proposed. The research 
is realized for the manufacturing of prismatic parts of the machining centers. The maximizing 
ofthe technological and the economical effects in manufacturing is used for the optimization of 
machinability at the machining centers. 
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2. THE OPTIMIZA TION OF CUTTING CONDITIONS 

A selection of the optimal machining conditions is done by optimization of machining parame

ters for NC production of machining centers. The optimization methods have been performed 

for the machining process as object of optimization, Figure 1. 

OP'TIMIZATION OF MACIIINING 

PA RAMETERS FOR UMERICAL 

CO 'T ROL MACfiiNING OF PRIZMATICAL 

PARTS ON MACfiiNING C~NT~RS 

~ objcct of optimizarion 

• Objectivo function (F-I(x.y)) 
• Constrains (v(x.y)) 

• Criteria {for Fn>in x F(y)) 

FIGURE 1. Defining the phases of optimization 

Machining proccss 

In this research, the optimization process for NC machining with mathematical modeling of 

objective function, constraints and criteria for optimization is proposed. The mathematical 

model for objective function is defined to describe the object of optimization process and to 

determine the dependence between cutting condition, Figure 2. The equitation (1) is the objec

tive function for machining time, for milling (1 ). 

I PUT PARAMETARS 
V, s. b - cutting dala 
GS -gcolnclryofscrnpings 
MW·material of workpicc:e 

CONSTRMNTS fO< 

MACI-II NINO PARAMt'rERS 

Olll'PlJT PARA UITERS 
VBb tool 

T-cuuinglool li ~-e 

F - cuuing force 

R.a s1.1rface roug.hness 
T le!DP'o'fi&turc or <:uumg 
bvchip rcm0v:1l 

FIGURE 2. Mathematical model of objective function 

Mathematical models, as equitation of constraints functions, are derived for the purpose in 

establishment of the interrelation between the machining parameters. Mathematical equitation 

are determined to use empirical and analytical relations for machining process and to involve 
experimental data [2]. 
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The function of constrains are formulated from: 
• Cutting tools characteristics and tool wear (2), 
• Cutting toollife in different machining conditions, 
• Quality and accuracy of the machining 
• Properties oftool and workpiece materials, 
• Geometry of the machining workpiece, characteristics of the main and idle movements 

(3) etc. 

Vi·s y, 
Zl 

60·103 ·P·n · Di' 
.ßx' <-------

1 - C · Bq ·z · k 
F F 

( 2) 

( 3) 

In this research, mathematical model of the function for cutting toollife in different ma
chining conditions is proposed. 

3. OBJECT-ORIENTED PROGRAMMING OF PROCESS PLANNING 

In this research, it is created object-oriented algorithm for computer aided process planning for 
NC machining of prismatic parts of machining centers. A cutting operation (one cutting tool 
passes ), as part from machining process is analyzed. Efficiency of the process has increased by 
the optimal order of the cutting operations. 
The order of the operations influences economic effects of the machining. From this reason, in 
the research, project algorithm for the process planning of the optimal order of the cutting Op
erations is defined, Figure 3, whiteout additional movement in machining process. Additional 
movement could not be involved in the algorithm, because of their constant machining values. 
Thus, they are defined constructively in the machining centers (time for turn off/on of the ma
chine, time for change of tool, travel ofworkbench) etc. 

CREATI G: 
- PRODUCf/ON RULES 

MACH IN! G PROCESS 
FOR MA UFACTURI G 
PRIZMATICAL PARTS 

OP'IlMA~ O!Ul(;R OF TIIE OPERATIONS 

• PRODUCTION PROCEDURES 

SUßR UTINES: 
- DEr!NING THE OPTIMIZING 
TRAJECTIRY OF CUTTING TOOL 
• MAC/1/N/NG WITH ONE TOOL IN TOTAL 
POSITION OR Cf/ANGING TOOL 

FIGURE 3. Projecting the object-oriented algorithm for process planning 
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Object-oriented algorithm for the process planning ofthe order ofthe cutting operation is mod
eled with C++. Using a theory of graphs and mathematical logic, production rules and 
procedures are defined. Their structure is based on the interaction between technological order 
of the machining ( construction of workpiece, necessary machining operations, priorities of the 
cutting operations etc.). 
The algorithm contents Iimits for optimized trajectory of tool movement among position points of 
machining of the prisrnatic part. In the algorithm, the several subroutines are created: the subrou
tine for defining the optimizing trajectory of cutting tool, the subroutine for evaluation of 
justification for machining with one tool in all positions where it is predicted, or changing tool in 
certain position. 

4. HEURISTIC AND NUMERICAL OPTIMIZATION METHODS 

The optimization of mathematical model in obtaining optimized machining parameters is made, 
using numerical and heuristic methods, Figure 4. Optimizing machining parameters are ob
tained as results (output) of process optimization of the mathematical model and included: 
cutting speed feed depth of cut and tool life. 
The process optimization is made with criteria from technological and economical aspects. First 
criteria are expressed by process time structure. Second criteria are expressed by minimum 
costs of machining process. In this research, it is decided to create two different methods of 
optimization and comparative analysis of the results will by done. 

· Sclection 
· Mutation 
· Rccombiruuion 

FIGURE 4. Detenninistic and stochastic methods for optimization 

In the first part of the research, classical optimization method is applied by Mat LAB. In the 
second part of the research, heuristic methodology of numerical optimization method are used 
by application the genetic algorithms (GA). 
GA is the evaluative methods of optimization with heuristic approach [5], know-how method
ology to decide the optimizing problems. GA, as heuristic optimization method, is applied for 
computer simulation of machining process. For GA, machining process represents a population, 
machining parameters with constraints are genes and chromosomes, and there must be defined 
genetic operators for evaluation, selection, mutation and recombination. 
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GA, with property for convergence after several populations, approaches an optimum for initial 
population. In the next phase of the research, it will be comparing between optimal results from 
classical optimization method and relative optimum from GA. 
Verification and simulation of the results in experimental conditions are made. It is created 
computer program in C++, for connecting the optimizing results with NC program of machin
ing center. In this mode, software has made adaptation of output parameters ofNC program by 
GA optimizing parameters, for improvement of efficiency at machining process of machining 
centers, Figure 5. 

FIGURE 5. Verification and simulation ofresults on machining center 

5. CONCLUSIONS 

Methodology for receiving optimal machining parameters supplies a maximum oftechnical and 
economical effects in machining process for manufacturing the prismatic parts of machining 
centers. The contribution of this research is improvement of machining process and machi
nability. The directions of improvement are based at the aspect of performing the machining in 
conditions, resulted from optimizing algorithms, developed in this research: machining with 
optimized pararneters, using cutting tools in optimal periods of tool life, optimal order of Op
erations in process planning etc. 
The intelligent methods of optimization, for machining process are applicable from many as
pects of investigation. The intelligent methods produce interest for irnplernentation in research 
of manufacturing. 
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ABSTRACT. When simulating manufacturing processes both, the kinematic behaviour of the machine 
tool structure and its elastic behaviour have to be taken into account. 
The elasto-kinematic behaviour of machine tools can be calculated using the finite elements method. 
Altematively, the machine tool structure can be modelled by a multibody system with extensions for 
elasticity modelling (hybrid multibody system). 
In this paper a new approach for modelling elasticity within multibody systems is introduced - the Su
belement Model. The calculation results of this model are compared to the calculation results of a finite 
element analysis on the basis of a simple structure with respect to accuracy. A further subject of research 
is the ability ofthe Subelement Model to model non-linearities (e.g. friction and contacts). 

1 INTRODUCTION 

Manufacturing accuracy of metal cutting machine tools is influenced by both the dynamical be
haviour and the elastic deformations of the machine tool components. EspeciaHy at slim, heavily 
stressed components (e.g. slim cutting tools), the elastic deformations must not be neglected [1]. 
Consequently the modeHing of these components has to take their elastic characteristics into ac
count. 

Currently, the mostly used method for modeHing to elasto-kinematic behaviour of machine tool 
structures is the application of a dynamic finite element analysis (FEA). In that case the modeHing 
of non-linearities like friction and component changing component contacts is very difficult. A 
dynamic FEA also needs a Iot ofcalculation time depending on the complexity ofthe structure and 
the density of the mesh. 

Within the scope of the development of simulation systems to simulate manufacturing processes, 
which demands easy modeHing capabilities and moderate calculation times, this paper presents an 
alternative approach to model the elasto-kinematic behaviour of machine tools. This approach is 
based on multibody systems and extends them to hybrid multibody systems [4][5][6][7]. 

Hybrid multibody systems represent an extension to conventional multibody systems, in which 
structures are formed only by a number of rigid bodies which are linked with springs and dampers. 
Compared to normal multibody systems, hybrid multibody systems are extended by the ability to 
take the elastic behaviour of a structural component into account. 

To model only the elasticity of heavily stressed components of the machine tool structure is usu
ally sufficient. Thus aH other components of the machine tool structure can simply be modelled as 
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rigid bodies to imply their dynamical properties. In this case a multibody system with extensions 
for elasticity modeHing can be deployed. An approach for such an extension on the basis of the 
multibody system ADAMS is introduced in this paper. It is caHed Subelement model and is exem
plarily applied to the simple structure of a beam. The solutions are compared with the results of a 
finite element analysis using the FEA-system ANSYS. 

2 THE SUBELEMENT MODEL 

For the modeHing of elasticity in any multibody simulation system, the approach of the Superele
ment-technique [6] and the approach of Wasmann [2] have been utilised and advanced to the 
Subelement Model. Forthis purpose, the modeHed component is divided into Subelements. The 
foHowing sections describe the structure of those Subelements. 

FIGURE 1. Beam Part divided into multiple rigid elements 

2.1 SUBDIVISION OF COMPONENTS INTO SUBELEMENTS 

As shown in figure 1, a machine tool component is subdivided into multiple Subelements along its 
predicted rnain deforrnation direction. Figure 1 symbolically illustrates this by an example of a 
beam, which is lengthwise subdivided into Subelements. 

For the general case ofload a two or three dimensional subdivision ofthe component into a planar 
or spatial grid is also possible. Size and physical properties of the Subelements rnay also differ. 
The variation of size and physical properties of the single Subelements aHows the modeHing of 
complex component geometries. Currently the shape of the Subelements is limited to cuboids. The 
development of shapes which are bounded by general polygons is in progress. 

2.2 DEFINITION OF THE SUBELEMENT 

As described in the previous section, elastic components of machine tools are assembled from 
Subelements. Those elements are linked with transmission objects, by which the elasticity of the 
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component is modelled. Figure 2 shows the linkage between two adjacent Subelements using 
springs and dampers. 

IA ,z Element A 

z 

FIGURE 2. Linkage between adjacent Subelements 

As shown in Figure 2 adjacent Subelements have four degrees of freedom (DOF) for deformation. 
These are bending around the y-axis ( k({J,y, d({J,y) and around the z-axis ( k~.z, d~ . z ), as well as 

torsion around the x-axis (k,/f,x, dlfl,). The fourth DOF models the strain ofthe two Subelements 

due to axial forces along the x-axis ( k A,x, d A,x, k B,x, d B,x ). As suggested in [ 4], both DOF for 

shearing in direction of the y-axis and the z-axis are neglected. 

The following section describes the calculation of the stiffuess of the springs between the Subele
ments. With the modulus of elasticity of both elements ( E A, E 8 ), the stiffuesses k A,x and k B,x 

are obtained as follows: 

2·E ·I ·I 
k = A A,y A,z 

A ,x I 
A,x 

2·E ·l ·I 
k = B B,y B,z 

B,x / 
B,x 

(I) 

The stiffuess of the bending spring k,. substitutes a series connection of two single bending .,. ,y 

springs ( kA , k 8 ) of the elements A and B: 
,qJ,y ,(/J ,y ' 

k ·k 
k = A,qJ,y B,qJ,y 

(/J,y k +k 
A,qJ,y B,qJ ,y 

(2) 
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The stiffnesses k A,",,y and k B,",,y are obtained by applying the principles of the calculation of 

bending beams [8][9]: 
24·E ·I 

k = A A,_w 
A.",.y 13 

A,z 

24·E ·I 
k = B B,_w 

B.",.y 13 
B,z 

(3) 

The position of the Subelements with respect to the reference frame of the modelled machine tool 
component has to be taken into account when calculating the moments of inertia I A.w and I B.w. 

With the displacement vectors rA = ~A.x rA.y rA,z r and rB = ~B.x rB,y rB,z r follows: 

13 ·I 13 ·I 
I = A,z A,y +r2 ·I ·I I = B,z B,y +r2 ·I ·I (4) 

A,_w /2 A,z A,y A,z B,_w I 2 B,z B,y B,z 

The stiffness ofthe bendingspring k~P.z can be obtained the same way by applying equations (2) 

to (4). The stiffness ofthe torsionspring kYf.x substitutes a series connection oftwo single torsion 

springs (k A,Yf.x, kB,Yf,x) ofthe elements A and B: 

k ·k k = A,yJ,x B,yJ,x 
Yf,X k +k 

A;yt,x B,yJ,x 

(5) 

The stiffnesses k A,Yf,x and kB,Yf.x are obtained by applying the principles of the calculation of 

torsion beams [8][9]. With the Poisson's ratios v A and VB ofthe two elements follows: 

(6) 

Once again, the position of the Subelements with respect to the reference frame of the modelled 
machine tool component has to be taken into account when calculating the polar moments of iner
tia JA and IB : ,p ,p 

I ·I ~ ) t ) I = A,z A,y 0 12 + z2 + r2 + r2 ·I ·I 
A,p 12 A,z A,y A,z A,y A,y A,z 

I ·I ' ) t ) I = B,z B,y 0 z2 + 12 + r2 + r2 ·I ·I 
B,p 12 B,z B,y B,z B,y B,y B,z (7) 

Inside the modelled component only material damping occurs. As usual in structural dynamics, 
this is implemented by a stiffness proportional damping ratio ~ : 

d. 0 =~·k .. 
l,j l,j 

(8) 
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2.3 APPROXIMATION OF ELASTICITY THEORY 

The Subelement Model introduced in section 2.2 only approximates the elasticity of the modelled 
machine tool component. Beside of modelling only four elastic DOF the calculated stiffnesses are 
not constant values in reality. They vary with the deformation ofthe modelled component. 

In case of modelling machine tool components, which have very little deformations relative to 
their dimensions, the arising error is negligible. Section 4 describes this error in detail on the basis 
of a simple example. 

More critical are the analytically calculated modal parameters as described in [3]. These parame
ters have to be adjusted by applying a modal analysis on the machine tool component. 

3 IMPLEMENTATION OF THE SUBELEMENT 

The Subelements were implemented using an object-oriented architecture in C++. By integrating 
the application programming interface (API) of the multibody simulation system ADAMS 
(ADAMS/SDK), the connection to a simulation kemel was established. The irnplementation ofthe 
Subelements not only covers mechanical properties but also abilities which extend the standard 
functionality of multibody sirnulation systems. These extensions are described in the following 
sections. 

3.1 MODELLING OF COMPONENT CONTACTS 

In order to model contacts between components of the machine tool structure, a communication 
system was irnplemented into the Subelements. Via this system, forces between the elements, like 
friction or contact forces, can be added if necessary. 

The boundary elements of two adjacent components, which can get into contact with each other 
are put together to a special group. Inside this group, the communication between the Subelements 
occurs autonomously without a Controlling instance. By this technique, contacts between elements 
can be triggered. By variation of the simulation time step of the solver by the relating Subelement, 
the exact contact time can be determined. 

3.2 DEFORMABLE GUIDANCES 

Modelling of guidances is realised by restricting the relative DOF between the guidance compo
nent and the guided component. In case of a rigid linear guidance, this is implemented by fixing 
the orientation of the guided component's reference frame relative to the guiding component's 
reference frame. In addition, a guidance vector from the origin of the guided component is de
fined, which always has to have the same normal distance to the origin of the guiding component. 

In case of a deformable guidance, the constraints between the two components are more difficult. 
This arises from the fact that the path of movement, on which the guided components moves, 
varies dynamically. It follows the deformation ofthe guiding component. 

Thus the path of movement describes a spatial curve. This curve is not analytically describable, so 
it is described by discrete guidance points through which a spatial spline curve (NURBS) is inter-
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polated. This spline curve is continuous in its second time derivative, so no steps in the accelera
tion function ofthe guided component occur. 

Guidance Spline 

Guided Point 

Guided Element 

Guidance Elements 

FIGURE 3. Deformable Guidance 

Figure 3 shows the principle of such a guidance realised by the Subelement model. In each Su
belement's reference frame one point is defined, which is part ofthe guidance- a single guidance 
point. The direction of the spline curve in the guidance points is parallel to one axis of the refer
ence frame ofthe particular Subelement 

The guided Subelement also has a point, which is defined in the element's reference frame - the 
guided point. The guided point is also part ofthe guidance spline. The guided element's reference 
frame is oriented in such a way that the vectors of direction and curvature in the guided point are 
parallel to its axes. Consequently the guided Subelement follows the guidance spline. 

4 COMPARISON TO FEA 

This section compares the solutions of the Subelement model with the solutions of a FEA with 
ANSYS. This is exemplarily performed with the simple structure of a beam, which is fixed to 
ground at one end and deforms under its own weight. 

Like shown in figure 4, the Subelement model of the beam consists of a spatial grid of connected 
Subelements. The number of Subelements in axis-directions of the co-ordinate system is given by 
the values n , n and n . The value for n is varied in steps from 5 to 100 to show the effect of X y Z X 

the grid density on the solution. 

The same beam was modelled and calculated in the FEA-system ANSYS with a total of 20 ele
ments (SOLID95) and 248 nodes. 
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4.1 RESULTS 

Ground 

FIGURE 4. Beam modelled with Subelements 

dz=10mm, 
nz = 2 

The solution of the FEA was taken as a reference for the displacement of the point P (shown in 
figure 4) and the first eigenfrequency around the z-axis. The displacement of the point P over the 
number ofSubelements in direction ofthe x-axis nx is shown in figure 5. 
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FIGURE 5. Comparison ofdisplacement results 
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As shown in figure 5 the displacement value of the Subelement model converges to the displace
ment value calculated by the FEA for higher values for nx. This shows that a su:fficient 

approximation result for most applications can be achieved with a relative coarse grid. 

The value of the first eigenfrequency around the z-axis was calculated by a modal analysis in 
ANSYS with the result of 8,3214 Hz. A Fast Fourier Transform (FFT) over the displacement 
function of the point P after applying an impulse force (Dirac delta-function) in this point gives a 
value of 8,3008 Hz for the first eigenfrequency around the z-axis. Here also is a good rnatch be
tween the solutions. 

5 SUMMARY AND OUTLOOK 

This paper described an alternative approach for elasto-kinernatic modeHing of rnachine tool 
structures, the Subelement model. The structure and implementation of this model was shown and 
the solutions were compared to the solutions of a finite element analysis. 

The result is a simple calculation model based on multibody systems which can be used for rna
chine tool structures in which the occurring deformations are srnall but not negligible. The 
simplicity and lesser calculation effort makes this model more applicable than complex FEA sys
tems. Furthermore, the Subelement model can be implemented with any multibody simulation 
system. 

The Subelement model will be further developed with respect to the element shapes. Cylindrical 
elements are currently under development to model round geometries like shafts. First approaches 
to shapes which are bounded by generat polygons already exist. Furthermore an autornated system 
for the segmentation of components into Subelements on basis of their CAD data is planned. Re
ferring to this first approaches based on the meshing algorithms of FEA-systems have also been 
developed. 
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ABSTRACT: The increasing automation of production processes has given rise to a vast number of com
plex interlinked Production systems. According to a survey, the greatest hindrance to the use of complex 

assembly systems is a Iack of efficiency caused by insufficient availability. Most complex assembly sys
tems are linked in an elastic way, which means that short disturbances can be compensated by buffers. 
This sort of interlinkage of different systems is characterized as a highly dynamic process in which it is 
difficult to attribute the loss of availability to any particular production station. In order to get the best out 

of the investment, new approaches to analyzing availability need to be found. The paper gives an over
view about existing procedures of optimization in the planning and operation period and presents a new 
optimization approach with operation curves. 

1 INTRODUCTION 

Numerous investigations by the Institute of Production Systems and Logistics have shown that 

especially the Ievel of utilization and availability of interlinked production systems during opera

tion frequently falls short of expectation [ 1]. This is mostly due to the configuration of the system 

structure (buffers, settings of cycle times, rnachine availability, number of stations, etc.) and other, 

indirect influences like personnet capacity and their qualifications. In connection with the distur

bances occurring in the operating phase with different durations and probabilities highly dynamic 

systems arise whose yield performance is hardly tobe prognosticated. Even today the so called 

"digital factories" do not cover this challenge in a proper way. The still unsatisfactory evaluation 

of the efficiency of production systems is rooted in the dynamic operational behavior, which pre

dominantly depends on the breakdown characteristics and the type of interlinkage. It is of main 

interest to find out what influence the individual stations have on the entire system and how a 

harmonization in the sense of a "line balancing" can be achieved. 

1.1 FAlLURE PROBABILITY, RELIABILITY AND AVAILABILITY 

The failure probability F (t) defines the probability of a failure or break down of a production 

station, a process or a component up to a point in time t. The complement of the failure probability 

is the reliability R (t) of a given station. R(t) defines the probability that a given station has not 

failed up to a pointintime t [2]. According to example [3] the following applies: 

F(t) + R(t) = 1 (1) 

With regard to several stations which are structured in a line or in parallel the entire reliability can 

be calculated as a function ofthe structure depicted in Fig. 1. This only applies when the events, 

e.g. failures at stations, occur independently. On the Ievel ofthe production stations the number of 

"probable" failure cycles can be easily calculated, e.g. with the help of the average performance 

(items per time) and the failure probability. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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FIGURE I. Reliability of stations located in a series or in parallel 
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By multiplying with the averagestandstill duration (mean time to repair, MTTR) one receives the 
surnmed breakdown time (TTR) for this period. The total of the productive time periods between 
the deadlocks (time between failure, TBF) results from the temporal difference from the runtime 
period (T run) and TTR. The result is the technical availability: 

As = ITBF with T run = ITBF + ITTR 
T nm 

As: technical availability 

(2) 

While the reliability exclusively represents the probability of an event, the availability is calculated 
by using the time periods derived thereof Disrespective of the time periods considered, different 
types of availability exists. In the following, this term is understood without exception as a crite
rion for the evaluation of the technically caused standstills. A further evaluation criterion is the 
utilization. In addition to the time periods used for the calculation of the availability (Trun), the 
entire time period in use (T use) is considered. This includes also time periods for preparation and 
maintenance procedures, pauses and the frequently neglected interlinkage Iosses (waiting and 
blocking of single stations) which are summarized in Torg· Hence, the utilization is much smaller 
than the availability: 

ITBF 
U station = --

Tuse 

with Tuse = I TBF + I TTR + ITorg 

(3) 

(4) 

In particular for linked production systems the analysis of the entire utilization is crucial for the 
total yield performance. When considering the whole system the kind of interlinkage used is of 
essential importance. 

1.2 TYPES OF INTERLINKAGE 

In order to assess the effect a single station, especially the bottleneck, has on the Ievel of system 
utilization, the type of interlinkage is of importance. In order to do so, two extreme cases are re
garded, namely the ideally decoupled system (infinitely !arge buffers between the stations) and the 
rigid system (no buffers between the Stations). In between these two extreme cases you will find 
the elastic coupling. The size of the decoupling is called system elasticity. It characterizes the 
ability of a station to compensate the influences caused by other stations. Figure 2 shows these 
three cases with the respective calculation of the system utilization. For the ideally decoupled 
system with unlirnited buffers the Ievel ofutilization Usys.decoupled strictly depends on the bottleneck 
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e.g. with the Iongest Cycle times within the production system. All standstins at every station can 
be compensated by the buffers. Therewith, the bottleneck determines the performance of the 
system in total. The Ievel of utilization in a system with rigid interlinkage (Usys,rigid) can be deter
mined on the basis of the individual technical availabilities (A;) of all stations. 

[ 

decoupJod h tel:lilkage I eJo.st:lca l :htel:lilkage rl;:ld :htel:lilkage 

-D-D-0--
limited buffer capacity no bufli!m 

no occw:ence ofthe 1 htelihkage bsses depend l fa:il.uesafli!tt J on the faful2s and 
htelihkage bsses and bufli:!rcapac!Es anstati:ms on a lüAscala 

Determination of the System utilization Usvs by: 

mathematical 
approxtmation procedures 

or slmulat10n 

U., .~ >U ulnxtk >U npJ 

Deflcits 

U: Ulilizalion; A: Availability 

FIGURE 2. System Utilization in dependency ofthe type ofinterlinkage 

The comparison to the sequential structure in Figure 1 is obvious. The substantial - and often dis
regarded difference - is, that in case of the rigid interlinkage large dependencies between stations 
occur. In the great majority of applications a station break down causes more or less immediately a 
waiting or blocking of all other stations due to the induced interlinkage losses. This reduces their 
runtime period which is used as the basis for the calculation of the failure probability. Following 
[2] and following tests carried out with real data this interdependence was studied at the IF A and 
Iead to the formula depicted in figure 2. In summary, one can say, that in production systems with 
many stations we find a great amount of momentum, caused by varying cycle times, standstills due 
to breakdowns, routine maintenance, setup operations as weil as by waiting and blocking periods 
of single stations. Hence, "line balancing" can only be achieved by taking the entire system per
formance into account - thus, focusing merely on cycle times will not do at all. 

Main participants during the planning and configuration phase are the design engineers. Those 
who design the individual assembly operations usually are detail planners focusing on technologi
cal aspects. However, they generally have little knowledge ofthe dynamic behavior ofthe system 
as a whole. This shortcoming has to be eliminated with the help of a comprehensive technical 
design process. 
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2 THE CURRENT PLANNING PROCEDURE 

2.1 DESIGN OF PRODUCTION LINES 

As a rule, the starting point of the planning of assembly and production systems usually is a 
nearly finished product which has to be assembled as cost-effectively as possible. After ana
lyzing the product regarding the technical assembly processes and after determining each 
working procedure, a detailed construction of the individual assembly stations takes place. 
During the allocation ofthe entire assembly process the even distribution ofwork contents onto 
the individual stations is the center of attention. The objective is to achieve a harmonized time 
tuning of the system to be installed. Considering the generally short cycle times a high Ievel of 
utilization of each individual station is usually achieved by simultaneously automating and 
interlinking the material flow. However, due to the great number of automatic functions a high 
rate of short breakdowns is to be expected. Because of the close coupling of the individual 
stations this Ieads to substantial performance Iosses in particular. During the planning phase it 
is almost exclusively the technical implementation of the automated material flow that is placed 
into the foreground. 

At first, the definition of buffer sizes and feed lengths linked to the process hardly receives any 
attention. Thus, the behavior of the system to be built is substantially influenced by this ap
proach. Compared to the efforts and expenditures for the configuration of the individual 
stations, this step of designing the system as a whole receives relatively too little consideration. 

3 EXISTING APPROACHES 

The tools used in the first design phase for line balancing range from simple spread sheet analy
ses to analytic calculation models, based on the queuing theory (Markov chains, including the 
Simple Assembly Line Balancing Problem (SALBP) and Mixed Model Assembly Line Bal
ancing Problem (MALBP)) [4], to the discrete, event-oriented simulation with partly specific 
analysis and interpretation modules. 

3.1 STATIC CALCULATIONS 

Firstly, technical designers execute simple calculations to determine the rate of utilization on the 
basis of forecast performance parameters. When following this approach the largest unknown 
quantity is the used characteristic, which is the availability in our case. If only those technical 
standstills are included which can be prognosticated by experience, Iosses from other unexpected 
events will be disregarded. In Addition, the dynarnics of the standstills with regard to the point in 
time and the duration rernains unconsidered. In case of an unfavorable constellation, e.g. in case of 
empty buffers, these standstills have an immediate effect on the entire system. If there are buffers 
with large capacities - and thus a high elasticity - between the individual operating systems and if 
standstills caused by technical reasons, maintenance and set up operations occur very rarely, a 
comparatively good prognosis can be obtained even with this static calculation. 

3.2 QUEUING MODELS 

The queuing theory is used for the planning of the configuration of chained production systems as 
weil. The basic modeloftbis theory consists ofthe actual queue, which characterizes an incorning 
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stream of jobs or parts, and the work station ( e.g. station 1 ), which processes these jobs. The arri
val of the parts is calculated with the help of probability distributions (so-called Markov-chains 
use exponential distributions ). The operating time, including standstills, is calculated accordingly. 
When using Markow chains the output-rate is an exponential distribution as weil. This means it 
can be used as the inputrate for the subsequent queue (e.g. station 2). Lagersystems with plenty of 
stations can be mapped with the use of so called networks of queues, which are able to determine 
the results within a very short response time. An essential drawback is, that the input-process has 
no effect on other queuing elements (lacking an aftereffect). Thus, the recording of interlinkage 
Iosses is not possible. Another impediment is the Iack of acceptance, which is not least caused by 
the very theoretic nature of the Iiterature and an immense degree of abstraction which is necessary 
but hinders the direct use in practical applications. The accuracy of queuing models is clearly 
greater than the one obtained from the static calculation, it however can not reach the high Ievel of 
simulation. 

3.3 SYSTEM SIMULATION 

Simulation is the most widespread technique for the study, interpretation and optimization of com
plex systems. Simulation offers the possibility of mapping real production systems with the use of 
computer programs. This model allows you to study and describe the behavior under modified 
simulation conditions. This works for systems, which can not be tackled in an analytical way. The 
discrete events of individual items occur along a global time calculation. That means that each new 
event can only be calculated and executed on the basis of the previous one. Thus the simulation 
technique can be applied to any type of prob lern. Despite its undisputed usefulness, simulation 
technology has not yet become a routine application in industrial planning departments. Small and 
medium sized enterprises in particular tend not to implement this technology because of 
expenditures still being high and a Iack of necessary expertise and skills. Therefore, a mixed de
ductive-empirical approach is to be introduced in the following, which will ernpower the user to 
assess the performance yield of an production line much faster. 

4 NEW APPROACH: OPERATION CURVES 

At this point we would like to sum up the pros and cons of the above mentioned procedures. Our 
aim is to analyze the impact of the availability of the bottleneck station on the system utilization in 
a time- and cost-efficient way. A short response time - similar to the queuing models - with a high 
acceptance of the planners is to be achieved. The underlying assumption is that in a flexible line
arly chained production system a bottleneck can be recognized on the basis of static observations. 
If one considers not only the cycle time but also the availabilities of the single stations in order to 
determine the system bottleneck, one can, according to Krüger [4], define in the case of a suffi
cient decoupling an efficiency factor. Depending upon the capacity of the buffers, stations with 
shorter cycle times than the bottleneck station are able to compensate pre- and postliminary stand
stins for a limited amount of time. This "supply of temporal work" can be evaluated by the 
inclusion of a performance component linked to cycle time in relation to the current bottleneck. 
The outcoming static bottleneck-linked efficiency E of a station i is: 

Tc,bn · h A Tc,bn E;=A;·--wtt Ebn= bn·--=Abn 
Tc,i Tc,bn 

(5) 
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Ai : technical availability of the station i 
Tc.bn : Cycle time of the bottleneck station of the system 
Tc.i : Cycle time of the station I 
bn :bottleneck 

A perfonnance profile can be generated from these calculations. The bottlerreck does not depend 

on the Iongest cycle time. lnstead it is characterized by the minimum value of the efficiency de
fined in (4). An optimization oftbis station appears mostplausible and raises the question to what 

degree the total system is improved as a result. 

By means of a characteristic curve the gradient of the system utilization increase is to be repre
sented as a function of the availability improvement of the respective bottleneck. The basic 
consideration for the development of the function is the fact that the gradient of the curve for a 
real system, depending upon buffer capacity, approximates the rigid respectively the ideal de
coupled interlinkage to a higher or lesser extent. The effects ofmodifying the availability at the 
bottlerreck Ahn for these two types of interlinkage can easily be calculated in accordance to 
equations in figure 2. Related to the respective availability parameter they state the upper and 
lower Iimit of the gain to the system utilization (fig. 3). The above made considerations show 
that improving the weakest station with an ideal decoupling (infinite buffer) Ieads to a co
efficiency from 1 to the value to which corresponds the Ievel of efficiency (E) of the second 
weakest station (limited by Abp). The gradient of this upper Iimit then no Ionger runs rising 
linearly, but horizontally without further utilization gain. Due to the reality the availability of 

the bottlerreck can only moduled until I 00%. 

Utilization 

0 

Ideal elastic 
coupled System 

Availability of the bottleneck 

100% A.., 

SEQARABICFIGURE 3. Operation curve model 

The lower Iimit of the rigid interlinkage runs almost linearly rising over the entire area at a far 
lower Ievel. At the bottlerreck availability of I 00% the rigid coupled system cannot reach the 
maximum possible utilization. This is caused by standstills of non-bottlerreck stations. The 
behavior of elastic coupled systems is situated between the depicted borderlines. They strongly 
depend on the actual system elasticity. If the buffer capacity in the system rises, the course of 
the curve changes from the lower to the upper Iimit. 

A describing function for the Operation curve of the elastic coupled system was developed on 
the basis of the C-standard-function [5], [6] and generalizes the circle. Every point on a circle 
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with an radius of 1 fulfil the equation: 

X 2 + Y 2 = 1 In general the C-standard function is defined as IXIC +IYIC = 1. (6) 

After a few steps of transformation (switching, stretching and shearing), the result is an ap
proximation to the real operating performance curve through the vectorial representation of the 
system utilization Ievel. The running parameter is t with a value between 0 and 1. 

(7) 

After elirnination of the parameter t the equation becomes: 

[ J
e 

Abp [Jsys 
Ab =[! ·--+Ab ·a1 ·Cl- 1---

n ~ [! p [! 
m~ mu 

(8) 

[Jmax max. reachable Ievel of utilization 
[Jsys utilization of the entire assembly system 
Abp breakpoint of availability 
C : form parameter 
a1 : stretching modification factor 

With an adjusted parametric description the shape of the curve can be depicted between the 
extreme cases of an ideally elastic and an ideally rigid interlinkage. 

With the easily established parameters Umax and Abp• the development of the utilization Ievel can 
be described in the form of the operating curve. A basic requirement is the experimental ascer
tainment of the form factor C and the stretching modification factor a 1 which are determined, 
among other things, by the elasticity of the system. These two parameters are sufficient to ap
proximate the specific system situation. They cannot be simply derived from generalized 
judgments. lt is necessary to perform simulation studies to extract them. 

Equation (7) calculates the bottlerreck availability in dependency of the utilization. For a better 
understanding of the general statement the axes in the diagram are mirrored. The algorithm calcu
lated as the best values c of 4,83 and an a of 908. The calculated function parameters are then 
compared afterwards to the data record of the simulation experiment already available in the data 
base. The first results of selected experiments are promising and show an average deviation 
between the calculated curve and the simulation results of approx. 2% within a range from -3,5% 
to +0.5% (fig. 4). 

This specific example shows that the system elasticity is by far insufficient to move close to the 
max. possible utilization. The cycle time-referred "supplies" are also not sufficient in order to 
adjust the interlinkage Iosses caused by a multiplicity of standstills. 
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FIGURE 4. comparison of calculated and simulated utilization values 

5 CONCLUSION 

At present, the correlation between the optimization of the bottleneck behavior and the actual 
gain of utilization in an elastic coupled production system can only be deterrnined sufficiently 
with the help of case-specific simulation experiments. According to many technical designers, 
however, the necessary efforts and expenditures for carrying out simulation projects are too 
numerous and too high. The objective must be to ensure a proper estimation of a case-specific 
situation without direct use of simulation. Therefore the developed approach is a first step. At 
present, the necessary function parameters must still be determined with mathematical algo
rithms. After detailed investigations into the most frequent basic patterns a further objective is 
to calculate these factors starting from purely static situation parameters also - and thus without 
any simulations. Based on these findings this methodology can be extended to further planning 
fields, e.g. the visualization of an optimal number of stations. 
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ABSTRACT. Some important technologies changed Rotary Transfer Machines (RTMs): now all the 
productive system is governed by a computer, CNC reduced set-up time and improved precision. Today 
modular flexible transfer with 3-8 units (equipped with 3 CNC axes) perform sequential machining and 
can work infinite shapes and dimensions within a 300mm cube. Static tuming using 3 axes units is also 
allowed. We want to relate the production costs to the new kind of transfer machines. The investment is 
bigger than that of traditional RTMs, but the production costs can be reduced. The paper presents an 
algorithm allowing the choice of the correct level of automation able to ensure the srnallest production 
costs. 

1 INTRODUCTION 

A recent investigation, about Italian machine tools, shows that 32% of rotary transfers work 
more than 3 faces. This is possible with the new generation of rotary transfer machines. They 
are: 
• transfers that execute all the machining in parallel. These machines are installed with a 

fixed operating unit, and 3,4 axes operating units. This kind of architecture gives high 
flexibility and productivity. In ltaly some recent transfers can machine hundreds (more 
than 500) of different pieces with low set-up time (less than one hour) and high 
productivity: up to 10000 pcs/h (doubling productivity). 

• modular transfer with 3-8 units 3 axes CNC perform sequential machining. The chief 
characteristic is the reconversion flexibility, but the productivity is lower than the 
precedent architecture. Today a modular transfer can machine infinite shapes and 
configurations in a 300mm cube. 

The biggest result of the last few years of research is the possibility to machine (with RTM) 
complex pieces of brass, alurninium, steel, iron, as brass body of hydro-cleaners and complex 
pieces for the automotive sector. 
Foreach situation there isthebest kind of architecture and the right Ievel of flexibility. 
Flexibility is getting more and more important in rotary transfer machines. The most important 
dimensions of flexibility are: 

mix flexibility, measured by change-over time/saturation time; 
product flexibility, measured by time and costs to reach the markets, or measured by the 
number ofkinds of articles that the RTM can machine; 
reconversion flexibility, measured by time and costs of reconversion; 
volume flexibility, measured by the maximum output obtainable. 

A recent investigation about Italian machine tools shows as mix, product and reconversion 
flexibility are important for Italian use of RTM, while volume flexibility isn't so irnportant 
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Usually RTM machines work all day and they are never turned off. The only way to obtain the 
volume is to work a different nurober of shifts: two for low production, three for high 
production. 
Some recent transfers are able to machine hundreds of different and complex kinds of pieces 
with low set-up times and good productivity. 
Automatie Ioad and unload are carried out using a robot with artificial vision. This means a 
unmanned production with a computerised surveillance system and tool control. Tool or insert 
change using economical tool life are allowed in order to prevent tool breakdown and scrap 
and rework costs. 
The computer gives user-friendly and self-learning programming and gives the possibility to 
prepare part programs off-line; all working parameters are stored in the PC supervisor. 
Production data and machine failure statistics, availability of hardware and software for DNC, 
Connections, for modern tele-assistance are now at band. 
The software includes self-diagnostic functions and is able to display alarm conditions in real 
time. 

2 FUNCTIONING OF ROTARY TRANSFER MACHINES 

In a rotary transfer machine the transfer of pieces is made by a rotary cylindrical table. Rotary 
transfer machines can make complex cutting operations. To explain the functioning it is 
necessary to examine an elementary case [ 1, 2]: 
• the workpiece has a shape ofa cube and the faces are called Cl..C6, 
• the clamping devices areself centring jaws, 
• the machining axes are perpendicular to the faces ( e.g. drilling, vertical milling, threading, 

etc). 
When a workpiece is locked two faces (for example C1 and C6) areparallel to the lateral area of 
the table. Face C1 is in front ofthe table and is near the jaws, so it is impossible to machine this 
face. Faces C4 and C5 are partially encumbered by the collet ofthe clamping devices. Faces C2 

and C3 are completely free, and it is possible to machine all the area utilising the lateral units. 
Face C1 is completely free, and it is possible to machine all the areas utilising a radial unit. In 
this elementary case it is possible to machine simultaneously 3 faces (or 3 ways). Rotary 
transfer machines that machine simultaneously 3 faces are called 3-way. 
To build a 3-way is easy and every constructor ofrotary transfer machines can produce a good 
3-way. The difficulty is to produce a good transfer that machines 4,5 faces of the cube in a 
single clamping. New technologies give the chance to machine 4,5 faces in a single clamping. 
With the rotary jaws we can work C"C2,C3 completely and C4 and C5 partially: five faces in a 
single clamping. With the rotary clamping devices we can work C"C2,C3,C6 completely: four 
faces in a single clamping. 

3 PARALLELAND SERIES MACHINING 

In a RTM we can have four Ievels of parallelism : 
• The first Ievel allows us to use more stations in a RTM. There are 3 kinds of stations: 

charge and discharge stations, auxiliary stations, and working stations. A RTM usually has 
1-2 charge and discharge stations: in some RTMs there is just one station for charge and 
discharge, in other ones there are 2 different stations (Sc = 1-2). The working stations can 
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vary from 2 to 15 (Sw = 2-15). Usually RTMs do not have auxiliary stations (S.). This kind 
of station is necessary only in particular situations. During the machining, the number of 
the works in progress is the same as the number of stations (WIP = S = Sc +Sw +S.) and in 
every working station there is a different working stage. 

• The second Ievel of parallelism makes possible the use of more units in every station. 
Usually traditional transfers utilise up to 3 operating units per station. In particular 
situations it is possible to have 4 operating units per station. Modular transfers utilise one or 
two operating units per station: the Iimit is given by the dimensions of revolver heads. 

• The third Ievel of parallelism allows the use of multi-spindie heads on the operating units. 
In this way it is possible to use an operating unit to impart a spinning motion to many 
spindles: many parallel operations can be made simultaneously by a unit. 

• The fourth Ievel utilises special tools called forming or profile tools. These tools permit to 
execute more different and coaxial machining operations, such as drilling, milling and static 
tuming. The important constraint is the rate of the spindie that involves different cutting 
speeds with different diameters of machining: for example if a profile tool executes 
simultaneously three coaxial holes: <1>5, <1>15, <1>25, the smallest one will have the lowest 
cutting speed and the largest one will have the highest cutting speed. 

Now we can look at two new generations ofRTMs: 
• NC transfers that execute all the machining in parallel (as traditional transfers). These 

machines are installed with a fixed operating unit, and 3,4 axes operating units. They have 
similar machining centres. This kind of architecture gives high flexibility and productivity. 
In Italy some recent transfers can machine more than five hundred different pieces with a 
low set-up time (less than one hour). Other transfers allow to obtain high productivity, up to 
10000 pcs/h, doubling the productivity. The most important constraint in this kind of 
machining is the dimension of the parts (less than 200x200x200mm), and the Ionger 
machining time that the piece needs. A recent investigation, about Italian machine tools 
shows that 58% ofRTMs machine brass. There is correlation between brass and short time 
machining. This is the good workability ofthe brass. 

• a modular transfer with 3-8 operating units, 3 axes CNC, performs sequential machining. 
Each unit has a revolver head with 4-8 spindles. The chief characteristic is the good 
performance in reconversion flexibility, but productivity is lower than in the precedent 
architecture. Today a modular transfer can machineinfinite shapes and configurations in a 
300mm cube. The chief constraints of modular RTMs are productivity and cost (more than 
1.000.000$). 

For every Ievel ofthe parallelism the limits ofthe two classes are observed: 
• first Ievel: in the first class it is possible to have more than 16 stations whereas in the 

modular RTMs there are just 8 (the halt). 
• second Ievel: in the first dass it is possible to have 1-4 units per stations (usually 3) 

whereas in the modular RTMs there are just 1-2 units. 
• third Ievel: multi-spindie heads are often utilised in the first dass, but seldom in the 

modular RTMs because of the encumberance of the system of revolver heads and multi
spindles. 

• fourth Ievel: in both these cases profile tools are used. 
The capability of a traditional rotary transfer machine to carry out simultaneously more 
machining operations is better than the one of modular RTM (and this is the biggest 
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drawback), but modular transfers offer the opportunity to change tools using revolver heads 
(up to 8 tools per operating unit) carrying out serial machining. 
Today many transfer machines can work different kinds of pieces. The numerical control 
improves set-up time because the time necessary to change the travels ofthe CNC units is zero. 
One way to shorten change-over times for rotary transfer machines is to get more use from 
each of the tool stations. The idea here is to keep the drive unit in place and only change the 
head and cutters. Then by adjusting the offset, feed rate and speed, the station is ready for the 
next workpiece. Specific tool stations are assigned a standardised operation, within certain 
parameters. 
Revolver heads improve the times to change the tools because there are 6-8 tools on a head and 
the change is quick, only few seconds. Some important problems of revolver heads are: 
encurobrance, weight, inertia because the head is moving along X,Y,Z axis, eight is the 
maximuro nurober oftools. 
Constructors are searching for a new technology able to change tools with devices similar to 
the ones of machining centres (for example chain devices). This technology can solve the 
problern of 8 tools and the inertia, but can't solve the problern of the encurobrance which is 
perhaps more serious. Some clamping devices have special patented systems to quickly unlock. 
These devices shorten change-over times. Today the challenge is to develop a palletised system 
of clamping devices. The idea is like the palletised system in modern linear transfer machines, 
but they have a high Ievel of encurobrance, so it is difficult to use this device in rotary transfer 
machine. This technology minimises the change-over time. In the last EMO (2001) a robotised 
system for changingjaws and clamping devices was presented by an ltalian firm. 
Another important innovation is a robot that chargesandslots pieces automatically. The study 
is about recognising the kind of piece. Often the robot is too expensive or too slow, so another 
kind of charge and slot device is preferred. 
The static turning units turn as a CNC lathe, so it is possible to carry out conical and profiled 
turning, single point treading. For the static turning is possible to have two different tools, and 
it is possible, for example to carry out sequentially turning rough and turning finish with one 
unit in short times. 

4 ADVANTAGE OF CN AND COMPUTER IN RTM 

Nuroerical control gives various benefits [3]. The most important are the opportunity to obtain 
lower set-up time and the opportunity to have great precision during the machining. 
The nurober of axis controlled by nuroerical control can reach 60-70 axes per rotary transfer 
machine. Numerical control doesn't synchronise all the axes ofthe RTM, but there are groups 
of axes that need to be synchronised. The criteria used to create the groups are: 
• The· axis of a specific operating unit belongs to the same group, so they must be 

synchronised. 
• The axes of a station ( a station may have I ,2 or 3 Operating units) belongs to the same 

group, so they mast be synchronised . 
The reasons of for such a great nurober of controlled axes in RTMs are the great nurober of 
operating units in a transfer and the fact that the nurober of controlled axes per each operating 
unit is continuously increasing. While the traditional operating units have only the Z axis, or 
the spindle's axis synchronised with Z axis (max 2 axes), the recent operating units may have 
5 or 6 axes that need to be synchronised by the nuroerical control. 
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A modern architecture utilises only modular operating units with 3 CNC axes (these modular 
operating units are like machining centres) installed on rotary transfer machine [ 4 - 11]. This 
architecture permits to work infinite shapes and configurations of workpieces. The numerical 
control is connected with a personal computer. The last one gives many benefits: 
+ Gives the possibility to insert the NC program, or simply to realise the program by means 

ofuser friendly graphic interfaces. 
+ Computer is a graphic interface and allows the operator to make sure that the machine 

functions correctly. Instead there are transducers placed in different parts of the machine 
connected with PC. In this way it is easy and instantaneous to see in witch zone of the 
machine the failure or problern has occurred. 

+ The network or modern connection gives the possibility to tele-monitor the right 
functioning of the machine (in the case of unmanned production). The PC identifies 
automatically the kind of failure, or the failures and if the failure requires the participation 
of the man. Software gives help on line to solve the failure, and eventually requires the 
participation, if needed, of a technician who can often modifY software via Internet. 

+ Gives the opportunity to realise efficiently in process control and to correct automatically 
the dimensions of the workpiece. 

+ The PC supervisor stores working parameters and calculates efficiency measures, and 
stores the information coming from transducers and sensors and makes automatically 
control charts. 

+ The use of software is necessary to govern the robot. One of the robots (two robots) is /are 
utilised for the automatic charge and discharge of the workpieces. The robots can take the 
rough workpieces from palletised chains or conveyors. In the first case (palletised chains), 
the pieces have a specific position. In the second case (conveyors) the workpieces have 
random positions, so it is necessary to have an artificial vision system that identifies the 
orientation of the rough workpiece and allows orientation of the collet of robot in the right 
direction. 

To choose a new RTM machine is a difficult task. The modern numerical control RTMs with 
computer and in process control needs great investment, but this gives important advantages 
that guarantee lower costs during the production. These advantages are: 
+ The production is more reliable (the number of failure decreases), CNC and computer 

permit a greater efficiency for the productive system (productivity increases). 
+ Better cycle times, thanks to the efficient Synchronisation of the axes given by CN. It is 

possible to optimise the little passive time as rapid approach, time to rotate and translate 
(along the rotation axis to unlock the Hirth system) the table or the RTM. 

+ More flexibility in the machine, so it is easy reconvert the RTM to new production. This 
flexibility allows to lengthen the working life of machine tool. Often to change the kind of 
parts machined by traditional it is necessary reconvert the transfer, and it is necessary high 
reconversion costs. Besides the production system has a high lost production time. 

+ Time and Costs to Market is lower. 
+ Set-up time is strongly decreased. 
The economic parameters are grouped in the following classes: 
+ Investment ( cost to buy the RTM, and eventual future reconversions to change the 

production). The concept of working life of transfer is tightly correlated to the possibility 
to reconvert the machine to produce new kinds of parts. In the past there have been 
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frequent cases of dismantling perfectly functioning transfer machines, but useless for the 
market (in facts they couldn't machine the new pieces that the market needed). 

+ Maintenance costs 
+ Variable costs directly or indirectly chargeable to the batch. 
Tables 1,2,3 summarise costs regarding a new RTM. 

T ABLE 1. Investments costs 

Investment Opportunity to know 
the right value 

Costs of the productive system(RTM, robot for Known 
charge and discharge, etc .. ) 
Reconversion costs Estimable 

Costs of overhead exchanges of the lubricating Known 
oil treatment. 
Other starring investments Known 

TABLE 2. Maintenance costs 

Expensive charges 

Working life 

Working life 

Working life 

Working life 

Cost items Opportunity to know the right value 
Routing maintenance Known 
Non-routing maintenance, in case of mechanic, Estimable 
electronic, CN, failure. 

TABLE 3. Variable costs 

Costs items Opportunity to know the Expensive charges 
right value 

Costs of pre-setting and balancing Calculable Directly to the batch 

Manpower for set-up Calculable Directly to the batch 

Other costs for set-up Calculable Directly to the batch 

Tools cost Calculable Machining time 

Direct manpower ( during the machining) Calculable Machining time 

Direct material ( during the machining). Calculable Machining time 

Electric power during the machining Calculable Machining time 

Cooling by lubricating oil during the Calculable Machining time 

machining 
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Productive System A 

(A 1 ) Costs of the produclive system 
(RTM, robot, etc .. ) 

(A2) Other starting investrnents 

(A3) Estirnate ofreconversion costs 

(Al)+ (A2) + (A3) =total cost ofthe 
productive systern 
(Al)+ (A2) = initial cost ofthe 
productive systern 

Working life estirnate. Calculate hourly 
cost ofthe productive systern 

Calculate the rnean set-up time (SUT) 
and the rnean time to rnachine the batch 

A=((SUT) +(TM))* hourly cost 

Don't choose A 

Productive System B 

(B 1 ) Costs of the produclive system 
(RTM, robot, etc .. ) 

(B2) Other starting investrnents 

(B3) Estirnate ofreconversion costs 

(Bl) + (B2) + (B3) =total cost ofthe 
productive systern 
(Bl) + (B2) = initial cost ofthe 
productive systern 

Working life estirnate. Calculate hourly 
cost of the productive systern 

Calculate the rnean set-up time (SUT) 
and the rnean time to rnachine the batch 

B=((SUT) +(TM))* hourly cost 

Don't choose B 

FIGURE 1. Choice between two productive systems: the proposed algorithrn. 
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5 NEW TENDECIES IN ROTARY TRANSFER MACHINES (RTMs) 

Modem NCs for RTMs allow to describe profiles using curves instead of points. One of the 
advantages of this methodology is the better surface finishing that is achievable. Another 
advantage is the reduction of the vibrations caused by the change of the cutting direction and 
this is very important considering that all the cutting operations are made simultaneously. 
Another need ofRTMs is the simplification ofthe communication systems [3]. The control for 
up to 60-70 axes simultaneously requires a great amount of wires. The solution, in the near 
future, is surely the innovation of the field bus. 
As stated above another need is the possibility of small set up times, also when all the tools 
must be changed. The area where the worker would have to operate needs many hours to 
reduce the temperature and to be cleaned from the lubro-refrigerants and chips. The robot is the 
solution able to reduce to a hour the time for a complete set up ofthe machine. 
The last improvement in cycle times will made possible by the use of linear engines, and this is 
a research field where the group of Mechanical Technologists of the University of Brescia is 
working. 
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ABSTRACT. STEP-NC as a STEP compliant NC programming interface supports a bi-directional data 
exchange between CNC and CAM. Further more it helps to integrale the CNC into CAx world and sup
ports high Ievel geometry data formats. 

1 INTRODUCTION 

In modern industrial production the exchange of product data assumes ever-greater significance. 
Companies that wish to react flexibly, quickly and inexpensively to a new market situation must 
make information available as soon as possible in all areas, and must ensure that it can also be 
processed. Data conversions, costly follow-up processing of incomplete data and misinterpreta
tions mean loss of time and consequently of money. Furthermore product quality and productivity 
also depend on an optimised production. lt is thus a common interest of alllarge companies who 
are manufacturing and developing on a global scale at various locations to have unified powerful 
data formats and data interfaces all the way down from the planning to the production. 

Current Situation STEP-NC interface 

1 ~1.. 1~ 1 ··-..... ···"3- 1: 
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FIGURE l. Deficits of current NC programming interfaces 

While there are several new formats available for the exchange of geometry (IGES, STEP, etc.), 
the shop floor still deals with many paper drawings and poor NC programming interfaces, de
signed more than 40 years ago. Especially the part programming based on ISO 6983, also known 
as G and M Codes, is a bottleneck and forces the operator to often redo work already done in the 
planning department. 
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A part programme compliant to ISO 6983 does only contain a small subset of the information 
available in the CAD/CAM system. Its sequence of simple linear and circular movements and 
instructions is not sufficient to support more complex machine functionalities, a modern graphical 
work piece visualisation or the modification of a complex NC programme at shop floor Ievel. 

By improvements during the last years, a large number of extensions were generated to enable 
today's numeric controls (NC) to realise powerful advanced functionalities like tilted tools on 
freeform surfaces or online process control mechanisms. Some of these extensions have been 
standardised, others are control-, machine tool vendor or end-user specific. As a result the NC 
programme is not useful for information exchange between the process planning department and 
the shop floor, but a Iist ofinstructions specific to produce one part on one machine tool. 

Today the control as weil as the CAM system has tobe adapted to use the same specific codes and 
extensions. Otherwise the machine tool's functions cannot be addressed properly. Industries, using 
several different numerical controls, therefore are forced to use expensive post-processors, which 
generate control specific NC programmes that can only be used on particular machine tools. Ifthe 
same NC programme should be executed on several basically identical machine tools, a common 
subset of programming codes and data formats having the same effect on each of these machines 
has to be used. Thus tool breakage control, collision avoidance or different kinematical abilities of 
the machine cannot be addressed in an optimised way. 

Besides the limitations in part programming ISO 6983 and its extensions do not support bi
directional one-to-one exchange ofNC programmes between different machine tools or computer 
aided systems (CAx). This means that any changes made directly in the NC code cannot automati
cally be fed back to upstream processes such as NC planning or design. 

2 NEED FOR COMPREHENSIVE DATA IN THE NC 

To realise complex functionalities like collision avoidance or a tool path generation depending on 
the tools available at a machine tool comprehensive information is needed. First the geometries of 
the work piece, the machine tool and the tools are needed. In addition a set of technological infor
mation is necessary to decide which overlap, cutting depth, feed etc. can be chosen. As in today's 
production only CAD/CAM systemsandnot the machine's numerical control have access to this 
information, these functionalities can only be realised oftline during the NC planning and not at 
runtime. Variations in the clamping position, the tolerances ofthe raw piece or the actual tool's 
shape cannot be considered directly. First the changes have to be noted, passed back to the plan
ning, where they are inputted into the CAD/CAM system and then the tool paths and machining 
sequence have to be calculated once again. The new data then is reduced to simple linear and 
circular movements and switch operations, as only they can be stored in common part programmes 
based on ISO 6983. In a last step the part programme is adapted to a specific machine tool's con
trol by a postprocessor. Because of all these data manipulations and data reductions, conventional 
part programmes can hardly be changed at the shop floor. Furthermore they are bound to single 
machines, and they cannot be exchanged between different machines nor be used for the bi
directional exchange of information within planning, work preparation and production. 
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Thus the NC programme- the interface between planning and nwnerically controlled production 
- on the other band represents a very weak link in a company's inforrnation flow towards produc
tion. 

This weak link in data exchange is now being stabilised by a new, modern programming interface 
called ISO 14649. The standard has been developed in close collaboration with international 
CADICAM manufacturers, end users, renowned control manufacturers such as Siemens and the 
chair for machine tools of WZL at the University of Technology Aachen. In contrast to conven
tional NC programmes it is based on exchanging and processing characteristics - so-called 
features (e.g. pockets, borings, grooves), technological data sets like operations, tools and the 
processing sequence. Based on a feature the machining process is defined step by step with proc
essing tasks. Roughing and finishing operations are part of this. Through the combination of 
several features and their processing steps, all operations necessary for the manufacturing of apart, 
starting from the raw material, can be described. The feature description is based on a data model 
containing geometrical, technological and organisational data. Since the data model is compatible 
with ISO 10303 (STEP), which is considered to become one of the major data models for geome
try data exchange between CADICAM systerns, the new standard offers an interface for constant 
forwarding of product inforrnation to a machine tool's NC control, which was hitherto only pres
ent in planning [I]. 

3 STEP-NC DATA MODEL 

To receive high Ievel inforrnation in the NC a suitable data model for inforrnation exchange be
tween CAM and NC is required. This demand is the basis for the work ofiSO TC 184 I SC! I 
WG7, the working group that is responsible for ISO 14649. 
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FIGURE 2. Simplified data model ofiSO 14649 Part 10 

In ordernot to lose the inforrnation's context ISO 14649 is designed in an object-oriented way. 
Each item can thus be defined as an individual object containing not only descriptive attributes, 
but also an implicit meaning. For instance the geometric data element "SLOT" might geometrical 
be considered as a subtype of"POCKET'', but in terrns ofmechanical engineering there are differ
ent requirements concerning manufacturing and functionality related to these items [1]. 
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By strictly separating geometrical, operational and process sequence data the access and the stor
age of the information is simplified and exchange between highly specialised modules becomes 
possible. A system which cannot process technological information but can display or manipulate 
geometry, as for example a computer aided design system (CAD), thus might easily use the STEP
NC programme file for data in- or output. At the machine tool there might be data masks to adapt 
the technological parameters without displaying all complex 3D surfaces. 

Figure 2 contains a simplified abstract of the core data-elements as defined in Part 10 - General 
Process Data- ofiSO 14649. It shows how geometry, represented by features, and the operations 
are defined separately and then combined in a working step, which can be processed. 

The logical structure and sequence of the NC programme is defined by a so-called 
EXECUTABLE. An executable can be a simple WORKING_STEP, a list of actions 
(WORKPLAN) or elements for logical structuring: IF _STATEMENT or 
WHILE STATEMENT. 

The manufacturing of a part is defined by a sequence of several working steps. A working step 
defines which operation has to be executed based on a geometrical item, such as a feature ( e.g. 
hole, pocket, slot), a region or a freeform surface. The operation itselfis one more object-oriented 
element of ISO 14649, which contains technological information, tool data, security planes or 
distances and the process strategy. 

The control is expected to interpret this data and to generate the required switching and movement 
Operations to machine the part. If the functionality of the NC control is not sufficient or a very 
specific tool path is required to influence or optimise the process, STEP-NC here also offers solu
tions, ensuring the benefits of the data model's object-oriented and context based structure. For 
instance the attribute its _ tool _path of ISO 14649 allows an Operation to overload the path genera
tion based on the feature's geometry and explicitly make use of predefined cutter contact, cutter 
1ocation and tool orientation curves. Still the geometry information is available for display pur
poses, process simulation etc. 

4 INTELLIGENT ANDS FLEXIBLE MANUFACTURING 

In contrast to conventional NC programmes, STEP-NC for the firsttime provides a model for the 
complete description of the processing task. Information formerly limited to CAD/CAM systems 
becomes available to the shop floor and at the machine tool. Any loss of information to abstract 
movements and switching information, as in the case of conventional programming interfaces, is 
avoided. Instead, comprehensible units like features and operations are comfortably and clearly 
programmed. At the shop floor during the set-up ofthe machine tool and partly even at runtime the 
individual paths and switching commands are generated by the NC control. Since control is opti
mally adapted to the machine in question, not only the NC programming is simplified but complex 
processing tasks are also solved more efficiently than with CAD/CAM systems working offiine 
and separately from machines. Controlled process data can be fed back into the control and there 
be used online for flexible path planning adapted to the processing situation. An example therefore 
is the active chatter avoidance. Whilst on the basis of conventional data interfaces such as ISO 
6983 it was only possible to vary the technological parameters feed rate and rotational speed, the 
process can now be more efficiently regulated for instance by reducing the d~pth of cut. With 
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conventional programming interfaces a change in the depth of cut could only have been performed 
oftline in planning, since the necessary information on the volume to be machined has only been 
available at the CAD/CAM system. The data model of ISO 14649, on the other hand, embraces 
both raw-material and finished-part geometries, as in a CAD/CAM system. Volumes, tool paths or 
identations can be calculated by the numerical control. 

One can imagine, that the machine tool is no Ionger only executing instructions, but also providing 
information and CAM functionalities. Production becomes more efficient and flexible. 

5 FEEDBACK OF CHANGESAND KNOW -HOW 

Changes in the NC programme are often necessary to improve the finished part and to optimise the 
production process. Today these changes cannot easily be fed back to the CAM system, as the 
context of single movement or switching instructions normally gets lost while generating conven
tional ISO 6983 NC programmes. That is why experiences of the shop floor are often not returned 
to the planning department and will not be available for the planning of future work pieces. The 
iterative improvement of the NC programme at the machine tool therefore becomes necessary 
even for similar parts. 

+ lntograted End to End Procus. 
step 

nc 
+ Bl-c:llr•ctlonll Proctu chaln 

+ lntegrated slmulallon lools 

+ Functlonallty reallsed loc:ally 

+ less data connverslons 

+ Optiml&ed func.1:iona lity 

FIGURE 3. STEP-NC enables a bi-directional infonnation exchange 
[Dassault Systemes, OpenMind, Siemens] 

At present sophisticated NC cycles or comments inside the part programme minimize the loss-of
context-problem. CAM and NC systems, which are able to re-interpret these user or vendor spe
cific code extensions, can restore information and provide it through a data base to avoid 
redundant testing in the shop floor. But as the cycles are not standardised and as the included 
geometry model may vary, they are not suited to exchange information between different systems 
or companies. 

Comparable to the NC cycles STEP-NC provides data elements for object oriented NC program
ming. But instead of defining single task, like a pocket cycle does, STEP-NC passes structured 
logical units (features, tools, working steps) and their intemal relationships to the machine tool's 
control. Optimisations do not only result in changing single code lines, but in modifying the rele
vant attributes of an object. For example augmenting the depth of a drill hole does not simply 
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mean to change "GOI ZIOO" to "GOI ZI20" but the value ofthe attribute "its_depth" which is part 
ofthe feature's (object) "round_hole" description. 

The modifications in an object oriented data model can be recognised and interpreted in NC plan
ning or design. No information gets lost. Standardisation guarantees furthermore that this 
exchange is not limited to specific systems like the ones using vendor specific data element defini
tion (2]. 

6 STEP-NC CONSIDERS VARIABLE COMPONENTS 

A NC programme is used to transfer the movement and switching instructions from the CAM 
system to the machine tool in order to achieve one specific result, the part. Whilst the geometry of 
this work piece can be considered as a static data element, the tool paths followed to generate the 
work piece geometry, operation data and the hardware are variable and might depend on each 
other: 

As Volvo Cars (Sweden) stated, one single NC programme executed on two identical machine 
tools with equal control- and tool configuration produces two different results. This difference is 
caused by the machine tools' specific tolerances and abilities, the tools and the part set-up. 

Common NC programmes cannot consider all possible variations of these parameters. Therefore 
the programme always has to be tested and optimised at the machine tool it will be used on. The 
object oriented data model of STEP-NC treats geometry, technology or operations as single data. 
Only through a logical structure, the so-called MACHINING_WORKINGSTEP, the control gets 
the information which operation has to be processed on which geometrical item, e.g. a feature or a 
region. This allows the use of identical geometric descriptions on various machines while the more 
variable operation data is linked depending on the machine's characteristics and the actual ma
chine set-up. 

If a slightly modified work piece has tobe produced (e.g. a pocket's depth is reduced or the posi
tion of a hole has to be changed) only the description of the geometry is changed. The already 
optimised technological and operational elements remain unchanged. Production on all machines 
can directly restart without the conventional need of programme generation and iterative parame
ter optimisation for every machine tool. 

7 PRACTICAL RESULTS 

Both, the European STEP-NC and the American Super Model project set up seenarios for milling. 
Thesefirstprototypes proved the benefits and potential ofSTEP-NC (3]. 

The prototypes realised by the European STEP-NC consortium for milling are based on commer
cial systems from Siemens, Open Mind and Dassault Systemes. CAM modules from Open Mind 
(HyperFact, SoloCAM) and Dassault Systemes (Catia VS) generate the STEP-NC programmes 
including high Ievel CAD geometry data, operation data and sequencing information. This pro
gramme file then is passed to the shop floor, where a Siemens Sinumerik 840D control and 
ShopMill, Siemens' shop floor oriented NC programming tool, were adapted to process ISO 
14649 encoded NC programmes. 
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FIGURE 4. Firstpart rnanufactured by STEP-NC 

DaimlerChrysler and Volvo, participating as end-users in the STEP-NC project, use this prototype 
to gain experience with the new NC programming interface. As there are no moresimple G- and 
M-codes passed to the machine, late changes in technology, programme sequence or even geome
try can easily be realised and processed without the need of time consuming post processor runs 
and iterations with the planning department. Especially during the first test period some late 
changes in programme sequence and optimisation oftechnology had tobe done. Allthese changes 
were visualised and simulated in ShopMill directly at the rnachine tool and stored back into the 
STEP-NC file to ensure, that no information got lost. 

The next step within the European project will be the installation of a milling-scenario on machine 
tools with different kinematics and abilities (3 axis and 5 axis rnachines) in order to prove that 
STEP-NC supports exchangeability ofprogramme files. 

8 SUMMARY 

Machine tools, their controls and additional components will always be installed depending on the 
end-users needs. Therefore every NC programming interface will be either too complex or much 
too simple depending on the required numerical control's functionalities. 

While STEP-NC passes an object-oriented model to the control in order to enable NC controls to 
realise intelligent functionality in real-time and to integrate the shop floor not only as inforrnation 
recipient but also as an inforrnation supplier into modern industry's data exchange, there are other 
approaches that simply use the numerical control as a driver similar to a printer for a PC system. 
Here all information processing for axis-paths or PLC switch operations is generated offline di
rectly by the CAM system. Real-time interaction as needed e.g. for process control cannot be 
realised. 

The worldwide activities conceming STEP-NC are joined by the IMS STEP-NC project. The 
project focuses on several technologies in order to realise a complete and uniform up to date NC 
programming interface, ISO 14649. Further on this interface is tested in several different scenar-
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ios. On one side these seenarios are based on conventional CAD/CAM systems and NC control
lers. They mainly evaluate the benefits of a more easy modification and exchange of NC 
programmes in the shop floor. For this purpose Open Mind integrated STEP-NC into their CAM 
module SoloCAM and Siemens implemented STEP-NC into their programming system ShopMill, 
which is running on a Sinumerik 840D. Volvo and DaimlerChrysler did already machine parts 
with drill holes, slots, pockets and contours, using this first industrial prototypes. During the next 
steps it is planned to extend the scenario using tool paths to manufacture and test more complex 
geometries. At the end of2001 the Swiss partnerswill test the first STEP-NC prototype for EDM. 

Besides more scientific seenarios are developed, where all CAD, CAM and NC data is stored in 
one database. Each CAx system or NC controller accesses the database to get or add information. 
There is no Ionger the need for several particular exchange files, which have to be archived and 
updated. Instead there is only one consistent STEP-NC data set, containing allrelevant informa
tion to realise an intelligent and high productive production at the level of planning as well as in 
the shop floor. 
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ABSTRACT. A totally automated control method for the dimensional control of pieces has been developed 
by Computer Vision techniques, combined with a movement equipment managed by the control system. By 
employing this technique it's possible to perform the dimensional control on manufactured articles having 
geometric characteristics that don't allow a trouble-free image acquisition maintaining a good resolution. By 
employing the same equipment an automated three-dimensional control system, based on stereoscopic vision 
has been developed. 

1 INTRODUCTION 

Automated visual inspection deterrnines properties of products using visual information and it is 
very often automated by employing computer vision techniques. The computer vision field is 
growing rapidly, thanks to research efforts in the machine vision community and advancements in 
computer and vision technology. Over the years vision technology has matured; it has become 
more powerful and is now readily accessible to many more users, simply because it costs less and 
because it is easier to use. Nowadays automated visual inspection can provide cost-effective 
solutions to a number of "standard" visual inspection tasks, demanding accurate and reliable 
operation in real time [ 1-7]. 
The employ of computer vision increases the Ievel of automation of several manufacturing 
processes, allowing substituting the human operator in such operations that, for their high 
recurrence, often give rise to errors or can be dangerous or difficult to realize. Moreover its use is 
necessary for measurement operations when the contact between the measure instrument and the 
workpiece can compromise the measure or the workpiece characteristics. This kind of problems is 
usual, for example, in controlling ofworkpiece for electronic industry. Actually these components 
are characterised by high precision and very small tolerance. Moreover, very often, the ratio 
between length and width ofthe final workpiece is very high; this characteristic doesn't allow an 
easy control by computer vision. In fact, in television images, the length/height ratio is 4/3, so if 
the whole piece is framed, there will be a loss of resolution because of the relevant length of the 
piece; if instead only a part of the piece is framed, the entire vision of the piece is loss. 
In the present work a technique to solve this problern is presented: in completely automatic way, a 
series of images is acquired and then arranged in a unique image that has the resolution of the 
single frame. Forthis kind of operation a particular hardware system is needed and a software 
procedure that perform the acquisition and composition of the images with the maximum precision 
has to be developed, thus to obtain the necessary information for the workpiece dimensional 
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control. In this paper a particular example is proposed to show the capability of the computer 
vision system, the case of a workpiece obtained by blanking has been exarnined; it is composed by 
twenty identical elements, each ofthem is a heat scatterer for electronic components (Figure 1). 

FIGURE 1. The analysed element. 

2 THE MACHINE VISION SYSTEM 

2.1 SET-UP 

The employed system (see Figure 2) is composed by a Personal Computer (Pentium III processor, 
700Mhz) completed by a Matrox G400 Video Card and a frame-grabber card DIGIT AL SE by 
CORECO, connected to a High resolution, Color Digital Camera CA-085A by SVS-VISTEK, 
equipped of a CCD sensor by SONY of 2/3" with a resolution of 1300xl300 pixel and 8 bit 
planes/color. 

FIGURE 2. The set-up of computer vision system employed 

To reduce some errors due to the image acquisition, the camera is equipped of a telecentric lens 
TEC M55 by Computar [3,8). This lens allows a vision that strongly reduces the pillow and barre! 
effects that are typical effects in the traditionallens. In the case studied, after a calibration process, 
realized by using a sample, the obtained dimension of the pixel is 18.25 x 18.25 Jlm. A high 
precision motorized slide (IntelliStage by PI Instrument) has been employed for the motion ofthe 
workpieces. lt has a stroke of 300 mm with a precision of 0.2 Jlm. A proper light system has been 
employed to reduce shadows and distortion in the acquired image. 

2.2 THE EMPLOYED SOFTWARE 

The software employed for the images acquisition and elaboration is WiT 7 .I by Logical 
Vision [9, I 0]. By its use it has been possible to perform the motion of the slide using proper 
inputs sent to the serial port RS-232. This software, that is extremely easy to program by means 
of block instructions (see Figure 3), is equipped with several libraries that allow a very high 
variety of functions such as filtering, visualization in several modes, geometrical and 
morphological transformations. 
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fiename: sample .wit d~edion: Baylfr.oml..o: 0 wldth: 3 
type: Au1o tromH: 255 height 3 

getBiobs ,, 

comccted: 4 
type: blnary 

tolo: 0 
toH: 255 

name: display type: - expression: A'0.1 .. . 
userConstant 0.1 .. . 
type: delaul 

FIGURE 3. Example of program in WiT. 
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For our purposes some libraries have been particularly useful, they are the Segmentation, 
SerialiO e FastAlign libraries. The functions inside the Segmentation library allow the division 
of the image in groups of pixels with similar tonality, and calculate their areas, perimeters, 
barycentre and other geometrical characteristics. The function in the SerialiO library permit the 
envoy at the serial port of proper input strings, able to pilot the micrometric slide. The 
FastAlign functions allow the creation of models extracted by an image and the subsequent 
research of such models inside a second image; they finally find the displacement, the scale and 
the rotation to be applied to the model to Iet it match with the second image, with an 
approximation Ievel defined by the user. Such operations are optimised to work in very short 
time and have shown to be very effective in the developing of our application. 

3 THE PROBLEM OF THE MATCHING 

The main topic for develop the dimensional control system is the overlapping of two associated 
images (matching). The problern is to locate a defined model with reference characteristics inside 
an image. As known, such problern has been faced defining several algorithms that can be 
surnmarised in two different approaches: the Area Based Stereo Algorithm and the Feature Based 
Stereo Algorithm. The algorithms related to the first approach generally perform the analysis of all 
the pixels present in the framed area, while the ones related to the second approach are based 
mainly on geometrical characteristics of the entities present in the acquired images. 
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In the "Feature Based" method, a feature is a characteristic of the object whose image is 
acquired, this last is clearly discernible in the various sights and it cannot be exchanged with no 
one eise. More in general, the features, to be functional, have to include the following 
properties: oneness, recurrence and physical sense, such as lines, or intersections of lines 
(which are the contours ofthe object). 
The "Area Based" algorithms work on a point of interest, that can be considered a local feature; 
the coordinates of this last are known and it is required to fmd the position of the correspondent 
point in the second image. 
Naturally only one pixel does not give enough information and therefore a reetangular region 
around such point (template) has to be taken into account, thus the correspondence of the 
template has to be searched. Practically, between two views of the same scene a certain grade 
of similarity have to be founded. 
This last approach has been followed in the developed application; in particular the 
"Normalized Cross Correlation Matching" has been employed as matehing method [11]. 
This matehing technique has the target to determine if a template, extracted from the first 
image, is present in the second one and, in the affirmative case, it has to estimate its position in 
the image plane. In practice the sample image (template) is passed trough all the second image 
(target) and the correspondence between the template data and the part of the target image 
involved in the comparison is locally calculated, locating the area for which the best 
correspondence is obtained. Supposing that an object image is described by the function f(x-~, 
y-Tt), where the parameters (~,11) define the object position in the image plane. 
Ifwith g(x, y) is indicated the observed image, this last can be written as follows: 

g(x,y) = f(x-~,y-1J)+n(x,y) (1) 

where n(x,y) is a function that describes the background. 
A measure of the local correspondence between template f and target g is the Euclidean 
distance that in the discrete case assumes the form: 

K L 

d;,m = L L(gn+k,m+l- Jk,/) 2 (2) 
k=-K 1=-L 

where fk,1 is the light intensity ofthe point having Coordinates (k, 1) in the template and gn+k,m+I is 
the light intensity of the point of coordinates (n+k, m+l) in the target. Developing the square of 
the previous equation we obtain: 

(3) 

The first addend of the second term does not depend on the target and is defmed norm of the 
template, and because this last is not function of (n,m) it does not influence on the research of 
the best correspondence, that is, in this case, the minimum ofthe defined function. 
The last term instead depends only on the target and represents the "local energy" of the target, 
calculate in a region around the generic point (n,m) of(2K+l)x(2L+l) pixel. 
Under the hypothesis that the local energy is constant, also the third addend can be considered 
as constant and than negligible. 
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The last term in the second addend is just the cross correlation that is the mutual correlation 
between the image and the template. Unfortunately, often there are uncertainty sources that 
cause the loss of validity of the described model; for example the lack of knowledge about the 
brightness of the target background. Normalizing the local brightness levels both inside the 
template and the target can solve the problem. 
Thus the following entity are defined: 

1 K L 

m 1 = (2K + 1)(2L + 1) k~ ,~fk.t (4) 

1 K L 

mg •. m (2K + 1)(2L + 1) k~K ~~ gn+k,m+l (5) 

The so defined mean values have to be subtracted to the local value of f and g in the Cross 
correlation formula, this last will assume the following form: 

K L 

L L (gn+k,m+l -l[lgn,m )(Jk,/-mf) 
k=-K 1=-L 

(6) 

Another parameter that can lead uncertainty is the contrast; also this problern can is solved by a 
normalization operation. So, defining: 

1 K L 
0'2- ~ ~ !/ 

1 - (2K + 1)(2L + 1) k~K 1~ k,t 

1 K L 

(2K + 1)(2L + 1) k~K ~~g!+k,m+t 
we obtain the correspondence measure as follows: 

K L 

L Lgn+k,m+/Jk,/ 
k=-K 1=-L 

(7) 

(8) 

(9) 

If contrastand brightness are known, than it's possible to perform normalization with respect to 
both parameters thus obtaining the cross correlation coefficient: 

K L 

L L(gn+k,m+l -mgn)(Jk,/ -mf) 
p = k=-K 1=-L 

n,m a a 
(gn,m -mgn,m) (f -m f) 

(10) 

This coefficient can vary between the value -1, for totally different images, and the va1ue 1, for 
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identical images. By means of the WiT the template recognizing procedure has been developed 
based on this parameter and employing in effective way the library called FastAlign. 

4 THE CASE STUDY 

As above mentioned, the case of the qualitative and quantitative control of a copper stripe for 
electronic component has been examined, the stripe is composed by twenty heat scatterer and it is 
obtained by blanking. The first step is the acquisition often images oflength equal to 23.36 mm 
(1280 pixel of 18.25 flm each) that in total could contain the entire stripe. This operation is 
automatically performed by the software developed in WiT, by controlling the slide motion by 
proper commands on the serial port; a cycle of ten motion iteration is performed and then the 
image is composed, this last will be formed by 12800xl024 pixel, a dimension that is still 
manageable by the WiT. The second step was to highlight the main morphologic characteristics of 
the examined object. 
A first comparison was done by recognizing the presence of the holes and the measure of their 
average diameter was performed. The measure of the same objects was obtained by a micrometric 
instrument to evaluate the performances of the system. In table 1 the values obtained with the two 
techniques are reported. 

TABLE 1. Values ofthe holes diameter. 

n. hole Dc D n. hole Dc D 

1 3.72 3.74 11 3.76 3.76 

2 3.75 3.76 12 3.68 3.72 

3 3.76 3.76 13 3.79 3.78 

4 3.82 3.76 14 3.71 3.74 

5 3.78 3.76 15 3.65 3.74 

6 3.71 3.74 16 3.77 3.76 

7 3.77 3.76 17 3.73 3.76 

8 3.74 3.76 18 3.72 3.76 

9 3.74 3.76 19 3.70 3.76 

10 3.68 3.74 20 3.79 3.76 

Figure 4 shows the trend oftheir difference: 

(11) 

Where Dc the average diameter obtained by Computer Vision and D the one measured. It can be 
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observed that the difference is very small and always less than 0,1 mm. 
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FIGURE 4. The Evalues obtained. 

Subsequently the correct positioning of the stripe on the motion system has been evaluated. To 
solve the alignment prob lern, it is necessary to search on the total image the recurrence of a single 
element image (the heat scatterer) acquired in exactly horizontal position. 
By employing the above-described technique of the template matching, the rotations of the single 

scatterer are evaluated in order to calculate the value of the most recurrent rotation angle. This 
information can be employed in two ways: 

• It's possible to rotate the total image ofthe value ofthe calculated angle in such way to 
perform measures on the whole stripe (length of the stripe, distance between elements, 
center to center distances, between holes, etc ... ); 

• lt's possible to rotate the image of each template that has tobe recognized inside the total 
image to extract information about a single element. 

An example of qualitative control using a mask has been realized by creating some geometric 
entities (segments, rectangles, circles, polygons, etc ... ), by overlapping them to some details 
extracted from the image and measuring the distance between the intersections of the geometric 
entities with the profile ofthe detail. 
To perform such measurement it is better to work on a binarized image, the threshold Ievel is 

properly chosen by the system after an elaboration aimed to increase the contrast of the total 
image, with the aim to reduce the possibility of lost of detail in the image of the piece. On the 

obtained image a blob analysis phase is performed, this last consists in the extraction of entities 
with common characteristics and in the perforrning some measurements. Figure 5 shows an 

example of the measure performed. 
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FIGURE 5. A measure example for the case study. 

5 STEREOSCOPIC VISION 

The developed system for the automatic measurement of plane workpieces can be employed also 
to perform three-dimensional measures. In fact the stereoscopic systems perform the three
dimensional assembly of the observed object starting from a couple of irnages of the same object 
acquired by two cameras with parallel axes. 
The sturlies and the applications that utilize such techniques are numerous [11-16]. In our case the 
two images are not acquired from two cameras; they are acquired, instead from the same camera 
that frames the irnages of the same object in two different positions while the object to be 
measured undergoes a known displacement. However, with respect to the previous technique, a 
more accurate and complex calibration of the system is required. The calibration of the system 
consists in the determination of some intrinsic and extrinsic parameters, the first are the intemal 
geometry and the optic characteristics of the camera, and the second is the spatial position of the 
camera reference system with respect to the piece coordinate system. 
The measurement process is based on the differences between the two irnages obtained as a result 
of a workpiece displacement, and therefore the measure is founded on the location on the two 
images of two correspondent points. Also in this case the matehing functions of the FastAlign 
library of the WiT were very useful both for the location of the characteristic elements of the 
framed object and in terrns of rapidity of execution. 
To increase the performances ofthe system, a proper dimension ofthe template has been chosen 
(in the exarnined case the best results have been obtained with a 64x64 pixels window), and by 
employing the epi-polar constraint, this constraint shows that, moving from one image to the other 
one, a characteristic point moves along a line called epipolar, that in our case results to be straight. 
This fact brings that the research of the extracted template do not have to be performed on the 



An Automated System For Dimensional Control Basedon Computer Vision 257 

whole second image, but only on a stripe of this last, having a height equal to the one of the 
template, locate at the same y coordinate, and as wide as the second image [ 12]. 
An example of three-dimensional measure, perfonned employing such methodology has been the 
evaluation ofthe height ofa cylindrical element ofthe workpiece reported in Figure 6. 

FIGURE 6. The workpiece employed for the 3D measure. 

The comparison between the measure obtained by the stereoscopic system and the one perfonned 
with traditional systems has shown differences 1ower that 0,1 mm over a length of the part of 4 
mm. 

6 CONCLUSION 

The proposed measure system allows, in a totally automated way, to perfonn measurement on 
workpiece of large dimensions, maintaining the level of approximation at very low values. 
The operations are realized in very short times (nonnally lower than 2 seconds) and without any 
contact with the piece that has to be measured. 
Moreover has been verified the possibility to utilize the same system to perform three-dimensional 
measures without any contact, based on the stereoscopic vision. 
Therefore the use of such procedure will be employed for the measure of three-dimensional 
components and for automatic techniques for the wear evaluation of cutting tools. 

ACKNOWLEDGEMENTS 

This work has been supported by MURST found. 



258 C. Borsellino, E. Lo Valvo, V.F. Ruisi 

REFERENCES 
I. Newmann, T.S., Jain, A.K., (1995), A survey of automated visual inspection, Computer Vision and 

Image Understanding, 61,231-262. 
2. Zang, J. B., (1996), Computer Aided Visual Inspection for Integrated Quality Control, Computer on 

Industry, 30, 139-158. 
3. Lahajnar, F., Bernard, R., Pernus, F., Kovacic, S.; (2002), Machine vision system for inspecting 

electric plates, Computers in Industry, 47, 113-122. 
4. Lanzetta, M.; Tantussi, G., (1999), Vision System Calibration and Sub-Pixel Measurement of 

Mechanical Parts, AMST'99, Proceedings of the 5th International Conference on «Advanced 
Manufacturing Systemsand Technology», CISM Courses and Lectures N. 406, Edited by E. 
Kuljanic, Springer-Verlag, Udine, Italy, June 3rd-4th, 695-702. 

5. Lo Casto, S., Lombardo, A., Lo Valvo, E., Ruisi, V. F., (1991), Computer Vision Profilometer 
Equipment and Evaluation ofMeasurements, WEAR, 146, 53-61. 

6. Borsellino, C., Lo Valvo, E., Piacentini, M., Ruisi, V. F., (1996), A New On-Line Roughness Control 
in Finish Turning Operation, 4th International Conference on Advanced Manufacturing 
Systemsand Technology {AMST'96), 661-668. 

7. Galante, G., Piacentini, M., Ruisi, V. F., (1991), Surface Roughness detection by Tool Image 
Processing, WEAR, 148, 211-220. 

8. Computar, 55 Telecentric, Aceurate Machine Vision. 
9. Logicalvision, WiT User's manual. 
1 0. Logicalvision, WiT Operators reference manual. 
11. van der Heijden, (1994), Image based measurement systems: object recognition and parameter 

estimation, J. Wiley & Sons. 
12. Lanzetta, M., (February 1998), 3-D Vision in Production Processes, Part I - State of the Art (in 

Italian), Automazione e Strumentazione, n. 2, Year XLVI, 155-164. 
13. Motta, J.M.S.T., De Carvalho, G. C., McMaster, R.S.; (2001), Robot calibration using a 3D vision

based measurement system with a single camera, Robotics and Computer Integrated 
Manufacturing, 17,487-497. 

14. Yang, C., Marefat, M., Ciarallo, F., (1999), Modelling errors for dimensional inspection using active 
vision, Robotics and Computer-Integrated Manufacturing, 15,23-37. 

15. Karthik, A., Chandra, S., Ramamoorthy, B., Das, S., (1997), 3D tool wear measurement and 
visualisation using stereo imaging, International Journal Machine Tools & Manufacturing, Vol. 
37, No. 11, 1573-1581. 

16. Niranjan Prasad, K., Rarnamurty, B., (2001), Tool wear evaluation by Stereovision and prediction by 
artificial neural network, Journal ofMaterials Processing Technology, 112, 43-52. 



STIFFNESS OF CNC MACHINE TOOL FEED DRIVES 

Z. Pandilov1, V. Dukovski 1 

1 Department ofProduction Engineering, Faculty ofMechanical Engineering, 
University "Sv. Kiril i Metodij", Skopje, Republic ofMacedonia 

KEYWORDS: stiffness, CNC machine tool, feed drives. 

ABSTRACT. In this paper a model for the feed drive system with disturbance forces is given. Static and 
dynamic stiffness for the proposed model is analyzed. An equation for analytical calculation of the static 
stiffness is given. Correctness of the proposed equation is experimentally verified. Simulation of the 
influence of some parameters on the static and dynamic feed drive stiffness is performed with simulation 
program MATLAB & SIMULINK. 

1 INTRODUCTION 

Feed drives are widely applied to CNC machine tools, robots, manipulators, assembly 
machines etc. The feed drive stiffness may be defined as an influence of the disturbance force 
(torque) on the position (angular position) deviation. 

In the theory of the automatic control stiffness can be defined as reciprocal value of the 
stationary error of the position (angular position) caused by the disturbance force ( torque) [ 6]. 

Investigations about feed drives are very seldom presented in the literature. The results of 
Nieniewski [5], Nieniewski and Bollinger [4], Losic [2,3], Kakino et al. [1], are of particular 
interest. The most of the previous articles don't take into the consideration influence of the 
mechanical transmission elements on the feed drive stiffness. The research [ 1] is more 
complete, but still has one imperfection, absence of analytical equation for estimation the feed 
drive static stiffness. 

2 A MODEL OF THE FEED DRNE SYSTEM WITH DISTURBANCE 
FüRCES 

Fig.l and fig.2 show an original model ofthe feed drive with disturbance forces. 

All the relevant parameters in fig.l are given bellow: Kv-position loop gain 1/s, T-sampling 
period s, s-Laplace operator, kg-coefficient of transformation of rotation in translation m/rad, D
damping of the electrical parts, co-nominal angular frequency of the electrical parts 1/s, kvk-total 
stiffness of the mechanical transmission elements N/m, F-disturbance force N, kf-disturbance 
force gain 1/s, kb-gain ofthe mechanical transmission damping m/Ns, m-mass ofthe mechanical 
transmission elements kg, b-damping quotient ofthe mechanical transmission elements Ns/m, ki
integrator gain s, Xi-input position, Xo-output position. 

Factors kf, kb and ki are always l. They are taken into the consideration, only to have 
dimensional correctness of the models, given on fig.l and fig.2. 
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Transfer function between output position and disturbance force is given with equation ( 1 ). 

Xo(s) = kr ·G3(s)·Gis) 

F(s) 1 +G2(s) · G3(s) +G1(s) · G2(s) ·Gis)· Gis) 
(1) 

With substituting the transfer functions Gl(s), G2(s), G3(s) and G4(s) from fig.2 in equation 
(1) we obtain 

Xo(s) = b3s3 +b2s2 +b1s+b0 

F(s) a6s6 +a5s5 +a4s4 +a3s3 +a2s2 +a1s+a0 

(2) 

FIGURE I. Model ofthe feed drive system with disturbance forces 

F 

G3 (s) 

Xo 
s(ms+b) 

FIGURE 2. The model from fig. 1 after arranging 

Coefficients in the equation (2) are: 

T 
a6 =m--2 , 

2ro 
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3 STATIC AND DYNAMIC STIFFNESS OF THE FEED DRIVE SYSTEM 

One of the most important requirements with regard to feed drive system concerns its sensitivity 
to load disturbances. 

The qualitative measure ofthis sensitivity is the feed drive system stiffness. 

Dynamic feed drive system stiffness can be defined as a measure of influence of disturbance 
force F (torque T) on the output position Xo (angular position Oo) deviation in the transient 
period. 

Sd(s)= F(s) = T(s) 
Xo(s) Oo(s) 

(3) 

For the model from fig.l and fig.2 the equation for dynamic stiffness for feed drive systems 
become: 

(4) 

Where the coefficients a 6 ,a 5 ,a 4 ,a 3 ,a 2 ,a 1,a 0 , b3,b2,b1 and b 0 are equal to the coefficients 
in the equation (2). 

The static stiffness Sst ofthe feed drive system in [5,4,3,2] is defined as: 

Sst= lim Sd( s) 
s---;0 

(5) 

The static stiffness of the feed drive system model on fig.l and fig.2 can be defined as: 

(6) 

With substitution a 0 = Kv · kvkkbk~ and b 0 = krkbk~ in equation (6) we obtain 
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Kv·kvk 
N/m 

kr 
(7) 

As we mentioned always kf= 1 1/s. In that case equation (7) becomes 

Sst= Kv[ll s] · kvk[N Im] = Kv. k N/m 
kr[ll s] vk 

(8) 

From equation (8) it is obvious that the static feed drive system stiffness is defined as a product 
between position loop gain K v and total stiffness of the mechanical transmission elements kvk. 

4 SIMULATION OF THE FEED DRIVE SYSTEM WITH DISTURBANCE 
FORCE 

Influence of the sampling period T, nominal angular frequency of the electrical parts ro, 
damping ofthe electrical parts D, damping gradient ofthe mechanical transmission elements b, 
mass of the mechanical transmission elements m, total stiffness of the mechanical transmission 
elements kvk and position loop gain Kv, on the dynamic and static stiffness has been 
investigated with simulation program MATLAB & SIMULINK. 

In the simulations one parameter has been changed, and the other parameters were held constant. 

In fact with the simulation, a position deviation in time domain Xo (t) caused by step 
disturbance force F= 1 N is shown. 

Simulation objects are models shown on fig.l and fig.2. 

Xo(t)=L-1[Xo(s) . .!.] m 
F(s) s 

To estimate dynamic stiffness Sd we can use following equation, 

Sd= F N/m 
max:Xo(t) 

where Fis disturbance force and max:Xo(t) is maximal position deviation. 

In all simulation examples F was 1N. 

(9) 

(10) 

We can calculate static stiffness Sst when the transient process will disappear and Xo(t) 
become constant. 

Theoretically 

Sst= F N/m 
lim Xo(t) 

(11) 

t~= 
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Simulations have shown that increasing sampling period T, damping of the electrical parts D 
and mass of the mechanical transmission elements m, decrease dynamic stiffness. On the other 
hand increasing nominal angular frequency of the electrical parts CO, damping gradient of the 
mechanical transmission elements b, total stiffness of the mechanical transmission elements 
kvk and position loop gain Kv, increase dynamic stiffness. With increasing total stiffness ofthe 
mechanical transmission elements kvk and position loop gain Kv, increase static stiffness too. 

Some examples ofthe simulation areshownon figures 3 and 4. 

5 EXPERIMENTAL VERIFICATION OF THE EQUATION FOR 
CALCULATING THE STATIC STIFFNESS FOR THE FEED DRIVE 
SYSTEM 

In order to verify the validity of the equation (8), an experiment on concrete feed drive system of 
CNC milling machirre was performed. 

The experimental installation is given on fig.5. 

The results ofthe experiment areshownon fig.6. 

Table 1 gives survey between experimentally obtained and analytically calculated with equation 
(8) static stiffness ofthe concrete feed drive system. 

TABLE 1 

Kv=28.33 s-1 Kv=100s-1 

Sst (exper.) NI~-Lm 2650 8025 

Sst ( analytic.) NI~-Lm 2503 8834 

difference % -5.55 +10.08 

difference%=[Sst( analytic. )-Sst( exper.)] /Sst( exper. )·1 00% 

It is obvious that with the appropriate changing ofthe position loop gain Kv, the elasticity ofthe 
system can be controlled. 

From Table 1 it is evident that the difference between experimentally obtained and analytically 
calculated value ofthe static stiffness ofthe feed drive system is ±10% which is acceptable and 
sufficient for practice. 
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c::::=J 0 D 

FIGURE 5. Experimentalinstallation for determining static stiffness ofthe feed drive system for X-axes 
of CNC milling machine: 1. inductive transducer for displacement (HBM Wl T/2), 2. device for 

generating disturbance force F, 3. device for registration the values ofthe displacement (position 
deviation) Xo and disturbance force F (HBM DA24 KWS3073) 
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6 CONCLUSION 

A model of feed drive system with disturbance force was proposed. It has been shown by 
simulation that bigger values for sampling period T, damping ofthe electrical parts D and mass of 
the mechanical transmission elements m, decrease dynamic stiffuess. 

On the other band bigger values for nominal angular frequency of the electrical parts ro, 
damping gradient of the mechanical transmission elements b, total stiffuess of the mechanical 
transmission elements kvk and position loop gain K v, increase dynamic stiffuess. Increasing 
total stiffuess ofthe mechanical transmission elements kvk and position loop gain Kv, increase 
static stiffuess too. 

An equation for analytically calculation of the feed drive systems static stiffuess as a product of 
the total stiffuess of mechanical transmission elements kvk and position loop gain Kv, was 
proposed. 

Correctness of the equation was experimentally verified. The difference was in ±10% limits, 
which is acceptable for practical use. 
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ABSTRACT. A "supply chain" is a network of production and distribution services which, connected 
through cooperation agreements, perform the functions of procurement of rnaterials, transformation of 
them into intermediate and finished products, and finally distribution of final products to customers. 
"Integration" seems to be the new paradigm in organizing business lines, and "supply chain manage
ment" to be the related organization approach which could help in managing interactions among 
concurrent firms as weil as marketing. But supply chains reveal to be complex systems, and their man
agerneut a really complex task in which cooperation of several services together and their finalization to 
common industrial goals need methods and procedures still to be either developed or, at least, widely 
validated. The aim ofthis contribution is to propose some suggestions for the design and the organization 
of a new supply chain, such to make several SMEs able to operate together after a very short transient. To 
this aim a set of simple criteria for driving the supply chain design has to be rnade available for SME 
managers: their main scope will be to give simply-computable a-priori estimation ofthe convenience, for 
an enterprise, to stipulate an agreement for being included into a supply chain. 

1 INTRODUCTION 

A "supply chain" has been intended as a network ofproduction and distribution enterprises which, 
connected through cooperation agreernents, perform the functions of procurernent of rnaterials, 
transformation of thern into intermediate and finished products, and finally distribution of final 
products to customers. Accordingly, the "supply chain management (SCM)" systern is the deci
sion-rnaking structure to be developed such to rnake possible a real cooperation arnong these 
enterprises operating concurrently [ 1]. 
The crucial problern is how responsibility can be distributed to the number of managers of the 
different enterprises ( often denoted "local agents"), owing to the rnore and rnore increasing 
dirnension of the production and distribution networks: the so-called problern of decentralizing 
responsibility and autonorny, the solution of which will give directions in organizing a large
scale supply chain and its rnanagernent. 
This paper will approach this prob lern, with special attention to the definition of design criteria 
for rnanagernent structures cornposed by a number of "agents" to whorn a good autonorny is 
allowed [2]. The goal is to organize the supply chain as a network of cooperating intelligent 
agents, each one perforrning sorne supply chain functions and each one coordinating its own 
actions with the other agents. 

2 BASIC CONCEPTS FüR SUPPLY CHAIN MODELING 

A "supply chain" can be viewed as a ternporary alliance among enterprises which share re
sources and competencies to give a better reaction to market requests, and the respective 
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collaborations of which are supported by ICT instruments. Sometime, such an organized net
work of enterprises is also denoted "virtual enterprise" [3] or "strategic alliance" [4]. lt means 
that a network of independent companies - suppliers, customers, etc. - linked by information 
technologies to share skills, costs and access to one another's markets, can be arranged through 

an agreement signed by the component firms just for a limited time horizon, depending either 
on expected future market conditions or on desired future strategies of each firm. Each enter

prise, which agrees to be included into a "temporary network" and then be active inside the 
same supply chain, will state how to co-operating with the other components of the same sup
ply chain in defining common production plans for specific products. Obviously, each 
enterprise could also maintain his own independence and autonomy for any other production. 
In terms of conceptual model, a "network of enterprises" can be represented as a "graph of 
services and markets, altematively connected". lt means that each production service (i.e., a 
component firm) is an "intelligent agent" with proper autonomy and it can be only connected 
with nodes "market" both upstream and downstream [5]. On the other hand, each inter-stage 

market is a virtual model of a market place, i.e. a representation of a virtual space in which 
interactions among connected firms can occur. 
Even if interested to preserve a portion of its own original autonomy, each firm, which aims to 
be included into a supply chain, surely aims to negotiate a cooperation agreement with its own 
candidate suppliers (at upstream stage along the chain) and buyers (downstream). Then the 
design of a new supply chain (which will be composed by a network of autonomous agents) 
must be based on the following necessary condition: 

"A multi-agents system must be cooperative, i.e. suchthat each local agent aims to evaluate 

its own convenience to contribute in improving the global system objective". 

This intuitive concept of cooperation has tobe specified more deeply [6]. 

The cooperation condition: Considering a set of agents into a supply chain, each one character
ized by a proper autonomy, two types of cooperation among agents can be stated. A weak 
cooperation among agents can be established if agents have proper objectives non
conflicting each other and with the overall system objective, and each agent can measure its 
own convenience to contribute in improving the overall system objective. A strong coop
eration among agents can be established if a weak cooperation among agents exists and, 
between each pair of agents directly related together, the information exchange can gener
ate a precedence relation in the joint decision-making process. 

The "cooperation condition" is the practical formulation of formal conditions usually assumed in 
multi-agents system control optimisation, as in applications of Large Scale System - LSS control 
theory as well as of game theory in manufacturing systems management problems (see [7]). Said 
conditions have to assure that an optimal control strategy, composed by non-conflicting strategies 
designed and applied by individual agents, can exist. 

Accordingly, the supply chain designproblern can be stated as follows: 

"Given a set of agents to be included into a new supply chain, for each pair of consecutive 
production stages, each one composed by either an agent (a firm) or a set ofparallel agents, 
define under which conditions the "client-server" interactions between the agents belonging to 
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the two stages in terms of negotiations conceming the requests for purchasing items from 
downstream (the client) and the declaration ofprices from upstream (the supplier), can be op
erated in such a way to generate either weak or strong cooperative strategies. 

3 CRITERIA FOR DESIGNING A SUPPLY CHAIN 

Let us refer to a supply chain organized in the form of a multi-stage production process, in 
which each stage is composed by a set of parallel firms, all connected to a common inter-stage 
market, both upstream and downstream. 

The approach to the supply chain design consists of the following design steps, for each pair of 
consecutive stages in the chain: 

l) (prelirninary) specity the types ofbusiness line (i.e., products and industrial sector); 
2) recognise the inter-stage information pattem, i.e. the set of connections linking together the 

different agents belonging to two consecutive stages, such as to recognize if a negotiation can 
be activated; 

3) describe the different "strength" of each agent and of each stage, e.g. in terms of tumover or 
sales, such as to recognize potential dorninance; 

4) specity the types of agents' objectives (performance measures), with emphasis either to op
portunity terms promoting formation of coalitions, or to cost terms forcing individual 
strategies; 

5) describe the market exchange, such as to make evidence of the different types of demands and 
then of negotiations; 

and, at each design step, verity the existence of conditions for a "strong cooperation" among the 
candidate firms to be included in the two consecutive stages of the supply chain. 

The above stated design steps are now rewritten in order to describe how the investigation of a 
weak or strong cooperation situation could be performed by an industrial designer. 

1) Characterizing the type ofbusiness line in terms oftype(s) ofitems involved in the inter-stage 
business transactions, and of Ievel ( degree) of standardization. 

Note that different business situations occur in case of either consumer goods or commodities, or 
components for a production process. In this last case, sirnilar approaches to standardization can 
offer a relevant condition for good cooperation. 

2) Characterizing the inter-stage "information pattem", by detailing how !arge the information 
pattem between two consecutive stages is; how the dominant structure ofthe information pat
tem is organized; how evident the "relative concentration" of a stage w.r.t. the other Iooks. 

The wideness of the information exchange between two consecutive stages is given by the rate of 
the number of active connections among the complementary agents (i.e. included in the two 
stages), with respect to the number of connections which could be potentially activated. Referring 
to the information pattem organization, two main figures can be recognized: either "connecting 
the two stages" or "connecting at most firms within the same stage". In the former case, a "many
to-many" situation shows potential competition among firms ( e.g. many suppliers for a same set of 
clients), whilst a "one-to-many" situation suggests existence of a driving agent in the connections. 
In the latter case, a "many-to-many" situation shows existence of a cartel, whilst a "one-to-many" 
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situation declares existence of a hierarchy among firms in a same stage. Finally, a measure of the 
relative concentration of the upstream stage with respect to the downstream one is given by the 
rates of the respective Herfindhai index values ( each Herfindhai index being the sum of squared 
values of market rates covered by the enterprises belonging to the considered stage of the chain). 
Depending on the value of the concentration measure, three different types of connecting net
works can be envisaged: "one-to-one", "one-to-many" (or "many-to-one"); "many-to-many". In 
practice, the "one-to-one" chain occurs in case of reduced numbers of both suppliers and buyers; 
the "one-to-many" chain is characterized by either one supplier for a number ofbuyers or reverse; 
and the "many-to-many" situation can occur in large competitive situations. 

3) Characterizing the "strength" of agents, in terms of existence ( or not) of a "structural domi
nance" at the considered stage; and/or a "dominance in productivity", i.e. basedondifferent 
production capacity at some stage; and/or a "dominance in the proceeds of sales". 

Considering two consecutive stages, a measure of the structural dominance of a set of firms 
over the other is the rate between the number of upstream firms w.r.t. the number of down
stream ones. Depending on the values of this measure, three different types of exchange can be 
recognized when, as assumed, suppliers operate upstream with respect to buyers: either "buyer
managed", or "supplier-managed", or "open market". The dominance in productivity is meas
ured by the rate between the global production capacity values from up- and downstream 
stages. Depending on this rate, the "bottleneck" stage can be identified. Finally, the measure of 
the dominance in the proceeds of sales is stated by the rate between the global sales of the up
stream stage w.r.t. the global sales of the downstream one. Depending on this rate, one can 
identify the "driving stage", i.e. the stronger stage in terms of sales volume. 

4) Evaluating the "likeness" of agents and stages, depending on the types of agents' objec-
tives. 

Given two complementary agents with proper performance measures including several eiemental 
costs of different types (e.g., production costs, distribution costs, inventory costs), the likeness of 
the two respective performance measures is given by the relative number of common eiemental 
costs. Then, considering two consecutive stages in a supply chain, said stages only include either 
pairs of two complementary agents or terminal agents (i.e. agents with none inter-stage connec
tion). Then, the likeness ofthe consecutive stages is measured by the average likeness ofthe pairs 
of complementary agents there included. 

5) Specifying the market exchange, either in terms of type of market dynamics; and/or of 
type of demand periodicity; and/or of type of demand volatility (i.e., uncertainty). 

The type of order matehing in an intermediate market stage is suggested by a measure of the 
market dynamics, which specifies how interactions between the two sets of upstream (suppli
ers) and downstream (buyers) firms occur. This measure is stated by the rate between the 
pricing frequency ( i.e. the rate of change of the price value during negotiations) and the market 
operation frequency (i.e. the frequency at which market negotiations are performed). Depend
ing on values of the measure of the market dynamics, three different types of negotiation 
dynamics can be recognized: either "catalogue ordering", or "dynamic pricing", or "auction". 
These measures can respectively characterize the following situations: standard products at 
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fixed prices for recurrent periodic ( or steady-state) negotiations; complex products and services 
with dominant supplier (monopolistic situation); auction for products, which values can rapidly 
be modified (volatility). The demand periodicity should in principle be evaluated through a 
Fourieranalysis ofthe past demand data: obviously, this is often practically impossible. But the 
Fourier analysis concept must still be used: it means that a "basic frequency" of the demand 
evolution (if anyone can be recognized over a short term history) must be identified, as weH as 
the residual percentage of demand variations. Finally, the demand volatility has to be carefully 
estimated, mainly because it is an evident measure of the uncertainty about future demand val
ues. A good estimation of it should be based on the evaluation of the incidence of high 
frequency components on the demand evolution (again through a Fourier analysis, or at least a 
visual recognition ofthem. 

4 APPLYING CRITERIA FOR SUPPLY CHAIN DESIGN TO A SPECIFIC 
BUSINESS LINE 

The above summarized design criteria have been applied to a specific business line with the 
aim of verifying the convenience of organizing supply chains: the Italian business line includ
ing the production of paper and its utilization both in printing companies and in publishing 
ones. According to available data, the inter-stage intermediate market includes negotiations 
between the paper production firms and the printing companies, on one hand (market A), and 
between the same paper producers and the publishing companies, on the other (market B). 
Foreach production phase, the existing distribution of firms in Italy is described by Eurostat 
data (referred to 1998), summarized in the enclosed tables. These data allows obtaining esti
mated values for the Herfindhai index at each phase, the total number of firms and the number 
of firms covering a significant percentage of sales. In addition, further information has been 
obtained by direct contacts with the related industrial/trade organizations, such as to be able to 
answer almost all design questions (further investigation is still necessary, mainly for what 
concems the evaluation ofthe firms individual objectives as weH as the demand evolution). 

T ABLE 1. Data conceming the business line phase of paper production 
(*) Estirnated over dates of average market rates per firm. 

Range ofwork force Number of firms Market rates 
[personnel units] [%] 

1-9 83 0.6 
10-49 102 12.1 
50-99 33 13 
100- 499 19 23.8 

> 500 8 50.5 
Herfindhai index = 0.0041 (*) 

Number offirms = 245; 27 firms cover cumulative market rate z2/3 
Annual sales [ rnillion ] = 4146 
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TABLE 2. Data concerning the business line phase ofprinting companies. 

Range of work force Nurober of firms Market rates 
[personnel units] lo/~ 

1 - 9 16485 28.3 
10-49 2667 40.1 
50-99 131 9.7 
100-499 66 15.2 
>500 5 6.7 
Herfindhai index = 0.0001851.'2 

Nurober of firms = 19354; 2869 firms cover curoulative market rate"" 
2/3 
Annua1 sales [ million ] = 9771 

TABLE 3. Data concerning the business line phase of publishing companies. 

Range ofwork force Nurober of firms Market rates 
[personnel unitsl lo/~ 

1-9 5916 11.9 
10-49 418 17.4 
50-99 56 9.0 
100-499 61 30.8 
>500 13 30.9 
Herfmdhal index = 0.00059 ('2 

Nurober offirms = 6464; 130 firms cover curoulative market rate"" 2/3 
Annual sa1es [ million ] = 9072 

The types of products there negotiated are "commodities" ( design step 1) and negotiations 
based on catalogue look the best ( design step 5). The three estimated Herfindhai index values 
suggest a "one-to-many" connection for both markets ( design step 2). This pattem could moti
vate a prominent position of the paper production stage, but this situation is practically 
impossible because of the almost balanced values of annual sales of the three stages ( design 
step 3). As previously mentioned, estimation ofthe agents' likeness is more difficult, but some 
significant evaluation in the average can be obtained by officials of industrial & trade organi
zations. In this case, information obtained from said organizations suggests that a low average 
likeness exists among the individual objectives at the three stages because of an evident com
petition (design step 4). This situation is evident at the paper production stage, including only 8 
firms which cover half the market values. And a same competitive situation exists at the print
ing stage, owing to the extremely large nurober ofvery small companies. Then, organization of 
a supply chain seems to be convenient in case a strong cooperation agreement could be im
posed: otherwise, the organization of a B2B e-market seems more profitable for all agents 
involved in the business line. 
A further intermediate market exists between the printing companies and the publishing ones 
(i.e., an intra-stage market). Here the situation looks quite different because of the disequilib-
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rium between a relatively small number of large publishing enterprises and the large number of 
printing SMEs: thus, hierarchies intemal to this stage can be generated. 

5 CONCLUSION 

The analysis of the supply chain design steps, above presented, are giving some challenging sug
gestions for the supply chain organization as well as for the evaluation of the convenience, for an 
individual enterprise, to agree in being included into a supply chain. The five steps for the supply 
chain conceptual design, applied to an Italian business line (including paper production, printing 
and publishing companies) are revealing tobe tools of industrial interest. Their application seems 
to be useful also in the conceptual design of B2B intemet-based negotiation systems and market 
places. Further research is mandatory in order to completing a set of cooperation measures suffi
ciently wide to offer more accurate design criteria. 
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ABSTRACT. The article shows structure of Management Integrated Information System with a module, 
which enables automatic process planning for specific product group in the single production. The module 
enables creating oftechnological groups that are described with sequence oftypical technological operations 
where single products are separated according to technological features. These operations are parametric 
defined and according to real features ofproduct (diameter, width, length, and segments' number, piece's 
number etc.), process planswill be generated automatically. 
In the single production, locksmith's works, welding and forming technologies are common, so, for such 
kinds of technologies experiential formulas have been developed. These formulas serve to calculate neces
sary manufacturing time for typical technological operations, requirements of auxiliary and consumable 
materials. According to previous sentences the manufacturing time and whole material costs (approxirnately) 
that are necessary for offer creating will be calculated. 

1 INTRODUCTION 

Basic market and production demands such as product quality, low production costs, fulfilled of 
due dates, rationalisation of material and information management and market competitiveness 
can be only realised by the application of new scientific approach in production preparation and 
in production itself. It is important not just for batch and low production but also for the single 
production which has not achieved significant improvement in designing and implementation. 

The article shows structure ofManagement Integrated Information System with a module, which 
enables automatic process planning for specific product group in the single production. 

Experiential developed models for rnanufacturing time calculating, material ( auxiliary and con
sumable) requirements and whole material costs have been implemented in module [1]. 

For productivity and flexibility increasing significant influence has been achieved through com
puter implementation in production, process planning and management. Flexibility has become 
the most significant feature in CIM realisation where interaction and integration between phase of 
product design, materials selection, technological process and production activities are necessary. 

2 MANAGEMENT INTEGRATED INFORMATION SYSTEM (MIIS) 

Today's Management Integrated Information Systems have been designed on modular principle. 
It means that system consists of modules - program parts ( organisational and business ), which 
have been managed by the rnain pro gram. Such a kind of structure can be acceptable and the rea
sons are: some modules are completed, modules can be implemented separately in the work and 
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every module can be built after. These Management Integrated Information Systems have not got 

process planning modules, so support to production preparation has not been given. Mostly, the 

technological parameters have been taken from other programs or have been inputted manually in 

Integrated Information Systems. 

The figure 1 shows structure of Management Integrated Information System that has been devel

oped for energy equipment enterprises [2,3]. Company Informaticki Inzenjering - ININ from 

Slavonski Brod, has made MIIS according to demands that user has set. 

I BAZAP I 
I I 

PROKA DEPRO NAZAL I 
I 

I DATEP I 
I DETEH _I 

I 
-' PLAPE r---·--- I 

MATERIAL PRODUCT 
INFORMATION HANDWORK 

AUTOMATS MACHINES PRODUCTION 
PLACES INFORMATION 

ENERGY LI ES 

~ PRARE 1-
--l PRAPE ~ r-

1 I OSKVA ODOPS 
I ~ r-- I 

~\ RJ IS --

I MI POS I 
I I 

FIGURE 1. Structure ofManagement Integrated Information System (MIIS) 
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MIIS consists of: 
• BAZAP - Common database, 
• PROKA- Sales and calculation, 
• DEPRO- Product definition, 
• DATEP - Definition of technological demands and typical technological operations and 

tools, 
• DETEH- Process planning, 
• NAZAL- Spare parts and material purchasing and store subsystem" 
• PRARE - Realisation managing, 
• PLAPE- Production and production preparation planning (MS-Project is involved), 
• PRAPE - Production monitoring, 
• OSKV A- Quality assurance, 
• ODOPS- Maintenance of capacities, 
• RINIS - Accounting and bookkeeping, 
• MIPOS- Managementinformation subsystem (Controlling and management). 

Program support to technological works in MIIS has been given through module DETEH. 
Model and principles that have been implemented in DETEH will be explained in the next 
chapter. 

3 PROCESS PLANNING MODELAND ITS INTEGRATION IN MIIS 

Figure 2 shows developmental diagram for process planning model [4,5,6,7]. Designing of 
subsystem DETEH has been based on the following according to our opinion. 
Technological operations that are typical for production program in the enterprises have been 
described parametrically according to its position ofmanufacturing (machining work, welding, 
locksmith's works, bending of pipes etc.). These parameters are diameter, width, thickness, 
length, segment's number, piece's number, bending number etc. Before that, products have to 
be sorted in production groups, which have been defined according to products technological 
features. Every technological group has been characterised by the specific sequence of opera
tions among the whole number of operations. 

Process planning has been based on the typical technological procedures and has been devel
oped on group technology principles. F or selected group of work pieces ( technological group) 
the typical technological procedure with specific features has been made. All specific segments 
of work pieces with calculation of cutting and machine parameters, requirement of auxiliary 
and consumable materials will be done through typical technological procedures. Parameters 
(cutting and work) and requirement ofmaterials (auxiliary and consumable) have been calcu
lated towards experiential set of formulas that were based on long time researching of influ
ence parameters and relations between them. 

Such a kind of process planning can be possible in production of energy equipment where 
products are very similar according to structure (described in subsystem DEPRO) but different 
towards power. Before the structure has been defined, the work pieces that are part of product 
have tobe described. Work pieces are similar according to shape but can be made from differ
ent materials. If the sign has been set beside the appearance of operation and technological in
formation has been enrolled (figure 3) according to typical technological procedures, than the 
real technological procedures will be done easily. 
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4 CONCLUSIONS 

Metal Matrix Composites generally exhibit a certain free-cutting tendency which make them 
easier to be ground with respect to non-reinforced light alloys. Grindability indices have been 
settled taking into account grinding forces, wheel wear and work:piece surface roughness in 
order to compare the behaviour of different grinding wheel abrasives and work:piece materials. 
Among the grinding wheels employed in the tests, the silicon carbide one represents the best 
solution ifthe main concem is to hold low the grinding forces. 
Flat area and roughness exhibit a more complicated behaviour. For the particulate composite 
the best results, in terms of both flat area and roughness, occur when using the silicon carbide 
wheel. The lowest tendency to clogging occurs with the aluminium oxide wheel that is charac
terised by the most opened structure among the wheels used. 
The grindability of MMCs does not depend on a specific technological property, but is a func
tion of a set of different characteristics which are not simply related each other. In fact, 
geometry, orientation and volume fraction of the hard reinforeerneut greatly affect the cutting 
ability of the grinding wheel and the surface finish of work:pieces. 
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creasing of time for technology preparation, and it is also possible to calculate the manufac
turing time quickly as weil as total (approximately) material costs. According to previous sen
tences the better offer can be given. 

REFERENCES 

1. Majdandzic, N., Despotovic, B., Mileusnic, N., Simunovic, G., (2001), Welding Technology Program 
Support, Economical and qualitative aspects of highly effective welding processes, Slavonski 
Brod, 109-118. 

2. Majdandzic, N., (1998), Management Integrated Information System Project. 
3. Majdandzic, N., (1994), Enterprises computing, University in Osijek, Mechanical Engineering Faculty, 

Slavonski Brod. 

4. Chang, P-T., Chang, C-H., (2000), An integrated artificial intelligent computer aided process planning 
system, Internationaljournal ofComputer Integrated Manufacturing, Vol. 13,483-497. 

5. Ming, X.G., Mak, K.L., Yan, J.Q., (1999), A hibrid intelligent inference model for computer aided 
process planning, Integrated Manufacturing System, 10/6, 343-353. 

6. Schey, J. A., (1997), Manufacturing Processes and Their Selection, ASM Handbook Volume 20: Mate
rials Selection and Design, Hardbound Publisher. 

7. CEEPUS project No PL-013/9697 "Development, testing and processing of contemporary functional, 
constructional and tool materials", Gliwice-Wisla, 1996. 



PROCESS PLANNING APPLICATION 
AND INTERNET CONNECTION 

P. Cosic1 , D. Seve~, S. Milinovic2 

1 Department oflndustrial Engineering, Faculty ofMechanical Engineering and Naval Architecture, 
University of Zagreb, Croatia 

2 Faculty ofMechanical Engineering and Naval Architecture, Aerospace Engineering, University of 
Zagreb, Croatia 

KEYWORDS: Process Planning, Database, Internet. 

ABSTRACT. This work is a part of the project creating the technological database necessary for im
provement of process planning and connection database through SQL server by Internet environment. 
Developed web site for Database System and Process Planning is useful especially during development 
student's project's of technological process inside fields Process Planning, Production and Operations 
Management. Here we have elaborated the first phase of selecting tool rnachines, tools, operations and 
initial material on the basis of the chosen criteria.We have indicated the problems of selection and the 
possibility of working out a solution. The Internet technology gives us the possibility to share our data 
with many users and a chance to improve the elements ofVirtual Manufacturing 

1 INTRODUCTION 

In the world of today different trends such as: individualism, multicultural way of life, globaliza
tion, shift of the workplace, virtual economy and manufacturing, explosion of communication, 
exchange of information, and the like predominate. Process planning determines how a product is 
to be manufactured and is therefore a key element in the manufacturing process. In spite of the 
importance of process planning in the manufacturing cycle, there is no formal methodology which 
can be used, or can help to train personnel for this job. Process planning activities are predomi
nantly Iabor intensive, depending on experience and the skill and intuition of production Iabor. 
Industry has also observed in the recent years a decrease in the number of process planners. They 
are retiring from the field at a faster rate than new ones are being trained. The above situation, 
coupled with the objective to increase quality and reduce lead time and cost or altematively im
prove productivity, has led to the widespread interest in CAPP - computer -aided process 
planning. 

2 PROCESS PLANNING IN THE PRODUCTION STRATEGIES 
ENVIRONMENT 

In the eightieth of last century the USA Vision Group gave answers to the following questions: 
what to produce, what to buy, where to locate production and into which technological systems 
to invest. The imperative of selecting an adequate production strategy is quite obvious because 
it is reflected in the price of the product, production cycle, possibility of delivery, etc. The idea 
oftbis project, in its initial phase, is to define selection criteria [1][2] ofthe initial materials, 
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tool machines, tools, technological processes, sequencing of operations, mathematical terms for 
calculating cutring data, machining time, downtime/operation and the HELP with multimedia 
opportunities. In this manner, through elaboration of a variant of production, it is possible to 
come at a short notice to the most suitable way of production, production cost and the spatial 
and temporal distribution of the product. 

3 TECHNOLOGICAL DATABASE FOR THE PROCESS PLANNING 

To modemise process planning, to make it interesting to new generations of engineers, to solve 
the problern of "brain drain" (war, transition), to accept the laws of the global economy stands 
for connecting it to the systematised databases, CAM, CAPP, CAD, to the methods of 
simulation of the technological and production processes, to the management of manufacturing, 
were resulted with main criteria, relationships and databases. The presented concept of the 
systematised technological database (Fig. 1 ), rests on the necessary dynamic balance of the fast 
data updating because of the ever more present innovations in the work regulations, materials, 
tools and characteristics of the tools and the ever more stringent demands of a large range of 
users. The above mentioned diagram enables the analysis of the selection technology of tools, 
tool machines, production time, work regulations, and the economic analysis of the 
technological process adequacy. The general organization of the programming solution implies 
the following criteria for selecting the technological process: 

);> CRITERIA FOR SELECTING OPERATIONS 

Product configuration, demanded precision of product shape and sizing, sequencing of Opera
tions, material quality and state of surface, heat treatment of material, batch size, availability of 
production equipment and technology, 

);> CRITERIA FOR SELECTING TOOLS 

Material ofworkpiece, tool material, tool design, cooling and lubrication, toollife, cutting date, 
type of operations, sequencing of operations, application and machining conditions, selecting of 
tool holders and inserts" tool price, 

);> CRITERIA FOR SELECTING MACHINE TOOLS 

W ay of tightening, quality of the treated surface, machining due to shape workpiece, 
technological parameters, machine cost, product complexity, batch size, . 

);> CRITERIA FOR SELECTING INITIAL MATERIAL 

Product shape and sizing, entire workpiece quality, batch size, stress state, heat treatment of 
product, anisotropy of material, geometrical similarity between initial form and workpiece, type 
of process, material price. 
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4. EXPLANATION OF THE DEVELOPED SOFTWARE 

The ultimate goal is to connect the recognition of the geometrical characteristics of the product 
to the database and to apply the methods of artificial intelligence in defining optimal 
technological solutions. The technological database is a part of the future virtual and intelligent 
manufacturing system [3] [4]. 

4.1 INITIAL MATERIAL SELECTION 

The main idea was to research the basic elements for connecting the criteria of initial material 

selection with the information necessary for making a decision conceming. 

T ABLE I. The main criteria for selection of initial material 
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FIGURE 1. Flow diagram ofthe development ofa technological process variant 
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Furthermore, in the technological database the data about the cutting data of the machine (rota

tions per minute (RPM), feed (s), power (P), its dimensions, and other important data can be 

found. The result ofthat research were defining of criteria for selection of material, methods for 

calculating initial material for the case of the forging, and HELP text. The possible criteria 

(Table 1) for initial material selection (initial product is a result of rolling, drawing, extrusion) 

are: dimensions, product shape, surface quality, productivity, grain size and orientation, price 

of the blank, ratios of material portion to the price of the blank, residual stress in the blank, 

scheme ofstress state, machinability (considered in Table 1.), entire workpiece quantity, batch 

size, anisotropy of material, geometrical similarity between initial form and workpiece, heat 

treatment of product, etc. The end user can use the result of initial material selection only as a 

suggestion for planning a variant of technological process. 

4.2 TOOL MACHINE SELECTION 

From the flow diagram (Fig 1) we can see that the selection of the tool machine depends on the 
three logical units: the criteria of selection, the mechanisms of data processing based on the 
criteria and the database. For the criteria of selection we have chosen: in the first phase the 
way of tightening and processing, the required quality of the treated surface, the dimensions of 
the workpiece and the technological data, including performance (n, s, P), which together form 
the basis for further elaboration in the following phases ofthe database development. For solv
ing the problern of the selection of the tool machine, the database contains the data about the 
groups of machines and about each machine separately. On the example of the selection of the 
milling tool machine, outlined in the (Fig. 2, 3), we are introduced and acquainted with the way 
of functioning of the application, with the input parameters and the output data, or with the 
responses to the user's demands. Inside the main window of the application we can see the 
possibility of access to the selection of the machine either from the menu bar Machine selec
tionl Milling or from the tool bar. By choosing a way of milling the window based on the 
multiple choice questions opens. The questions referred to the way oftightening, to the required 
quality of the treated surface relative moving of workpiece-tool, width of machining surface, 
depth of cutting. It is important to stress that it is possible to choose only one from the nine 
given options about the way of tightening (tightening universal chuck, segmented head, 
flanged, universal, swival rise, magnetic chuck, dividing head, etc.). We choose between the 
facemilling, squareshoulder milling, multipurpose milling, endmilling, side and facemilling, etc 
on the basis of the geometrical shape of the product. This application displays the descriptive 
and the pictorial illustration of the processing so that the user decides for the shape best corre
sponding to his own product.. In brief, it is possible to choose the desired combination of the 
already pond rated values of tightening and processing, relative moving between workpiece 
and tool, depth of cutting, the quality of surface processing dependent on the geometry of the 
workpiece, which together serve for selecting the group of machines (Fig. 2). 
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FIGURE 2. Procedure for selection possible groups ofmilling tool machines 

4.3 TOOL SELECTION 

The selection oftools involves many parameters, for instance, material ofworkpiece, geometri
cal features of workpiece, Ievel of product complexity, number of phases, tool machine, 
defination of application and machining conditions, type of machining, insert shape, milling 
cutter, insert grade, tool holder type, method ofholding the insert in the holder, direction of cut, 
coolant supply, diameter and depth ofhole, type ofhole, etc [2] [5]. 

During the process of tool selection (for example rnilling) a user has to: 

- Define material and type of operation, 

- Define material according to ISO (or other) standards and identify own operation from the 
table of contents, 

- Select milling cuter (close pitch, coarse pitch, extra close pitch cutter), 

- Define application and machining conditions (application: light, medium; conditions: good, 
average, difficult), 

-Select the insert and see the feed per tooth and cutting speed, 

At the end of the search proce dure, user can get tools recommendation and cutting data like 
speed, RPM, feed, coolant, toollife, number ofholes perdrill tool etc. 
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4.4 INTEGRA TED SELECTION MACHINE TOOLS AND TOOLS 
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FIGURE 3. Interaction of selection milling machine tools and milling tools 
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The main difficulty in selection procedure of machine tools and tools is the strong dependence 
between workpiece size and shape, machine tool, tool, sequencing of operations. So, develop
ers have to make decision: what would be first step in solution search and what interactions 
would be negligible in this phase of development. Our selection are tools selection as the first 
step and sequence of operations neglect. 

5. PROCESS PLANNING IN DA TABASE AND INTERNET 
ENVIRONMENT 

Using the web site (Fig. 4) is just like using the application itself. The user must enter the basic 
data ( starting from the selection of the operation, type of material ASP script communicates with 
database via SQL demands, which are sent to database server (SQL Server 7.0) that retums the 
desired data. It has also a second benefit because it gives us an easy way to incorporate data from 
other researchers or developers and build a distributed network. [6]. In a first period, connection 
between database and Internet was realized by ODBC. In the late phase of project, during some 
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short period of time, we experimented with MSDE engine. But we have observed some instability 
accidents. So, as a good solution we change ODBC type of connection by newer OLE DB (Micro
soft Jet OLE DB Provider) connection. As the result, our search and response speed became 

faster. 

.:J 

FIGURE 4. Webpage for Database System for Process Planning (http://ptpjsb.hr/) 

6. CONCLUSION 

The considered work presents the development of the variants of the technological process 
through insight in the criteria of selection, the mechanism of processing and database. The 
accent is placed on the selection of the tool machines and tools with the use of the ponderated 
criteria of selection (the way of tightening and processing, relative moving workpiece-milling 
tool, the quality of the treated surface, depth of cutting, conditioned by the geometry of the 
workpiece, the dimensions of the part, the cutting data, the times of the Operations processing). 
The next phase would probably use fuzzy logics with the ponderated multiple solutions. The 
programming solution is realised for the client/server milieu and the Internet environment. 
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ABSTRACT: E-business offers the chance to open new markets for selling and buying. E-business 
networks include both in-plant and cross-company processes. Tberefore they are marked by a high 
complexity and strong demands regarding the management of the network. The Fraunhofer-Institute for 
Manufacturing Engineering and Automation developed several high-performance tools for designing and 
managing e-business networks. Three of these tools namely E-Simulation, E-Optimisation and the 
Internet-based Logistic Analysis. are described in this paper. E-Simulation allows users to simulate their 
own seenarios via Internet and benefit from the advantages of a dynamic simulation. If required, models 
can be adapted to changing conditions of the production environment. E-Optimisation is an Internet 
service for the determination of optimised production schedules based on flexible optimisation 
algorithms. The third tool described in the paper, the Internet-based logislies analysis is an electronic 
service that identifies rationalisation potentials in production logistics in a fast and cost-effective way. 

INTRODUCTION 

E-business opens up new opportunities to busi'nesses while at the same time raising the 
demands on the structure and operation ofnew, more complex supply chains and networks. The 
spread of e-business and the related production networks have, without doubt, had a consider
able impact on the organisation of order management processes throughout the supply chain. 
They include both in-plant and cross-company processes. In order to realise the benefits gained 
from e-business, a weil functioning logistics chain is an absolute necessity. To enable order 
management in production networks it is no Ionger sufficient to consider the production capa
cities only. Existing or expected restrictions in supply, storage, and transport must also be 
included in planning. Therefore, when it comes to production and distribution, it is a must to 
use a high-performance tool to handle both E-business and Supply Chain Management. At our 
institute, several high-performance tools for designing and managing e-business networks have 
been developed. Figure 1 shows a selection ofthese tools, which will be described in the 
following [1], [2], [5]. 

Tools for Managing E-Business Logistic Processes 

E-Simulation E-Optimization 

FIGURE l. Tools for Managing E-Business Processes 

• • • 

Internet based 
Logistic Analysis 

(I LA) 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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2 E-SIMULATION 

2.1 MEANING OF E-SIMULATION 

Today, simulation systems are deployed in the planning ofproduction and logistics systems. By 
visualising processes and evaluating simulation results, production planners are in a position to 
betterunderstand complex systems. Difficult decisions are made more easily when a solid basis 
for decision-making is provided. 

Simulation projects create customised simulation models for production and logistics systems. 
These models perfectly match organisational and technical processes with the required 
resources. Simulation models can thus be referred to as information stores. After completion of 
the simulation project, these information stores are usually no Ionger available to the user, 
unless the simulation systems are maintained and advanced by the enterprise. This requires that, 
apart from license fees and high-performance hardware, the company also has to provide 
skilled personnet [3], [4]. 

The aim of the e-Simulation service is to use and enlarge the information store for as long as the 
production and logistics system exists (see Figure 2). Therefore, it allows clients to use the 
generated models even after a project has been completed. By coupling simulation models to the 
Internet, users get constant access to the simulation tool. To make use of e-Simulation only an 
Internet connection is required. 

project value Value-added e-Services 

simulation 
project 

utilization of 
))e-S imu lation« 

Value-added through 
))e-S imu Ia tio n« 

.... __ no contact to the 
simulation model 
after the project 

time 
+---------------------------------+---------------------------

duration of the project after the project 

FIGURE 2. E-Simulation continues to increase the project benefit after the simulation project 
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2.2 BENEFITS OF E-SIMULATION 

E-Simulation allows users to be actively involved in the modelling of processes during the early 
stages of the project. Thus, they are in a position to influence the model design at an early stage. 
They can simulate their own seenarios and benefit from the advantages of a dynamic simulation. 
If required, models can be adapted to changing conditions of the production environment. This 
kind of customised support ensures the safeguarding of a company's investment. Adjustments can 
be made in a time and cost-saving manner to create the highest possible benefit for the entire life 
cycle of a production or logistics systems. 

2.3 FUNCTIONING 

When creating a simulation model, the required data are specified in close coordination with the 
user. These data include cycle times, set-up times or capacities needed for the simulation process. 
They are stored extemally, e.g. in MS-Excel or MS-Access tables. The simulation models 
themselves are filed at the Fraunhofer Institute. 

The user can now employ these data to create individual seenarios and upload or send them to the 
e-Simulation service via e-mail. On arrival, the transferred data are automatically checked for 
inconsistencies and transmitted to the simulation model for processing. Then, the simulation is 
automatically started. After the conclusion and evaluation of the simulation, the user receives an 
email with the results in tabular and graphic form. These evaluations consider the previously 
analysed company-specific parameters. 

2.4 PRACTICAL EXAMPLE 

E-Simulation has been successfully used for production optimisation in an autornative supply 
chain. During the project, simulationwas employed to determine the necessary logistical areas and 
interpret the number and size of the cage boxes. Moreover, the future machine utilisation and 
throughput had to be established. Within a few days, a highly detailed simulation model for the 
production process was generated. The simulation model mapped 15 different machines and 40 
different articles with specific cycle and set-up times. 

Both the process and the control parameters of the simulation models were embedded in a MS
Excel table, ensuring the simple manipulation of production data. By applying the e-Simulation 
service, users at different sites could access the constantly updated models. Once the MS-Excel 
table was sent to a specified e-mail address, it took only 30 minutes until the user received the 
evaluation of the simulated scenarios, edited as graphics and nominal parameters. The simulation 
helped to carry out detailed analyses, identi:ty bottlenecks and weaknesses before serial production 
started, and find appropriate solutions. 
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3 E-OPTIMISATION 

3.1 MEANING OF E-OPTIMISATION 

As mentioned above, e-business significantly increases the need for Co-ordination in the 
production and Iogisries processes. Often, the problems are so complex that modern planning tools 
are required to facilitate decision-making in order to create and implement proposals in a 
reasonable period oftime. 

E-Optimisation is an Internet service for the determination of optimised production schedules 
based on flexible optimisation algorithms. E-Optimisation solves varied problems. The 
optimisation considers all the relevant constraints, such as stock costs, delivery performance, Iead 
times and workload, and provides an optimal solution regarding the desired criteria. 

3.2 BENEFIT OF E-OPTIMISATION 

By applying e-Optimisation, the user saves time and money. Time is saved because a quick and 
uncomplicated utilisation ofthe planning tool is possible via Internet. The tool is basedonflexible 
algorithms and runs on the service provider's own high-performance computers. Using the 
planning tool via Internet also helps to save costs. The only thing required to get access to e
Optimisation is an Internet connection. As the applications and hardware belong to the service 
provider, they do not have to be purchased. Thus, the user keeps both investment and operating 
costs for the maintenance of infrastructure at a low level. Only the service provider's performance 
has tobe paid for. 

3.3 FUNCTIONING 

Using e-Optimisation is very simple: Either the user is directly coimected to the e-Optimisation 
service via data link, or an encoded channel is used to transfer the production data at regular 
intervals. 

The scheduler hirnself sets the operational planning frameworks through a specific graphic user 
interface, so that he can easily adjust them. Special attention has been paid to the design of the 
graphic user interface, as the man-machine interface is decisive for the correct and efficient use of 
asystem. 

E-Optimisation performs the optimisation tasks with the help of several evolutionary algorithms 
running in parallel on a computer network. The system is learning with every optimisation run and 
autonomously changing the parameterisation of existing algorithms. Thus, the system adapts to 
changing tasks, reducing maintenance costs and improving the system's performance. 
After the optimisation, the results are shown on the desktop as loading plans or directly imported 
into an ERP system (see Figure 3). 
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t Orderdata 
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FIGURE 3. The E-Optimisation process 

3.4 PRACTICALEXAMPLE 

OptlmlsaUon 
model 
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E-Optimisation serves a wide range of applications mainly in the fields of automotive and steel 
industry, but also in the aircraft industry. 

Taking an example from the steel industry, e-Optimisation was used to work out optimal loading 
plans for a cold rolling mill. A cold rolling mill produces extremely precise steel strips to be used, 
for example, in the automotive industry. lt is the task of the optimisation planner to align the 
processing sequence of the steel strips in such a way as to achieve maximum throughput while 
letting the steel strips pass through the mill without delay. The system includes a number of 
restrictions and dependencies calling for the global optimisation of the overall process. 
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4 INTERNET-BASED LOGISTIC ANALYSIS 

4.1 MEANING OF INTERNET BASED LOGISTIC ANALYSIS 

With the aid of logistics analysis it is possible to rapidly and inexpensively identify and evaluate 
rationalisation and improvement measures in production logistics. Thus, logistics analysis 
becomes a suitable tool for controlling production planning and management (PPM); but it is also 
an appropriate means for dimensioning and structuring assignments within factory planning. 

Intemet-based Iogisries analysis is an electronic service that identifies rationalisation potentials in 
production logistics in a fast and cost-effective way. This service is based on the Hanover Funnel 
Model, automating the processing of existing production data. The latter are compressed to obtain 
relevant logistical parameters and be appropriately represented. The user gets information about 
the logistical behaviour of his production system sorted according to resources, i.e. machines and 
facilities, as well as production orders. 

4.2 BENEFIT OF THE INTERNET-BASED LOGISTICS ANALYSIS 

This service is available to every production plant with single-item production. Being Intemet
based, the service avoids costly consulting visits and is available independent oftime and location. 
For easy usage, the Intemet-based logistics analysis provides a brief manual to interpret the 
obtained analysis results. The clarity of presentation and the tight construction of the underlying 
Funnel Model contribute decisively to the comprehensibility ofthe service. 

The origin of the logistics analysis is the Funnel Model of the Institute of Production Systems 
(University of Hanover, IFA Institut fiir Fabrikanlagen). It links the production logistical 
parameters of stock, performance and tumover time, offering a valuable descriptive model for 
production logistics. The defined parameters of stock, performance, order structure, lead times, 
utilisation and schedule deviations help to rapidly identify those machines and facilities that 
significantly influence the logistical performance. This allows taking appropriate actions focusing 
Oll (6]. 

• Iead time reduction, 
• inventory reduction and 
• improved adherence to schedules. 

Most companies possess the necessary database by way of production data collection (PDC). 
Existing systems, however, create primarily parameters relating to monetary terms, from which 
production logistics improvements cannot be deduced directly. 

The Intemet-based logistics analysis is distinguished by an excellent cost-benefit ratio. By 
avoiding costly extemal consulting and giving simple access via World Wide Web, by exploiting 
available corporate data and making the modification of existing information systems superfluous, 
the potential benefits can be unlocked for production logistics. 
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4.3 FUNCTIONING 

The Internet-based logistics analysis is divided into two parts, i.e. user registration and analysis. 
During registration the user enters his password at the Internet service's homepage. This initiates 
the creation of a "personal area" on the web pages from which the user can carry out the logistics 
analyses. 

When performing the logistics analyses, the frrst step is to fill in a text file according to a pre
designed format. Tothis end, a template is available tobe downloaded from the homepage (Figure 
4). Next, the file including the company data is uploaded to the Internet service, which 
automatically carries out the analysis. The results are edited as web pages and stored in the 
personal area of the user, who is informed by e-mail. Thus, accessing results is possible 
independent oftime and location. 

throughput diagram 

frequency distribution 

·-
analysis of Iead time 

FIGURE 4. Analysis Results (Example) 

The user may perform an unlimited number of analyses. The results remain available, but may be 
deleted by the user. 

4.4 PRACTICAL EXAMPLE 

The Internet-based logistics analysis is a brand-new tool. The development ofthe tool was finished 
a short time ago. Therefore a practical example is not available up to now. 
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5 CONCLUSION 
The paper describes a selection of tools to support the production and logistical management 
processes in e-business networks. Our service range is constantly expanded thanks to several 

research and development projects being carried out in this field. Presently, we intend to develop 
new modules for an easier set-up of e-business simulation models. 
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ABSTRACT. There are many components to an effective high speed (HS) machining process for die and 
mould manufacturing. Modem HS milling machirre tools allow high spindie and feed rate speeds. Often 
forgotten is HS machining's impact on tool path programming techniques. Programming ofNC tool path 
for HS machining takes more than just plugging in different numbers of feed, speed and radial and axial 
depth of cut. Therefore special techniques are needed to assure good surface quality, short machining time 
and low costs by machining. Efficient use of modern HS machirres demands also modern CAD/CAM 
system. 

1 INTRODUCTION 

HSC technology has some basic demands by machining: 
• maintain a constant chip Ioad 
• minimize feed rate Iosses 
• maximize program processing speed 

Maintain a constant chip Ioad is important to achieve long tool life, good surface quality and 
high geometrical accuracy. To assure constant chip Ioad is necessary to reduce air cutting, what 
cause also constant cutting force and less vibrations by cutting. Gentle entry cuts are advisable. 
Also try to minimize as much as possible the need for the tool to exit and re-enter the material. 
Ramping or helical entry from one Ievel to another is better then plunging. 
Minimize feed rate losses. The challenge to the CAM system is to make tool path with small 
stepowers at very high federate speed. This must be accomplished without forcing the cutting 
tool to make sharp tums. Modem HS milling machirre tools have look-ahead feature to reduce 
the cutting feed rate when they detect a comer approaching. At sharp comer 90° is the cutting 
speed at the comer vr= 0 mrn/min. 

FIGURE 1. Cutting speed at sharp comer by conventional (left) and HSC tool path (right) 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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FIGURE 2. Generated fluid tool motions is important part ofHS toolpath planning 

A comer treatment function for HS machining rounds the sharp motions out of the path. If 
allowed to remain, this sharp motion would be seen by look-ahead function, which would 
reduce the feed rate accordingly. A CAM system that can generate fluid tool motions during 
comer machining can maintain more consistent high feed rates. 
Maximize program processing speed is also very important for effective NC code producing. 
For complex parts (for example die and moulds) NC code generatingtime can be very long. In 
order to overcome data starvation - which will also impair the feed rate - the CAD/CAM 
system may be required to output tool paths appropriate to machine tool controls capable of 
running NURBS-based G-eode. NURBS spline based G-eode is called new G-eode "G6.2". 
This command expands the choices from traditional linear and circular interpolation to 
interpolation along a spline represented by control points and knot points. By consolidating a 
complex, curving tool path into a single line of the program, this function saves on NC data, 
potentially resulting in more fluid HS machining. 
The simpler the cut, the better, because that give opportunity to the process to operate at 
maximum feed rates and not to slow down for dense of clusters of data points or abrupt 
changes in direction. In zigzag cut connecting each successive pass with a Iooping motion 
likewise will minimize the sharp changes in acceleration and deacceleration required to execute 
a square end. 
Stock remaining - local machining. In order to machine a part with different size of cutting 
tools is important that is the knowledge of stock remaining built in CAD/CAM system. 

FIGURE 3. Stock remaining -local machining 
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Pencil milling automatically eieans up comers and concave fillets so that there is uniform stock 
left at surface intersections. Reliving the !arger volume of material allows for less tool 
deflection and noise when cutting comers. 
Rest milling is similar to pencil milling in that it defines all areas that were not cut based on 
one tool size, and automatically cuts only those areas with a smaller tool. The difference is that 
rest milling can cut anywhere, not just comers. 
Side steps are the connections that crate effective transitions between adjacent tool paths when 
feed rates are particularly high. Parallel scan-line surface machining is the type of machining 
that has been used for the last teen years to finish multi-surface models. This type produce 

sharp stepover moves at the end of every pass. For feed rate speeds up to 1000 mm/min is 
advisable use of simple "Iooping" toolpath, for higher speeds we use a "golf club" stepover 
between passes. 

2 OPTIMIZA TION ANAL YSES - MACHINING TYPE AND CUTTING 
TOOL DIAMETER 

In the continuation an example of optimizing is shown. The aim of this was to produce a model 
with different machining types (methods) and different sequence of cutting tools. 

2 ~ .0 

FIGURE 4. Model 

In the optimization the CAD/CAM program called Pro/ENGINEER was used. 12 simulations 
were made with different technological processes. The basic difference among the 
technological processes was in the type of machining the model and in type and nurober of 
used tools. Machining was limited to 3-axis milling with 6 different tools. In the selection of 
tools and cutting parameters we considered the type and hardness of working material (Table 
I), the type of machining and also maximal spindie speed and feed rate of the MORI SEIKI 
FRONTIER-MI vertical milling machine, on which the machining took place. The machine 
reaches spindie speeds up to 20.000 min·' and feed rates up to 5.000 mm/min. For machining 
we used four sharp endmills (z = 6) of 10, 8, 6 and 5 mm diameters and two ball nose endmills 
(z = 2) of 6 and 4 mm diameters. All endmills were made of hardmetal, coated with TiAICN 
and suitable for rough and fine HS machining. 

TABLE 1 W k" . I or mg matena 
Steel Hardness Structure [%] 
[DIN] [HRC] c I Si I Mn I Cr I Mo I V 

X40 CrMoV51 53 0.4 I 1.05 I oAo I 5.15 I 1.35 ILOO 
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The results of this optimization areshownon figure 5. The differences in machining times are 
very high, so is important to producein right way. In time, knowledge based systems may well 
automate virtually all ofthe process planning and programming for high speed machining. For 
now, there is no substitute for programmers understanding the high speed machining process. 
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FIGURE 5. Total milling times by different ways ofmodel machining 

3 COMPARISON OF CONVENTIONAL AND HS TOOLPATH 

W e made a comparison between conventional milling toolpath method and HS milling toolpath 
method. The experiments were made on ProEngineer CAD/CAM system. The only difference 
between those methods is in type toolpath creation. All others parameters as cutting depth, 
spindie speed, etc. were the same. By conventional milling method we used spiral type of 
cutting tool movements. The tool machined all working area in 5.5 min. 

FIGURE 6. Conventional milling toolpath, time (first tool) =' 5.5 min 
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FIGURE 7. Conventional milling toolpath, time (first tool) = 5.7 min (*some area in not machined) 

By HS milling method we used constant Ioad type of cutting tool movements. Generated path 
was so produced without abrupt changes in directions. Calculating time increased 
approximately 3 times. Changes in directions were made with comer round radius I mm. The 
area of model where program has no possibility to make the path with comer round is not 
machined. By local milling is from that reason necessary to remove more material with smaller 
cutting tool, what increase total machining time. 

4 CUTTING FEED RA TE OPTIMIZA TION 

Some CAD/CAM systems have additional module for cutting feed optimization to optimize a 
milling operations. One of those is MasterCAM high feed optimization module which 
optimizes feed rates for 2.5-axis and 3-axis mill toolpaths. lt computes feed rates that reduce 
machining time without sacrificing accuracy. Instead ofusing the same feed rate for the entire 
part, a different feed rate is computed for each tool position based on the volume of material 
currently being removed, resulting in a faster machining cycle and control over the machining 
forces. The high feed option optimizes both roughing and finishing toolpaths. Roughing 
toolpaths are optimized by using high feed rates in areas where a low volume of material is 
removed and by using low feed rates in areas where a high volume of material is removed. 
Finishing toolpaths are further optimized by volume calculation and by adjusting feed rates on 
arcs and at sharp comers, thereby reducing servolag error (axis over-travel). 

4.1 MACHINE DYNAMICS 
The Machine Dynamics portion of the high feed option defines the machine tool ' s feed rate 
capabilities - how fast can the machine feed without over travelling. Typically, you define 
machine dynamics before entering other highfeed parameters. 
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FIGURE 8. Machine tool dynamics influence on tool path 

J. Kopac, T. Rohlek 

The cornering values are the most important machine dynamics parameters. Cornering 
parameters limit feed rates at sharp corners and arcs, resulting in increased accuracy and a 
better finish. At arcs and sharp corners machine tool needs to slow down to prevent over-travel. 
The minimum cornering feed rate is used when tool motion vectors change more then a 
specific angular amount. 

FIGURE 9. Tool motion vector 

4.2 MATERIAL REMOVAL RATE 
The material removal rate controls feed rates, and is especially applicable to roughing 
toolpaths. High feed function defines the material removal rate of each tool used in the 
toolpath. The reference tool table stores the tools and is generated automatically when selecting 
the operation for optimization. For material removal rate fhe following factors need to be 
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described: cutting tool, maximum feed rate, minimum feed rate, feed rate, plunge rate, material 
removal rate (volume/min). 

4.3 STOCK SETUP 
Stock must be exactly defined, because the stock boundary divide tool path on air cutting and 
material cutting. Optimization module all toolpaths outside the stock boundaries make at 
higher feed rate. 

4.5 PRACTICAL EXAMPLE 
In laboratory we made an experiment and machined one part with and without high feed 
optimization module. 

FIGURE 10. 3D modeland manufacturing ofbending insert 

T ABLE 2. Machining times of bending insert 

ÜI!_eration without high feed function with high feed function 
[min] [min] 

rou2h 210 171 
semi finish 60 46 
finish 220 172 
additional finish 240 165 

TOTAL 730 554 

From the results represented in Table 2 is obvious that the total machining time with use of 
high feed function decrease for 31%. 
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5 CONCLUSIONS 

Tool path optimization is part of complex process. Today's CAD/CAM systems allow handling 
with routine processes, but engineers' knowledge is a key to effective manufacturing. 
CAD/CAM system generated NC program usually base on accurate tool path (geometry), so 
special modules or program are needed to adjust NC program to cutting tool and machine tool 
properties. 
Optimization module of specific CAD/CAM system can't be adapted to different CAD/CAM 
system. The costs for module are usually high. In our laboratory we develop a CAD/CAM 
system independent feed rate optimization module, which will handle with standard G-eode. 
Advantage of software look-ahead function regard to machine tool look-ahead feature is in 
better feed rate profile. Machine tool look-ahead function analyses a few hundreds of NC 
blocks ahead and calculates the maximum attainable feed rate. The contour error is defined in 
machine tool settings and is equal for rough and finish machining. 
Software look-ahead function use recursive technique based on mathematical model. The 
generated feed rate profile is from that reason generated more accurate. The optimized feed 
rate for rough machining can be higher as for finish machining, because the contour error can 
be higher. Software optimized G-eode is also possible to use on machine tool without look
ahead feature. 
The next generation of CAD/CAM systems will combine manufacturing feature recognition 
and knowledge-based machining strategies to automate the complex machining process. 
Optimization module will become a part of CAD/CAM generated toolpath. The resulting 
system will provide complete automation and yet still allow experienced users to tailor the 
system. 
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ABSTRACT. The aim of this paper is to apply, in the simulation of a Flexible Manufacturing System 
(FMS), a statistical methodology that enables to evaluate the Ievel of control factors, at low economical 
impact, that yields an optimal response. The methodology adopted to realise this objective is the Design 
of Experiment (DOE) applied to discrete event simulation. The analysis of the result is carried out by 
using the Analysis ofVariance (ANOVA). 
The first part of the paper describes, in general, the above-mentioned methodology. In particular, it takes 
in consideration the technological model that determines uncertainty (noise factor) and the choice of the 
stochastic model that interprets, in probabilistic terms, the same phenomenon. 
The second part shows how it is possible to apply the aforesaid methodology to a realistic industrial 
example of FMS. The proposed FMS consists of six machining centres, an assembly and disassembly 
station of parts and pallets, two storage-shipping stations and three AGV. 

1 INTRODUCTION 

In the last few decades the manufacturing industry has progressed through the phases of industri
alisation, mechanisation and automation. The concept of flexible manufacturing forms a part of 
global strategy of Computer Integrated Manufacturing. An FMS is an integrated, computer con
trolled complex of numerically controlled machine tools linked by an automated material handling 
system. 
FMS are often characterised by a large part mix, altemate part routing, negligible tool changeover 
times, limited buffer storage between machines and faster processing times. These features make 
FMS capable of rapidly adjusting to product mix and product design changes. FMS have the effi
ciency and low-cost benefits of a weil balanced transfer line, with the flexibility of the job-shop. 
Thesefeatures mak:e them particularly suitable for medium-volume or batch production. 
The large number of variables that characterise a decision process in an FMS environment and the 
intricate nature of the mutual effects of decisions require hierarchical levels of decision making 
and the use of computer-based support tools. 
Static ailocation, queuing network and simulation are the most used techniques which, with in
creasing levels of detail and accuracy of the results, model the ailocation process of the FMS 
resources to the processed part. Evaluating candidate solutions with these techniques ailows the 
selection ofthe most promising ones, [1]. 
The simulation model requires, as input, a proposed production schedule as weil as rules for dy
narnically adapting the schedules in consequence of stochastic machine down-time and throughput 
times. A high Ievel of detail can be incorporated in the simulation model and, as result, we may 
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obtain good point and interval estimates regarding, for example, the expected production costs and 
the likelihood and magnitude of up-side deviation from the target budget. 
In the simulation field, practitioners often perform one-factor-at-time (OFAT) experiments, 
which vary only one-factor-at-time while keeping others fixed. However, statistically designed 
experiment that vary several factors simultaneously are more efficient when studying two or 
more factors, [2] [3]. In fact, statistical DOE refers to the process of planning the experiment so 
that appropriate data, that can be analysed by statistical methods, will be collected, resulting in 
valid and objective conclusions, [4]. 
Using a terminology usually adopted in the statistical field of experimental design, [4] [5], the 
input parameters and the structural assumption composing a simulation model of a FMS are called 
factors, and the output performance measures are called responses; each possible value of a factor 
is called a Ievel of the factor and a combination of factors all at a specified Ievel is called a treat
ment. 
Factors may be classified as controllable or uncontrollable, depending on whether they represent 
action options to managers of the corresponding real-world system (policy variables). Reference 
[6] gives many practical examples of controllable and uncontrollable factors and shows how the 
factor' s controllability may depend on the particulars of the Situation. 
If all the factors are deterrninistic, replicate observations from running the simulation model with 
the same factors will be identical. It is this Iack of random error, due to variability in the experi
mental unit, that makes these deterrninistic computer experiments different from physical 
experiments, [7]. 
In Iiterature there are two main statistical approaches to computer experiment, one based on 
Bayesian statistics and a frequentist one based on sampling techniques, [8]. In one or the other of 
these ways, it seems to be essential to introduce randomness to generate probability or confidence 
intervals. 
This paper is based on a frequentist approach. In fact, process variability is incorporated in the 
simulation model by Monte Carlo sampling from statistical distribution used to model the uncon
trollable factors. lt has been natural, therefore, to design and analyse such stochastic simulation 
experiments using standard techniques for real experiments, [9]. Not considering these uncontrol
lable factors, named also noise factors, the simulation would be deterministic. 
This paper takes in consideration only those control factors at low economical impact. The factors 
that don't change during the simulation are defined constant factors. 
Looking at the typical phases in the simulation study- validation, screening, sensitivity analy
sis, uncertainty analysis and optimisation, [1 0] - this paper deals with the last two. In 
particular, the uncertainty analysis is relative to factors that are held intrinsically stochastic 
(noise factors) and not tomodeHing control factors by statistical distributions. 
Section 2 discusses the FMS model and the control, noise and constant factors taken in considera
tion. Section 3 deals with the simulation model and DOE. Section 4 presents the results of the 
simulation. 
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2 FMSMODEL 

2.1 LAYOUT AND FLOW OF PARTS INSIDE THE MANUFACTURING SYSTEM 

The considered FMS reassumes some typical characteristics of a real production system. lt is 
constituted by an entry station, an assembly station for mounting a part on the pallet, a station 
for loading the pallet in the system, 6 multipurpose machining centres, a transportation net with 
AGV, a station for the AGV battery change, a station for unloading the pallet from the system, 
a disassembly station for unmounting the part from the pallet and an exit station. The assem
bly/disassembly stations are connected, through conveyor belt, to the load/unloading stations. 
The schematic FMS Iayout is shown in Figure 1 .. 

MC6 MCl 

FIGURE l. Schematic FMS Iayout 

MCI 

BATfERY 
CIIARGE 

The system operates on a product mix of 5 different parts typology. The parts enter the system 
and they reach the entry station. If a pallet is available in the pallet storehouse, the pallet and 
the part are assembled and dispatched, through conveyor belt, to the loading station; otherwise, 
the part is queued to the entry station. 
Arrived at the loading station, the part asks for the transport through AGV; the AGV collects the 
part and transfers it to the first machining centre scheduled by the working cycle. Alternative 
working cycles are foreseen, depending on the operational conditions of the system. 
After having completed the technological cycle, the part is transferred to the unloading station. By 
a conveyor belt the part, still mounted on the pallet, is sent to the disassembly station; the empty 
pallet is sent to the pallet storehause and the machined part is sent to the exit station. 



310 B. Palumbo, F. Caiazzo, V. Sergi 

2.2 CONTROL FACTORS 

The control factors, at low economical impact, considered are the following: "Machine Scheduling 
Rules" (MSR), "AGV Scheduling Rules" (ASR), "AGV Speed" (AS) and maximum "Number of 
Pallets" (NP) inside the production system. 
The MSR factor assumes three different qualitative Ievels: "First In First Out" (FIFO), "Short 
Process Time" (SPT) and "Long Process Time" (LPT). In the first case, FIFO, the parts will be 
worked in the same order with which they arrive to the machining centre. In the second case, SPT, 
the parts with a smaller residual process time will be worked first. In the third, and last case, LPT, 
the parts with a greater residual process time will be worked frrst. 
The ASR factor assumes four different qualitative Ievels: "Fixing Routing" (FR), "Priority" (P), 
"Smallest Queue" (SQ) and "Short Travelling Distance" (STD). In the first case, FR, the parts 
follow the basic working cycles. In the P case, the parts follow, preferentially, the basic working 
cycles; if the machining centre to which the parts are destined reaches conditions of saturation, the 
latter will follow the frrst, the second and, sometimes, the alternative third working cycle. In the 
SQ case, the parts are always sent to the machining centre with the smaller queue among all those 
foreseen by the working cycles. In the STD case, the parts follow the cycles that minimise the 
distances for the transpoft among the various machining centres. 
The factor AS assumes two quantitative Ievels: 30 and 70 m/min. 
The factor NP assumes two quantitative Ievels: 35 and 50. 
Table 1. summarises control factors and the coded Ievels taken in consideration during the simula
tion. 

T ABLE I . Control factors 

Control factors Label Levels 

I 2 3 4 

Machine Scheduling Rules MSR FIFO SPT LPT 

AGV Scheduling Rules ASR FR p SQ STD 

AGV Speed AS 30 70 
Number of Pallet NP 35 50 

2.3 NOISE FACTORS 

The noise factors considered are the following: time between arrivals, time between failures, re
pairing time, working time, time between two battery charges, assembling and disassembling pallet 
time. 
Table 2. shows the statistical distribution adopted to model the noise factors and the relative pa
rameters; these values result from structural assumptions and data available by practitioners. 
If we assume that the arrival, failure and repairing events recur at random in time, the time be
tween these events can be usefully represented by an Exponential distribution, [11]. 
The working time is modelled by a Gamma distribution. The random nature results from the hy
pothesis that this time includes the set-up time that, for each machining centre, differs from part to 
part. The mean value, Jl, is deducible from Table 3. for the different parts and working cycles. For 
example, type A part is assumed to use three working cycles. The frrst one is the basic working 
cycle, while the second and third one, are considered as alternative working cycles. The number in 



Uncertainty Analysis and Optimization of a FMS 311 

brackets shows the processing sequence number. The variance va1ue is assumed equal to 
0.00251!2, [12]. 
The time between battery charges is susceptib1e of small variations owed to the speed, to the 
transported 1oad and to the effected run. A triangular distribution with parameters 14 and 18 rnin
utes is assumed. 
The assemb1ing and disassemb1ing pallet times are modelled by a Uniformdistribution with pa
rameters 1.5 and 2.5. The random nature resu1ts from the hypothesis that same pallets are 
emp1oyed for different parts, and so it is necessary to bring small changes to the action of the as
semb1y and disassemb1y. 

T ABLE 2. Noise factors 

Noise factors Label Statistical distribution Parameters 

Time between arrivals NFl Exponential, EXP(I..1) f.lyliA-t=6 

Time between failures NF2 Exponential, EXP(A-2) 112=11A-z=l8 

Time between repairs NF3 Exponential, EXP(A-3) 113=1/A-3=25 

W orking time NF4 Gamma, f(a,ß) a=400 ß=j.L/400 

Time between battery charges NF5 Triangular, TR(a, b) a=14,b=18 
Assembly and disassembly pallet time NF6 Uniform, UN(a, b) a=1.5, b=2.5 

TABLE 3. Working cycles 

Mean working time, 11 (minute) 
MCI MC2 MC3 MC4 MC5 MC6 

Part A Basic cycle (I) 2 (2) 3 (3) 12 
I alternative cycle (1) 2 (3) 4 (2) 7 
rr altemati ve cycle (2) 4 (1) 9.5 

Part B Basic cycle ( I) 3 (4) 38 (2)4 (3) 18 
I alternative cycle (I) 29 (2) 40 
rr alternative cycle (2) 29 (I) 38 

Parte Basic cycle (l) 26 (2) 35 
I alternative cycle ( I) 26 (2) 39 
II alternative cycle (2) 39 (I) 30 

Part D Basic cycle (2) 20 (I) 16 
I alternative cycle (1) 18 (2) 23 
li alternative cycle ( I) 18 (2) 27 

Part E Basic cycle ( I) 42 
I alternative cycle (2) 22 ( I) 26 

11 alternative cycle ( I) 26 (2) 30 
lii alternative cycle (l) 29 (2) 30 
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2.4 CONSTANT FACTORS 

The principal constant factors considered are the following: number of the machining centre, 
number of AGV, manufacturing Iayout, battery change time, conveyor speed, assembling and 
disassembling pallet time and productive mix. 
A warm-up period sufficient to reach a steady-state has been adopted. Typically, data generated 
in the warm-up period instil bias in the analysis, [13]. Therefore, the output data in this first 
period have been truncated from the final analysis and only the output data relative to a follow
ing period have been considered. 

3 SIMULATION MODELAND DESIGN OF EXPERIMENT 

The simulation of the production system has been implemented with Arena and its library "Ad
vanced Manufacturing Build", [14]. 
This software allows a rapid implementation of the system's model used as case study; the only 
difficulty has been found in the insertion of the alternative working cycles. The solution to this 
problern has been that of employ the "Expression module", even if it is necessary to modify the 
"Parts module", assigning an increasing attribute index to every part typology. In the "Expression 
module" we define each service time of the basic working cycle and alternate ones for all the part 
typologies. Therefore the indexed "Process Time" is introduced in the "W orkCenter" module. 
In Arena it is possible to define and control the random number generation for the principal dis
crete and continuous random variables. 
A first technique could be that of using, for every source of uncertainty (noise factors) and for all 
the treatments, one random number stream. Such technique is known in Iiterature as synchronised 
Common Raudom Number (CRN). The drawback is that in this way the replications don't consti
tute s-independent samples. 
An alternative could be that of using, for every treatment, a fixed random number stream, usable 
by all the sources of variability of the system. For every treatment a different sequence would be 
used. In such way the replication would constitute s-independent samples. 
The model of simulation introduced in this paper uses the second technique. For further deepening 
on the advantages and disadvantages of such techniques, see [6] and [14]. 
A complete factorial plan has been conducted for the management of the experimental tests. The 
number of treatments is equal to the possible number of combinations of the control factors, for a 
total of 48 treatments (3x4x2x2). The number of replications, randomly sampling from random 
variables, can be as great as wished. Twenty replications have been effected for each treatment. 
The throughput time, W, has been considered as index of performance of the production system. In 
every replication, the simulator calculates the number of parts of ith type produced, ni, and the 
throughput time ofthejth single part, wif 
Results: 

5 n, 

LLW!i w = i~l j~l 
5 

:Ln, 
i~l 
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4 RESULTS 

The observations in a factorial experiment can be described by the following effect model: 

Wijkt = f.1 + T, + ß1 + Yk + Ot 
+(rß)lj +(rr),k +(ro)a +(ßr)jk +(ßo)jl +(ro)kl 

+(rßr\k +(rßo)lj1 +(ßro)jld +(rro),kl 

+(rßy8)ukt 

i = 1, 2, 3 j = 1, 2, 3, 4 k = 1, 2 I = 1, 2 
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(1) 

where f.1 is the overall mean effect, ~ is the effect of the ith Ievel of MSR factor, ßi is the effect of 
the jth Ievel of ASR factor, Yk is the effect of the kth Ievel of AS factor and 8z is the effect of the /th 
Ievel of NP factor; ( rß>u is the effect of the interaction between MSR and ASR factors at Ievel, 
respectively, ith andjth (two factors interactions); ( rßnuk is the effect of the interaction between 
MSR, ASR and AS factors at Ievel, respectively, ith, jth and kth (three factors interactions); 
( rßyO;!Jkl is the effect of the interaction between MSR, ASR, AS and NP factors at Ievel, respec
tively, ith,jth, kth and /th (four factors interactions); t:!Jkl is a random error component. Obviously, 
an analogaus definition is worth also for the other two and three factors interactions introduced in 
(1). 
The null hypothesis, H0, tested in this design, can be stated as follows: 

H0 : {All main effects and interactions = 0} 

The alternative hypothesis, Hl' states that at least one of the main effects or interactions in non
zero: 

H 1 : {At least one main effect or interaction :t: 0} 

To test the hypothesis we use a multifactor ANOV A, [ 4]; the results are shown in Table 4 .. 
The model diagnostic checking, by graphical analysis of residuals, has been successfully effected, 
[4]. 
The ANOV A table decomposes the variability of W into contributions due to various factors. The 
contribution of each factor is measured having removed the effects of all other factors. The p
values test the statistical significance of each of the factors. Since seven p-values, displayed in 
Table 4., are less than 0.01, these factors have a statistically significant effect on W at the 99% 
confidence Ievel. 
To assist in the practical interpretation of this computer experiment, Figure 2. and Figure 3., pre
sent, respectively, plots of main effects with the relative confidence interval at 99% confidence 
Ievel, and the significant two factors interactions. 
From Figure 2. it is presumable to believe there is a significant difference between the different 
Ievels of each factor. In fact, for each factor, there is always at least a value of the average, relative 
to a Ievel, that falls out of confidence intervals related to the other Ievels. This approximate con
clusion finds a rigorous confirmation in the execution ofDuncan's multiple range test, [4]. 
In terms of main effects, the optimum combination of the control factors results: 

MSR=FlFO, ASR=SQ, AS=70 m/min e NP=35. 
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lt is also the best in tenns of interactions. In fact, the interaction plots, Figure 3., among the quali
tative factors, MSR and ASR, show that for ASR=SQ the throughput time, W, assumes the 
rninimum values for all the Ievels of MSR. The discourse is analogous for the interactions among 
NP and the qualitative factors, MSR and ASR. 

T ABLE 4. ANOV A for throughput time, W 

Source Sum Degree of Mean F-Ratio p-value 
ofsquares freedom square 

Main effect MSR 139695.00 2 69847.50 76.12 0.0000 
ASR 1 100250.00 3 366750.00 399.67 0.0000 
AS 9751.84 I 9751.84 10.63 0.0011 

NP 342653.00 I 342653.00 373.41 0.0000 
lnteractions MSR*ASR 45196.90 6 7532.82 8.21 0.0000 

MSR*AS 669.69 2 334.85 0.36 0.6948 
MSR*NP 9623.80 2 4811.90 5.24 0.0054 
ASR*AS 1175.88 3 391.96 0.43 0.7337 
ASR*NP 123402.00 3 41134.00 44.83 0.0000 
AS*NP 299.60 1 299.60 0.33 0.5669 
MSR*ASR*AS 5737.65 6 956.28 1.04 0.3963 
MSR*ASR*NP 13527.30 6 2254.55 2.46 0.0231 

MSR*AS *NP 2039.39 2 1019.70 1.1 1 0.3291 
ASR*AS*NP 3051.32 3 1017.11 1.1 1 0.3451 

MSR*ASR*AS*NP 6768 .58 6 1128.10 1.23 0.2879 

RESIDUAL 836888.00 912 917.64 
TOTAL 2640730.00 959 
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FIGURE 2. Main effects plots 
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5 CONCLUSION 

NP 

ASR 
-FR 

p 

-SQ 
-·-·· STD 

50 

MSR 
- FIFO 

LPT 
-SPT 

The aim of this paper has been that of investigating the optimal choices of the variables, at low 
econornic impact, that are under the control of the manufacturing system manager. 
The manufacturing system employed as case study was simple enough, even if it contained all 
the peculiarities of the real systems. In a future paper we intend to exarnine the effect of the 
variability of the product mix, and of the number of machined parts typology, and to take in 

consideration, as performance indexes, not only the throughput time, but also the working in 
progress and the throughput, using a multivariate analysis of output variables or with the con
struction of a synthetic objective function. Other condition that will be explored will be that of 

using techniques able to obtain a response surface of immediate interpretation and able to help 
the manufacturing system manager to achieve an optimal management policy. 
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ABSTRACT, Nowadays, various methods of work can be used for planning the technology. Planning of 
technology can range from conventional manual method to use of various more or less capable 
programme tools. With respect to the price Ievel the programme tools ensure different quality of results. 
This paper gives an example how to select a machine tool on the basis of known technology. Standard 
operations in accordance with DIN standards are used. The action required for planning in the CAPP 
module is described. Such a manner of determining feasibility of the operation can be used for the first 
selection of the machine tool as will as for searching for a replacement machine tool. The working 
operation on the machine tool is of assistance: 

to the technologist at the stage when he selects the machine tool for execution of order and 
during controlling the production it helps search for the replacement machine tool. 

1. HOW TO SEARCH FüR A MACHINE TOOL IN CASE OF KNOWN 
TECHNOLOGICAL PROCESS 

During planning of technology the technological process is deterrnined, the work operations 
required by the shape and geometry of the product are determined. The operations are mainly 
defined by describing (tobe face milled, tobe milled up to depth etc.). Such type of describing 
however makes difficult the processing by known programme tools on computers. From the 
known standards it is possible to conclude that the area of describing the work operations has 
been studied very precisely, see Table 1. 
Such manner of designating the work operations maker describing of operations considerably 
easier. 
Thus the technologist must use the standard designations. Graphie devices on computer can be 
of great assistance to him. We can obtain the following data resulting from the CAPP module: 

designation (serial number) of order for a certain period ofplanning, 
unambiguous designation of order, 
code or description ofworkpiece (s) in order, 
number of workpieces, 
required NC-programmes for certain operations on certain units, 
description of standard operations according to DIN standard, 
anticipated start time, 
anticipated calcu!ated time for order, defined in advance, 
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2. DETERMINATION OF SPECTRUM OF FEASffiLE OPERATIONS ON 
MACHINE TOOL 

For some known machine tool it is possible to determine the standard operations which can be 
effected on a machine tool. The standard operations are meant to be operations defined in DIN 
standard [1]. The table 1 shows the visible shape of data file for describing feasible standard 
work operations on some machine tool. 

3. DETERMINATION OF REPLACEMENT MACHINE TOOL 
When an order has already been introduced into production, it is often necessary to search for 
an alternative machine tool for certain operation or group of operations. Topical examples are: 

of stoppage, defect occur on the planned machine tool, 
of for some other reasons there are free working capacities on similar machine tools and 
reduction on even removal ofkettle-neck are desired, 
offor any reasons the priority of orders (urgent order) has been changed, 
if proper working devices or tools, specifically connected with a certain machine tool, are 
not available. 

4. REALIZATION AND SOLUTIONS 
Automated searching for an alternative machine tool during preformeny of the production 
management is certainly the user's wish. We can come quickly to the conclusion that complete 
automation is not possible since it is almost impossible to describe workpiece by a suitable 
method [2], [3]. 

AB T 1 f LE 1. Example o surrey o ff, 'bl eas1 e work operatwns for machine tool 

Surrey possibilities of execution of standard operations on a multiple - operation drilling and 
milling machine (example) 
Ser. Code of Description of operation for easier understanding 
No. operation 

according to 
DIN 8589 

1 3.2.2.1. Group of operations of face sinking 
2. 3.2.2.2. Group of drilling operations 
3. . .... . ..... 
4. . .... • ••• 0. 

5. . .... . ..... 
6. 3.2.2.3. Group ofthread-cutting operations (is drilled holer) 
7. . .... . ..... 
8. 
9. • • 0 •• • 0 •••• 

10. 3.2.3.1. Plans milling 
11. 3.2.3.2. Milling of round shapes 
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When searching for solutions of the problern presented across several factors by which the final 
solution - of existing at all - is conditioned. During the stage of planning it is possible to work 
out several alternative working procedures, which we optimise with regard: 

most favourable version with regard to time or, 
economically most favourable version. 

Ifthe number ofthese versions ofworking processes increases, such manner ofplanning 

Camparision 
Werkpieces dimensions <Dimensions of machining volume 

ofmachine 

NO 

Camparision 
Operation from CAPP ~ DIN Operation ofmachine 

Alternative 
machine exists 
(Heller - Bea I) 

FIGURE. 1. Diagram of flow of programme module for determination of replacement machine tool 

usually becomes economically questionable. It can also happen that such manner cannot be 
applied because it is time-consurning. 
In parallel it is necessary to prepare the conditions for execution of certain order on several 
units of the flexible manufacturing system [4]. This applies particularly for orders of high 
priority. The programme equipment can be of great assistance to the technologist/operator for 
detennination and/or selection of the alternative machine tool. The worked out prograrnme 
package "ALTER" ensures that suitable machine tool can be found. The programme module o 
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functions so that it compares the operations required for execution of the order with the 
spectrum of operations which the machine tools can perform. Even if the solution is favourable 
finally the interfere of the expert is anticipated who gives the final solution. Figure 1 shows a 
diagram offlow ofthe programme module. 

5. FEASffiiLITY OF ORDERS WITH RESPECT TO TOOLS AND WORKING 
DEVICES 

Output data from such selection are: 
order selected, 
machine tool on which the selected order is fesiability, 
working devices which must be provided on the machine tool for selected order, 
tools which must be a available on the machine tool for selected order, 
start time of equipped the machine. 

6. CONCLUSION 

The presented manner of examining feasibility of the working operation on the machine tool is 
of assistance: 

to the technologist at the stage when he selects the machine tool for execution of order and 
during controlling the production it helps search for the replacement machine tool. 

It is still man who maker the final decision. In practice it is impossible to reach complete 
automation for well-known reasons. In actual production unforeseeable events occur. The 
frequency of repeating is not known for unforeseeable able events. Automation is usually 
controlled by software on computers. This software is programmed for a certain area and does 
not control all events. 
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ABSTRACT: At Laboratory ofDesign Tools and Methods in Industrial Engineering, University of 
Padova, the FIRE project "Functional Integrated Reverse Engineering" was started, which focuses in the 
realisation of a novel technological environment for performing the reverse engineering of functional 
prototypes or products. This environment consists ofhardware technologies, a multi-probes system 
integrated in a 5-axis machine, and of software technologies, a software module aimed at phases of pre
processing, correction and analysis ofthe acquired data. In the present work, an introduction to the project 
is given together with the description ofthe equipment and the software module characteristic already set 
up, with some example ofreconstruction offunctional surfaces. 

1 INTRODUCTION 

The application of designing methods assisted by computerized tools is a practice 

influencing every aspect of the modern engineering processes. From the introduction of CAD 

systems, powerful tools have been developed, capable to assist the designer in every phase of 

his/her job. Today solid modelling plays a fundamental role in every productive phase. 

Beginning with the virtual model developed in the CAD environment the numerous techniques 

now available support the preliminary design, the engineering and finally manufacturing phase 

of the product fabrication. 
Nevertheless in a Iot of industrial applications the use of these engineering techniques is not 

yet extensive or even possible: as examples, the processes of industrialization of style concepts 
and the construction of medical prosthesis in which it is necessary to build virtual models 
starting from the physical prototypes. This process of copy of a real object in an ideal and 
immaterial model takes the name of Reverse Engineering (RE). The problern is often faced 

focusing on the selection of the instrumentation both hardware and software, while neglecting 
the functional and technological aspects relevant to the object under analysis. The usability of 
virtual model in the following phases of fabrication is considerably limited or favoured by the 

methodology and, the choices adopted on operative parameters. In this work it will be 

introduced a methodological approach based on the preliminary analysis functional and 

technological aspects which effectively condition the result of the reconstruction. 

2 THE FIRE PROJECT 

In literature, many contributions are finalized to the improvement of specific aspects of the 

reverse engineering process (e.g. [2], [3], [4], [5], [6]) or to the improvement of process 

integration ( e.g. [7]). In general, it may be noted that there is not a unique best method for 
reverse engineering of real parts. The most suitable approach depends on the scope intended 
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for the model to be reconstructed and therefore such information should condition tool 
selection, operating methodology and model creation. 

In order to identify the correct methodology for model reconstruction, it may be useful to 
consider the typical aspects on which the direct 3D modeHing process of an industrial product 
is commonly based: part functionality, technological aspects, 3D model purpose(s). 

The quality and the significance of a 3D model strictly depend on the level of "knowledge" 
implemented ( e.g. the feature modeling sequence and the related parametrization, the 
manufacturing constraints taken into account and satisfied, etc.) and on how it fits the intended 
purpose(s) (e.g. computation of geometric parameters, carrying out engineering analyses and 
simulations, generation ofNC paths for the manufacturing and inspection processes, etc.). 

The reverse engineering process should be driven, since the initial stages, in order to 
generate "optimal" models for the intended purpose, at the sametime synthesizing the relevant 
functional and technological aspects and requirements. 

In the proposed reverse engineering process, the four classical phases, pre-processing, 
segmentation, fitting of the surfaces and creation of the model, are anticipated by a preliminary 
stage intended to plan the subsequent activities, applying a "Design for X'' (X = Assembly, 
Manufacturing, ... ) methodology. It is beyond the scope of the present paper to present, for 
instance, the Design for Assembly (DfA) or the Design for Serviceability (DfS) methodology. 
Referring to the wide Iiterature on the subject ( e.g. [8]), it is sufficient here to point out that 
Dtx defmes an analysis technique applied to models or objects in order to identify the 
characteristics that may result critical for the anticipated "X" application, and assess, according 
to a predefmed set of rules and criteria, the most viable solution. In the preliminary stage the 
different "points of view" of the object considered and the related requirements on the 
subsequent phases can be taken into account. In this phase the physical object is analyzed 
considering: 

• functionalities desired of the model; 
• functionalities ofthe object; 
• technological aspects; 

fundamental characteristics of the object and of the technologies employed in its realization. 
From them fundamental information can be extracted for the improvement of the following 
phases of the reverse engineering. 

In addition to the classical approach, a "model abstraction" phase is also integrated in order 
to explicitly extract the abstract level information from the reconstructed B-Rep model or even 
from the raw data cloud. As an example, if the object to be reconstructed is a cylinder, 
according to the functional requirements, the designer may be interested in the assessment of 
its nominal parameters (diameter, height), but also in the estimate ofthe associated errors either 
dimensional or geometrical ( e.g. axis deviation or effective virtual size ). Moreover, 
technological aspects could be investigated in the model, as e.g. the effective surface texture 
parameters. Depending on the desired information, data acquisition, model reconstruction and 
parameter extraction stages could be performed in a totally different manner. 

3 INTEGRATED REVERSE ENGINEERING SYSTEM SPECIFICATIONS 

At Laboratory of Design Tools and Methods in Iudustrial Engineering, University of 
Padova, the FIRE project "Functional Integrated Reverse Engineering" was started recently, 
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which focuses in the realisation of a novel technological environment for performing the 
reverse engineering of functional prototypes or products 

The proposed approach to the reverse engineering process, therefore, must be implemented 
into an integrated Computer Aided Reverse Engineering ( CARE) environment, strictly 
interacting with a multi-probe 3D scanning system, that drives either the acquisition or the 
reconstruction stage, in order to finalize the various activities according to the function
oriented approach. In fig. 1, the CARE environment is described. 

Model functionality I 
Object functionality _________. Process Planner 
Technological issues '-· _________ __, 

.____Physical Object 

-~~ 
3D scanner calibration 

data 

3D MULTI-PROBE 
SCANNER 

RECONSTRUCTION ENVIRONMENT I 

FIGURE 1. The CARE environment 

The process planner module is responsible for the preliminary phase already described. It 
can be envisaged as an expert system, based on the acquired process knowledge and 
continuously developing, aimed at assisting the operator in detailing, according to the driving 
criteria mentioned in the previous section, the critical aspects ofthe whole process: 

1. identification of the functional surfaces/features, 
2. selection and set-up ofthe acquisition technology (tactile, laser or vision), 
3. selection ofviable object orientation(s) and related datums, 
4. set-up of suitable scanning parameters (number of scan points and acquisition 

grid/path, clearance paths, etc.), 
5. surfaces/features/model reconstruction strategy. 

4 DEVELOPMENT OF THE FIRE PROJECT 

The FIRE project is under development, but preliminary results, already available, are the 
set-up of a prototype 4-axes 3D scanner based on a laser probe, depicted in fig. 2, and a 
software module, denominated Pascal ( Post-processing and Analysis of Scanning data from 
Laser equipped CMM ) aimed at correcting and analysing the acquired data. The scanner is 
built up by three main components: 

1. an orthogonal table (X and Y axes), 
2. a vertical column (Z axis) 
3. a rotary table whose axis can be oriented parallel to any ofthe three axes. 

If planar surfaces are to be investigated, the rotary table can be removed. The axis motion 
and position control is performed by four stepper motor (one for each axis) controlled by an 
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integrated module implemented m LabView that synchronizes axis motion and Iaser 
acquisition. 

Scanner characteristics 
Dimensions 

Weight (without base) 

Working volume (3 axes) 

Maximum mea urable cylinder 

Expected linear position accuracy 

Expected angu lar position accuracy 

Linear scan velocity 

Angular scan velocity 

950 x 770 x 1070 mm 

95 kg 

250 x 3 1 0 x 500 mm 

0700 mm x 500 mm 

±0.05 mm 

± 25" 

8-25 mrn/s 

0.24 rad/s 

Laser characteristics 
Producer Wolf&Beck 

Model OTM3A-50/h/PC 

Resolution 5 j.lrn 

Repeat accuracy 25 j.lm 

Measuring frequency I kHz 

La er Class 3B 

Dimension 058 x 180 mm 

FIGURE 2. The CMM Laserand its characteristics 

After the acquisition of the data-set, the phase of real reconstruction, where the choices and 
the acquired information converge in the reconstruction of the model, starts. 

The data acquired have to be corrected through a 3D model of geometrical error 
compensation with the purpose to eliminate the inevitable construction errors ofthe CMM. It is 
currently in phase of development the mathematical model and the necessary calibration 
procedures in order to complete this fundamental phase. 
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Data pre-processor: 
• 3D error compensation 
• Data smoothing/filtering; 
• Data subsei merging. 

l 
Segmentalion and 

surface jiUing: 
• Adaptive segmentation; 
• Edge detection; 
• Surface fitting. 

I 

Parametrie model reconstruction 

B-Rep model reconstruction • Se leelive fimctional feature extraction; 
• Parametrization I error estimation 

• Surface merging; 
• Continuity condition. 

• Selective technological feature extraction: 
• Parametrization I error estimation 

• Feature based model reconstrution. 

FIGURE 3. Specifications ofthe environment ofreconstruction 
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After the correction, data require a phase of filtration, where the errors of reading of the 
Iaser and the background noise due to the physical principle of acquisition are corrected or at 
least attenuated. For this purpose they have been implemented a set of filters specifically 
studied for the correction of different effects, classified in three categories according to the 
mathematical principle and they can be listed to the type ofused algorithm: 

• Convolution through Fast Fourier Transform , 
• Minimization on average local value, 
• Mixed Systems that use both principles. 

The available filters are also classifiable in operation of the specific abilities, as illustrated 
in the following tables. 

TABLE 1. Based filters on the Convolution 
PillBox Smoothing of the e<!g_es 

Raised again cosine Removal of the spikes 
Exponential Exaltation of the e~s 

SINC 
Indicated in the zones with to constant 

bending 

TABLE 2. Based filters on the Minimization 

Averages Rapid attenuation of the spikes 
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Gauss Edge Preserving Indicated for noisy scannings 

The software environment assists the user in previewing the result of the correction in order 
to facilitate the choice of the functional parameters. 

~ 
FJ.oMo6.>Jp.,..o..,.j~oolc._R_i""'•E~isne jG .... EdgoA......,j 

··-~··-··-~ i ···-~·----~ i .-.. .-.... .,...",.... ... _(2i)" : N'd_"","..,.. ___ _... (i5' : 
N'd .............. ..."._...... rso- : N'd.........,___ po- : 
N'd-""3""b ___ ~ : N'd.- ... 3 ... 16___ po- : 
N'"-""'""lo"""'-- (2iJ" ; N'd,_"..,..,lo___ po- ; 
Pewdol'- ............. .-..po-- : p..., ........... "" .............. .,...,. (jO"" : 

~ 

30.0 Y---20.0 w-- ----
10.0 

5.0 10.0 15.0 20.0 25.0 
• I I .!.1 
~ z.-~ I Lnoan........., _.,.. I Eoci I 

FIGURE 4. Pascal filter editor 

The phase of merging of several not aligned scannings or different faces of the same object 
needs a more elaborate procedure, not free from the risk of systematic errors and uncertainty. 
They are currently under development methodologies to analyze and resolve this delicate 
phase. 

After the pre-processing phase, is necessary to divide the data-set in homogeneous portions 
to analyze the single functional surfaces measured. This phase is based on the detection of the 
edges. In this case the grid structure of the scanning, used as a bi-dimensional image where the 
colour of the pixel/point is proportional to the height measured by the Iaser, allows to develop 
the procedure of edge detection using image processing methodologies. The system of 
elaboration gives the maps of the edges for the segmentation phase and the management of the 
single surfaces which are structured in a hierarchical tree. 
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~ Ii) r.i~ Ell l'J ~ 

FIGURE 5. Results of edges ofthe functional surfaces 

Thus it is possible to begin the phase of approximation of the surfaces, determining the 
geometric and "metrologic" characteristics of each surface. By the knowledge of these 
parameters the construction of the model takes place. At the present state of development, the 
reconstruction of surfaces is supplied by commercial software (as PTC Pro/ScanTools, 
Imageware Surfacer, Zeiss Holos and Dimension, Geste! SolidThinking). 

At the end of the phase of segmentation and fitting of the surfaces it is possible to complete 
the process with the reconstruction of the model and the extraction of geometric parameters or 
the reconstruction of parametric features or the exporting of a B-Rep representation. The figure 
6 illustrates two examples of reconstruction: the first one is a 8-Rep reconstruction of an 
orthesis, where an excessive sampling would make inefficient the operations of reconstruction; 
on the contrary the second example depict the extraction of geometric parameters of functional 
surfaces of a mechanical component, where the abundance of information would allow a more 
accurate evaluation of dimensions and form errors. 

Plane Equallon 
0 0281X·Y-0.0114Z<O 0368~0 

FIGURE 6. Examples of reconstruction 8-Rep and extraction of geometric parameters 
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The choice of the optimal operative parameters in the two cases results to be fundamental in 
efficiently carrying on the reconstruction of the virtual model. 

CONCLUSIONS 

In this work it has been illustrated the actual development of the FIRE project, finalized to 
the improvement of the planning and execution of the reverse engineering process, focused to a 
more efficient utilization of the resources and an improvement of reconstructed models. For 
the time being, a prototype of CMM Laser and an software environment for pre-processing and 
analysis of data are under development. Furthermore the implementation of a contact 
measuring probe and of the analysis software within into OpenCASCADE CAD environment 
are under investigation. 
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ABSTRACT. Today's market is characterized by a high diversification and complexity of demanded 
products. With the flexibility of incremental forming processes these requirements can be achieved weiL 
This paper focusses on the !arge varieties of geometry, prevention of material waste and possibilities to 
integrale parts by the application of processes based on kinematic shaping. Innovative investigations 
point out that incremental forming techniques offer great potentials to realize cost-efficient process 
chains. 

1 INTRODUCTION 

Companies within the field of production engineering are faced by an increasing demand of indi
vidual high quality products. As a result, the variants of parts that have to be manufactured have 
raised continuously in the last years. Saturated markets, the rising exhaustion of market niches and 
country-specific modifications as a consequence of increased globalisation are the basic reasons 
for decreasing Iot sizes in plants. At the same time periods of product industrialization have to be 
reduced significantly [6,7]. These trends Iead to increasing costs, caused by complexity of prod
ucts and disposition. In this 
context studies by McKinsey 100%~ 

indicate, that 15-20% oftotal Costs 
Iosses of car manufacturers depending on: 

are based on complex prod
uct rnixes (Figure I) [9]. 
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in Time can be employed. In addition the selection of optimal manufacturing processes for defined 
product grades has tobe performed [13]. 

2 REQUIREMENTS FOR FORMING PROCESSES 

By the use of forming technologies short cycle-times, a high utilization of materials and low vol
umes of waste are feasible. Based on strain hardening of the manufactured parts lightweight design 
and savings ofraw materials can be realized [2]. 

New targets arise by the increasing demand of complex products, which often require the em
ployment of integral design principles. The resulting reduction of components to be processed 
affect cost-savings in multiple departments of companies, caused by the rninirnization of technical 
and logistical interfaces. Moreover, the number of component suppliers can be reduced, leading to 
a higher profitability ofplants (Figure 2) [9]. 

According to integral construction new ap
proaches in forming techniques are realized 
by Hydro Forming and Closed Die Forging. 
By the use of these processes multifunctional 
parts can be manufactured without additional 
assembling work. Due to high capital in
vestments for tools and machines, their range 
of application is often lirnited to mass
production. For small and medium series of 
parts, combinations of metal-cutting, joining 
and casting are often employed [2] . 
Further attempts to increase the economic 
efficiency of process chains are based on the 
reduction of necessary metal finishing proc
esses. In this connection cold extrusion can 
be applied to manufacture net shape compo
nents with high surface qualities. Since the 
range of geometries is lirnited, complex parts 
have to be fabricated by hot shaping. This 
induces additional production steps to finish 
tolerated areas [2]. 

With regard to the diversification of market 
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FIGURE 2. Numbers of component suppliers in 
prosperous and less prosperous companies [9] 

needs the mentioned examples point out general disadvantages of conventional forming processes. 
Since the work pieces are mapped three-dimensionally according to the contour of the dies em
ployed, the requirements according to short process chains and flexible production methods can 
only be partially fulfilled. This implies high costs for production facilities and long periods of 
industrialization. For axially symmetric components in particular, incremental forming processes 
can be a cost-efficient alternative. 
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3 COST-EFFICIENCY BY EMPLOYING INCREMENTAL FORMING 
PROCESSES 

3.1 DEFINITION AND INDUSTRIAL APPLICATION OF INCREMENTAL FORMING 

PROCESSES 

In contrast to eonventional forming teehniques, irreremental forming proeesses use tools with 
rather simple geometries. Therefore the shaping ofthe end produet is primarily determined by the 
kinematies ofthe tools. 

Irreremental forming proeesses are defined by the following eharaeteristies: 

• There aremultiple steps to produee the targeted produet 

• lt exists a sequential sirnilarity of the steps 

• There are intermittent boundary eonditions 

• Loading and unloading periodieally take plaee at the same loeation of the work pieee 

• The tools are identieal for more than one produetion step 

• The deformation of the work pieee oeeurs loeally [ 1] 

Figure 3 shows examples of already industrialized irreremental forming proeesses. 

Flow Forming Open Die Forging Spinning 

! 
D 
D Pie.: MSR, Germany 

Pie.: Leico, Germany 

Pie.: Buderus, Germany 

Ring Rolling Rotary Swaging Cross Rolling 

Pie.: IBF, Germany Pie.: IWU, Germany 

Pie.: HMP, Germany 

FIGURE 3. Industrialized incremental forming processes 
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In the following sections new process developments will point out, that replacing traditional 
process chains by incremental forming techniques offers significant improvements in terms of 
quality, time and costs (comp. [10]). 

3.2 NEW APPROACHES IN KINEMATIC SHAPING 

FLOW-SPLITTING OF DISK BLANKS 

To manufacture V-pulleys, dynarnic shapers and automobile wheels blanks having cup shape on 
both sides are required. Depending on order quantities these parts are fabricated by casting, sin
tering, forging or altematively by welding several components. 

A forrning alternative for the described shapes is the so-called splitting-process. This is performed 
by feeding a tapered roll radially into a rotating disk blank. When manufacturing components by 
the conventional splitting process, several problems can be observed. On the one hand the splitting 
roll induces tensile stresses at the bottom of the split, which frequently Iead to the formation of 
cracks. On the other hand, positioning the splittingroll and the disk blank relative to each other is 
problematic so that splitting of the workpiece will not mandatorily take place parallel to the disk 
blank. The consequences aredifferent material thicknesses in the flange areas [3]. 

To elirninate the disadvantages of conventional splitting an innovative incremental forrning proc
ess called Flow-Splitting has been developed. Therefore the disk blank is fixed into a modified 
spinning-lathe. 

While rotating, two diametrically opposed tolling systems are moved radially onto the disk blank's 
edge and separate it into two flange areas. In contrast to conventional splitting each tooling system 
consists ofthree rolls, one obtuse-angled splittingroll and two supporting rolls (Figure 4). 

While the splittingroll causes the material to flow into two flange areas, the support rolls induce 
compressive stresses in the deformation zone and thus increase the formability of the blank. Ex-

V 

(1) 

Common Feeder for 
Roll Configuration 

Mandrei 

V 

FIGURE 4. Conventional Splitting (left) and Flow-Splitting 

Splitting Roll 
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periments were realized by a rotational speed of 1,5 rev/sec ofthe disk blank. The maximumradial 
velocity ofthe tool systemwas set to I rnrnls [4]. 
The Flow-Splitting process shows basic advantages of incremental forming techniques. Based on 
local deformation zones reduced tool forces can be obtained. Due to the high amount of hydro
static pressure, an extended formability of materials is attainable. Therefore the cold forming of 
even high-strength materials can be realized with in addition low tool costs. In most cases, end 
products are featured by high strain hardening in the formed areas and net-shape surfaces. This 
implies savings of raw materials and offers potentials for lightweight design. Figure 5 shows nu
merical calculated equivalent plastic strains and the distribution of micro-hardness of work pieces 
processed by Flow-Splitting. 

d0= 350 mm 
t"=6mm 

- > 75% 

- 60%·75% 
-- 45!..-60% 

300/o -4S.~o 

-- t!i% .. 300/o 
L-:J 00/•- I S!.'o 

Micro Hardness Eq. plast. strain 

FIGURE 5. Manufactured parts (left) and comparison ofmicro hardness and calculated equivalent plastic 
strains (d: Diameter, to: Blank thickness, tr: Thickness offlanges) [1] 

Interna! Gear Rolling 

In planetary gears internal geared wheels are necessary to transmit turning moments. Conventional 
production methods mostly include a two-piece design of these wheels. Therefore a gear rim has 
to be manufactured by broaching and subsequent welded with a base plate [8]. Due to require
ments according to shape tolerances and concentricity of end product, a !arge number of meta! 
cutting processes have to be performed. This Ieads to a high complexity of technical and logistical 
efforts. Further on capital intensive investments concerning broaching tools and welding machines 
are necessary. 

An innovative approach to reduce the described process chain is Internal-Gear-Rolling. lt belongs 
to the group of Flow-turning methods and usually requires cup-like preforms, e.g. manufactured 
by forging and turning. An externally geared wheel fitted into the cup is used as a form-giving 
mandril. W ork piece and mandril are set in rotation and rolls, which are arranged around the work 
piece, are translatorically moved along the cup. By the reduction of the cups outside diameter a 
material flow into the mandrils teeth is enforced. After the process has finished, an internally 
geared wheel with a net-shape gearing is formed (Figure 6) [2]. 

Due to the described process, the manufacturing of integral constructed, internal geared wheels by 
employing only one setting is feasible. To reduce costs, the forming rolls are designed as a tapered 
roller bearing, disassembling the inner raceway. As a result, kinematics of the rolls are easy to 
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handle, which Ieads to decreased costs for machines and control techniques. To finish the formed 
wheel, only the outside surface has to be machined by metal cutting. 

Interna! gear rolling points out further advantages of incremental forming processes. Due to high 
plastic strains, integral construction of near-net-shape parts and thus the reduction of process 
chains are reachable. 

Rod materia I 

Tuba rolling 
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Ring rotfing 
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Tumingl Grinding 
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FIGURE 6. Conventional process chain to manufacture intemal geared wheels (left) in comparison to 
intemal gear rolling, manufactured parts (right, bottom) 

Axial-Radial-F orming 

To transmit torque in gear units and power trains, hollow shafts are often used. In industrial appli
cations, the manufacturing of these shafts is realized by hot shaping ( e.g. cross rolling) or by the 
joining of cold extruded component parts, which have to be finished by machining. In this con
nection, deep hole drilling processes particularly lead to a high amount of refuse and effect high 
production costs [5,11 ,12]. 

To reduce losses of material, Axial-Radial-Forming has been investigated. This process is a com
bination of Rotary Swaging and lateral extrusion. Rotary swaging as a non-cutting process is used 
for the reduction of outside diameters in the case of solid rods or tubes. Therefore, four die seg
ments arranged opposite to each other apply radial forces directly to the workpiece. In order to 
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avoid material penetration into the gap between the die segments, a relative rotation between 
work-piece and die segments has to take place. For Axial-Radial-Forming it is necessary to su
perimpose the Rotary Swaging process with a lateral extrusion. Thereby the flow behaviour in the 
deformation zone is improved by partial inductive heating. The contour of shaft collars to be 
formed are determined by the geometry of channels in the die segments. Production times for a 
shaft collar as shown in figure 7 are about 3-4 seconds [5]. 

tool stroke 

tool 

rotary swaging unit for realisation of radial feed motion 

workpiece 

workpiece holding 
fixture 

FIGURE 7. Schematic tool set-up for the Axial-Radial-Forming process (top), hollow shaft (middle) 
and manufactured shaft collar 

Due to the significant reduction of meta! finishing operations, process chains including Radial
Axial-Forming and Rotary Swaging offer possibilities to manufacture near-net-shape hollow shafts 
with minimized material costs. 

4 DISCUSSION AND FUTURE OUTLOOK 

New approaches in incremental forming techniques have shown, that these processes offer great 
potentials in respect to cost efficiency and product quality. Due to still unsatisf)'ing methods of the 
numerical prediction of process parameters, the integration in industrial applications is inhibited. 
In many cases, the complex three-dimensional material flow has to be investigated by simplified 
numerical modeling or expensive experiments. To improve the precision of numerical calculated 
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results and to reduce the still immense computing times, improvements in the fields of solvers and 
remeshing algorithms have tobe made [1]. 

Further on, incremental forming processes require higher cycle times than processes like forging 
or deep drawing. Indeed, always complete process chains have to be analyzed. Direct and indirect 
cost savings due to reduced number of parts, low tool costs and savings of materials should be 
important reasons to consider incremental forming techniques during production planning of new 
components. 
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ABSTRACT: A neural network using a learning procedure based on error backpropagation algorithm was 
employed to identify groups of hot-rolled low carbon steels with homogeneous mechanical 
characteristics. The mechanical properties of hot-rolled steel bars depend on two categories of variables: 
technological and structural. Very often, these interact with each other, and the resulting synergic effects 
are not always easy to evaluate. Moreover, as it is impossible to plan test sequences in which a single 
parameter at a time is made to vary within a sufficiently wide range, there is no way of designing a 
theoretical experimental model based on partial multiple regression. 
As a matter offact, as the technical standards for concrete bars currently in force only provide for compli
ance with the threshold values of certain parameters (yield tensile stress, ultirnate tensile stress, ultirnate 
elongation) and with other technological and geometrical specifications, operators in the building con
structions industry are not always required to assess the exact mechanical characteristics of the reinforc
ing rods they produce. Nonetheless, it remains that the use of methods based only on the process man
ager's practical experience rnay result in serious technical drawbacks in terms of insufficiently constant 
quality standards, as weil as financial difficulties associated with an inefficient use of available resources. 

1. INTRODUCTION 

This research project was carried out by the Department of Materials and Production 
Engineering of the University of Naples, "Federico II" and the Department of Mechanical 
Engineering of the University of Salemo, in collaboration with, and at the instigation of, a 
Rumanian steel plant which supplies a variety of products to Italian firms and is consequently 
interested in elaborating a method to predict the mechanical characteristics of concrete rebar 
processed from hot-rolled low carbon steels. Faced with growing demand for first-rate high
bond rebar with enhanced mechanical and technological characteristics, European operators 
must adopt innovative technological processes or upgrade conventional ones in order to secure 
higher quality standards in terms of rod diameters and constancy of the rebar characteristics 
overtime. 
As non-experts hold concrete rebar production to be a fairly uncomplicated technological 
process, numerous small-scale mills equipped with a low-capacity electric-arc furnace process 
steel directly from randomly selected scrap iron supplies, while others produce concrete rebar 
directly from billets purchased in their local markets or imported from newly industrialised 
countries at comparatively advantageous prices, with little guarantee conceming the quality 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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Ievels of the steel they use. Others still employ various cast-offs sold at prices comparable to 
those charged for scrap iron, [1]. 
The mechanical specifications that conventional concrete rebar is required to meet in the 
country of our project partner only include minimum yield tensile stress, ultimate tensile stress, 
ultimate elongation and bendability. Additional geometrical standards covering the ribs 
processed in the last rolling stand are only applicable to high-bond concrete rebar. The most 
important of these mechanical characteristics is yield tensile stress, which can be scaled by 
suitable process parameter adjustments and whose value must be high without reducing 
ultimate tensile stress or resulting in flex cracks during bend stress tests. 

Conventional methods used to guarantee the requisite strength characteristics include, in 
decreasing order of frequency: 

• cold forming, a process which is carried out after hot rolling, 
• adding of microalloying elements, 
• heat treatment following completion of the hot rolling process, 
• use of the raw material as processed in the rolling mill following still air cooling. 

The final characteristics of the rods produced with the last method depend on a large number of 
technological variables. Indeed, it is assumed that yield tensile stress, ultimate tensile stress and 
ultimate elongation are mainly influenced by several factors including the original size of the 
ingots, rolling process temperature, final rod diameter and the number of passes in the stands, 
percent reduction, the shapes into which the ingots are made in the rolling stand sequence, as 
well as the chemical composition of the material used. 
Generally speaking, if the variables affecting a measurable parameter are unrelated, i.e. inde
pendent of each other, the desired results can be achieved by combining an experimental facto
rial scheme with conventional multiple or partial regression analysis, [2,3]. In our case, this ap
proach is not applicable because of strong interactions between the variables concemed. Con
sequently, to adjust individual parameters, it will be convenient to test out different technologi
cal processes instead oftaking over data sets used in the industry based on operator experience. 
Y ears ago, numerous attempts were made to predict the mechanical characteristics of rolled 
rods based on empirical correlations between the chemical composition of the steel used and 
the technological parameters of the rolling process. As these attempts were not always 
grounded on satisfactory theoretical assumptions, the resulting correlation formulas are seldom 
used within the industry because they are only applicable in a few, very special situations. 
Although we were aware that working with fairly homogeneous product categories would be 
the best solution, we decided to do without conventional cluster analysis because at times this 
requires complex and extremely time-consuming combinatorial calculations whose results are 
not always reliable, [4]. In place of this, we turned to neural networks, which autonomously 
identify interactions between process variables. In point of fact, neural networks can perform 
adaptive recognition and classification tasks because they arenot subject to strict rules and can 
flexibly respond to outer stimuli. One additional advantage of these networks is fast leaming, 
though the quality Ievels of the results obtained are largely dependent on the system 
architecture and the leaming algorithm used to establish intemal correlations between data sets. 
The purpose of this research project is to establish if, and to what extent, neural networks can 
help predict the mechanical characteristics of hot-rolled rods processed from low carbon steel 
for use in reinforcing concrete constructions, [5]. 
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2. BASIC NOTIONS CONCERNING NEURAL NETWORKS 

A neural network can be described as a very complex and highly parallel processing system 
composed of numerous simple computing modules known as nodes or neurons, which 
autonomously identifY existing correlations between sets of data. 
Typically, its nonlinear analogue computing modules are interconnected by means of weights 
or synapses which can be gradually adjusted in order to enhance overall network capability. As 
there are no fixed rules applicable in all circumstances, the system's architecture is devised by 
reference to available process data and information based on previous experience. Each neuron 
simply determines the weighted sum of the input data and changes it into an output signal 
which is a nonlinear function of such sum: 

• 
• 
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• 
• 
• w 
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• 
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Synaptic 
weights 

Outgoing ., 
activation 

FIGURE 1. Diagram of abstract neuron model 

(1) 

The simplest and most widely adopted neural network is the perceptron, in which weights are 
either updated by means of a linear algorithm based on the values obtained when individual 
neurons are activated, or an iterative version devised by Widrow-Hoff in such a way as to 
guarantee stability ofresults. Bothofthese procedures work based on the following rule: 

- {tp T p) p (2) 
W p+l - W k + 1] \ - W P • X · X 

In the above equation, w is the column vector of the weights or synapses, x is the column vector 
of the characteristics, or pattems, t is the vector of the expected correct values drawn from a set 
of examples used in the training process, and 1] is the leaming rate. The weight vector is de
vised based on values that are initially chosen at random in the interval [0, 1] and subsequently 
updated through the use of (2), which may also be re-written in its more compact form: 

11w=7]Ö·x (3) 

This is known as the Delta Rule, in which vector ö is the difference between the expected 
result and the actual value as generated by the network. 
The weak point of this model is that its simple and direct algorithm is not suitable for classes 
that are not linearly separable within the parameters space, for in this case the system will not 
converge towards a solution. Unfortunately, as most industrial applications subsume a !arge 
number of classes seldom separable in a linear fashion, it takes a multi-layered network in 
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association with a nonlinear transfer function of the weighted sum of the inputs to generate the 
nonlinear decision boundary. And as higher-level correlations are extracted by the intermediate 
layers, this means that arbitrary decision surfaces may be generated. 
The proposed multi-layer network has three unidirectionallayers: the one with m input units is 
only a buffer and performs no computing work; the hidden layer withj units is connected both 
to the input layer and to the k unit output layer. Each of these layers is completed by a dummy 
neurone (whose input is always +1) simulating the threshold value, which in turn is determined 
in an adaptive way. 
Using a superscript included in a square bracket to indicate which network layer is being 
considered (i = input layer, h = hidden layer, o = outpul layer), the input value for the jth unit 
of the hidden layer is determined based on the relation: 

in[h] = ""w[h] · x (4) 
J .4-J ;m m 

m 

while the output value for the same neuron is calculated as follows: 

out)hl = !Vn)hl) (5) 

where JU, namely the activation function, is usually a sigmoid, but can be replaced by any 
other differentiable function. 
The input value for the kth neuron in the output layer is: 

inlo] = L wl;1·out)h] = L w~l. JVn)hl) (6) 

and, lastly, the output value ofthis same neuron is: 

outlo] = f(inlo]) = 1( ~ w~l · f(in)hl)) (7) 

As the computed output value will normally differ from both the actual and desired values, a 
square error can be defined for each example and a mean value for the system as a whole: 

EP =.!_ I,(tpk -upk f and E =-1 I,I,(tpk -uPS (8) 
2 k 2P P k 

It is worth noting that the ~ factor in (8) only serves purposes of mathematical convenience. 
The decisive tuming point that led to the use of neural networks for a large number of 
optimization and classification problems occurred years after the perceptron had been 
formalised in mathematical terms, i.e. following the introduction of the error backpropagation 
algorithm which uses a recursive procedure to estimate the weights based on the number of 
errors in each layer. At this point, the weights can be updated using the steepest descent 
gradient method to minimise global error. The relevant calculations can be made using the 
chain derivation rule to express the partial derivatives in terms of two factors, one referred to 
the output value error variation rate and one referred to the variation rate of the output values of 
the kth neurone with respect to the input values of the same neuron. Formally speaking, the 
weight update algorithm reflects the Delta Rule, where the components of vector ö are 
deterrnined in different ways for the hidden layers and for the output layer: 

output layer o pk = V pk -out pk) out pk (1- out pk) (9) 

hidden layer opj = outp)l-out)L,opkwkj (10) 
k 
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3. TESTSAND ANALYSIS OF RESULTS 

The high-bond concrete rebar types used for our research project are roughly equivalent to 
those marketed in ltaly under the product codes FeB38K and FeB44K, have different strength 
characteristics and were produced in a variety of diameters rauging between 6 and 30 mm. The 
steel employed had been mainly processed from scrap iron purchased from maritime wrecking 
corporations and was mixed with rejects ofthe rolling process itselfbefore being made to melt 
in an arc fumace. The chemical composition of the product is monitored during the refining 
process and adjusted by adding ferro-alloys on operator experience andlor empirical formulas 
of dubious validity. The chemical composition of the material is checked again at the last 
process step, just before tapping. Subsequently, a continuous casting process is used to make 
130xl30 mm square section billets which are then cut to a length of 10 m each and stored. 
Immediate transfer to the rolling plant is not possible because in spite of allowed deviations 
from standard characteristics the composition of the tapped material may nevertheless not be 
compatible with the diameter ofthe rods tobe rolled. 
Before the hot-rolling process is started, the billets are pre-heated in a gas fumace at a 
temperature of 1150°C. The temperature varies throughout the process due to heat increases (at 
the plastic forming step) and decreases ( during transfers from one rolling stand to the next) 
whose values depend both on the area/volume ratio of the semifinished product at the step 
concemed and on the cooling system adopted from time to time. The rolling sequence includes 
a number of steps between 18 ( for minimum diameter rods) and 8 ( for maximum diameter rods) 
and · is performed using close-groove rolls whose sizes and cross sections can be varied 
according to the final diametertobe obtained, [6,7]. The blooming mill input flow rate varies 
between 0.12 and 0.23 m s-1 for all formats, which means that output flow rates and total 
processing times will also vary accordingly. By way of example, the rolling sequence of a 12 
mm diameter rod is illustrated in tab. I. 

TABLE I. Rolling sequence of 12 mm diameterrod 
Step Roll position Roll diameter Coss section Cross section Rodspeed 

shape reduction ~a:~l mm % 
I H 550 s 29.0 0.15 

2 V 550 s 25.5 0.20 

3 H 550 s 28.2 0.29 

4 V 550 s 26.0 0.39 

5 H 550 0 33.8 0.58 

6 V 550 R 24.1 0.77 

7 H 425 0 33.9 1.16 

8 V 425 R 25.1 1.55 

9 H 425 0 33.3 2.33 

10 V 425 R 23.7 3.05 

11 H 425 0 30.6 4.40 

12 V 425 R 19.3 5.44 

13 H 335 0 19.1 6.73 

14 V 335 R 13.3 7.76 

15 H 335 0 18.7 9.55 

16 V 335 R 7.9 10.36 

17 H 280 0 19.3 12.85 

18 V 280 R 19.7 16.00 

Legend: H = horizontal, V = vertical, S = rectangular, 0 = oval, R = round 
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It is worth noting that at steps 13-14 ofthe processing cycle for up to 14 mm diameter rods the 

semi-finished product is brought to an 8-shaped cross section and is then split into two parallel 

rods; for technical reasons (length of the bar to be rolled) and in order to prevent excessive 

cooling, these receive passes through separate grooves until the final rod section is obtained. 

Thanks to this arrangement, all the rods leave the last rolling stand at a temperature exceeding 

850°C, which is high enough to secure that the material remains in the austenitic state but not 

high enough to cause recrystallization. For this reason, the size of the austenitic grain, which 

determines the fineness of the final ferrite-pearlite structure, is greatly affected by the length of 

the forming process and especially by the last passes in the rolling stands. 
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FIGURE 2.Yield and ultimate tensile stress values FIGURE 3. Outflow rates of different diameter rods 
as a function ofrod diameter, for a fixed on leaving the last rolling stand 

material 

At the initial stage of the project, different diameter rods were rolled using steel from a stngle 

production batch, since we had resolved to ascertain the effect of the rolling cycle on the 
strength characteristics of concrete rebar irrespective of the chemical composition of the steel 

used. The findings in fig. 2 suggest that based on their diameter, the rod products can be 

grouped into three categories with homogeneaus yield tensile stress properties, whereas 

ultimate tensile stress is also dependent on factors such as inclusions or surface protrusions, 

etc., which might cause misinterpretations. The findings in fig. 2 show that 6 to 10 mm 

diameter rods on the one band and 12 to 16 mm diameter rods on the other have fairly similar 

mechanical characteristics, while the rods with diameters exceeding 18 mm that form the third 

group have varying strength characteristics probably due to the different cooling rates of the 

core and extemallayers. Our test results can also be discussed in association with fig. 3, which 

reports the speeds at which the rods leave the last rolling stand in consideration ofthe synergic 

effects ofthe cooling and forming rates on such mechanical characteristics. 
During this experimental application of a neural network in the identification of different 

categories of concrete rebar we resolved to restriet our analysis to maximum 16 mm diameter 

rods in order to avoid interferences from an additional variable, namely different cooling rates. 

Consequently we analysed 450 production batches of the two types mentioned above, which 

were rolled to different diameters of up to 16 mm by reference to criteria mainly based on 

operator experience. From each of the batches rolled from one and the same billet we picked 

three bars and subjected them to chemical analysis and tests intended to determine 

characteristic unit Ioads. Subsequently we analysed our experimental results and extracted a set 

of 120 data items evenly distributed among the six project diameters and two product groups 

with very similar mechanical characteristics in order to find correlations between chemical 

composition and maximum rolled rod diameter. Our data items were divided into two sets, to 
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be respectively used in the leaming phaseandin the process for assessing the network's overall 
generalisation capability, [8]. The results oftbis operation are reported in tabb. II and III. 

TABLE 2. Experimental data sets used for connection leaming 
Sampie Typology Carbon% Manganese% Chromium% Nickel% Yeld tensile Ultimate tensile 

stress. (MPa) stress (MPa) 

l 6_38 0.30 0.77 0.12 0.14 422.21 597.43 
2 6_38 0.30 0.86 0.11 0.16 427.72 606.26 
3 6_38 0.31 0.81 0.10 0.10 435.56 633.73 
4 6_38 0.32 0.77 0.14 0.15 428.70 619.99 
5 6_38 0.28 0.78 0.10 0.10 427.72 595.47 
6 8_38 0.31 0.81 0.16 0.17 423.79 623.92 
7 8_38 0.31 0.78 0.10 0.12 422.21 597.43 
8 8_38 0.33 0.74 0.12 0.12 419.87 614.11 
9 8_38 0.30 0.80 0.23 0.16 416.32 569.96 

10 8_38 0.33 0.80 0.13 0.15 430.66 597.43 
II 10 38 0.31 0.84 0.10 0.12 423.19 600.37 
12 IÜS 0.35 0.65 0.10 0.10 428.10 611.16 
13 10_38 0.32 0.81 0.10 0.12 417.31 610.18 
14 10_38 0.33 0.81 0.10 0.10 416.32 596.45 
15 10_38 0.31 0.80 0.18 0.16 418.10 615.09 

16 12_38 0.33 0.90 0.14 0.14 421.04 613.13 
17 12_38 0.32 0.89 0.16 0.19 432.62 629.80 
18 12_38 0.35 0.87 0.14 0.12 421.83 619.01 
19 12_38 0.35 0.86 0.15 0.14 433.60 649.42 
20 12_38 0.35 0.92 0.11 0.13 418.89 623.92 
21 14_38 0.33 0.93 0.14 0.15 420.06 621.95 
22 14_38 0.35 0.85 0.13 0.18 429.68 625.88 
23 14_38 0.34 0.90 0.14 0.13 430.66 659.23 
24 14_38 0.36 0.82 0.14 0.14 430.66 643.54 
25 14_38 0.36 0.83 0.11 0.13 427.72 643.54 
26 16_38 0.33 0.91 0.21 0.14 428.70 651.38 
27 16_38 0.33 0.98 0.11 0.14 433.60 648.44 
28 16_38 0.37 0.75 0.11 0.13 422.81 627.84 
29 16_38 0.34 0.95 0.17 0.15 417.91 648.44 
30 16_38 0.36 0.84 0.13 0.16 436.55 646.48 

31 6_44 0.37 1.00 0.20 0.14 483.82 724.96 
32 6_44 0.37 0.98 0.19 0.18 481.67 722.02 
33 6_44 0.36 1.00 0.23 0.17 490.50 731.83 
34 6_44 0.36 0.93 0.29 0.25 486.58 714.17 
35 6 44 0.42 0.83 0.12 0.14 474.80 718.85 
36 (44 0.38 1.00 0.14 0.14 484.80 723.00 
37 8 44 0.40 0.96 0.16 0.13 488.35 744.58 
38 Ü4 0.41 0.88 0.14 0.13 477.75 710.24 
39 844 0.42 0.87 0.13 0.13 480.88 738.69 
40 8=44 0.40 0.93 0.18 0.22 468.92 709.26 
41 10_44 0.41 0.89 0.10 0.13 487.75 746.54 
42 10_44 0.39 0.98 0.12 0.13 477.75 741.64 
43 1044 0.42 0.90 0.11 0.16 472.84 715.34 
44 10=44 0.43 0.81 0.10 0.10 482.05 716.13 
45 10_44 0.42 0.88 0.12 0.13 489.33 725.18 

46 12_44 0.40 1.00 0.16 0.15 480.69 721.04 
47 12 44 0.41 1.07 0.15 0.14 497.37 774.61 
48 12-44 0.42 1.00 0.15 0.13 490.31 751.45 
49 12=44 0.45 0.87 0.12 0.12 475.98 735.75 
50 12_44 0.44 1.04 0.10 0.10 479.90 751.45 
51 14_44 0.44 0.93 0.13 0.14 478.92 723.00 
52 14_44 0.44 0.89 0.16 0.13 478.73 748.50 
53 14_44 0.43 0.97 0.17 0.15 485.60 760.28 
54 14_44 0.41 0.96 0.18 0.18 473.03 712.21 
55 14_44 0.43 0.92 0.18 0.19 480.69 720.62 
56 16_44 0.45 0.98 0.12 0.13 493.44 762.24 
57 16_44 0.43 1.02 0.14 0.13 493.44 764.20 
58 16_44 0.44 0.94 0.15 0.14 478.92 735.75 
59 16 44 0.45 0.89 0.15 0.12 499.33 772.05 
60 16-44 0.44 0.98 0.15 0.13 476.96 723.98 

To avoid scaling problems, we resolved to nonnalise our input data in such a way as to have 
values between 0 and 1, i.e. compatible with those obtained by means ofthe activation transfer 
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function: 

- 1 x-x 0 5 
xnorm ----+ . 

2 30" 
(11) 

This data normalisation procedure was chosen because we assumed that in this way the network 
could also be used to process experiential data sets included in the statistical population 
adopted for the leaming phase. 

TABLE3 E ld dfi k xpenmenta ata sets use ornetwor contro 
Sampie fypology Carbon% Manganese% Chromium% Nickel% Yeld tensile Ultimate tensile 

stress. (MPa) stress (MPa) 

I 6_38 0.29 0.88 0.12 0.13 419.87 600.37 
2 6_38 0.30 0.80 0.19 0.18 425.75 593.51 
3 6_38 0.31 0.73 0.12 0.14 417.12 569.96 
4 6_38 0.30 0.91 0.12 0.16 425.75 596.45 
5 6 38 0.31 0.87 0.11 0.14 421.83 591.54 
6 üs 0.31 0.88 0.12 0.13 424.77 622.94 
7 8_38 0.32 0.78 0.12 0.12 429.68 650.40 
8 8 38 0.31 0.75 0.15 0.17 418.29 573.89 
9 üs 0.32 0.82 0.14 0.13 420.25 587.62 

10 8_38 0.34 0.70 0.13 0.13 422.81 627.84 
11 10_38 0.31 0.76 0.11 0.11 415.15 561.13 
12 10 38 0.32 0.73 0.11 0.15 424.96 565.06 
13 10)8 0.32 0.82 0.12 0.12 424.96 602.33 
14 10 38 0.32 0.82 0.13 0.18 415.94 635.69 
15 10-38 0.31 0.88 0.14 0.13 415.94 623.92 

16 12_38 0.30 0.93 0.25 0.23 430.66 645.50 
17 12_38 0.33 0.98 0.14 0.14 428.70 627.84 
18 12 38 0.37 0.76 0.10 0.12 426.74 640.59 
19 12-38 0.35 0.90 0.14 0.14 424.77 623.92 
20 IÜ8 0.35 0.86 0.16 0.16 437.53 632.75 
21 14_38 0.36 0.75 0.12 0.13 429.68 640.59 
22 14_38 0.34 0.88 0.13 0.14 415.15 593.51 
23 14_38 0.33 0.90 0.14 0.14 430.66 647.46 
24 14_38 0.36 0.87 0.10 0.12 419.87 603.32 
25 14 38 0.36 0.88 0.10 0.10 418.89 643.54 
26 16)8 0.32 0.95 0.12 0.14 417.91 633.73 
27 16 38 0.35 0.90 0.11 0.13 423.79 643.54 
28 1(38 0.34 0.89 0.16 0.17 421.83 641.57 
29 16 38 0.35 0.80 0.12 0.15 418.89 630.78 
30 1(38 0.36 0.80 0.16 0.15 430.66 660.21 

31 6_44 0.38 0.95 0.17 0.17 473.82 703.38 
32 644 0.40 0.91 0.14 0.13 476.77 687.68 
33 6-44 0.40 0.93 0.13 0.13 498.35 718.09 
34 6-44 0.40 0.84 0.24 0.17 490.50 728.88 
35 6=44 0.40 0.90 0.17 0.14 498.35 715.15 
36 8_44 0.40 0.83 0.16 0.13 501.29 737.71 
37 8_44 0.40 0.90 0.16 0.13 474.80 733.79 
38 844 0.39 0.96 0.17 0.17 506.20 741.64 
39 8=44 0.39 0.94 0.15 0.14 488.54 741.64 
40 8_44 0.40 0.86 0.21 0.15 478.73 730.85 
41 10_44 0.40 0.88 0.16 0.21 464.01 699.45 
42 10_44 0.41 0.83 0.17 0.12 482.65 729.86 
43 1044 0.40 0.97 0.15 0.12 497.37 765.18 
44 10=44 0.40 0.99 0.15 0.18 483.63 728.88 
45 10_44 0.41 0.92 0.15 0.17 489.52 726.92 

46 12_44 0.40 1.00 0.19 0.19 463.03 700.43 
47 12 44 0.42 0.97 0.17 0.16 486.58 752.43 
48 12-44 0.39 0.98 0.36 0.23 495.41 754.39 
49 12-44 0.39 1.00 0.12 0.15 498.35 781.86 
50 12-44 0.44 0.99 0.15 0.15 465.98 743.60 
51 14-44 0.42 0.93 0.16 0.16 482.65 715.15 
52 14-44 0.45 0.92 0.13 0.12 478.92 720.05 
53 14-44 0.43 0.91 0.18 0.18 480.69 754.39 
54 14-44 0.42 0.95 0.18 0.16 471.86 712.21 
55 14-44 0.41 1.00 0.17 0.18 474.80 714.17 
56 16-44 0.41 1.07 0.12 0.11 485.60 746.54 
57 16-44 0.42 1.08 0.14 0.13 476.96 731.83 
58 16-44 0.42 0.93 0.23 0.14 484.61 746.54 
59 16-44 0.42 1.03 0.16 0.15 497.37 772.05 
60 16=44 0.44 0.89 0.18 0.14 485.60 737.71 
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Using conventional cluster analysis techniques, we checked for boundaries between convex 
classes and tried out different network configurations by means of a leaming algorithm with 
error backpropagation. Our analysis was restricted to a single hidden layer with a varying 
number of neurones, as weil as different leaming rates and momentum factor values. The 
network which afforded optimal results in terms of training time and error minimisation had 12 
hidden units, each one with a leaming rate of 0.4 and a momentum factor value of 0.6. 
However, its weak points were limited flexibility and low generalization capability. 

INPUT HIDDEN OUTPUT 
c ·0 0 
Mn ·0 0 
Cr 

0 
·0 0 

Ni ·0 0 0 

+I ·0 
FIGURE 4. Diagram ofthe neural network used 

As far as generalisation capability is concemed, optimal results were afforded by a fairly simple 
network, illustrated in fig. 5, with only four units in the hidden layer, a leaming rate of 0. 7 and 
a momentum factor value of0.9. This network converges toward a solution after 200 complete 
iterations with a less than 10-4 global error Ievel and affords the correct classification of 95% of 
the data items used in the testing phase. The system's errors invariably concem steel types 
comparable to the Italian variety FeB44K; in particular, samples 36 and 38 were included in the 
next higher category and sample 46 in the next lower category. However, based on the yield 
tensile stress and ultimate tensile stress values ofthe samples concemed, one would be inclined 
to accept the classification suggested by the system and conclude that it would be a mistake to 
use the corresponding production batches in rolling rods of the diameters concemed. 
As our results proved fairly encouraging, we are planning to use the same classification 
procedure also for greater diameter rods and, at the same time, to increase the size of the input 
data vector to cover the magnitude of the deformation and the cooling rates through the 
insertion of appropriate parameters. 

4. CONCLUSION 

Simple neural network configurations can be effectively and rapidly used to subdivide different 
high-bond reinforced concrete rods into two categories with homogeneaus strength 
characteristics (FeB38K and FeB44K), each of which is in turn split into two subcategories 
based on the diameter of the rolled bar (6+10 mm and 12+16 mm). On analysing our 
experimental data and the results of the rolling process we found that carbon, manganese, 
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chromium and nickel levels in the steel used are major variables not subject to targeted 
adjustments which impact both the structural characteristics of the rolled rods and their 
response to heat treatment during still air cooling. Although technological variables also play a 
rnajor role in determining the mechanical characteristics of the rolled bars, these variables were 
kept constant throughout our project work, regardless of the type of rods rolled from time to 
time. This means they will have to be taken into account when devising the weights for the 
synaptic connections. 
The most efficient network is composed of two layers preceded by an input layer with four 
continuous-value input units feeding data into the network without performing any operations, 
one hidden layer with four computing units and, lastly, one output layer with two binary units 
capable of identifying four categories of products. The activation transfer functions of the 
individual neurones are of the logistic or sigmoid type and their threshold values are directly 
calculated by the network. 
Thanks to the stability of the configuration adopted, no fluctuations were observed despite the 
fairly high learning rate (71 = 0.7) adopted. This result was also due to the momentum factor 
that bad been built into the system in order to continue the search for the minimum-energy 
value along the path previously followed; consequently, the error backpropagation learning 
algorithm converges towards a solution following several hundred complete loops on a group 
of 60 samples evenly distributed among the four categories. The rnain merits of the system 
include its high-level generalization capability and a classification error rate below 5%. As the 
results obtained were fairly satisfactory, it will be interesting to introduce penalty functions for 
every instance of wrong classification, thereby reducing the risk of producing rods with poor 
product characteristics and, conversely, guaranteeing first-rate products with specifications well 
above those currently required by applicable standards. The only weak point ofthe system is its 
unidirectional architecture, namely the fact that it only affords identifying the category of one 
production batch and thus can neither be used to specify compositions that willlead to a certain 
product category, nor suggest adjustments to the technical rolling process parameters. 
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ABSTRACT. The use of high power beam technologies like the Iaser and the plasma arc has provided a 
mould-less metal sheet rapid forming technique. This technique can have application either for rapid 
prototyping and rapid manufacturing of mechanical products. The virtual manufacturing can be a boost for a 
rapid diffusion of the mould-less sheet forming. Even if the calculations can be cumbersome, the Finite 
Element Analysis (FEM) is unique for providing geometrical and physical information on product develop
ment and manufacturing via computer. Herein, a simplified FEM model for both Iaser and plasma arch is 
proposed. In particular, the heat source has been modeled so the computation is easier and faster. The model 
was validated by comparison with the experimental results and it is able to predict the forming angle, the 
final shape, and the residual stress of metal sheet induced by high power beam irradiation. 

1 INTRODUCTION 

High power beam is a prornising technology for metal sheet forming. Using the heat induced by a 
high power beam a metal sheet sample can be either bent and formed without a hard tool. 
Several authors have investigated the mechanism of deformation of Iaser forrning and some im
portant results have already been achieved. The energy intensity of the Iaser beam used has been 
about 6.0+15.0x103 W/cm2, the energy transfer ratio is 5+10%. For enhanced absorption carbon
spray precoating of surface is necessary. The accuracy and the drawbacks of this technique have 
been evaluated [1]. As a result its applicability have been lirnited to the rapid prototyping and to 
the small batch manufacturing. 
Other authors have proposed an alternative heat source that meets the basic requirements for beam 
for metal forrning, which are high power density and adjustable power input and energy. That is 
the plasrna arch in the low range for welding application (100 Ampere). lt can obtain an energy 
intensity about l.0+4.0x103 W/cm2. The energy transfer ratio ofplasrna can be 8 times higher then 
the laser's one. Qualification and safety protection equipment for personnel are less irnportant and 
expensive then those for the Iaser [2]. 
The best results in tool-less forming study have been reached by experimental investigations, 
which are time and money consurning. The efforts to numerically model the forming process have 
also produced positive results even the complexity of the deforrnation mechanism and the number 
of the variables that affect the process [3]. The most interesting results have come from finite 
element method (FEM) and neural networks [4]. Nevertheless, none ofthese tools have been yet 
able to model satisfyingly the large deforrnation, which are typically of sheet forming. For FEM 
the computing time and memory allocation required for computation have been large. On the other 
hand, the artificial intelligence requires less time and memory but it does not provide the geomet-
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rical shape of the final product. As a result, either a personal computer and a small workstation 
have little ability to virtual manufacture complex shape obtained by high power beam. Since, 
computer is expected to greatly support assessing the manufacturability of a candidate design and 
to provide accurate estimates for processing times, cycle times and costs, as weil as product qual
ity, virtual manufacturing is a basic pre-requisite for the development of this technology. 
Therefore, numerical simulation ofthe process must be easily and rapidly performed. 
This paper is dedicated to improve the ability ofpersonal computer and small workstation to per
form standard FEM thermo-mechanical analysis aimed to predict large deformation due to either 
Iaser or plasma arch beam irradiation. For this purpose, the heat source has been modeled by 
means of a temperature field, which has been deterrnined and applied on the basis of the process 
features. During the training of the model the temperature field was estimated so the final bending 
angle ofthe sample was reproduced by computation. The thermal Ioad was applied to the sample's 
surface. 
In this fashion, several runs of the heat source on the irradiation path were simulated and large 
bending angle were calculated. The error to the experimental bending angles was as little as less 
then 2%. The effects ofboth the linear and curved irradiation have been simulated. 
Further information were collected about the residual stress and the influence of different irradia
tion strategies on the final shape ofthe specimen. 
Directly applying temperature field has proved to be a reasonable way for fast calculation of high 
power beam forming of steel plate. lt has been demonstrated that is possible to save time and 
computer memory. In this way the manufacturing strategy of complex shape can be designed and 
tested by computer virtual manufacturing. 

2 SETTING UP THE FEM MODEL 

The finite element method is know as a powerful tool for studying the metal sheet forrning proc
ess. The forrning process is very sensitive to variations in parts geometry and treatrnent conditions, 
in this study an appropriate FEM model accounts for the temperature dependent behavior of the 
material (heating and cooling cycle) and the special geometrical conditions in die-less forming of 
complex shape. 
The thermal-mechanic simulation can be uncoupled since the heat generated during the deforma
tion work is much smaller than the Iaser induced heat and it may be neglected. The thermal 
analysis is performed to obtain the nodal temperature solution. For what concems the formulation 
ofthe boundary conditions, the source is usually schematized as a flux ofheat entering the work
piece surface which faces the Iaser head. Heat flux produced the nodal temperatures that are the 
Ioads applied to the structure in a subsequent mechanical analysis step (figure 1 ). 

Geometry 
Final shape .. Thermal .. Mechanical ... and residual ... analysis ... analysis ... 

Boundary stress 
conditions 

FIGURE 1. Uncoupled thermo-mechanical analysis. 
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This analysis has taken in account the thermal induced elastic-plastic with strain hardening be
havior of the material with regard to the specific geometrical conditions. The work hardening 
between two successively runs can be neglected with no significant error since the high tempera
ture balances that effect on material' s strength. 
The material was the AISI 304 austenitic stainless steel. The considered properties of material are 
the global coefficient of radiation, the convection, the specific heat, the thermal conductivity, the 
surface absorption coefficient, and the mechanical properties. All the material's properties varied 
with the temperature. The element utilized for the solution is a three-dimensional brick, with eight 
nodes. 
Every heating-cooling pattern is divided into a finite number of steps. The movement of the 
thermal source was simulated loading a set of node in a moving local reference system, whose 
origin was positioned at the starting point of the feed path. According to the standard of the 
thermo-mechanical analysis the heat flux should be the thermal Ioad. Figure 2 shows a close-up of 
the sheet surface related to the Iaser half spot area which is loaded with variable heat fluxes (gray 
scale) according to the gaussian distribution. 
Figure 3 shows the different approach which has been used in this paper. A !arger view of the 
meta! sheet is provided in figure 3. In this case, the Iaser spot area is approximated by the square 

Temperature 

FIGURE 2. Close-up ofheat tlux distribution. FIGURE 3. Approximated area oflaser spot. 

that circumscribes the actual spot. The square has a 3 mm side. All the nodes falling in this area 
have been loaded with an average process temperature which was deterrnined by a trial-and-error 
technique. 
In fact, a reasonable temperature of tentative was applied and the final bending angle was calcu
lated after 16 runs. Thereafter, the numerical result was compared with the experimental one then 
the temperature was modified and the computation restarted. The initial temperature of the sheet 
for the firstrunwas set to 20°C (room temperature). Figure 4 shows a flow chart ofthis trial-and
error process. The iterative analysis ends when the numerical versus experimental gap was less 
then 2% and the temperature was recorded as loading temperature forthat case (TL). 
For the after-first runs, it has been necessary to consider the warm up of the sheet that increased 
the initial temperature of each run. These temperatures for the learning cases (see the tables in the 
"numerical results" paragraph) were calculated by the FEM method. The final temperature of the 
firstpass was calculated and it was used as the initial temperature ofthe next step and so on (T1). 
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tative temperature 
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FIGURE 4. Trial-and-error approach. 

Gap < 2% .. 
~ 

Gap > 2% 

YES 

More 

over, 
it 

eame up that applying instantly the temperature to the node was ineorreet and the eonvergenee to 
2% error was diffieult. Therefore, the loading temperature of eaeh step grew linearly from the 

initial to the final value aeeording to the running speed oflaser seansion (figure 5). 
The experiments were performed by using a C02 laser. A Rofm Sinar C02 Iaser, mod. DC 025, 

operating in eontinuous wave regime was used. The exit 25 mm diameter beam is a TEM00 mode 

with a small TEMo1 eomponent and it has a 0.5 mrad divergenee. Laser beam was foeused on the 

work-pieee by means of a 5-ineh foeallength ZnSe Jens. The shielding gas nitrogen; it was ejeeted 
eoaxially to the Iaser beam from a nozzle of 1.5 mm exit diameter with a pressure of 4 bar. 
The sample was moved in a plane orthogonal to the Iaser beam by means of a four axis motorized 

table, eontrolled by a CNC program. 
The geometry of speeimen has varied from reetangular to eireular seetor shape. The thiekness was 
eonstant and it was 2 mm. Otherwise, The dimensions of samples varied. For the reetangular 

shape, some length and width were tested. For the eireular seetor shape (see figure 6 for the mesh), 
the seetorangle and the irradiation radius were eonsidered [5]. 
The speeimen was initially eoated with earbon spray, whieh inereases energy absorption. 

Among the teehnological parameters, a partieular attention was paid to the effeets of the Iaser 
beam power, spot, and speed. 
lt was possible to vary the beam spot sizes on the work-pieee surfaee by adjusting the distanee of 
the Jens from the sample. 

TL 

T,~ 
Dependil1g()J1 
travel speed 

.. 
~ 

FIGURE 5. Temperature Loading Step. FIGURE 6. Circular sector mesh. 



Large Deformation in Meta( Sheet Forming by High Power Beam 351 

3 NUMERICAL RESULTS 

A number of simulation were performed in order to validate the above-depicted numerical 
model. Table I and 2 show the parameters selection, the experimental and numerical angles, 
their percentage, and the loading temperatures for every simulation. For a matter of room the 
initial temperature for every step do not compare. 

T ABLE I . Circular sector leaming cases 

Radius Sector Power Speed Spot 
Experimental Numerical 

Error TL 
No angle angle 

mm 0 w mm/min mm 0 0 % oc 
1 67 30 500 2500 2 7.34 7.47 1.77 690 
2 67 30 1500 2500 6 26.9 27.30 1.48 860 
3 67 30 500 3375 2 7.18 7.29 1.53 680 
4 67 30 1500 3375 6 19.08 18.90 -0.94 730 
5 96 30 1500 3375 6 16.47 16.76 1.76 755 
6 64 45 2000 2642 8 28.96 28.70 -0.89 880 
7 45 45 1000 2500 4 16.34 16.57 1.40 670 
8 48 60 500 3375 2 6.67 6.67 0 676 
9 45 45 1000 3375 4 12.01 11.78 -1.9 600 
10 64 45 2000 2850 8 17.21 17.67 2.06 700 

TABLE 2 R t h dl ec angu ar-s ape eammgcases 

Path's 
Experimental 

Length posi- Power Speed Spot Numerical Error TL No 
tion 

angle 
angle 

nun nun w mm/min mm 0 0 % oc 
II 64 48.9 1500 3375 6 18.57 18.13 -2.20 755 

12 128 25.4 500 3375 2 8.42 9.77 13.80 676 

Both the counterbending, the Iittle elastic deformation away from the Iaser source typical of the 
Iaser bending, and the edge buckling of the sheet were correctly simulated. The experimental 

[ -+- experimcnr __... simulation l 
7. 5 ·.------~~~---.., 

~ 74 
g> 7.3 

~ 7.2 
,g 7.1 
; 7 

ID 

2 
Position (mm) 

3 

FIGURE 7. Measurement ofedge's buckling. 

measurement of these phenomena were 
exactly reproduced by calculations. 
Figure 7 shows the comparison between the 
numerical and experimental measurement of 
the edge's buckling, which is due to the 
inhomogeneaus thermal cycle. In particular, 
the chart contains the measurement at the 
beginning, the middle, and the end of the 
plate's edge (see figure 6) ofthe sample n. 1 
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referred in table 1. It is evident the very good agreement between the two sets of data . 

FIGURE 8. Thermal 
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FIGURE 10. Deformed reetangular sample. 

FIGURE 12. Experimental deformed sample. 
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FIGURE 11. Deformed circular sector sample. 

Starting point 
for irradiating 

arc 

FIGURE 13. Residualstress measure. 

Figures 8 and 9 show the thermal field of the upper and bottom side of the sample 1, respectively. 
The thermal deformation for both geometries, samples 11 and 6, are reported in figures I 0 and 11 
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after 16 runs. The agreement between the experimental and numerical deformed shape is demon
strated by comparing figure 11 and figure 12. 

I ~ bottom ~centre -top 
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FIGURE 14. Tangentialstress at 12.7°. 
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FIGURE 16. Radial stress at 60 mm arch. 
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FIGURE 15. Radialstress at 12.7°. 
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FIGURE 17. Tangentialstress at 60 mm arch. 

Observing the figures from 14 to 17, it is possible to analyze the residual stress of the sample 12 
after 16 runs of Iaser. Figures 14 and 15 report the tangential and radial stress along a radius that 
was 12.7° to the right ofthe referring line (see figure 13). The tangential stress is tensile and it 
shows peaks at the beginning (in correspondence of the blocking device) and at the center of 
curves (the irradiated arch). Otherwise, the radial stress is compressive between the beginning and 
the center of curves. The three curves refer to the top, middle, and bottom of sample. 
Figures 16 and 17 show the residual stress along an arc whose radius was 60 mm (lower then 
irradiated arch). In these cases, the stress are tensile in the middle of the arch and compressive at 
the edges ofthe sample. lt is noticeable the dissymmetry ofstress field around the referring line. 

4 THE MULTIPLE REGRESSION MODEL 

Multiple regression analysis is one of the most widely used of all statistical tool. In this paper a 
curvilinear model with one independent variable has been used. lt was aimed to calculate the 
loading temperature and the initial temperatures of each run. 
The variables were selected by means of the analysis of variance. lt was demonstrated that the 
power (P), the speed (v), and their first order interaction have principal effects on the calculation 
of final bending angle [ 6]. The Pareto diagram in figure 17 show the variance analysis results. The 
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dotted line show the Iimit ofsignificance ofvariables. The symbol e (A) and 1 (B) are the sector's 
angle and the arch's length respectively. 
Therefore, the model for temperature calculation initially contained those variables. Then, on the 
basis ofthe results ofthe analysis ofvariance (see table 3), the number ofvariables has raised to 7. 
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FIGURE 18. Effects on the bending angle. 

Regression 

Residual 

Total 

TABLE 3. Variance analysis 

gdl SQ MQ F p-value 

7 61542.15 8791 .736 2.6841 0.2981 

3 6550.751 3275.375 

10 68092.9 

The table 4 contains the Iist of those variables and the corresponding coefficients. Using the re
gression model it is possible to calculate the initial and loading temperatures for every laser's run 
in the range ofthe investigated parameters. 

TABLE 4 Regression coefficient 

power speed length angle Power2 Speed2 Power* Speed intercept 

21.669 -771.93 3.661 -3.042 1.411 13.205 -1.409 11730.37 

5 CONCLUSION 

In this paper the numerical calculation of large deformation of stainless steel sheet Iaser form
ing has been performed by FEM analysis. The FEM model has permitted to calculate the 
forming angle with 2% error, the related Counterbending and edge's buckling. The computa
tional time has significantly reduced. Useful information have been obtained about the residuals 
stress. This model can be applied to other power source like the plasma arch sheet forming. 
On the basis of the results achieved and with further effort, it will be possible to perform the vir
tual prototyping and manufacturing of complex shape by high power beam using the computer. 
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ABSTRACT. The paper presents the design, setting up and conduction of a new simulative test to study the 
effects of thenno-mechanical fatigue of dies in hot forging. The aim of the test is to replicate the effective 
operative conditions to which a die is subjected during forging. Accordingly, the test has to reproduce 
coupled thermal and mechanical cycles as well as high thermal gradients in the central cross section of the 
specimen. Results in terms of number of cycles to crack initiation are presented and discussed. 

INTRODUCTION 

During service life, hot and warm forging dies are usually subjected to coupled thermal and 
mechanical cycles which deeply influences their thermo-mechanical fatigue life; both the thermal 
gradients in the layer near the contact surface with the deforming material and the mechanical 
cycles can produce initiation and then propagation of cracks [1-2]. The effects of thermo
mechanical cyclic loading can be studied through physical simulation on laboratory specimens, 
with the aim of evaluating the process parameters influence on thermo-mechanical fatigue life. 
From the scientific and technicalliterature, many attempts have been made in studying the fatigue 
behavior of die materials at high temperature, bothat constant temperature (the so-called LCF 
tests) [3] and cyclically varying temperature (TMF tests) [4-6]. These TMF tests, in particular, 
introduce thermal cycles of at least 60 s and thermal gradients that are far from those occurring 
during automatic hot forging of small and medium components. Thermal conditions of hot 
forging dies during industrial operations consist of fast thermal cycles (10 s including the 
lubrication phase) and high and not negligible thermal gradients. From this standpoint, a proper 
test to study the effects of thermo-mechanical fatigue on dies has to be a simulative one, capable 
to replicate same thermal gradients, same thermal cycles and same effective stress field as in the 
forging process. 

The objective of the paper is to present the design of a new thermo-mechanical fatigue simulative 
test and to discuss the effects on fatigue life of different thermal cycles. The designed experiment 
has to reproduce the same heating and cooling phases of the forging cycle, together with the 
thermal gradient in the central cross section of the specimen, reproducing the effective thermal 
field inside the die [7]. In the frrst part of the paper, the designed specimen will be presented, then 
the applied thermal and mechanical cycles will be introduced and finally the results in terms of 
number of cycles to crack initiation will be discussed accordingly to sensitivity to thermal 
parameters. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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2 THE SPECIMEN 

The non-standard geometry of the specimen is represented in Figure 1: it is based on a 10 mrn 

square section bar provided with two threaded ends for the application of the mechanical cycle. 

FIGURE I. Specimen for the simulative TMF test 

In the central zone, a 7 mrn relief is introduced to increase the thermal gradient, for a more 

efficient cooling phase, and to obtain stress concentration. The lower part of the specimen, in its 

central cross section, is provided with an appendix, whose function is to allow the installation of a 

heat exchanger to obtain the thermal gradient. The copper heat exchanger, shown in Figure 2, is 

continuously cooled by 15°C water to maintain the bottom of the specimen at lower temperature. 

FIGURE 2. Specimen with heat exchanger mounted on Gleeble 3800™ simulator 

With this configuration a thermal gradient is obtained from the top to the bottom of the 

specimen, replicating the thermal conditions of the some millimetre thick layer near the die 

surface. The material used for the specimens is a hot working tool steel (DIN X38CrMoV5l) 
with the same heat treatment of hot forging dies; its chemical composition is presented in Table 

1 while Table 2 reports the material yield stress at different temperatures. 
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All the experiments have been carried out on the thermo-mechanical simulator Gleeble 
3800™, capable to accurately reproduce thermal and mechanical cycles in control of 
temperature, force, strain and strain rate. 

TABLE 1. Chemical composition ofX38CrMoV51 

c Si Mn Cr Mo Ni V w 

0.36 1.10 0.40 5.0 1.30 - 0.40 -

TABLE 2. Yield strength ofX38CrMoV51 at different temperatures 

Temperature [0 C] Yield strength [MPa] 

400 1100 

500 900 

600 600 

650 400 

3 DESIGN OFTHERMAL CYCLES 

Thermal cycles are designed in order to identify and represent some typical working conditions of 
the hot forging process, as deterrnined by temperature acquisition during an automatic forging 
sequence carried out on a pilot plant located at DIMEG laboratories. The investigation of the 
thermal field, based on an integrated numerical and experimental approach described in details in 
[7], identifies a maximum temperature of 700°C on the die surface immediately after forging and 
a rninimum temperature of 300°C during the lubrication phase. The A temperature on the die 
surface during forging cycle is then about 400°C. The thermal cycle imposed to the designed 
specimen consists of a heating phase followed by a cooling one. Heating is obtained by Joule 
effect in temperature control conditions. Cooling is obtained through compressed fluid spraying 
(this phase is not properly in temperature control but depends on the fluid characteristics and on 
pressure). Specimen temperature is controlled by a K-type thermocouple spot welded on the 
central top surface in the middle of the notch (TCl). A second thermocouple acquires 
temperature evolution at the bottom of the cross section near the heat exchanger (TC3). Four 
experimental conditions with different thermal cycles have been carried out in the range of 
temperatures between 700°C and 230°C. Table 3 summarises thermal cycle parameters of 
experimental campaign. 

TABLE 3. Thermal cycle parameters 

Experimental conditions 

1 2 3 4 

/ Imposed Tel max 700°C 7oooc 7oooc 700°C 



360 G. Berti, S. Bruschi, S. Masiero, M. Monti, M. Zimmitti 

Real Tel max 7oooc 7oooc 7oooc 700°C 

Imposed Tel min 3oooc 230°C 3oooc 300°C 

Real Tel min 350°C 230°C 400°C 400°C 

Heating time 3 s 3 s 1 s 1 s 

Delay time at T max Os Os Os 2s 

Cooling time 2s 5 s 2s 2s 

The first experiment eonsists of a thermal eycle with 3 s heating phase up to 700°C followed by a 
2 s eooling phase down to 300°C. The seeond experiment differs from the first one for the 
duration of the eooling phase whieh is of 5 s down to 230°C. In the third experiment, the thermal 
eycle is faster, being eharaeterized by a 1 s heating phase followed by a 2 s eooling one. The 
fourth experiment is eharaeterized by a 1 s heating phase followed by a 2 s eooling one with a 2 s 
dwell time at the maximum temperature: during the soaking time, the average thermal gradient 
deereases due to TC3 temperature inerease, as it ean be observed in Figure 3, whieh reports both 
imposed and measured thermal eycles. 

Realcycle 
800 

- 700 
0 

~ 600 

~ 500 
Gl g- 400 
Gl -TC1 
1- 300 

-TC3 
200 '~ 

102 107 112 
Time[s] 

FIGURE 3. Imposed and measured thermal cycles in the fourth experimental condition 

4 DESIGN OF MECHANICAL CYCLE 

An out-of-phase meehanieal eyele is over imposed to the previously defined thermal eycles. 
Minimum foree is applied when temperature at the speeimen noteh is 700°C, while the 
maximum value is imposed at the minimum temperature. To identify the maximum loadtobe 
applied, the stress field at the speeimen noteh has to be quantified, as the equivalent stress has 
not to exeeed the material yield strength, to avoid plastieization in the eritieal zone. The 
ELFEN™ eode has been utilized to perform a fully eoupled thermal and meehanieal numerieal 
Simulation. This analysis allows to evaluate the stress intensifieation faetor due to the notch 
and, therefore, the parameters of the meehanieal eycle. In the FEM analysis, the speeimen has 
been diseretized with four-nodes tetrahedral elements and divided into four different volumes, 
eaeh eharaeterized by different boundary eonditions. The load applied to the speeimen eonsists 
of an uniform stress to surfaee A (Figure 4), being the mechanieal eycle eharaeterized by a 



Effects ofThermal and Mechanical Fatigue of Dies in Hot Forging 361 

triangular shape (max 136MPa for T=Tmax; min 34MPa for T=Tmin). From numerical 

simulations, the maximum value of the equivalent stress at the notch, accordingly to Von 

Mises criterion, doesn't exceed lOOOMPa at minimum temperature and 250MPa at maximum 
temperature [8). 
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FIGURE 4. Equivalent Von Mises stress field 

Comparing with the yield stress values of Table 2, the stress field at the notch can be always 
considered an elastic one. The main parameters of the mechanical cycle are finally summarized 
in Table 4. 

T ABLE 4. Mechanical cycle parameters 

Parameter Max Load Min Load 

cr (surface A) 136MPa 34MPa 

cr eq VM (notch) lOOOMPa 250MPa 

Temperature (notch) 3oooc 700°C 

Force 13.6kN 3.4kN 

R=crmin/O"max 0.25 
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5 RESULTS 

The experimental proeedure eonsists in the exeeution of the thermo-meehanieal eycles ( deseribed 
in previous seetions) until an evident eraek is deteeted at the top ofthe noteh [9]. The number of 
replieations of eaeh experiment is equal to four. Figure 5 represents two examples of the over 
imposition ofthermal and meehanieal eycles referred to experimental eonditions 2 (a) and 4 (b). 

10 

Tune (s] 

(a) (b) 

FIGURE 5. Over imposition ofthermal and mechanical cycles referred to experimental conditions 2 (a) and 
4 (b) 

Every 100 eycles the speeimen is removed and inspeeted with an optieal mieroseope to observe 
the presenee of eraeks. The test is stopped as a visible eraek is identified. Miero struetural 
analysis at the end of the test is earried out: the speeimen is seetioned and ehemieally attaehed by 
NITAL 3 solution to evaluate the type offraeture it has been subjeeted to. 

TABLE 5. Results 

Experimental 
Tel Te3 

Tel mean Sampie N. eycles [OC] [OC] 
eondition 

(range) (range) 
[OC] 

la 5500 
lb 4400 

1 le 4000 680-340 480-370 490 
ld 4600 

Mean 4625 
2a 4800 
2b 5200 

2 2e 5800 690-230 400-260 375 
2d 5300 

Mean 5275 
3a 6000 
3b 5800 

3 3e 5400 700-390 500-380 490 
3d 6100 

Mean 5825 
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4a 3000 
4b 3100 

4 4c 3800 700-390 430-360 577 
4d 2800 

Mean 3175 

Results in terms of number of cycles to crack initiation are reported in Table 5 and summarized in 
Figure 6. Accordingly to Iiterature results, it's observed that fatigue life is influenced both by 
cycle mean temperature and by the soaking time at the maximum temperature. In fact the 
introduction of the dwell time (fourth experimental condition) drastically increases mean TCl 
cycle temperature and reduces fatigue life (Table 5). 
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FIGURE 6. Results ofthe experiments 
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As regards repeatability ofthe test, all test configurations Iead to final maximum scatter limited to 
1000 cycles as shown in Figure 6. 

Micro structural analysis shows that in all cases a main crack starts at the top of the notch and 
grows perpendicular to the notch surface ( Figure 7 and 8). Other smaller cracks are observed in 
the area ofthe notch as shown in Figure 9. Results ofmicro structural analysisalso confirm that 
in all cases the fracture is transgranular, proving that the main darnage mechanism is mechanical 
fatigue, being negligible creep phenomena (Figure 10). 
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FIGURE 7. Main crack at the notch surface FIGURE 8. Direction ofthe crack 

FIGURE 9. Small crack starting from the main crack FIGURE 10. Transgranularcrack 
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6 CONCLUSIONS 

The test allows controlled replication ofthe industrial thermal and mechanical cycles, to which 
the die is subjected, together with the thermal gradients inside the die during forging 
operations. 

The main parameters of the thermal cycle has been varied, showing that an increase of the 
cycle mean temperature due to a soaking time at the maximum temperature drastically 
decreases the number of cycles to crack initiation. 

These preliminary results are encouraging in future developments of the proposed procedure 
which is a promising tool for gathering information on thermo-mechanical fatigue behaviour of 
die material as well as for comparing different operative conditions with the aim to optimise 
toollife. 
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ABSTRACT. The flow behaviour of AA 6082 aluminium alloy has been studied by means of torsion 
testing carried out at temperatures ranging from 425 to 500°C, with strain rates varying from I to 20 s·'. 
For a given temperature and strain rate, flow curves exhibit a peak followed by flow softerring up to 
fracture. Moreover, for a constant strain, flow stress increases with increasing strain rate and decreasing 
temperature. In general, the hot ductility shows an increase with increasing temperature up to a 
maximum, occurring between 450 and 475°C, followed by a decrease to the lowest value experienced at 
500°C. An equation relating the hyperbolic sine of flow stress to the temperature modified strain rate 
was used to describe the flow behaviour versus the working parameters. The dependence of constitutive 
parameters on strain was also analysed. A very good agreement was found between predicted and 
experimental flow curves. 

INTRODUCTION 

The deformation processing technology depends on both advanced process modeling 
techniques, such as the Finite Element Method, and precise characterization of the plastic 
flow behaviour of the material under conditions of strain, strain rate and temperature, 
representative of the process. Equations describing the flow stress dependence on strain, strain 
rate and temperature are required as input to computer process models to predict the 
deformation history of any material element during forming [1]. Additionally, there are many 
practical hot forming operations where materials are subjected to high strain rates, so that the 
knowledge of a high strain rate response of the material is also required. 

The aim of the present paper is to analyze the hot forming behaviour of AA 6082 alumini um 
alloy, by means of torsion tests performed at high temperatures (425 to 500°C) and strain 
rates (1 to 20 s- 1), in order to obtain the material parameters in the constitutive equation 
describing the dependence of flow stress on strain, strain rate and temperature. The 
predictions, in terms of equivalent stress-strain curves, are analyzed and compared with 
experimental data. 

2 THE CONSTITUTIVE MODEL 

The most used constitutive equation to model the hot working behaviour of metallic materials, 
proposed by Seilars and Tegart [2], correlates the equivalent flow stress a to the equivalent 
strain rate t: and to temperature T as follow: 

Z = e · exp( ir )= A. [sinh( aa J]n' (1) 
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where Z is the Zener-Hollomon parameter representing the temperature modified strain rate, 
Q is the activation energy related to the deformation mechanisms taking place during the 
process, R is the universal gas constant, A, n~ and a are material parameters. Such 
relationship applies across a broad range in hot working reducing to a power law at low 
stresses and to an exponential law at high stresses. Equation (1 ), that is generally used only 
for particular points of the flow curves, for example at the peak or at the steady-state regime 
of the a-e curves, has the advantage of simplicity. However, since equation (1) neglects the 
strain effects, it results in a very coarse approximation of the true behaviour of materials. An 
alternative method to obtain constitutive equations in hot working conditions is based on a 
phenomenological approach and consists in determining the relationships giving Q, A and n' 
as a function of strain. By substituting such relationships into equation (1), the flow stress is 
obtained: 

(2) 

Such procedure was utilized in the present work in order to supply a flow stress data bank for 
the wrought aluminium alloy under investigation. Equation (2) accounts for strain rate and 
temperature sensitivity by means of Zener-Hollomon parameter. Moreover, the sensitivity of 
A, Q and n' values to the various restoration mechanisms taking place during deformation 
processes, pennits to develop a more general procedure for calculating flow stress data 
without choosing a priori which mechanisms may be operating during the deformation 
process. 

3 MATERIAL AND EXPERIMET AL PROCEDURES 

3.1 MATERIAL 

The material investigated was AA 6082 aluminium alloy, in T6 condition, supplied in form of 
bars with a diameter of 25 mm; the nominal chemical composition is the following (wt %): 
0.99 Si, 0.24 Fe, 0.04 Cu, 0. 76 Mn, 0.92 Mg, 0.13 Cr, 0.03 Zn, 0.02 Ti, Al balance. 

3.2 EXPERIMENT AL PROCEDURES 

The hot formability studies used for determining the constitutive equations were performed by 
means of torsion tests. Such tests, in comparison with tension and compression, allow an 
analysis of the flow behaviour in extended ranges of strain and strain rate that are comparable 
with values of most metalworking operations [3,4]. Torsion tests were carried out until 
rupture of the samples on a hydraulically powered servo-controlled torsion machine, at 
temperature ranging between 425 and 500°C, with equivalent strain rates e at the specimen 
surface varying from 1 to 20 s·1• The samples were quickly heated by high frequency induction 
coil with a heating rate of 1 °C/s. Temperature control was performed by a K-type 
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thermocouple inserted inside the sample through a special blind hole machined, along the 
axis direction, at one side of the specimen shoulder. The gauge section of the sample was a 
solid cylinder with a length L of 10 mm and a radius R equal to 6 mm. The fillet radius 
between the gauge section and the shoulders was 3 mm. Surface shear stress r and surface 
shear strain y were calculated using the Field and Backofen relationships [5]. Equivalent 
stresses cr and strains f were derived form surface shear stresses and strains by the von 
Mises criterion which has been generally accepted and gives reasonable agreement between 
results obtained in torsionandin tension or compression in hot working conditions [6]: 

er = J3r = J3 _I_ (3 + n + m') 
2nR 3 

y 1 2nRN 
t:=-=---

J3 J3 L 

(3) 

(4) 

where r is the torque, N the revolution number, n ( = d log r I d log NI iv T) the work hardening 

rate and m'( = d log r I d log NI ) the revolutionrate sensitivity oftorque. 
N,T 

The value of n was assumed tobe equal to zero: such hypothesis is true at the peak ofthe T-N 
curves whilst, in the other parts of curves, the use of value zero for n engenders negligible 
errors. Conversely, m' values were calculated plotting torque versus revolution rate N at 
constant temperatures and numbers ofrevolution N. 

The equivalent stresses were corrected for the increase in temperature t1T due to the 
deformation heating. The t1T values were used to offset flow softening effects correcting the 
equivalent stress by the following equation: 

der I cr = er + ilcr = er + t1T-
c dT · E,E 

(5) 

where cr, was the equivalent stress corrected for the deformation heating. 
The values of dcrldT were determined from the uncorrected experimental data at low strain 
(e=0.3) where the effect of the deformation heating was negligible [7]. In the following 
paragraphs the corrected equivalent stresses are considered. 

4 EXPERIMETAL RESULTS AND DISCUSSION 

4.1 HOT FORMABILITY 

Flow curves at strain rate higher than 0.01 s-1 are not obtained in isothermal conditions. 
Since, due to high strain rates, adiabatic heating is not negligible [1]. As a consequence, flow 
curves of AA 6082 aluminium alloy were corrected to take into account of deformation 
heating. The effect of such correction is shown in Figure 1 where flow curves obtained at 
450°C with strain rates of3 and 10 s-1 are plotted bothin corrected and uncorrected form. 
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FIGURE 1. Influellce of deformatioll heatillg Oll flow curves of AA 6082. 

Flow curves confirms that the effect of deformation heating, at given temperature and strain, 
increases with increasing strain rate; moreover, Figure 1 also shows that, for the alurninum 
alloy under investigation, the effect of adiabatic heating can be considered negligible at low 
strains [7]. After the deformation heating correction, an increase up to a maximum value, 
followed by a limited flow softening up to fracture is apparent (Figure 2). 
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FIGURE 2. Effect oftemperature alld straill rate Oll flow curves of AA6082 corrected for the 

deformatioll heatillg. 

Furthermore, it is shown by Figure 2 that, at constant strain, flow stress increases when strain 
rate increases and temperature decreases; such effects can be attributed to the increase of the 
mobile dislocation velocity with increasing strain rate and to the lower effectiveness of 
thermally activated processes with decreasing temperature. The presence of the peak in flow 
stress observed in a-e curves can be associated to the occurrence of restoration mechanisms 
such as dynamic recovery, solute depletion, and particle coalescence [8]. 

Hot ductility, measured as equivalent strain to failure, at different strain rates, is plotted 
versus temperaturein Figure 3. Fore~ 3 s·1, the equivalent strain to failure increases with 
increasing temperature up to a maximum, occurring in the temperature range varying form 
450 to 475°C, followed by a decrease in ductility that is more marked at higher strain rates. lt 
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can be also seen that the ductility versus temperature curves for 10 and 20 s·1 are almost 
coincident 

-+-I s~l 

8 ---3s-1 

5 

4 

400 425 450 475 500 525 

Temperature [0 C] 

FIGURE 3. Temperature and strain rate effect on the hot ductility of AA6082. 

Conversely, a monotonic decrease in ductility, with increasing temperature, at the lowest 
strain rate (1 s·1 ), was observed. The behaviour of equivalent strain to failure versus strain rate 
and temperature, which can be probably attributed to high Ievel of dynamic recovery 
occurring after certain values of both strain rates and temperatures, is consistent with that 
experienced by other aluminium alloys [9]. 

4.2 CONSTITUTIVE EQUATION AND V ALlDA TI ON 

The flow curves of AA 6082 aluminium alloy were predicted using equation (2). The 
utilization of such equation requires the determination of the dependence of Q, n' and A on 
strain. 

The activation energy of the deformation process was calcu1ated by means of the following 
relationship [10]: 

dln e 
Q=-R·--

"d(l!T) s 

"dloge 
= 2.3 · R · -----=---1 

d log sinh (aCY) e, T 

a log sinh (a (j) 

"d(IOOO/T) e,e (6) 

No significant influence of strain on Q was observed. Therefore, it is reasonable to assume, 
according to the other results [ 11, 12, 13], that the activation energy was independent of strain. 
The plots used to calculate the Q value are shown in Figure 4: a value of about 173 kJ/mol, 
!arger than self-diffusion of aluminium (about145 kJ/mol), was found. Such effect was 
probably due to the pinning effect of fine particles on moving dislocations and subboundaries 
[9]. The value of stress multiplier a used in equation (6) was assumed equal to 0.052 MPa-1 

[ 14]. However, the activation energy was not significantly influenced by changing the a value. 
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FIGURE 4. Plots used in the calculation ofthe activation energy of AA 6082. 

Contrary to the Q behaviour, in the temperature range under investigation, the material 

parameters n 'and A, representing the slope and intercept of log(Z)-log(sinh(aa)) plots (Figure 

5), show a strong dependence on strain. Figure 6 shows that n' increases with strain up to a 

maximum and then decreases; instead, A decreases up to a minimum and then increases with 

strain. Such behaviours were also observed in other aluminium alloys [15]. 

FIGURE 5. Typical correlation between flow stress and temperature compensated strain rate. 

Both n' and A versus e curves were described by an equation given by an exponential 

association with the material constants obtained by means of the least square fitting. The 

resulting relationships were the following: 

A =3.50xJ014 exp( -7.50(2.80e +0. 78 ))+ 1.00x108 exp( 1.25(e + 1))+ 2.40xl09 exp( -Je) 

n' =4. 78exp( -0.12e )-17.38exp( -15.96e )-0.14 

(7) 

(8) 
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The validity of the constitutive model has been proven by comparing predicted flow curves 
with experimental ones obtained under testing conditions not used to develop the model itself. 
Tothis purpose, further torsion tests were carried out at 435, 460 and 485°C, with strain rates 
of 2, 6 and 15 s-1• Two predicted flow curves, obtained by means of equation (2), using the 
activation energy derived by equation (6), and the values of n' and A calculated by equations 
(7-8), are shown in Figure 7, where they are compared with experimental ones. In general, an 
excellent agreementwas found, as shown by the comparison between flow curves at 485°C- 6 
s-1 even if, in few conditions, such as at 460°C-15 s-1 the maximum discrepancy between 
predicted and measured flow stress values was about 10%. 

5 CONCLUSIONS 

The hot formability sturlies of AA 6082 aluminium alloy have shown that the flow behaviour 
is well described by a constitutive equation of the hyperbolic sine of flow stress versus 
temperature modified strain rate. The material parameters of such equation are determined 
versus strain up to an equivalent strain of 5.2; in particular: i) the activatidn energy is 
independent of strain and equal to about 173 kJ/mol, ii) the n' exponent increases with strain 
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up to a maximum and than decreases whilst the coefficient A decreases with strain to the 
minimum and then increases. The comparison between predicted and experimental flow 
curves shows an excellent agreement. 
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SIMULATION OF WELDING CONDITIONS 
IN PORTHOLE DIE EXTRUSION 
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ABSTRACT: In alumirrum extrusion with porthole dies, the welding of material seams repre
sents a major manufacturing problern inasmuch it affects the integrity of the final product. The 
way the problern is treated is yet not consistent in literature, and different quality parameters for 
welding are still used in practice. 
In this work a new parameter for evaluating the welding quality is proposed. lts effectiveness is 
tested in comparison with other parameters by means of a parametric FEM analysis in which 
the distribution of pressure and velocity along the welding line is considered. The investigated 
geometry is a simple two-seams plane-strain die. Many die shapes have been considered, by 
varying the position and the shape of the leg, in order to understand the sensitivity of the pa
rameters in a wide range of operative conditions. The solutions are also significant for 
evaluating process Ioad, productivity and die-stresses. 

INTRODUCTION 

In the extrusion of hollow sections of alurninum, the billet is pressed through a die that deter
mines the outer shape and over a mandrei that determines the inner shape. The material must, 
therefore, flow through a narrow gap. In porthole dies, as well as in bridge and spider dies, the 
material divides around the core supports which holds the stub mandrel, and then welds to
gether in the welding chamber before passing through the gap. In this way, hollow or semi
hollow sections of great complexity can be produced. The process conditions in the welding 
chamber must be set at a Ievel to produce perfect welds of the material fluxes and final prod
ucts free of defects. 
The production of good seam joints depends on many process parameters: pressure, tempera
ture, residence time in the welding chamber, surface conditions and presence of contaminants. 
The complexity of the matter led historically to different ways of evaluating the welding condi
tions and different guidelines are still used in practice. Meier [ 1] suggests that both the width 
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and height of the welding chambers should be equal to 6 to 8 times the wall thickness of the 

hollow shape in the area under the support. Akeret [2] recommends that the local extrusion 

ratio in the final step has to be on the order of at least three for any part of the shape. More 

recently, Plata and Piwnik [3] proposed a quality factor as the integral of hydrostatic pressure 

for the time of contact on a definite path. Finally, the authors [4] stated that a modified pa

rameter with material flow could also give interesting informations about the welding quality. 

In particular the last two methods can be successfully used as a guideline in die design, when 

finite element simulation (FEM) of the process is performed. In fact, the knowledge of pressure 

and velocity distribution in the welding chamber can be utilized in order to evaluate a global 

factor related to the welding quality. On the other hand, these factors can be used, at the present 

time, just to simplify the comparison between different die geometries, and no links exist be

tween these factors and the resistance of the weld itself. Only appropriate calibration tests on 

specific materials can give this knowledge and much work still needs to be done in this field. 

In order to confront the validity and the effectiveness of the welding quality factors, the simula

tion of a hollow section extrusion process was carried out by means of the DEFORM finite 

element code; different welding conditions were produced in the chamber, by varying the shape 

and position of the legs. 
In order to simplify the analysis, the complex 3D geometry of a commercial hollow product 

was replaced by a simple 2D plain strain geometry, where a single leg holds no mandrei and 

thus no hollow section is produced. Nevertheless, this condition is quite close to the real one 

and can be conveniently used in a confrontation analysis. All simulations were run considering 

heat generation and transfer. 
The adoption of a FEM code with a lagrangian approach allowed to investigate the non

stationary part of the process. Here, much problems arise from the overloading of the legs, 

which is a major cause of die rupture. The evaluation of the solutions ernerging from different 

angles on the legs allows to optimize their geometry with respect both on the process load and 

on the die stresses. 

I~ I 
I~ I 

FIGURE 1. Schematized die (left), plain-strain die (right). 
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2 THE INVESTIGATED PROBLEM 

The extrusion of AA 6060 alumirrum alloy for hot defonnation, by means of a simple die with 
one leg and a reetangular non-hollow bearing, was considered. This die (Fig.l, left) determines a 
weid plane in the middle section and has been chosen as base reference for the work, due to its 
great simplicity, with a reduction ratio similar to the usually ones. This allows to simulate real 
extrusion conditions, together with all the problems correlated with the fonnation of welding, in a 
low computational time. The same die is represented in a plain-strain version for FEM simulation 
on the right offig.l. In fig. 2 the die section is represented. 

FIGURE 2. die 

The influence ofthe principal geometrical variable were investigated: the leg shape and the cham
ber height. The leg shape (andin particular the leg main angle) is ofprimary importance owing to 
the fact it affects the shape of the filling channel within the die. In fact, a diverging leg determines 
converging flow channels for the material (fig.3-left) and, at the opposite, converging legs deter
mine diverging channels (fig.3-center). All the three considered sections have the same area. 

FIGURE 3. Investigated leg shapes (convergent, divergent and square channels). 
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lt is interesting to understand the stress state on the leg, both in the non-steady die filling stage and 
in the steady state, when the material begins to flow in the final gap. 
The height of the welding chamber (h2 in Fig.2) was also considered because it affects the con
tact time of the two seams and the pressure conditions before the material is extruded. Clearly, 
the smaller the chamber height, the smaller is the whole die and its costs. The process is char
acterized by a typical area reduction r3/r1 (97%) that is hold constant throughout the 
simulations. The other geometrical parameters were also considered as constants. 

3 THE FEM SIMULATIONS 

The DEFORM code in Lagrangian formulation was used. Half geometry was considered due to 
symmetry and the portion of the axis after the leg was the considered line of welding. The de
forming material (an AA 6060 aluminum alloy for bot deformation) constitutive equation was 
considered as follows [5]: 

~ = A~enh(aa)f exp[-Q I RT] 
- -1 a = (0.03840 + 0.003181ne)[MPa ] 

The preheating temperature ofthe billet was 450°C. Heat generation and transfer toward the die 
system leaded to an exit temperature of nearly 520°C, as evidenced in the production of similar 
profiles. The friction between the die and deforming material at these process conditions can be 
considered as adhesive, so that a unitary friction factor was used. The ram speed was 8 mm/sec. 
The die material, an AISI H-13 bot work steel (X40CrMoV5), was considered for die stress 
analysis after simulations were run in a perfectly rigid tool condition. 
As output parameters of the FEM simulation, the following were chosen: 

1. For the process: maximum load, load-stroke diagram in non-steady state conditions; 
2. For the die: maximum load, steady-state load, maximum tensile stress on the leg; 
3. For the welding quality: normal pressure (P), shear stress (a) and velocity (V) of the de

forming material were used to evaluate two different quality factors, the frrst proposed by 
Plata and Piwnik [3], the second by the authors. 

Q= fq=fP dt=JP dvl (1) 
(J (J 

K =I k =I p V dt = I.p dl (2) 
(J (J 

4 RESULTS AND DISCUSSION 

Except the leg stress analysis, all the values have been taken in the steady state conditions, with the 
same profile length. The plotted results are referred to the shape of the channel ernerging from the 
leg angle (in the same sequence formerly proposed: convergent, divergent and square channels). 
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Dead zones 
The importance of dead zones on the product quality is weil explained in Iiterature [6]. In fact, 
impurities are first captured in this zone and then they tend to converge to the butt. Thus, the mi
gration of impurities is one of the major cause of defects in the product. A rninirnization of dead 
zones could be, then, used for improving profile quality. 

FIGURE 4. Dead zones formation 

Three dead zones were evidenced by the simula
tions (Fig.4): upstream of the leg, downstream of 
the leg and at the die comer, as usual. 
The first kind of dead zone is smaller in conver
gent channels, due to the smaller front area of the 
leg. It can also be noticed that thicker dead zones 
develop on the leg side in this case. The optimiza
tion of the leg shape can be used in order to 
reduce these phenomena. 
The second dead zone extends on the back of the 
leg, with a peak dimension of 4 mm on the die 
axis when the chamber height is 20 mm. This 
dead zone is very important for welding quality 
evaluation, as will be explained later. 
Conceming the third kind of dead zone, it can be 
stated that, in general, channels of constant grade 
of deformation will create in the material flow. 
Thus, minimal dead zone dimensions are obtained 
at the die comer when convergent channel are 
used; this zones can be further reduced if dies 
with bottom angles are utilized. 
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FIGURE 5. Ioads on the leg in the firststrake 
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Diestress 

In fig.S the Ioad on the leg is plotted as a 
function ofthe ram stroke for the firstbillet of 
the production. It emerges that: 
1) the maximurn Ioad in the die filling stage 

is around twice the steady state Ioad; ten
sile stresses on the back side of the leg 
must be evaluated in this condition. The 
Ioad decreases to the steady state value 
when the material fills the welding cham
ber and supports the leg from the back; 

2) greater rnaximurn Ioad are produced in the 
converging channel solution; in the case 
studied, the maximurn Ioad with converg
ing channels is 1 0% greater than the 
square and 7% greater than the divergent. 

3) greater steady state Ioads are also pro
duced with converging channel, being 
44% greater than the diverging and 30% 
greater than the square. 

4) the greater the front leg area, the greater 
the yielding Ioad and the energy require
ments. 

5) lower maximum tensile stresses are pro
duced with square legs (12% higher with 
diverging channels and 5% higher with 
converging ones 
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FIGURE 6. Load-stroke diagram 

6) lower steady state tensile stresses are produced with divergent legs (2% higher with square 
channels and 24% higher with converging ones. 

The differencees in tensile stresses on the leg produce, in the steady state condition, much greater 
differences in die life, since creep phenomena and crack grow are very sensitive to stress reduc
tion. 

Process Ioad 
In fig. 6 the three load-stroke diagrams are represented. It can be pointed out that the diverging 
channel solution is the one with the lowest maximum steady state Ioad, nearly 10% lower than 
the convergent channel solution. Square channel produce a Ioad intermediate between the oth
ers. The reason for this difference arise from the different material conditions in the channel 
(see also fig.3). In the converging solution, the material is forced to continuously deform: so, its 
flow stress is quite high throughout the channel (and consequently the shear and friction 
stresses ). At the opposite, in the diverging solution the deformation is given at a single step, 
because the leg has the maximum section at the top. The material is consequently barder in a 
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much narrower zone (at the beginning ofthe channel), then it softens throughout the rest ofthe 
path before the welding chamber is reached. This considerations apply also to the above men
tioned Ioads on the legs, where the diverging solution gives the lowest Ioads. 
The energy required for the die filling stage is nearly the same in the three cases examinated; in 
the production stage the differences in energy are proportional to the differences in Ioad, as 
explained earlier. 

Welding guality 
The pressure distribution on the welding line is evidenced in fig.7 for different leg angles in a 20 
mrn chamber height. The velocity fields are represented in fig.8. It can be seen that a peak of 
pressure (sornhow influenced by the leg angle) is present near the leg contact. In this zone the 
material velocity is almost zero, indicating a dead zone behind the leg. The q parameter 
distribution (fig.9) is non-zero just in this narrow section, where times of contact tend to infinity 
(see eq.l) . 
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In order to correct this unrealistic behaviour, the k parameter (eq.2) also considers the speed (the 
material flow) as a factor for judging the quality of the weid. The K distribution is then less steep 
along the welding line. In other words, the Q parameter quantifies just the dead zones, while the K 

parameter informs about the whole welding path. 
In fig. 10, Q and K parameters are plotted with respect to the chamber height, which is known as a 
main factor of welding quality. Both parameters are weil suited to inform about welding quality, 
although K evidences a better approach to zero for very short chamber heights. 
The effect of leg angle on welding quality was also studied; the two investigated quality parame
ters gave diverging informations. The Plata criterion stated that converging channels improve 
welding quality, while the other predicts no practical changes. 

5 CONCLUSIONS 
The extrusion of a simplified hollow section has been investigated by means of a 2D parametric 
FEM analysis; the formation of dead zones, the stresses on the legs, the process Ioads and the 
welding conditions have been evaluated with respect to the position and shape ofthe legs. 

• Dead zones are quite deeply influenced by the leg shape, both on the top of the leg and 
on the bottom ofthe die; 

• Maximum Ioads on the legs are about twice the steady state Ioads; the lowest tensile 
stresses in the steady state are obtained with square legs. 

• Lower process Ioads (up to -8%) are obtained with diverging flow channels. Corre
sponding differences are expected for energy. 

• Welding conditions are deeply affected by chamber height (welding quality increases 
with chamber height) and much less by leg angle. A modified parameter for welding 
quality has been proposed, more sensitive to material fluxes in the whole chamber 
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ABSTRACT. The concept of adaptive loading by FEM simulation (briefly referred to as Adaptive Simu
lation, AS) has been recently introduced. The AS method adaptively adjusts the loading paths as the 
simulation proceeds, reacting to the instantaneous results of the simulation itself, i.e. by monitaring the 
values of one or more state variables. A state variable is an indicator of the quality of the part undergoing 
the deformation. The formulation of state variables should be independent on the specific forming proc
ess. In this paper, a general quality indicator is proposed, which can be used as a state variable for the AS 
of different sheet metal forming processes. The paper includes two main sections. The first presents a 
brief review on possible state variables suitable for the AS and provides a justification of the proposed 
state variable. In the second section, the proposed approach is described and evaluated with two numeri
cal examples. 

1 INTRODUCTION 

DESIGN OF SHEET FORMING PROCESSES BY FE11. The Finite Element Method is today a 

well-established technique for numerical simulation of sheet forming processes. The industrial 

success of the method is manly due the rapidity and reliability of formulations that use shell ele

ments and explicit time integration schemes. In fact, numerous software houses ( especially French 
and North American) offer commercial packages, suited for sheet forming applications. Several 

software houses are also developing and distributing optimization packages, to be used in combi

nation with the FE11 code, able to help and guide the user towards the best process design. 

Optimization techniques are usually sequential, i.e. based on the interpolation of results obtained 

by several simulation runs. Generally, sequential optimization techniques are best suited for the 

geometric design of tools and dies. However, they can also be applied for the selection of the 

loading paths, i.e. for the optimization of time-rlependent process control variables (velocities, 

forces, pressures, etc.). One ofthe most recent and convincing examples is given in [1]. However, 

sequential optimization methods show some limitations when used for the determination of load

ing paths in forming processes where control is a critical issue and where the process window is 

not very large. In fact, the main problems of sequential optimization techniques when dealing with 

control parameters are the following: 
- an initial guess for the loading curves is required, which influence the final result; 

- usually a high number of simulations is necessary before convergence is reached. 

THE ADAPTIVE SIMULATION APPROACH. For the reasons mentioned above about the 

problems involved in sequential optimization, some authors have recently introduced the concept 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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of adaptive loading by FEM simulation, which is especially useful when the process control is a 
critical issue, as it happens in the Tube Hydrofonning process [2], or in the deep drawing process 
with blankholder force control, or in the superplastic fonning process. 

Adaptive loading by FEM simulation (sometimes briefly referred to as Adaptive Simulation, AS) 
is a procedure designed to adjust the loading paths ( e.g., the intemal pressure vs. time in tube 
hydrofonning) as the simulation proceeds, according to the instantaneous results of the simulation 
itself. The main goal of AS is not to optimize the loading paths, but rather to quickly detennine a 
"good" feasible solution for difficult to form parts, where the process control is a critical issue. 

The instantaneous selection of process parameters can be done either by artificial intelligence tools 
(as in [2]) or by the adaptive control theory (as in [3]). In the latter approach, the adaptive simula
tion method is designed to select the values of a vector of control variables !!(t), by detecting and 
Controlling the values of a vector of state variables ~(t). A linear dynarnic model (Eq. 1) is neces
sary to estimate the relation between process parameters !!(t) and state variables ~(t). The 
coefficients of the transformation matrix [(t) are adaptively estimated at each control step as the 
simulation proceeds (1-step ahead) thanks to a least square method with a forgetting factor. The 
problern is solved by optimizing the quadratic cost function given in Eq. 2, where the weights of 
the matrix W(t) are increasing with the timet, in order to give higher importance to the state vari
ables as the simulation gets closer to the end of the process. In Eq. 1 and 2, t is the time at the 
beginning ofthe control step and dt is the duration ofthe control step. 

J(t+ Llt) =J(t) + [Jt) Y.(t) 

c(t)=y_(t) 'y_(t)+J(t+Llt) · W(t) J(t+Llt) 

(1) 

(2) 

This control problern can be defined as a deterministic LQ optimization problem, with terminal 
state costing and a 1-step ahead adaptive estimation of coefficients. At each time control step, the 
optimal solution ofthe stated problern is: 

y_(t)=-[l + l:(t). W(t) l:(t)l1 l:(t) W(t) J(t) (3) 

Depending on the fonning process being controlled, the user might decide that some of the coeffi
cients r;i ofthe dynamic linear model in Eq. 1 are null; the others are self-estimated by the model. 
The most critical point of the proposed procedure is the selection of the weights W;i in matrix 
W(t). In the following Section 3, some practical considerations on the selection of Wii will be 
given. Both state and control variables should be non-dimensional and, where possible, normal
ized, in order to facilitate the selection ofweights. 

Analysis of robustness and stability of the proposed system depends on W ii values and it is quite 
difficult. Since in practical cases it is necessary to add technologicallower Y.tow(t) and upper Y.upp(t) 
bounds on the y_(t) values (Eq. 4), the analysis of the system becomes virtually impossible in a 
formal way, and it must be conducted empirically. 

Y.low(f} ~ Y.(t} ~ Y.upp{t} ( 4) 

STATE VARIABLES IN ADAPTIVE SIMULATION. Astate variable is usually an indicator of 
the quality of the part undergoing the deformation. There are two different kinds of state variables: 
- positive quality indicators, whose value secures a correct material flow ( e.g. the thickness uni
fonnity); 
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- risk indicators, that indicate the proximity to a condition of risk ( e.g. a darnage function or a 
wrinkle indicator [4]). 
Besides, state variables can be direct or indirect. For instance, the thickness uniformity is a direct 
indication of quality, while the nodal velocity or force norm can indirectly serve as positive quality 
indicator. State variables can also be classified as local or global. As an example, the thickness 
uniformity can be expressed both as a local variable, when it is evaluated by small clusters of 
elements, or as a global variable, when it is evaluated considering all the elements in the work
piece. Local state variables are obviously more accurate, but they have tobe evaluated element
by-element or node-by-node, and they are not suitable for adaptive loading, since they would 
generate too long a vector ~(t). Finally, state variables can be dependent or independent on the 
specific forming process under FEM analysis. It is Straightforward that, in order to favor a full 
success of the AS methodology, state variables should be as general and reliable as possible. 

In this paper, a general approach is proposed which can be used for the adaptive loading by FEM 
simulation, by means of an adaptive controller, as the one described above. The method is based 
on a state variable or, more precisely, on a vector of state variables, suitable for the adaptive 
simulation of different sheet and tube metal forming processes. 

The paper includes two further main sections. The next section (Section 2) briefly presents a re
view of possible state variables suitable for the AS and provides a justification for potential state 
variables suited for Adaptive Simulation. In Section 3, the proposed approach is described and 
evaluated with two numerical examples. 

2 STATE VARIABLES FüR SHEET FORMING PROCESSES 
There is available a very large nurober of quality indicators, tobe possibly used as state variables. 
A complete Iiterature review is beyond the scope ofthe present paper, and only abrief summary of 
the main possible indicators will be given, with a few representative citations. As already seen, 
state variables can be either positive quality indicators or risk indicators. 

POSITIVE QUALITY INDICATORS. The only direct positive quality indicator, non dependent 
on the specific process, is the uniformity of thickness distribution. Indirect quality indicators can 
be obtained when controlling nodal or eiemental variables ( either geometric, kinetic or dynamic ). 
Examples of process dependent indirect quality indicators are the nodal velocity in tube hydro
forming [5] and the flange thickness strain or the punch force in deep drawing. An indirect 
indicator, non dependent on the specific process, could also be built using some function of the 
eiemental energies (total, intemal, kinetic ). 

RISK INDICATORS. Risk indicators ( or defect detectors) relate to possible defects. The risk of a 
defect is signaled quantitatively, and usually before a failure occurs; is some cases defect detectors 
only indicate the occurrence of a failure. The most common possible defects or failures in sheet 
metal forming processes are: 

- defects caused by elastic phenomena after forming (springback, stress cracking); 
- deviating shapes caused by insufficient calibration in case of force controlled processes or by an 
incorrect design ofblank dimensions; 
- deviating shapes due to excessive compressive stresses (wrinkling, puckering, buckling, etc.); 
- deviating shapes due to directional differences in the plastic properties of rolled metals ( earing); 
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- necking and fracture; 
- surface defects (scratching and tool marks, orange peel, galling, Luders lines). 

Only a subset of the listed defects can be considered for use in AS, i.e. only those defects that can 
be predicted by explicit FEM analysis during the process (although approximately or indirectly): 
deviating shapes, necking and fracture. 

During the process, the shape can deviate for several different reasons (plastic instability, anisot
ropy, incorrect design of process parameters, etc.). In most practical cases, commercial FEM 
codes are able to reproduce these geometrical deviations, although with a certain degree on inac
curacy, especially in the case of plastic instabilities. Prediction of springback is obviously not 
possible during the simulation of the process (and somehow inaccurate also after the process). 
Surface defects cannot be estimated, unless special purpose numerical models or empirical indi
cators are used. 

For all these reasons, it appears that a suitable vector of state variables could be one that incorpo
rates variables indicating the amount of geometrical deviation ( due to any possible cause: 
wrinkling, buckling, earing, etc.) and variables indicating the risk ofnecking or fracture. 

STATE VARIABLES SELECTED FOR THE PROPOSED MODEL. The deviation of the 
forrning blank from the desired shape can be effectively expressed as the averaged distance d 
between the die and the blank itself [1 ]. Another way of qualitatively indicating the risk of a devi
ating shape, especially due to wrinkling, is to control the increase of the workpiece surface area Sa 
[6]. 

On the other end, there are several different ways of predicting the risk of necking in sheet metal 
forrning. However, these methods (FLDs, FLSDs, microstructural or and macroscopic darnage 
functions, etc.) all involve costly experiments in order to deterrnine the fonning Iimits. 

For these reason, in the proposed approach, no state variable for necking is considered, whereas 
the risk of fracture is reduced by designing the control variables y(t) in such a way that the con
troller tries to keep them at a minimum, as it tries to minimize Eq. 2. In other words, for each 
process, control variables must be selected so that their minimization reduces the risk of fracture. 
For instance, in deep drawing with blankholder force control, the control variable involving the 
blankholder force (BHF) should be built in such a way that the BHF is kept to the minimum possi
ble Ievel. The examples given in the next section 3 will further explain the proposed model. 

With the given considerations, Eq. I can now be transformed into Eq. 5: 

{
x, (t + L\t) = x, (t) + r,, u, (t) + r,2u2 (t) 

Xz (t + M) = Xz (t) + r2,ul (t) + r22u2 (t) 
(5) 

Where: x1=(Sa-Si)/(S,S;}, x2=(d-th/2)/(di-th/2), Si is the initial workpiece surface area, Srthe final 
workpiece surface area, di the initial distance die-workpiece, th the initial sheet thickness. Conse
quently, Eq. 2 is transformed into Eq. 6: 

c(t) = u 1 (t)2 + u2 (t)2 + w11 u 1 (t) 2 + w22 u 2 (t) 2 + w12x 1 (t)x2 (t) + w21x 1 (t)x2 (t) (6) 

In the following, the method is tested by choosing w12=w21=0, w11=w(l-t/T), w22=w t/T, where T 
is the final time. By this way, the importance ofx1 (the distance die-workpiece) is minimum at the 
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beginning of the process and maximum at the end of the process, whereas the importance of x2 

(the surface area) is maximum at the beginning ofthe process and minimum at the end ofthe proc
ess. Given this cost structure, the only parameter yet tobe selected is the coefficient w. 

3 EVALUATION OF THE PROPOSED STATE VARIABLES 
TUBE HYDROFORMING. As already previously stated, the role assigned to the frrst term ofthe 
cost fimction Eq. (6) is to ensure thickness uniforrnity and to prevent fracture. This goal can be 
achieved by minimizing pressure increments M> while maxirnizing axial feed increments M. The 
control system can therefore be designed with the following control variables: 

ul(t)= M(t)-Pmax / nc; 
pmax / nc 

u2 (t) = 11f(t)- Im., I nc ; 
fmax / nc 

P(t) ~ 0 

(7) 

!:if(t) ~ 0 

where llc is the number of control intervals, P max is the calibration pressure at the end of the process 
(estimated as a lower Iimit), fmax is the maximum possible axial feed increment (estimated as an 
upper Iimit). While Eq. 6 forces u1 and u2 tobe minimized, the structure given by Eq. 7 ensures 
that P and f are kept as close as possible to, respectively, their lower and upper Iimits. 

Several tests of the method on different tube hydroforrning (THF) examples showed that a reason
able value for the weight coefficient w is 100. As an example, in Fig. 1, 2 and 3 the data and the 
results of an adaptive simulation run are shown. In Fig. 2b, it is clear that slight wrinkling occurs 
during the process, but wrinkles are flattened out at the end of the process (Fig. 2c ). Final mini
mum thickness ofthe part is 1.69 mm (final maximum thinning 15.5%) which is a very small value 
for this kind of square bulged part. 

In Fig. 3, the resulting pressure and feed vs. time curves are given. The plots show that the system 
rapidly finds an optimum slope for the feeding curve, which is kept approximately constant for the 
whole simulation. The pressure curve starts with a low slope (until t=3 sec), then little wrinkling 
starts occurring and pressure increases more rapidly until t=8 sec and it finally keeps a slightly 
oscillating behavior until the end ofthe process. 

Data used for simulations 
Isotropie hardening law: 
a=K(t+Eo)" 
K= 562 Mpa, n=0.22, E0=0.0l. 
Friction coefficient: 0.05 
Initial thickness: 
th=2 mm. 

FIGURE I. Die (upper-right quarter) used for tube hydroforming simulations. 
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(a) (b) 

FIGURE 2. Adaptive simulation of a THF process: (a) intermediate and (b) final state plots. 
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FIGURE 3. Pressure and axial feed curves obtained by adaptive simulation ofa THF process. 

DEEP DRA WING. The goal of ensuring thickness unifonnity and preventing fracture can be 
achieved by minirnizing the blankholder force BHF, while trying to reduce the amount of the 
stroke increments ds. The control system can be designed with the control variables in Eq. 8, 
where 11c is the number of control intervals, BHF med is an average blankholder force ( estimated as a 
lower Iimit) and smax is the total stroke. While Eq. 6 forces u1 and u2 tobe rninirnized, the structure 
ofEq. 8 ensures that BHF is kept as close as possible to its lower Iimit as the punch proceeds. 

u, (t) = BHF(t) -l; 
BHFmed 

BHF(t) ~0 

fls(t) -s /n Uz(t) = Uz(t) = max c; 
smax l nc 

(8) 

fls(t) ~ 0; 

In the example described in the following Fig. 4, 5 and 6, a weight coefficient w = lOO is used, as 
in the previous case. Maximum thinning can be expected either at the bottom comer of the pan 
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(point A in Fig. 4) or at the top of the dome in the center of the pan (point B). Distribution of 
thickness on the dome is controlled only by material properties and friction, but it cannot be influ
enced by the blankholder control. Forthis reason, given that the part is feasible, any loading paths 
that provide smaller thinning at point A can be considered as feasible. 
Indeed, the loading paths obtained by FEM with adaptive loading do provide a thinning distribu
tion with a maximum at point B. 
In Fig. 6, the resulting blankholder force is plotted vs. the stroke. The BHF initially increases when 
there is practically no change in the state variable x1 (surface area). As x1 starts increasing the BHF 
initially decreases and it finally tends to stabilize (even though with strong oscillations) around the 
central value BHFmed· 

(a) 

Data used for simulations 
Barlat anisotropic harden
ing law: 
K=549Mpa, 
n=0.22, 
eo=0.007. 
Roo=~s=R90=l.6 
Friction coefficient: 0.05 
Initial thickness: 
th=2mm. 

FIGURE 4. Die (upper-left quarter) used for deep drawing simulations. 

FIGURE 5. Adaptivesimulation of a deep drawing process: (a) intermediate and (b) final state plots. 

4 CONCLUSION 
The proposed Adaptive Simulation approach, based on predictive control theory, can be used for 
the simulation of sheet forming processes, in combination with a vector of two state that includes 
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FIGURE 6. BHF vs. stroke curve, obtained by AS of deep drawing; a moving average trendline is added. 

the distance between the workpiece and the die and the surface area of the deforming workpiece. 
Prevention of excessive thinning or fracture can be ensured by a proper selection of control vari
able to be used in the controller. Two examples of the model have been given with two different 
sheet forming processes: tube hydroforming and deep drawing with blankholder force control. 
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ABSTRACT: In modern shipbuilding of high - speed vessels, like in the aircraft industry, the high 
requirements for quality, dynamic and static characteristics are placed, either in the phase ofproject or in 
the phase of production process. The corresponding speed in the light high-speed and super-high-speed 
structures can be achieved in various ways, all consideration however boil down to the reduction in 
weight of vessel proper, saving of structural material, rational increase of propulsion power, and modern 
form, modeling to reduce total resistance, and eliminating all needless lies elements. One of possible way 
for eliminating needless lies elements is using the integral panel (incorporated skins and longitudinals, 
produced by milling process ). In this paper the main principles of the special technology of forming are 
done, which could be applicate in modern shipbuilding production process, especially in the production of 
super-high speed vessels. 

1 THE PRINCIP AL METHODS OF INTEGRAL STRUCTURES 
FORMING 

In forming integral structures, the following methods are usually used: 
forming by shot - peening ( for thin structures) [ 4] using a steel shots by special 
machine system, on the outside of integral structure, with strongly controlled 
parameters, as shown in Fig. 2. 
forming by press "in three points" (English method) [1) with striker and dies special 
profiled, using elastics steel plates, about 250- 300 mm long. Thick structural parts are 
formed, firstly, to preliminary curve and then, by shot -peening, at he final curve. This 
is, practically, an experience method as shown in Fig.3 
forming by press "in three lines"(French method) [ 1] with very strong and very long 
press machines in two phases. Firstly, by pressing with system "striker-dies" along the 
integral structure, and then, by calibration with one of shot - peening systems, up to 
the final shape of curve as shown in Fig.4. The characteristics of this method are: 
decrease of working time, smallest working area, no outdoor transport operations, the 
experience of the operators is needed, small investments and small numbers of 
workers. 

By author' s experience, the combination of all three methods produce the best results, 
depending of curves complexity. 
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Fonning direction 

Hight of defonnation 

Strait Jine generatrices 

FIGURE I. Fonned complex integral structure 
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FIGURE 2. Forming by shot-peening method 
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Dies 

Bending by three points 

FIGURE 3. Forming by striker-dies method (English method) 

Integral sheet 

Cast fiJJing 

Filling of catted plate 

FIGURE 4. Forming by "striker-dies" (French method) 

2 THE BASIC COMPONENTS OF INTEGRAL STRUCTURE FORMING 

The main goal of the integral structure forming is to obtain regular, or irregular three
dimensional shape, depending on the position of integral structure on the vessel' s hull. 
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According to the complexity of structure' s geometry and final form of the vessels piece, the 
different profiles of curves can be realized by different forming technologies and can be 
divided in several categories [ 1]: 

one-direction (cylindrical) curves, obtained by forming in only one direction, by using 
the rolling machine, usually with three rollers as shown in Fig 5a. Generatfixes remain 
strait lines in the direction perpendicular to forming direction. 

FIGURE 5. One- direction curve integral structure (a) and two- direction curves integral structure (b) 

two- direction curves obtained by forming in two directions, by using firstly the roller 
system for obtaining cylindrical curve, and then by using a special press or ironing 

machine system, for obtain final curvature with reetangular starting structural part' s 
dimensions, as shown in Fig. 5b. Generatfixes changes theirs start geometrical 
characteristics. 

~~ Forming direction 

~ort!ntfortor.rion 

Changes on sur&ce characteristic 
in order to retain strait line of seneratrices 

FIGURE 6. Camplex geometrical shape forming 
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complex geometrical shape, obtained by forming in three directions, by using several 
modes of forming and several production resources as: rolling machine, press -
system by "three points" or "three lines" with and without special tools, depending on 
work piece geometry, 
very complex geometrical shape in three dimensions, obtained by forming in more 
directions, by using several modes of forming, and several production resources, and 
due to the requirement for final reetangular bordure in final shape, usually the 
"ironing machine" is used, for pressing and elongating integral structured parts at the 
same time. 

3 THE PRACTICAL CALCULA TION OF MAIN FORMING 
PARAMETRES 

For well forming of integral structures it is very important to know the material characteristics 
as well as the forming parameters, like: the "elastic return"(spring back) zone, the forming 
force, the strain at the end of strike, the step and stroke of strike etc. 

3.1 THE CALCULATION OF "ELASTIC RETURN" (SPRING BACK) ZONE 

The calculation of "elastic retum" means the knowing of the angle of "elastic retuming", i.e. 
the R-E diagram zone, where the "elastic return" will take place and the start and end of elastic 
deformation. That is an experimental procedure, when it is necessary to obtain the relation 
between the real radius of forming curve of the structural part R1 ( the final curve) and radius 
R2 on which the integral structure has to be formed in order to obtain the real radius R" after 
"elastic return". 
For Al-alloys this relation is: 

R1: R2 = 3: 1 (1) 
On the Fig. 7 the zone of "elastic retum" is shown. 
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FIGURE 7. Strain diagram and "elastic retum" zone 
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3.2 THE CALCULATION OF FORMING FORCE (F) 

Ifthe forming resistance is equal to product offorming modulus and strain R, than: 

F·l 
- bending moment is: -- , 

4 

I b·h 2 

- bending modulus is: - = -- , 
V 6 

and than: 

F·l I 
4= v·RPo,z 

The bending force can be obtained by equation: 

b· h2 

--·Rp ·4 6 0,2 
F = ---"'----- [ N] 

I 

3.3 THE STRESS DETERMINATION AT THE END OF THE STRIKE 

The stress at the end ofthe strike can be determined by equation (5) as: 

I F·l·V 
F·l= V ·RPo,z,or RPo,z =--I-
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(2) 

(3) 

(4) 

(5) 

(6) 

Compared to equation ( 5) the pressing force for forming can be calculated, for given material 
(filled with the filling) and than: 

for Al-alloy ( 400[N/mm2 ]) .......... s = 6 mm ............................... F 1= 288 [N], 
for the cast filling(35[N/mm2 ] ....... s = 8 mm ................................ F2= 59 [N], 
for the cutting filling(40[N/mm2] .... s = 30 mm ........................ ~= 960 [N]. 

lF =1307 [N] 
The pressing force for forming of 130 [N] is the minimal necessary force for forming the 
present integral structure, and for calculated the strike characteristics. 

3.4 THE PRACTICAL DETERMINATION OF THE STRlKE'S STEP 

The strike' s step depends of curvature radius, geometry of the integral structure and required 
tolerances in control of the final form. For the forms expected on super- high-speed vessels 
this step could be about s = 10 - 15 mm. 
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3.5 THE PRACTICAL DETERMINATION OF THE STRIKE'S STROKE 

The detemiination of the strike' s stroke will be realized by experience, and at every new pass 
of the strike the height of stroke has to be lower for h = 0,2 - 0,5 mm. 

4 CONCLUSION 

The forming of integral plates (skins) have to be a very important part of the modern 
production process in the production of super-high speed vessels. This process has to be strictly 
controlled, undivided and homogenous process in which the line - production of hull' s and 
superstructure' s modulus will exist with integral structures, like its fundamental part. Then it 
can realize the main goals in the new production as: 

increasing production quality, 
simplifying production, 
decreasing final production costs, 
decreasing human influence in the production, and 
best aesthetic view. 
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ABSTRACT: In modern shipbuilding of high - speed vessels, like in the aircraft industry, the high 
requirements for quality, dynamic and static characteristics are placed, either in the phase ofproject or in 
the phase of production process. The corresponding speed in the light high-speed and super-high-speed 
structures can be achieved in various ways, all consideration however boil down to the reduction in 
weight of vessel proper, saving of structural material, rational increase of propulsion power, and modern 
form, modeling to reduce total resistance, and eliminating all needless lies elements. One of possible way 
for eliminating needless lies elements is using the integral panel (incorporated skins and longitudinals, 
produced by milling process). In this paper the main principles ofusing integral panels are done, like the 
application in modern shipbuilding production process of super-high speed vessels. 

1 INTRODUCTION 

In modern industry, as the shipbuilding industry is, the high requirements are placed for 
quality, dynamic and static characteristics for structural parts, weight diminution of production 
parts, increasing of speed, security in all regimes of using and good quality of products. The 
same requirements are demanded, either in the design phase or in the production phase, in 
building of super- high -speed vessels. 
The main goal of this proposal for using integral structure in modern shipbuilding production 
is the simplification of production, particularly in the preassembly and assembly phases, as the 
positive influence on the technical characteristics of the vessels (low weight, high speed, 
security and stability in all regimes of navigation, satisfying stress and strain of construction, 
etc.). As the main material will be Al- alloys, one way to meet these dernands is using the 
integral structures (integral panelsandintegral skins). 
Though at the first moment, the production of integral structures seems very expensive and 
uneconomic, the final production costs of high - speed vessels will show its rent ability at the 
vital constructive parts like: 

the side plates ofhull structures, 
the inside and outside plates of superstructure, 
the decks on the hulls and superstructure, 
the frames girders (bar - girders) of hull construction, 
the zones of side and deck openings (for cargo and passengers) etc. 

The Fig. 1 shows the generat view of one typical integral structure. 
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FIGURE 1. General view of one typical integral structure 

2 DEFINITION OF INTEGRAL STRUCTURES 
The hull parts produced like the elements of integral structure are the elements produced in one - piece, either by milling machine process (using NC - milling machine) or by chemical milling, made from thick Al - alloy plates in the integral form, that means homogenous structure with all necessary incorporated structural parts and without any kinds of joins between constructive elements in it. That production of structural parts needs the special production resources and a severe quality control over the possible deformation during its production, caused by: 

releasing the internal strain of material, 
unusual heating of material during production, 
rate between thickness of plate and minimal thickness of machine structure (usually 
s=h/10), 
good flatness of the plate before integral structure machining, especially at the thin 
parts. 

Depending on the geometrical shape and characteristic of integral structure, particularly the integral panels and integral skins, we can divide these structures [ 1] in the several categories 
with: 

"pockets" different depths, 
mutually parallellongitudinals, perpendicular at the forming direction , 
mutually parallellongitudinals, along the structural part, combination of parallel and perpendicular longitudinals, at the direction of forming, 
intercostals longitudinals along the structural part, 
longitudinals and incorporated bottom of the frames and floors, 
special shapes and deformation profiles. 
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For each of these categories the production methods and resources have to be strictly 
determined, as well as the production technology of structural part with all special tools and 
outfits. From that reason, the following notices have to be kept in mind, particularly in the 
design phase: 

integral structures must have an adequate stress and strain, 
integral structures must have the most simple shape, 
integral structures must to be produced without steps of different thickness against 
side thicknesses, 
integral structures must to be produced with the same thickness along the alveoli 
between longitudinals, 
the ends of integral structures have to be finished as a thick part, and 
the production methods and resources, as well as the qualifications of operators, have 
to be counted in the design ofthe structural part,. 

The advantages of the production high- speed vessels using integral structures are polyvalent: 
production at one - piece system, at one working place, without of any methods of 
joins on it, without the risks of cracks, no X -ray controls, no X -ray films, proper 
strain and stress, quality control consists of only dimensional control and fluorescent
penetrant method for cracks detection, 
weight of structural parts is decreased as well as the number of working operations, 
production time of final part and transpoft operations are decreased, 
quality control time is decreased, 
general security of construction is increased, 
good esthetical view is assured. 

The defaults ofthe production high- speed vessels using the integral structures are: 
providing NC- milling machine with the big working table, 
providing the resources for forming integral structures with specific technology, 
making programs for NC- milling machine, 
operators must have a high qualification Ievel. 

3 THE PRINCIPAL INTEGRAL STRUCTURE CLASSIFICA TION (BY 
FORMING MODE) 

By the mode offorming, [1] the integral structures can be divided in: 
the integral structures without longitudinal profiles (thin structures named ''pocket") 
and 
the integral structures with longitudinals, different directions. 

For each of numbered integral structures there exists a "raison d'etre" for its using in 
construction parts, in the design phase, either for its specific geometry or for the technology of 
forming. 
Integral structures without longitudinals (with the "pocket") are produced ofthin plates, with 
the depth up to 8 mm, and forming is realized by rolling on rollers machine for cylindrical 
curvature, with the method ''by down", because of an easier control of the curve during 
forming, and in order to eliminate the influence of its weights on the final curve. In some cases, 
forming can be realized by combination of rolling and pressing, using special tools and 
counting on "elastic return". The Fig. 2 shows that possibility. 
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Filling of pockets 
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Fonning <<by down» 

Thin integral structure 
with pockets 

FIGURE 2. Forming ofintegral structure with the pockets with method "by down" 

Integral structures with mutually parallellongitudinals (in the forming direction ) are forming 
by pressing on the press- machine, type "striker- dies", either the striker or dies is moved, and 
is positioned on the upper side of the machine. In this case, firstly, it is necessary to fill up the 
"pockets" by prepared filling inside of the integral structure geometry, between longitudinals. 
This filling is made of specific material (both of LUCOFLEX and UR-325) with mechanical 
characteristics like the constructive material. The high ofthe fillings must be 3 - 5 mm over the 
highest part of integral structure, as presented in Fig. 3. 

The integral structure 
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Bending by linear mooving of a dies set 

LUCOFLEX 

\\\\ 

Integral structure with filled pockets UR - 325 
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Integral structurewitb filled longitudinals \ UR- 325 

FIGURE 3. Forming ofintegral structure with mutually parallellongitudinals with method "by down" 
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Integral structure with longitudinals in both directions (in the direction of forming and 
perpendicular on the direction of forming) are formed "strike by strike" either " in three points" 
or "in three lines" at the special press with especially profiled striker. Of course, in this case the 
areas between longitudinals have to be filled up by previous prepared filling. Forthin integral 
structures forming can be realized on the strong rolling machine. Forming has tobe realized 
with the longitudinals "by up" because filling, in forming "by down", could fall down. 
Forming of simple regular forms by universal tools counting on "elastic retum"(spring back) 
could be realized. For Al - alloys the "elastic retum" is about 113 of real curvature radius, as 
presented in Fig.4. 

Upper die 

.__.-/ -
-~I Lowerdie 

Step by step fonning Close dies fonning 

FIGURE 4. Forming ofintegral structure with longitudinals in both directions (a) and simpleregularform 
(b) 

The view ofthe strains for this case is presented in Fig.5. 
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FIGURE 5. Strains offormed integral structure 
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In the case of the integral structures with longitudinals araund the bordures, even in the 
machining phase, it is necessary to produce some additional surface around the bordure of final 
shape of the structural part with the same geometry, which is, in the phase of forming also 
filled with filling; and forming is effected by the method "strike by strike" ("in three points" or 
"in three lines"). In same cases, forming can be realized by the strong system of rollers. These 
structures are shown in Fig. 6. and are used for side openings or decks. 

Addition for forming Cast filling 

4" clearance 

Addition for fonning (reserve around bordure) 

FIGURE 6. Filling the integral structure with longitudinals around the bordures 

The integral structures with special shape and deforming profile are used for decks and side 
plates, at the shear strake and bilge strake. Due to different depths of the plates and used forces 
for forming, filling is done completely in two phases: 

with filling realized by polymerization of two components (UR-325), due to the fact 
that filling obtains the correct form of "pocket", and 

with positioning of filling produced ofthin plate ( LUCOFLEX), Ievel by Ievel, up to 
the high 3 - 5 mm over the highest part of integral structure. 

The filling connecting between each Ievel is done by the double side adhesive tape. 

4" clearance for puU out the filling Filling of catted plates 

Integral sheet Cast filling 

FIGURE 7. Filling positioning realized by polymerization and Ievel by Ievel 

Forming is effected by "striker-dies" press - system ("in three lines") with calibration of skin 
thin parts, either by shot-peening or by pressing with special tools, calculating the effect of 
"elastic retum. 
The integral structures of decks, side plates, bilge and shear strake, as the bottoms sides of 
hulls have to be very precise and of excellent form. Their dimensions are very big 
(6000x2000mm), masses relatively small (40-50 kg) and with the small forming tolerances (± 
0,2-0,5 mm). 
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4 CONCLUSION 

Taking into consideration these facts the integral structures in modern shipbuilding industry 
will be very important and necessary, particularly in the serial production of the super -high
speed vessels. It will be necessary to eliminate all technical, technological and organization 
problems, and invest in indispensable machines and new knowledge of operators at the new 
production lines. Then the production with minimal working forces, material and production 
times can be obtained, and it can be possible to ensure the best quality. 
These have to be the permanent tasks of all production participants in modern shipbuilding 
production, particularly in the production ofthe new generation's vessels. 
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ABSTRACT. In the paper the design of an industrial tube roll forming process is developed utilizing an 
heuristic algorithm, namely the simulated annealing (SA). In particular both the number and the shape of 
the deforming rolls are determined in order to define the forming sequence. The effectiveness of the 
results supplied by the SA algorithm is verified both by means of some experiments tests carried out on 
an industrial tuberoll forming equipment and through a set ofnumerical simulations ofthe process. 

1 INTRODUCTION 

The tube roll forming is a continuous process for forming metal from sheet, strip or coiled stock 
into tubes of uniform cross section by feeding the stock through a series of roll stations equipped 
with contoured rolls [1]. The process is particularly suited to the production oflarge quantities and 
long lengths to close tolerances and involves a minimum ofhandling. 
In this process the rolls are characterized by a progressive curvature enabling the desired final 
shape to be obtained; :furthermore properly shaped blocks are located to favor the sheet movement 
and to control the elastic springback At the end ofthe forming sequence a submerged arc welding 
operation is carried out to join the sheet borders. 
The design ofthe process consists in the most suitable selection ofthe basic operating parameters: 
among them the number of passes and the geometry of the rolls utilized at each station are proba
bly the most relevant [2]. In particular the geometry of the rolls is determined by the position of 
the center of curvature and by the curvature radius. 
The above considerations show that the "flower" design (flower is the name generally given to the 
progressive section contours, starting with the flat sheet and ending with the desired section pro
flle) is a very critical task. Actually a finite element approach can be very useful to evaluate an 
existing flower design, but it cannot be considered as a starting design method [3][4][5]. Accord
ing to the above considerations in a previous paper the authors proposed the application of an 
Artificial Intelligence technique, namely Simulated Annealing, to the tuberoll forming process [6]. 
The SA algorithm considered the roll forming sequences as vectors, the elements of which were 
the bending angles corresponding to each pass. The sequences bad a variable size: the optimal 
number of passes was not fixed a priori and was determined through the evolution of the algo
rithm. A proper objective functions was utilized, either aimed to the reduction of the number of 
passes of the roll forming sequence or to the improvement of the quality of the final product 
avoiding shape defects on the strip edges. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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In this paper the effectiveness of the results supplied by the SA algorithrn is verified, both by 
means of some experiments tests, carried out on an industrial tube roll forming equipment, and 

through a set of numerical simulations of the process. Furthermore a sort of constrained optimiza
tion procedure was carried out in which the rolls to be utilized in the optimal sequence were 

chosen just among those in use in the actual industrial sequence. Again the obtained optimal se
quences were tested both by experiments and FEM simulations. 

2 THE INDUSTRIAL PROCESS 

In the following the industrial experimental equipment utilized for the investigated process is 

described. lt consists in a roll forming line, designed for artesian well tube production. The raw 

product is constituted by a coil which is unwind through an appropriate decoiler (Figure l.a). Then 
the strip is regularized across a flatter and trimmer station (Figure l.b) where it is both vertically 
and transversally positioned. In order to avoid discontinuity in the forming process a welding 

station is inserted along the line; in this way the conjunction between the final and the initial edges 

oftwo consecutive strips rnay be carried out (Figure l.c). After that, the strip undergoes the bend

ing process through the roll forming machine (Figure l.d) made of 10 roll forming stations and 8 

"controlling" stations in which properly shaped blocks are placed to avoid the insurgence of shape 
defects and to favor the progressive forming of the sheet meta!. In each forming station a couple of 
properly shaped rolls is mounted and in this way at the end of the forming line a tube shaped final 
product is obtained which is longitudinally welded and then cut on the cutter station (Figure l.e ). 

~~~~ ,;pUUII!IUIIIII ~ 
~~~- a oo al_ 

a b c d e 
FIGURE 1. The forming sequence 

Upper roll 

c Lower roll 

FIGURE 2. The roll geometry 

In Figure 2 the main geometrical features defining the geometry of each single roll is reported. 1t 
should be observed that at least Xe, R and r have to be indicated in order to determine the geome
try oftheroll [6]. 
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3 DESIGN AND OPTIMISATION PROCEDURE 

In order to obtain an optimal design of the roll forming process, the following objectives have to 
be reached [7]: 

minimization of the number of roll passes in order to reduce the number of required rolls and 
the time spent for the machine setup when a production batch change occurs; 
maintenance of the longitudinal strain on the strip edges below the maximum value E", to avoid 
the wavy edges phenomena and thus to assure a good quality of the welded tube. 

On the basis of the above mentioned objectives, two optimizations procedures applied to the de
sign of the roll forming process have been developed. The former aims to optimize the process 
considering the whole available set of rolls ("free optirnization") so that, for example, a roll usu
ally utilized for the production of a smaller diameter tube can be included in the sequence instead 
of a larger diameter one and vice versa. The latter procedure, on the contrary, takes the sequence 
pertaining to the factory as a starting point and then evolves reducing single roll passes according 
to the already analyzed objectives ("constrained optimization"). 
The optimization approach consists on the generation of an optimal roll sequence through a heu
ristic algorithm, namely simulated annealing, which minirnizes the total number of roll passes and 
at the same time smoothes the average longitudinal strain at each roll pass. 
In the last decade Simulated Annealing have demonstrated, their flexibility for solving many dif
ferent classes of optimization problems, and their efficiency in respect to the traditional techniques 
oflocal optimization or iterative improvement [8]. 
In fact, SA combines to the structure of the traditional steepest descent method the possibility to 
probabilistically accept "retrogressive" movements towards worst solutions. This feature allows 
new possible optimal solutions to be found out and reduces the probability to accept poor local 
optimal solutions. SA operates through an analogy with statistical mechanics of condensed matter 
physics. Each stage of the algorithm represents a cooling ''temperature" level which is maintained 
till an "equilibrium condition" is reached; then the temperature is cooled and the local search goes 
on. Because of its large flexibility, SA can be applied with success to the roll forming problern 
[6][7]. 
The input data elaborated by the proposed simulated annealing, are constituted by a detailed data
base containing the following rolls geometric features: Xe, Rand r (see Figure 2). Whichever the 
type, single or double curvature, each roll is identified through a natural number. Therefore, the 
generic sequence to be optirnized by the SA algorithm is represented by a variable size vector S 
whose elementsarenatural numbers: S = {nl n2 n3 ... nn }, where n1<n2< ... < nn and nn is 

equal to the code of the roll that corresponds to the final diameter of the profile. It is relevant to 
point out that since the vector S has a variable size, the optimal number of passes is not fixed a 
priori but is determined during the evolution ofthe algorithm. 
On the basis of such a feasible sequence, the optimization algorithm calculate the objective func
tion based on the differences between the strains corresponding to each pass and the maximum 
allowable material elongation, and on a term depending on the number of passes. 

n 
~Ja -e(k) 

OBJ = i=l + nr (1) 
n 
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where n is the number of passes, Ea is the maximum allowable elongation on the strip, e(k) is the 
reached Ievel of longitudinal strain derived by means of simple geometrical considerations [9] [ 1 0] 
and r is a constant (t= 142). Of course, the objective function OBJ must be minimized. 
In order to assure the feasibility ofthe sequences elaborated by the optimization algorithm, a set of 
constraints has been considered. In particular penalty weights acting on the OBJ function of each 
sequence have been introduced, essentially due to the following causes: 

since the objective function works on the average of the differences between strains, it is nec
essary to avoid unacceptable elongation values at a single pass, which are symptoms of too 
large values of conferred deformation at a single forming station; 
in order to facilitate the introduction ofthe strip into the roll forming machine, sequences char
acterised by too high values of the bending angles in correspondence of the first pass must be 
discarded; 
because of the work hardening of the material and of the final elastic springback, it is prefer
able to design roll forming processes characterized by decreasing values of the strains as the 
total bending angle increases. 

It is worth to point out that, all these aspects have been taken into account in the algorithm evolu
tion by selecting penalty weights whose importance is calibrated with respect to their effects on the 
final quality ofthe products. 
In order to analyze a wide domain of feasible solution, a double stage neighbourhood search op
erator has been implemented. A proper description of the operators operating can be found in 
reference [6]. Furthermore, the above mentioned operators are randomly chosen with an equal 
probability to be selected. 
Once a new forming sequence through the neighbourhood search method has been generated, a 
simple cooling schedule based on the variation ofthe objective function OBJ is carried out. It aims 
to accept or refuse the new sequence as perturbation of the original one, through a typical expo
nential probabilistic criterion. If the new sequence is refused, the actual temperature value is 
reduced by a multiplicative factor equal to the fixed cooling constant [6]. 

4 THE NUMERICAL MODEL 

The roll forming process was simulated utilizing an explicit dynarnic model [11 ]. A full three
dimensional analysis was developed taking into account the vertical symmetry plane. 
The sheet was meshed with about 2,000 4-node shell elements characterized by 5 integration point 
through the thickness; moreover a geometrical remeshing algorithm was utilized during the nu
merical analyses in order to avoid a too relevant distortion Ievel of the elements. During the strip 
movement several elements were in direct contact with the rolls and with the shaped blocks which 
were both modeled as rigid geometrical surfaces. Actually the use of no-meshed bodies improves 
the effectiveness of the contact algorithm since no inter-action between two different meshes has 
to be taken into account. Furthermore the utilization of small time increments, which characterizes 
the explicit models, permitted to properly follow the process mechanics and in particular the con
tact conditions at the rolls-sheet metal interface. In Figure 3 the deformed model utilized for the 
simulation ofthe 300 mm diameter (cf>) tuberoll forming process is shown with reference to the 
industrial forming sequence. 
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FIGURE 3. The numerical model (<I>= 300 mm, ten forming stations) 

The forming processes were simulated applying to the lower forming rolls an angular velocity 

equal to 25 radls, 5 times greater than the actual one in order to reduce the CPU times. Neverthe
less, no inertia effects were observed through a continuous check of the ratio of the kinetic vs. 

deformation energy, which has been limited to 0.1. 
A Coulomb friction modelwas utilized with a friction coefficient equal to 0.15. Finally the sheet 

material was a 2.5 mm thick Fe 360 steel, whose plastic behavior is represented by the following 

powerlaw: 
cr=648*e0·23 

obtained through a set of experimental tests. 

5 THE OBTAINED RESULTS 

(2) 

In order to test the effectiveness of the proposed design procedure both numerical simulations and 

experimental tests were carried out. In particular the <I> = 300 mm tube, characterized by a sheet 
thickness of2.5 mm, was taken into account. For such configuration the industrial practice utilizes 
a sequence often forming stations. First ofall a "free" optimization procedure was developed and 
the SA algorithm designed an eight stations sequence [6]. In the next Figure 4 the Flower design 
corresponding to the "free" optimal sequence for <1>=300mm profile is reported. 

7' 

<I> 300 

3" 

FIGURE 4. Free optimal Flower design (<1>=300mm) 
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Both the industrial sequence and the optimal one, proposed by the "free" design procedure, were 
numerically simulated in order to compare the obtained results in terms of reached Ievels of strain 
(Figures 5a and 5b ). Actually a slight increase in the Ievel of longitudinal strain was observed due 
to the reduced number of forming stations and the consequent uneven deformation mechanics 
along the production line. Nevertheless, as can be observed in the next figure 5b, the free optirni
sation procedure allowed to obtain a sound final product but the former part of the sheet which 
undergoes an initial transitory characterized by a stronger curvature than the required one. 
The "free" optirnisation sequence was also experimentally tested in order to verify the effective
ness of the design procedure: during the experiments sound components were obtained avoiding 
the insurgence of shape defects in the rolled tube. In figure 6 a final step of the forrning process is 
reported and the joining edges of the bent sheet are shown highlighting a correct positioning for 
the incorning wending step. 

FIGURE 5. The deformed model: a) the industrial sequence; b) the "free" optimisation sequence 

FIGURE 6. The experimental validation ofthe free optimisation sequence 

Subsequently the verification of the "constrained" optirnization sequence was developed; in other 
words the sequence was obtained lirniting the domain of the objective function to be rninirnized in 
the design procedure, to the forrning rolls utilized in the industrial sequence. In this way an opti
mal sequence was deterrnined differing from the industrial one since the 3'd the 5th and the 7th 
upper rolls were released and did not produce any deformation on the sheet metal. The FEM 
simulation (Figure 7) allowed to verify the soundness of the final obtained tube apart from the 
former part ofthe sheet in which strong local deformations were observed due to the shoots which 
were impressed at each forming station to the sheet metal as it entered the rolls. Such defect, which 
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is typical of the initial transitory of the roll fonning processes, in this case appears more relevant 

since an uneven progressive deformation is given to the blank because of the absence of three 
deforming rolls with respect to the industrial sequence. 
Again the experimental verification of the optirnized sequence was developed in order to test the 

effectiveness of the design procedure and of the FEM results. In this case a very simple set-up of 
the industrial plant was required since the optimized sequence was directly derived from the in

dustrial one simply releasing three fonning rolls. Again a sound product was obtained and in 

figure 8 the final stage of the process just after the welding process is shown. 

it: 
FIGURE 7. Constrained optirnisation sequence: 

the deformed FEM model 
FIGURE 8. Constrained optirnisation sequence: 

the sound component after the welding step 

b) 

FIGURE 9. The shape defect: a) FEM simulation; b) experiment 

Finally subsequent trials were developed in order to further reduce the number of fonning steps; in 

particular both numerical simulations and experiments were developed releasing also the 1st upper 

roll. Actually such final tests demonstrated that shape defects are induced in the final product as a 

too high Ievel of deformation is given at the first fonning station andlor during the deformation 

process since in these cases the sheet meta! is strongly beaten by the lateral surfaces of the rolls. In 

this way in the next Figure 9 (a and b) the typical observed shape defect is reported and further

more in Figure l 0 the consequences as far as the welding joint is regarded are highlighted. 
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FIGURE 10. The ineffective welding due to the presence ofthe shape defect 
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ABSTRACT. With the miniaturization of sheet meta! working, a new method for designing the compo
nent and the associated manufacturing process must be sought. Standard methods for tolerances synthesis, 
formability study and part inspection are inadequate when applied to under millimeter components. The 
dimensional and geometrical tolerances are often of the same order of magnitude as the part dimensions, 
making harder the realization of functional assemblies. Micro-formed parts exhibit a peculiar behavior 
during the forming steps due to the so-called size effects. Furthermore, the inspection of micro-parts 
requires statistical approach and special instrumentation. 

The paper analyses the performance of the microforming process by means of Finite Element simulation 
of the influence of size effects on the expected results. This is the basis for the setting or framing of 
design methodologies able to control surface topography errors by means of Geometrical Dimensioning 
and Tolerancing and statistical analysis tools. The paper highlights that simultaneaus engineering tech
niques, already suggested for the development of standard components, are indispensable with micro
dimensional forming applications. 

1 INTRODUCTION 

Today industrial applications of thin metal sheet components regard specifically the electronic 
sector, where the miniaturization of circuitry compelled an analogous trend in the metal devices. A 
typical micro-forming process involves blanking and bending of a narrow metal strip on progres
sive dies to produce connectors, contact springs and leadfrarnes. The goal is supporting the 
creation of new industrial fields with high added value, which are expected to steeply grow in the 
mechanical aspects, as much as in the electronic one. 

Other forming processes ofthin metal sheets arenot yet investigated thoroughly [1]. Present study 
investigates the issues induced by transferring sheet metal forming technologies from the usual 
dimensions and thickness to the microscopic world. In this framework, investigations (mainly in 
Germany andin The Netherlands) focus on the scientific characterization ofthe rheological char
acteristics of thin foils and on the modeHing of the plastic flow behavior of the material. Vice 
versa, present research deals with the industrial assessment of the forming processes, therefore 
analyzing the design of the process more than at its implementation. 
Miniaturization complicates the control of geometrical variability of mechanical components. 
Tolerances assure functionality, economic manufacturing and quality of macro-mechanical 
products but in the conversion to micro-mechanical applications, the Iack of empirical back
ground and physical intuition of the process require a coherent, complete and unambiguous 
tolerancing methodology that is still to be developed. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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2 DESIGNING THE PRODUCT 

Assuming to work in a Concurrent Engineering framework, designers have to assure the function
ality of products as well as their economical manufacturing. The design methodology consists of 
the analysis of product functionality, its decomposition in functional requirements of components 
and, fmally their translation into geometrical specifications. Designers establish a control on the 
geometrical variability of mechanical features, specifying size and dimensions, geometrical toler
ances and geometrical properties of the surfaces according to Geometrie Dimensioning and 
Tolerancing (GD&T) standards: ANSI Y14.5, DIN 7186-1, BSI 8888, ISO 286-1, ISO 1101, etc. 

In spite of the enormous effort devoted to the formalization of tolerances definition there isn't a 
complete, coherent and unique tolerancing methodology. This situation is rapidly changing thanks 
to the Geometrical Product Specification (GPS) project driven by the ISO/TC213. The goal ofthe 
GPS project is the standardization in the field of surface properties, macro/micro geometry speci
fications, dimensional and geometrical tolerancing, verification princip1es, measuring equipment, 
calibration requirements. GPS standards could be profitably app1ied to micro-mechanical compo
nents, but some considerations are required. 

The first issue concems Iimits in the scaling process. GPS project classifies irregularities of sur
face or profile according to the ratio of the distance between irregularities ( deviations, waves, 
cracks, etc.) to their depth. Formdeviation has a ratio greater than 1000, waviness 100, roughness 
5 and crack less than 5.1t is obvious that overcoming some miniaturization Ievel the spread among 
different types of irregularities keep on reducing until it disappears. In such a situation GPS stan
dards couldn't apply and other methodologies should be developed. 

A second issue is the type of contro1 applied to geometrica1 variability: when the rate of miniaturi
zation exceed the rate of irnprovement of the manufacturing process, geometrical errors cannot 
anymore be evaluated on the single component but have to be controlled over the entire manu
facturing process. 

According to an established practice in micro-electronic manufacturing, the worst case tolerancing 
is replaced by statistical tolerancing. The parallelism between electronic and mechanical micro
technologies is not so strict: !arge dimensional and geometrical errors in microelectronic compo
nents do not affect product's functionality because it is possible to stabilizes the nominal work 
point by applying an electrical retroaction, barder to implement in a mechanical device. 

Statistical tolerancing is not fully developed in GPS or GD&T standards [2, 3]. The most ad
vanced published standard in statistical tolerancing is the withdrawn German Standard DIN 7186 
[4], which represented the first serious attempt in the direction of codifying statistical tolerancing 
by modifying the specification of a worst case tolerance interval [5]. 

Statistical tolerancing specifies the acceptability of a population of parts, without placing Iimits on 
individual parts. Some pieces, in a population not satisfying tolerances, possess the correct geo
metrical characteristics while some others, in a population satisfying tolerances, are so different 
from the nominal values as to be unusable. Any geometrical characteristic can have a statistical 
specification, indicated by the letters ST enclosed by a hexagon followed by a series of one or 
more frames which defme the Iimits of acceptable workpiece distributions. There exist a number 
of ways in which these Iimits can be specified. 
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A first approach places Iimits on the population parameters (mean f.l and standard deviation cr) 
using the Process Capability Indices (PCis). A second approach defines a containment zone for the 
cumulative distribution function of the workpiece population (Distribution Function Zone - DFZ). 
Examples ofthese approaches are depicted in Fig. 1. 

r====l -1 + 1~-
~ @lcpk~t.o i cp~1.71 010±o.os@±o.o3 P84% 

FIGURE I. Specification ofstatistical tolerances with two different approaches 

On the left side, PCis-based specification controls diameter of cylindrical feature defining a finite 
region in the f.l-<J plane describing possible workpiece distributions. Defined the Upper and Lower 
Specification Limit U and L of the worst-case tolerance and the target value 't of the toleranced 
characteristic, PCis are computed from the mean f.l and the standard deviation cr of manufacturing 
process according to (1-4). The trapezoidal shaded zone in Fig. 2a, based on (1-4), satisfies both 
conditions ofthe statistical reference frame ofFig. 1. 
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On the right side of Fig. 1 a DFZ-based specification states that in any acceptable population of 
parts at least 86% of the diameters shall be within the interval [9.97, 10.3], at most 7% shall be 
within both the interval [9.95, 9.97] and [10.03, 10.05]. The resulting admissible DFZ is repre
sented in Fig. 2b: any population of diameters whose distribution falls within the shaded zone is 
acceptable. 
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As previously mentioned, statistical tolerancing does not assure a complete conformance with 
geometrical specification but it allows larger tolerances and improves the application of Statistical 
Process Control techniques. 

3 ENGINEERING THE PRODUCT 

3.1 PROCESS ASSESSMENT 

Materials and shapes used in micro-forming are strongly different from the ones employed in 
conventional processes. The micro-formed components will have a wide usage that till now it is 
conceited to predict and to attempt classifying. Nevertheless some topics can be highlighted: 

1. Micro-formed sheet components will be so small that material waste won't be considered a 
main issue, therefore the progressive dies with some strip traction mechanism could be the 
best solution to the material handling difficulties. 

2. As assembly ofmany small parts is achallenging task, micro-formed techniques avoiding the 
movements of the parts from the initial fixture will be rewarding. Examples are multi-process 
integration of different functions, mainly forming and welding. 

3. Esthetic will be scarcely considered a problern because also visual defects will be reduced to a 
barely visible scale. 

4. As it will be impossible to detect flaws and defects inside the component, some ingenuity will 
be made necessary to implement a robust machines, i.e. a mechanical device able to withstand 
even some structural failure. 

When engineering a micro-formed part, some precautions must be adopted. The manufacturing 
engineer must be always conscious of the poor precision - relative to the part dimensions - that he 
can achieve. Assembly issues become the actual technological challenge, while feasibility is nearly 
always guaranteed and the fabrication study is somewhat simplified. In order to better discuss the 
problems, we recall shortly the design process of a new sheet metal product in a modern facility 
[6]. 

The design begins with the development of the product concept. Then the conceptual design is 
converted into a draft in the feasibility step. At this stage materials, manufacturing sequence, ma
chines are chosen, the process feasibility is tested by means of inverse FE codes and the overall 
economics is assessed. The production method consists in the design of the final shape and dimen
sions of the product, in the detailed process planning. To obtain these outcomes the forming 
process is analyzed using irreremental FE codes and the process parameters are optimized. Even
tually a prototype is realized and tested. In the same time the assembly methodology is assessed by 
choosing the method and the sequence. Usually assemblability study is performed after the manu
facturability study. In the sheet metal forming field it is supposed that assembly problems can be 
solved by interventions on the process details without requiring an overall redefinition of the pro
duction process. 

Ifwe try to design a micro-formed product following the conventional sequence we face a number 
of contradictions. The product feasibility changes in every sca1e: bending limits, drawability, 
thickness reductions. Both the draft design and the formability study are realized before deciding 
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the tolerances, therefore, following the discussion in the preceding chapter, their applicability is 
questionable. The process is simulated by means ofFE codes using nominal values for dimensions 
and a standard flow curve for the material. Simulation is used in order to assess and optimize pro
cess parameters, blank size and shape and to defme the exact shape of the dies for the intermediate 
forming steps whose number has been already defined in the feasibility stage. The only way to 
overcome· the uncertainties of micro-forming processes is to execute different simulations covering 
the whole range of values present in the productive environment and to substitute the deterministic 
results that are expected from the simulation with a sensitivity study. In other words it will no more 
be possible to find the optimal blank profile to form a given component, but only a compromise 
one. 

3.2 ACCOUNTING FOR SIZE EFFECTS 

The miniaturization of sheet metal forming processes must cope with size effects [7, 8]. lt is 
possible to make a distinction between first and second order size effects. First order size ef
fects are caused directly by the reduction of dimensions and show themselves as a change in the 
relative importance of manufacturing parameters. Second order effects are indirectly linked to 
the sheet thickness. They are caused by changes in the material or process behavior during the 
scaling down. 

What is important from our point of view is that first order effects can be accounted on by 
common engineering tools like CAD-CAM and FEM, second order effects ask for a new char
acterization of the materials together with different constitutive laws because of the non 
negligible importance of grain size and shape changes. 

Between the first order effects, in order to assure industrial applicability, the tolerance design is 
the main issue. The Iist of second order effects is quite long and the way of action of every 
effect is not yet completely understood [9, 10, 11]: flow stress, anisotropy, ductility, friction, 
die deformation, bending behavior. In a thin metal sheet, the grains that are on the surface have 
a large part oftheir boundary free from contact with adjacent grains, therefore constraint forces 
on the surface are less. This explains many of the behaviors exhibited by micro-sheets. 

4 DEEP DRA WING OF A SQUARE CUP 

The proposed case study consists of a square cup having dimensions 20x20x8 mm. According to 
the GD&T approach, shape and dimensions ofthe cup are controlled by geometrical tolerances as 
seen in Fig.3. The bottom ofthe cup (datum A), shall be put on a perfect plane. Planarity control is 
required in order to avoid errors in the contact between datum feature and datum simulator. The 
position of three holes is verified with Maximum Material Condition. The pattern of the three 
holes also constitutes the secondary datum feature B, which locates the cup when inspectors verify 
the geometrical errors on the cup walls. It is possible to apply statistical tolerances to transfer the 
conformance verification from the single manufactured part to the manufacturing process. 

Four different scaling Ievels (called length scales A.) are chosen to study the production method 
highlighting the differences among scales. Each Ievel corresponds to a different sheet thickness. 
All the geometrical dimensions are scaled down following the geometric similarity. The four Ievels 
correspond to a thickness of I, 0.5, 0.1, O.Olmm. 
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SECT JON A/A 

FIGURE 3. Square box 

The FEM simulations are performed on a one-quarter symmetrical area for the CuNi 18Zn20 alloy. 
The rigid square punch is a 20 x 20mm2 flat surface rounded at the edges with a 4mm radius. The 
impossibility to guarantee a reasonable clearance between die and punch force the choice of the 
hydroforming process [12]. A liquid substitutes the die applying a uniform pressure all over the 
upper face of the sheet. In the real process a hinder is provided opposite to the blankholder. Here it 
is not used to amplify the effect of different process parameters. Furthermore, the very small di
mensions of the part makes harder the use of a binder. 

FIGURE 4. Final shape ofthe squarebox after 
forrning 

FIGURE 5. Thickness distribution (referred to the 
initial thickness t: dark=1.2t, bright=0.6t) 

Fig. 4 shows the simulation of the deep drawing of a square cup and Fig. 5 the thickness distribu
tion for a 1 OOIJ.ffi thick foil. The basic pattem of thickness distribution does not change when 
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scaling down the dimensions: the upper comer shows the maximum thinning and the bottom cor
ner has the maximum increase in thickness. The profile of the box edge is irregular with a visible 
tendency to form waves. The waviness is greater for large thickness and reduces to its minimum in 
the lOfllll thick foil. 

Three second order effects are considered [6,7]: the deformability of the die, the increase in the 
friction factor and the change in the material characteristic and anisotropy. The results of the 
simulation show a reduction ofthe minimum thickness for all the three factors (Fig. 6). 
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FIGURE 6. Minimum thickness after forming for different second order effects 

The values of the principal indicators of process quality, thickness and principal strains, do not 
change very much among the different A . 
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FIGURE 7. Profile error considering only the effect of die deformation 

Table 1 shows that the ratio between standard deviation, computed for every effect and for every 
indicator, and average value is always under 10%. The greatest change is found in the bottom 
profile ofthe box, as shown in Fig. 7. Here the figure ofthe error with respect to the punch nomi
nal profile is plotted as a fraction of the initial thickness. What is apparent is the fact that the 
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minimum sheet thickness is always characterized by the smoother behavior of the profile (less 
waviness), despite a greater average error. 

TABLE 1 S dard d . . f tan evia1:Ion o process vana . bl es as a percentage o fth al s ue e average v 

Stand dev I average Emax Emin t.n.x t:.nm 

Material 2% -4% 1% 4% 

Friction 2% -3% 0% 2% 

Deformable dies 3% -8% 1% 2% 

5 CONCLUSION 

The paper analyses some methodologies applicable in the design of micro-formed mechanical 
components as weil as in the choice of their manufacturing process. The investigation on the deep 
drawing process of a small square cup confirms that a simple translation of design methods from 
the macro to the micro-world does not provide good results. It also highlights that a full control on 
the design, manufacturing and inspection phase, requires a deeper comprehension and a better 
mathematical description of engineering activities involved in the production of micro-devices. 
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ABSTRACT. A detailed continuum mechanics formulation as a threshold for application of the Updated 
Lagrangian Hencky formulation to plane strain rolling problern is presented. The main part of this paper 
consists of detailed derivation of finite strain elastoplasticity constitutive equations. This formulation is 
especially suitable for analysis of metal forming processes since they generally involve large deforma
tions. Based on this formulation, efficient numerical algorithm is developed and brietly described. In 
addition, several other aspects of numerical analysis are briefly addressed: friction, incompressibility and 
finite element model. The frictional conditions at contact interface are simulated by the friction layer 
technique. Incompressibility constraint is imposed by the mixed displacement-pressure FEM formulation. 
Efficiency is demonstrated on the numerical analysis of cold rolling of copper workpiece. 

1 INTRODUCTION 
Rolling is the process of reducing the cross section of the workpiece by a squeezing action as it 
passes between two rotating rolls. If the workpiece is a thin strip, with the thickness/width ratio 
of at least ten, then process is essentially plane strain problem. Only exceptions are narrow 
zones near the edges ofthe workpiece. 
In the case of heavy reductions in cross sections, the process should be preformed at elevated 
temperatures. This is the case of hot rolling. Otherwise, if the process is carried out at room 
temperature and one can speak about cold rolling. 
Aceurate analytical apparatus is still not known. Therefore, only approximate solutions can be 
obtained with modest insight into process mechanics. At this pace of rolling production, this is 
not acceptable for modern industry. Open market competition demands constant increase of 
product quality with lower price. Consequently, engineers have to provide a wide palette of 
detailed results. The most suitable method to accomplish this is the numerical approach, such as 
finite element method or finite volume method. Due to its wide popularity, finite element 
method is probably the first choice. 

2 REVIEW OF SOME BASIC RESULTS IN CONTINUUM MECHANICS 
WITH APPLICATION TO PROBLEMS IN MODELLING OF COLD 
ROLLING PROCESS 

Numerical simulation of rolling involves numerous problems. Deformation process is non
steady when workpiece enters into the roll-gap. However, it becomes steady after the workpiece 
has passed fully into and through the roll gap. Model should provide good description of finite 
plastic strains, enforce isochoric character of plastic deformation and simulate friction at work
piece- die interface. Furthermore, contemporary finite strain theories [1][2][3] are based on 
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multiplicative decomposition of deformation gradient and should be incorporated into rolling 
models. This was done recently in [ 4 ][ 5]. 

2.1 NEUTRAL POINT POSITION 

Well-known principle from mechanics of continuum [6], continuity equation, in its local form 
using spatial coordinates states: 

dp = pdivv. 
dt 

(I) 

This applies to the workpiece material as weil. Therefore, if the material is incompressible so 
that the density in the neighborhood of each material particle remains constant as it moves, 
continuity equation takes simpler form: 

divv = 0. (2) 
The equation (2) is generally known as condition of incompressibility. In material coordinates, 
equation (1) takes form: 

d -(pl)= 0' 
dt 

where J is Jacobian determinant of deformation gradient and can be expressed as 

dv 
1=-. 

dV 

Introducing p = const. in (3) gives J = I. 

I; 

Flow direction 

Exit 

Legend: 
q>- angle of bitc 
p - pressure 
'! - frictiona I forces 

at workpiece 
R - roll radius 
1,- input thicknes 
1" - outpul thickness 

FIGURE 1. The definition of geometry in rolling 

(3) 

(4) 
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At the entrance to the roll gap, material is pulled between rolls by the frictional forces, Fig. 1. 
Direction of frictional forces obviously imp1ies that velocity of workpiece material is slower than 
velocity ofrolls at the interface. Ifwe at this point neglect volume change caused by elastic defor
mation and treat the whole process as incompressible, then due to (3, 4) J = 1 and volume change 
should not take place. This means that as material flows to the exit, velocity must continuously 
grow and the end material velocity has to be faster than velocity of roll. As a consequence, direc
tion of frictional forces at the exit is opposite to the frictional forces at the entrance. Since material 
flows slower at the entrance and faster at the exit, somewhere between these two points velocities 
of material and roll are equal. In hot rolling of metals this is a zone called neutral zone, while 
during cold rolling it is assumed that velocities are equal only in one point- neutral point [7]. 
This is the point where frictional forces change direction of action. Position of this point in not 
known in advance, and this presents difficulty in formulation ofboundary conditions [8]. To cir
cumvent theseproblemssimple and efficient procedures have been developed [9][10]. 

2.2 MULTIPLICATIVE FINITE STRAIN ELASTOPLASTICITY 

Finite strain elasto-plastic deformation is described by a multiplicative decomposition of de
formation gradient into elastic and plastic part [3]: 

(5) 
Velocity gradient is: 

L=FF-1 • (6) 
It can be separated into elastic and plastic velocity gradient: 

L=Le +LP, (7) 
where are: 

(8) 

As a strain measure several tensors can be used. W e select Hencky or logarithmic strain tensor 
defined as: 

Ee =In ue, (9) 
where U0 is elastic right Stretch tensor obtained from polar decomposition theorem: 

Fe =ReUe. (10) 
Re is elastic rotation tensor. Stress conjugate to Hencky strain tensor is rotated stress tensor 't : 

t =(Re Y 'tRe. (11) 

Therefore, variables that describe elasto-plastic process are ~' FP, 't, CJ}. Evolution of these 
variables completely defines whole elastoplastic deformation process. Last variable a is iso
tropic hardening and defined tobe a scalar function of equivalent plastic strain, i.e. a = a (e"). 
Due to simplicity, kinematic hardening is not included in this model. In order to define these 
state variables, constitutive equation is necessary for 't, while for FP and a evolution equations 
need to be defined. Considerations that follow solve these problems. 
Helmholtz free energy per unit mass is defined by [6]: 

IJI=u-s8, (12) 
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where s is entropy, () is temperature and u is intemal energy. Time differentiation gives: 

1ft= ü-sfJ -sO. 
From the first law ofthermodynamics follows: 

du 
p-=t:D+ pr-V ·q, 

dt 

(13) 

(14) 

Where 't is Cauchy stress tensor, D = sym (L) is deformation rate tensor, r is intemal heat 
source and q is heat flux. Skew-symmetric part of L is assumed to be zero within the context of 
present theory. Also, local form of Clausius - Duhem inequality is: 

:~~-~v{t} (15) 

This equation can be transformed to: 

p(-8 s -1ft )+t: n-!q · gradfJ ~ o, 
() 

Introducing free energy and entropy per unit volume: 

gives: 

w = plfl, S=ps. 

(· . ) 1 -,o s + w +'t: D--q · gradfJ ~ o. 
() 

In isothermal case, i.e. 0 = 0 : 

-W+Jt:D~O. 

Separation ofD into elastic and plastic parts gives further: 

- W +'t: (ne + ßP )~ 0 . 

Using elastic work conjugacy [10]: 

't: (ne + ßP )= t: :te + t: ßP 

where 

we obtain 

-w +"if:Ee +"if: DP ~o. 

Furthermore, separating the free energy into elastic and plastic parts: 

w(Ee,ep )= we(Ee )+WP(eP ). 
gives: 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 
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( awe) . _ . 't--- :Ee+'t:DP-WP:?:O. 
aEe 

Standard argument that (25) must hold for all admissible processes state: 

- awe 
t=-- D='t: j)P -WP :?:0. 

aEe' 
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(25) 

(26) 

Since DP = sym(LP) we use (22) and (262) to define evolution equation for the FP. Actual 

stress state 't maximizes dissipation function D and is subjected to constraints 

<I>~ 0, eP<I> = o, (27) 

where <I> defines yield surface. It is represented by: 

<I> = Hlldev >tll- a , (28) 

Necessary condition for such maximum of D is: 

a o - eP a <I> = o . 
a-t a-t 

(29) 

These conditions are classical in the convex mathematical programming Iiterature [ 11] and are 

known as Kuhn- Tucker conditions. Following equations are easily established from (26) and 

(28): 

ao =Dp 
a-t , 

(30) 

Using equations (29) and (30) we obtain: 

j)P = fiePN v2' , (31) 

Here N is normal to the yield surface in rotated stress space. Using (22) and (31) we obtain 

evolution equation for FP. Finally, evolution equation for a is defined in common form: 

d' =H ·eP, (32) 

where H = H(eP ) is hardening modulus. 

2.3 NUMERICAL IMPLEMENTATION 

Presented theory is implemented into finite element model. Both material and geometric non

linearity characterize nonlinearity of this model. Material nonlinearity is based on above 

description of elastoplastic strain evolution and computational procedure is basically a predic

tor - corrector method. Correction is performed by the standard radial return method. F or 

details, see [3] and references therein. 
As it is generally known, displacement based finite elements are not efficient in incompressible 

or nearly incompressible problems. Basic flaw is so-called locking behavior that results is 
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problems with calculation of spherical part of stress tensor. To deal with this obstacle, i.e. to 
enforce isochoric material behavior, mixed displacement - pressure FEM is used. In this ap
proach, in addition to displacement variables pressure variables were also used. This method 
exhibit superior performance to standard displacement method [12]. 
To solve contact problems we used the friction layer technique [9][10]. This method is rela
tively simple to use and gives satisfactory results. Friction layer technique is applicable not only 
to rolling problems, but also in all metal forming problems. 

3 EXAMPLE 
To evaluate efficiency of presented procedure, cold rolling of copper is analysed. For this 
problem, a weil- documented experimental results are available in [13]. This reference is a 
used as a standard verification for rolling models. 
Geometrical and material properties are summarised in Table 1 and are selected according to 
mentioned experiment [13]. 

TABLE 1. Geometrical and material properties 

Property Symbol Value 

Initial thickness f; 6.350 mm 
Output thickness fo 5.791 mm 

Rollradius R 79.375 mm 
Initial workpiece length fo 16mm 

Elasticity modulus E 110 GPa 
Friction factor m 0.15 

Yield stress <Yvo 70.5 MPa 
Poisson's ratio V 0.30 

Hardening curve 
1 0.49 

a =70.5( l+--eP) 
0.022 

Th1ckness of the workp1ece IS cons1dered small compared to the Width and the process will be 
analysed as a plane strain problem. Obvious symmetry in geometry and Ioads implies that only 
one roll and half ofworkpiece need tobe discretised. Rolls are assumed tobe rigid. 
This data is input into in-house developed software and analysis was carried out. Some results 
are presented below. Obtained pressure distribution at the roll - workpiece interface is pre
sented in Fig. 2 and compared with experimental results [13]. 
To emphasise neutral point occurrence, field ofrelative velocities were also calculated, Fig. 3. 
Position of neutral point is determined by investigation of sign change of shearing stresses at 
roll - workpiece interface. Velocities are then calculated with respect to the neutral point ve
locity, i.e. horizontal component of velocity of the neutral point is subtracted from every other 
horizontal component of velocity. It is clearly seen that material is moving slower than roll 
before neutral point, while after neutral point its velocity increases and is greater than roll ve
locity. Material is therefore behaving as it was predicted by continuity equation (1). 
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The main goal of this paperwas formulation of procedure suitable for simulation of cold rolling 
process. Intention of authors was to include finite strain plasticity model that is in accordance 
with laws of finite strain continuum mechanics. Consequently, this approach circumvents 
problems and inaccuracies arising in application of additive decomposition of strain tensor 
model and other infinitesimal techniques. Simulation of frictional forces was performed by 
friction layer technique. Although today exist other perhaps more accurate contact schemes, we 
find this technique relatively simple to implement. As it can be noticed from example, it pro

vides satisfactory results. 



432 J. Bmic, M. Canadija, G. Turkalj 

REFERENCES 
1. Simo, J.C., (1988), A Framework for FiniteStrain E1astop1asticity Basedon Maximum Plastic Dissi

pation and the Multiplicative Decomposition: Part I. Continuum Formulation. Computer 
Methods in App1ied Mechanics and Engineering, Vol66, 199-219. 

2. Simo, J.C., (1988}, A Framework for FiniteStrain Elastoplasticity Basedon Maximum Plastic Dissi
pation and the Multiplicative Decomposition: Part II. Computational Aspects. Computer 
Methods in Applied Mechanics and Engineering, Vol68, 1-31. 

3. Eterovic, A.L., Bathe, K.J.,(1990), A Hyperelastic-Based Large Strain Elasto-plastic Constitutive 
Formulation with Combined Isotropic-Kinernatic Hardening Using the Logarithmic Stress and 
Strain Measures. International Journal for Numerical Methods in Engineering, Vol 30, 1099-
1114. 

4. Maniatty A.M., Dawson P.R., Weber, G.G., (1991}, An Eulerian Elasto-Viscoplastic Formulation for 
Steady-State Forming Processes. International Journal for Mechanical Sciences, Vol 33, 361-
377. 

5. Dixit, U.S., Dixit, P.M. (1997}, A Study on Residual Stresses in Rolling. International Journal of 
Machine Tools & Manufacturing, Vol37, 837-853. 

6. Malvern, L.E., (1969}, Introduction to the Mechanics of a Continuos Medium. Prentice-Hall, 
Englewood Cliffs, New Jersey. 

7. Wusatowski, Z., (1969), Fundamentals ofRolling. Pergarnon Press, Oxford. 
8. Zienkiewicz, O.C., Jain, P.C., Onate, E., (1978), Flow of Solids During Forming and Extrusion: 

Some Aspects ofNumerical Solutions. International Journal of Solidsand Structures, Vol 14, 
15-38. 

9. Li, G.J., Kobayashi, S., (1982}, Rigid-Plastic Finite-Element Analysis ofPlane Strain Rolling. Journal 
ofEngineering for Industry- Transactions ofthe ASME, Vol40, 55-64. 

10. Liu, C., Hartley, P., Sturgess, C.E.N., Rowe, G.W., (1985}, Simulation of the Cold Rolling of Strip 
Using an E1astic-Plastic Finite Element Technique. International Journal for Mechanical Sci
ences, Vol27, 829-839. 

11. Liu, C., Hartley, P., Sturgess, C.E.N., Rowe, G.W., (1985), Elastic-Plastic Finite-Element Modelling 
of Cold Rolling of Strip. International Journal for Mechanical Sciences, Vol27, 531-541. 

12. Bathe, K.J., (1996), Finite Element Procedures. Prentice-Hall, Englewood Cliffs, New Jersey. 
13. Luenberger, D.G., (1984}, Linear and Nonlinear Programming, Addison- Wesley Publishing Com

pany, Reading, Massachusetts. 
14. Brnic, J., Canadija, M., Turkalj, G., (1999), Comparison of Measured and Computed Contact Pres

sure Distribution in Cold Sheet Rolling Process. Advanced Manufacturing Systems and 
Technology, CISM Courses and Lectures No. 372, Kuljanic, E. (Ed.), Springer Wien New 
York, 337-344. 

15. Al-Salehi, F.A.R., Firbank, T.C., Lancaster, P.R. (1973), An Experimental Determination oftheRoll 
Pressure Distribution in Cold Rolling. International Journal for Mechanical Sciences, Vol 15, 
693-710. 



BURNISHING VERSUS GRINDING 
FOR AUTOMOTIVE PARTS 

L. Luca1, I. Marinescu1, S. Neagu-Ventzel1 

1 Department ofMechanical, Industrial and Manufacturing Engineering, University ofToledo, USA 

KEYWORDS: Bumishing, Surface finish, Grinding 

ABSTRACT. Bumishing is a chipless finishing method, which employs a rolling tool in order to achieve 
a plastic deformation of the surface layer of metallic parts. Some particular features of this process make 
it a good cheap alternative for other finishing methods in certain applications. Burnishing of soft metals 
(up to 45 HRC) has been a field extensively studied, unlike burnishing of hard heat-treated steels. This 
article describes a method of bumishing of hard steel surfaces (about 60 HRC) by means of a hard ball. 
The related tooling, based on a hydrostatic principle, is also presented. Experiments are exposed, together 
with the results and conclusions. In this stage, only the roughness was tracked, as a measure ofburnishing 
performance. Influence of main burnishing parameters against final surface roughness is shown in dia
grams. As a general conclusion, burnishing ofhardened metallic surfaces proved tobe a viable alternative 
for finishing. 

1 INTRODUCTION 

The principle of the burnishing process ( figure 1) consists of the movement of a bumishing tool on 
the workpiece's surface, in the presence of anormal Ioad. The bumishing tool can be a rolling tool 
(a roller or a ball) or a sliding tool (a diamond, carbide or cerarnic tip). The initial surface has a 
microrelief made of a series of peaks and valleys of irregular height. When a normal Ioad is ap
plied on the ball, a cornpressive stress state occurs in the surface layer of the workpiece, resulting 
in plastic deformation as soon as the yield point of the workpiece's material is exceeded. These 
stresses are distributed asymmetrically and their rnagnitude is approximately uniform along the 
burnished workpiece. While the ball and the workpiece are rotating, this deformation progresses 
continuously over the entire surface.[1][2] 

--.. ' 

pre-machined 

FIGURE 1. Schematics ofthe bumishing principle [3] 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 

burnished 
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This technique allows obtaining a smooth surface, with roughness comparable with grinding, by 
plastic deformation of the surface layer. The peaks are pressed down to the surface, while the 
valleys are filled up from below. Flattening of asperities is not due to the bending or beading of the 
peaks, as it had falsely been believed, but to the fact that the entire material near the surface flows. 
The arrows in figure 1 (left side) shows this; the dash-and-dot-line represents the original surface 
geometry, at a reduced axial scale. Figure 1 (right side) shows a true scale undistorted section of 
the surface profile. At the same time, the compressive stresses induced within the surface layer 
Iead to its work hardening and have a beneficial effect on mechanical properties of the layer. The 
compressive stresses in axial direction are of great importance for improving the fatigue 
strength. [ 4] 

From the economic point ofview, burnishing is a lot less expensive than grinding; table 1 presents 
a summarized comparison between these two machining processes from the effectiveness point of 
view: 

TABLE 1. Burnishing versus grinding [5] 

Grindin2 Burnishin2 

Employs sophisticated and expensive Can be used on any precision lathe. 
machine tools. 

lt cannot be coupled with other operations Can be performed on the same lathe with 
on the same machine tool. Increased Iead rough and fine turning. 
and inter-operational times. Additional 
fixtures required. 

High energy consumption. Very low energy consumption. 

Very expensive tools. Relatively inexpensive tools. 

Auxiliary operations: truing and dressing, No auxiliary operation needed. 
which are time consuming and require 
skilled operators. 

Hundreds/thousands of parts machined Thousands/tens of thousands of parts ma-
with the same tool after which the tool is chined with the same tool after which only the 
scrapped. roll needs to be changed, the rest of the tool 

being reused. 

Chips generating process. Chipless process. 

No significant variations of hardness in- Surface hardening with a 5-l 0% increase. 
duced in the superficial layer; possible Compressive stress induced in the superficial 
distortions and occurrence of micro- layer. 
cracks. 
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Burnishing of soft materials (up to 45 HRC) has been extensively studied, while bumishing of 
hard materials (over 45 HRC) was considered inefficient. Lately, due to development ofnew ma
terials for the tool, burnishing could be extended to heat-treated metal components with hardness 
around 60 HRC. This type of operation can be used as a subsequent operation after hard turning. 
The usage of hard turning as a finishing operation is often restricted when rolling stress resistance 
is required. Moreover, wear of the turning insert leads to deterioration of surface. Burnishing can 
improve both the surface strength and roughness. The increase of surface strength serves mainly to 
improve fatigue resistance under dynamic loads. A big field of application is in the area of axles 
and slideways.[6] 

2 EXPERIMENTAL SETUP AND METHODOLOGY 

2.1 THE BURNISHING TOOL 

In order to exceed the yield stress of the burnished material, a sufficiently high pressure must be 
developed at the contact area between the indenting tool and the workpiece. For burnishing hard
ened steel, with a very high hardness, this pressure can be achieved efficiently by means of a ball, 
due to the point contact. Moreover, given the tough circumstances of operation, any sliding motion 
ofthe ball onto the workpiece's surface must be avoided. 

A common tool setup for burnishing is shown in figure 2 (left side ). The burnishing force is en
sured by the spring, while a retainer made out of low friction coefficient material (e.g. bronze) 
keeps the ball. This setup works well for burnishing of soft steel, but the contact between the ball 
and the retainer impeded periodically the free rotation of the ball in any direction; additionally, 
bronze from the retainer adhered on the ball's surface.[7] 

The aforementioned disadvantages are eliminated through a recent hydrostatic design. The princi
ple of this tool is based on what is shown in figure 2 (right side ). The key element is a ceramic 
ball, which is the indenter. A hydrostatic pressure is applied behind the ball. This pressure gener
ates the force, which presses the ball against the workpiece. The ball is supported entirely by the 
fluid, so it can freely rotate in any direction. The hard ceramic ball and the possibility of free rota
tion ofthe ball makes this setup effective for burnishing ofhardened materials. 

Fluid 

Ballinsert 

~ ~ 
Retainer 

Ball 

FIGURE 2. Setups ofthe burnishing tool [4][7] 
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The hydrostatic concept ofthis tool ensures a constant gap between the ball and its insert when the 
fluid pressure is applied. The normal force depends only on the fluid pressure and it can be kept 
constant when the tool follows a contour. The ball insert can also perform a compensation stroke, 
which achieves the contact of the ball with the workpiece after the pressure is switched on. After 
switching off the pressure line, the insert retracts in its initial position. 

The hydrostatic burnishing tool offers several advantages. First of all, the hard ceramic ball makes 
possible that hardened steel be burnished (up to HRC 65). Aditionally, ball's ceramic has a low 
adhesion to the workpiece's material. Then, the normal force can be controlled and reproduced 
easily through the pressure at the pump; there is a proportionality relationship between the force 
and the fluid pressure. The normal force can be kept constant on a contour, due to stroke compen
sation of the ball. The coolant is the fluid in the system itself. Only a few drops of coolant are 
consumed during the process. The ball can freely rotate, without contacting the retainer; this pre
vents any sliding between the tool and the workpiece's surface. The tool can be clamped on any 
CNC or regular lathe. Maintenance and replacement ofworn parts are very easy.[3][4] 

2.2 THE HYDRAULIC UNIT 

On purpose to create a hydrostatic pressure at the burnishing ball, a pump able to supply the re
quired pressure is necessary. The hydraulic unit has the role to provide the required pressure to the 
hydrostatic tool. The working medium can be the coolant-lubricant already present in the machine, 
provided it respects certain specifications. The pressure can be adjusted manually or automatically. 

A fluid having the following characteristics was employed: high Ievels of both mechanical and 
lubrication properties at 7% concentration; leaves a soft fluid residue to protect the machine tool; 
no foam in high-pressure operations; chlorine free. 

2.3 FACTORS OF INFLUENCE 

Many factors can influence the results of hard ball burnishing process. The factors influencing the 
ball-burnishing process can be divided into two groups: constant and variable factors. In our par
ticular study only a few variables will be chosen; the others will be held constant at certain values. 

The constant factors were: the workpiece material, the tool, the system stiffness, the lubricant is a 
constant, the nurober ofpasses (one pass). The variable factors were: the normal force, the feed, 
the speed, the initial roughness. Three experimental groups were employed, based on the initial 
(hard turned) roughness, as follows. 

The first group has rather small differences of the initial roughness; therefore, this parameter was 
considered non-variable, and the normal burnishing Ioad was varied. The second group shows 
large differences of the initial roughness, which was considered a variable parameter. The third 
group shows differences in initial roughness; since those differences are not very large, another 
parameterwas varied, namely the feed. 

The parameters tracked are some of the basic parameters of a surface, both for turning and for 
burnishing. 
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Ra- arithmetic mean roughness value (ISO), mostly utilized to characterize the surface roughness; 
Rz- Ten-point height (ISO), which in this case was considered more relevant for the burnished 
profile; Rpm- Mean peak height value above the mean line (DIN); this value was chosen because a 
large effect of bumishing upon the peak height of asperities was expected; T P - profile bearing 
ratio at differend profile depths; flattening of asperities is expected to cause an improved bearing 
ratio ofthe burnished profile. 

2.4 RESULTS 

1. All ball-burnishing experirnents Iead to a reduction of roughness (figure 3). That rneans that bur
nishing is a good rnethod to srnoothen a turned surface. The ratio ofreduction was in the range 1.76-
3.53. A larger Ioad deterrnined a larger flattening ratio, due to higher pressure developed at the con
tact location between ball and workpiece. Also, the higher the initial roughness, the higher the 
reduction ratio. That rneans that plastic deforrnation was more intense for higher asperities. A lower 
feed is assumed to Iead to a partial overlapping ofball's trace, so that asperities are better flattened 
and therefore the roughness reduction is higher. 

RzT /RzB ratio 
4 

3 
r--- -

~ 
~ 

2 ,......~ - -
1 

0 

1 2 3 

FIGURE 3. Roughness change ratio for hard tuming, as compared with hard bumishing 

2. Increase of the normal force Ieads to better surface roughness (figure 4). However, a very 
large force is expected to deteriorate the surface. The equipment used for present experiments 
didn't allow development ofhigher forces. 

3. The lower the feed, the better the roughness (figure 5). This result is also in accordance to 
previous research on soft materials. Ball's traces are closer when feed is lower, so the final 
roughness should be also lower. 

4. The initial roughness (after hard turning) is an important factor of influence on the final 
roughness (after burnishing). A low original roughness was expected to Iead to a better final 
roughness. Figure 6 does not confrrm entirely this expectation. A critical initial roughness 
rnight exist. Experiments should be extended in order find a deeper interdependence. 
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5. The bearing ratio length goes to 100% much sooner for burnished surfaces (figure 7). That 
means better bearing properties occur on a burnished surface. 

0 

Bearing length ratio 
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FIGURE 7. Hearing length ratio curves for hard tuming, as compared with bumishing 

6. Figure 8 shows the profiles of a hard tumed surface (top) in comparison to a burnished sur
face (bottom). 
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FIGURE 8. Profilesofa hard tumed surface (top), as compared with a bumished surface (bottom) 

3 CONCLUSIONS 

As a preliminary investigation, the tests described in this paper proved the possibility of employing 
single-point burnishing ofhard steels (about 60 HRC) as a finishing process. Previous hard tuming 
was necessary in order to set accurate premises for subsequent burnishing. 

The equipment necessary for ball burnishing was tested. The principle of hydrostatic tool, which 
prevents any sliding motion at the contact area, was utilized. The fluid had also the roJe of Ioad 
generator and coolant as weil. The tool worked smoothly and proved to be reliable and efficient. 
The punctual contact ensured a high Iocal pressure for a relatively smallload. Moreover, this Ioad 
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is easy to control by variation of the fluid pressure at the pump. A small amount of coolant was 

involved. 

Influence of process parameters was also studied. The initial roughness from hard turning, the 

normalload applied onto the surface by a hard ball and the feed rate of the tool were considered 

the main working parameters, which determine the surface quality after burnishing. In general, the 

higher the initial roughness, the higher the final roughness. In addition, the reduction ratio of as

perity height was higher for higher initial roughness. The normalload determines the deformation 

degree of asperities, therefore a bigger load lead to a smoother surface. The feed rate influenced 

burnished surface in the sense ofbetter roughness for lower feed. 

All in all, a considerably smoother surface could be obtained through burnishing of hard steel 

parts. Bearing ratio of the burnished surface was also significantly improved. The roughness range 

was comparable to the grinding process. The method described uses the same clamping of the 

workpiece for both hard turning and burnishing. Adjustrnents of the operation parameters and 

tools were very easy and didn't need much time. For all these reasons, burnishing proved that it 

could be a viable alternative to grinding. 
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ABSTRACT: The authors propose an integrated methodology to evaluate the warpage effects of plastic 
injection molding parts. Numerical simulations of the injection molding process allow the evaluation of 
the component manufacturability at an early stage in the development cycle, without fabricating 
prototypes and minimizing experimental tests. A detailed investigation of warpage causes is performed 
using a Finite Element system. To validate FE results, part surfaces subjected to warpage are 
reconstructed and measured using a Reverse Engineering system. Through the integration between Finite 
Element and Reverse Engineering systems, the warpage of parts is analyzed and a study of the influence 
of process parameters on product quality is performed. The integration of all data represents a powerful 
approach to critical aspects ofpart design and/or molding processing. 

1. INTRODUCTION 

Injection moulding is the main manufacturing process for the fabrication of plastic products. 
Through this process, components with complex geometries are obtained with high production 
rates, good surface finishing and restricted dimensional tolerances [1][2]. The best practice of 
injection moulding requires full integration between design and manufacturing areas. The part 
and mould have to be simultaneously designed and their mouldability evaluated [3]. The 
product manufacturability has to be estimated using direct experimental validations from 
physical prototypes [2]. In this way, the product development cycle is continuously refined. 
This cycle becomes particularly difficult at the end of the design stage when part and mould 
geometries are fully defined and the process has to be implemented. The parameter choice 
requires a complete understanding of the injection moulding process to obtain high-quality 
components. The presence of warperl sections and defects has to be avoided, especially for 
products with ergonomic and aesthetic shapes [3][4]. The concurrent use of Finite Element 
(FE) and Reverse Engineering (RE) systems is a powerful approach to overcome these 
limitations. Through the development of numerical models, the part warpage can be predicted 
and then validated by direct measurements on components. 

2. PARAMETER INFLUENCE ON WARPAGE 

Thermoplastic injection moulding consists ofthree main phases: (i) filling, (ii) packing and (iii) 
cooling. During the first phase, a melt polymer fills the part cavity, moving through the sprue, 
runners and gates. In the packing phase, additional met polymer enters the cavity to balance the 
part shrinkage caused by cooling [1][2][5]. Mould opening and part ejection complete the 
process. For an efficient implementation of injection moulding, the main parameters to control 
are associated to the process and mould design. The process parameters are: the temperature 
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and pressure profiles; ram speed; mould-wall temperature; injection time and mould opening 
time [6]. The design parameters are: part thickness, flow length, position and number of 
injection points, channel shape and dimension. All these parameters influence the part 
properties as thermal degradation effects, orientation and shrinkage. In particular, the part 
warpage depends on the residual stresses, mainly divided into flow-induced and thermal
induced [1][2][5]. The flow-induced stresses are determined by average flow length and fibre 
orientation [7]. The average flow length is the average distance covered by the polymer melt 
front during its advancement in order to completely fill the part cavity. This parameter is 
directly linked to the pressure profile because a great flow length is associated to a high 
pressure value. To reduce the pressure value, a possible solution is to increase the number of 
injection points. The flow advancement of the melt polymer is also important for the fibre 
orientation. The velocity ofthe melt polymer depends on the partfrontal area. This velocity has 
to remain as constant as possible or an undesired polymer orientation will be obtained along the 
part section. An appropriate control of the ram speed reduces this effect. Particular attention 
should be paid to part thickness variations because the melt front velocity rapidly change 
between sections with different thicknesses. The thermal-induced stresses depend on volumetric 
shrinkage and unbalanced cooling. Volumetrie shrinkage appears when temperature is 
decreased. The pressure-volume-Temperature (pvT) curve of each plastic polymer shows the 
reduction of specific volume between processing and room temperatures, reflecting material 
transitions from one physical state to another. The processing temperature is a function of melt 
and mould temperatures. The shrinkage is particularly high for a plastic material, reaching as 
much as 20 per cent by volume. Volumetrie shrinkage can be limited choosing by appropriate 
packing conditions (pressure and time) after the filling phase andlor Controlling the processing 
temperature. Non-uniform temperature distribution through part thickness andlor sections 
causes unba1anced cooling. This effect can be controlled by: designing an efficient cooling 
channel system; estimating temperature differences between mould cavity and cores; 
controlling temperature gradients on mould surfaces. 

3. APPROACH 

For complex interactions between process parameters of injection moulding, analytical studies 
are possible only for simple products 
[5][7]. A numerical methodology is very 
useful to evaluate components with 
complex geometries [8]. The aim of the 
approach is the development of an 
integrated environment for the evaluation 
of part warpage by coupling Finite 
Element and Reverse Engineering 
methods. This environment involves a 
continuous data flow between design, 
simulation and validation phases to 
analyse part manufacturability at the 
early stage of production (Figure 1 ). The 
product and mould are designed as 3D 
solid models using a general-purpose 

Part Mode l 

Figure 1: Diagram of the proposed approach 
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CAD system and then converted into mesh models for FE analyses. FE mesh models are 
designed using a double-skin surface representation. This representation leads to several 
advantages such as: the direct generation of meshes from 3D CAD solid models; the reduction 
of the computational effort due to the mid-plane generation [9]; the improvement of speed and 
accuracy for all double-skin model analyses. These FE analyses are performed using a step-by
step procedure where each step is related to a specific phase of the injection moulding process. 
During the simulation stage, several evaluations are made to identify possible modifications for 
improving the design ofthe part. The flow-induced and/or thermal-induced residual stresses are 
calculated at each step. In the first step of the simulation stage, the filling!packing of the part is 
evaluated under specific constraints on material properties, gating system and moulding 
machine. This step is important to identify the process parameters and the final part 
characteristics; estimate the flow-induced stresses. In the cooling step, the meshes of mould and 
cooling channel system are joined to the part to perform the thermal analysis. The simultaneaus 
investigation of the part and mould during this step allows the estimation of the effects of each 
process parameter on the global performance of the final product. This permits the appraisal of 
the thermal residual-stresses of the injection moulding process. The filling!packing and cooling 
steps are reiterated until thermal flow stability between cavity, mould and cooling system is 
reached. At the end of this simulation stage, a model containing he warped surfaces is 
obtained. 
To confirm the predicted results of the numerical model, a direct measurement of the product 
surfaces is crucial. Thus in the validation stage, the RE methodology is applied to reconstruct a 
computerized model from acquired product data points [10]. This phase is divided into two 
main steps: data acquisition and surface identification. The data acquisition is performed on the 
component using a 3D scanning system to acquire point clouds andlor scan curves representing 
the part. The second step is the recognition of surfaces from these unstructured acquired data, 
rebuilding the part model. Curvature and point deviation analyses are performed on this model 
to estimate the warpage of the real moulded part and to verify the correct response of the 
simulated warped model. As a result ofthe validation stage, important information isobtained 
to modify the mould model andlor the process parameter sets. The proposed integrated 
approach is therefore focused on the implementation of a FE model to predict the part warpage. 
This model will be used to realize products with a very limited warpage, decrease the 
experimental effort and reduce time-to-market and development cycle costs. The authors report 
the analyses performed for implement the FE model of a simple component to demonstrate the 
approach capabilities. 

4. EXPERIMENTS 

The part chosen to assess the proposed approach is a plastic casing for a home consumer 
electronic product. This casing consists of two parts to be assembled to form the final product. 
The functional requirements imposed on each part are respect of specific tolerances and a 
minimal warpage to guarantee correct assembly and prevent aesthetic imperfections in the final 
product. Only analyses on the upper component of the product are reported in this paper. The 
results of the proposed approach can be similarly used for the lower component. The part 
dimensions are 86x49.5x34 mm with a mean thickness of 1.5 mm. The experimental 
observations on the injection-moulded component were divided into two phases. In the first 
phase, data on current part production were collected to create a proper numerical model and 
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some specimen parts were realized. In the second phase, the RE activity is performed on these 
specimens to measure their warpage and validate the designed FE numerical models. The 
component production was realized in a plastic manufacturing unit of an industrial firm while 
the RE activity was carried out in DIMeG department laboratory. 

1.1 INJECTION MOLDING DATA 

The experimental tests to realize injection mould parts were carried out on a hydraulic injection 
machine, the main technical specifications 

Table 1: Moulding machine characteristics of which are summarized in Table 1. The 

Parameters 
clamping force 
maximum injection pressure 
maximum injection flow rate 
screw rotation speed 
plasticating screw diameter 
screw length-to-diameter ratio 

Value 
1000 
170 
122 
320 
40 
20 

KN 
MPa 
cm'/s 
RPM 
mm 

mould, coolant and plastic materials were 
respectively P-20 steel, water and 
Enichem Edistir SR850 (Polystyrene ). 

Table 2: Moulding Parameters 

The machine set-up was mainly realized 
by controlling: the ram velocity, the 
switch-over between high and low 
pressures, the packing and cooling times. 
During the velocity phase, the screw 
moves forward pushing polymer into the 
cavity until 99.5% by volume ofthe part is 
filled. Then the process is controlled by 
the packing pressure profile until the sprue 
is completely solidified and the cooling 
phase begins. The cycle is completed in 
roughly 20 s. Table 2 reports a summary 
of the process parameters for the current 
production. The part is produced using a 
double-cavity mould to improve 
manufacturing throughput. The parts are 
coupled to mould and cooling system. The 
meshes are realized from the CAD models 
ofthe complete assembly (Figure 2). 

Parameters Value 
injection time 1.6 
packing time 8 s 
cooling time 8 s 
mould opening time 2 s 
polymer melt temperature 220 oc 
mould temperature 45 oc 
cooling entrance temperature 11 oc 
hydraulic packing pressure 4.5 MPa 
hydraulic-to-cavity pressure 10 
ratio 
packing/filling switch over 99.5% 
coolant flow rate 5 Lit/min 

Figure 2: Model representation 
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The mesh density of each part and mould varies from a few elements along the Iargest 
dimension to a finer mesh for critical regions (e.g. rounded elements). The meshes of gating 
and cooling systems are represented using I D elements with an associated thickness. 

Figure 3: Fill Time 
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Figure 4: Pressure at switch over 
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The time necessary to fill parts is about 1.84 s and represents the sum of the imposed fill time 
(1.6 s) plus the delay time of the machine control and the additional time due to the polymer 
melt compressibility (0.24s). It is important to point-out that the moulder is not able to identity 
the exact instant of the end of filling due to the effects of the polymer melt compressibility 
which extends the filling time after the switch-over is applied. On the contrary, the FE 
simulation software does determine this additional time from pvT data, moditying the real 
filling time to compensate the polymer compressibility. This correction ensures a more accurate 
prediction of the material flow rate and other factors of interest when simulating the process. 
For example the subsequent pressure value at switch over between the filling and packing phase 
is calculated for a filling time equal to 1.84s. The filling time and the pressure results(Figure 3-
Figure 4) report that the melt flow front does not present regions where the polymer stops or 
pauses, highlighting a good part processability. 

1.2 REVERSE ENGINEERING OF THE PART 

The RE methodology was applied on the part to reconstruct its 3D warped model. Using a 
contact-type 3D scanner (Roland Pizca PIX-30) based on a special piezo sensor technology 
(Figure 5), point clouds of different part surfaces were acquired and then joined in a single 
Stereolitography (STL) file. The scanning probe presents a declared minimum pitch equal to 
0.05 mm along the X-Y axes and to 0.025 mm along the Zraxis. The maximum part dimensions 
are equal to 304.8x203.2x60.5 mm. The choice of this scanning system for small parts is 
justified by its Iower cost than a traditional Coordinate Measuring Machine (CMM). The 
precision of this scanning system is obviously lower than a CMM, but it is adequate for the 
measurement errors expected for this application [11]. The model reconstruction step was 
carried out using a novel algoritlnn working on the STL file developed by the authors. This 
algorithm operates on the high-density data points of this file to eliminate redundant triangles 
without affecting the surface integrity and Ievel of details of the part [12]. Surface detection is 
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thus quickly achieved to reconstruct the final model. The reconstructed model is used to 
highlight the part warpage effects by measuring dimension deviations of the part from the 
original designed shape. Each sur:Bce of this part was reconstructed using the RE system, 
considering that the precision on the Z.axis is higher than those on the X and Y-axis. Figure 6 
show the top and side surfaces, acquired using the RE system. 

Figure 5: 3D scanning system Figure 6: Top and Side surface 

5. NUMERICAL/EXPERIMENT AL RESULTS 

The numerical simulations of the moulded part concerned warpage analyses. Under the small 
deflection hypothesis, the first analysis was focused on the evaluation of total part deflection, 
defined as the vector ofthe point displacements in the X-,Y- and Z-directions from an origin. 

ositioned on the 

0.44 

0.35 

0.27 

0.18 

0.09 

0.00 

Figure 7: Total deflections ofpart n.2 

The total deflections were calculated for all 
surfaces using the FE system (Figure 7). To 
validate the predicted results of the FE 
simulation, a point deviation analysis was 
performed on surface point clouds acquired by 
the 3D-scanning system. Each point deviation 
is calculated from the original CAD surface, 
after compensating the positioning errors due 
to the experimental specimen set-up. The total 
deflections of the surfaces measured by RE 
system were in accordance with those 
predicted by the FEM analysis of the part. 
Figure 8 shows the point cloud of a side 

surface and its corresponding FE representation, considering only a half of it and positioning 
the origin WO of FE analysis on the surface itself. However, the results of these analyses 
highlight the effects of warpage on the part deflections but do not give sufficient information to 
identify its dominant causes. The contributions of the flow-induced and thermal-induced 
stresses have to be isolated and their related deflections computed. In this way, possible 
adjustments to mould design andlor process parameters can be defined. The residual-stresses 
are primarily caused by thermal effects. 
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Figure 8: Pointdeviation ana1ysis (RE ana1ysis & FE analysis) 

0.25 

0.32 

0.4 

447 

The appropriate design ofthe gating system and ofthe part guaranteed that the filling melt front 
through the component generates very 1ow flow-induced stresses. In addition, the fibre 
orientation was absent due to the material characteristics of Polystyrene. Consequently, the 
warpage analysis required the separation of the thermal effects into the principa1 factors: 
coo1ing and shrinkage. The coo1ing effect is connected to the heat flux between part, mould and 
coo1ing system. The heat exchange was mainly loca1ized on the side surfaces of the part near 
the coo1ing channels. As Figure 9 shows, the deflections on this side surface are more closely 
packed than those of the other surfaces of the part and oriented according to the coo1ant 
direction. The asymmetry of the contour !in es along the !arge dimension of the part point-outs 
this behaviour. On the contrary, the shrinkage effect is more evident on the borders of the part 
due to the high er convex heat flux with respect to the central zones of the surfaces. Figure 10 
shows the contour !in es due to shrinkage and the symmetry of deflections. 

Ori ositioned on the 

Figure 9: Cooling 

6. CONCLUSIONS 
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Figure 10: Shrinkage 

An integrated methodology to eva1uate warpage for p1astic components has been implemented. 
The proposed methodo1ogy can predict defects before production set -up is rea1ized, giving the 
possibility to improve manufacturing efficiency. Through the FE numerica1 mode1s, deflections 
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of warped surfaces are estimated and several analyses are performed to give suggestions to 
process engineers on how to modify mould design and/or process parameters. The accuracy of 
the FE models is confirmed through the experimental -mlidations of specimens using an RE 
approach. Using this approach, reconstruction of the surfaces was used to evaluate the 
deviations compared to the original part shape. This feature is very useful for components with 
a complex shape where the aesthetic aspect and the assembly tolerance are very important. For 
these products, surface measurement is very difficult and the possibility of verifying the 
warpage for all surfaces rather then single reference points is crucial. Moreover the proposed 
approach can be further enhanced by optimising process parameters and integrating data from a 
control system on the injection moulding machine [13]. 
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ABSTRACT. Around one third ofall plastics are processed by injection molding, therefore economy and 
manufacture have fundamental importance. The major issues in the development of injection molding 
tools include the progress in material technology and the developments in tool design methodology, such 
as developing rapid tool inserts. It is essential to develop fast methods to manufacture tools for injection
molded-like prototype parts or mass-produced parts. Due to these high requirements, it is more and more 
significant to use simulation methods to optimize the part before manufacturing. This paper shows the 
differences and the advantages ofthese tool inserts in injection molding. The main difference between the 
conventional tools and SLS tool insert is also described in this paper. Beyond all question, the rapid tool 
inserts cause different properties such as different warpage ofthe polymeric part. 

1 INTRODUCTION 

Simultaneaus engineering requires prototypes so the design errors can be detected in the 
earliest possible stage of product design, cutting back the cost and time involved in the 
modifications. 

lnjection molding produces highly accurate products in a very short cycle time. It is one of the 
most important polymer-processing operations in plastics industry. Even in modeling of 
injection molded parts one should be careful to fulfil the highly accurate product requirements. 
The rapid prototyping technologies usually produce inadequate models to fulfill these 
requirements. Rapid Tooling processes complement the Rapid Prototyping options by being 
able to provide higher quantities of parts in a wider variety of materials, even short-run 
injection molded parts in the intended production material. 

2 INJECTION MOLDING TOOLS 

Injection molding is a process by which hot polymer melt is forced into an empty, cold cavity 
of the desired shape and is allowed to solidify under high pressure and controlled cooling. 

2.1 CONVENTIONAL TOOLS 

The conventional mold material for injection molding is usually tool steel. The mold basically 
consists of two parts: the stationary part called cavity plate, and the moving part called core 
plate. Both halves are equipped with straight cooling channels in which cooled fluid is 
circulated to absorb the heat delivered to the mold by the hot thermoplastic melt. 
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CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 



450 J. Gabor, J. Kovacs 

2.2 RAPID TOOL INSERTS 

Rapid tooling is the term for either indirectly utilizing a rapid prototype as a tooling pattem for 
the purposes of molding production rnaterials, or directly producing a tool with a rapid 
prototyping system. 

Manufacturing of epoxy or aluminum- epoxy molds are reasonably quicker in comparison to 
machined molds. It is a relatively inexpensive way to create prototype and production tools. 
New epoxy resins offer much higher compression strength and heat resistance. Ifthe molds are 
designed properly they can withstand the injection or the compression pressures with the use of 
aluminum standoffs or mold boxes. However the cycle time is between 5 to 15 minutes 
because of the poor thermal conductivity. Life time of the tool is a function of the 
thermoplastic material, fillers and part complexity. Some molds can create as few as 50 parts, 
while others can exceed 5.000. 

The selective Iaser sintering (known as SLS) technique enables even highly complicated 
molds, dies and inserts to be built directly in metal from CAD data. In this case there is no 
geometrical restriction associated with the manufacturing tools. The laser-sintered parts can be 
post-processed, for example polished to produce tools suitable for injection molding. As with 
all layer-manufacturing techniques, even complex shapes can be built easily, including 
geometries, which are impossible to cut with conventional tools. One of the most important 
applications of this technique is to manufacture curved intemal cooling channels. Depending 
on the type of plastic and the force and temperature of injection molding, core and cavity sets 
created through the SLS process can produce up to 50,000 parts. 

3 SHRINKAGE AND WARPAGE 

Shrinkage is inherent in injection molding process. lt comes from the density difference 
between melt and the final product, see Figure 1. 

t Amorphous Polym~ 

~ t 

Room ~ 
Temperature Temperature T~.::;;ure ~~ 

Temperatute • Temperatute .. 

FIGURE 1. The PVT curves for amorphaus and crystalline polymers; 
point A is the processing state and point B is the final state 
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Warpage is a distortion where the surfaces ofthe molded part do not follow the intended shape 
of the design. If the shrinkage throughout the part is uniform, the product will not deform or 
warp, it simply becomes smaller. However, achieving low and uniform shrinkage is a 
complicated task due to the presence and interaction of many factors such as molecular andlor 
fiber orientations, mold cooling, part and mold designs, and process conditions [1]. 

Using the rapid tool inserts may cause warpage of the part because of the difference thermal 
conductivity and other properties compared with conventional injection molds. Non-uniform 
cooling in the part, i.e. asymmetric cooling across the part thickness from the skin to the core, 
can also induce different shrinkage. 

4 INJECTION MOLDING SIMULATION 

For analyzing the injection molding the programs use the equations of continuity, momentum 
and energy. The shear viscosity is the most important material property in numerical simulation 
of the filling stage. lt depends on the shear rate and the polymer temperature [2]. The shear 
thinning behavior of the viscosity is characterized either by the Power-law polymer viscosity 
equation or Cross-WLF equation. The Power-law polymer viscosity model characterizes the 
flow behavior of the material but it only works when shear rates are relatively high. This model 
does not account the effect of pressure and it might Iead to inaccuracies. This model can be 
written as follows (Figure 2.): 

(T •)-A jTa) ·(n- 1) 11 ,r - ·exl:rr ·r 

where T is the actual temperature, T. is the ambient temperature, y is the shear rate, n and A 

are constants. 
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FIGURE 2. Viscosity- shear rate function described by equation 1. 

The Cross-WLF model is more appropriate for injection molding simulations, as the 
temperature and pressure sensitivities of the zero-shear viscosity are better represented. The 
shear thinning behavior of the viscosity is characterized by the Cross-WLF (Figure 3.) 
equation: 
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(T . )- 1J0 (T,p) 
1J ,y,p - [ ( )· .]{1-n) 

1 + 1Jo T y . 
'f 

where y is the shear rate, p is the pressure, T is the temperature, 't* is constant and 1J 0 is the 
zero-shear viscosity which can be represented by the WLF form as follows: 

T>I;rans ~1J0 (T,p)=B·exp(; }exp(ß·p) 

T<J;rans ~1Jo(T,p)== 

where ~rans is a reference temperature and is typically taken as the glass transition 
temperature of the material, B, Tb and ß are constants. 
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FIGURE 3. Representation ofthe Cross-WLF viscosity- shear rate dependence 

The PVT data reflect the transitions as the material undergoes a phase change from one 
physical state to another (from melt to solid). The kink ofthe curve ofPVT data ofamorphous 
thermoplastics (Figure 1.) at atmospheric pressure is the glass transition temperature of the 
material (T J. lt depends on pressure. The slopes of the specific volume vs. temperature curves 
in the melt and solid states represent the bulk thermal expansion coefficients in the given states. 

Modified Tait polymer density equation describes the variation of density (specific volume) 
with temperature and pressure in the melt and the solid states, between room and processing 
temperature over a wide pressure range: 

(4) 
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where p is the polymer density, C is a universal constant which equal to 0,0894, V 0 (T) is a 

temperature dependant specific vo lume, V 1 ( T, p) is a temperature and pressure dependant 

specific volume. Above the transition temperature V 1 (T, p) is equal to zero. 

Finite element methods are used to solve the coupled equations of continuity, momentum and 
energy. Three-noded triangular elements are used to describe the cavity and two-noded tube 
elements for the runners, connectors and channels. The melt front advancements are calculated 
by the control volume method [3]. The pressure, the temperature and the velocity field can be 
obtained in each time step. These results constitute the basis of the stress and deformation 
analysis. 

5 RESULTS AND DISCUSSION 

A number of simulation packages are commercially available for the simulation of the injection 
molding process. The basic idea is to create a model ofthe geometry or mold tobe analyzed as 
the Figure 4 shows. 

FIGURE 4. Front and back view ofthe FEM model of a cell phone 

In this work the conventional injection molds was compared to the rapid tool inserts. There are 
significant differences between these two techniques. First of all the mold materials are 
different which cause different warpage. Secondly, the rapid tooling techniques allow to create 
curved intemal cooling channels. Because of these differences, the efficiency of cooling could 
be better in the case of rapid tool inserts. Using these curved intemal cooling channels the 
warpage could be decreased in addition manufacture could be eheaper and faster. Naturally the 
durability and abrasion of the rapid tool inserts are worse compared to the conventional molds, 
but it is worth to use to produce a couple ofthousand parts [4). 
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In practice, rapid tooling mold material can be added to the simulation program (material 
database), and the irregular cooling channels can be designed. The different cooling channels 
are shown in Figure 5. 

FIGURE 5. Conventional cooling channels (left) 
and curved cooling channels in rapid tool inserts (right) 

The result of the analysis is shown in Figure 6. The maximum deformation of the part caused 
by different cooling is 0.0285mm using conventional cooling channels. In contradiction to this 
result the maximum deformation is decreased to 0.0059mm using curved irrtemal cooling 
channels. 

$e ... {100 mm) 

FIGURE 6. Deformation ofthe examined part caused by different cooling cannels, 
differences between conventional mold (left) and rapid tooling (right) 

~. 
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As this result shows, the differences between the results of these methods could be 
considerable. The warpage could be decreased about 10 times ifthe cooling channels designed 
properly. 

The influence ofthe mold thermal conductivity on the warpage ofthe mold was also examined. 
Figure 7. shows that the warpage ofthe part is function ofthe mold thermal conductivity. 

3 ~ Deflection (all effects) 

2,5 ___.._ Deflection (cooling) 

'ij 2 

0 20 40 60 80 I 00 
Mold thermal conductivity [W/mC] 

FIGURE 7. The warpage dependence of the mold thermal conductivity 

The typical mold thermal conductivity is between 25 and 80 [W/mC] using conventional tool 
steel. The deformation dependence between these values is near constant, but using rapid tool 
inserts it could vary much more. The selective Iaser sintered tool insert's thermal conductivity 
is less than 15 [W/mC] and the unfilled epoxy resins thermal conductivity is around 2 [W/mC], 
which causes increased warpage of the part. Using rapid tool inserts it is essential to analyze 
the injection molding because of the above-mentioned reasons. The warpage of the part could 
be more significant but using simulation programs it can be decreased or it could be eliminated. 
The main advantage of the rapid tool inserts is that curved internal cooling channels could be 
used, but it must be optimized to achieve good quality part. These programs can analyze the 
cooling, and can optimize or minimize the warpage using these curved internal cooling 
channels. 

6 CONCLUSION 

1t has been demonstrated that the rapid tool inserts are useful in the injection molding 
techno1ogy and the design could be optimized using simulation programs. The mass-production 
with these rapid tooling technologies will be available soon if the prototyping methods could 
produce accurate tools with better surface finish. 
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ABSTRACT. Electrochemical machining (ECM) provides one ofthebest alternatives for finishing parts 
machined by electro-discharge machining (EDM) in advanced materials used in die and mold industries. 
This paper presents experimental investigations that asses the impact of the orbital EC-finishing for 
the electro-discharge machined surfaces. Experiments were carried out using flat electrodes having 
single and multiple flow ports. During ECM, protrusions are normally formed under the flow ports. The 
use of orbital motion would Iead to the reduction of the machining gap under these flow ports. The 
local current density, in that region, is thereby increased leading to a more uniform current density thus 
eliminating these protrusions. Effects of orbiting eccentricity, machining time on the protrusion shape 
and height, surface roughness and machining current are investigated. This work provides a method of 
producing surfaces which conformed better to the required shape especially in the production of dies and 
molds. 

1 INTRODUCTION 

Many ECM tools have slots or holes through which the electrolyte is supplied to the 
machining interface. These inlets have a detrimental effect as the machining does not proceed 
so rapidly in their vicinity and, as a result, protrusions are formed on the machined surfaces 
[1]. These protrusions have often been removed by time consuming mechanical means. 
The present work is carried out with the objective of removing these protrusions by relative 
orbital motion between the cathodic- tool and anodic-workpiece. 
The use of orbital motion also improves the flow conditions since the gap size increases and 
decreases thus causing electrolyte agitation which, in turn, improves the current density and 
the resulting surface finish. During ECM without orbital motion the area under the flow port 
undergoes less metal removal due to the low current density which is caused by the large 
gap in this region. The height of these protrusions is known to be proportional to the square 
of the radius of the flow port, feed rate while it is inversely proportional to the applied voltage 
and electrolyte conductivity [2]. lf orbital motion is applied, such area will be under the 
flow port for a fraction oftime T [3] 

Where 
r The radius of the flow port. 
RE The radius of orbiting eccentricity. 

T 2 . _1 r 
=-sm --

7t 2RE 
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Under such circumstances, the rate of metal removal could be increased to approach that of 
the rest of the surface by reducing the radius of flow port r and enlarging the radius of 
orbiting eccentricity RE. However the decrease of r limits the flow of electrolyte which can 
be overcome by increasing the number of flow ports to ensure a homogeneous and a 
sufficient electrolyte supply to the inter electrode gap. 
The reverse electrolyte flow and the presence of back pressure can, also, improve the 
surface quality and reduce the protrusion height. The surface quality could also be 
improved further if the sharp comers of the flow ports were smoothed to avoid cavitation 
and flow striation. In this work the effect of orbiting motion on the generated protrusions 
and surface quality are tested when finishing electrodischarge machined surfaces. 

2 EXPERIMENTATION 

The workpiece is 23.8 mm diameter and 40 mm length. Both ends were ground to an average 
roughness of 0.1 J.lm. The workpiece is then fixed to Eurospark 50 A EDM machine head. An 
EDM that removes 0.5 mm was carried out using no flushing conditions. The roughness was 
also measured using Talysurf 5 machine and was found to be 13 J.lm. The workpiece was 
then washed, dried and weighted before ECM tests. 
Further tests to study the effect of radius of orbital eccentricity of the cathodic-tool electrode 
on the profile of the machined surfaces using multiple flow ports were also conducted using 
eccentricities ranging from 1 to 6 mm. 
The orbital ECM tool electrode, was made from Duragraph 15 graphite having 2 mm central 
hole for electrolyte supply. The tool face was smoothed using fine emery paper. The inter
electrode gapwas then measured using brass shims. Foreach experiment, the voltage (10 
volt), the initial inter-e1ectrode gap (0.2 mm), the orbiting speed (50 rpm) and; electro1yte 
(200 g/1 NaCl) temperature (30 °C) and flow rate (24 Umin.) were kept constant. During 
machining, the current was recorded. The surface roughness and profiles were also measured 
and recorded. Different machining times, namely, 15, 25 and 35 seconds were 
experimented. 

3 RESUL TS AND DISCUSSION 

20sec 
FIGURE 1. Protrusions generated under flow path without orbital rnotion 
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FIGURE 2. Protrusions formed at different orbiting eccentricities 
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A protrusion upon the profile surface was noted to occur in the center of the flow ports when 
the radius of eccentricity was zero. Figure 1 shows the profile of the surface obtained under 
flow path without orbital motion. Accordingly, the protrusion height becomes !arger at greater 
workpiece radius. For a given radius of9 mm and during 20 seconds ofmachining, the shape 
and height of protrusion were reduced as the radius of eccentricity was increased Figure 2. 
As the radius of orbit is increased the protrusion upon the surface took the form of circular 
ring. During 25 seconds of orbital ECM, the height of such protrusion was found to decrease 
from 179 !J.m to 90 !J.ffi for eccentricity values between 1 and 6 mm respectively, Figure 3. 
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FIGURE 3. Variation of protrusion height with orbiting radius. 
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FIGURE 4. Protrusion height at different orbiting eccentricities. 

Figure 4 shows similar trends for lower range of orbital motion and 20 seconds of orbital 
electrochemical machining time. These trends can be related to the increase of current 
density as the localized inter electrode gap decreases. Under such circumstances, the material 
removal rate is enhanced with consequent decrease in protrusion heights. For a given 
orbiting eccentricity of 2 mm, the Ionger the machining time the smaller would be the 
protrusion height, Figure 5. 
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FIGURE 5. Effect of orbiting time on protrusion height. 
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Using single flow port experiments, the roughness measurements were taken at 6-8 mm from 
the center of the protrusion. Figure 6 shows the roughness profiles of the surface machined 
by EDM. However, the introduction of ultrasound in micro EDM enhanced the debris 
removal and improved the surface quality of micromolds [4]. Figure 7 shows the effect 
of orbital motion on EDM surface after orbital EC- machining time of 25 seconds and 
different orbiting eccentricities. It is evident that the produced surface roughness was found 
to be !arge for specimens machined at smaller eccentricities. 

Horizontal magnification X = 500 
Vertical magnificatio Y = 20 

FIGURE 6. Surface profiles after EDM. 

Time 25 sec. 

FIGURE 7. Surface profilesafterorbital ECM at different eccentricities 
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The average and the maximum roughness values (Ra and Rt) for specimens subjected to 
EDM foilowed by ECM at different radii of eccentricity are shown in Figure 8. Accordingly, 
for machining time of 25 seconds the roughness values changed from 13 11m to 1.8, 1.6, 
1.4 and 1.3 11m for eccentricity values of 1, 4.5, 5, and 6 mm while the maximum roughness 
Rt changed from 48 11m to 11, 10, 9 and 8 11m respectively. The decrease of surface 
roughness at greater eccentricities may be directly related to the rise in the current density 
and the improved flow conditions that flushes away the machining products as weil as gas 
bubbles which Ieads to the improvement in the local current distribution and consequently the 
surface quality [5]. Undersuch conditions, the roughness ofthe machined surface was also 
greater at the outer perimeter than the center due to the reduction of the local current density 
as a result of the accumulation of the machining products that led to the higher protrusions as 
weil as rougher surfaces. 

60 

E 
::l. so 

(/) \ (/) 40 w z Rt 
I ~0 (9 25 seconds 
:::) 

0 20 Ra 0:: 
w 
0 1n 
<{ ·""-LL 
0:: 0 - • • 
=> 0 1 .&..S s 6 Cf) 

ORBITING RADIUS. mm 

FIGURE 8. Variation of surface roughness with orbital eccentricities. 

Figure 9 shows the current recordings at different machining times. Current osciilations 
occurs during the machining time due to changes in the inter-electrode gap associated with the 
orbital motion. The periodic fluctuations in the current recordings are related to the orbiting 
frequency. For the different machining times experimented, larger current was obtained at 
the start of machining as a consequence of the smail inter-electrode gap at this stage of the 
machining cycle. The current subsequently decreased and the wave form adopted a similar 
pattem for each period of machining. 
During ECM, the measured current indicated that passivation occurred at conditions of 
small radii of orbiting electrode. The experiments showed that passivation arose after 10 
seconds of machining while normal active machining, at higher machining current, was 
possible afterfurther 9 seconds [6]. No Passivation occurred when the radius of orbitwas 
greater than 4 mm as the current remains steady at 190 - 240 Amperes. 
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FIGURE 9. Current records for different orbital ECM periods 

4 CONCLUSIONS 

From the results obtained under the conditions descried in this work it can be concluded that; 

I. Orbital motion of one electrode relative to the other, during ECM finishing reduces 
the height of the protrusions caused by the presence of the flow ports in the tool. This 
Ieads to an increase in dimensional accuracy. 

2. The surface produced by EDM can be smoothed by ECM in a very short time of 
machining. The average roughness, Ra, can be reduced from 13 ).lm to 1 ).lm, and Rt 
from 48 ).lm to 8 ).lm in 25 seconds. 
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ABSTRACT. A procedure for the design of structural elements made of carbon-epoxy Iaminates with low 
thermal expansion in the main direction has been developed. By using an interferometric technique, the 
influence of material characteristics and process parameters on the thermal expansion behavior was as
sessed. In order to minimize the interval of uncertainty of the thermal expansion coefficient, a Iaminate 
with layers 0° and 30° coupled with layers with orientation between 45° and 60° was designed. The experi
mental results are in good agreement with those obtained numerically, confirming that the proposed 
procedure permits a low thermal expansion with high stiffness to be easily obtained. 

1 INTRODUCTION 

A growing request of structural elements characterized by low thermal expansion has recently 
been shown in several innovative industrial applications. In the field of optical communications, 
the possibility of using satellite networks for mobile communications and interactive multimedia 
services have been demonstrated and it seems very promising [1]. Aspacelaser communication 
system generally consists of several hundreds of very compact and lightweight telescopes, whose 
structure is characterized by tight dimensional stability tolerances, that can be fulfilled only using 
materials with low thermal expansion coupled with high strength and stiffness. Even if high di
mensional stability space telescopes have been already constructed for scientific purposes [2], in 
the case of a commercial communication satellite system the wide number of termirrals required 
will call for a new production oriented method of design and production that have to replace the 
old manufacturing practices. A promising field of application of low-expansion structural ele
ments is also industrial metrology. In this case it should be possible to have measurement robots 
characterized by high dimensional stability; consequently special temperature controlled envi
ronments could not be necessary, permitting the robots to operate directly in the manufacturing 
line. 
Composite Iaminates are particularly suitable as stmctural material, when ultra-low thermal 
expansion properties are required. In fact some fiber materials (i.e. carbon, kevlar, silicon 
carbide, etc.) show a very low or even a negative coefficient ofthermal expansion (CTE) [3]. 
Therefore, by embedding these fibers in epoxy matrices, having an high and positive CTE, it is 
possible to obtain a material with satisfactory mechanical characteristics and coefficient of 
thermal expansion very close to zero. The thermal expansion behavior of an angle-ply Iaminate 
can be evaluated following an approach based on the classicallamination theory [4] and a 
value of fiber orientation angle at which the CTE vanishes can be determined. Experience 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 



466 F. De Bona, A. Gambitta, A. Soma 

shows that this value has a low engineering interest as, due to the variability induced by the 
processing the actual CTE could differ significantly from zero. To overcome this problern a 
solution often followed is that of measuring the CTE of a large number of composite elements, 
selecting those with a low-expansion behavior and using the rejected ones for less demanding 
applications [2]. Another approachisthat ofmaking, after a thermal expansion measurement, a 
subsequent layup to compensate for the residual expansion [5]. Both the mentioned approaches 
involve very high processing costs. 
The aim oftbis work isthat of setting-up a procedure that, making use of standard processing, 
permits the thermal expansion behavior to be obtained with a low variability, in order to reduce 
the costs and thus make this material suitable for mass production industrial application. For 
this purpose firstly the theoretical aspect of the thermal expansion of composite Iaminate will 
be considered; than, following an experimental approach, the analysis of the variability in
duced by the main manufacturing parameters will be performed, with the aim of developing an 
design solution that allows to minimize their effect maintaining at the same time good strength 
and stiffness characteristics. 

2 THEORY 

The evaluation of the thermal expansion behavior of composite Iaminates is a topic that has re
ceived less attention in Iiterature with respect to the evaluation of Iaminate stiffuess and strength. 
In the case ofangle-ply Iaminates the only complete theoretical treatise is reported in [4]; in their 
work the authors studied the deformations of a Iaminate induced by swelling, but suggested also 
an equivalent formulation to evaluate the effect of temperature changes. 
In the case of pure thermal expansion it is possible to calculate the CTE of the single-ply versus 
any arbitrary orientation (x,y) in the plane of the layer using the following expressions: 

2() . 2() ax =a1 cos +a2 Sill (la) 
. 2() 2() ay = a1 Sill +a2 cos (lb) 

(lc) 

where () is the orientation angle of the fibers. 

The expressions of al' tXz can be obtained following the micro-mechanical approach suggested 

in [6]: 

a1 = (a jE f'l + amEmO- TJ))/(E j'l+ EmO- TJ)) (2a) 

a2 = (1 + Vm)am(l- TJ)+ (1 +V f )a f'l-al (v jTJ+Vm(l- TJ)) (2b) 

where Ef' vf' af and Ern, vm, am are respectively the fiber and matrix elastic constants; '7 is the 

fiber volume fraction. 
Similar expressions for the Iamina elastic constants El' E2, V12, v21 can be obtained [7]. 

The CTE of an angle-ply Iaminate in an arbitrary x direction is given by the following expres
sion: 
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1- - -
a=[A11 ~)Qnax +Q12ay +~6axy)hk]+ 

1- - -
[Au L(Q21ax +Qzzay +Qz6axy)hk]+ (3) 
I- - -

[Al6 L(~6ax +Qz6ay +Q66axy)hk] 

In the case of angle-ply systems stacked symmetrically with respect to the middle plane, the 
laminate is defined to be symmetric and balanced because coupled bending effects are not 
allowed. In this case Eq. (3) becomes: 

a = AzzR1 - A12~2 (4) 

AnAzz -A12 
where R 1 and R2 coefficients are related to the lamina material constants and can be evalu

ated by means of the invariant method [8]; Aii are the coefficients of the extensional stiffness 
matrix [7]. 

3 EXPERIMENTAL SENSITIVITY ANALYSIS 

3.1 INTRODUCTION 

As shown in the previous paragraph, the thermoelastic behavior of a laminate is affected by the 
properties of the fiber (Ef' vf' ar) and of the matrix (Em, vm, am) and by the process related 

parameters (} and 7J. 
The elastic parameters (Ef' v.r E , v ) are always certificated by the supplier; generally their , m m 

uncertainty is low and it does not affect significantly the laminate thermoelastic behavior; on 
the contrary, the value of the coefficient ofthermal expansion of the fiber ar and of the matrix 

am shows a high variability. In fact the thermoelastic behavior of low expansion fibers (i.e. 

carbon) can not be evaluated easily, as a standard measurement procedure is not available yet; 
in the case of the matrix material a standard dilatometer [9] can be generally used, but in this 
case an high uncertainty has to be expected, as the thermal expansion behavior is strongly 
affected by such process parameters, as curing time and temperature, resin aging, etc. In order 
to overcome the variability induced by the uncertainty on the thermal expansion of the basic 
materials, a possible approach is therefore that of introducing in Eq. (1) the values of a1 and 

~ obtained from a direct measurement; this can be easily performed on unidirectionallaminate 

samples obtained from the same prepreg tape that will be used for the final structure. 
Among the so called process parameters, the fiber content TJ is generally certified by the sup
plier with an uncertainty below 1% , thus not affecting significantly the value of a. On the 
contrary, as shown in [10], fiber orientation angle Bcan influence strongly the thermal expansion 
of the laminate. As Iaminates are generally obtained by manuallayup, the most suitable approach 
to evaluate the variability of a induced by the fiber orientation angle errors seems that of follow
ing an experimental approach. 

3.2 MATERIALSAND METHODS 

A composite component manufacturer (Simbi S.p.A, Torino, Italy) was asked to supply the 
following types oflaminates: [012], [9012], [±30hs ,[±45hs ,[±60hs- Ten samples for each kind 
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of laminate were obtained separately by manual layup of prepreg tape (Texipreg FC12C 
HM120 REC) supplied by Seal S.p.A., Milano, Italy). Sampiedimensions (60X160Xl.5 mm3) 

were chosen in order to limit non-homogeneity and border effects [11]. 
All the samples were cured at the same time according to the procedure suggested by the sup
plier. The linear thermal expansion in the temperature interval 293-303 K was obtained for 
each sample averaging 10 measurements. 
Thermalexpansion measurements were performed according to the method described in [11]. 
This procedure is based on a two-frequency laser interferometer system, that permits an accu
rate thermal expansion measurement of composite Iaminates to be easily obtained. In fact in 
the case of carbon epoxy Iaminates a resolution of 30 nm/m and an interval of uncertainty of 
100 nm/m was obtained. 

TABLE 1 An 1 1 CTE 1g1e-p1y s 

Lamina- a. op O"m lli 
tP 

type [t-unlmK] [f..lm/mK] [f..lm/mK] [f..lm/mK] 

[012] -0.28 0.03 0.05 -

[±30J3s -5.86 0.18 0.17 1.99 

[±45]3S 2.18 0.64 0.09 1.99 

[±60J3s 23.62 1.44 0.23 23.18 

[9012] 43.83 0.66 0.67 -

3.3 RESULTS AND DISCUSSION 

Tab.1 shows the mean value of coefficient of linear thermal expansion a. and the standard 

deviation op, obtained performing measurements of different samples made of the same Iami
nate type. The interval of uncertainty of the measurement technique O"m was obtained from 
repeated measurements on the same sample. The theoretical value of coefficient of thermal 
expansion Q1 was obtained introducing in Eq. (4) the values of a1 and a2 obtained from the 
measurement ofthe [012] and [90!2] Iaminates respectively. 
It can be noticed that for the angle-ply Iaminates, the obtained values of Q1 are always inside 
the uncertainty interval of the corresponding measured values ~- The values of crp were ob
tained considering the thermal expansion of samples made of same pre-preg material and 
characterized by the same fiber orientation angle f}, but obtained separately by hand layup; it is 
therefore reasonable to conclude that this parameter is related to an error in orienting the pre
preg layers during the Iaminate manufacturing. 



Low Expansion Composites 

cx ~,um/mK] 
50 

40 

30 

20 

10 

0 

-10 

/ 

/ 
/ 
r---r--

0 20 

~[ m'~ d'l'l J..L ..... J 

' 
~ 

../ 

/ V V 

V 1/ 
/ 

V 

40 60 
(a) 

l-:::2' 
~ 

20 

1.5 

1.0 

0.5 

0.0 

-0.5 

I 
""' ' 

~ 

-
~--......... ---~ 
~ 

-1.0 I 

0 20 

Ex[GPa] 
250 

200 

150 

100 

50 

0 

~ 

;---._ 

' 
' 

~ 

' ~ 
' 

J 

I 

0 

\ 
1\ 
\ 

20 

I 

1/ 

40 

(b) 

......_ ......__ 

40 
(c) 

"' ""' 
60 80 11 [j 

60 80 ~[j 

FIGUREl. Values ofthermal expansion coeffi
cient a (a), of its derivative dm'd8 (b) and of 
the Y oung modulus Ex ( c) versus fiber orienta
tion angle Ofor an angle-ply Iaminate. 
In the case of the unidirectional Iaminates 
([0!2], [9012]) and in the case of the angle-
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ply Iaminate with B=30° ([ ±30hs), the 
values of the process induces uncertainties 
op show values similar to that of the corre

sponding measurement uncertainties Offi . 
In order to explain this behavior, it could 
be helpful to consider the theoretical rela
tionship between, da'dBand B (see 
Fig.la,b). For fJ=0°, B=30° and ()=90° the 
values of the derivative is close to 0, there
fore in these cases even significant 
orientation angle errors have limited effect 
on the thermal expansion of the Iaminate. 
Angle-ply Iaminates [±45hs and [±60hs 
show a completely different behavior; in 
these cases the process induced uncer
tainty o;. corresponds respectively to 28% 
and 6% of the value of a,. In fact in the 
interval 40°~B.:;;70° the derivative 
da(B)/dBis around its maximum value and 
therefore the linear coefficient of thermal 
expansion is strongly influenced by even 
small variations of fJ. 
Finally, it can be noticed that the proce
dure of evaluating a1 and a2 by direct 
measurements on unidirectional Iaminates 
seems correct, as in these cases 
(fJ=0°, ()=90°) the derivative and conse
quently the uncertainty is low. 

LOW EXPANSION DESIGN 

3.4 PROPOSED PROCEDURE 

As pointed out in [10], a 0 thermal expan
sion Iaminate can be designed simply 
considering an angle-ply Iaminate with 
B corresponding to the point where a( 8) 
vanishes. As in this case the derivative 
da( 8)/dB is high and therefore the process 
induced variability is significant, this solu
tion has a limited practical interest. 
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FIGURE 2. Values of aand ofits derivative da(~/d8 versus B. a,b) [(±60°), ( ±~ (0°)2], c,d) [(±~, ( 

±30°), (0°)2], e,f)[(±60°), ( ±30°), (±~]. 

A possible solution to obtain a low CTE with reduced process induced uncertainty could be 

that of designing a Iaminate with multiple layers at different fiber orientation angles. In order 
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to avoid post-curing bending the Iaminate has to be symmetric and balanced; moreover it 
would be preferable to avoid too different fiber orientation angles, in order to Iimits the Iamina 
stresses that will be released after the curing process. 
It has been shown that the minimum variability of a. is achieved for (}= 0°, 30°, 90°. Among 
these fiber orientation angles, 0° e 30° have tobe preferred; in fact, as shown in Fig. 1, in these 
cases a higher E can be achieved; moreover the CTE of the 90° Iaminate is strongly affected 
by the resin thermal expansion behavior and consequently by the curing process parameters, 
that generally can not be controlled accurately. 
A possible design solution could be that of using a Iaminate mainly constituted by layers at 
±30° e oo, that show a slightly negative a.; the unknown orientation angle d of a third layer 
will be determined in such a way toset the overalllaminatethermal expansion close to 0. 
The proposed procedure to design a low expansion Iaminate can be summarized as follows: 
-Firstly, the values of a1 e a2 are measured from unidirectional Iaminate samples obtained 
from the pre-preg tape Iot that will be used for the final components; also E1 and E2 can be 
similarly obtained from tensile tests. 
-Subsequently, according to Eq. (4), c(O) and dc(fJ)/dB curves are determined. 
-Finally, following an iterative approach, the unknown orientation angle flof a symmetric and 
balanced Iaminate [(±d),(±30),(0)2]s will be evaluated in order to Counterbalance numerically 

the deviation from 0 ofthe [(±30),(0)2] 8 Iaminate. Obviously the value of d can not be evalu
ated "a priori", but strongly depends from the pre-preg Iot properties and from the curing 
process followed. 
For the prepreg material considered in this work a value of d =60° has been chosen. In Fig.2 
the values of a and of datdB versus B values are reported; in this case the Iaminate must be 
considered as constituted by three parts: two of them have fixed fiber orientation angle, 
whereas the third part has a fiber orientation angle B that varies from 0° to 90°. In all the three 
possible cases, low values of datdB around the chosen orientation angles ( (}= oo , 30° and 
60°) are obtained; in the case [(±0),(±30),(0)2] 8 (see Fig.2d) at 8=60° the proposed Iaminate 
exhibits a value of da./d8 one order of magnitude lower with respect to the 60° angle ply (see 
Fig.1 b ); in fact in this case the orientation induced errors are strongly limited by the presence 
of oo and 30° layers. It must be also noticed that the proposed solution permits a value of 
Y oung modulus in the main direction Ex of 1.5 GPa to be obtained. 

3.5 EXPERIMENTAL VERIFICATION 

Ten samples for each of the following Iaminates were obtained: [(±60),(±30),(0)2] 8, [012], 

[90!2] All samples were obtained individually from the same prepreg tape Iot and underwent 
the same curing process. The CTEs at room temperature, obtained with the previously de
scribed procedure, are presented in Tab.2. The proposed solution ([(±60),(±30),(0)z]s) shows 

not only a very low mean value of coefficient ofthermal expansion a;., but, as expected, also a 
very low standard deviation op. An even small, but significant difference between the meas
ured and the computed values of CTE must be noticed. This can be easily justified, 
considering that ~ has been evaluated by using the values a1 e ~ , obtained from the previous 
measurements (see Tab.l). Comparing Tab.l and Tab.2 it is possible to notice that the thermal 
expansion coefficients ofthe two groups ofunidirectional samples are slightly different; this is 
not due to errors in the orientation angle (the standard deviation in both cases is very low), but 
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seems related to the non perfect repeatability of the curing process. If the values of a at 0° and 
90° obtained from Tab.2 are introduced in Eq.(4) a value of Qi=-0.11 is obtained, which corre
sponds to the measured value. 

TABLE 2 Low expansion Iaminate CTE 

Laminate a,. op O"m a, 

type [f..Un/mK] [~.un/mK] [f..un/mK] [f..Lm/mK] 

([(±60),(±30),(0hls -0.10 0.04 0.04 0.08 

[0!2] -0.44 0.03 0.05 -

[90!2] 38.10 0.18 0.17 -

5 CONCLUSION 

A procedure for the design of Iaminates for structural applications, characterized by low ther
mal expansion at room temperature have been developed and verified experimentally. The 
proposed method permits to design Iaminate components, whose thermal expansion behavior 
is characterized by limited variability, thus reducing the number of rejected components and 
consequently the costs. 
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ABSTRACT. High power C02 Iasers are increasingly used in industrial welding, as this technology 
presents several advantages when compared to traditional welding processes. Nevertheless, the high 
power density of the Iaser beam can turn into a drawback when high carbon steels are welded. In the 
paper a high power (6 kW) C02 Iaser source is used to perform a dual beam welding. The work was 
divided into three parts: the first is aimed to the modeling of the thermal field generated by the two 
portions ofthe Iaser beam. Then, based on this results, the optical equipment necessary to divide the beam 
into two portions with the desired characteristics was designed and developed. 
In the third and final part welding experiments were carried out, and results have been compared to the 
traditional single beam welding, showing that the deal beam process can reduce the hardness of bead and 
HAZ, with beneficial effects on the toughness ofthe joint. 

1 INTRODUCTION 

The current large diffusion and success of the high power lasers in welding processes could be 
ascribed mainly to two features of the laser beam. The former is the high focalisation of the 
laser beam, which provides a tool with a small diameter. The latter is the high power of the 
beam which, together with the small spot area at focus, generates the power density needed to 
start the key hole phenomena. Thanks to the small beam diameter and the ·high power density, 
both the bead is narrow and deep penetrating, and the heat affected zone is small. Moreover, a 
high feed rate can be used since the power density is destined to the bead generation and not to 
the general heating ofthe workpiece. 
However, in some cases these advantages could turn in drawbacks, which limit the Iaser beam 
welding application. Indeed, the high workpiece feed rate and the high energy density induce in 
the welding zone large temperature gradients and high cooling rates, which are particularly 
deleterious in the welding ofhigh carbon steels, producing cracks in the bead and distortions in 
the workpiece. 
Usually, in order to soundly weld these alloys the workpiece is globally pre-heated in oven to 
about 300-400° C. The pre-heating increases the workpiece temperature to a value below the 
transition temperature but sufficiently high to smooth the thermal cycle in the welding zone. 
Despite the pre-heating is nowadays a common industrial solution to welding of high carbon 
steels, the use of this device presents several drawbacks. In fact, the pre-heating is a time 
consuming and expensive operation. Moreover, the workpiece dimensions or location cold be a 
limit to this application. 
An alternative solution, not yet deeply studied and applied, is the dual beam Iaser process. The 
dual beam laser process consists in the laser beam division into two beams: the former with a 
heating function, the later with a welding function. While the heating beam is not deeply 
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focalised and pre-heats the welding zone, the welding beam is focalised and generates the bead 
in the keyhole condition. 
The present work is a contribution to the study of the dual beam process. The paper deals with 
the application of the dual beam principle to high power C02 Iasers . The main references to 
the dual beam welding are from Kannatey-Asibu and Liu. The Authors have investigated both 
the theoretic aspects (with analytical and numerical models) and the experimental aspects of 
the dual Iaser beam welding with medium power Iasers (up to 3 kW) [1][2][3]. The medium 
power of the beam Iasers does not allow high feed rate (and consequently high productivity) 
and Iimits the positive effects of the pre-heating beam. 
The present work deals with the study and design of a dual beam system from a 6kW power 
C02 Iaser. First, the temperature field generated by the superimposition of the two beams has 
been investigated by a thermal model. The analytical thermal model was used to verify that, by 
the control of the process and design parameters, significant improvements in the cooling heat 
rate could be reached. Moreover, it was used in the design of the beam subdivision and 
focussing device. Then, a dual beam system has been built starting from a single high power 
C02 Iaser source. Experiments have been carried out, and the results of the dual beam Iaser 
welding have been compared to traditional single beam welding in terms of hardness of the 
welded zone. 

2 THERMAL MODELS 

The need for a thermal model arises from the fact that: 
o the single beam heat cycle has to be compiued to the dual beam heat cycle; 
0 the dual beam system has to be designed. 
The temperature field in the workpiece arises from the simultaneous passage of the two beams, 
along the workpiece's surface. The two beams (Figure I): 
0 are at a fixed distance L, 
0 move at the same feed rate V ( the feed rate of the workpiece ). 
Since the two beams have different characteristics, two thermal models should be developed. 
Once developed, the two models can be composed together to describe the temperature field in 
the workpiece on the basis of the principle of Superposition of effects. 

pre-heating 
beam 

FIGURE 1. Dual beam Iaser system. 
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2.1 PRE-HEATING MODEL 

The Iaser beam action could be described by a moving heat source travelling with constant feed 
rate V along the travelling direction. If the thermal properties of the material do not depend on 
temperature, the governing differential equation is: 

V2T _ _!_ dT _!L:_=O (1) 
a dt lt 

where a is the thermal diffusivity, ').. the conductivity and q, the heat inputrate per unit time. 
The pre-heating beam could be described by a cylindrical beam with a bi-gaussian power qh: 

(ij'+y') (2) 
qh = JJ qmaxe r's dxdy 

0 0 

where qmax is the power density peak value and r0 is the distance from the beam centre at when 
the peak value has fallen to lle. 
An analytical solution for the temperature field T(1J,y,z), when a bi-gaussian Iaser beam of 
power qh and radius r0 moves in the x direction, is available [4]: 

Ahqh/V [ 1 [(z+z0 )
2 y 2 ]~ 

T-T, = w~(l+;ll+%+•, r- 4a (•+%) + (•+%+•,) IJ (3) 

where T0 is the initial temperature, (1J,y,z) are the coordinates fixed to the pre-heating source 
(reported in Figure 1 ), Ah is the absorbtion coefficient, t0 the injection time and z0 the apparent 
source origin. The injection time t0 = ri 1 4a is the time in which the heat diffuses inward when 

the pre-heating source covers a distance equivalent to r0 . The apparent source origin derives 
from the need to have a temperature of the surface limited to a finite value, and therefore the 
real source in the plane z = 0 is replaced by an apparent source in the plane z = z0 above the 
surface. The actua1 va1ue of z0 is determined by imposing at time t0 and at the surface z = 0 a 
temperature equivalent to the temperature reached in a solid heated for the time t0 by a 
stationary heat source. 

2.2 WELDING MODEL 

Since the welding beam is focalised, a linear heat source, moving with constant velocity V 
along the workpiece surface, should yield a satisfactory picture of the key hole welding 
process. The analytical solution for the temperature field T(x,y,z), when a linear source of 
constant strength qw moves in the x direction, is [5]: 

Awqw (-Vxf ~V~} T-T. =--exp --
0 2nlt 2a 0 2a 

(4) 

where Aw is the welding absorbtion coefficient, (x,y,z) are the coordinates system fixed to the 
welding heat source (see Figure 1), qw is the heat rate per unit depth and K0 is the modified 
Bessel function ofthe second kind and zero order. 
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2.3 DUAL BEAM MODEL 
The thermal model of the dual beam Iaser process is the composition of the two afore -
developed models: the pre-heating model and the welding model. Due to the linearity of the 
conduction equation, the Superposition of the two effects, the pre heating and the key hole 
welding, Ieads to the global solution: 

r-r,= ~( L~~r L-x rp[-~[(+Lz~: f( L~,x )JL~~{-,~r·lv~) (5) 
znA. t+ v l+ v +l' l+ v t+ v +t, ~ 

In the Equation 5 the two coordinates systems, the former relative to the pre-heating source, the 
later relative to the welding source, have been unified by the variable transformation 11 = L- x, 
where L is the fixed distance between the pre-heating and the welding sources (Figure I). 
Figure 2 shows the isotherms and the temperature field in the plane (x,y) of a carbon steels 
sheet subjected to the dual Iaser beam welding. In the example apower beam of 5.2 kW has 
been equally distributed: 2.6 kW to the pre-heating beam and 2.6 kW to the welding beam 
respectively. In order to evaluate the influence of the dual Iaser beam on the welding process 
two main thermal effects should be considered: the temperature field and the cooling heat rate . 

.... .. --~ ............ ........ . 
I o o o o o 

0001 -- --~ ............ ···:· •• ••• • • 

FIGURE 2. Isothermsand temperature field . 

In the Figure 3 the comparison between a single beam Iaser welding (2.6 kW) and a dual beam 
Iaser welding (2.6 kW welding; 2.6 kW pre-heating) is shown. As could be noted, both the 
temperature and cooling time increase due to the pre heating action. The parameter L\tsoo-Ms• 
defined as the cooling time from 800°C to the martensite start temperature, allows to compare 
the cooling rate curves. 

: : dÜalbSam : . . 

, ---+---+ --- ~----t~ s:~~~---·· · ·--- --~-- -
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FIGURE 3. Single beam and dual beam welding comparison. 
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The litsoo-Ms is related to the cooling time of the carbon steel from the completely austenitesed 
state to the beginning of martensite solid state transformation. Since usually to a Ionger litsoo-Ms 
corresponds a less fragile bead, the response of the thermal model in terms of !1t8oo-Ms allows to 
compare different welding conditions. In order to obtain the !1t8oo-Ms values from the thermal 
model of the dual beam welding some parameters should be settled. The unknown parameters 
Ah, A.._. Rb ofthe Equations 2 and 5 have been calibrated against experimental data, collected by 
direct measurement ofthe temperature field with micro thermocouples, as reported in [6]. 

3 DUAL BEAM SYSTEM DESIGN 

In the second part of the work the dual beam system has been designed and built. The dual 
beam system has been obtained by a conventional Iaser welding head. The source is a 
transverse tlux 6 kW C02 laser. In order to obtain from a single beam two beams, the problern 
of the Separation should be solved. Since the original beam is a high power co2 Iaser, the 
transmission by partially retlective lens is solution that should be rejected. The incident beam 
excessively heats the lens and may cause a severe darnage to the beam splitting system. 
Therefore, if the dual beam system comes from a high power Iaser source, the retlection by a 
copper mirror should be the most suitable solution to separate the beam. Moreover, a moving 
mirror can be used to continuously modulate the repartition of the laser beam power in the two 
beams. The parameters of the dual beam system that should be controlled are: 
0 the relative distance between the two beam spots (L ); 
0 the relative repartition ofpower between the two beams (P). 
Both these characteristics can be obtained from the position of the copper mirror, which has 
two degrees of freedom (Figure 1 ). Therefore a device supporting the copper mirror has been 
designed in order to allow the accurately setting the following movements ofthe mirror: 
0 translation along the z axis, 
0 rotation around the y axis. 
In the Figure 4, showing the dual beam system designed and realised, the single elements afore 
described could be observed: on the left the transmission path, in the middle the device 
supporting the copper mirror and on the right the welding head. 

FIGURE 4. Dual beam Iaser welding system. 
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4 EXPERIMENT DESIGN 

The dual system described in the previous paragraph allows to regulate two design parameters: 
the distance L and the percentage of the intercepted beam P. In order to limit the number of 
experimental conditions, this preliminary work deals only with the study of the effect of the 
distance L on the properties of the welds. 
The percentage P has been fixed to 50 %: the copper mirror intercepts the 50% of the 
maximumpower ofthe original beam (5.2 kW) and assigns 2.6 kW to both the beams. 
Tagether with the percentage P the other design and process parameters which have been fixed 
are: the welding focus position (on the surface), the shielding gas (helium at 30 Vmin), the 
travelling speedrate (30 mm/s). 
In the experiments a high carbon steel (with a 0.55 % percent of carbon, C55) has been used. 
The C55 carbon steel has been furnished in oil quenched sheets of 1.25 mm thick with a dark 
surface. In the experiments two parameters have been varied: 
0 the distance L: 5 - 20 - 60 mm, 
0 the surface condition: as furnished dark surface and coated with graphite. 
Each treatment has been repeated threes times. The response variable is the hardness of the 
bead and of the heat affected zone (HAZ). After the experiments the specimens have been 
sectioned, polished and etched in a 3% alcoholic solution of H2N03 in order to reveal the grain 
structure. Vickers hardness measurements (2000 g load, UNI EN ISO 6507-1) have been made 
on the section normal to the welding direction to give the average hardness profile across the 
bead and the HAZ. Since the specimen's thickness is very small, according to the normative, 
only one single indentation line at half thickens has been measured. 

5 RESULTS AND DISCUSSION 

The dual beam laser welding of the C55 high carbon steel has been simulated by the thermal 
model for two different surface conditions: dark surface and graphite coated surface, changing 
the laser beam distance L. The single beam welding process in the same conditions has been 
simulated too. The outcome ofthe model has been the M8oo-Ms• and is reported in Figure 5. 
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FIGURE 5. Msoo-Ms comparison. 
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As can be noted, 
0 the dual beam process generates in the workpiece a Ionger ~tsoo-Ms than the single beam 

welding process. Moreover, the cooling time Msoo-Ms increases when the distance L 
between the beams is reduced, 

0 the coated surface shows a Iongest Msoo-Ms due to the different absorption coefficient Ah. 
In order to bear out the positive results predicted by the thermal model, the Vickers hardness 
have been measured on the surface normal to the welding direction. The data have been 
collected in Figure 6, which reports the HV values as a function of the distance from the 
centreline of the bead. In Figure 6 the term "reference" means the hardness of the specimen 
welded by the single beam process. 
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FIGURE 6. Hardness results. 

The analysis ofFigure 6 leads to the following considerations: 

Coated sunace 

0 the samples welded by the dual beam process have hardness values always lower than the 
samples welded by the single welding process, 

o a remarkable difference could be pointed out in the case of the coated surface, 
0 the effectiveness ofthe pre heating treatment decreases when the distance between the two 

heat source becomes longer. 
The theoretical and experimental results are correlated and compared in the Table 1 for the 
dark surface and the coated surface respectively. 

TABLEI R esu ts comf anson. 
Dark surface Coated surface 

Distance L (mm) HV ~tsoo-Ms ( s) HV ~tsoo-Ms (s) 
5 716 4.23 662 7.8 

20 749 4.10 668 7.4 
60 720 3.84 

Reference 789 2.04 789 2.04 

As could be noted, the cooling time Msoo-Ms and the hardness values are correlated. Indeed, for 
both the surfaces in presence of the pre heating beam the toughness of the bead increases due 
to the Ionger cooling time. The increase of the toughness is more remarkable when the pre 
heating is performed on a coated surface. The absorption coefficient Ah for the steel surface 
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(about 10%) increases up to the 80% for the coated surface [6]. As a consequence, for a 
distance L of 5 mm, when the lllsoo-Ms is increased from 2.04 s (reference case) to 7.8 the 
hardness value decreases from 789 HV to 662 HV on average. Moreover, both the theoretical 
and the experimental results confirm that the distance L greatly affects the cooling time and the 
hardness of the bead: As the pre-heating beam is moved away from the welding beam, the 
cooling time is no Ionger affected by the presence ofthe dual beam system. 

6 CONCLUSION 

The present paper discusses the possibility of performing a dual beam Iaser welding as a 
solution to the negative effect of the large thermal gradient and high cooling rate on the 
toughness ofhigh carbon steels. 
The first part of the work was aimed to the modeling of the thermal field generated by the two 
portions of the Iaser beam. Then, based on this results, the optical equipment necessary to 
divide the beam into two portions has been designed and built. 
Experiments have been carried out and, although limited to one steel, show that there is a fairly 
reduction in the hardness ofthe bead when a dual beam system is used. 
Therefore, the preliminary conclusions pointed out by the thermal modeHing and by the 
experimentation are: 
D the smoothing of the heat cycle forecasted by the thermal model is in agreement with the 

hardness measurements, both of them confirming the positive effect of the pre heating 
treatment. 

D if the surface of the specimen is opportunely treated in order to improve the absorption 
coefficient the influence of the preheating beam increases. 

o reducing the distance between the two beams produces a positive influence on the thermal 
and mechanical behaviour of the specimen. · 

The afore mentioned considerations together with the easiness in the dual beam realisations 
gives the first encouraging results in the direction of improving the quality of difficult to weid 
materials. 
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ABSTRACT. Filament winding is a process in which tensioned resin-impregnated continuous fibers are 
placed on a specified path on a mandrel. Automated systems have been adopted to deliver the fiber with a 
fixed Ievel of accuracy. Process simulation is a very important question in automated applications. 
Moreover, the necessity to process complex shape objects Ieads to consider different alternatives to de
liver the fiber along the model. In this paper, we developed a methodology to obtain simulation models in 
an integrated software environment. The proposed solution, on the one hand, focuses on the exploitation 
of the degrees of freedom in the cell, on the other, it considers the part program generation when a rotat
ing mandrei is adopted. A test case has been realized in order to check the feasibility of our approach. 
Two different filament winding cell models have been developed by following the proposed approach and 
an in-depth analysis is carried out in order to investigate on both solutions. 

1 INTRODUCTION 

Filament winding is an effective method to manufacture composite objects. In this process, composite 
layers are continuously wound on a mandrel. Previous studies suggested that product quality highly 
depends on process parameters. Since in such a kind of technology a wide range of variables is involved, 
it is very difficult to tune the system when a new product shape has to be manufactured. Simulation plays 
an important role in this context, hence innovative methodologies are continuously issued in order to 
produce high quality simulation models. A filament winding cell can consist in several components. 
Basically, the main ones are fiber supply spools, a resirr impregnator (if needed), fiber delivery or deliv
ery eye unit, and a mandrel. The delivery eye places fibers on a specified path on the mandrel. The 
strands can either be pre-impregnated with polymeric resirr or impregnated during the process. Once the 
winding is completed, the resirr is cured and, then, the mandrei is removed. Since the winding is per
formed under tension, depending on the surface geometry, fibers can slip from the chosen position. 
Hence, a stable winding path has tobe carefully designed in order to avoid the slipping. 

Major efforts have been made in the introduction of a robotic manipulator to perform the fiber placement 
activity. Indeed, in terms of shape, the high variability of such objects implies enormous difficulties in the 
design of automated machines. Existing flexible filament winding cells deal only with simple shape 
objects. Moreover, when machirres work with complex geometry pieces, a low grade of flexibility is 
available. Therefore, only particular classes of pieces can be wo und by using such machines. Recently, 
different filament winding cells have been designed in order to solve such a problern Highly flexible 
cells have been issued and different complex shape objects have been obtained by filament winding 
technology. Depending on the manipulator workspace, using redundant degrees of freedom of a ma-
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nipulator, it is possible to choose among multiple movement strategies in order to optimize several fac
tors. Nevertheiess, such robotic based filament winding cells entail several drawbacks: robots do not 
allow high production rates;different robot degrees of freedom are not exploited; the winding of particu
larly complex shape objects can Iead robots to assume critical configurations. 

Different studies have been made on this issue, [1][2)[3][4]. Various theories suggest the way of obtain
ing the manipulator delivery eye point sequence once the path winding on the modei is assigned, [5][6]. 
Recently, the deterrnination of the corresponding robot part program has been investigated [7]. Addi
tional studies have been made on this topic in order to find the solution of the manipulator inverse 
kinematic problern using a numerical algorithm, [8] [9] [4]. Other studies have investigated the possibil
ity of evaluating, in qualitative and quantitative terms, the results of these inverse kinernatic algorithms, 
[10] [11]. In this paper wehavedealt with the evaluation of automated filament winding cells in which 
degrees of freedom are distributed between the mandrei and the delivery mechanism. The main advan
tage consists in the possibility of using - for a specific farnily of pieces - an overall number of degrees of 
freedom lower than the ones required by adopting a robotic cell with a fixed mandrel. Moreover, both 
high speed winding and low stress may be obtained in cell mechanisms. In the following section, the 
generation of the cell part program is presented. Then a methodology based on a simulation modei for 
the study of such a cell is described. Finally, a test case is presented in order to show the potential of such 
a methodology and simulation results are reported. 

2 DEGREES OF FREEDOM IN AN AUTOMATED CELL 

Several approaches have been used to investigate on the possibility of adopting general-purpose ma
chirres for filament winding. Particularly, most of the studies focused on the application of 
anthropomorphic robots. The limited skill of such a kind of manipulator and the particular nature of the 
filament winding do not suggest the use of such a solution for a variety of products. The problern is of 
major importance for the complex shape objects. It is very important to note that a careful distribution
between delivery machirre and mandrei - of the available degrees of freedom in such a cell, increases in 
the variety of obtainable pieces. An innovative approach to the classical robotic cell consists in the possi
bility of (I) moving the mandrel- in order to facilitate the machirre work- and (2) using a simpler 
delivery machirre (in terms of number of degrees of freedom). In this way, the main advantage consists in 
using a less complex delivery device and reducing stress factors during the working phase. It is important 
to note that the movement complexity reduction implies taking into account questions conceming auto
mation science, such as minirnization of joint wearing, working range for each joint and movement 
inversions. The main drawback consists in the need of controlling, simultaneously, different mobile 
systems. It is important to note that the distribution of available degrees of freedom can lead to the re
duction of their overall number. For example a six-axes robot can be used to perform a winding 
operation for the pieces reported in FIGURE l -final piece (a) and mandrei (b) are represented. The 
piece is a wishbone shaped damper of a helicopter rotor. An alternative approach consists in rotating the 
mandrei ( on z-axis) and using a delivery machirre moving along a vertical plane. The combination of 
such movements Ieads to obtaining a feasible winding operation by using only 3 degrees of freedom. In 
order to guarantee a proper stress distribution and a right winding on the mandrel, the configuration has 
to take into account the fiber tension force. Indeed, the delivery eye point sequence is generated in order 
to maintain a particular mutual condition between mandrei and fiber - fiber has to be tangential to the 
mandrei in the delivery point. Such a condition must be ensured after the movements have been divided 
between mandrei and delivery device. In T ABLE 1 different feasible alternatives are reported. 
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(a) (b) 

FIGURE I. Wishbone shaped damper of a helicopter rotor 

T ABLE I. Division of degrees of freedom for a winding operation 

Degrees of freedom 
Delivery device Mandrei Total Description 

6 0 6 Six axes robot, difficulty to realize a part of com-
plex shape objects 

2 I 3 Efficiency in the division of movements. Wide 
range of complex shape objects can be obtained. 

3 0 3 Robot with not enough skill to realize a complex 
shape object. 

0 3 3 System having a fixed delivery device. It is diffi-
cult to control both tension and fiber delivering. 

3 PART PROGRAM GENERATION 

Part program genemtion basically consists in the determination of the exact Iist of movements for each 
component in time. Such an activity is very complex when the number of degrees of freedom is high. 
lndeed, the availability of different solutions to execute a particular movement Ieads to consider various 
alternatives. In such a context, complicated inverse kinematic algorithms have to be adopted. When the 
munber of degrees of freedom is limited, this module can be significantly simplified by focusing on the 
particular division of movements. Once the point sequence - the delivery eye has to pass through - is 
determined, the methodology we adopted consists in expressing the coordinates in a way linked to the 
available degrees of freedom. In such a context, a coordinate tmnsformation has to be performed in order 
to get the final variables. The above solution allows finding a solution to the problern expeditiously, with 
regard to the part program determination of the cell described in the previous section. The Cartesian 
coordinates (x,y,z) in the three-dimensional space are tmnsformed in a cylindrical form (r,a.,z), see 
FIGURE2 .. 

Variable Association 

r horizontal movement of the delivery device 
z vertical movement of the delivery device 
a rotational movement of the mandrei 

FIGURE 2. Cylindrical coordinate system 
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Both coordinate systems have the same origin- i.e. in the mandrei rotation axis, on the bottom part. The 
correspondence between coordinate variables and cell movements is described in FIGURE 2. Supposing 
the piece is fixed, the point sequence the delivery eye has to pass through- to lay the fiber on FIGURE 
1 a path - can be obtained, [ 6]. Since the delivery device has two degrees of freedom, it can lay down the 
fiber only on a YZ parallel plane. Such a plane is named reachable plane (RP from this point on) having 
a geometrical expression of x=xo. Consequently, the piece has to be rotated so that the corresponding 
delivery eye point belongs to RP. Hence, a coordinate transfonnation is performed each time Referring 
to FIGURE 3a, {0~> X~> YJ. ZJ} is a referring frame rotated at angle a, with respect to {0, X, Y, Z}. 
Transfonnation formulas are reported in (1). 

(1) 

Z = Z, 
Y=Y• 

x. X=X• 

(a) (b) (c) 

FIGURE 3. Rotation ofthe referring frame (a), geometrical description ofthemandrei rotation (b) and 
reachable plane representation (c) 

Supposing {0, X, Y, Z} referring frame is fixed and {OJ. X~o Y~o ZJ} rotates along with the mandrel. 
Delivery eye coordinate values are known in the {01, X1, Y~o ZJ} because this referring frame is integral 
with the mandrel. Referring to the XY plane view, P1 is the position ofthe delivery eye assuming piece is 
fixed, whereas P is the corresponding point on RP where delivery has to be actually carried out, by ro
tating the piece of a (see FIGURE 3b and FIGURE 3c). In order to determine a, the difference between 
9 e 91 has tobe calculated, where 9 (91) is the angle between OP (OP1) and X-axis. Since the winding 
path is available, it is possible to determine 91 by using (2). Supposing that p=IOPI= IOP1i= [(x1i+(y1il v, 

and cos(9)=xo/p, it is possible to obtain 9 by using (3). In this way, the angle a- the mandrei has to rotate 
in ordertobring P1 on RP- is equal to (&-e1). Once a rotation has been performed, the delivery eye can 
reach the final point and the next point in the sequence has to be considered - so a new rotation is made 
to bring it on the RP. Consequently, each point in the delivery-eye location list is subjected to consecu
tive coordinate transfonnations because of the repeated rotations. 

9, = atan (y/x,) (2) 
9= acos (Xo"p) (3) 

4 MODEL BUILDING 

The proposed methodology enables the designing of a simulation model for an automated filament 
winding cell. A proper template has been produced for the selected software architecture, which is Visual 
Nastran 6.2 enhanced with Visual Basic 6 features under MS Windows O.S. The rnain advantage ofthe 
solution proposed consists in the possibility of straightforwardly producing a winding cell model once 
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the main characteristics of the process are available. Indeed, the Windows-based interface and Visual 
Nastran features enable the simulation modeier to easily import cell components and describe how the 
whole system works. In order for this software package to be capable to meet the filament winding 
needs, Visual Basic integration has been developed. This makes it possible to read of a filament winding 
part point sequence - in terms of deiivery eye locations and mandrei points - and reproducing it on the 
designed model. An additional advantage consists in the possibility of varying the process parameters 
during the simulation running. Indeed for actuators, it is possible to vary the following parameters: ve
locity, acceleration, force. Whereas for motors, the following quantities can be changed: angular velocity, 
angular acceleration, torque. For this reason, it is very simple to deveiop a proper Visual Basic module 
capable of controlling, over time, the value of such parameters in order to obtain a particular motion law 
[12). Finally, it is possible to develop a generation partprogram module based on the characteristics of 
the designed modei; in this context the availability of a programming language - such as Visual Basic -
permits to reach an high levei of flexibility and efficiency. Once the part program computation algorithm 
issues the list of movements required to lay the fiber down, the Visual Basic module sends the parame
ters - such as position, velocity, acceieration - to simulate the expected movement for actuators and 
motors modeled in Visual Nastran. Moreover, it is possible to reproduce the fiber tension - Visual Basic 
module can vary the module and the direction of such a parameter depending on the deiivering path. 

5 TESTCASE 

In order to demonstrate the possibility of our approach to study a generic filament winding cell for the 
processing of complex shape objects, we designed two simple cells to lay down the fiber on the mandrei 
showed in FlGURE lb. Simulationmodels have been compared in terms of performances by using 
features available in the developed template. Cell configurations are represented in FlGURE 4. 

z 
L 

Lo 

TooiZ o, 

(a) (b) (c) 

FIGURE 4. First (a) and second (b) robotic cell. Motion law(c) 

Once the deiivery device is considered, it is important to analyze the stress the deiivery eye is subject to. 
The designed model provides force and torque data for each model component. In particular, reaction 
forces are very significant for the evaluation of each joint stress. The realized template allows running 
different simulations by using different limits for the simulation parameters (i.e. acceleration or torque) in 
order to study the system performances depending on such factors. For example, a constant acceieration 
motion law can be used to control both actuators and motors (FIGURE 4c ). The winding path is sampled 
so that a point sequence is issued. The delivery device passes from one point to the next one by using the 
motion law. For each active element in the model, a maximum acceleration value and a specific motion 



486 A. Anglani, F. Nucci, A. Spagnolo 

length are available. First, the actuator/motor completing for last the own motion is detected - this ele
ment, at a given time tL> completes the action by using the maximum available acceleration. The others 
can adopt an acceleration value lower than the maximwn obtainable in order to complete the activity at 
the same time tL. An interesting study can be performed by analyzing the connection between such accel
eration Iimits and system performance, in terms of process completion time. Fiber tension is asswned 
constant. Two files provide the coordinates of the set point for delivery eye and the corresponding one on 
the mandrel. In the first model, an actuator is used for the delivery eye vertical movements. Whereas, in 
the second, a motor - controlling a connecting rod and a crank - is applied. In both models a motor 
controls the mandrei rotation and an actuator moves the delivery eye horizontally. 

6 RESULTS 

Several simulation nms have been performed in order to study the winding process by using the two 
models considered. For each actuator/motor, different values of maximwn acceleration have been estab
lished. In other words, simulation nms use different values for aMAX in order to detennine which patt of 
the model needs of performance improving. Threshold values are reported in TABLE 2 and refer to 
FlGURE 4a cell model. In the FlGURE 4b cell model mandrei and horizontal actuator thresholds are the 
same, whereas crank motor acceleration Iimit is calculated so that completion time is equal for both 
models. 

TABLE 2. Maximum acceleration for the active elements in the two models 

Maximum acceleration 
Mandrei Horizontal Actuator Vertical Actuator 

Simulation run [rad s"2] fern s-21 [cm s-2] 

1 25 25 25 
2 50 25 25 
3 25 50 25 
4 25 25 50 

The first model analysis - conceming the mandrei motion - shows the selected threshold value is exces
sive for the kind of movement to be performed; hence processing time is not affected by mandrei 
rotation. Moving conceming the other active elements are crucial in both models. Indeed, completion 
time greatly depends on such movement parameters. Maximwn value for the actual mandrei acceleration 
is reported in T ABLE 3 - row I. As it is possible to note no variation is detected when aMAX changes. 
The maximwn value ofmandrel acceleration is 17 (upper bounds are reported in TABLE 2). Conse
quently, there is no need to improve performance in such a motor when aMAX is greater than 17. For the 
first model, the maximwn of delivery eye acceleration along the two directions is reported in T ABLE 3 -
row 3 and 4. When aMAXis doubled (simulation run 3 and 4) it is possible to note that the actual accelera
tion maximwn changes. It is possible to observe the decreasing ofthe processing time (see TABLE 3-
row 5) along with the different simulation nms. Passing from the simulation run I to 4, saved time is 
equal to 16.76%. Threshold acceleration values greatly affects reactions performed by the actuators and 
motors. In T ABLE 3 - row 6 and 7 - these aspects are showed, differences in the two models are due to 
the unlike mass distribution in the models. It is important to note when horizontal ( vertical) actuator 
acceleration increases, horizontal (vertical) constrain reaction gets higher; see TABLE 3 - row 6 
(TABLE 3- row 7). 
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TABLE 3. Firstmodelsimulation results 

Row Simulation run 1 2 3 4 

1 Mandrei Max Angular Aceeieration [rad/ s2) 17.0 17.0 17.0 17.0 

2 Mandrei Max Torque [Ncm] 4.0 4.0 4.0 4.0 

3 Max Av [ cm/s2] 22.4 22.4 47.3 22.4 

4 Max Az [ crnls2] 24.1 24.1 24.1 49.2 

5 Processing time [ s] 70.4 70.4 65.2 58.6 

6 Max horizontal actuator reaction [N] 2.6 2.6 5.6 2.6 

7 Max vertical actuator reaction [N] 177.4 177.4 177.4 181.9 

On the basis of the results obtained, the second model behavior is quite similar to the other one in terms 
of mandrei rotation motor and horizontal movements. Instead, differences can be detected for the con
straint reactions because of the variation in the mass distribution. Since different ways to obtain the 
vertical movements are, simulation results are significantly altered for such a question. In the first model, 
an actuator directly controls vertical movement accelemtions. In the second model, the complexity of the 
relation standing between rotation motor and vertical displacement makes difficult the controlling of the 
vertical accelemtion. The comparison of the maximum values for the vertical movements acceleration in 
both models is reported in T ABLE 4- rows 1-4. As it is possible to note in the second model, accelem
tion is greater than the one on the first. This behavior greatly affects the force values on the two models. 
Negative accelemtion values are related to downward movements. Moreover, data reported in T ABLE 4 
- rows 5-8 - makes it easy to observe the second model is more stressed in the z-axis verse. 

TABLE 4. Simulation result comparison 

Simulation run 1 2 3 4 

Row Model Parameter 
1 1 Min vertical acceleration [cms-2] -24.1 -24.1 -24.1 -49.2 

2 2 Min vertical acceleration [ cms-2] -51.4 -51.4 -51.4 -115.6 
3 1 Max vertica1 acce1eration [cms-2] 24.1 24.1 24.1 49.2 
4 2 Max vertical acceleration [cms-2] 54.6 54.6 54.6 79.3 

5 1 Min vertical force on delivery arm [N] 112.6 112.6 112.6 109.7 

6 2 Min vertical force on delivery arm [N] 109.4 109.4 109.5 101.8 

7 1 Max vertical force on delivery arm [N] 118.3 118.3 118.3 121.3 

8 2 Max vertical force on delivery arm [N] 121.9 121.9 121.9 124.8 

The second model is subjected to wider variability. This is particularly clear in simulation run 4- differ
ence between maximum and minimum values is 22.9 N whereas in the first it is just 11.3 N. The analysis 
on the forces and torques in the other constraints Ieads to the conclusion that differences exist due to the 

distinct geometry. In 

T ABLE 5 variations of the crank gear angular acceleration and motor torque are shown. In particular, 
maximum values are reported. It is possible to note peak values increase from the first to the last simula
tion run, except for the second- only the mandrei motor acceleration is altered. 
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TABLE 5. Second model simulation results 

Row Simulation run 1 2 3 4 
1 Max crank gear angular acceleration [rads-2] 7_0 7.0 12.4 15.7 
2 Max crank gear motor torque [Nm] 28.6 28.6 28.6 29.8 

7 CONCLUSION 

The proposed methodology pennits to investigate on a given filament winding cell. In particular, the 
above mentioned analysis allows the selection of the appropriate winding parameters in order to maxi
mize system performance taking into account the stress the different elements are subjected to. 
Moreover, the proposed approach exploits the possibility of using an integrated architecture to take 
advantage of the Visual Nastran and Visual Basic software packages. A theoretical approach is issued in 
ordertomanage the rotation ofthemandrei and improve the utilization ofthe available degrees offree
dom in a generic cell_ The methodology enables the simulation model designer to quickly develop an 
accurate representation of a winding device. Moreover, a study is carried out in order to analyze in quan
titative terms the results of such simulation models. 
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ABSTRACT. To establish welding parameters significance Ievel and influence of welding parameters on 
occurrence of welded joints discontinuities and nonconformance it is necessary to perceive comprehen
sive welding parameters relationship as weil as Ievel of influence of each parameter. At present there are 
several tools for quality assurance and quality management of welded joints at disposal. Before ail, there 
are Cause-and-Effect diagram, Cause-and-Effect matrix, Pareto diagram and Control charts. By appropri
ate application ofthis tools most influential parameters on quality ofweldedjoints can be selected, which 
can be further, by application of Design of experiments methods as weil as the other ways of parameters 
analysis, explored and optimal values of welding parameters obtained. Furthermore, paper provides an 
example of application of mentioned tools for obtaining optimal welding joint quality as a starring point 
for further numerical and other analysis and welding modeling. 

1 INTRODUCTION 

Constant improvement of welding processes, decrease or elirnination of welds discontinuities and 
production of welded joints firsttime without failure is becoming a present necessity for successful 
production in highly competitive business environment. A good, in depth acquaintance with 
welding processes and an adequate process parameters management is essential to gain desired 
level of performance. To establish welding parameters significance level as well as influence of 
welding parameters on occurrence ofweldedjoints discontinuities it is necessary to perceive com
prehensive welding pararneters relationship and Ievel of influence of each pararneter. At present, 
there are several tools for quality assurance and quality rnanagement of welded joints at disposal. 
Before all, there are Cause-and-Effect diagram, Cause-and-Effect rnatrix, Pareto diagram and 
Control charts. In the paper is presented an overview and an example of applications of methods 
for welding quality improvement by welding parameters management. 

2 CAUSE AND EFFECT DIAGRAM 

A cause-and-effect diagram is a graph that shows the relationships between a problern and its 
possible causes. These tree diagrarns, originally developed by Kaoru Ishikawa in 1953, are used 
during brainstorming sessions where possible solutions for a problern are being sought. In this 
context, they provide a model for the connections between the problem, usually a quality charac
teristic that is not meeting customer needs, and factors that affect it. The problern is called effect, 
and the factors that affect it are called the causes. Cause-and-effect diagrams are helpful in elirni
nating problerns by tackling their causes, and they are also useful in understanding the effects that 
several factors have on a process. They are also known as fishbone diagrarns or Ishikawa dia
grarns.[l] When constructing a cause-and-effect diagram, it is often appropriate to consider six 
areas, causes, that can contribute to a characteristic response, effect: rnaterials, rnachine, method, 
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personnel, measurement, and environment. Each one of this characteristics is then investigated for 
subcauses. Subcauses are specific items or difficulties that are identified as a factual or potential 
cause to the problem, effect.[2] A cause-and-effect diagram is used for schematic presentation of 
arc welding parameters critical for quality of welded joint. Application of cause-and-effect dia
gram is effective in investigation of welding parameters influence on final quality of welded joints. 
Cause-and-effect diagram of arc welding parameters effect on welded joints quality is shown on 
figure I [3]. 

3 CAUSE AND EFFECT MATRIX 

Cause-and-effect matrixisasimple QFD (Quality Function Deployment) matrix, used to ensure 
that the customer requirements are considered in determining the key characteristics of the prod
uct/process. Cause-and-effect matrix is used to relate the key inputs to the key outputs, while 
cause-and-effect diagram is used as primary sources of input information. Key outputs are rated in 
importance to external or irrtemal customer, while key inputs arescoredas to relationship to key 
outputs. There are two main approaches to the cause-and-effect matrix. First approach is a general 
approach that is used for relatively simple processes. Within this approach the outputs are placed 
across the top ofthe matrix and ranked, while inputs are placed down the side ofthe matrix start
ing with the first defined parameters and moving to the last one. Second approach is focused 
approach that is used for larger, more complex operations. Within this approach there are two 
phases. In the first phase the outputs are placed across the top of the matrix and ranked, the inputs 
are placed down the side of the matrix. The inputs are correlated to outputs and obtained results 
are used as input for Pareto analysis. In the second phase of this approach new cause-and-effect 
matrix is started with the inputs form the most critical three of four inputs defined in the first 
phase. In general, there are few steps in cause-and-effect matrix implementation. At the beginning 
it is necessary to identify key customer requirements ( outputs) from cause-and-effect diagram A 
priority factor should be rank ordered and assigned to each output. To be able to discriminate 
between levels at least are three to four levels needed. All inputs should be identified from cause
and-effect diagram Correlation of each input to each output are then evaluated. Again, at least 
four levels are needed. If we obtain low score: changes in the input variable have small effect on 
output variable. In other case, if we obtain high score: changes in the input variable can greatly 
affect the output variable. To finish cause-and-effect matrix calculation correlation values should 
be cross multiply with priority factors and add across for each input. In the case of quality of 
welded joints influences of welding parameters on appearance of welded joint discontinuities are 
evaluated by cause-and-effect matrix, shown in table 1. In the matrix, for each type of discontinui
ties factor of importance is rank ordered and alllisted parameters in matrix are correlated to every 
type of discontinuities. Finally, total value for each parameter is calculated by multiplying rating of 
importance with value given to parameters and adding across for each parameters. Tobe able to 
discriminate between Ievels, rating of importance for each parameter is divided in three groups, so 
for unacceptable imperfection rating of importance is 1 ,5, for critical discontinuities rating is 1,2 
and for less critical imperfection rating is 1. Furthermore, parameters are also ranked in three 
groups. Critical influence of parameters is rated with 3 points, less critical with 2 points for and 
noncritical influence with 1 point. 
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TABLE 1 Influence ofwelding parameters on quality ofweldedjoints 

eil i: i: = ~ = = Q, = = <:.1 <:.1 

Welded joint ~ "' "' "' .! :a ... 
= -= 

discontinuities 
~ B .s ~~ "' "' "' ~ a. t~ .... "' -5 C.;:l = =~ = .... = ... .:: ... 
.... = .... = .:: = .... = = .S.c: -; u =- .... 00 = 0 = .... = 

Rating of importance 1,5 1 1,2 15 1,2 1,2 E--

Base metal 3 4,5 1 1 1 1,2 1 1,5 1 1,2 1 1,2 10,6 

Weldin2 process 1 1,5 1 1 1 1,2 1 1,5 1 1,2 1 1,2 7,6 

Type of welded joint 1 1,5 1 1 2 2,4 3 4,5 2 2,4 2 2,4 14,2 

Welding order 3 4,5 2 2 2 2,4 2 3,0 1 1,2 1 1,2 14,3 

Welding position 3 4,5 2 2 2 2,4 2 3,0 3 3,6 2 2,4 17,9 

Groove preparation 2 3,0 3 3 3 3,6 3 4,5 1 1,2 1 1,2 16,5 

Welding techniques 2 3,0 3 3 3 3,6 3 4,5 3 3,6 3 3,6 21,3 

Filler material 3 4,5 3 3 3 3,6 2 3,0 3 3,6 2 2,4 20,1 

Welding current 3 4,5 3 3 3 3,6 3 4,5 3 3,6 2 2,4 21,6 

Are voltage 3 4,5 3 3 2 2,4 3 4,5 3 3,6 2 2,4 20,4 

Other welding parameters 2 3,0 3 3 2 2,4 1 1,5 2 2,4 2 2,4 14,7 

Travel speed 3 4,5 2 2 2 2,4 3 4,5 3 3,6 1 1,2 18,2 

lleattreatmentparameters 3 4,5 2 2 1 1,2 1 1,5 1 1,2 1 1,2 11,6 

Total 48,0 29 32,4 42,0 32,4 25,2 209,0 

Results from the cause-and-effect matrix shows that welding parameters have different influence 
on appearance of welded joint imperfection. Pareto analysis is used to visualized and select sig
nificance level of welding parameters influence. 

4 PARETO PRINCIPLE 

Pareto diagram clearly exhibit information about relative importance of factors of certain prob lern. 

These information helps to identify the most important factors which will be firstly analyzed. With 

help of Pareto diagram the fields of possible improvements are clearly identified. In the case of 

welding parameters analysis, information obtained by the cause-and-effect matrix, specifically, 

total number of points for each parameter, are entered in table 2 where are made additional calcu

·lations necessary for Pareto analysis. In table 2 are then percentage of points calculated for each 

parameter. Cumulative sum as weil as cumulative percentage of points are calculated and alpha

betical identification of each parameter are added in the table. Resulting Pareto diagram is shown 

on figure 2. Drawn diagram shows cumulative percentage of points for each parameter. Pareto 

analysis shows that 50% of all points are distributed between five of 13 parameters. So, with ade

quate definition and selection of those parameters it is possible significantly to influence quality of 

welded joints. To establish adequate control over selected parameters application of appropriate 
control chart is proposed. 

Parameter Totalpoints Cumulative Cumulative 
% 
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Welding current 21,6 10,335 21 ,6 10,335 

Welding techniques 21,3 10,191 42,9 20,526 

Are voltage 20,4 9,761 63,3 30,287 

Filler material 20,1 9,617 83,4 39,904 

Travel speed 18,2 8,708 101,6 48,613 

Welding position 17,9 8,565 ll9,5 57,177 

Groove preparation 16,5 7,895 136,0 65,072 

Other welding parameters 14,7 7,034 150,7 72,105 

Welding order 14,3 6,842 165,0 78,947 

Type ofweldedjoint 14,2 6,794 179,2 85,741 

Heat treatment parameters 11,6 5,550 190,8 91,291 

Base meta! 10,6 5,072 201 ,4 96,363 

We1ding process 7,6 3,636 209,0 100,000 

Total 209,0 100,000 - -

100 
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FIGURE 2. Pareto diagram 

5 CONTROL CHARTS 
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A control chart is a chart used to monitor outputs or inputs of processes. The control chart is one 
of the most useful tools for studying variation. It employs some of the basic statistics and statisti
cal theory to place Iimits of expected variation about a fluctuating pattem. Limits placed on the 
control chart give the control chart typical power to enable its user to determine if a process can be 
considered stable or in control and thus predictable, or unstable or out of control and thus unpre
dictable. Such information about an important quality characteristic can, therefore, enable one to 



496 D. Pavletic 

c.ontinue to control, in the case of a stable process, or gain control, in the case of an unstable proc
ess. This is accomplished by repeated rational sampling of the process, analysis of the resultant 
data plotted on the control chart, and any necessary action on the process. Hence, the control chart 
shows the amount and nature of variation by time, indicates statistical control or lack of it, and 
enables pattern interpretation and detection of changes [4]. There are a number of different types 
of control charts to choose from, depending on the type of data involved. These fall into one of 
two categories: control charts for variables or control charts for attributes, :figure 3. 

Count or Classification 
(Attribute Data) 

lncidences or 
Nonconformances 

Defectives or 
nonconfonning units 

Fixed 
subgroup 

Variable 
subgroup 

Subgroup 
size 
ofl 

Measurement 
(Variable data) 

Fixed 
subgroup 

size 

FIGURE 3: Guide for choosing right control chart type 

Variable 
subgroup 

size 

An example of control chart application for previously selected welding parameters are provided 
on:figure4. 
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28,4 t--,-~~~~------~--~-------~-~-------.-----, 

LCL 
26,8~~~~~_.~~~~._~~~~_.~~~~~~~~~_.~~--~._~~ 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Sampie 

FIGURE 4. Control chart of arc voltage for gas metal-arc welding of carbon-steel but joint. 

6 CONCLUSION 

Application of presented method, as well as other methods for systematic and continuous quality 
improvement, should enable welding engineers and practitioner knowledge of level of importance 
of welding parameters and should provide adequate guiding tool to manage these parameters to 
eliminate or minimize occurrence of rework and scrap. Consequently, deployment and broader 
application of these methods will ultimately Iead to higher Ievel of welded joints quality and suc
ceeding competitive advantage. 
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ABSTRACT. Barrel finishing is a mass operation which is not yet completely known in its base 
mechanisms, even thought it is widely and effectively employed in the industry. As other operations which 
involve granular material movements, it is particularly complicated to be modeled. A laboratory apparatus 
has been contructed to experimentally analyze this operation. By using a technique based on digital image 
analysis it has been possible continuously catch the workpiece position within the barrel. So, it can be 
demonstrated that the entire finishing operation takes place in the so-called active layer. Y et, within this 
layer, the workpiece would be differently machined, due to the different relative working conditions at 
different radial position. In this work it is shown how the workpiece mean position within the active layer 
is influenced by workpiece density and media density. 

1. INTRODUCTION 

Barrel finishing is a mass operation which can attain very low surface roughness at very low 

costs even on very complicated mechanical parts, such as chains, eye glass frames, jewels [1]. 

Barrel finishing is controlled by a large number of parameters namely shape, density, 

dimension, surface roughness of the pellets, shape, density, dimension of the workpiece, shape, 

dimension ahd rotational speed of the barrel, surface roughness of the innerwalls of the barre I 
compound type. During the rolling phase [2, 3] the workpieces slide down along the active 

layer and are therefore machined. Due to the stochastic movements inside the barrel, the 

workpiece can segregate towards less effective zones of the barrel. Basic mechanisms of 

segregation are well known and widely investigated when powder mixtures are involved but 
are still relatively unknown when the purpose of the operation is the finishing of a workpiece 

rather than the mixing of a granular charge. The Oyama experiment [4] well depicts the 

segregation which occurs when mixing two granulars of the same type but of different sizes. 

Other typical examples are the large rocks which work their way up to the surface of tilled 

fields, and the Brazil nuts when transported in pick-up trucks over the rough back roads of 

South America [ 5]. A basic study of radial segregation is reported in [ 6] where the percolation, 

flow and vibration mechanisms are introduced. The segregations by flow and by percolation 

are the ones that characterize rotating barrel, but they were investigated only with the purpose 

of searching for pattem formation of the mixture rather than for machining. 

Aim of this paper is to experimentally analyze the radial segregation of workpiece during 

barrel finishing in order to evaluate the efficiency of the process itself. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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2. EXPERIMENTAL 

2.1. EQUIPMENT 

A horizontal axis barrel has been built up with a front surface made by transparent Pb-glass in 
order to limit the friction coefficient and therefore the wear of the windows itself. The barre I 
has an octagonal shape 400mm in diameter and 28mm depth, i.e. the barrel depth is marginally 
higher than the workpiece diameter of 24mm, so two dimensional motion is assured. lt is 
mounted on a rig with speed range of 2-200 rpm adjusted by a digital speed controller. lt is 
noteworthy that, with the used media, the rolling condition limits are within 10-20 rpm. 

A digital videocamera 3COM HomeConnect was used to acquire the positions of the media 
and of the workpiece. The data acquired by the videocamera are directly sent into a PC via 
USB interface. After some preliminary experiments, the videocamera was focused on a 
l23x92mm2 area with a resolution of l60x120pixetl, thus leading to a linear resolution of 
1 ,3pixel/mm. The frame rate was set at 50Hz. The area under analysis has been illuminated by 
two 5300lumen ligths. The video camera was positioned on a tripod to measure the absolute 
motion of the media and of the workpiece. Altematively the videocamera was solidly 
connected to the rotating barrel via a protruding arm: this second layout allowed us to see the 
movement of the charge within the barrel regardless the rotation of the barrel itself. 

2.2. PROCEDURES 

Due to intrinsic stochastic behaviour of this process it was necessary to perform a statistical 
approach. Therefore, a custom software has been developed under Mathematica environment 
to automatically recognize the workpiece position. The acquired .A VI file has been exploded 
into a number of .BMP files. The duration of the animation has been set to 150s which, at the 
setframerate led to 7500 .BMP files. Thesefiles were singularly analyzed by a suitable pattem 
recognition routine in order to catch the positions of the workpiece within the active layer. 

2.3. DESIGN OF EXPERIMENTS 

In this paper we present the main effects of the density of both media and workpiece and the 
rotational speed of the barrel. In order to do this, a nylon tube 1 Omm in diameter has been filled 
with different density materials and cut into cylinders l5mm in heigth. A hollow plastic sphere 
24mm in diameter has been filled in turn with different density material. This procedure 
assures that both media and workpiece have, respectively, the same coefficient offriction, 

TABLE 1. Design ofexperiments 

Ro~ media Wood Nylon Alluminum 
.~em>iec ---- 760kgL_m3 l150kg/m3 2160kg/m3 

Empty plastic (I 060kg/mj) ./ ./ ./ 
ll rpm Plastic filled with iron (2350kg/m3) ./ ./ ./ 

Plastic filled with lead (331 Okg/_m5) ./ ./ ./ 

Empty plastic (1 060kg/m5) ./ ./ ./ 
18 rpm Plastic filled with iron (2350kg/m3) ./ ./ ./ 

Plastic filled with lead (331 Okg/m3) ./ ./ ./ 
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the same shape, the same dimensions but have different density. As per the barre1 parameters 
we have choosen two rotational speeds namely 11 rpm and 18 rpm which both assure rolling 
conditions of the media within the barre! [7]. The overall DOE is reported in Table 1. Three 
replicates had been performed for each set of parameters. 

3. RESULTS AND DISCUSSION 

In Figure 1 are reported three frames taken by the video camera fixed to the barre! and 
pointing at a zone far from the active layer, the so-called plug flow [8] or also passive region 
[9]. Each pellet surrounding the workpiece are evidenced by the drawn dotted lines. lt is weil 
evident from both the pictures and from the data reported in Table 2 that the pellets did not 
move at all around the workpiece forarelevant time (>1 s). This is a pretty interesting result, 
earlier found for mixtures [10,11] from wich we can say that the entire working action in barre! 
finishing takes place in the active layer. Matter of fact in this zone the whole media and the 
workpiece acts 1ike a rigid solid material notwithstanding it is made by a granular material. We 
can therefore conclude that the whole working action takes place within the active layer since 
outside of it there is no relative motion between the workpiece and the neighbouring pellets. 

2 3 WP 

Os 0.55 s 1.10 s 

FIGURE 1. Workpiece and some pellets positions within the passive region at different times 

TABLE 2. Displacements (~ and tiy [mm]) and rotations (ti9 [degree]) ofthe workpiece and ofthe 
surrounding pellets depicted in Figure 1 

Os 0.55s 1.10 s 
Llx Lly Ll9 Llx Lly il9 Llx Ll_'j_ il9 

Workpiece 0 0 0 0 0,1 2 0,1 0 5 
Pellet I 0 0 0 0 0 0 0 0 0 
Pellet 2 0 0 0 0 0 0 0 0 0 
Pellet 3 0 0 0 0,4 0,2 7 0,4 0,2 7 
Pellet 4 0 0 0 0,2 0 22 0,2 0 22 
Pellet 5 0 0 0 0 0 0 0 0 2 

Pellet 6 0 0 0 0 0 0 0 0 0 
Pellet 7 0 0 0 0 0 0 0 0 0 
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With the video camera positioned on the tripod and pointing at the active layer we did count 

the number of passages of the workpiece at different depths within the active layer itself. The 
corresponding results are reported in Figure 2, which shows the frequency distribution of the 

passages of the workpiece within the active layer for the eighteen working sets. It can be seen 

that the shape of the distribution markedly changes as a function of the different parameters. It 

is interesting to notice that the distribution moves towards the outer part of the layer as 

evidenced in the right top sketch of Figure 2 which is relative to the combination aluminum

plastic, i.e. heavy media and ligth workpiece. On the contrary, the distribution moves towards 

the inner part of the layer as evidenced in the lower left sketch of the same Figure 2 which is 
relative to the combination wood Iead, i.e. heavy workpiece and light media. The other 

workpiece/media combinations show a mean value of the distribution positioned at about mid 

depth of the active layer. This behaviour can be explained in terms of different floating of the 
workpiece within pellets of different densities. This phenomenon is similar to the well-known 

"brazil nuts effect", which occurs when a workpiece different in size is submerged within 
pellets of a smaller size [5]. From the machining point of view this aspect will differently 

influence the properties of the workpiece when it is respectively in the depth or in the surface 

of the active layer. 

In order to actually investigate the effects of the single machining parameters it is necessary to 

characterize the above distributions by means of simple and effective features. It is reasonable 
to think that the above distribution are of the Beta type as confirmed by the Chi-squared test 

performed on the residual distribution between the sperimental data and the beta distribution 
caracterized by the experimental mean and standard deviation. 

The Beta distribution is defined by equation (1 ), and its mean and standard deviation are 
defined in the equations (2) and (3), respectively: 

f(x)= r(a+ß+2) xa(l-x)ß 
r(a+l)r(ß+l) 

a+l 
x=----

a+ß+2 

1 

a _ ( (a + l)(ß + 1) )2 
- (a+ ß +2)\a+ ß +3) 

(1) 

(2) 

(3) 

W e can now perform the ANOV A on these value to achieve informations on the effects of the 

parameters, and the results are reported in Table 3. It is well evident that both media and 

workpiece type influence the behaviour while the rotational speed doesn't. Also the shape of 

the distribution of the passages of the workpiece at different depth of the active layer, i.e. the 
standard deviation of the distribution, is influenced by both media and workpiece type but not 

by the barrel rotational speed. The effect of machining parameters on standard deviation should 

be intended as a broadening of the distribution when the densities of the workpiece and of the 
pellets are comparable. 



Radial Segregation of Workpiece in Barrel Finishing 503 

0 
Pellet material 

Wood ylon Aluminum 
..,. 
ci 

.!::! 
v; 

N ro 
ci tJ.., 

I• 0 
~ 
·;::::: ..,. 
~ 

~ 
ci ...... 

t':l !:: 
E 0 .... N ..:: .J:J ci 
~ e .... c... 
0 

~ 0 ·-..,. 

l ldllll •. 

0 
"0 
ro 

N <U 
.....J 0 

0 
4 20 36 52 68 84 100 4 20 36 52 68 84 100 4 20 36 52 68 84 100 

Depth within the Active Layer [nun] 

0 
Pellet material 

Wood ylon Aluminum 
..,. 
0 

(.) 
·.z;: 
(/) N 
~ ci 
tJ.., 

~ 0 

·;::::: ..,. 

l 
~ _q ci 

...... 
t':l !:: 
E 0 .... N ..... .J:J ci 
~ - e c... 
0 

~ 0 ..,. 

lllb._ 

ci 
"0 

c:<S N Cl) 

...J ci 

0 ••• 4 20 36 52 68 84 100 4 20 36 52 68 84 100 4 20 36 52 68 84 100 

Depth within the Active Layer [nun] 

FIGURE 2. Frequency distribution ofthe workpiece position along the depth ofthe active layer for 
different media and workpiece density and for barre! rotational speed of ll rpm (A) and 18 

rpm (B) 



504 A. Boschetto, F. Veniali 

TABLE 3. ANOVA applied to mean and standard deviation ofthe distribution ofthe position ofthe 
workpiece within the active layer 

mean standard deviation 

Source DF ss MS F p ss MS F p 

media 2 1440.9 720.4 26.2 0.000 63.1 31.5 5.9 0.005 
workpiece 2 10348.9 5174.5 188.7 0.000 141.8 70.9 13.2 0.000 
rot.speed 1 28.6 28.6 1.0 0.312 0.2 0.2 0.0 0.825 
Error 48 1316.0 27.4 256.8 5.3 
Total 53 13134.4 462.1 

W e can therefore conclude that different material and different media will Iead to different 
machining conditions in barrel finishing. 

The above mentioned effect ofthe density ofthe media and the density ofthe workpiece can be 
summarized by taking into account the ratio of their densities. In Figure 3a it is shown the 
mean of the distribution of the passages of the workpiece for the entire set of parameters 
investigated as a function ofthe workpiece to media density ratio. The equation (4) isthebest 
fit of linear type and gives a confidence of 95%. Conversely in Figure 3b it is shown the 
standard deviation of the distribution of the passages as a function of the same parameter with 
the parabolic bestfit with a confidence of95%, according to equation (5): 
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ABSTRACT. The abrasive waterjet technology (A WJ) is a non-traditional method of machining which offers 
a productive alternative to conventional techniques. Aerospace composite materials although possessing 
special properties such as high strength to weight ratio and stability, are known to be difficult to machine, or 
even impossible to be machined by conventional methods. However, by using abrasive waterjet these com
posite materials can be efficiently machined. In this paper, two-dimensional and three-dimensional A WJ 
cuttings are addressed and a focus is placed on the challenging three-dimensional waterjet trial and due to its 
much more complexity involved, very little work has been dorre so far. The following subjects were studied: 
Off-line progrannning and simulation using IGRIP software, setup and control of the three-dimensional 
system etc. Finally, a few two-dimensional and three-dimensional abrasive waterjet machining conclusions 
and future research work are given that reflect our ongoing research. 

1 HISTORY OF WATERJET CUTTING 
In nature, the power of water in the form of erosion has already been active for millions of 
years. The extent of erosion through leaching and wearing of surface soil forrnations by water is 
well known with rnany examples. The advantageous use of water jet was already introduced 
more than 100 years ago for the mirring of gravel and deposits. For exarnple in ancient Egypt, 
river branches were diverted to wash out soil in search for gold and other minerals. Similar 
improved methods of mirring reached New Zealand, South Africa, Russia, Califomia and rnany 
other countries until the early 1900s [1]. Pumps were developed to obtain more energetic jets, 
for more profitable mirring practice, soon in this century. In the 1930s, American and Soviet 
engineers made the first attempts to use high-speed water jets in mining, for the removal of 
rocks, minerals and coal. Forthis application they generated pulsating streams with pressures 
up to 1000 MPa [2]. Dr. Norrnan Franz conducted the first systematic study on ultrahigh
pressure (UHP) waterjet cutting in the late 1950's and early 1960's. Dr. Franz, a forestry engi
neer, wanted to find new ways to slice thick trees into lurnber, therefore he dropped heavy 
weights onto colurnns of water, forcing that water through a tiny orifice. He obtained short 
bursts ofvery high pressures, and was able to cut wood and other materials [3]. The emergence 
of modern waterjet technology can largely be attributed to the development of high-pressure 
purnps, which can pressurise the water up to 400 MPa, with reliable perforrnance for industrial 
use [2]. Today waterjets are capable to cut rocks and a wide range ofnonmetals. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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A major boost to this technology was the introduction of abrasive watetjets to cut met
als,composites and other hard metals. Abrasive watetjets use accelerated particles to cause erosion 
at the machining material. According to recent report from 'Frost And Sullivan', a market research 
company, abrasive watetjets are the fastest growing segment ofthe machine tool industry. 

2 CLASSIFICATION AND PRINCIPLE OF WATERJETS 
There are two different kinds of watetjet: the pure watetjet (WJ) and the abrasive watetjet 
(AWJ). 

Pure watetjet is the original water cutting method. Even if water is the usual working fluid, there 
are other fluids like oil, liquid gases or emulsions, which can be used instead of water [2]. Pure 
watetjet can cut a Iot of different materials. So it is possible to cut textiles, elastomer, thinner plas
tic, thermoplastics, fibrous materials, foodstuffs, paper, etc. with a velocity ofup to 200 meters per 
minute [4]. 
Where the pure watetjet cuts soft materials, the abrasive watetjet cuts hard materials, such as 
metals, hard-rock, composites, ceramies and bullet-proof glass. Abrasive watetjets using stan
dard parameters can cut materials with hardness up to and slightly beyond aluminium oxide 
ceramic (often-called Alumina, AD 99.9). Both, the pure waterjet and the abrasive watetjet, 
cause nearly no heat on the material. However, the water of a pure watetjet and abrasive wa
terjet are warmed as they are accelerated to high speed. Frictional forces and other factors 
warm the stream as it exits the orifice. In pure watetjet the water temperature is then raised 2 to 
3 degrees for each 1,000 psi. Accordingly, if the stream is accelerated to Mach 3 the tempera
ture is approximately 75° (170° F) to 85°(18 oo F) Celsius [ 3]. But compared with other 
conventional cutting processes, one can say that watetjet cutting isacold cutting process. The 
advantage is that the machining with wate:Ijets causes no hardening, wrapping, dripping slag, 
ama1garnation, contamination pollutants (such as noxious gases, for example), or grinding dust. 
So the watetjet process is guaranteed tobe particularly environmentally friendly. Furthermore 
watetjets fit in economical requests. Because of the very thin stream ( diameter between 0.1 mm 
and 0.3 mm for WJ and 0.5 mm and 1.3 mm for A WJ ) there is much more negligible 1oss of 
material than in case with conventional processes (3]. In respect to today's prices ofraw materi
als this fact is also a welcome characteristic ofwatetjet technology. Moreover the cut edges are 
of good quality. There are no fraying or ridges. Correspondingly the trims do not require any 
costly post-cut treatments. Another big advantage of watetjets is that you can cut complex 
shapes. The technique is supremely suitable for the most multifaceted controlled cuts, sharp 
angles and bevelled edges. Minimal radii and extremely detailed geometries are easy to be 
manufactured as weil. In addition, different from other machining processes, for watetjets it is 
possible to start the cutting process everywhere. It is not necessary to start at the edge of the 
material like you must do for example in band saw processes. Further advantages of watetjets 
are that the mechanical reactions take place on the microscope Ievel [4] and that only low cut
ting forces (less 4.5 N while cutting) are inserted in the material [4]. Then the material's 
properties are not changed as much as in case of conventional machining. 

2.1 PURE WATERJETS 

Watetjets are based on the principle of pressurising water to extremely high pressures. After 
pressurising, the water stream is forced through a tiny hole, called orifice, in which the pressure 
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energy is transformed to kinetic energy of the water (Figure 
1). At approximately 276 MPa (40,000 psi) the resulting 
stream that passes out of the orifice is travelling at Mach 2. 
And at 413 MPa (60,000 psi) the speedisover Mach 3 [3]. 

In case of pure waterjets, the material removal process can 
be described as a supersonic erosion process. The acceler
ated stream leaves the nozzle to impinge the material and 
causes stress at the surface of the material. Small cracks are 
then developed on the surface. Due to the fact that the water 
stream is very small, it hits only a small area of the material, 
which are removed. The machined chips are flushed away by 
the water. 

2.2 ABRASIVE WATERJETS 

The abrasive waterjet differs from the pure waterjet in just a few 
ways. In pure waterjet, the supersonic stream erodes the material. 
However, in the abrasive waterjet, the waterjet stream accelerates 
abrasive particles and those particles, not the water, cause the 
erosion of the material. After the pure waterjet stream is created, 
the abrasive is added (Figure 2). In generat there are two possi
bilities to add the abrasive: the injector principle or the bypass 
principle. 

In case of the bypass principle the water stream is split into two 
parts, the main stream and the bypass stream. The bypass stream 
is led to a pressure vessel, in which an emulsion of water and high 
concentrated abrasive is situated. Through the volume of the by
pass stream one can regulate the abrasive mass flow. Before 
passing the nozzle the main stream and the bypass stream are 
rejoined. 
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The abrasive injector system is 
based on the principle of a water 
jet pump. The water stream intakes 
air to a mixing chamber, in which 
the abrasive, the air and the water 
are merged. The task of the air is 
for the pneumatical transport of the 
abrasive material into the chamber. 
Because of the lower expenditure 
in case of the injector principle it is 
commonly used in industrial appli
cation [2]. After the mixing 

FIGURE 3. Injection and Suspensionjets 
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process the abrasive particles are accelerated, like a bullet in a rifle, down the mixing tube. 
Both principles are shown in Figure 3. 

The abrasive used in abrasive waterjet cutting is hard sand that is specially screened and sized. 
Ordinary gamet, silicates or oxides are utilised as abrasives. The important parameters of an 
abrasive material are the material structure and hardness, the mechanical behaviour, the grain 
shape, the grain-size distribution and the average grain size [5]. The most common abrasive is 
gamet. Gamet is hard, tough and inexpensive. Different mesh sizes are used for different jobs. 
The abrasive wateijet is hundreds, ifnot thousands oftimes more powerful than a pure waterjet. 
Accordingly you can cutbarder material than with pure wateijets. 

3 APPLICATION OF AWJ IN AEROSPACE AND AIRCRAFT 
INDUSTRIES 

Especial fibre-reinforced polymer-matrix composite is beginning to be used extensively in 
aerospace and autornative applications due to its low specific weight and high strength. The 
disadvantage of composite material is the machining, which is a challenging prob lern, because 
the mechanism of cutting is different from that of conventional structural materials. Traditional 
cutting processes, from welding to sawing, would destroy the structural integrity of such mate
rial. Moreover excessive degrees of cutting tool wear attributed to the abrasiveness and 
inhomogeneaus nature of composites are common in conventional machining processes. Typi
cal methods of machining include interlaminar and intralaminar delamination, fibre pullout, 
cracking and burning or matrix smearing of the composite material. These darnage features, 
which are dependent on the fibre orientation, make most of the conventional machining meth
ods uneconomical when applied to trimming of composite. Furthermore fibre-reinforced 
composites react unfavourably to non-traditional processes, like laser cutting, plasma processes, 
electrical discharge machining or uhrasonie machining, as well. Plasma processes often cause 
bums, fusion and gas formation along the cut edges. Most notably, when processing fibre
reinforced composite materials with laser technique, the coherent light beam of a laser fails 
completely. Electrical discharge and ultrasonic machining are two very precise machining 
methods that produce high quality surfaces, but the rate ofmachining is quite low. Waterjet and 
abrasive wateijet cutting methods have proven to be the perhaps most promising machining 
technique for composite material. 
The high temperature composites for aircraft are used in turbine nozzle guide vanes and rotor 
blades for aero and land based gas turbine engines. At present they are being produced by con
ventional machining techniques like grinding, electro-discharge machining and vapour phase 
aluminising. But with A WJ cutting preliminary steps can be eliminated and only the final fin
ishing steps have to be used by saving time and the cost of the components. State of the art 
CAD/CAM facilities can accept customer's aerofoil data for translation into robotics A WJ 
machining programs. Universal DXF and IGES are amongst the transfer systems that are avail
able. Special programming techniques can be used to machine components in stainless steel, 
nicke! based alloys, and titanium with product requirements from toilet bowls to engine cowls. 
A cost saving, single-piece, engine inlet cowl approximately 9 feet in diameter can be manu
factured in a very less time [ 6]. 
Boeing, Textron, Lockheed, Martin Marietta, Northrop, Thiokol, Pratt & Whitney, Aerostruc
tures, American Airlines, Northwest Airlines and Embraer (Brazil), aerospace and aircraft 
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manufacturing industries with multi-process machine tools use waterjet cut because it can cut, 
drill and clean. Most of the composites used in U.S. commercial aircraft are cut with waterjets. 
A wide range of metals such as Inconel, titanium, aluminium, and high strength alloys are cut 
routinely today for aircraft use. With the help of AWJ machining dual mast low rail, mid rail, 
single mast low rail and bridge-type gantry robotic systems perform a variety of functions in
cluding abrasive waterjet cutting, parts inspection, routing, trimming, small hole drilling and 
milling. 6-axis composite cutting with touch probe can be carried out for most of the aerospace 
components, which are in curvature shapes. In aerospace spares supplies and maintenance ul
trahigh-pressure waterjets remove thermal spray, abradable seals, acoustical composites, 
rubber, adhesives and other coatings from aircraft engine components such as stators, fan cases, 
combustion chambers, rotating components, spools and knife-edge seals. 
In all, abrasive wateijet technology has a broad application in aerospace and aircraft industries. 
The acceptance of the aerospace industry to this technology has been a prime factor for its ad
vancement over the last decade. A wide range of metals such as Inconel, titanium, aluminium, and 
high strength alloy are cut routinely today for aircraft use. The cutting of composites has been 
found ideal with abrasive wateijets. Other applications such as small hole drilling, and milling 
have been sparked by the needs of this industry. The job shop business has been growing to meet 
the demands of aerospace/aircraft needs. Aerospace industry first adopted three - dimensional 
abrasive wateijet cutting systems in the late l980s which is ideally suited to cut the !arge, hard to 
handle, beat-sensitive parts endemic in the aerospace industry. AWJ machines were easily adapted 
to this application. Today wateijet plays a more and more important role in aerospace and aircraft 
industries. 

4 TWO-DIMENSIONAL ABRASIVE WATERJET CUTTING 
4.1 TEST EQUIPMENTS AND SETUP 
Two-dimensional (2D) waterjet cutting is mainly concemed with the 2D shape machining. In 
two-dimensional research the following test specimen was cut (Figure 4) and different parame
ters influencing the shape machining were investigated that include cutting speed, pump 
pressure, abrasive flow rate, abrasive particle size etc. The test results are analysed and dis
cussed. 

FIGURE 4. Test specimen cut by abrasive 

waterjet technology 

Taylor-Hobson Surtronic 3 digital measure
ment machine with a cut-off of 0.76 mm is 
used to measure the surface roughness of the 
test specimens. In measuring kerf angles an 
OLYMPUS BX60 system microscope is 
used. The microscope has a scale overlayed 
over the eyepiece, which enables measure
ment of the kerf width directly without the 
need for a ruler. 

In this two-dimensional research the test material is epoxy pre-impregnated graphite woven 
fabric and the standoff distance is set as 2mm which is based on our previous test results. Five 
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cutting speeds are used namely 8.5 mm/s, 17 mm/s, 25.5 mm/s, 34 mm/s, 42.5 mm/s. Other ma
chining parameters are set as the following: Pump pressure: 40 kpsi = 275.6 MPa and 50 kpsi = 
344.5 MPa; mesh size: Mesh 80 and 120; Abrasive flow rate: 3.8 g/s, 5.3 g/s, 7.6 g/s. 

4.2 TWO-DIMENSIONAL A WJ DISCUSSIONS AND CONCLUSIONS 
• The surface roughness significantly increases as the cutting speed increases. The increase in 

the number of impacting particles at lower cutting speeds contributes to the improved surface 
finish. The additional particles serve to smoothen the surface that forgoing particles gener
ated. 

• Surface roughness changes dramatically at high cutting speeds. At comparatively low cutting 
speeds the surface roughness shows trivial changes. 

• The bigger the difference between the cutting speeds the bigger surface roughness difference 
yields. 

• An increase in the pressure improves the surface quality. These results are due to the in
creased fragmentation probability of the abrasive particles with an increase in their velocity. 
This fragmentation reduces the size of the impacting abrasive particles. Also, an increase in 
the pump pressure increases the abrasive watetjet kinetic energy. This process allows part of 
the excess energy to smoothen the surface. 

• The influence of the pump pressure strongly depends on the depth of cut. The deeper the cut, 
the more pronounced the pump pressure influence is. The standard mesh size is mesh 80. 
Mesh 50 is !arger yet coarser and the smallest is mesh 120. In the range of srnall abrasive di
ameters, the roughness alrnost linear1y decreases as the particle diameter increases, except for 
very shallow cuts. This effect is very obvious in deeper cuts. The individual particle-impact 
characteristic is overcome by the general material removal characteristics as a certain depth of 
cut is obtained. Other effects, such as a decrease in the jet instability with a decrease in the 
abrasive diameter contributes to the surface structure. Nevertheless, as a certain abrasive di
ameter is exceeded, the roughness increases. 

• The roughness decreases with an increase in the abrasive flow rate. A high number of abra
sive particles involved in mixing increases the probability of particle collision that 
decreases the average diameter ofthe impacting particles thus improving the surface finish. 

• It is apparent that the kerfangle decreases with a decrease in cutting speed because after 
reducing the cutting speed more abrasive particles will impact the cutting process during a 
certain period of time and the difference between top and bottom widths is reduced, hence 
rninimising the kerf taper angle. 

• The kerf angles at the straight edges are obviously smaller than at curve edges. One of the 
possible reasons for this is when the nozzle attached on the robot is going through smaller 
radius curves, the robot keeps changing motion direction abruptly thus causing the nozzle 
to vibrate. This vibration could disturb the jet stream and discount the jet cutting energy. 
As a result, bigger kerf angles are produced. 

• Different pump pressures have a great impact on kerf angle. Increasing the pump pressure 
will reduce the kerf angle. However, this depends on the material being cut and for some 
materials the kerf angle will not linearly decrease by increasing the pump pressures. F or 
this material the bigger the radius of the curve, the bigger the kerf angle produced on the 
corresponding curves. 
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• It is noticed that mesh 120 reduces the kerf angle. However, this is also related to the pump 
pressures. F or a low pump pressures, a typical minimum in the taper appears at a certain 
abrasive particle diameter. 

• The kerfangle decreases with an increase in abrasive flow rate. This is due to more abra
sive particles act in the cutting process in a unit time and the difference between the top 
and bottom width is reduced. Thus the kerf taper is improved. 

5 THREE-DIMENSIONAL ABRASIVE WATERJET CUTTING 
Three-dimensional waterjet cutting is concemed with cutting three-dimensional profile parts and 
it's obviously much more complicated that two-dimensional cutting. Herewe present this study on 
cutting of three-dimensional composite components using a stationary waterjet that reflects the 
ongoing research at Swinburne University of Technology. The aim of the trials is to develop the 
ideal methodology for cutting small three-dimensional parts to achieve best-cut quality and cycle 
times. 

5.1 EQUIPMENT AND SETUP 

STATIONARY WATERJET SETUP. The waterjet system at Swinburne University is used for 
these tests. The waterjet has been modified suchthat it can be removed from the robot and held by 
a stand. The robot can then be used to pick up and move the parts around undemeath the waterjet. 
PART NEST. To enable programming ofthe paths, the parts must be placed in a known loca
tion in an accurate and repeatable manner. This location will be known as the nest. To achieve 
this, AluFix will be used. AluFix is a modular fixturing system based on defined holes and 
accurately machined faces. The holes are spaced precisely and as such, an accurate fixture can 
be assembled I reassembled quickly and repeatably. The nesting of the parts is difficult due to 
the trim excess of the part not being accurate for use as reference. Therefore, the nest will be 
constructed suchthat the tool surfaces ofthe part are used for location. 
FIXTURE. To hold the parts to the robot, a simple fixturewas designed. This will enable a 
range of parts to be he1d without custom fixturing for each part. The support for the fixture 
attaches to the robot in place ofthe waterjet, attaching to the collision sensor. This support can 
be configured in a number of arrangements to enab1e a range of orientations of the fixture from 
the tool face. 

5.2 OFFLINE PROGRAMMING 

Delmia software IGRIP is to be used for the offiine programming of the paths during the tests. 
The paths around three dimensional parts are complex and offiine programming will be necessary 
to achieve accurate cut paths and ensure collisions do not occur. Also this is a good way to build 
confidence in performing real cuttings. 

5.3 ADVANCED CUTTING TECHNIQUES 

KERF ANGLE COMPENSION. Measure the affect of angling the jet into the part (perpendicular 
to motion) during cutting to compensate for the kerf angle. Discover the ideal angle for different 
cutting conditions- straight/curved and a range ofthicknesses. 
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FORWARD ANGLE. Measure the affect of angling the jet forward in the direction of motion 
during cutting to compensate for the kerf angle. Discover the ideal angle for different cutting con
ditions- straight'curved and a range ofthicknesses. 
MAXIMUM ACCELERATION FOR CORNERS. Determine the maximum acceleration possible 
for cutting comers without accuracy problems. 

5.4 SAFETY ANALYSIS 

ROBOT COLLISION. There exists potential for collision ofthe robot into the tank or stationary 
jet. To avoid this, the following steps should be taken when running a new path and at the start 
of a testing session: (1) Check path for collisions with simulation and (2)Run robot at 10% of 
planned cutting speed with waterjet off. The use of world exclusion zones would not be practi
cal due to the robot needing to move close to the tank and stationary jet. 
WATERJET DAMAGE. Whilst the stationary jet is running, it presents the risk of darnage to 
anything that passes undemeath it. To Iimit the risk of damage, the following steps should be 
performed: (1) Simulation should checkthat nothing moves accidentally undemeath the water
jet. (2) The waterjet should be tumed on and off automatically in the program such that it 
remains on only when necessary. (3) The operator should be able to turn offthe waterjet in case 
of an unexpected event. 
LOSS OF PART. If the part becomes separated from the fixture, there exists a risk of danger if 
the part is moving quickly. To prevent the part from causing injury, the operator should not 
stand close to the robot when it is holding a part. When the robot is moving with a part at a 
high speed, the operator should not be inside the room. 

5.5 FURTHER RESEARCH 

In order to perform 3D cutting, fixtures and jigs need to be designed according to different 
compnnents and this is a really challenging task. The component weight and cutting forces must 
be calculated and taken into account in designing the fixtures/jigs. Another challenging task in 
3D cutting is how to protect the parallel surfaces of a component. Special clamping devices 
may be created to fix this problem. Also more studies should be given to orientation and colli
sion prevention of the robot. 
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ABSTRACT. A new metal removal process using a rotary brush as the hot electrode has been presented. 
The process of electrodischarge rnachining with brush electrodes in water-glass is a type of surface 
machining process of electrically conductive materials. The process is used to remove the excess material 
and to smooth the rnachined surface. The use ofbrush electrodes makes the process cost-effective because 
it reduce the time needed to machirre large parts. Proper parameter settings, hot electrode material and the 
type of power supply generator help to control the intensity of phenomena occurring in the rnachining 
zone in order to achieve the desired properties. The process allows both the removal of burrs and flushes 
and the blunting of the sharp edges without damaging or undercutting the rnachined surface. An 

exceptional properly of brush electrodes is that they make it possible to produce a uniform layer which 
firmly adheres to the core and has a high content of alloy components. 

1 INTRODUCTION 

One of the basic problerns of modern production processes is meeting the growing requirements 
concerning the resistance of machine parts to mechanical and chernical wear as weil as heat and 
abrasive erosion. An important issue is also increasing the durability oftechnological tools such as 
blanking dies, plastic working tools, metal moulds, etc .. 
Improving the qualities of the above-mentioned tools by using materials engineering and proper 
superficial layer formation [1] [2] in the production process is one of the ways to meet the 
dernands that have been set. The condition of the superficial layer is so essential because most of 
the wear and tear processes are effected by the environment. Almost all tribological and fatigue 
processes start or take place on the surface of the part. 
The durability of the machine parts and the above-mentioned tools can be achieved as a result of 
a controlled technological process. 
Searching for the possibility of improving the qualities of machine parts the author suggests 
changing the way of electrodischarge machining with a rotating brush electrode involving the use 
of electrodes made of alloys or metals such as tungsten (W), vanadium (V), chromium (Cr) or 
molybdenum (Mo) in the finishing process [3][4][5]. The author indicates that the physical 
phenomena accompanying electrical discharges in the machining process make it possible to 
modify the above-mentioned parts by enriching their surface layer with alloy components. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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This variety of machining called brush electrodischarge mechanical machining (BEDMM) 
has the following features making it different from conventional EDM [6][7]: 

• application of direct or pulse current generators, 
• random character offrequency, voltage and energy ofthe electric discharges, 
• occurrence of periodic contact between the elements of the brush electrodes and the 

workpiece and the current flow through this contact, 
• elastic fit between the brush and the shape of the machined surface. 

Combining various physical and chemical processes acting on the workpiece material 
Ieads to achieving high machining efficiency. Such a method is often defined as the 'hybrid 
machining process' [8]. 

BEDMM uses a combination (Figure 1) of: 
• electrochemical action, 
• electroerosion, 
• mechanical action, 
• their interaction. 

ELECTROEROSION ACTION 
A ., ~ 

I lNTERACTION I 
__x___z_ 

ELECTROCHEMICAL ACTION 
A ., ~ 

I lNTERACTION I 
~7 

MECHANICAL ACTION 

BEDMM 
PROCESS 

FIGURE 1. Process condition scheme in BEDMM 

The main advantage of the method described is that both the alloying and the removing of the 
material from the surface can be performed while giving the part its final shape, smoothing its 
surface or regenerating it. The conditions of the process increase the costs of obtaining the final 
product only marginally because the process uses the same tools and equipment as brush 
electrodischarge mechanical machining. 
The method suggested makes it possible to machine parts of complex geometrical shapes, e.g.: 
curvilinear shapes, without maintaining the strict kinematic dependencies in the tool setup. 
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2 PRINCIPLE OF BRUSH ELECTRODISCHARGE MACHINING 

(BEDMM) 

The BEDMM process is based on cutting by electroerosion and friction interaction on meta!. 
In this process a steel disk and the workpiece are parts of a direct current circuit. Machining takes 
place in the presence of water-glass solution in water. During machining electric arcs melt 
particles of the workpiece material which are subsequently removed by friction between the disk 
and the machined surface. 
The tool in the form of a rotating brush is the cathode, the machined part being the anode. The hot 
electrode rotates while low concentration (< 10%) water solution of sodium silicate is being 
supplied into the machining area through a nozzle. Both the machined part and the tool can be 
powered by either direct or pulse current. The position of the brush should be properly chosen, as 
shown in (Figure 2.a) to ensure deflection (~) of the tool components big enough to allow 
mechanical rupture of the anodic layer on the surface of the workpiece and initiation of an 
electrical discharge [ 6]. 

d 

b) 

FIGURE 2. BEDMM process: a) schematic diagram and brush setting in relation to machined surface, 
b) occurrence of an electrical discharge 

After the initiation is achieved and a plasma channel is built a rapid local increase in temperature occurs 
on the peak of roughness which causes melting, evaporation and meta! removaL Figure 2b shows the 
principle oftbis process. 
In typical machining conditions the mechanical contact between the tool and the workpiece occurs 
through the hard anodic-silicone layer. The movement of the elements of the brush along the 
surface and their pressure on the surface caused the removal of the anodic layer from peaks of 
roughness and initiation of electrical discharges. Results of the investigation show that the melted 
meta! can be smeared on the workpiece surface by the brush elements. Under typical parameters of 
machining the mechanical contact ofthe brush with the melted metal can cause the liquid metal to 
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spread over the machined surface (Figure 3.), as a result of which the peaks of roughness are 
flattened [9](10]. An increase in pressure, with low voltage applied, can cause the depassivated 
layer to be tom off. Eventually it leads to the direct contact of the electrodes and fading of the 
discharges. 
The discrete structure of the brush induces sparking of high frequency (several kHz). The 
discharge duration is significantly shorter than in typical erosion mechanical cutting. Discharges 
cause melting and evaporation and meta! removal from the workpiece. In a place where 
a discharge occurred the material is depassivated and some electrochemical reactions take place 
(10][11]. 

FIGURE 3. SEMphotograph showing the effect of a single packed discharges, seen as a "path" of crater, 
U = 8 V, d = 0.5 mm (diameter ofsingle wire), V0 = 0.7 m/s, magnification 75x. 

In electrical discharge rnachining spark discharges are the main factor influencing the formation of 
the superficiallayer. As a result of single discharges local melting and material vaporisation occur, 
resulting in roughening of the surface in the form of craters. They are deterrnined, but as the 
craters overlap and are randomly distributed their structure must be random in nature. 
The layer is shaped [12] by the en6rgetic etfect of the discharge on the electrodes and the 
following phenomena are caused by such a discharge: 

• superficiallayer melting of the anode and cathode, 
• expulsion of the material into the inter-electrode area and its consequent re

solidification, 
• transfer of the melted material from the tool electrode onto the part surface, 
• mixing and diffusion of the particles of the transferred material into the workpiece 

material, 
• temperature increase of the surrounding layers, 
• very fast cooling of the superficial layer due to the heat transfer through the part core 

and quenched by the machining medium, 

The above factors have influenced the following output parameters: 
• productivity 
•parameters describing the geometry ofthe surface layer (R.,RSmD"' W. Wb W~ 
• surface texture, 
• metallographic ~tructure of the superficiallayer, 
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• superficiallayer chemical composition, 
• microhardness distribution in the superficiallayer. 

3 THE INVESTIGATIONS CONDITIONS 

Due to the complex space and time structure and random nature ofthe process it is not possible to 
foresee the effects of the machining with a brush electrode based on present-day mathematical 
models. Therefore, it was indispensable to conduct experiments to determine the parameters ofthe 
superficiallayer. 
The conditions the experiments were conducted under were typical of those of the material 
removal process. The experiments were conducted using brush electrodes made of materials of 
varied physical properties (melting-point, boiling-point, thermal conductivity, mechanical 
properties), e.g.: tungsten, molybdenum, chromium-nickel steel. Parts ofthe brushes (wires), used 
were made of stainless 1 H 18N9 steel ( with the melting-point close to that of the machined part) 
and tungsten (with the melting-point substantially above that ofthe sample). 

The initial investigation of the BEDMM modification SL process determined the following main 
factors [4], influencing the machining process. 

• U- voltage - 8.0 [V], 
• v0 - tangential speed- 3.58 [m/s], 
• vf- feed-rate- 12.85 [mm/min], 
• deflection (L\)- 0.4 [mm]. 

The following factors are assumed tobe constant in the process: 
• machining fluid, Na2Si03.nH20 (water-glass) in water solution with the mass density 

1,15 Mg/m3 with temperature T = 293 K, 
• the specimens used in the main experiment were made of construction 0.45C carbon steel 
• characteristics ofthe brushes: 

- brush diameter Dz = 100 mm, 
- width of the brush W = 20 mm, 
- diameter of a single wire d = 0.3 mm, 
- material of the brush electrode carbon soft steel, tungsten, chromium-nickel steel 

(1Hl8N9T). 

A scanning electron microscope JEOL JSM-5400 equipped with an X-ray microanalyses EDS 
ISIS-300 was used to examine the BEDMMed surfaces' structures and their chemical 
composition. The specimens were sectioned perpendicular to the machined surface and polished 
using standard metallographic techniques. 

4 MICROSTRUCTURE AND X-RAY DIFFRACTION ANALYSIS 

To evaluate the metallographic changes and the chemical composition ofthe superficiallayer (SL) 
the high-grade construction 0.45C carbon steel was used. The choice of this particular type of steel 
made it possible to evaluate the structural changes caused by heat influence as well as the changes 
in the chemical composition of the superficial layer being the result of using electrodes made of 
alloy components, e.g.: chromium, tungsten, molybdenum, high alloy steels, etc. 
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During BEDMM there is high-energy density in those areas where the plasma channel strikes the 
workpiece, which results in a localized, and very high, temperature rise. 
Subsequently the material is heated and evaparates and the liquid material is also flushed away. But 
some of the molten material remains and this is quenched at an extremely high rate by the 
machining medium and undergoes a change in physical and chernical properties. This process 
results in the production ofa layer ofre-solidified material called a recast layer (12](13]. 
To evaluate the influence of the material of the tool electrode on the superficial layer properties 
soft carbon steel, chrornium nickel steel lH18N9T and tungsten were chosen as the hot electrode 
and 0.4%C carbon steel as the workpiece. 
The superficial layer in BEDMM consists of three layers. At the top, a molten and resolidified 
layer, called the recast or white layer, is observed. This layer is usually present because material 
removal in BEDMM is mainly based on the melting process of the workpiece material. In the 
recast layer rnixing and diffusion of the material of the tool electrode and workpiece can occur due 
to a temporary direct contact of the electrodes. Below the recast layer a heat affected zone (HAZ) 
is present. This zone comprises the workpiece material, which has been affected by heat but has 
not been melted. In the case of a tool steel the layer is usually hardened. Below the hardened layer 
a temper zone is present. 

a) 

1000 .. 
1000 

=u· .. 
1)--- , - ~~.!-.--V~jl!.. ........... -~---~ 

0 • ~ ._ ... ") 

b) 

FIGURE 4. Photograph ofthe metallographic microstructures ofthe workpiece- native material 
(steel 0.45 % C) magnification 3500x- a; and X-ray diffraction pattem 

obtained from the surface layer before machining - b. 

Both the metallographic structure of the part core and its chernical composition were exarnined to 
compare the changes made to the superficial layer by the BEDMM process. SEMphotograph 
(Figure 4a) shows the pearlitic-ferritic structure of the part core - 0.45C carbon steel. Figure 4b 
shows the results of an X-ray rnicroanalysis of the chernical composition of the part core. These 
data were measured by an X-ray diffiaction method using specimens, which were sectioned 
perpendicular to the BEDMMed surface. 
To compare the changes, the experiments were conducted using an electrode made ofthe St5 steel 
of a sirnilar chernical composition to that of the sample. Figure 5a shows the metallographic 
structure of the superficiallayer of a sample made of the 0.45C steel after being BEDMMed at 
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a voltage of 8V. A zone of amorphous structure and a deeper-located heat-affected zone can be 
seenon the SL. Figure Sb shows the chemical composition ofthe superficiallayer. An analysis of 
the distribution ofthe e1ements indicates that the 1ayer is decarbonated. 

a) 

a) 

b) 

FIGURE 5. Photograph ofthe metallografic microstructures and X-ray line scan ofthe 
superficiallayer after the BEDMM process (U = 8 V) machined by soft carbon 

steel (0.35%C) electrode, magnification 3500x- a; X-ray analysis the recast Iayer- b 

b) 

FIGURE 6. Photograph ofthe metallografic microstructures and X-ray line scan ofthe superficiallayer 
after the BEDMM process (U = 8 V) using a chromium nicke! steel ( 1 H 18N9T) electrode, magnification 

3500x- a; chemical elements (constituting the surface layer) distribution in the sub-surfuce layer- b 

Figure 6a shows the metallographic structure of the superficial layer of a sample made of the 
0.45C carbon steel after being BEDMMed with a chromium nicke! steel (1H18N9T, 18% Cr, 
9% Ni) electrode at a voltage of 8V. An outer 1ayer can be seen. It has been altered but it adheres 
to the core quite weil. The layer exhibits three zones: a zone of amorphous structure, a heat
affected zone, and a deeper-located transitory zone. Figure 6b shows the results of an X-ray 
microana1ysis of the chemical composition of the superficial layer. The distribution of the 
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elements shows the presence of the elements the hot electrode was made of ( chromium, nickel). 
The depth of the changes depends on the machining parameters and is 5 + 8 llffi. 
An analysis of the chemical composition of micro-areas (Figure 7) of the altered layer provides 
a quantity assessment of the changes that have taken place. The recast layer exhibited diffraction 
peaks of chromium and nickel. It indicates that a large amount of chromium and nickel exists on the 
surfuce. Therefore, the machined layer may contain elements the hot electrode is of made of. The examined 
samples contain from 8% to 10 % of chromium and from 5% to 6 % of nickel. 
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FIGURE 7. Photographs ofthe metallographic microstructures ofthe surface machined 
by chromium nickel steel (1Hl8N9T) brush, U = 8 V, magnification lOOOx- a; and X-ray 

diffraction pattern obtained from the surface layer - b 

A microanalysis of the chemical composition of the superficial layer Ieads to the conclusion that 
the layer has been formed as a result of remelting the workpiece metal and the electrode particles. 
The results of the experiments show that it is possible to modity the core material with the 
elements the electrode is made of. 

a) UJ 

FIGURE 8. Photograph ofthe metallografic microstructure and X-ray line scan ofthe superficiallayer 

after the BEDMM process (U = 8 V) machined by tungsten electrode, magnification 1 OOOx - a; 
X-ray analysis the recast layer- b 
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Figure 8 shows the results of an analysis of the chemical composition of the superficiallayer. The 
results shows that the recast layer with an increased tungsten content has been formed as a result 
remelting and mixing the electrode and core material. 
Figure 9a shows an SEM photograph of the metallographic structure of the superficiallayer of 
samples made ofthe 0.45C steel after being BEDMMed with a tungsten electrode. The superficial 
layer exhibits local zones of amorphous structure and a deeper-located heat-affected zone. 
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a) point ofX-ray analysis 
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FIGURE 9. Photographs ofthe metallographic microstructures ofthe surface machined by tungsten 
brush, magnification lOOOx- a; and X-ray diffraction pattem obtained from the recast layer- b 

An analysis of the chemical composition (Figure 9b) of randomly chosen areas of the altered layer 
provides a quantity assessment of the changes that have taken place. The tungsten content of the 
examined samples ranges from 7% to I 0 %. 

5 CONCLUSION 
Examination ofbrush electrodischarge machining shows that 

• using brush electrodes makes the material/meta! removal process cost-effective and 
allows the production of superior surface finishes, 

• using appropriate metals or alloys to make the filaments ofthe brush makes it possible to 
introduce alloy components into the surface layer of the machined item, which 
consequently improves its quality, 

• remelting (mixing) and diffusion are the basic mechanisms that allow the introduction of 
alloy components into machined objects, 

• an X-ray microanalysis confirms the increased content of alloy components in the recast 
layer, with the Ievel of chromium reaching 10% and nicke! 5%. 

• the results of the experiments show that it is possible to modify the core material with 
the elements the electrode is made of. 
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ABSTRACT. Several recent experiments and demonstrations are carried out with very small satellites 
with mass in the range of 10 kg. One of the most important is the attitude control by means of micro
thruters which have to work in the rang of 100- 1000 J..!N [1,2]. The aim ofthis work is the construction 
of a system for the measurement of the thrust produced by prototypes of micropropulsion system. A 
balance consisting ofmainly two parts has been realised: a suspension system ofthe moving part; a posi
tion transducer. The suspension system is a flexural bearing and it behaves like a pendulum. In fact, two 
strips made of copper produce a restoring force, which counteracts the thrust generated by the propulsion 
system. The restoring force is due to two contributions: the elastic properties ofthe stripsmaterial and the 
gravity action on the moving mass. The position transducer is a Iaser system (LD 1605/Laser Micro
Epsilon) which allows to measure the displacement ofthe moving mass supported by the flexural bearing. 
The Iaser sensor is connected to a data acquisition board on a computer. The variation in the mean posi
tions, obtained by a numerical filtering process, is proportional to the thrust. 

1 INTRODUCTION 

The current trend in space system design is to reduce mission costs. This can be clone by re
ducing the mass of spacecraft and thus the launch costs. A great impulse to this direction is 
coming from the use of Microelectromechanical Systems (MEMS) which allow the miniaturi
zation of spacecraft systems. With the reduction in scale for the next generation of satellite will 
be necessary to decrease the thrust level for the attitude control of the small spacecraft. F or 10 
kg satellite would be required a thrust level of about 25 f..tN - 1 mN to control accurately its 
position. Therefore it is necessary to measure very low thrust level for characterized the per
formances of new propulsion systems. 

2 BALANCE CONFIGURATION 

The balance has not only to move with a very small force, but it has also to carry the weight of 
the propulsion system which has a mass up to 0.45 kg. To reach this purposes a flexural bearing 

arrangement is used [3,4]. 

The propulsion system is fixed to the rigid beam and the thrust causes the structure to translate. 
Measuring the magnitude of the displacement "u" and knowing the stiffness of the whole sys

tem we can obtain the produced thrust. The beam not only translate, but also rotate about an 
axis going out from the plane of the drawing. This rotation can be neglected if the distance 

between the two strips is not too small. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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FIGURE I. Flexural Bearing 

For example, for 40 mm strips' distance the rotation is less than 5·10·6 rad. Another feature of 
this device is the increasing of the stiffness with the weight carried by the strips. This is due to 
two effects: first is the direct action ofthe mass supported by the balance (the so called pendu
lum effect); second is the elastic restoring force ofthe two strips. The final stiffness is: 

k=mg{l+ 2 · [1-cosh(Al)] } 
l 2 cosh( Al) - }J sinh( Al) - 2 

(1) 

(2) 

The above relation is obtained considering a beam model with effects of the second order. In 
this way the effects of tension and bending of the beam are considered at the same time. In the 
figure 2 one can see the two components of the rigidity as function of the mass. lt is drawn also 
the total stiffness. The plot refers to a couple of strips of this dimensions: 
t = 30 f.l.N thickness of strips 
w = 15 mm width of strips 
l = I 00 mm length of strips 
d = 40 mm distance between strips 
strips made of copper 

This type ofbalance was built and tested using a cold gas micro-thruster. The balance depicted 
in figure 3 was realized at Mechatronic Systemtechnik GmbH. To measure the displacement of 
the system from the initial position it is used a Iaser sensor (LD1605/Laser Micro-Epsilon) with 
a resolution of ±0.5 f.tm. The Iaser sensor allows to measure continuously the position of the 
moving mass without disturbing the measure itself. The Iaser sensor is connected to a personal 
computer by means of a data acquisition board (NI6070E National Instrument) and the final 
accuracy was ±lf.tm. This corresponds to a thrust error of 20 f.tN. This Iimit can be reduced 
using a position transducer with a better resolution, for example by means of an optic interfer
ometer or a capacitor sensor. 
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The strips are kept by the action of friction. In fact the strips are held in the rniddle of two 
blocks which are tightly fixed with screws. The friction generated between the blocks and the 
strips is enough to bear the system. In this way it is possible to reproduce a clamp constraint. 

The moving mass supported by the strips is completely isolated from the surrounding. lt com
prises a gas tank and a micro-valve for feeding the rnicro-thruster with compressed gas; a 
pressure sensor also gives information of the gas before the thruster. The rnicro-valve and the 
pressure sensor are controlled by means of a micro-controller. The only Connections with the 
extemal environment are the strips which allow the electrical supply (+ 15 V) to the system. 

The signal obtained from the Iaser transducer is analyzed by a personal computer which perrnits 
to filter the data. In fact, the moving mass swings around a mean position with a sinusoidal 
behavior. In order to get only the mean position of the system elirninating the oscillations it is 
used a numerical filter which simply calculates the average value ofthe signal in one period. 
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Some ways were studied for calibrating the system and to measure the real stiffness of the 
structure. The more precise is based on the oscillating period of the moving mass as described 
in the formula below: 

CO=~= 2; (3) 

From the period of oscillation T and the mass supported by the strips m, one can calculate the 
corresponding stiffness k. 

Knowing the mean position and the total stiffness ofthe device it is easy to determine the thrust 
produced by the system. The picture 5 shows the produced thrust. Due to the low natural fre
quency of the device the rising part of the thrust is affected by greater errors than the other 
values. Thus it has not to be considered in the measuring range. 

Not only it is measured the thrust, but also the impulse. This was simply obtained by a numeri
cal integration ofthe laser sensor signal. In fact the impulse is: 

I 

I= m[v(t )- v(O )]+ k J x(t }lt (4) 
0 

where x(t) is the position ofthe moving mass at the instant t. The velocity v(t) is also computed 
by a numerical derivation of the position x(t). The picture below depicts the impulse measured 
with this device. 
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3 COMPARISON 

The measured thrust values can be compared with the theoretical ones based on the frictionless 
assumption ofthe gas expanding in the nozzle [5]. 
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The resolution ofthe balance can be greatly increased by means of a position transducer with a 
higher precision. The most accurate sensors are those based on capacitive effects. From the PI 
catalogue it is possible to reach a resolution of 0.01 nm which allows measurement of forces 
with an accuracy ofO.Ol J.1N. In fact assuming, as stated at the beginning ofthe chapter, a stiff
ness of 70 N/m a force resolution of 0.01 llN corresponds to a position resolution of 0.14 nm. 
Using a double set of capacitors in a push-pull configuration the electrostatic force on the 
moving mass is zero. This Ieads to a non intrusive system which does not modify the force 
measure. 
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ABSTRACT. Control charts represent an efficient and easy tool to assure the state of statistical quality 
control in a manufacturing process. These tools are also implemented in continuous processes, where the 
critical parameters are often monitored by on line sensors measuring data with short time intervals. In this 
paper a continuous process is monitored by using control charts and its dynamic is modeled through linear 
time series that allow the effects ofthe autocorrelation tobe eliminated. In this way, the control charts can 
operate on residuals that result identically and independently distributed. A statistical analysis on EWMA, 
CUSUM and control charts for individual measurements has been carried out to select the most performing 
tool for process monitoring. 

1 INTRODUCTION 

Statistical quality control tools are widespread in industry to achieve the control of critical process 
parameters. Nowadays, several industries implement these instruments to prevent sudden process 
failures, which can affect the quality of the output of their processes. In particular, control charts 
are a simply and powerful tool to plot the behaviour over time of some critical process parame
ters. Among them, the Shewhart control charts, the cumulative sum control charts (CUSUM) and 
the exponentially moving average (EWMA) control charts are easy to be implemented and inter
preted. One of the basic assumptions for a correct application of these charts is that the collected 
data are independently and identically distributed (liD), [1]. Butthis hypothesis cannot be always 
verified. Unfortunately, for continuous processes, i.e. chemical processes and all manufacturing 
processes driven by inertial elements, the observations on the process are correlated over time. 
Therefore, the application of conventional control charts on these data can Iead to misleading 
results in the form of excessive false alarms due to the data correlation. Alwan and Roberts [2] 
have developed an extension of traditional process control procedures that allows the effect of the 

systematic behaviour of the process to be separated from the variability depending on the special 

causes. The time series modeHing of the collected data is based on the ARIMA models. Once a 
correct model has been implemented, it is possible to determine the residuals of the measure

ments, evaluated as difference between the real data and the fitted model. Then, a common cause 
chart on the fitted data is used to give a view of the level of the process and of its evolution 
through time. The state of statistical control of the process is evaluated by plotting the residuals 
on a Shewhart control chart or eventually on a chart for individual measurements. EWMA and 
CUSUM control charts applied on the residuals have also been proposed by [3,4,5,6] for the 
monitoring of a manufacturing process in a computer integrated environment. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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In the proposed paper a critical parameter representing the sulphur quantity included in the gas oil 

produced by a hydrofming chemical process is taken into account to evaluate the state of statisti
cal control of the process. Due to the data autocorrelation, an approach based on time series 

analysis is proposed, that considers the application of control charts to the residuals resulting by 

the autocorrelation removal in the collected data. An autoregressive integrated model has been 

proven to be a good estimator for the controlled parameter; then, the state of statistical control of 

the residuals has been evaluated by an EWMA control chart. Moreover, a sensitivity analysis of a 
set of control charts for individuals measurements to small shifts in the mean of residuals has been 

carried out. The results show how EWMA and CUSUM control charts have equivalent statistical 

performances in revealing the occurrence of an out of control condition in the investigated proc
ess. 

2 WORKING WITH AUTOCORRELATED DATA 

A basic assumption for a correct implementation of control charts is represented by the indepen

dency of data and their distribution. When the process is in statistical control, an independent data 

having mean )..l and variance d- may be represented at time interval t as: 

(l) 

where ft is independently and identically distributed with mean zero and variance d-. This is the 
so-called Shewhart model of the process, [1]. Unfortunately, this assumption often cannot hold 

because of the intrinsic correlation of data. In chemical processes and when the measurements are 

taken at time interval small with respect to the process inertia this problern becomes critical. In 

this condition it is necessary to implement a stochastic model based on time series that allows the 
autocorrelation to be eliminated from data. Time series modeling is very useful when a view of 
the level of the process and of its evolution through time is needed. The correlation between data 
can be evaluated qualitatively by means of the scatter plots or quantitatively through the autocor
relation function ACF, which is usually estimated through the sample autocorrelation function 
SACF: 

rk =-"t~::!..1 _____ _ 

I(x1 -x)2 

(2) 

t~1 

where k represents the time lag and n the number of observations. 

The shape of the SACF and the values of the autocorrelation coefficients rk allows the tentative 
time series model of the data to be formulated by the decision maker. The autocorrelated 
stochastic models can be modelled by considering that the time dependency among the values is 
generated by a series of independent "shocks" a1 [8]. These shocks are normally and 

independently distributed with mean equal to zero and variance da. The sequence ofthe random 
variables a~o at-h llt.2, ..• are called white noise process. The white noise is transforrned into the 
process variable x1 through a linear filter: 

xt =)..l+at +'P1at-1 + ... +'Ppat-p =)..l+'P(B)at (3) 

where Bis the backward shift operator which is defined as Bx1=x1. 1. 



Application of Statistical Process Control to Continous Processes 533 

Usually the x 1 = x 1 - J.1 deviation from J.1 is considered; as a consequence, the equation (3) as

sumes the following expression: 
(4) 

The class of ARIMA (Autoregressive Integrated Moving Average) models is widely applied to 
model the correlated data. The general expressions for an ARIMA(p,d,q) model are: 

<!>(BXI-B)dxl =8(B)al (5) 

<P(B )w I = e(B )al (6) 

where w 1 = {1- B )d x 1 = Vdx1 . Thesemodelsare used to represent all the linear stochastic proc
esses, both stationary and nonstationary. The equation (6) can be formulated as: 

wl =<!>1w1-1 + ....... +<jlpwl-p +al -81al-1 - ....... eqal-q (7) 

The identification of the model to be tentatively entertained is carried out by considering the 
shape of the SACF and the values of the autocorrelation coefficients rk. The parameters of the 
model that maximize a likelihood function are chosen as model parameters. Then, a diagnostic 
checking is developed to evaluate the effectiveness of the selected model. In [8] the portmanteau 
test is proposed to check the selected model through an analysis of the residuals. If the fitted 
ARIMA(p,d,q) model is appropriate, the following expression must be verified: 

K 2 2( 2 Q= nirk (E,)=x K- p-q)< Xdf,cl 
(8) 

k=1 

where df represents the degrees of freedom K-p-q and cl the confidence Ievel of the test. Once the 
model has been demonstrated to give a correct fit of the time series, the control charts can be 
applied on the residuals Er that represent a random variable identically and independently distrib
uted. The charts to be applied on the process can be selected by considering a statistical criterion. 
In particular, an analysis on the ARL values of the charts with respect to different entity of the 
process shifts can be performed. The entity of the shift is expressed as a multiple ö of the residual 
standard deviation. The out-of-control ARL of a control chart represents the expected number of 
samples to be taken between the occurrence of a special cause and the out of control signal on the 
chart. The in-control ARL represents the expected number of samples to be taken between two 
successive false alarms. The statistical analysis can be performed by considering the same values 
of in-control ARL and comparing the out-of-control ARLs of the studied charts with respect to a 
wide range of possible shifts in the mean of process parameter. 

3 EXPERIMENTAL RESULTS 

A chemical process of gas oil desulphurisation is investigated. The gas oil coming out from the 
stripping column is characterised by a too high content of sulphur for an its correct functionality. 
The desulphurisation is carried out through an Hydrofiner where the gas oil reacts with hydrogen 
in presence of catalysts such as cobalt and molybdenum sulphides. The temperature of the 
reaction is fixed within the interval 320-380°C. The residual sulphur contained in the gas oil 
coming out from the Hydrofiner strongly depends on the reactor temperature, that must be kept 
within the mentioned interval in order to avoid an incorrect functionality of the desulphurisation 
process or a premature deactivation of the catalyst. The monitoring system of the desulphurisation 
process within the Hydrofmer consists of a sensor that detects the content of sulphur within the 
gas oil, expressed in ppm. A Courier 10-S on Iine sensor based on fluorescent x-rays has been 
used. A continue cathod beam directed within the gas oil energizes the sulphur atoms and the 
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FIGURE I. Preliminary EWMA chart on the residuals 

corresponding fluorescence is measured and evaluated in terms of ppm. The sampling frequency 
is equal to one measure every hour. The specification Iimits USL and LSL of the process are 
respectively set equal to 320 ppm and 250 ppm. An EWMA control chart for individual 
measurements has been applied on 100 data collected through the on line sensor in order to 
investigate the state of statistical control of the process and to define a set of statistical control 
Iimits. The obtained EWMA chart is reported in Figure 1. The parameters of the charts are the 
same as reported in [7]. The EWMA chart signals an high nurober of out-of-control points. Such 
a situation is typical when dealing with strongly autocorrelated data: in fact, when the data 
independence assuroption does not hold an high nurober offalse alarrns is expected. 
In order to verify the possible data autocorrelation, an analysis of the SACF of the data has been 
carried out: the shape of the SACF and the value of the sample autocorrelation coefficients 
revealed an autocorrelated structure. Therefore, it has been necessary to use a time series linear 
model betonging to ARIMA class that allows the autocorrelation of data to be modeled and then 
the control chart to be applied on the uncorrelated residuals. An ARIMA(2,1,0) has been 
determined through the iterative approach of identification, estimation and diagnostic checlcing 
described in [8]. The initial values ofthe autoregressive parameters have been determined through 
the Yule-Walker equations [8] in particular ~~ = 0.72883 ~2 = -0.39612 . The eventual Iack 
of fit of the model has also been evaluated by means of a statistical approach based on the 
portmanteau test. Table 1 shows the results obtained with the portmanteau test for group of 
rk (E,) having sizes K=10,15,18,22,25. A confidence Ievel of 95% for the portmanteau test has 
been imposed. 

T ABLE I. Portmanteau test for the ARIMA (2, l ,0) model 

K 10 15 18 22 25 

Df=K-p-q: degrees offreedom 8 l3 I6 20 23 

Qo=x2(K-p-q) 5.4 7.4 8.6 I4.5 I6.4 

t <11;0.05 I5.5 22.4 28.9 33.9 37.7 
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Because all of the observed values of Q are less than the respective critical values corresponding 
to a confidence Ievel of 95%, there is no evidence to reject the fitted model. Furthermore, an 
analysis on normally distribution of the residuals has been carried out. Once the residuals have 
been proven to be normally and independently distributed, an EWMA chart has been applied on 
their values: 

UCL = )l, + 2.7cr,~-A.-[l-(I-A.f;] 
2-A. 

CL= )l, := 0 

LCL = ).l, -2.7cr,~ 2 ~").._ ~-(l-A.)2 ;] 
where J.lr and crr represent respectively the mean and the standard deviation of the residuals. 

(9) 

The preliminary EWMA chart on residuals is reported in Figure 2. The residuals show a state of 
statistical control of the process. This means that the out-of-control signals reported on the data 
EWMA chart reported in Figure 1 depend on the autocorrelated structure of the measurements. 
Therefore, these out-of-control points can be considered as false alarms. As a consequence, the 
control Iimits of the EWMA chart are assumed as statistical control Iimits for the monitoring of 
the sulphur content in the gas oil. 
An EWMA chart has been successfully applied on the on line process residuals thus allowing the 
occurrence of out of control conditions to be easily detected and eliminated before the 
misspecification ofthe USL or LSL, see Figure 3. The possibility ofimplementing other types of 
control charts to monitor the process has been taken into account; the charts have been evaluated 
by considering their statistical performances through an out-of-control ARLs comparison based 
on a range of shifts in the mean of the residuals. An IM control chart for individual measurements 
based on traditional X control scheme and a CUSUM control chart have been taken into account 
and compared with the adopted EWMA. The ARL evaluation for the IM control chart has been 

performed by considering the reciprocal of the power ( 1-ß) of the chart, where ß represents the 
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FIGURE 2. Preliminary EWMA chart on the residuals 
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FIGURE 3. On line EWMA chart on the residuals 

probability of not detecting an out-of-control condition when it effectively occurs. The ARLs for 
both CUSUM and EWMA charts are evaluated through a Markov chain approach [9,10]. In this 
approach the control interval of the charts is divided into equal subintervals. Therefore, the non 
absorbing states of the Markov chain are represented by a point falling within one of the 
subintervals, while the absorption condition of the chain coincides with a point falling outside the 
control Iimits. Once the transient states have been determined, the state transition matrix of the 
chain can be evaluated by considering the probabilities of each point falling within one of the 
subintervals. The ARL will be equal to the mean time to absorption corresponding to the Markov 
chain. In particular, when in-control ARL is evaluated, the in-control transient probabilities are 
considered; on the other band, when the process is out-of-control, the determination of out-of
control ARL is performed by assuming the out-of-control transient probabilities. In order to 
compare the three different control charts, the same values of in-control ARLs must be assumed 
for each one of the selected scheme. This results in an equivalent performance of the charts with 
respect to the false alarms probability. In particular in-control ARL=370 and 500 and a range of ö 
values ofthe shift in the mean ofthe residuals between 0.2 and 2 have been selected, see Tables 2 
and 3. The obtained results show how the IM control chart for individual measurements has poor 
statistical performances with respect the other two control charts. The out-of-control ARLs are 
very high especially when ö is small: this result is due to the intrinsic structure of the IM control 
charts that do not consider the history of the data. On the other band, the EWMA and CUSUM 
charts are very sensitive to small and medium shifts. In particular, EWMA is the most performing 
chart when the shifts in the mean are ö:s 1 residual standard deviations. For example, when ö=0.2 
the reduction of ARL obtained with EWMA with respect to CUSUM is equal to 27%. When 
medium shifts are considered, i.e. when 1 <0<2 the CUSUM shows the better statistical 
performances with a maximum ARL reduction with respect to EWMA chart equal to 8%. Finally, 
it must be underlined how the value of the in-control ARL do not influence substantially the 
performance differences between EWMA and CUSUM charts. 
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TABLE 2 ARL comparison ofiM CUSUM and EWMA for ARL0=370 , 
Shift IM CUSUM EWMA 

L=3 n=1 h=4.77 k=0.5 L=2.70 A-=0.1 

0.2 308.41 169.57 123.22 

0.4 200.ü7 54.42 41.20 

0.6 119.66 24.59 20.89 

0.8 71.55 14.39 13.38 

1.0 43.89 9.90 9.73 

1.2 27.82 7.50 7.65 

1.4 18.25 6.02 6.60 

1.6 12.38 5.04 5.38 

1.8 8.69 4.34 4.70 

2.0 6.30 3.81 4.18 

T ABLE 3. ARL comparison ofiM, CUSUM and EWMA for ARL0=500 

Shift IM CUSUM EWMA 

L=3.09 n=1 h=5.06 k=0.5 L=2.814 A.=O.l 

0.2 411.99 205.92 150.17 

0.4 262.18 61.35 46.70 

0.6 153.86 26.65 22.81 

0.8 90.41 15.34 14.33 

1.0 54.55 10.49 10.33 

1.2 34.03 7.92 8.06 

1.4 21.97 6.36 6.62 

1.6 14.68 5.33 5.63 

1.8 10.15 4.58 4.91 
2.0 7.25 4.02 4.36 

Due to the reported statistica1 ana1ysis, the use of an EWMA chart is suggested to monitor the 
process because the expected entity of the shift in the mean of the residua1s is 1ess than 1. When 
there is evidence of occurrence of specia1 causes that give rise to 1arger shifts than 1 in the 
residua1s mean, the CUSUM chart represents the best choice to monitor the process. When a 
CUSUM contro1 chart is assumed to be the on 1ine monitoring too1 of the process residua1s, its 
tabular form is suggested [7]; therefore, the two one sided CUSUMS are: 

Ct = max[O;Er- (!lr + K)+ C;':.Jl 

ct =max[O;(!lr -K)-Er +C~Jl 
(10) 

The process is assumed tobe out-of-control when the one ofthe CUSUMS falls outside the cotrol 
limits H or -H. The values of K and H are fixed as multiples of the standard deviation of the 
residuals crr- In general, K=0.5·cr, and H=h· cr, is selected to give a specified ARL performance, 
see Tables 2 and 3. 
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4 CONCLUSIONS 

In this paper EWMA control charts have been applied to a continuous process. The sulphur con
tent in the gas oil coming out from a Hydrofiner reactor has been considered as critical parameter 
to be maintained under control. In fact, the amount of sulphur is limited by the pollution caused 
by sulphur dioxide and trioxide emissions. A sensor based on fluorescent x-rays has been used to 
reveal the presence of sulphur. Due to the high Ievel of data autocorrelation a time series ap
proach was needed to fit the data and eliminate their autocorrelation. An ARIMA(2,1,0) has been 
proven to be a good estimator of the data and the corresponding residuals have been evaluated. 
Once the residuals have been demonstrated to be independently and normally distributed, an 
EWMA control chart has been implemented on their values to evaluate the state of statistical 
control of the process. The results show how this chart has been useful to define a set of statistical 
control Iimits for the process. Furthermore, the developed residuals EWMA charts can be easily 
implemented as on line tools to detect the occurrence of an out-of-control condition. A sensitivity 
analysis on the statistical performances of three different control charts for individuals has been 
carried out to select the best control chart for individual measurements to be used on the investi
gated process. The three compared charts are EWMA, CUSUM and control charts for individual 
measurements IM. The results show how the EWMA chart must be selected when small shifts in 
the mean of the residuals are expected; on the other band, the use of CUSUM chart is preferable 
for medium shifts. Future work will be devoted to the use of run rules or adaptive schemes on the 
charts in order to improve their statistical properties. 
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ABSTRACT. The paper presents the design and the implementation of a cartesian robot, carried out at the 
Department ofElectrical, Management and Mechanical Engineering ofthe University ofUdine, in coop
eration with the Department of Innovation in Mechanics and Management of the University of Padova. 
The cartesian robot built is of the gantry type, i.e. it is intended to reach the object to manipulate from 
above. It will be described in the paper how the design requirements were set, with respect to the me
chanical and the electronic part, as weil as to the control system. The most important requirements to take 
into account were those regarding: accuracy, dimensions, velocity, weight ofthe object tobe manipulated 
and the overall cost of the system. The robot will then be equipped with suitable tools, so as to be used 
for automation purposes in different fields (industrial, biomedical, etc.). 

1 INTRODUCTION 

The development of a manipulation system for different application purposes has been carried out 
at the Department of Electrical, Management and Mechanical Engineering of the University of 
Udine, with the cooperation of the Departrnent of Innovation in Mechanics and Management of 
the University of Padova. Such a manipulation system was intended for the most generat applica
tion scope, ranging from the generic "industrial" manipulation to more specific application such as 
medical tasks. 

After an accurate analysis, it was chosen to build a cartesian robot with three degrees of freedom, 
made of three linear axes perpendicular to each other. This was due to the fact that the intended 
structure bad to ensure the implementation of the first three degrees of freedom of the overall 
robot (namely, the positioning of the end-effector) in the simplest possible way. Moreover, the 
overall robot structure was to be of a modular type, so as to be able to add, remove and substitute 
the robot components without affecting the whole structure. For instance, the wrist with the last 
three degrees of freedom to be added to the robot could be a dedicated device for surgical opera
tion (such as insertion of peduncular screws into human vertebrae), or a more generic tool for 
pick-and-place operation in an industrial environment. In any case, the supporting structure had to 
be simple, cost-effective, and easy to control. This led to the choice of a cartesian robot. 

The paper is organized as follows. In Section 2, the design specifications for the robot are reported 
with many details. In Section 3, the implementation of the structure is described and discussed, 
and the effective technical data are reported as weil. Moreover, the dedicated control system, that 
has also been realized in the laboratory, is described. 
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2 SPECIFICATIONS AND DESIGN 

Robot specifications are shown in Table I. 

T ABLE I. Robot specifications 

RobotType Cartesian 

Payload IOkg 

X-axis run 700mm 

Y-axis run 600mm 

Z-axis run 500mm 

Repeatability 0.5mm 

Max. Speed I rnls 

Max. Aceeieration 3 rnls2 

The payload quoted in Table 1 includes both the tool mass and the mass of the object to be ma
nipulated. Moreover, all the requirements must be met within a limited budget. 

The robot overall scheme is shown in Figure 1. The main structure is made of ten aluminum alloy 
bars, while the three Cartesian axes are provided by means of pre-assembled linear modules, that 
are a good compromise between costs and accuracy. 

FIGURE I. Robot architecture scheme 
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As it shows, the X-axis is made oftwo parallellinear modules, while the Y-axis is made of one 
aluminum bar plus a linear module mounted on the top of it. This way, we improved robot stiff
ness and reduced the Ioads acting on each module. The X-axis motor drives both X-axis linear 
modules by means of a rigid shaft permanent transmission, so as to reduce costs and avoid the 
driving control problems that would have risen if we had used one servomotor for each module. 
Moreover, the Z-axis linear module flange is mounted directly on the Y -axis flange, in order to Iet 
the robot tool approach the workspace from above, as it was set in the robot requirements. 

Robot overall dimensions are 1600xl420x2100 mm3, while the workspace measures 
700x600x500 mm3• The loss of workspace is the main counter-item of the choice of a Cartesian 
robot structure, whose major benefits are the increased robot stiffness and accuracy [ 1]. 

The structure and motors dimensioning took into account both static and dynamic Ioads [2]. No 
deformation analysis has been performed, as we chose pre-assembled linear bars and modules 
whose deformations are of a cent of a millimeter for static Ioads an order of magnitude greater 
than the robot operative Ioads. Moreover, in order to meet the repeatability requirement quoted in 
Table 1, we chose reduced play gear reducers and precision belt linear modules, gaining an overall 
positioning repeatability of nearly one tenth of a millimeter for each axis. 

3 IMPLEMENTATION AND CONTROL 

The linear modules chosen are the AS250D by "Automazione Macchine" (Amaro, Italy). Their 
main section measures 90mm by 11 Omm, while their overall length is of 667mm plus axis run. 
Linearity is ensured by means of a prismatic recirculating-balls linear guideway, while motion 
transmission is made through a toothed precision belt. Linear modules main specifications are 
shown in Table 2. 

T ABLE 2. Linear module "Automazione Macchine AS250D" specifications 

Max. Speed 2.5 m/s 

Max. Aceeieration 10 m/s2 

Max. Torque 380Nm 

Repeatability 0.1 mm 

Weight (run=Omm) 16 kg 

The motors are three Siemens 1FK6042 AC Bmshless servomotors, whose rated speed and torque 
are 3000rpm and 2.6Nm respectively. Each motor is provided with a built-in resolver and a 
Siemens Simadrive 611 driver, while the Z-axis motor has an automatic brake to compensate for 
gravity in static conditions. The motors are linked to the belt sprockets by means ofthree Tecnoin
granaggi BGT1050 reduced play gear reducers, whose reduction ratio and efficiency are 1:6 and 
95% respectively. 
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An overview ofthe robot is shown in Figure 2, while the picture on the right-hand side ofFigure 3 
depicts the Y-axis gearbox and motor. On the left hand-side ofFigure 3, the electronic equipment 
is shown as well. 

FIGURE 2. Robot overall view 

FIGURE 3. Electrical equipment (left) and Y -axis gearbox and motor close-up (right) 
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Each axis of the robot is equipped with three inductive proximity sensors, that provide the zero 
position and the axis overrun signals. These sensors, together with the motor resolvers and drivers 
are connected to two National Instruments 7344 multiple-axis motion control PC boards, by 
means oftwo UMI 7764 interfaces. The PID control parameters for each axis were tuned using the 
Max software, provided together with the NI Motion Controllers. 

A complete motion control user interface has been developed so far [3], and is currently undergo
ing an improvement process. The software has been implemented using Labview 6.0, so as to give 
the end-user the ability of easily driving the robot through simple 3D motion paths. The user can 
also modify all the control and trajectory parameters in a very simple way. Moreover, the software 
developed can be easily modified in order to meet the requirements of a specific application. 
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FIGURE 4. Control software main window 

As far as it concerns further developments, a three degree of freedom tool will be designed and the 
robot, provided with a 6-axis force/torque sensor, will be tested in master-slave haptic teleopera
tion tasks. A wire-driven five degree of freedom haptic master is currently under development at 
the Departrnent oflnnovation in Mechanics and Management ofUniversity ofPadova. The haptic 
master control will be interfaced to the Cartesian robot control in ordertoperform the teleopera
tion tests. 

4 CONCLUSION 

The development of a manipulation system for different application purposes has been described 
in this paper. This manipulation system was intended for the most general application scope, 
ranging from the generic "industrial" manipulation to more specific application such as medical 
tasks. 

A cartesian robot with three degrees of freedom, made of three linear axes perpendicular to each 
other was built, so as to ensure the implementation of the first three degrees of freedom of the 
overall robot (namely, the positioning ofthe end-effector) in the simplest possib\e way. Moreover, 
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the overall structure was built so as to implement a modular robot. In this way adding, removing 
and substituting the robot components without affecting the whole structure tuned out to be a rela
tively easy task. 

Within the paper, the design specifications for the robot have been first reported with many details. 
Then, the implementation of the structure has been described and discussed, and the effective 
technical data have been reported as well. Finally, the dedicated control system, that has also been 
realized in the laboratory, has been described. 
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ABSTRACT. The paper presents the design of a robotic wrist for biomedical applications, carried out at 
the Department of Electrical, Management and Mechanical Engineering of the University of Udine. First, 
the intended use of the wrist, namely the insertion of peduncular screws into the vertebrae, together with 
the supporting structure (a cartesian robot) are described. Then, the design requirements for the wrist, 
especially with respect to the mechanical side, are set and discussed. The most important requirements that 
had to be taken into account were those regarding: accuracy, dimensions, velocity, and maximum payload. 
All the steps up to the final design of the wrist are described and discussed, with also the useful aid of a 
representation of the wrist in a CAD environment. 

1 INTRODUCTION 

The development of a rnanipulation system provided with three degrees of freedom (namely, a 
robotic wrist) has been carried out at the Department of Electrical, Management and Mechanical 
Engineering of the University of Udine, Italy. The robotic wrist is rnade of three rotation axes 
intersecting in a point, that is fixed with respect to the own reference system of the manipulator, 
so as to allow the orientation of a generic tool in the three-dimensional space. This rnanipulation 
system has been developed in the framework of the METAFORE project, funded by the MURST 
(Italian Ministry ofthe University and ofthe Scientific and Technological Research). The overall 
objective of the project is to realize a biomedical "slave" robot which is to assist the surgeon in 
piercing a vertebra, during the operation of insertion of peduncular screws (Figure 1 ), performed 
in order to increase the stability of the vertebral system. Up to date, such an operation is still 
performed manually. 

The peduncular screws used in such operations have a maximum diameter of 5 mm, and a 
maximum length of 60 mm. Once they are inserted, a little stiffening board, chosen amongst 
various possible shapes, is fastened to any pair of screws, as shown in Figure 2. The tool used to 
pierce the vertebrae is a dedicated drill, having a maximum weight of 1 kg. This tool is to be 
connected to the robotic wrist described in this paper; moreover, the wrist is to be connected to a 
"father'' manipulation system with three more degrees of freedom, consisting of a cartesian robot 
with three orthogonal axes. The cartesian robot has also been designed and built in the 
laboratories of the Department of Electrical, Management and Mechanical Engineering of the 
University of Udine, Italy. Moreover, a dedicated control 'system for the robot has been 
developed. In this paper, only abrief overview of the cartesian robot will be carried out in Section 
2, whereas the design and the implementation of the robotic wrist will be carried out with more 
details in Section 3. 
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FIGURE I. Section of a vertebra with a pair of peduncular screws inserted 

FIGURE 2. Stiffening boards for the peduncular screws 

2 THE CARTESIAN ROBOT 

The "father" robot to which the wrist is to be connected is a cartesian robot designed at the 
University ofUdine [1]. The robot is provided with three cartesian axes (Figure 3), implemented 
by three linear pre-assembled units made of an aluminum alloy, and actuated by brushless 
motors. The motion transmission is implemented by means of precise toothed belts, so as to reach 
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an accuracy of less than l mm. The vertical axis is self-braked in order to counteract the gravity 
force. Each motor is provided with a resolver, and is connected to the linear unit by means of a 
coaxial epicyclical gear train produced by Tecnoingranaggi. The maximum allowed excursion for 
each axis is: 

X axis: 700 mm 

Y axis: 600 mm 

Z axis: 500 mm 

FIGURE 3. The designed cartesian robot 

The dimensions ofthe cartesian robot are: 1600 x 1420 x 2100 mm3, and its nominal payload is 
10 kg. The robot is controlled by a PC, to which it is interfaced by means of dedjcated National 
Instruments 1/0 boards. The high-level control system has been implemented by means of a 
software developed within the Labview environment. 

3 DESIGN OF THE ROBOTIC WRIST 

3.1 DESIGN REQUIREMENTS 

The design requirements for the wrist specify that it must feature reduced weight and size. 
Namely, the wrist weight must be 3 kg maximum, and the drill connected to it must weigh 1 kg 
maximum. The maximum longitudinal and transverse Ioads acting on the wrist, and transmitted 
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to the manipulator structure, have been estimated as 25 N for the longitudinal Ioad, and 15 N for 
the transverse Ioad. During the design phase, such values have been increased by 50% for safety 
reasons. Moreover, a torque sensor must be mounted on the wrist to measure the torque value. 
With respect to the positioning accuracy of the tool, it should be below 1 mm. The tool must be 
able to shift for 100 mm at once, so as to execute the piercing task. Table I reports the 
aforementioned design requirements. 

T ABLE 1 Design requirements 

WRIST WEIGHT :::3kg 

DRILL WEIGHT :::1 kg 

MAX LONGITUDINAL LOAD 25N 

MAX TRANSVERSE LOAD 15 N 

POSITIONING ACCURACY < 1mm 

DRILLSHIFT IOOmm 

3.2 EVOLUTION OF THE DESIGN 

The development of the robotic wrist followed a rather long evolution path. Many solutions were 
proposed: some were discarded because they were not feasible, some other were discarded 
because their efficiency/cost ratiowas not satisfying. For instance, in the first proposed design, in 
order to make the three wrist axes intersecting into a single point, the choice was to set the 
brushless motors ofthe three axes (and the gear trains) within the wrist body. 

FIGURE 4. Firstversion ofthe wrist 
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However, this caused a major increase of the wrist size as weil as of the wrist weight; hence, 
more powerful motors were needed, and this in turn increased the weight of the structure, which 
could be avoided by using an extra transverse gear train. Such considerations led to the first 
version ofthe wrist, shown in Figure 4. However, the weight (6.5 kg) was still excessive, due to 
the high power required to the motors, that turned outtobe too heavy. An important feature of 
this first version of the wrist lay in the fact that it was possible to connect to the third degree of 
freedom either a revolute joint or a sliding joint, in order to implement the translation of I 00 mm 
set amongst the design requirements. This solution was possible because only two of the three 
Euler angle were necessary to define the end-effector orientation in this case. 

A second version of the wrist contained a linear actuator (see Figure 5) which could implement 
the translational motion required. However, this solution also had several problems, due to the 
increase in the wrist weight as weil as in the longitudinal dimension. 

FIGURE 5. Linear actuator contained in one ofthe earliest versions ofthe wrist 

Hence, this solution was discarded as weil, and the choice was to definitely implement the 
translation by using the degrees of freedom of the cartesian robot to which the wrist is to be 
connected. 

Several improvements to the design were then made, namely the dimensions were reduced as 
much as possible (without affecting the overall mechanical resistance ofthe wrist); moreover, the 
whole design was optimized by means of many simplifications and by suitably collocating the 
motors within the whole wrist structure. This allowed first to reduce the wrist dimensions, if not 
directly the weight; however, a reduction of the size caused a reduction of the nominal power 
required for the motors; hence, lighter motors could be used. In a word, the need for less powerful 
motors caused a reduction of the overall wrist weight. 
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3.3 THE CURRENTLY ADOPTED SOLUTION 

Figure 6 shows the model of the wrist in a 3D CAD environment (Solid Edge 9), namely the 
currently adopted solution. Thanks to the optimization of the model, the designers managed to get 
an overall weight of the wrist that met the design requirements, still preserving a good 
mechanical resistance of the overall wrist structure. Namely, three brushless micromotors, with 
low weight and provided with light, high-precision gear trains were used in the definitive design. 
The search for such components was very accurate, and their most important features are reported 
in Table 2. 

FIGURE 6. The currently adopted model ofthe wrist 

T ABLE 2. Main features of the brushless micromotors B 1118 

MASS 397 g 

LENGTH 74.6 mrn 

MAX CONTINUOUS TORQUE 86.1·10.3 Nm 

MAX RECOMMENDED SPEED 45000 rpm 

EFFICIENCY 75-90% 

AXIALPLAY 114!lffi 

RADIALPLAY 20 JliD 
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FIGURE 7. Design ofthe wrist 

Referring to Figure 7, it is possible to observe the wrist design with more details. It is important 
to notice that the wrist has a modular structure, so that further developments will be possible with 
no need to completely redesign the system. For instance, the group "motor + gear + linkage", 
shown with the number "l" in Figure 7, can be substituted without modifying the connection 
between the linkage and the main wrist body. The wrist is to be connected to the cartesian robot 
by means of the linkage shown with the number "2" in Figure 7. The first motor (i.e. the first 
wrist axis) is connected to the former linkage and to the module "3", which in turn carries the 
second motor that actuates the module "4". The module "4" was designed in order to guarantee 
the intersection of the three rotation axes of the wrist. It is basically made of two shells making a 
little box which contains a gear for the transmission of the motion from the motor shaft to the 
shaft to which the tool, namely the drill, is to be connected through module "5". With respect to 
the module for tool connection, it should be noticed that it was not designed uniquely for 
connection ofthe drill, but it will be able to connect with many different types oftools, thus it can 
be used not only for biomedical purposes but also for several different tasks. 
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Referring agairr to Figure 7, it is also possible to notice that the size of the wrist was much 
reduced with respect to the previous versions. Table 3 reports the main technical features of the 
current version of the wrist. 

TABLE 3 Main technical features ofthe current version ofthe wrist 

MASS :::3.2 kg 

LENGTH 307.7mm 

WIDTH 240.7mm 

DEPTH 112.25 

ROTATION RANGE OF MODULE "3" 360° 

ROTATION RANGE OF MODULE "4" 180° 

ROTATION RANGE OF MODULE "5" 360° 

4 CONCLUSIONS AND FURTHER DEVELOPMENTS 

The design of a robotic wrist for biomedical applications, carried out at the Department of 
Electrical, Management and Mechanical Engineering of the University of Udine, has been 
presented in this paper. First, the intended use of the wrist, namely the insertion of peduncular 
screws into the vertebrae, together with the supporting structure (a cartesian robot) has been 
described. Then, the design requirements for the wrist, especially with respect to the mechanical 
side, have been set and discussed. The most important requirements that had to be taken into 
account were those regarding: accuracy, dimensions, velocity, and maximum payload. All the 
steps up to the final design of the wrist have been described and discussed, with also the useful 
aid of a representation of the wrist in a CAD environment. 

Further possible developments of the work are for instance those relative to the choice of the 
materials. The use of special materials featuring both low weight and high mechanical resistance 
can be studied. Moreover, a possible improvement ofthe design could be dorre by substituting the 
bearing currently used, namely axial bearings, with conical bearings, in order to increase the 
resistance ofthe structure to axialloads. The module "3" could also be improved, with respect to 
the connection between the cartesian robot and the wrist. 

ACKNOWLEDGEMENTS 

This work was supported by a grant of the MURST (ltalian Ministry for the University and the 
Scientific and Technological Research), in the framework ofthe METAFORE project. 

REFERENCES 
1. Camatta R. (1999), Progetto e realizzazione di un manipolatore cartesiano tridimensionale, Master 

thesis, University ofUdine 



DEVELOPMENT AND PERFORMANCE ASSESSMENT 
OF A LASER TRIANGULATION SCANNER 

FOR DIGITIZING SHOE LASTS 

N. De Rossi\ A. Rosse, A. Trevisani1, V. Zanotto2 

1 Department ofManagement and Engineering, University ofPadova, Italy 
2 Department oflnnovation in Mechanics and Management, University ofPadova, Italy 

KEYWORDS: 3D digitizer, Iaser triangulation, footwear industry. 

ABSTRACT. This paper presents a non-contact Iaser triangulation 3D digitizer which offers a good 
combination of accuracy, efficiency, robustness and portability. The key component of the digitizer is an 
accurate Iaser triangulation rangetinder which moves on a vertical plane and continuously measures the 
distance of a last attached to a rotating shaft. A PD control action keeps the distance between the sensor 
and the last surface within the sensor measuring range, and close to the reference distance which mini
mizes measurement errors. One linear encoder, measuring the sensor horizontal displacements, and a 
shaft-position encoder, measuring the last angular displacements, provide the additional data needed for 
cross section reconstruction. The problern of digitizing a cross section which does not contain the center 
of rotation is faced using a photoelectric sensor detecting the cross section dimensions before the last 
reaches the rangefinder. The experimental results prove the effectiveness ofthe proposed system. 

1. INTRODUCTION 

The automation that is taking place in the footwear industry aims at producing high variety, low 
volume and low cost products. A phase of the traditional manufacturing process in which automa
tion has help achieving better performances is the generation of a whole family of lasts for a shoe 

model. Lasts are initially made in wood by expert artisans, often in accordance with stylists' speci
fications. Generating scale copies of a wooden last into a resistant material is then necessary for 
producing a shoe model in several sizes and in different manufacturing sites simultaneously. Be
cause of the continuous reduction of product development time, reverse engineering systems are 
generally used in this phase for rapid last modeling and manufacturing. The overall accuracy and 
efficiency of reverse engineering systems largely depends on the characteristics of the 3D digitiz
ers employed to produce the 3D point clouds from which surface models are reconstructed [1,2]. 

In general, last digitizers can operate using either contact or non-contact methods. Contact digitiz
ers use a touch probe which travels on the last surface to measure the position of a !arge number of 
points. In most recent contact digitizers, such as the Newlast® NL-DGT, lasts generally rotate with 
an angular velocity ranging from 10 to 15 rpm, about an axis that passes approximately through 
the toes and the heel, while the probe moves radially to gather cross sectional data (720 points per 
section) and along the last length (at 2 mm intervals). Contact digitizers are widely used in the 
footwear industry because of their reliability and accuracy. Y et they have some significant draw
backs, including !arge dimensions, high cost, and slow data acquisition. Moreover they do not 
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allow an accurate reconstruction of the last extremities, where lasts are clamped. To overcome 
such limitations, non-contact digitizers have been proposed recently. 

A variety of non-contact rangefinding technologies can be employed to digitize the shape of an 
object, including photogrammetry, structured-light triangulation, time-of-flight, and interferome
try. Most ofthe 3D scanners currently developed for the footwear industry make use oflaser-stripe 
triangulation, and employ CCD cameras as measuring devices. For example, in [3] a system 
(FORMS) consisting of one CCD camera and two laser sources is presented. FORMS tak:es, on 
average, 50 s to digitize a foot to an accuracy of 0.5 mm. The 3D last scanner described in [4], 
which comprises one laser source and two CCD cameras, is much slower than FORMS (a scan 
takes 600 s) but has a higher accuracy (ranging from 0.05 to 0.2 mm). Commercially available 3D 
scanners are generally faster but their resolution is lower and often unsuitable for rapid 
prototyping. For example the Vorum Yeti®, which is employed in [5] and makes use of eight CCD 
cameras and four laser projectors, collects full shape information in approximately 3 s and scans to 
an accuracy of 0.5 mm. An identical number of cameras and laser sources is used in the INFOOT 
3D scanner proposed in [6]. INFOOT scanning time is 10 s and its accuracy ranges from 0.7 to 2 
mm. Two further 3D scanners commercially available are the Tecmath Pedus® (used in [7]) and 
the Knowledge & Information Technology® Model I. They both have a resolution of approxi
mately 1 mm but the former tak:es 1 0 seconds to digitize a foot surface, while the latter tak:es 40 s. 

In this paper a non-contact 3D digitizer for shoe lasts is proposed. The system does not employ 
CCD cameras, but a very accurate laser triangulation optical rangefinder, whose distance from the 
surface of the last rotating in front of it is continuously controlled and kept as close as possible to a 
reference value which minimizes measurement errors. Section 2 provides a schematic description 
of the 3D scanner and of its chief components. The procedure followed to calibrate the system is 
reported in Section 3 while Section 4 describes the tests performed to assess the system perform
ances and the results achieved in digitizing three sample cross sections of a last. 

2. SYSTEM DESCRIPTION 

Figure 1 (a) shows a schematic representation of the proposed 3D last digitizer. A laser range
finder (A) can be moved on a vertical plane by two orthogonallinear actuators (B-C). A last (D) is 
positioned in front ofthe sensor attached to a shaft driven by an electric motor (E). The shaft axis 
lies on the plane in which the sensor is moved. While the last rotates, the sensor projects a laser 
spot onto the last surface and measures its distance by optical triangulation. The 3D coordinates of 
the sensed points can then be computed, by simple matrix calculations, combining the positions of 
the sensor in the vertical plane, the angular positions of the last, and the measured distances. 

While the last surface is digitized the sensor distance from the last must be continuously controlled 
so as to keep it within the sensor measuring range, and as close as possible to the reference dis
tance which allows minimizing measurement errors. The horizontallinear actuator must therefore 
be fast, rigid and accurate to ensure an effective control. The vertical actuator must be rigid and 
accurate too, yet its control is simpler, since the sensor only has to be moved to predetermined 
vertical positions where cross section data are to be gathered. Hence in the prototype of the scan
ner used in this work to assess the performances of the proposed system, only the horizontal 
actuator is powered by a servomotor, while the vertical one is actuated manually (Figure 1 (b)). 
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(a) (b) 

FIGURE 1. (a) Schematic representation ofthe proposed 3D last digitizer. (b) Picture ofthe prototype 

The optical rangetinder employed is the Micro-Epsilon optoNCDT 1605. This sensor permits high 
accuracy non-contact distance measurements and possesses good shock and vibration resistance, 
as weil as low sensitivity to object surface properties and color. The linear actuator employed to 
move the sensor horizontally comprises a THK LM Guide Actuator KR3306A and a brush type 
DC motor MAE M540-074l. The motor amplifier is the AMC 12A8. Linear horizontal displace
ments are measured by the Heidenhain LS623 linear encoder rigidly connected to the linear 
actuator. An Owis VT 60 precision tableis used to move the sensor vertically. The angular posi
tion of the rotating shaft is measured by the shaft-position encoder Eltra EH 63G. The shaft is 
supported by two ball bearings and is driven by a stepper motor MAE HY200 through a synchro
nous belt (velocity ratio: 2:1). The motordrive is the AEC SMD103. The chieftechnical features 
ofthe components employed in the prototype are reported in Table l. 

T ABLE I. Technical features of the prototype components 

Micro-Epsilon optoNCDT 1605 
(Light source: Red Iaser: 675 nm) 

THK LM KR3306A 

MAE M540-0741 

AMC 12A8 

MAEHY200 

AECSMDI03 

EltraEH 63G 
Heidenhain LS623 
Datasensor S50-PL 

(Light source: Red Iaser: 650 nm) 

Measuring range [mm] (nominal) 
Reference distance [mm] 

Resolution [J..lm] 
Measuring spot-diameter [mm] 

Screw Iead [mm] 
Raillength [mm] 

Positioning repeatability [Jlm] 
Positioning accuracy [Jlm] 

Backlash [Jlm] 
Maximum speed [ rpm] 

Torque constant [Nm/A] 

Peak current [ A] 
Maximum continuous current [ A] 

Step angle [rad] 
Step angle accuracy [%] 

Drive 
Function 

Resolution [rad] 

Resolution [!;tm] 
Operating distance [ mm] 

Resolution [mm] 

± 6 (±10) 
65 
6 

0.9 
6 

300 
3 

20 
3 

6000 
0.071 

± 12 
±6 

0.2865 
5 

Bipolar 
'1. step 

3.14E-4 
5 

0 ... 350 
0.5 (at !50 mm) 
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CPU 

Acquisition and 
control boards 

Run time ( 1000 
instructions) [ms] 
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TABLE 2. CMZ Unimax technical features 
Motorola MC68331, 32 bit, 16 MHz 

512 Kb EPROM, 256 Kb Flash EPROM, 256 Kb SRAM, 512 Kb EEPROM 
Real-time clock 

ACQSSG: analog input board, resolution: 12 bit 
CNV312: analog output board, resolution: ±5 mV DC 

MINENC: quadrature encoder board 
PIOD32: digital I/0 board 

3 

The programmable logic controller (plc) CMZ Unimax (Table 2) allows performing real-time 
control ofthe whole scanning process, including the open-loop control ofthe last angular position, 
the closed-loop control of the relative position between the rangetinder and the last surface, and 
data acquisition from the transducers. In particular, the closed-loop control of the rangetinder 
position has been performed implementing a proportional-plus-derivative (PD) control. The con
trolled variable is the analog output of the rangefinder, the reference value is 0 V, and the control 
signal is the torque applied by the brush type DC motor. The task of the control action is keeping 
the rangetinder distance from the last within the measuring range, and as close as possible to the 
reference distance (65 mm) so as to minimize measurement errors. Ifthe distance measured by the 
sensor goes beyond the measuring range ( e.g. when the Iaser spot moves from the top side to the 
sole ofthe last) the controller stops the last rotation until the sensor reaches a correct position. As a 
consequence, scanning time depends on the last surface geometry: the smoother the changes in the 
surface curvature the lower the time required to digitize the last. 

The second sensor which can be seen in Figure 1 (b), at the bottom-left comer, is a laser retrore
flex photoelectric sensor Datasensor S50-PL. This sensor is employed to detect the angular 
positions where surface digitization is to be performed. As a matter of fact, when scanning a last 
surface, the rangetinder often has to execute measurements only over narrow angular intervals. 
This happens each time the last rotational axis does not pass through the cross section which is 
being digitized (e.g. near the last extremities). The photoelectric sensor allows determining the 
cross section angular dimensions and consequently setting the angular positions at which the con
trol unit has to start and stop gathering data from the rangefinder. Only over these angular intervals 
are the output signals of the rangetinder meaningful and therefore useful to digitize the last surface 
and to control the motion of the sensor in the horizontal direction. The photoelectric sensor light 
beam and the rangetinder light beam form a neat right angle, which cannot change during and after 
the scans. Therefore after the photoelectric sensor has detected either the presence or the Iack of 
the last reflecting surface, the plc can immediately compute the angular positions where the range
tinder has respectively to start and. stop surface digitization. 

3. SYSTEM CALIBRATION 

One major drawback ofthe 3D non-contact digitizers employing CCD cameras isthat they need to 
be accurately calibrated so as to deliver precise and reliable results. Mathematically it consists in 
determining a bijective function which identifies each pixel seen by the camera with its 3D coordi
nates. Although several effective and efficient calibration procedures have been proposed in 
Iiterature (a comprehensive survey is given in [8]) calibrating a camera is still difficult if very 
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accurate results are to be achieved: in fact a complete modelization of the camera is required, 
including all ihe geometric and intrinsic parameters. Calibrating the 3D scanner proposed in this 
paper is, on the contrary, an easy task. The procedure adopted here makes use of a precision
ground steel cylinder fixed to the rotaring shaft. The cylinder diameter is 40.03 mm. In order to 
reduce measurement errors caused by the highly reflective surface of the cylinder, a Teflon film 
(thickness 50 f.Ull) is laid on the cylinder surface. 

First of all, the accuracy of the measurements rnade by the rangetinder over the measuring range is 
to be evaluated. The following procedure was adopted: by means of the horizontallinear actuator 
the sensorwas moved to the position at the reference distance from the cylinder surface (sensor 
output: 0 V). Then the sensor was moved to several positions over the measuring range and the 
variations of the sensor output, which are proportional to displacements from the reference posi
tion, were compared with the displacements measured by the linear encoder. This procedure 
allows determining how the measurement error varies over the measuring range. Figure 2 shows 
the recorded errors, and the best fitting straight line for these results. It can be reasonably assumed 
that the error varies linearly with the distance, hence the following equation can be used to get a 
more accurate estirnate of the actual distance D (measured in rnillimeters) of an object from the 
rangetinder value of the analog output U (measured in volts ): 

D=65-UjC (1) 

The adopted C value is 1.021 V/mm. This procedure allows a linear compensation of both the 
sensor and the acquisition board measurement errors over the measuring range. 

E 
.§. 

~ 
I -5 

= • :1 

0,1 

-0,1 

Position [m m] 

FIGURE 2. Measurement errors over the rangetinder measuring range 

The steel cylinder was then used to compute the value of the constant K detined as follows: 

K = R+D+r·S =L-P (2) 

where R (mm) is the distance between the sensed point and the rotational axis, S is the distance of 
the encoder scanning unit from the encoder reference rnark, measured in encoder steps, r (mm) is 
the encoder resolution, L (mm) is the distance, measured in the direction of the Iaser beam, be
tween the rotational axis and the encoder reference mark, and P (mm) is the distance between the 
rangefmder and the encoder scanning unit. The K value employed is 45.90 mm. 

Once the value ofthe constant K is known, it is possible to compute R on the basis ofthe values of 
D and S. Then simple calculations allow reconstructing the cross section of the object by combin
ing the computed values of R and the angular measurements made by the encoder mounted on the 
rotating shaft. 
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FIGURE 3. (a) Recorded R values ofthe cylinder cross section. (b) Computed Re values. 

Although maximum care was taken in assembling the prototype, the measurements performed on 
the steel cylinder showed an oscillatory behavior which could be caused by a moderate deflection 
ofthe rotating shaft. Figure 3 (a) shows the R values computed through the data recorded on one 
sample scan of the cylinder cross section. The oscillation of the measured values can be clearly 
observed. The effect of such oscillation on the measured data was adjusted by subtracting to each 
value of R a contribution which depends on the angular position of the shaft, measured ftom a 
constant reference angular position. The following equation was adopted for each sensed point: 

Re = R- M · sin(2rt/n · A + F) (3) 

where Re is the adjusted R value, n is the total number of points measured per section, A is the 
current point number (A = 0 at the reference angular position). For the values shown in Figure 3 
(a), and for all the measurements made on the same section, the values adopted were: M= 0.014 
mm, F= 3.4314 rad. Figure 3 (b) shows the results attained after the compensation. 

After calibration, the stee1 cylinder was measured ten times to evaluate measurement errors. The 
number of points measured on each scan was 1600 and the rotational speed 12 rpm. The mean 
error was 0.002 mm, the standard deviation 0.038 mm, and the maximum error 0.085 mm. 

4. PERFORMANCE ASSESSMENT 

When scanning a cylinder cross section the horizontal position of the rangetinder never changes 
being constant the relative distance between the cylinder surface and the sensor (the measurement 
oscillations cause very small changes of the controlled variable and consequently negligible varia
tions ofthe control action). A proper assessment ofthe system performances should be rnade using 
an object whose cross sectional shape causes significant variations of the sensor output, and hence 
ofthe sensor position. Figure 4 (a) shows the cross section (quoted in millimeters) ofthe object 
employed. The object rotates about its axis of symmetry and allows evaluating the system per
formances in reproducing planar and round surfaces. The object cross section was scanned ten 
times, each time measuring 1600 points. Figure 4 (b) shows the Re values computed for one ofthe 
tests, while Table 3 surnmarizes the results achieved by reporting the maximum and mean errors as 
weil as the standard deviations. 
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TABLE 3. Measurement errors resulting from digitizing ten times the cross section shown in Figure 4 (a). 

Maximum error [mm] Mean Error [mm] Standarddeviation [mm] 
Planar surface 0.252 0.014 0.070 
Round surface 0.099 0.012 0.041 
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FIGURE 4. (a) Cross section ofthe scanned object. (b) Computed Re values 

Figure 5 (b ), ( c ), and ( d) show the results achieved digitizing three sample cross sections of the last 
shown in Figure 5 (a). In the figures the symbol EB shows the position of the center of rotation. 
Figure 5 (b) and ( c) refer to a sections containing the center of rotation. Figure 5 ( d) refers to a 
cross section that does not contain the center of rotation: the lack of points which can be noticed 
near the bottom-left comer of the plotted point cloud can be traced back to the decline in the pho
toelectric sensor performances when the last surface and the laser beam are nearly parallel. 

5. CONCLUSIONS 

Recently 3D object digitizers have begun playing an important role in the footwear industry, in 
particular for generating copies of shoe lasts. A non-contact digitizer for shoe lasts is presented in 
this paper. Compared with the contact digitizers used in the footwear industry the proposed scan
ner is faster (it can measure the position of up to 320 points per second while contact scanners 
usually do no go beyond 180 points per second), much lighter, has smaller dimensions, which 
makes it a portable system, and perrnits an accurate reconstruction of the last extremities. In com
parison with the comrnercially available non-contact last digitizers, which make use of CCD 
cameras, the proposed scanner, though slower, is considerably more accurate and easier to be 
calibrated. 

There arestill some refinements that could be done to improve the system performances. In par
ticular the maximum rotational speed at which scans are currently carried out is limited by the plc 
performances (clock frequency). Additionally by replacing the photoelectric sensor with a more 
accurate one, a higher resolution could be achieved when digitizing last cross sections which do 
not contain the center of rotation. Finally further study is needed to power and control the vertical 
linear actuator, and to perform an effective post-scanning data processing ofthe 3D point clouds. 

ACKNOWLEDGMENTS. The authors wish to acknow1edge Label Elettronica S.r.l. for supporting 
this research. 
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FIGURE 5. (a) The digitized last. (b) Cross section A. (c) Cross section B. (d) Cross section C. 
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ABSTRACT. The objective of the work described in this paper is to demonstrate a laboratory prototype 

for trimming the extemal part of a hide, assuming that the resulting machine would eventually form part 

of a completely automatic system in which hides are uploaded, inspected and parts for assembly are 

downloaded without manual intervention and prior sorting. Detailed Iiterature and international standards 

are included. The expected advantages of integrating all vision based functions in a single machine, 

whose basic architecture is proposed in the paper, are also discussed. 
The developed system is based on a monochrome camera following the leather contour. This work fo

cuses on the image processing algorithms for defect detection on leather and the NC programming issues 

related to the path following optimization, which have been successfully tested with different leather 

types. 

1 INTRODUCTION 

Leather is animal hide or skin and it has been defined by the International Council of Tanners 
(Buenos Aires, 1978) and EEC directive (94/11, 23-04-1994). The most widespread commer
cialleather types are available from a variety of animals including cattle and calves, sheeps and 
lambs, goats, horses, deers and minor classes including reptiles, amphibians and aquatic ani
mals tanned in producing countries usually for local consumption. 
The trim of a hide is its shape having in mind its ultimate use (ISO 2820: 1974). After preserva
tion treatment and processing, trimming raw hides is the first step of the leather manufacturing 
process and is followed by nesting and cutting of components according to the size and shape 
of the final product, which is assembled by gluing and stitching: footwear, clothing, upholstery 
for automobiles and fumiture, accessories (travelling and handbags, gloves, suitcases and brief
cases, straps, handicraft, etc.) and technical goods (machinery belting, hydraulic packing and 
washers, etc.). The hide contours have a higher concentration of defects suchassmall holes and 
fringes which must be eliminated in the trimming operation. 
The automation level in the leather industry is generally low, most operations are carried out 
manually by skilled craftsmen, so a lot can be done in this field to increase the automation 
level. Several attempts are available in the Iiterature for different phases of production and most 
of them make extensive use of artificial vision techniques. 

1.1 STATE OF THE ART 

In [1], a vision based waterjet cutting machine is proposed, focusing on the image processing 
algorithms to measure the leather surface, using a fixed monochrome CCD camera with servo
controlled focal length and a backlighting system. This machine has a better resolution with 
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respect to current methods based on photo-detectors. Regarding the rnachine evolution, exam
ples of nesting taking into account the quality of the different hide areas and the leather 
homogeneity are provided. The waterjet cutting table is supposed to be separate from the in
spection cell, which determines the cutting path. To fully exploit the potential of the waterjet 
technology severalleather layers are supposed to be cut at the same time, but this increases the 
rejection of good material. 
A similar approach has been followed by [2] which also describes a specific handling device 
mounted on a SCARA robot to pickup parts from a conveyor belt at variable speed up to 25 
m/min and lay them flat on a pallet with a positional accuracy of 0.5 mm and 1°. Regarding 
handling, the gripper design is still an open problern and it is also under study at our department 
[3]. 
In [4], a patented rnachine prototype is described, which is able to stitch decorative patterns on 
a wide range of shoe leather and synthetic shoe rnaterials. The system uses no part-dependent 
specialized fittings and accepts parts of predefined shape thrown onto a conveyor in any posi
tion and orientation whose silhouette is automatically identified. Patterns are stored in "teach 
mode" with a mouse as key points and are interpolated by cubic splines during the stitching 
operation. 
The recognition and orientation problems in the manipulation of shoe uppers are also dealt with 
in [5], which concludes emphasizing the benefit of adapting the process to the workpiece by 
flexible computer control, e.g. a vision based approach, as opposed to manipulating the work
piece itself to achieve the desired orientation, because floppy materials are difficult to control 
with sufficient reliability and accuracy during robotic handling. 
Other authors [6] extract geometric features (including the square root ofits area and the length 
of 18 radii from its centroid to its boundary at equal distance from a datum) from binarized 
high-resolution irnages for component recognition purposes ranging between 25 and 400 mm2 

(most between 100 and 250) travelling at four per second. 
Regarding cowhide defect detection, [7] and [8] propose a segmentation algorithm respectively 
using a fixed thresho1d and a new local contrast measure based on features extracted from the 
histogram of leather subirnages. 
Regarding the leather uniformity, international standards can be used as a reference, also for 
certification purposes into different classes. For instance it is required that in tests like rubbing, 
perspiration wateranddry cleaning (ISO 11640 to 11643:1993), water spotting, migration into 
plasticized poly(vinylchloride), rnachine or mild washing (ISO 15700 to 15703:1998) or expo
sition to artificiallight (ISO 105-B02), the color fastness be between 3 and 4 levels according 
to the international gray scale (ISO 1 05-A02), and only where the esthetic appearance is im
portant; for instance, in the shoe industry, it is only required for uppers. 
In [9], a vision system is used to correct the line drawings manually stamped on hides, by con
necting the line interruptions, and to detect the quality of different areas, by recognizing the 
quality marks. By this, the system is able to provide a digital input to a Computer Aided Layout 
Design system (CALD) with a resolution of 1 mm/pixel in about 40 to 120 s per hide, depend
ing on the drawing complexity. This operation, whose 1arger effort is the correction of errors 
coming from previous manual operations, due to the introduction of partial automation, also 
shows the usefulness of a system integrating all automatic functions. 
The automation by a vision system of subsequent assembly operations in the shoe industry, 
such as skiving, which consists in reducing the thickness of the leather by the app1ication of a 
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chamfer or scarf to edges that will over
lap and which would otherwise be 
unacceptably bulky, is described in [5]. 
From the above examples, it can be 
noticed that many aspects of the leather 
manufacturing process have been ap
proached by vision, but a complete 
system is not yet available. A possible 
architecture will be proposed in the first 
part of this paper and the main benefits 
discussed. 

2 THE PROPOSED SYSTEM 

The computer integrated system de
scribed (Figure I) can be installed at the 
end of a preservation processing line for 
trimming purposes or at the beginning of 
an assembly line to optimize cutting. 
Hides are fed to the inspection cell 
where all vision based operations are 
carried out, followed by cells for other 
operations, such as cutting, stitching, 

FIGURE 1. Architecture ofthe computer integrated 
automatic leather processing system. The information 
and material flows are respectively darker and brighter 

etc., depending on the product type. Pallets on a conveyor are used to move the material 
through each operating cell in order to have an absolute reference with respect to all cells. All 
cells are connected to the inspection cell which provides the necessary data for processing. 
The color texture classification is the most effective approach for defect detection, for homoge
neity assessment and to Iabel similar areas. The preferred acquisition device is a color line 
camera. The main benefits are: 
• more repeatable lighting (on a single dimension); 
• higher resolution with respect to matrix CCD. 
The relative movement is achieved by the aforementioned conveyor. The required spatial reso
lution is 0.2 mm/pixel, corresponding to 41.6 cm with a 2048 pixelline camera [6]. For !arger 
machines/hides, multiple cameras can be used to achieve the required resolution. 
In addition to standard lighting, a structured lighting system is also used to discriminate be
tween real defects and wrinkles due to insufficient hide stretching (especially for soft leather) 
after uploading. This method will also increase the system reliability for physical defect detec
tion. A filter [7] is also used to reduce the shadows caused by the waviness. 

2.1 NESTING 

Nesting with hides has two special features: (i) the shape of the defect-free area is always dif
ferent and (ii) the leather homogeneity and classification should also be taken into account. 
An additional criterion is the radial distance of a part, because the leather is a fiber material. 
The preferential direction of fibers is radial, starting from the animal backbone, which is more 
homogeneaus and resistant with respect to the neck, shank and belly, and which should be used 
for higher quality parts [10]. 
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Nesting can be optimized for each hide by involving in this operation a large number of parts, 
e.g. all those scheduled for production during current shift. Special care will be required by the 
identification, handling and housing system to manage the high number of different parts to be 
assembled produced by the automated line. A compromise will be necessary depending on the 
nesting optimization Ievel and the number of parts to be stocked. The amount of material that 
can be saved by optimizing a higher number of parts in the nesting Operation can be easily 
calculated for each application of the machine and it depends on the product type. 

2.2 BENEFITS OF THE SYSTEM 

The main purpose of the system is the hide shape acquisition for the nesting optimization and 
the quality assessment and color measurement for leather sorting. The economic evaluation of 
hides and the multiple mentioned laboratory tests for color fastness (after the machine certifica
tion) would also be possible. 
Additional Operations required by man-made operations, like putting temporary marks on the 
surface of pre-cut or marking a locus for subsequent stitching ( decorative in nature or part of 
the assembly process) would not be required anymore. Suchoperations were automated in [6] 
and [11]. 
The automation of leather trimming or cutting is very challenging because cycle times per com
ponent are very short (in the order ofthe minute) and it is important that they can be matched, 
but it is highly desirable for the following main benefits: 
• improving the safety of the personnet working in a harmful environment and currently 

using sets of sharp knives at high speed; 
• better material exploitation, through an optimization of the cutting path. The operator often 

follows shortcuts to speed up the trimming process thus increasing the rejection of good 
material (Figure 2); 

• objective assessment of the various aspects of surface qualities; 
• improving the process repeatability and productivity with a suitable hardware selection. 
An advantage of a fixed reference, having hides in the same position on the pallet, is that parts 
of any shape and orientation can be extracted without additional recognition or localization 
algorithms for operations such as cutting, decorative stitching or handling, because these infor
mation are already stored in the system. From the Iiterature it turns out that the resolution 
required for defect detection [8] [9] is 5 times higher than that required for recognition and 
orientation [6]. Additional benefits are: 
• there is no need for training the system for recognition and orientation of each new shape 

processed as continuously required by the evolution of fashions; 
• the elimination of recognition and orientation errors, estimated with an accuracy of 0.07 

degrees and 0.2 mm/pixel in [6]; in particular, the difference in dimensions between adja
cent sizes can be small and yet the process needs tobe able to discriminate between them. 
It should be noticed that a typical manufacturing unit might have in process say 20-40 shoe 
styles, each one comprising left and right, each with ten sizes and perhaps as many as 
twenty components in the upper alone. 

3 CURRENT WORK 

Our work is focused on the trimming operation and it is based on a specific request from the 
industry. A laboratory prototype of the machine with its contro1 software has been developed. It 
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is intended for small size hides, while: eattle 
hides ean fit a reetangle up to 3 x 4 m. The 
"home" position is in the center of the 
working spaee, represented by a reetangle of 
321x575 (LUC x .!lY) mm. After the hide has 
been positioned, the eamera is moved from 
the home position towards the extemal bor
der in the radial direetion with angle 8 0 ( 45° 
by default). To test the trimming algorithm, 
the camera moves around and grabs different 
portions of the whole hide. After acquisition 
eaeh image is individually proeessed to de
termine the background and the defeetive 
areas to find the trimming path. This behav-

FRINGE 
MANUAL 

T MMING 

FIGURE 2. An image grabbed with leather defects, 
the optimal convex trimming path, the machirre 
reference system and (part of) the control grid 

ior simulates the analysis of sub-images extraeted from the whole hide image seanned by a line 
eamera. 
No optical distortion (estimated below the order of the pixel) compensation algorithms have 
been used. 

3.1 DEFECT DETECTION 

Defects on hides can be divided into three categories: ante-, post-mortem and preservation 
defects (ISO 2822-1:1998). They include flaws, wrinkles, scars, mites (insect bites), brand and 
growth marks. Hides before trimming have a ragged border with fringes and small holes. To 

discriminate between leather and background, the mode of a 8 x 8 pixel control window in the 
image center is compared with the mode of the background (240). To give an order of magni
tude, the size of a pixel with current magnification and camera resolution is about 0.4 
mm/pixel. With current resolution this is the minimum statistically significant size. 
To determine the defective areas, the current image is divided in a regular grid of 10 x 10 
squares (Figure 2) and the mode is computed for each. A leather area is considered defective if 
its gray Ievel differs significantly from the mean of the modes of all the observed squares, after 
excluding those containing the background (e.g. all squares whose mode is greater then 240). 
The mode of a square is considered instead of the mean because it is faster to calculate and it is 
not affected by the presence (up to about 50%) of pixels belonging to the background or to 
defective areas. In the rare event of a control window containing more than 50% of defective 
pixels, its weight in the calculation of the mean gray Ievel of good pixels will be anyway low, 
because, in the worst case (only 114 ofthe image containing leather and the rest with the back
ground), the mean is calculated on 25 squares. From the mean of modes computed, the 
acceptable range of "good pixels" is calculated. 1t depends on the leather uniformity, in our 
case (-15, +30). 
After binarization, the leather appears as a black surface on white background and an operring 
(a 10 step erosion followed by a dilation) is also performed on the black area to eliminate small 
fringes from the contour. To determine the final contour of the good leather for trimming, the 
leather edge is detected by a convolution using a Laplacian mask. Considering that a binary 
image is input, the result is a white 1 pixel thick path on a black background. 



566 M. Lanzetta, G. Tantussi 

3.2 PATH PLANNING 

The function to optimize in the path planning strategy is the minimization ofthe scrap material. 
The software interface is very simple. It contains one main window and several control buttons. 
It displays the X and Y coordinates of the camera position in real time with respect to the ab
solute reference system joint to the machine. At each acquisition, the points belonging to the 
contour are converted from pixel to mm and from the image reference system to the machine 
absolute system, considering the camera position at the time of acquisition. The Cartesian Coor
dinates returned by the controller card are also converted in polar coordinates R and e with 
respect to the niachine center, which can be assumed as a center of rotation in the trimming 
operation. Hides should be positioned in order to be centered with respect to the machine cen
ter. Considering the radial distribution of fibers and the typical hide shape, this positioning 
allows optimal material exploitation and avoiding undercuts in path planning. 
The use of polar coordinates is very effective in this application for the following reasons. 
1. The initial angular position 8 0 is recorded to determine the trimming end. 
2. They are used to order in a sequence a set of points from a 2D matrix using the coordinate 

e. 
3. To determine the optimal convex path which excludes a hole or a fringe (in the sense of 

Figure 2) the most intemal points between those belonging to the hide contour and those 
belonging to the defect edge, if any, are selected considering the coordinate R. Only the ra
dius of points with the same e approximated to the second decimal digit are compared to 
each other. 

The path polar coordinates are then converted again in Cartesian coordinates that constitute the 
NC input. The unit of measure is the "count" which depends on the resolution of the stepper 
motor and the screw axial pitch. The output of the vision system is a sequence of 2D coordi
nates that are passed on to the axes NC. The path points are 1 pixel apart from each other, so 
the image resolution corresponds to the path resolution. The NC operates in vector mode and 
each new point is input as a difference from the current position. 
The sequence of operations described is executed in real time, while the camera follows the 
profile determined after previous acquisition. The path is followed having the current point in 
the image center. The camera field of view has been selected taking into account the required 
resolution and the typical defect size to allow enough visibility for sudden changes of direc
tions. Any difference in the overlapping of subsequent images is solved by linear interpolation 
by the NC low Ievel routines. 
The trimming path determined by the inspection cell also allows an accurate estimation of the 
defect-free leather area (ISO 11646:1993) that can be used to estimate its value and to schedule 
the amount of raw material necessary to fulfil a certain production request from the market. 

3.3 FEATURESAND TESTING OF THE DEVELOPED SYSTEM 

The inspection cell (Figure 3) is a gantry. The leather is positioned on a bright white panel to 
enhance the contrast with most leather types, which are dark. Two pentaphosphor Osram lamps 
model Lumilux Deluxe with high :frequency power supply have been positioned on the cell 
ceiling symmetrically along the Y axis. The structure is isolated from the environmental light
ing. Two recirculating ball-bearing s1ides carry a monochrome matrix CCD camera model M50 
from Jai with a Computar Telecentric lens to reduce optical distortions. 
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A 4-axis numerical motion controller card 
from Galil model DMC-1740 controls two 2-
phase 95 W hybrid stepper motor from Pa
cific Scientific with bipolar driver. The 
grabhing card is a Matrox Meteor-2MC with 
MIL. Both mentioned cards are installed on a 
Pli MS Windows based PC. The vision and 
control program and interface have been 
programmed using MS Visual Basic. The 
geometric path computations are performed 
using the Mathworks Matlab 6.0 ActiveX. 
The developed system has been used both to 
test the inspection and the trimming routines. 
By its motion the camera simulates the cutting 
head. lt has been shown to be able to recog-
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nize most defects with different Ieather types FIGURE 3. Prototype ofthe inspection cell 
and to simulate the trimming path. The sur-
face finish and color has a strong influence on the outcome of inspection, yielding better results 
with brighter leather. Flaws on dark Ieather require higher light intensity. Highly reflective 
surface can create patchy saturated regions causing mis-detection. 
The inspection and trimming time for a 320.000 mm2 hide with a path of 2000 mm is about 2 
minutes (the average speed with current hardware is upper limited). The time to process each 
image is less than a second. 

4 FUTURE DEVELOPMENTS AND CONCLUSIONS 

The simple defect detection algorithm developed is based on the average gray Ievel of the ex
amined leather. In the final system an additional routine will be necessary for the classification 
of the leather texture in different homogenous areas. The Iiterature on this is very rich ([7] [8] 
[12] [13] and the bibliography included therein). This will also allow overcoming the hypothe
sis of a white background that could be too stringent with the same pallet used in the cutting 
cell. On the other side some defects are too subtle to robustly influence the parameters of the 
statistical model alone, so both detection approaches cooperating will be required. 
The great potential of concentrating all vision based functions in a single machine has been 
shown from the analysis of Iiterature and the description of the proposed system. The technol
ogy required for its implementation is state of the art, so the next step is their integration and 
engineering. The main drawback of this radical approach is the low technology Ievel of the 
Ieather industry and consequently the small target market in the short term. So further applied 
research is required in order to increase the cost effectiveness of a completely automatic in
spection and processing system. The defect detection and the path following algorithms 
implemented and described in this paper can be included in such system. 
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ABSTRACT. This paper illustrates an experimental method to assess the accuracy of a three-dimensional 
(3D) vision system for the inspection of complex geometry. The aim is to provide a procedure to evaluate 
task related measurement uncertainty for virtually any measurement task. The key element ofthe method is 
the use of a coordinate measuring machine (CMM) to supply reference measurements as basis for realistic 
statements of measurement uncertainty. Since robust techniques to establish traceability in CMM 
measurements of complex geometry are available, a CMM-based approach is suitable for the purpose to 
establish traceability. Accuracy performances of optical digitisation systems are assessed on the basis of 
deviations existing between acquired cloud points and the CMM measurements. To demonstrate the 
feasibility ofthe proposed method, the procedure is applied to an industrial case study. 

1 INTRODUCTION 

Traditionally, in manufacturing industry, geometrical inspection of items has relied strongly on 
techniques utilizing touch probe technologies. For regular geometry objects, such measuring 
techniques ensure both rapidity and accuracy. However, as components become free-form and 
more complex, non-contact methods become increasingly advantageaus [1]. 

When inspecting complex free-form shapes with a touchprobe method, only a small number of 
points are actually measured. Using non-contact methods, instead, a much denser point cloud can 
be acquired in a very short period of time [2]. This is just what is needed for the inspection of 
complex free-form surfaces, where the importance of the accuracy of a single point measurement 
is often irrelevant in comparison with the density of the inspected data and the coverage over 
critical areas. 

In recent years, developments in non-contact metrology have increased dramatically. The 
increase of accuracy of optical systems has allowed the spread of such systems from reverse 
engineering applications to inspection of complex geometrical tolerances. However, in 
comparison with reverse engineering applications, the use of non-contact systems in dimensional 
and geometrical control requires an increased care to measurement quality assurance. The user, 
hence, needs to identify the metrological performances of such new measuring instruments. 

Performance verification of measuring systems for complex measurements of free-form surfaces 
is not an easy task. In a digitisation made with 3D vision equipment, for example, it is not 
immediate to determine which is the degree of agreement between the result of measurement ~ a 
point cloud ~ and the true measured object. There is not a simple relationship, for instance, 
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between the accuracy of a single point measurement and the overall accuracy of the whole point 
cloud model. 

Furthermore, there exists not an international standard on performance verification of optical 
systems. Thus, specifications provided by manufacturers on the accuracy of common commercial 
3D vision systems are often unclear. The parameters with which such specifications are expressed 
and the way in which they are determined differ from a producer to another. This increases the 
difficulties that are met by users when comparing performances of different optical instruments. 

2 APPROACH 

In a quality management system, the measuring instruments shall be calibrated against certified 
equipment having a known and valid relationship to intemationally or nationally recognised 
standards, in order to establish traceability [3]. According to the Guide to the Expression of 
Uncertainty in Measurement (GUM), a calibration includes the assessment ofthe uncertainties in 
the results of the measurement tasks. For a 3D vision system, however, an a priori assessment 
may be too complex because the influence quantities that can affect the result of an optical 
measurement are extremely numerous: they encompass surface characteristics of the measured 
object, lighting conditions, elaboration algorithms and many other factors [4]. 

The aim of this paper is to propose an experimental method to evaluate the accuracy of a 3D 
vision system for the inspection of complex geometry. The proposed methodology is intended to 
supply realistic statements of measurement uncertainties, with the purpose to establish 
traceability. The procedure is developed with a task-specific approach, in which the errors are 
evaluated for a specific measurement by comparing the results with a more accurate measuring 
system. The procedure allows the evaluation of task related measurement uncertainty for virtually 
any measurement task. 

The key element ofthe method is the use ofa coordinate measuring machine (CMM) as the link 
to the traceability chain. Such approach can be used in preference to the utilization of calibrated 
standards when inspecting free-form artefacts. The use of a state-of-the-art CMM, in fact, allows 
the inspection of a free-form object with the highest accuracy achievable nowadays. In general, 
CMM accuracy is often more than ten times higher than the accuracy reached with optical vision 
systems used for the same measuring task. Since techniques to establish traceability in CMM 
measurements of complex geometry arealready consolidated, it appears clear that a CMM-based 
procedure is adequate to verify performances of optical digitisation systems in terms of deviation 
of measured points from the original physical object. 

The proposed approach allows verifying the accuracy of measuring results independently from 
the specific non-contact system. The origin of the tested model, in other words, is not restrictive. 
Moreover, different kinds of model can be verified with the same methodology: besides point 
cloud models, triangulated and parametric surface models can be investigated with little 
adjustment to the procedure. Multiple views models, finally, are suitable for the verification as 
well as single view ones. 
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3 METHODOLOGY 

The accuracy evaluation of non-contact systems for the inspection of complex geometry is 
achievable by implementing a CMM-based procedure. The outline of the method is shown in 
Figure 1. Essentially, it consists ofthe following phases. 

3.1 NON-CONTACT MEASUREMENT 

In the flrst phase, the digitisation with the vision system to be verifled gives the non-contact 
model of the physical object. The object is scanned using one of the various non-contact 
techniques currently available. A typical 3D vision system projects light pattern on to the object 
and observes the intersection of the object surface and the light pattern through electronic 
cameras. A precise knowledge of the relative positioning of the light projector and the camera, 
calculated during calibration, is critical ifthe depth data aretobe calculated accurately. 

The resulting point cloud is generally extremely dense and is typically collected in a few seconds 
only. However, a single view is usually insufficient to fully measure an object in three 
dimensions. In this circumstance several digitisation from different orientation are required to 
fully cover the object. Each single view is assembled to the others by speciflc algorithms. The 
assembling accuracy can strongly influence the overall accuracy of the final model. The result of 
this phase, therefore, is a multiple view model of point clouds. 

I Physical object J 
Non-contact measurement 

l Point cloud 

Pre-processing of data and CAD modelling [ CAD - Point cloud deviation J 
l CAD surfaces 

CMM measurement 

I CMM uncertainty I I CMM - CAD deviation I 
~ 

I CMM - Point cloud deviation J 
1 

I Accuracy evaluation of the non-contact system J 
FIGURE 1. Outline ofthe method. 
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3.2 PRE-PROCESSING OF DATAAND CAD MODELLING 

In the second phase, the acquired point clouds are pre-processed in order to prepare the data for 
the reconstruction of the CAD surfaces. Points can also be fittered in order to reduce the density 
of clouds and control the distribution over critical areas. 

After pre-processing, parametric surfaces are defmed over the point clouds. The strategy 
undertaken for surface reconstruction depends on the used CAD package. While some CAD 
packages can handle mass point clouds directly, others have limited point-handling capability or 
only can handle section line data. 

In this phase it is also possible to evaluate the deviations existing between reconstructed surfaces 
and original point clouds. The assessment of such deviations is an essential step of the procedure 
for the estimation of the non-contact system accuracy. The surface can be analysed in terms of 
deviations against the cloud data (for example via colour plots). The result is a CAD modelthat 
represents the point cloud within a specified tolerance. 

3.3 CMM MEASUREMENT 

Previously generated CAD surfaces are imported in the CMM system. The CAD-based 
measuring software available on CMMs allows the programming of freeform CMM 
measurements and the evaluation of results with reference to CAD surfaces. The CMM can be 
programmed on the basis of paths drawn on the CAD surfaces, so that the CMM prohing 
direction matches the normal direction to the CAD surfaces. The availability of the surface model 
provides the CMM with fundamental information for the measurement: dimension, shape and 
surface normal direction of the object. The touch probe measuring process is planned using 
predefined inspection plan functions available in the CMM software. 

The coordinate system adopted in the optical digitisation is not used directly in the CMM system. 
Consequently, the errors caused by the 3D vision system have no influence in the coordinate 
system defmition. The alignment is automatically improved using a 3D best-fit function available 
in the CMM software. 

After the measurement, the deviations existing between the points acquired by the CMM ( actual 
points) and those on the CAD surfaces (nominal points) are calculated. These deviations are 
defined as the shortest distance between a measured actual point and the point on the CAD 
surface calculated as the projection ofthe actual point. 

3.4 ASSESSMENT OF DEVIATIONS 

The local deviation between CMM measurement and non-contact measurement consists of two 
components: 

the deviation between optically measured point clouds and CAD surfaces (see 3.2) and 

the deviation between CAD surfaces and CMM measurements (see 3.3). 

The fmal step of the procedure is the composition of such two components. 
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Both deviations are calculated as normal distances of points from CAD surfaces. The 

composition is made by an algebraic sum of the two distances. As a result, it gives back the total 

deviation between the non-contact point clouds and the CMM measurements. Since the 

measuring accuracy ofthe CMM is known, it is now possible to assess task-related accuracy. 

4 CASE STUDY: THE TURBINE BLADE 

The 3D-vision inspection of an industrial turbine blade has been used as example to demonstrate 

the feasibility ofthe proposed methodology. 

4.1 INSTRUMENTS 

The non-contact system used in the current work is a commercial whole field profilometer system 

based on active stereovision, where bi-dimensional pattems of light are projected on the part and 

acquired by a video camera. According to specifications given by the manufacturer, the system 

performs fast acquisition of surfaces with measuring accuracy of single-views within 120 Jlm 

(2cr). Such value is only a parameter given by the manufacturer for the used range of acquisition, 

without any mention about the specific measurement task. 

For the accuracy verification, a coordinate measuring machine having scanning contact probe 

was used. The CMM system is equipped with dedicated software to measure free-form surfaces 

on the basis of CAD models. The mono-dirnensionallength measuring uncertainty of the specific 

CMM is U1 = 2.2 f.!ID + L/300 (where L is the measured length expressed in mm) [5]. 

4.2 PROCEDURE APPLICATION 

The optical acquisition of the turbine blade surface was carried out by digitising eight partial 

views, corresponding to eight different measurements from different viewpoints. The system 

generates very dense point clouds: each range image has a resolution of768 x 576 pixels (X x Y). 
Each view covers a measuring volume of 200 mm x 150 mm x 100 mm (X x Y x Z). 

After that the eight distinct point clouds were aligned in a common reference system (see Fig. 2), 

the !arge set of points was pre-processed in order to produce regular clouds of points to facilitate 
the reconstruction of CAD surfaces. The undertaken strategy for the manipulation of points was 

to create section lines of the turbine blade surface as shown in Fig. 3. Points filtering and curve 

formation were performed by selecting points laying on parallel planes. 

FIGURE 2. Acquired point clouds aligned in a common reference system. 
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FIGURE 3. Curves generated for the reconstruction of CAD surfaces. 

By means of the curves defmed in the previous step, the CAD surfaces were automatically 
reconstructeq. The fmal CAD model of functional surface is shown in Fig. 4. The maximum 
deviation of the parametric surfaces from point cloud was verified within a specified tolerance of 
0.008mm. 

The CAD model was used to drive the contact probe during CMM measuring. Since the CMM 
software easily performs mathematical alignment and path planning definition, the turbine blade 
was fixed on the CMM table with no reference to the alignment in use for optical measurements. 
Then, using predefmed functions available in the CMM environment, the off-line programming 
was carried out and, fmally, scanning techniques were applied to measure the part. 

The local deviations between optically measured point clouds and CAD surfaces were calculated 
by means of the CAD system, while the deviations between CAD surfaces and CMM 
measurements were given by the CMM software. The final stage of the process, the sum of the 
two deviation components, gave back an assessment of task-related accuracy, as exposed in next 
section. 

FIGURE 4. Shading ofthe reconstructed CAD model. 

4.3 EXPERIMENTAL RESULTS 

In the specific application of the procedure to the turbine blade, the deviation between nominal 
points on the CAD surface and actual points from CMM measurements was found to be bigger 
than 0.1 mm for the majority of inspected areas. In comparison with such considerable deviation, 
the point clouds to CAD surface distance (less than 0.008 mm for every point) and the CMM 
uncertainty for scanning measurements over CAD model (less than 0.01 mm) [6] can be 
neglected. Forthis reason the accuracy assessment for the specific task can be directly estimated 
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from the deviation existing between nominal points on the CAD surfaces and actual points 
measured with CMM. 

Experimental results show a significant difference between the accuracy of a single view 
acquisition and the accuracy of the whole multiple-view model. In the following details on this 
are given. 

SINGLE VIEW. At first, point clouds coming from different views were examined separately. 
The alignment of each examined point cloud was automatically improved using a 3D best-fit 
function available in the CMM software. This allowed to estimate the digitising error of a single 
view acquisition. For CMM measurements over nominal points belonging to a same view it was 
found that for 95% of data the deviation between nominal and actual points are within 0.15 mm. 

MULTIPLE VIEWS. The whole model obtained from the alignment of distinct point clouds in a 
common reference system was verified by following scanning paths over the entire surface of the 
turbine blade. This allowed to estimate the digitising error of the multiple view acquisition. For 
CMM measurements over nominal points belonging to distinct views it was found that for the 
95% of data the deviation between nominal and actual points are within 1 mm. 

The considerable difference existing between the estimated accuracy of a single view acquisition 
(0.15 mm) and the estimated accuracy of the whole multiple-view model (1 mm) is largely 
imputable to the errors introduced during the alignment of distinct views. The alignment ofviews 
is a critical operation that has a strong influence on the overall accuracy of the reconstructed 
model. In the dimensional inspection with 3D vision systems, therefore, techniques for the 
assembling ofviews play a main role in the achievement ofbetter metrological performances. 

5 CONCLUSION 

In this paper, an experimental method for performance verification of a 3D vision system has 
been described, with the specific purpose to assess the accuracy of the system when inspecting 
complex geometry. The procedure can be used to evaluate task related measurement uncertainty 
for virtually any measurement task. The key element of the procedure is the use of a coordinate 
measuring machine as the link to the traceability chain. 

The accuracy estimation is achieved by determining the deviation existing between the points 
measured with the non-contact system and the true geometry of the original physical object. To 
identify the true geometry of the original physical object with a known degree of uncertainty, a 
CMM is used to measure the original physical object, following paths drawn on CAD surfaces 
reconstructed over the point clouds coming from the optical system. 

A concrete example was also presented: the inspection of an industrial turbine blade by means of 
a commercial whole field profilometer system. Experimental results showed a significant 
difference between the accuracy of a single view acquisition and the accuracy of the whole 
multiple-view model, the frrst being within 0.15 mm (95% of points) and the second within 1 mm 
(95% ofpoints). The difference is largely imputable to the errors introduced during the alignment 
of distinct views. Assembling of views, therefore, is a critical step for high accuracy 
measurements. 
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ABSTRACT. In this paper, the most important results obtained by the simulated application of 
autonomaus agent paradigms to a real factory are presented. The classical rules of dispatehing are 
compared with the autonomaus agents approach. In particular, the possibility of redesigning the negotiation 
rules in terms of currency in order to take into account even non-time-related costs is considered. Finally, a 
new project on the effective application of the autonomaus agent system to a test bed, modeHing a 
simplified firm, is proposed. 

1 INTRODUCTION 

This work originates from a case study on an existing ftrm producing printed plastic items. A 
detailed simulation model has been developed for it, taking into account details sometimes 
disregarded in the literature, such as set-up times, transportation times, machine failures, etc. The 
model has been used as a test bed to compare the performance yielded by traditional dispatehing 
rules versus autonomous agent paradigms as possible shop control schemes. Tardiness-based 
measures have been used for evaluating the relative performance of the dispatehing rules based 
scheme. A thorough description of this work can be found in [ 1]. The most interesting ftndings 
have been developed in [2]. 

Based on these results, we propose a project for the effective application of these negotiation 
schemes to an ideal, simplifted ftrm. A scheme of negotiation protocol based on currency 
functions is also considered. 

The structure of the paper is as follows: in the next section some features of the real ftrm 
considered are described. Then, the autonomous agent system is briefly introduced. In section 4 
the dispatehing rules used for minimizing tardy jobs and the related versions of the negotiation 
protocol are presented. Performance evaluation results are summarized in section 5. A new 
negotiation protocol based on currency scheme is presented in section 6. The effective application 
of the autonomous agent system to a new test bed, is introduced in the last section. 

2 CASE STUDY: THE REAL FIRM 

The simulated test bed, based on an existing ftrm producing printed plastic items from simple 
plastic sheets, has been already presented in a previous work [2]. We summarize here its most 
important features: 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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• There are 21 machines (some machines can be dustered together when they perform the 
same action); 

• Some machines work 24 hours per day, some others either 16 hours per day, or 8 hours per 
day; during the weckend the factory is closed; 

• More than 1000 different items are produced; 

• Each item has to be worked at least on 2 machines; 

• There are not re-workings on the same article; 

• If an item needs a particular action, it can choose between two or more machines of the 
relative machine cluster; 

• The switching between different items on a same machine often requires a set-up timethat 
we have considered; 

• The simulated model includes the possibility of machine failures; 

• Work orders can arrive at unforeseen times in the day; 

• Each order is divided on pallets: each ofthem carries 400 plastic sheets; 

• Preemption of an order is allowed between the processing of two different pallets, not 
between the sheets ofthe same pallet; 

• "Just in time" approach is applied in the real factory production; 

• The flow of work in progress is assured by a system of AGVs (automatically guided 
vehicles); 

• Due dates are calculated using TWK-method presented in [3]. 

The simulation model has been implemented using eM-Plant® software (version 4.0), provided 
by Tecnomatix Technologies Ltd. 

3 THE AUTONOMOUS AGENT SYSTEM 

The basic entities ofthe manufacturing process modeledas autonomous agents are: 

• The machines; 

• The work orders; 

• The pallets of each work order, 

which interact dynamically to generate the production schedule. Two other types of agent are 
introduced: 

• Transportation agents (AGVs aremodeledas transportation agents); 

• Database agent ( as a simple staff hol an [ 4 ]), with the function of collecting only immutable 
data, such as fixed sequences of machines, which have to be visited by each article. 
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The last two mentioned agents do not have an active part in the protocol negotiation and are 

usually called objects. 

The interaction scheme between agents uses a bidding mechanism based on the contract net 

protocol idea. Agents have to know time dependent information only through mutual interaction. 

The negotiation protocol based on the dispatehing rules based scheme has been developed in 

different versions, whose details can be found.in [1]. Each version introduces new features to one 

or more agents of the system in order to increase the quality of agent interaction and system 

performance. 

4 DISPATCHING RULES BASED SCHEME AND SCHEDULING EVOLUTION 

In [1] and [2] two dispatehing rules particularly suited for minimizing tardiness-based measures 

(see [5]) have been used: RR (Raghu and Rajendran) and PT+WINQ+SL (processing time plus 

work in next queue plus slack). These rules, using slack values, process preferably orders that can 

be completed sooner, thus trying to reduce the nurober of tardy orders. 

The negotiation protocol includes only the PT+WINQ+SL rule for the priority evaluation, 

because it involves a smaller nurober ofvariables than RR. 

PT+WINQ+SL works out the priority value Z/ ofthe order i at timet, using the processing time 

pij ofthe generic order operationj, the relative slack s/ and the work Wm1 in the queue ofmachine 

m at timet: 

1 {piJ + rnin(s; ,0) 

Z; = piJ + W~ + rnin(s: ,0) 

if j =k; 

if j < k;, 

where k; is the nurober of operations needed to process the order i. 

(1) 

The negotiation protoco1 includes the PT+WINQ+SL ru1e for the priority evaluation. In [1] and 

[2] the use ofthe dispatehing rule is different from what found in Iiterature (see [6], [7], [8], [9]) 

and, in addition, the used protocol considers set-up times, that often are not considered for 

simplicity in other works. 

As mentioned above, different versions of the scheduling mechanism have been proposed. The 

first, and most elementary one uses the PT+WINQ+SL rule implemented in a distributed 

architecture. In absence of a central coordination mechanism, work load is not decided by a 

central dispateher as using simple dispatehing schemes, but is derived on-line from the concurrent 

cooperation between agents. 

The system operates as follows. Each pallet, once an operation has been completed or the frrst 

operation is going to begin, requests from the database agent the list of the machirres able to 

perform the next needed action. Once this list has been acquired, the pallet agent notifies its 

presence to all these machines. Then machirre agents record this notification of presence in a list. 

The list of each machirre contains the information about the pallets that could be immediately 
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proeessed by that maehine. When the input buffer of a maehine empties, the maehine agent, if the 
maehine is not failed, seleets one ofthe pallets in its list. 

Eaeh pallet belongs to a work order, whose agent behaves as a supervisor for its pallet agents, so 
the maehine agent sends a "request for information" to eaeh order agent whieh has at least one 
pallet reeorded in the maehine list. Order data, whieh eonsist of the information neeessary for 
priority value eomputation, are eollected and reeorded in proper fields of the different maehine 
lists. 

The pallet to be proeessed is then seleeted using the dispatehing rule in order to evaluate the 
eonvenienee of proeessing a partieular order. In the negotiation phase, maehine agents try to limit 
the number of setups proeessing without interruptions batehes of pallets earrying the same article. 
In this first version ofthe system, pallet agents are passive: they have only to notify their presenee 
to the maehines and wait for a eall for proeessing. Aeeordingly, eontrol is performed mainly by 
maehine agents. 

The negotiation between agents has been improved in several ways. Eaeh improvement to the 
interaetion between pallet and maehine agents has improved performanee measures, in terms of 
experieneed tardiness. 

In the final version, the pallet has a more aetive role in the negotiation protoeol. Eaeh maehine 
agent has two lists: 

• Ctrl_list, in whieh pallet notifieations ofpresenee are reeorded (as explained above); 

• Order _Iist, whieh has the funetion of a reservation register for the maehine agent: here 
pallets whieh are going to be proeessed on that maehine are reeorded. 

Now the system operates as follows. Onee the input buffer has beeome empty, if order _Iist is not 
empty, the maehine "ealls for proeessing" one of the pallets reeorded there in FIFO order. If 
order _Iist is empty, the maehine agent, by means of the dispatehing rule, "eleets" one of the 
pallets reeorded in its ctrl_list, giving it the ehanee to begin a bargairring phase with all maehine 
agents able to perform the needed aetion. 

The eleeted pallet eommunieates with these maehine agents (whose buffer or order _Iist may be 
not empty), in order to have both an evaluation of waiting time and a permission of being 
proeessed. Then the pallet agent ehooses the maehine with the lowest waiting time evaluation 
among the ones whieh have given positive permission of proeessing and reserves its next 
operation by means of a reeord in the order _Iist ofthat maehine. 

Whenever a maehine failure oeeurs, the maehine agent releases the pallets in its order _Iist (they 
have to begin a new phase eommunieating their notifieations of presenee to the maehines and so 
on) and gives no more permissions ofproeessing as far as failure persists. Pallet agents whieh ean 
be proeessed by other maehines, automatieally avoid the failed maehine without the neeessity of 
special algorithms or behaviors to manage the problematic situation. 

Beyond the order Iist introduetion, this version of the system shows other two important 
features: 
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• dispatehing rule is slightly changed in order to give more importance to production order 
slack; 

• possibility of accelerating production orders with work breaks among pallets over 24 hours is 
introduced. Order agent acts as a supervisor for its pallet agent: if it detects a pause Ionger 
than 24 hours, a boolean flag is set as true and the pallet will be processed with high priority. 

According to [8], autonomous agent systems may be classified in: 

• part-centered bidding: machines make bids and compete with each other to obtain a part to 
process. The part chooses the machine offering the best bid; 

• machine-centered bidding: parts make bids to the machines; the machine accepts to process 
the more attractive part. 

The scheme described above can be considered as a mixture of the previous ones: the negotiation 
protocol leaves to the pallet agent the final choice, but only between machines which have 
previously given their permission. 

5 PERFORMANCE EVALUATION 

Results are an average of 50 simulation runs, each one composed by 2.500 work orders. 

In Table 1 experimental results about mean tardiness, max tardiness and percentage of tardy 
orders are summarized. 

Mean tardiness (sec) IMax tardiness (sec) Yo Tardy orders 

~ 12.176 --- ---
IPT+WINQ+SL 10.652 --- ---
iAA first version 5.274 107.795 34,51% 

[AA final version 2.917 61.049 30,13% 

Table 1: Mean Tardiness, Max Tardiness, Percentage ofTardy Orders 

In terms of mean tardiness, the autonomous agent versions obtain a strong improvement respect 
to RR and PT+WINQ+SL. In the autonomous agents last version, the mean tardiness is reduced 
to 45% ofthe first one. 

The final autonomous agents version obtains significantly the best performances even in terms of 
maximum tardiness, variance oftardiness and percentage oftardy orders. 

ANOVA and Duncan's multiple range test [10] have been used with significance Ievel a = 1% 
in order to verify that performance measures are significantly different and normality assumption 
of data samples has been verified using a chi-square test again with significance Ievel a = 1% . 

Our test-bed and simulation experiments have generated interesting results in heterarchical 
production scheduling. The merits of the proposed bidding technique have been established and 
analysis of results have pointed out directions for extending our protocol. 
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6 CURRENCY SCHEME 

On the developed models based on the PT+WINQ+SL dispatehing priority rule, we are currently 
evaluating the introduction of a new negotiation scheme based on currency values [ 11]. 

The most important feature of this approach is the possibility to introduce a non linear 
dependence of the currency on the time before and after the due date, using shape factors in the 
conversion functions. This kind of negotiation model may include all costs that cannot be 
expressed in temporal terms, as order costs and penalty on tardy orders. The parameters in the 
shape functions may be used also to customize the protocol to firm requirements. 

The negotiation protocol structure is the following. Production orders enter the system with some 
budget, depending on their priority evaluated, for instance, according to a non-linear function of 
the order slack. Order agents broadcast processing requests to all machines able to process them. 
Bach machine has a limited buffer to store the parts to be processed. The machines that have not 
exceeded the buffer Iimit will reply with a bid, based on expected completion time and on the 
past bid success rate [11 ]. The order agent selects the lowest bid, and controls that it is not over its 
budget. The selected machine, after re-verifying its buffer Iimit, accepts the process and 
periodically confirms its availability. In any case in which the previous conditions are not 
verified, the order agent works out a new budget according to the new slack condition of the 
order, and broadcasts again a bid request. 

7 APPLICATIVE PROJECT 

As mentioned in the introduction, at present we have devised a project, which has, as final 
objective, the implementation of a generat model, which can be applied with low cost to most 
manufacturing firms. The basic features ofthe model are: 

• The flexibility toward the application to different structures. The model must not be 
developed "ad hoc" for the case study, but should be general enough to be customizable at a 
low cost for many sensibly but not radically different manufacturing firms. 

• The interchange ability of different strategies that can be applied. We should easily substitute 
the algorithms ofthe agents without reprogramming the model. 

Beyond all this, to improve and finalize the project, the project contemplates producing a new test 
bed, so we can gradually insert real hardware autonomous agents, starting with machine agents. 
In order to achieve it we are working with an engineering and research firm, specialized in using 
electronics and information technologies to globally manage and control industrial production 
processes. 

Obviously, in order to manage the project, we intend to achieve it in several steps. The first one is 
the application of real autonomous agents to a simple and featurable firm, created with a 
laboratory simulator and composed of 4 different machines. Production orders should be 
composed of pallet and each item has to be processed by two or more machines, with a fixed 
sequence. 

The engineering and research firm uses simple process computers connected to the machines, 
having two functions: 
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• Checking the machine status ( on, off, out of order, etc. ); 

• Sending and recording information about the current operation (they are programmable by 

the machine operator). 

The collected information is stored in a central database and it gives a complete description of 

production process and firm status. The model in which we are introducing hardware autonomaus 

agents is proposed in figure 1. Presently, the process computers are used only to acquire and store 

data in a database. The database is connected to a scheduler that tries to improve the system 

performance and stores crucia1 data in the study of consequences of machine failures. 

Machine A 
Process computer A ~ -j Process computer C 

MachineC 

Machine B 
Process computer B ~ ~ Process computer D 

Machine D 

....... __. 

~ .f J database r l scheduler 

....... __. 

FIGURE 1. Acquiring and storing scheme, using process computers 

W e are working to improve this passive ro1e of the process computers, in order to convert them in 

hardware machine agents, as proposed in figure 2. In the scheme of figure 2 all process 
computers are connected, and use XML standard for communications with TCP-IP protocol. 
Process computers, used as machine autonomaus agents, will be programmed with UML 

standard, or similar and specifics languages as AUML. When the laboratory simulator is 

complete, we should test several negotiation protocols and their adaptability on different kind of 

production orders. 
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MachineA 
Process computer A 
Machine aeent A 
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~ r----j Process computer C 
Machine C 

1 ~ 1 Machine ageot C 
L..-------'~------r--j.._~ V ~ 

/><~ 1r 
Machine B ~------------L-~ ~--L-----------~ 

L.. H......J Proccss computer D Process computer B 
Machine aecnt B ' Machine agent D '..:...___ 

~--------------~ 

~--------::::: 
database 

Machine D 

FIGURE 2. Process computers used as machine autonomous agents 
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ABSTRACT: PI controllers for firs~-order time-delayed processes can be designed on the basis of a nor
malized model according to open-loop frequency-domain specifications. To this purpose, it is convenient 
to refer to the charts representing the loci of constant stability margins and eross-over frequencies in the 
plane of normalized parameters. It is shown how the designer can avail hirnself of these charts to easily 
evaluate the effects of changes in the process parameters and, thus, control system robustness. In particular, 

the situation corresponding to the least stability margin is identified together with the related eross-over 
frequency. The procedure is illustrated with the aid of representative examples. 

1 INTRODUCTION AND PROBLEM STATEMENT 

PI controller tuning can be based on a normalization of the open-loop transfer function and on 
frequency domain specifications along the following lines. 

Let the actual process transfer function be approximated by the standard first-order lag plus 
delay (FOLPD) model [1], [2],[3]: 

-U 
P(s) =K-1e A, 

+Ts 
(1) 

where the independent variable has been denoted by a hat because the standard symbol s will be 
reserved to the normalized variable, and Iet the PI controller transfer function be represented by: 

The above-mentioned normalization is based on the variable transformation: 

s:=Ts, 
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(2) 

(3) 
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leading to the normalized open-loop transfer function: 

where: 

(a+bs)e-ts 
G(s) - _.:_______:_....,....

- s(1+s) ' 

L 
a := K1KT, b := KpK, 't = r· 

(4) 

(5) 

Note that parameter 't depends on the process only, whereas a and b are also proportional to 
the controller parameters K1 and Kp. 

Since (2) contains two "free" parameters, it makes sense to refer to a pair of independent 
performance specifications; here we consider the phase margin mq" accounting for stability ro
bustness and transient precision, and the gain eross-over frequency ffiA, accounting for response 
promptness and filtering properties (altematively, the pair mlfl, mg could be considered). 

As shown in [ 4 ], the points of the ( a, b )-plane characterized by a constant value of mlfl form 
a curve (indicated in the sequel by m~p=const) whose shape depends on the normalized delay 't, 
whereas the loci ffiA=const (ellipses) are independent of it. Therefore, from a practical point of 
view it is required: (i) to consider the diagram with the loci m~p=const for a number of 't values, 
and (ii) to superimpose the curves of ffiA=const on these diagrams. 

By way of example, the family of lines ffiA =const and m~p=const for 't = 0.5 is represented in 
Fig.l. The boundary of the stability region on the ( a, b )-plane is formed by the right half-plane 
arc where mlfl = 0° and by the segment of the b-axis (a = 0) included between its intersections 
with such axis. 

b 

-4L-------------
-5L__ _ _L__--:---------:--------'-------'--'------'----__J.____j 

a 

Figure 1: Chart for 't = 0.5 with the loci mlfl =const and ffiA =const 

After the process transfer function ( 1) has been identified [ 5] and the relevant value of 't = f 
has been determined, from the specification on the gain eross-over frequency, i.e., &A = &~, one 
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immediately obtains the desired normalized eross-over frequency roA. = T&A_. Then, the coordi

nates ( a*, b*) of the intersection, if any, between the curve ffiA = roA. and the curve corresponding 
to the desired phase margin m<Jl = m~ on the chart for 't are evaluated. Finally, the values K; 
and Kj of the controller parameters ensuring that C(s)P(s) exhibits the eross-over frequency 
&,4 = tmA. and phase margin m~ are computed as: 

a* 
KJ=-. 

KT 
(6) 

The procedure for finding a* and b* is illustrated in Fig.2 with reference to the process transfer 
function: 

e-0.5§ 

P(s) = 1 +s, (7) 

for which K = T = 1 and L = 0.5 (so that 't = 0.5), and to the specifications: m<Jl = m~ = 60°, 
&A = &,4 = 1 (so that roA. = 1). From (6) it follows that K; = b* = 0.9761 and Kj = a* = 1.0233. 

b 

-2 

m =60° 
$ 

-3L---~----~--~----~--~ 
0 

a 

Figure 2: Determination of the parameter values a* and b* satisfying the specifications ffiA = 1 
and m<p = 60° 

The next section analyses the robustness of the resulting design when the model parameters 

are allowed to vary over prescribed intervals. 

2 ROBUSTNESS ANALYSIS 

Let us assume that the uncertainty on the process parameters is described by the inequalities: 

(8) 
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and that the controller parameters are tuned to the values Kp and KI computed according to the 
procedure outlined in Section 1 with reference to the nominal values Kn , Tn and Ln of the process 
parameters K , T and L. 

Relations (8) define a parallelepiped in the (K, T,L)-space which is mapped by (5) into a 
6-face solid V. of the (a, b, 't)-space as exemplified in Fig.3 (eight edges of V. are straight-line 

07 

•• 
•.. 
OJ, ,. 

1.2 

b 
•• 

0.7 o.e 0.9 , 
1.1 12 1.3 

0.$ 0,4 OS 06 

a 

Figure 3: Representation of the uncertainty solid in the (K, T,L)-space 

segments and four edges are curved arcs). The warst situation compatible with the given pa
rameter ranges, i.e., the one leading to the least phase margin, can easily be evaluated using 
the above-mentioned charts as follows. First, the range '1J of 't-values corresponding to (8) is 
computed as: 

']) := ['tm, 'tM] := [Lm, LM]. 
TM Tm 

(9) 

Then, the intersections of V. with a suitable number of planes 't = i, i E 'lJ, are determined. The 
resulting plane figures have the form of a trapezium, like the one in Fig.4, whose two parallel 
sides are always on the same (horizontal) straight lines: 

(10) 

The other (slanted) sides belong to the straight lines through the origin with slopes: 

Kp 1 Kp 1 
Ytt,m := Kn' Ytt,M := K~' 

I 't ,M I 't ,m 
(11) 

where: 

(12) 
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Figure 4: Intersection of the uncertainty solid with a plane 't = -t =const. 

lt follows that the coordinates of the four vertices of the trapezium of Fig.4 are: 

- point A: 

- point B: 

- point C: 

- point D: 

(aA,bA) = ('Y_j_bm,bm) = (T:rMKmKI,KmKP), 
tm ' 

(aB,bB) = ('Yi:Mbm,bm) = (T:r,mKmKI,KmKP), 

(ac,bc) = ('Yt,MbM,bM) = (T:r,mKMKI,KMKP), 

(av,bv) = ( -'Y.1 bM,bM) = (T:rMKMKI,KMKp). 
't,m ' 
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(13) 

Both for -t = 'tm and for -t = 'tM the trapezium degenerates into a segment (so that A = B and 

C = D) of slope ~iM and ~ L, respectively. As -t increases from 'tm to 't1 := ~: the left 
side moves to the left, whereas for -t ::::: 't! this side remains unchanged; similarly, the right side 

remains unchanged for-t::::; 't2 := ~ and, as -t increases from 't2 to 'tM, it moves to the left until 

it eventually overlaps the left side along the straight line with slope YM := Yr:M,M = ~ L. 
As clearly shown by Fig.l, on any horizontal segment (b =const) inside the stability region 

of the chart for -t, the smallest stability margin is achieved at the rightmost point. Also, since 

the region where the phase margin is less than a given value is convex in the area of interest, the 

worst case may only correspond to either point A or point D; usually, the least value m~,'t of m<p 

is the one corresponding to point D ( even if it could correspond to point A, when the trapezium 

lies within the region where m<p > 90°). 

In general, as -t changes in 'lJ, m~,'t changes too, because the curves m<Jl=const approach the 

b-axis for increasing -t. Usually the overall minimum: 

m<p,m = ~i~ { m~,'t} (14) 

is achieved either for -t = 't2 (because the right side of the trapezium remains the same for 'tm ::::; 
t::::; 't2, so that m~,r:2 ::::; m~,'t) or fort= 'tM, as shown by the examples in the next section. 
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. Since the eross-over frequency WA of the normalized transfer function G(s) depends on trans
formation (3), to obtain an estimate ofthe rise time tr ofthe actual step response (and to evaluate 
its changes due to parameter variations), it is necessary to determine the value of the actual 
eross-over frequency roA = ~roA beforehand. This, in turn, requires computing T. Now, the val
ues K* and T* of the process parameters K and T corresponding to a point P* = ( a*, b*) on the 
considered chart are given by (cf. (5)): 

b* 
K* = Kp' 

T* = _!!____ = Kp a* . 
KIK* KIb* 

(15) 

(16) 

Therefore the relationship between the actual eross-over frequency ro.4 and the normalized eross
over frequency ro.4 at P* is: 

(17) 

3 EXAMPLES 

Let us consider again a process whose nominal transfer function is given by (7) so that: Kn = 
1, Tn = 1, Ln= 0.5, and the nominal value of the normalized delay is: 'tn = ~ = 0.5, and 
assume that the process parameters may vary over the intervals: 0.7:::; K:::; 1.3, 0.8 :::; T:::; 
1.2, 0.4:::; L:::; 0.6 (so that 0.3 :::; t:::; 0.75.) The system robustness will be evaluated with 
reference to each of the following specification pairs: 

(i) mcp = 50°, roA = 1, 

(ii) mcp = 60.05°, OOA = 1, 

(iii) mcp = 70°, OOA = 1, 

the second of which only slightly differs from that adopted at the end of Section 1 (where mcp = 
60°). The above specifications give rise to three different situations (yet, not exhaustive of all 
possible cases ): if the design is based on (i), the least phase margin occurs fort = 't2 = LM /TM = 
0.5; if it is based on (iii), it occurs fort= 'tM = 0.75; whereas specifications (ii) lead to the 
... d" " . . . h" h 1 1 mterme tate sttuatton m w tc mcp,m = mcp,1:2 = mcp,tM· 

According to (5), the (constant) controller parameters Kp and K1 are computed as: 

K - bn K - ...!!!!._ 
p - Kn' 1 - KnTn' (18) 

where an and bn denote the nominal values of the normalized model parameters, which could be 
determined either graphically (using the previous charts) or analytically from the "interpolation 
conditions": 

[sin(LnOOA +mcp) + TnOOA cos(LnOOA +mcp)] Tn&A, 
Tn&Asin(LnroA +mcp) -cos(LnOOA +mcp), 

(19) 

(20) 
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immediately obtained from C(j&A)P(j&A) = cos(mq> -1t) + jsin(mq> -1t) by separating real and 

imaginary parts. In all the above-mentioned cases, the overall minimum mq>,m corresponds to 

point D = (av,bv) of a trapezoidal section but, as already pointed out, does not occur for the 
same value of 't (and ofT). 

Specifications (i) lead to: 

- controller parameters: Kp = 0. 7836, K1 = 1.1773; 

- minimal phase (worst case) margin: mq>,m = 34.33°; 

- values ofthe process parameters at the minimum: K = 1.3, T = 1.2, L = 0.6 (1: = 0.5); 

- worst case gain cross-overfrequency: &A = 1.135. 

Fig.5 shows the control system step responses for the nominal plant (curve a), for the worst

case plant (curve b) and for the plant corresponding to K = 1.3, T = 0.8, L = 0.6 (curve c), i.e., 

to point D of the (degenerate) trapezium for 't = 0.75. 

Figure 5: Step responses of the control system designed according to specifications (i) 

Specifications (ii) lead to: 

- controller parameters: Kp = 0.9770, K1 = 1.0225; 

- minimal phase (worst case) margin: mq>,m = 43.83°; 

- values of the process parameters at the minimum: K = 1.3, T = 0.8, 1.2, L = 0.6 (1: = 

0.5, 0.75); 

- worst case gain eross-over frequency: &A = 1.158. 
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Specifications (iü) lead to: 

- controller parameters: Kp = 1.139, K1 = 0.8383; 

- minimal phase (worst case) margin: m<p,m = 48.03°; 

- values ofthe process parameters at the minimum: K = 1.3, T = 0.8, L = 0.6 ('t = 0.75); 

- worst case gain eross-over frequency: WA = 1.607. 

4 CONCLUSIONS 

The robustness of the PI control of a FOLPD process has been analysed by referring to the param
eter space ofthe normalized open-loop transfer function (4). Specifically, the solid representing 
the structured plant uncertainty in the (a,b,t)-space has first been constructed. Then, its con
tacts with the loci characterized by constant stability margins and eross-over frequencies have 
been determined, which allows us to easily identify the situations leading to the minimal phase 
margins and the related eross-over frequencies. Usually (m<p < 900), the worst case with respect 
to stability robustness corresponds to the upper right comer of the trapezoidal intersection of the 
above-mentioned solid with a plane 't=const, whose coordinates have been provided; however, 
as shown by the examples of Section 3, it can occur for different values of the plant model time 
constant. 
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ABSTRACT: Tool wear monitaring plays a very important part in production quality, volume and 
downtime of a rnachine tool. In order to reduce scrap Ievels, tool wear must be monitared and cutting 
tools changed when they might adversely affect the product quality. The investigation reported in this 
paper was aimed at furthering our understanding of the relationship between cutting tool wear and 
vibration signatures. A series of turning tests were conducted using double-coated insets to rnachine alloy 
steel. The prevailing wear forms on the cutting tool were measured while the vibration signals were 
recorded. An analysis of the vibration signals indicated that there was significant correlation between 
some peak frequencies ofthe vibrationsignaland tool wear. 

1. INTRODUCTION 

A metal cutting tool is considered tobe wom when the surface finish quality (i.e. roughness) 
on the workpiece significantly deteriorates or when the dimensional integrity, in terms of 
tolerances are grossly violated. Tool wear processes generally occur in combination with the 
predominant wear mode and are dependent upon the cutting conditions, workpiece, tooling 
material and the tool insert geometry. Clearly, dependency of the cutting tool wear on these 
factors makes tool wear monitaring an extremely daunting task. 
During a typical metal cutting operation, a complex and dynamically varying system develops 
between the workpiece and the cutting tool. The complexity and stochastic nature of the 
cutting process mean that identification of the actual cutting tool condition is difficult, but not 
impossible. Measurement of the cutting forces, power requirements, vibrations, temperature, 
acoustic emission, etc. could be achieved through the application of sensors, and their 
behaviour used in predicting and monitoring tool wear. The aim of such investigations is often 
to establish distinctive sensor signal characteristics whose trend bears a meaningful 
relationship between signal features and measured tool wear. 
The investigation described in this paper centred on a turning operation conducted to determine 
characteristic vibration signal features considered to be sensitive to tool wear. High speed 
turning ofhardened carbon steel using carbide tools was conducted, and on-line vibration data 
(components of acceleration signals in the three principal directions) was collected, analysed 
and features correlated to tool wear. It was possible to identify distinct differences in signal 
characteristics when cutting was performed with a new insert compared to that carried out with 
a wom insert. Frequency based features correlated weil to the tool wear, with the determined 
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characteristics showing the sensor signals affected by the different wear modes. 

2. BRIEF LITERATURE REVIEW 

Over the years, attempts at tool condition monitoring (TCM) have utilised mechanical and 
physical sensors such as touch trigger probes and proximity sensors, but these require 
interruption of the cutting process for measurements to be made. Focus on indirectly detected 
parameters (e.g. cutting forces, vibration and chatter, acoustic emission, temperature, current, 
torque, etc.) whereby process changes resulting as a consequence of tool wear have been the 
way forward. Advances in technology permit these cutting tool variables to be measured 
through the application of sensors and their behaviour monitored to facilitate tool state 
prediction. After more than a decade of investigations, a generally applicable TCM system is 
still to be found (Lister, 1993), but TCM systems currently exist for particular applications 
such as acoustic emission (AE), vibrations and force measurement (Byrne et al, 1995). The 
vast amount of Iiterature in this field suggests that a variety of process parameters in the metal 
cutting environment can be tapped and used to predict the cutting tool-state. Severalliterature 
surveys have been conducted; for example, see Dimla (2000) and Byrne et al (1995). 

3. EXPERIMENT AL PROCEDURE 

The instrumentation set-up is shown in Figure 1. The set-up consisted of a centre-lathe with a 
Kistler triaxial accelerometer (type 8730A) to measure mutually perpendicular components of 
vibration. A Kistler power supply coupler (type 5134) was used to decouple the acceleration 
signals, sampled using a 386 SX PC with a 12-bits Amplicon PC-30 data acquisition card at 
4096 samples per channel at 30 kHz. 

Workpiece J;::.. Triaxial accelerom:ter 

Too 

Insert :....'f I I I holder I ..-: I 

I I 
I 

Coupler I 

~withDAC 

Monitaring liTt ] ~ (oscilloscope) 
r-

~~~ 
Junction I c=======:::::J =:_gj Box 

FIGURE 1. Experimental test rig 
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The cutting conditions were selected based on the toughness of the workpiece within the tool 
manufacturer's recommended range for the workpiece-tooling geometry configuration 
(Sandvik, 1995). The tests were conducted within the following cutting conditions: 

• Cutting speeds: 275 m/min., 300 m/min., 350 m/min., 
• Feed-rates: 0.1 mm/rev, 0.2 mm/rev and 0.3 mm/rev., and 
• Fixed depth of cut of 2 mm. 

The tool inserts used (Sandvik Pl5 and P25) were coated via chemical vapour deposition with 
P15 having a thick wear resistant coating on a hard resistant substrate. Its inner coating was 8 
J.1m thick comprising of 6 J.1m aluminium oxide (Ah03) on top and a thinner outer layer of 
titanium nitride. The P25 insert on the other hand had a thick ("' IOJ.1m) layer of Al20 3 on top 
of a medium size titanium carbon nitride layer. The workpiece used was low carbon alloy 
steel, oil quenched, rolled and tempered ofthe EN24 type, with a Brinell hardness of255. 
Generally, interrupted cuts were conducted using a fresh tool at the beginning until the tool 
failed or the cutting edges had accumulated comprehensively high wear Ievels at which 
continued cutting risked catastrophic failure. The duration of each test was such that complete 
stabilisation of the cutting process would be attained while allowing significant tool wear 
accumulation. Measurements of flank, nose and notch wear lengths were made just after the 
vibration signals had been recorded. Tool wear measurements were made using a toolmaker's 
microscope and the observations supplemented by scanning electron microscope profiling. A 
toollife diagram is shown in Fig. 2. The chip type forrned, presence of built-up edge, and tool 
features such as chipping or fracture were also recorded. 

4. RESULTS & DISCUSSION 

The raw experimental data was processed through dedicated software in the versatile 
Mathwork's Matlab coding programme on a PC environment. The acceleration data was 
transforrned from time to the frequency domain through implementation of a fast Fourier 
transform algorithm, thus reducing the size of the sampled data and alleviating co-linearity 
amongst the principal axes components. Details of the algorithms and codes can be found in 
Dimla (1998). Results obtained were presented in both spectral (waterfall) and contour plots 
(Fig. 3-8). 

0. -----nose-pl5 • flank-pl5 
- nose-p25 - :.:: - flank-p25 

0 100 200 300 
Time of cut (s) 

FIGURE 2. Wear length Vs. Time (V=300m/min & f=0.2mm/rev) 
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Z-Vibration Spectra (V=300 & f=0.1) 
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FIGURE 3. Z-acceleration spectra- flank wear (V=300m/min. & f=O.lmm/rev.) 
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FIGURE 4. Z-acceleration spectra- flank wear (V=300m/min. & f=0.3mm/rev.) 
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Z-Vibration Spectra 0/=275 & f=0.1) 
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FIGURE 5. Z-acceleration spectra- flank wear (V=275m/min. & f=O.lmm/rev.) 
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FIGURE 6. Y-acceleration spectra- flank wear (V=275m/min. & f=0.3mm/rev.) 
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X-Vibration Gontour (V=300 & 1=0.3) 
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FIGURE 7. X-acceleration contour (V=300m/min. & f=0.3nun/rev.) 
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FIGURE 8. Z-acceleration contour (V=275m/min. & f=0.3nunlrev.) 
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The wear-time plot illustrates the effective wear rate at the prescribed cutting speed and feed
rate. At low feed-rates, the tool wore much gradually than at higher feed-rates. In terms of 
toollife (longevity), the toollasted Iongerat low cutting speeds and the wear phases were more 
visible and pronounced. The most noticeable indicator of imminent tool failure was the sudden 
escalation of nose wear. Typically, when the nose wear was higher than 0.2 mm, one ran the 
risk of catastrophic failure. This Ievel of wear was also found to be an applicable safety 
threshold for the flank wear length. Notch wear on the other hand increased steadily in the 
early part ofthe tests, and then remained practically the same for the remainder ofthe toollife. 
Because ofthe bulky nature ofthe results, only those for P25 tool insert are presented. 

SPECTRA PLOTS 

Two main frequency bands can be identified (Fig. 3-6): a 2-4kHz (the fundamental resonant 
frequency ofthe tool holder) and a 9-11 kHz band (chip Iamination frequency). The z-axis was 
the most sensitive to wear accruement as the 2-4 kHz band increased steadily peaking before 
falling until tool failure. Meanwhile the 9-11 kHz peak increased as wear accumulated with 
the last spectrum showing the largest increase. Increases in the feed-rate led to a proportional 
increase in the magnitude of both peaks, indicating the same trend as with low feeds. 
Comparison of spectra depicting cutting at different speeds showed that increasing the cutting 
speed actually decreased the amplitude ofthe resonant peak. 

CONTOUR PLOTS 

No effects oftool wear were visible, but changes in the cutting conditions led to a proportional 
change in the energy and spread nature ofthe contours (Fig. 7-8). 
A more elaborate description of this work can be found in Dimla and Lister (2000) and Dimla 
(1998). 

5. CONCLUSIONS 

An experimental investigation programme was conducted on a turning centre from which the 
cutting tool wear and vibration signature signals were recorded. An analysis of the signals 
obtained was conducted to identify wear sensitive features in the frequency domain. At certain 
frequencies, there was some evidence of correlation between vibration signals and tool wear. 
This study has shed more insight into the complicated process of correlating tool wear to 
vibration signatures and one hopefully contributed towards the development of an effective 
universal tool wear monitoring system. 
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ABSTRACT. Research on Design for Recycling has long focused on disassembly sequence planning and 
ease-of-disassembly evaluation. Recently, a few studies have begun considering the material separation 
processes that characterize bulk recycling downstream in the recovery chain. However, the boundary 
conditions of bulk recycling are outside the scope of the above-mentioned investigations and therefore 
important economic parameters, such as process costs and the market value of recycled materials, are 
arbitrarily defined. This study presents a method for determining the revenue for different mixes of recy
cled metals in order to analyze how the value of the remaining mixed material changes when a part is 
disassembled or a separation process is carried out. 

1 INTRODUCTION 

Due to the wide diffusion of electrical and electronic products and their short useful lifetime, the 
amount of waste electrical and electronic equipment (WEEE) generated in the European Union 
(EU) is rapidly increasing. Consequently, public opinion and increased environmental legislation 
focused on product stewardship have led product manufacturers to undertake efforts to improve 
product design with a recycling-friendly approach [1]. In the last ten years, research on Design for 
Recycling (DFR) has placed more emphasis on the optimization of the disassembly process [2], 
addressing issues that can be grouped in two major areas: planning of disassembly sequences [3-4] 
and determination of disassembly depth [5-6]. However, recent studies have underlined that disas
sembly is only the first step ofthe current recycling practice and it is often followed by mechanical 
separation processes, better known as bulk recycling, and disposal by landfill or incineration [7]. 

Table 1 summarizes main cost driversandrelevant benefits for different end-of-life (EOL) proc
ess. Most successful DFR methods developed up to date try to perform a quantitative evaluation of 
product recyclability, opening the way to the economical optimization of costs and benefits of the 
recycling processes. The above-mentioned DFR methods usually neglect boundary conditions of 
bulk recycling and are based on a rough simplification, often assumption, of market value of recy
cled materials and processing costs. 

A more accurate analysis of these end of life processes suggests that: 

• Manual disassembly Iabor rate and landfill or incineration disposal costs depend only on 
regional factors and can be considered fixed during a DFR analysis. Furthermore, these 
data are easy to gather and are stable in the short period. 
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• Fora given electrical and electronic product, only a few components are taken aparttobe 
sold as spare parts, because the value of the remainder is not sufficient to compensate for 
the Iabor cost of disassembly. The used components market is weil established and their 
market prices are easy to determine. 

• Bulk recycling costs depend only on the used technology and process pararneters that can 
be considered fixed during a DFR analysis ( e.g. throughput time or batch volume [8]). 

• Revenue from secondary raw materials is strongly influenced by product design and pre
vious disassembly decisions. The value of the obtained secondary raw materials mix can 
change due to: 

o a design decision (e.g. avoiding incompatible materials); 

o a component disassembly, which is a source of contamination; 

o a separation process, which increases the value ofthe remaining materials mix. 

T ABLE 1. Economical parameters of recycling processes 

End-Of-Life Process Costs Benefits 

Disassembly (manual) Laborrate Revenue of components 

Bulk Recycling Processing costs Revenue of materials 

Disposal Disposal costs -

Resulting from this analysis, determination of revenue of recycled material is a crucial point and a 
procedure to guide designers in the determination of the revenue for different mixes of recycled 
materials is needed. The procedure can be used to select product materials and assembly methods 
for the best combination of disassembly, bulk recycling and disposal for a given product. 

2 SCOPE OFTHIS STUDY 

An extensive study of the ernerging recycling industries in Italy has been carried out, as a basis for 
the following analysis [9]. Industrial waste has not been considered but the study has been limited 
to those industries dealing with materials recycled from post-use or post-consumption sources. 

This analysis provided a clear view ofthe current end-of-life seenarios for the following categories 
of electrical and electronic products: 

• white goods, e.g. refrigerators, washing machines, dishwashers and air conditioners; 

• brown goods, e.g. TVs, VCRs and audio equipment; 

• IT equipment, e.g. PCs, monitors and printers; 

• small household appliances, e.g. vacuum cleaners and hairdryers. 
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A preliminary investigation has been performed aimed to the determination of factors influencing 
the market value of different mixes of recycled materials. The analysis has focused on the ferrous 
and non-ferrous recycled metals market for the following reasons: 

• metals have a higher specific value than other recycled materials and are relatively easier 
to separate; 

• the market is weil regulated and a considerable amount of economical data is available, 
since these recycling industries are better established in the EU than the other ones. 

The study was carried out through an extensive Iiterature survey and numerous interviews with 
industry associations, recycling companies, metal smelters and other people involved in the end
of-life industry. In addition, many recycling plants have been visited. 

3 OVERVIEW OF THE RECYCLING INDUSTRY 

A recycled material supply chain begins with the end-of-life product take-back and ends up enter
ing a production process in form of secondary raw material (Figure 1 ). When customers buy new 
electrical and electronic products, they can give back the used ones to the dealer. Otherwise, 
WEEE can be brought to special municipal areas where they are collected and temporarily stored. 
In both cases the take-back service is free of charge for the consumer. After the collection phase, 
WEEE are then transported to recycling firms and treated according to the environmental legisla
tion. Recycling plants tend to specialize on few end-of-life product categories adopting the best 
available technology. 

Material suppliers 

Raw materials 
production 

Reprocessing of 
recycled materials 

Components suppliers 

Components 
manufacturing 

Secondary 
raw malenals 

Reusable 
components 

Non-recyclable materials 

Landfill and incineration 

Manufacturers 

Product 
assembly 

Reusable 
products 

Recycling 
companies 

Dealers 

Sales and 
distribution 
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products 

Product take-back 

Endusers 

Use 

systems I+---' 

FIGURE 1. Recycling options for end-of-life products. 
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The revenue of the treatment, paid respectively by product manufacturers or municipalities, repre
sents the major part of the recyclers' income. lts price varies between 15.50 € and 20.65 € per 
product. The process itself includes the following mandatory steps: 

• Draining cooling circuits and insulation containing CFCs; 

• CRTs disassembly and treatment, which contain toxic Iead powder; 

• Hatteries disassembly; 

• Hazardous components disassembly ( e.g. capacitors containing PCBs and switches con-
taining mercury). 

Apart from harmful components and substances, only few other valuable components are taken 
apart manually, due to the high Iabor cost of disassembly (about 0.25 €/min). The rest ofthe prod
uct is then shredded to reduce its size by generating a mixture of flakes of uniform size that 
consume less space- this reduces transportation and landfill costs (0.13-0.16 €/kg)- and are easier 
to manage and separate. Successive separation processes divide the main material stream into 
distinct material types, such as ferrous metals, non-ferrous metals and plastics [10]. These mixes of 
materials are sold to a variety of traders on the market, followed by to metal smelters ( e.g. for iron, 
steel, copper, aluminum, brass, Iead, zinc, etc.) and to the reprocessing industry (for engineering 
plastics). The rest fraction that cannot be sold on the market is eventually disposed ofby landfill or 
incineration. 

4 CLASSIFICATION OF RECYCLED MATERIALS 

Trading of different mixes of secondary raw materials is partially regulated by industry specifica
tions, which classicy them into categories according to parameters such as grade, source and shape. 
As a matter of fact, the chances to sell many recycled materials depend on the specification of 
standard commercial categories. If a mix of recycled materials belongs to any of these categories, 
its market price is not arbitrarily decided but it can only vary within a well defined price range, 
according to negotiation between buyer and seller. Price ranges for the most traded categories are 
tracked by industry associations - such as the Chamber of Commerce of Milan for the Italian 
recycling market - and are available to n1embers and subscribers. 

On the other band, the existence of standard categories is a basic condition for the optimization of 
the recycling process. In fact, target parameters for the output of the separation processes can be 
defmed through the identification of the requirements that distinguish each category from the 
others. From a DFR viewpoint, a modification in the product design - in terms of material selec
tion or assembly methods- or the previous disassembly of a 'contaminating' component can make 
the output mix satiscy more stringent requirements. In turn, this can yield: 

• a shift to a category with a higher price range or 

• a price increase within the same category. 

4.1 FERROUS METALS 

Ferrous metals are contained mainly in white goods (e.g. refrigerators, washing machines and 
dishwashers), which can be sold to metal smelters afterremoval of the hazardous and valuable 
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components ( e.g. electrical motors and stainless steel). Otherwise, WEEE can be shredded to 
generate a rnixture of chips ranging from 1 0 to 15 cm. F errous metals are then separated by means 
of strong magnets and sold to metal smelters. In this case, scrap market value is higher and varies 
according to the following parameters: 

• fragment size (the smaller the better); 

• metal source; 

• concentration ofinert materials (e.g. plastics, rubber, glass and concrete); 

• concentration ofnon-ferrous metals (especially copper, zinc and tin). 

This rnixture of ferrous metal chips is known as Proler and it is the most valuable kind of scrap. In 
Europe, the trade of ferrous scrap is regulated by the CECA classification. Table 2 reports the 
price ranges for the categories of ferrous scrap recovered from WEEE [ 11]. 

TABLE 2. Ferrous scrap categories for WEEE (25 Jan 2002 prices) 

Category Limitations 
CEC Price [€/ton] 

A min max 

Old light fer- Thickness ~ 6mm, density ~ 0.5, 
51 21.50 27.00 

rous scrap Cu~0.4%, Sn~0.02%, 

Flakes (Proler) 
Max dimension~ 200mm, density ~ 0.9, 

33 113.50 119.00 
Cu~0.25%, Sn~0.02% 

4.2 NON-FERROUS METALS 

The non-ferrous metal scrap categories take into consideration only copper and aluminum. The 
reason for this is twofold: these metals have a high specific market value and are largely utilized 
for the manufacture of electrical and electronic products. These categories are defined by the UNI 
(aluminum, nickel, lead, zinc and tin) and UNI EN (copper, brass and bronze) classifications. 
Each category has different requirements for the following parameters: 

• chernical composition, 

• grade, 

• fragment size, 

• type (source) . 

For these categories, price ranges are deterrnined by means of data surveys conducted by the 
Chamber of Commerce of Milan. The UNI EN classification take into account only high grade 
copper scrap (grade> 90%). Except for covered cable fragments, low grade copper is not classi
fied into any category and therefore has no price quotation. Table 3 reports the price ranges for 
some categories of copper scrap recovered from WEEE [12]. 
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TABLE 3. Copper scrap categories for WEEE (25 Jan 2002 prices) 

Category Grade UNIEN 
Price [€/ton] 

min max 
Covered cable fragments 30-70% 290.0 918.0 
Recovered wires, slabs 92.0% 12861-S-Cu-9 1299.0 1351.0 

Recovered end losses, bumt wires 96.0% 12861-S-Cu-8 1402.0 1454.0 

Recovered end losses, bumt wires 98.5% 12861-S-Cu-6 1516.0 1568.0 

Recovered pipes, tapes, etc. 98.0% 12861-S-Cu-7 1480.0 1532.0 

Recovered pipes. tapes. etc - 12861-S-Cu-5 1532.0 1584.0 

Flak es 99.5% 12861 S-Cu-10-C 1480.0 1532.0 

Flak es 99.8% 12861 S-Cu-10-B 1532.0 1584.0 

Flak es 99.9% 12861 S-Cu-10-A 1583.0 1635.0 

Recovered electrolytic copper - 12861-S-Cu-1 1583.0 1635.0 

Aluminum and copper scrap markets are very similar. Scrap categories are defined by the UNI 
classification and the Chamber of Commerce of Milan estimates their price range quotations. 
Table 4 reports the price ranges for some categories of aluminum scrap recovered from WEEE 
[12]. 

TABLE 4 Aluminum scrap categories for WEEE (25 Jan 2002 prices) 

Category Grade UNI Price [€/ton] 

min max 
Covered cable fragments - 10297/2 400.0 425.0 
Floated flakes >95% 10297/7 744.0 795.0 
Old Iaminated aluminum scrap >85% 10297/4 943.0 995.0 
Cables and wires 99.5% 10297/2 1148.0 1200.00 

5 MARKET PRICE DETERMINATION 

The revenue for a mix of recycled metals results from a negotiation between buyer and seller. If 
the mix characteristics comply with the requirements of & standard category, its market price can 
not be arbitrarily decided but varies within the category price range. For some of the categories 
( e.g. copper scrap) ranges are defined for the concentratlon of the target metal. In this case, the 
high er the grade the closer the scrap value to the upper Iimit of the price range. 

F or mixes of recycled metals that are not included in a standard classification, the price negotiation 
depends on several more factors. However, the most important factors that mostly affect the reve
nue, in order ofimportance, are the following [9]: 

• the concentration of the target metal, roughly estimated by the buyer (i.e. the smelter) 
usually through a visual inspection; 
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• impurities and contaminant elements which penalize the target metal refinery process; 

• the dimensions of the scrap, which influences the melting process; 

• the actual price ofthe virgin metal [13]. 

The buyer usually calculates the starting price for this kind of negotiation as follows: 

where: Pr = the market price for the metal mix, 

PLME = the actual value of the London Metal Exchange price, 

C Cu = concentration of the target metal, 

C r = cost of the metal refinery process. 

(1) 

The processing costs may vary considerably depending on the concentration of the target metal 
and the contaminents present. For example for the processing of recycled copper, for a given con
centration of copper, the cost ofthe refinery process depends on the kind and concentration ofthe 
following impurities and contaminant elements: plastics (PVC), varnish, oils, aluminum and 
nicket. In particular, when the concentration of aluminum and nickel exceeds 1% of the mixture, 
pure copper has to be added in an appropriate amount, thus increasing the process cost. On the 
other band, iron, zinc and Iead can be easily separated. 

6 CONCLUSIONS 

A procedure for determining market prices for mixes of recycled metals has been outlined. This 
procedure can be used for evaluating the benefits of the recycling processes and, therefore, opti
mizing the combination of disassembly, bulk recycling and disposal for a given product. The 
recycling market structure delineated in this paper gives a basis for further studies that should be 
focused on the variables that can explain price fluctuations within category ranges. For mixes of 
recycled materials that are not included in a standard classification, work is ongoing to determine 
the relationship between the processing cost and impurities present for a range of target materials. 
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ABSTRACT. The paper presents the main results of an empirical study carried out in a manufacturing 
firm that produces heat exchangers. The study showed that the indexes used in the ISO certified quality 
system were not able to correctly evaluate quality costs and that the introduction of new indicators could 
bring to a more effective quality improvement. The analysis deals with the internal failures which can be 
detected in the testing stage: a statistical analysis of malfunction detection and repair activities for the 
different products and failure types was performed. This made it possible the quantitative assessment of 
the parameters, taking into consideration three years in view of the definition of their trend which was 
compared with that of the indexes already in use. Eventually, the most critical areas of the products, in 
terms of costs, were identified in order to start an improvement program. 

1 INTRODUCTION AND RESEARCH OBJECTNES 

In order to put into practice an irnprovernent process a company must evaluate its production 
process effectiveness with respect to business objectives. This is particularly evident for a firmthat 
wants to pursue strategic factors such as quality and costs: there is a need to control processes and 
therefore to measure their performance with respect to these two dimensions. 

Such performance evaluation is based on a system of measures that should be an integral compo
nent ofthe company's quality system, it should be easily manageable and it should provide a way 
of communicating between different areas and functions. The quality system is the means of put
ting into effect company's objectives, with respect to quality, in terms of irnprovement process, 
correction and prevention strategies and actions: measurement activities are a necessary step of the 
whole process [1]. Performance measures should produce the information needed to drive the 
improvement process; they should therefore translate general quality and cost objectives, such as 
customer satisfaction or efficiency, into more structured indexes ( e.g. change of orders due to 
errors, number ofpieces reworked etc.) able to give immediate feedback on problern areas within 
production processes. 

Several authors (see, as examples, [2] and [3]) emphasized the need of operability ofperformance 
measures. This could be met if such measures are objective, Straightforward ( easily understandable 
and useable) and quick to perform. These aspects make it possible to implement a system ofmeas
ures that will be carried out and managed simply by operators and that will provide meaningful 
data for decision makers. The results of measures should be visible to each function that is in
volved in the improvernent process, starting from top management that is critically responsible for 
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company's commitment to quality advance efforts. Of particular importance is the outcome of
fered by indicators which aim to identify production process areas that bear a greater impact on 
output quality or major profit improvement opportunities [4]. In particular, a central role can be 
played by the identification of costs related to intemal and external quality [5] [6]. 

These issues are not always clearly understood when quality performance measures are projected 
and implemented, the major drawbacks may be an intervention limited to few less important areas 
of improvement or a Iack of support by several enterprise's decision makers [7]. In summary, the 
above mentioned facets should be carefully taken into account to make a quality performance 
measurement system really effective in its contribution to the overall improvement policy. 

The present research, started in 2000, has thoroughly explored such issues in a medium enterprise 
which produces heat exchangers. The company has implemented a quality system, IS09000 certi
fied, and is committed to continuous improvement. In order to meet this objective, a performance 
measurement systemwas developed which is mainly based on standard parameters such as nurober 
of defective units produced in a period, nurober of assistance interventions on units sold and so on. 
Data collection started in 1998. 

One ofthe main results ofthe implementation oftbis systemwas the coming out ofthe importance 
of preventative actions during the production process aimed at reducing non-conformities detected 
in quality control activities. Notwithstanding, it was perceived that the measures adopted were not 
completely effective in evaluating the actual outcomes of preventative programs implemented. 
This could be, on the one hand, a serious setback to the whole company's perception ofthe bene
fits of such programs, in particular when compared to costs, and, on the other hand, it could make 
it difficult the identification of the areas of production process that constitute the most valuable 
candidates to quality enhancements. In brief, it was felt as necessary to introduce new measures, 
not strictly connected to IS09000 norm; this confirms the findings of other researchers who 
pointed out some unsatisfactory aspects of the norm with respect to continuous improvement and 
total quality (see, as an example, [8]). 

In summary, the objectives of the study were to carry out new indexes of performance directly 
related to company's quality goals and able to gain top management attention, and to evaluate 
production performance through new and old indexes in order to show major problern areas that 
were unnoticed. It was therefore necessary to develop measures that could use data already col
lected, in view of a comparison of the improvement process results by means of the old indexes 
and of the new ones. 

2 THE GENERAL DEVELOPMENT OF THE STUDY 

A first exploratory analysis ofthe company's production processes and quality system, and a thor
ough debate with quality managers and top management made it possible to precisely define the 
company's operational goals with respect to the overall "continuous improvement" objective. The 
issues identified were: 

•to evaluate the benefits attained by preventative actions already put into effect with respect 
to their costs; 

• to identify possible areas of improvement that could bring to better results in terms of non
conformity cost savings; 
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•to assess the magnitude of such savings compared with costs due to preventative actions; 
• to carry out a performance eva1uation system that could be easily managed by operators. 

After the classification of all costs due to, on the one hand, the appraisal and prevention activities 
and, on the other hand, the irrtemal and the extemal failures, an extensive analysis of the data al
ready collected was performed to compare such costs to production and supply costs and to annual 
revenues. lt was then possible to identify two major problern "macro-areas" that needed further 
analysis: 

• a significant part of defects were due to extemal suppliers; 
• the most important portion of irrtemal non-conformities were detected in the hydraulic 

testing of products and were due to the welding stage of the process. 

The following section presents the analysis of this second issue and the main results achieved, as it 
proved to bear the greatest impact on the preventative programs ofthe company's quality function 
and got the utmost attention of the top management. 

3 THE ANALYSIS OF INTERNAL POOR-QUALITY COSTS 

The hydraulic testing shop performs inspection and, when needed, fixing operations of the heat 
exchangers coming from the welding shop. The four types of products, vertical boilers (VB), low 
power heat exchangers (LPHE) medium power heat exchangers (MPHE) and boiler units for 
thermal sets (BU), are filled with water, at a testing pressure which is 1,5 times the working pres
sure, and, after a defined time interval (which is dependent on product type), all welds are 
checked. Water leaks or humidity are considered non-conformities and are subject to a fixing 
procedure and to a new test. 

The test is performed on all units produced (100% detailed inspection) and each time the fixing 
procedure is activated, shop operators record on pre-formatted tables the type of defect and its 
position. This made it possible to identify the most frequent non-conformities with respect to the 
number of total defects detected; the evaluation is based on the following index: 

where: 
• k = 1, ... ,4 indicates the product type; 
• i = 1, ... , Pk indicates the position of a weld (that depends on the product type); 
• nd; is the number of defective welds of position i; 
•fd; is the frequency of defective welds ofposition i. 

(1) 

Number and position of welds are directly related to product complexity, so more complex prod
ucts ( e.g. MPHE) need a more thorough inspection. Existing preventative procedures were mainly 
aimed at impr:ove welding with respect to more frequent defective positions. 

The following index was also computed, in order to identify the incidence of a defective weld in 
position i with respect to total inspected units oftype k in a given year (N"): 
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(1 ') 

A different information, that was collected by operators, was the duration of the repair interven
tions: unfortunately the reports gave an account only of the total time sperrt for each position in a 
year (Tr/). The analysis of such data showed that the average time sperrt in the fixing activity of a 
weld in a position i of a product k is, with good approximation, constant in the three years. This 
fact was also confirmed by a six months monitoring of repairing activities and derrotes that these 
operations are performed by shop personnet routinely. 

The data above mentioned made it possible to compute an index that proved to be of particular 
interest in the context of the study, namely the incidence of total time sperrt in fixing defects in a 
position i with respect to total repairing time: 

k Tl ftr. [%]=-'-xiOO 
I Pk (2) 

l..Tr/ 
i=l 

This index identifies the defective welds that are more costly in terms of time sperrt in repairing 
operations. lt was then made a comparison between the data obtained by means of equation (1) 
with those attained using equation (2). lt was therefore possible to identify two extreme non
conformity typologies: 

• defects which were frequent in a year but that were responsible only for a limited amount to 
total repairing time; 

•defects less frequentbutthat had a major incidence on the total repairing time. 

Few weld positions, for each product type, were markedly of the second typology: such welds 
were consequently considered critical. Figure 1 and Figure 2 show the charts that followed the 
data processing for two products (respectively MPHE and LPHE) andin relation to years 1999 
and 2000. The labels of the x-axis display the weld positions: for each position the column de
fects% indicates the results of equation (1), while the column time% the results of equation (2). 
Critical defects are those of position 14 for MPHE whereas 8, 10 and 12 for LPHE. 1t is worth 
noting that while for LPHE the more frequent defective welds bear also the higher effects in terms 
oftime, this is not true for MPHE: position 1, 7 and 8 have much higher percentages, with respect 
to total non-conformities, compared with the value ofposition 14. For the other two product types, 
VB and BU, the analysis made it possible to identify, respectively, two and five critical positions. 

Other results, which proved to be of the greatest interest for company' s management, are those 
summarized in Table 1: the improvements due to preventative prograrns, with respect to total 
nurober of defects and total repairing time, are compared. The values in the second and third col
umns report the diminution of the nurober of detected defects with respect to 1998 (year in which 
the quality system was implemented), while the values in the fifth and sixth columns report the 
reduction of total repairing time with respect to the same year. 
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T ABLE 1. Effects of existing improvement program 

% of dimin. of defects % of dimin. of repairing time 

1998 1999 2000 1998 1999 2000 

MPHE 100% -43,3% -75,0% 100% -12,3% -36,6% 

LPHE 100% -37.1% -50,0% 100% -23,5% -45,0% 

BU 100% -43.5% -35,9% 100% -42,1% -35,5% 

VB 100% -26,7% -64,4% 100% -22,6% -62,0% 

Totals 100% -42,2% -55.5% 100% -23,5% -51,9% 

By means ofTable 1 it is possible to deduce that: 
• for MPHEs, the existing improvement program brought about a notable dirninution of 

number of non-conforrnities, but tbey bad less influence on repairing time; tbi is due to 
tbe fact that the greatest effect of prevention was tbe reduction of more simple defects; 

• for the other product types, tbe preventative actions bad sirnilar outcomes both on number 
of non-conforrnities decrease and on repairing time dirninution. 

In view of planning new preventative actions on welding operations, the researcb team considered 
of great importance to identity the cost related to intemal non-conforrnities. Tbe data and process 
analysis performed sbowed that the main components of cost related to weid defects are: 

•repairing time, wbicb included the time spent in actual repairing activities (major fraction) 
and otber ancillary activities (e.g., emptying and re-loading ofbeat excbangers); 

•operator cost (per bour). 

This last component is due to the fact that sbop operators are sufficiently flexible to be employed 
in other activities, so an bour spent in fixing a defect is an bour subtracted to other productive 
tasks (opportunity cost). Considering that eacb fixing can be performed by a single operator, even 
if for a sbort time the support of a second one may be advisable, the total cost of all non
conforrnity in position i, repaired in a year, is: 

wbere: 
•eh is the cost of an operator per bour [€/hour]; 
• Tr/ must be expressed in bours. 

(3) 

From an analytical point of view, repairing cost is a function of Tr/ times a constant, so the same 
critical areas with respect to time are critical with respect to costs. Notwithstanding, the results 
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reported in economic values, presented to the company' s top management, had a significant im
pact on future decisions related to improvement programs. 

In fact, non-conformities detected in the hydraulic test represented in 1998 a 0,4% and in 2000 a 
0,27% of total production costs (in contrast, non-conformities detected extemally were, in 1998, a 
0,09% oftotal production costs). Taking into account the results ofthe analysis, top management 
has decided to support the new operational objective, suggested by the study, of planning preven
tative actions to reduce critical non-conformities, which were responsible of major repairing time 
and therefore ofthe greatest portion ofintemal poor-quality costs. 

4 CONCLUDING REMARKS 

The new measures of performance proposed broadly satisfy the goals of the research in terms of 
simplicity and of information provided. The company is now aware of the production issues that 
have the higher impact on intemal non-conformities and that must be firstly considered in preven
tion programs. 

A first program has been developed with respect MPHE and its critical areas. The results obtained 
to date show that with a reduction of 50% of the number of defects it is possible to reach a 40% of 
non-conformity cost savings for annual MPHE production. Improvement programs interesting the 
other products will follow shortly. 

The parameters of performance carried out show their greatest potential if they are collected con
tinuously by operators of the hydraulic testing shop, because this makes it possible a monitoring of 
poor-quality costs. The relative simplicity of the indexes proposed brought about the opportunity 
to screen the values related to each welding position for a product type, in order to control the 
outcomes of preventative actions. Then, a project for electronic collection and treatment of the 
data of intemal non-conformities has been started. 

Other issues that will be investigated in the near future include: 
•the magnitude of cost savings with respect to prevention costs; 
• the improvement of repairing processes with respect to critical positions; 
•the outcomes that could be derived from critical positions analysis in terms ofnew product 

design or re-engineering. 

It is, above all, felt as necessary to perform a thorough investigation of the first issue, for the pe
riod of monitoring suggested that a deeper improvement of weid related defects could be 
accomplished only at higher production costs. 
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ABSTRACT. This paper deals with an innovative procedure for quality sampling intended for 
the printed circuits industry. The Authors provide evidence of the failure of common sampling 
plans in situations like the analyzed one, describe the new plan developed, and give account of 
the empirical results obtained. The proposed sampling plan takes into account the peculiar 
nature of the possible nonconformities, the common features of the industry and of the 
customers, and the possible sources of costs, wi th the aim ofminimizing the firm' s total costs of 
quality through the use of statistical and informatics tools. Developed and tested thanks to an 
in-depth case study in a leading Italian firm, the described method can also be applied to several 
other industrial situations. 

INTRODUCTION 

Over the last decades, quality has been progressively recognized as a fundamental success 
factor in pursuing sustainable competitive advantages. Yet, despite the diffuse espoused firms' 
acknowledgment of this fact, we are still far from a conscious and sound implementation of the 
available quality tools and principles. And this is also true for SMEs, which often Iimit 
themselves to a blind application of standards and practices on fashion, rather than focusing on 
their peculiar process, needs, and problems. 

This paper deals with an innovative sampling plan, developed thanks to an in-depth case study 
in a leading Italian firm in the printed circuits industry, whose aim is that of minimizing the se 
called ' cost of quality' . Rsults are general and- as we will see- applicable to a wide variety of 
industrial situations. Still, the strict link with a real case assures the usefulness ofthe task and 
demonstrates the convenience ofthe application ofthe sampling model. 

The paper is organized as follows. First, some of the characteristic attributes of the printed 
circuits industry will be presented, as weil as a short discussion of the manufacturing process 
and of its main features. Second, the general problems will be analyzed through the result of the 
case study and a new alternative model will be presented. Third, the necessary preliminary 
steps for its implementation will be described. Results obtained and concluding remarks will 

follow. 

2 THE SETTING 

A printed circuit is a flat board made of plastic or fibreglass- typically 1.6 mm thick- on which 
electronic components such as resistors, diodes, CPUs etc. are attached on thin ships of 
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conductor [1]. Actually, there are a great many varieties of printed circuits that can be 
produced. The fabrication process is rather complex: for the purpose oftbis paper, it will suffice 
knowing that the process is constituted by a long series of phases, among which electroplating, 
dry film lamination, imaging, developing photopolymers and etching, and that at the end ofthe 
process two quality tests are carried out. A first one, the electrical test, assures the perfect 
conductivity of the circuit of all circuits. A second one, performed on the whole lot or on a 
sample depending on the contingent situation, Iooks for other possible kind of nonconformities. 

The printed circuits industry is pretty developed in Italy. An autonomous survey of the 
Authors conducted among the largest fifteen firms of the sector in Northern Italy, highlighted 
the results presented in table 1. The percentage of scrap is highly dependent on firms' 
contingencies: the type of circuit (i.e. double-sided vs. multi layers) and the nurober of different 
items launched every day constitute by and large the most important and dis1inguishing 
characteristics. 

The analysis also highlighted that the great majority of the companies adopted standard in 
process sampling plans, generally based on the UNI-ISO 4842-75, given a desired AQL. The 
need for in- process sampling, despite the final 100% inspection, is plainly motivated by the fact 
that in its absence items that are nonconforming from the very beginning may be worked 
through the whole chain, and finally discarded, with the two possible negative consequences of 
sustaining useless manufacturing costs, and being not able to meet the demand. Furthermore, 
while reworking is almost never possible at the end ofthe productive chain, it is usually allowed 
in process. 

In summary, the relevant information collected from the external analysis f; that: 

• Not only does the quality ofthe output depend on firms' peculiar managerial and behavioral 
practices, but also on product specific characteristics. 

• There are some process phases particularly critical as for quality output. 

• Generally speaking, since the focus is on the final 100% inspection, no particular weight is 
given to in -process inspection, which is usually carried out with traditional techniques 
adopted from other industries. 

The case study allowed to deepen these facts. The specific industrial situation faced was 
characterized by an average percentage of scrap of the 2.1% (85% of the produced circuits are 
double sided, the remaining 15% multi layers), the 24% ofwhich was given by working phases 
given in outsource. Taking into account internal phases, it was found that three phases on their 
own were responsible of more than 60% of the nonconformities in accordance with the Pareto 
principle. Deepening the observation, it was found that not only is this result justified by the 
technical complexity of these phases, but also by the frequent event that a large amount of 
nonconformities was found in the inspected sample. This circumstance was due to the fact that 
the cause of nonconformities was generally a problern that would keep producing defects until 
the cause ofthe problern itselfhad been removed. This kind of defect is very different in nature 
from the pure casual one, that may appear with a certain probability, butthat does not affect the 
subsequent result of the process. The completely different character of these defects led the 
Authors tothink ofthe essential need ofa new sampling plan. 
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T ABLE 1. Data relative to the 15 most important firms in terms of sales in Northern Italy 

FEATURE AVERAGE V ALUE 

% ofscrap 4.7% 

% of double -sided circuits 63.0% 

% ofmulti layers circuits 34.5% 

% of flexible circuits 2.5% 

Max number of layers 14 

N. of different items launched every day 20 

3 THE NEW MODEL 

As above mentioned, the sampling plan derives from the distinction between two main possible 
kind of defects which may take place in production of printed circuits: we defined them as 
continuous and casual defects. 

We define continuous defects those for which, given the event E1 "the t'h piece is non
conforming", we have that: 

Pr(E1) = q, with 0 :=:; q < 1 

Pr(E,) = 1 

ifthe (t-lYh produced item was conforming; 

ifthe (t-lYh produced item was non-conforming. 

In other words, there is a fixed probability q that during the process there appears a first defect. 
Once this defect appears, all the following items will be nonconforming, too. On the other hand, 
a casual nonconformity is suchthat Pr(E1) = p, with 0 :=:; p < 1, for any t. That is, Pr(E1 I E,_ 1) = 
Pr(E1). 

It is important to notice from now that the phases depicted as related to continuous defects are 
not excluded by the possibility of occurrence of casual defects 1. In any case, this fact is so 
marginal -experimental data confine this contingency to about the 3% of detected 
nonconformities - that the final inspection suffices. Evidently, given these different families of 
defects, it is not wise using the same sampling procedures for every phase, since they clearly 
cannot be always effective. More specifically, a procedure based on the extraction of a random 
sample from a batch once it has finished a phase, is not successful if applied to phases 
characterized by continuous defects. The usual procedure applied for all the phases before our 
study was the following. A random sample of size n was selected from the batch. The number of 
nonconforming items in the sample was found and compared to the acceptance number c. Ifthe 
observed number was less than or equal to the acceptance number, the lot was accepted. If 
more than c nonconforming items were found in the sample, the lot was "rejected" and a DO% 

batch inspection followed. However, think of applying this procedure after a phase 
characterized by continuous defects in the extreme case in which the very first item worked in a 

-- --

1 In the following, we will indifferently use the locutions "phases characterized by 
continuous/casual defects" and "continuous/casual defects", meaning the same concei). 
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batch is nonconforming: then the whole batch will be nonconforming. The Iot will be surely 
rejected, but it will have tobe entirely re-worked -in the best case, when re-working is always 
possible - with a consistent cost involved. Can' t we find a more efficient way to organize the in
process sampling? The idea behind our wmk isthat of developing a sampling plan which is able 
to minimize the ( expected) cost of quality in the case of both continuous nonconformities and 
casual defects. 

3.1 CONTINUOUS NONCONFORMITIES 

We explained how an ordinary single sampling plan is not effcient in the case of continuous 
defects. It appears more effective a sampling planthat is based on the inspection ofitems with a 
certain frequency during the production itself. In this way, possible nonconformities can be 
early identified, their cause removed, and, at the same time, costs related to re-working or scraps 
may be saved. In our approach, the optimal frequency of sampling is that which minimizes the 
total cost of the plan. 

Let us analyze more in depth the situation, assuming that: 

• W e are dealing with batches of size N. 

• The sampling procedure is the following: an item is extracted and inspected during the 
production every f items worked. If the item is nonconforming, then all the items are 
inspected backwards until the last nonconforming is found. 

• The probability for any worked item tobe the first nonconforming one is q. 

What' s the expected number of nonconforming items? Given our assumptions,f items have 
been worked after the last inspection. All of them will be nonconforming if the first worked one 
is already nonconforming; by the same token, f 1 items will be nonconforming if the first 
nonconformity appeared with the second worked item, and so on. 

Thus, the number ofnonconforming itemsNCJ among thefjust finished are: 

NCI = fwith probability q 

NCI = f 1 with probability q(I-q) 

NCI = f2 with probability q(l-q i etc. 

In general, the expected number ofnonconforming items since the last inspection is: 

J 
E(NCI)= L (J- i +1)· q ·(1-q )i-1 

i=l 
(1) 

As a consequence, the expected number of items inspected backwards (!VII) will be that 
indicated in (2), which derives directly from (1) remembering that the inspection will end when 
the first conforming item will be found backwards. 

E(NII) = ±u- i + 2)·q · (I-q)i-1 (2) 
i=l 
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3.2 CASUAL NONCONFORMITIES 

In the case of casual nonconformities, a binomial distribution can be used to find the probability 
of observing x nonconforming items in a sample of size n. Assuming that the Iot proportion of 
nonconforming isp, the probability offindingx nonconforming items is given by: 

P(x)=(:}px ·(I-p)n-x (3) 

As a consequence, given the acceptance number c, the Iot acceptance probability is obtained 
calculating the probability Pa: 

(4) 

3.3 QUALITY COSTS 

Once p is given, the aim is that to develop an algorithm abe to calculate the optimal sample size 
and acceptance number so as to minimize the total cost ofthe sampling plan. The same must be 
done for continuous nonconformities. The general costs we considered, the ones we wanted to 
minimize, are: a) the cost of inspection, b) the cost of internal failure, and c) the opportunity cost 
related to inspection due to machine stop [2]. Let us describe how we calculated these voices in 
the two different cases, stressing from the beginning that, since we are dealing with nndom 
variables, we are looking for expected costs. 

The cost of inspection, in the case of casual defects, is simply given by the cost of examining 
the given number of items prescribed by the sampling plan, i.e. the average inspection time of 
one item multiplied by the number of items tim es the cost of Iabor. In the case of continuous 
defects, not only is the inspection with a given frequency taken into consideration, but also the 
eventual backward inspection, whenever the examined item is nonconforming. Tothis end, 
E(NII) as calculated in (2) is fundamental. In both cases, trying to adapt to different contingent 
situations, the fact that the inspection could be carried out with the manufacturing process 
forcedly stopped or not, was considered. After the in spection, the detected nonconformities 
should be corrected: this Ieads to the costs of internal failures. Depending on the specific 
phase, a certain proportion of nonconformities could be reworked while the remaining part will 
have to be discarded2• In addition, in the case of casual defects, the eventual cost of rejection, 
i.e. of total inspection of the lot, will have to be considered. This is calculated weighting the 
probability of inspecting a whole Iot of size N, by the probability of not accepting it (i.e. a 
number of nonconforming items greater than c is found in the sample of size n ), given by the 
complement to one of ( 4). In both cases, finally, we considered the possible opportunity cost of 
not producing while inspecting items. Quality costs considered are summed up in table 2. 

In summary, the following task is that of optimizing the usual trade-off between the cost of 
control and the cost of internal failure. 

2 The cost of internal failures is based on internal accounting data that provide the added value 
of an item after any phase. 
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T ABLE 2. Quality costs 

CONTINUOUS DEFECTS COSTS 

INSPECTION = cost of inspection every fitems + 
average backward inspection cost 

INTERN AL FAlLURE = reworking cost + 
scrap cost 

CASUAL DEFECTS COSTS 

INSPECTION = ordinarily inspected items x 
average unitary cost 

INTERN AL FAlLURE = Pa x expected scrap cost + 
(I-Pa) x (100% inspection cost + 

expected cost of reworking and scrap) 

OPPORTUNITY COST = average inspection time x OPPORTUNITY COST = average inspection time x 
unitary opportunity cost unitary opportunity cost 

3.4 OPEN PROBLEMS 

The analysis so far conducted presents two main problems cmained open. First, how to 
calculate the optimal sampling frequency (in the case of continuous defects) and the optimal 
sample size and acceptance number (in the case of casual defects), givenp andq? Second, how 
to obtain an unbiased estimator of p and q?3 

We defined q as the probability that any worked item has to be the first nonconforming one in a 
production phase characterized by continuous defects. Let' s consider the random variableR 
which represents the progressive number of the first nonconforming item after the production 
has started, i.e. how many items have been produced to get to the first defective item, this one 
included. Then, Pr(R = k) = q (1-q t 1 and E(R) = q·1 being that: 

E(R)= in(l- q)"...1q = qi(n +1}· (1-q}n = q ·--\-= q-1 • As a consequence, q a 
n=l n=O q 

consistent and unbiased estimator of q, can be calculated as the inverse ofthe average number 
of items produced to get to the first nonconformity over a large enough sample of lots. The 
estimation is even simpler in the case of casual defects, when p is easily estimated with the 
average proportion ofnonconforming items with reference to the inspected items. 
The following paragraph describes a practical solution to the mentioned problems. 

4 LOGKING FüR THE DATA AND FüR THE OPTIMUM 

An intensive experimental campaign of three months was launched, after the design of a 
provisional sampling master plan, whose goal was that of getting the necessary data to 
estimate, as accurately as possible, p, q, and the proportion ofnonconforming items that could 
be reworked after each phase. Having this aim, the participation of the whole firm and the 
development of on purpose data-sheets and data-management routines were required so as to 
collect the necessary information, that is, the number of inspected items, the nunher of 
nonconformities found, and the degree to which a reworking was possible. 

Data collecting for continuous defects Iooks pretty obvious, whereas casual defects deserve a 

3 By the same token, the proportion of nonconforming items that could be reworked after each 
phase has to be estimated. 
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deeper Iook. This problems descends from the fact that while in theory continuos defects do 
not get to the final QC control (by definition of our sampling plan, which prescribes to inspect 
with a given frequency and eventually backward), it is still possible that many casual defects 
reach the final inspection. Thus, why confine to sampling data in order to estimatep, when data 
from electrical and QC tests are available? Conceptually, it has to be noted that the QC test and 
the electric test detect different kind of nonconformities (and this is obviously the reason why 
they are both carried out). Hence, data concerning detected defects at the final inspection were 
taken into account, too. 

I 

Given the gathered data, that referred to more than 1000 lots, the first step was that of 
calculating a suitable estimator and a confidence interval for p and q. Considering that: firstly, 
the proportion ofnonconformities depends on the kind ofprinted circuit but it was too complex 
to get and analyze the data separately and the production mix changes frequently; and that, 
secondly, p and q are likely to change in any case over time, both for exogenous ( e.g. raw 
material) and endogenous (e.g. learning) reasons, an Excel application was created so that it is 
easy to Iive-update the estimate thanks to new experimental data collected in process. 

Finally, two specific application were created to design the best sampling plan for phases 
characterized by casual and continuos defects. The applications were simply designed with a 
recursive routine that, given the expected proportion of nonconforming items, the ooded value 
to the phase at stake, and the usual percentage of possible reworking, is able to calculate 
respectively the frequency fand the Iot size n and the acceptance number c leading to the 
minimum expected cost sampling plan. 
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FIGURE I. Example ofthe SW routine for continuous defects 
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5 IMPLEMENTATION 

The new sampling plan has been implemented and tested over a three-month period. Results are 
significantly positive. General nonconformities decreased to less than one half, from 2 to 0.6% 
(see Figure 2), and nonconformities caused by internal phases decreased from the 76% to the 
60% of the total. In particular, we noticed how the improvement is sustained by those phases 
that were first considered as the most problematic. True enough, it has also to be considered 
that the simple facts of a new attitude towards quality and the acquired habit of daily 
observation and interpretation of data may have brought an important contribution to the final 
result. Still, this does not diminish the value ofthe new sampling plan, but strengthens the idea 
that quality tools could not only have a direct, "technical" effect on firm' s performance, but may 
also contribute to reinforce and ernpower the consciousness and the disposition of the 
organizati:m towards quality, in a real spirit of continuous improvement. 

2+---~~-----------------------------

0,6 

o+-------~--------~--------~------~ 

Prev. average mar-01 apr-01 mav-01 

FIGURE 2. Nonconforming items percentage after the implementation ofthe new sampling plan 

6 CONCLUSIONS 

We developed an innovative sampling plan based on the distinction between what we called 
continuous and casual defects, and that minimizes the expected quality costs. The idea, the 
statistics, and the SW routines, even if thought and designed for a specific case, are valid and 
applicable to a wide variety ofindustrial situations. 

The sampling plan' s main Iimitation is that this is not suitable for phases in which several 
operations are carried out sequentially with tools subject to wear phenomena [3] ( e.g. milling for 
printed circuits). 
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ABSTRACT. In this work a procedure for the optimal design offlexural hinges tobe microfabricated with 
a Iithographie process is proposed. The structural optimization problern is approached by coupling a 
parametric finite element model to an optimization algorithm. A computer code was developed to 
generate the mesh at each optimization step accordingly to the values of the design parameters provided 
by an optimization toolbox. The objective function is the maximum displacement of the mechanism, 
which must be maximized. The solution is constrained by strength andkinematic requirements. The notch 
shape is described by spline functions according to an original procedure developed by the authors. 
Different cases were proposed showing that the procedure is always convergent. 

1 INTRODUCTION 

Very often microsystems make use of design solutions based of compliant mechanisms [1], [2]. 
In fact microfabrication technologies permit monolithic structures to be easily obtained, thus 
reducing microassembly problems related to the use of microdevices composed of several parts; 
moreover the compfiant approach allows backlash, stiction and wear to be eliminated [3]. There 
are two types of approaches to design compliant mechanisms: continuum synthesis approach 
and kinematic synthesis approach; in the first case a topology optimization technique is used to 
obtain a structure with the desired kinematics [4]; this approach, even if quite promising, is still 
in progress, as the formulation of the optimization problern is not easy, particularly concerning 
the definition of the objective functions. In the case of the kinematic synthesis approach, the 
compliant mechanism is dJtained simply introducing lumped compliance in a traditional rigid 
link configuration; in [5] a method based on a so called pseudo-rigid body model is introduced 
to design compliant mechanisms; the flexible elements (flexible pivots) are obtained bymeans of 
leaf springs, whose length is quite smaller in comparison with the length of the rigid parts. It is 
therefore possible to model the flexural pivots as torsion springs attached to rigid body joints, 
whose stiffness is obtained from elementary beam theory. A different and more widely used 
design solution to obtain flexible pivots is suggested in [3], where the flexure is obtained 
machining a circular cutout on either side of a reetangular cross section blank; also in this case 
stiffness is evaluated by means of elementary beam theory. 
It must be pointed out that in [3], in [5] andin [4] only the relatimship between flexure geometry 
and stiffness is studied, even iffollowing a strongly simplified approach. On the other hand the 
stress analysis ofthe pivots is completely missing. As pointed out in [l] the main drawbacks of 
flexural pivots include high stress concentmtion and therefore low fatigue strength; it seems 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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therefore more correct to consider already, in the flexure design phase, not only stiffuess, but 
also strength requirements. 
Forthis purpose it is in general necessary to refer to a numerical model based on FEM. In fact 
analytical solutions for an accurate stress analysis are not available for several of the possible 
geometries of the flexural pivot. Moreover a numerical approach permits a more accurate 
estimation ofthe flexure stiffuess tobe achieved. 
The necessity of referring to a computer aided method (i.e. FEM) to evaluate the mechanical 
behavior of the flexure suggests to use a computer aided method also to design the device. In 
fact, from the design point of view, in general it is necessary to find out the flexural pivot 
geometry that permits to obtain the required kinematics with very low stiffuess and stresses. 
This is a typical structural optimization problern that can be therefore solved by coupling a 
parametric finite element model to an optimization algorithm. This approach seems quite helpful 
particularly in the case of microsystems based on compliant mechanism. In fact the most 
commonly used microfabrication processes (bulk and surface micromachining and LIGA) are 
based on lithography [2], a process that permits pri>matic microstructures, characterized by 
even complex in-plane shapes, to be easily obtained. It follows that, if in the case of macro
devices obtained by metal cutting the flexure geometry is limited to very simple shapes, in the 
case ofmicro-devices obtained with lithography, solutions with no-circular shapes can also be 
foreseen. 
In this work a computer aided procedure for the optimal design of flexible pivots to be 
rnicrofabricated with a Iithographie process is therefore proposed. In this way it becomes 
possible to obtain, following a kinematic synthesis approach, compliant micromechanisms with 
the required kinematics and strength. 

2 BASIC PROBLEM 
Fig. Ia shows the most common type offlexural hinge: a plate characterized by a thickness t, a 
width 2b and a height 'lh with a notch on each side. The plate is therefore compiant in bending 
about the z-axis, but quasi-rigid about the other degrees offreedom. 

2h 

~ 
M 

Symmetry axis 

a) 

y, V 

~ 

( Anti-symmetry) 

v=O (Symmetry) 

b) 

FIGURE I. Flexural hinge considered (a) and details ofits structural model (b) 
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In generaldifferent kinds ofloads can be applied, but in this work only the basicproblern ofthe 

plate loaded by a couple will be considered (Figure 1 ). Obviously the same approach could be 

applied also to different cases. 
Figure 1 b shows the model used for the structural analysis. As the horizontal axis is a symmetry 

axis and the vertical one is an anti-symmetry axis, only one quarter of the structure can be 

considered. In addition to the boundary conditions related to symmetry and anti-symmetry, the 

horizontal displacement uA of point A was set to 0 in order to avoid a horizontal rigid body 

motion. 

3 STRUCTURAL OPTIMIZATION PROCEDURE 

3.1 CIRCULAR SHAPED NOTCH 

In the case of flexural hinges that have to be obtained using a traditional mechanical machiling 

process the possible configurations of the notch are in generallimited to circular shapes. The 

case of a plate with opposite semi-circular notches is therefore firstly considered. This case will 

be used as a reference in the following treatise. 

Uma.< 

Thickne t 

h h 

(a) (b) 

FIGURE 2. Firstiteration FEM model (a) and example of optimized solution (b) 

The main requirement that has to be fulfilled in designing a flexural hinge is that of incresing 

the flexibility with respect to the so-called "sensitive" degree of freedom (that in this case is the 

rotation around the z axis). The design effort in this sense is obviously limited by strength 

considerations; moreover a well-defined kinematics has tobe followed (in this case the rotation 

around point A). It follows that even in this simple case, the optimal design of the flexure can 

not be obtained easily. An analytical solution for any shape ofthe notch is difficult tobe found 

in general [6) and a numerical approach is therefore proposed. The structural problern can be 
solved using a parametric Finite Element model and the optimal solution can be obtained by 
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using a suitable optimization algorithm. In this work a dedicated FEM code was developed 
using MATLAB™ programming language. As optimization algorithm, MA TLABM 
Optimization Toolbox was used [7] and the function fmincon provided by this toolbox was 
used. 
Figure 2a shows the FEM model used at the first step of the iterative optimization technique. 
The dimensions h and t are generally imposed by overall dimension requirements. So, in the 
case of circular notches only two geometrical parameters characterize the structure: the notch 
radius r and the widthb. On the other band, it must be noticed that, for a given value ofr, the 
value of b will be automatically limited by strength consideration. In fact the strength condition 
imposes uniquely the dimension b 1=b-r. In the following paragraph, for a given b, the shape of 
the notch will be modified in order to improve the compliance (see Figure 2) and the design 
variables ofthe problern will be those required to describe the notch geometry. 
The maximum horizontal displacement Umax occurs in point B (Figure 2); Umax characterizes the 
flexibility ofthe structure and therefore the objective function that must be minimized is: 

f = Vumax (1) 

Strength and kinematics considerations permit to define two constraints of the optimi:tation 
problem. The following expressions are suggested: 

g1=max (~q)-cr.dm<O (2) 
g2=e-eimposed<O (3) 

where: 
~q. o;,dm are the equivalent stress and the admissible stress respectively; 
e, eimposed are the actual and the imposed eccentricity, i.e. deviation of the flexural kinematics 
from that ofan ideal hinge with center in point A (see Fig. 2b). 
In the general case of a free shaped notch the constraint imposed by Eq. (2) Iimits the 
transversal dimension ofthe notchb1, while the constraint described byEq. (3) Iimits the height 
of the notch hnotch; in the circular case only Eq. (2) is imposed. 
The problern defined by Eq. (1) isanon-linear optimi:tation problern with constraints. Function 
fmincon ofMATLAB™ Optimization Toolbox follows the Sequential Quadratic Programming 
method (SQP) to solve the non-linear optimization problems with constraints [7]. 
The notch is designed in order to have a localized elasticity simulating as much as possible an 
ideal hinge. The eccentricity e represents the error of motion of the elastic notched beam in 
comparison to an ideal hinge. Figure 2 shows how the eccentricity e is evaluated: the positions 
ofthe nodes situated on the B-D segment in the deformed plate are considered and interpolated 
by means of a linear regression analysis. The value of e is obtained considering the intersection 
of the line of regression with the x-axis. In the case of an ideal hinge the segment B-D rotates 
around point A without any effort. In the case of the elastic notched plate loaded by the 
moment M, the motion of segment B-D generally is not a pure rotation around point A, 
moreover segments B-D bends. As a first approximation the value of e permits to estimate the 
deviation from the desired kinematics of the real hinge. Large plates Q»b 1) with localized 
notches (hnotch<<h) obviouslywill exhibit lower values of e. 
A MATLAB™ computer program was written)o generate the finite element mesh at each 
optimization step accordingly to the values of the design variables provided by MA TLAB TM 
Optimization Toolbox. Four-nodes isoparametric finite elements were used and selective 
integration over each finite element was applied. 
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At present several commercial FEM codes have structural optimization toolbox already 
implemented, in this work the structural optimization problern was reconsidered using the "first 
order" optimization method of FEM code ANSYS ™ [8]. Eight-nodes isoparametric finite 
elements were used. The notch shape was described through the pre-processor tools of 
ANSYS™: an arc was defined by simply imposing center, radius (design variable) and arc length 
(90°). The maximum number of iterations was set to 50 and the tolerance of convergence to 1 0"5• 

3.2 FREE SHAPED NOTCH 

Microfabrication techniques based on lithography permit non-circular geometry to be easily 
obtained; it is therefore interesting to examine, starting from the circular notch case, if even 
slight variations of shape can improve the flexure characteristics. Forthis purpose a procedure 
that permits a free shaped notch to be considered, was also implemented. 
Figure 3 shows the procedure followed using MATLAB ™; the not eh shape is described by 
means of spline functions characterized by three points, called "spline points", which may not 
coincide with the finite element nodes (in Figure 3 spline end points are filled). 

a) Initial circular notch b) Final " stretched" shape of the notch 
FIGURE 3. Notch geometry definitions by means of spline functions 

Spline functions are polynomial of3'ct degree in their own local system ofreference (local y axis 
is always the radius corresponding to the middle point of the spline function). Each spline 
function introduces 4 unknown coefficients and thus n spline functions introduce 4n 
unknowns. The following conditions are imposed: each spline function has to pass through its 
three points (3n conditions); in the end points the slope of the neighboring spline functions 
must be the same (n-1 conditions); in point 1 (see Figure 3a) the slope must be vertical as the 
symmetry condition holds (1 condition). It results that the total number of conditions is 4n too. 
As shown in Figure 3a, to define the notch geometry it is necessary to estimate the unknown 
values ofthe radii ri ofthe 2n+l spline points, as their initialrelative angular positio~«A are set 
equal to rr/(2n-l ). The angles arenot design parameters, but during the optimization pra:ess the 
mesh araund the notch is "stretched" only vertically, ifhootch increases, and therefore the angles 
are modified. Usually 3 or 4 spline functions permit the notch geometry to be described quite 
accurately. 
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The ANSYS™ model ofthe free notch was described by cubic spline functions. The number of 
interpolated points is equal to the number of design variables. Each point has been defined by 
its Coordinates. The ordinates are function of the height of the notch hnotch• which is an 
optimization variable, the abscissas are the design variables. The maximum number of iterations 
was set to 150 and the tolerance of convergence to 10-6• 

In the case of the free shaped notch, the optimization process starts from the optimized circular 
notch for both MATLAB™ and ANSYS™ methods. 

4 RESULTS AND DISCUSSION 
The proposed procedure proved to be always convergent. The results are presented in a non
dimensional form, accordingly to the following notation: 

ß=b!t, N=h!b and y lib (geometrical parameters) 

jt=MI( G.c~mb2t) (Ioad parameter) 

7J=e E b tiM, where Eis the Young modulus (kinematic parameter) 

Vmax=umax E b t/M(stiffuess parameter) 

Tab. I shows the results obtained in the case: /F2, A-=3 and ,u=O.l25. To evaluate 1], the value 
h/h=0.5 (it determines the length ofsegment BD) was always considered. 

T ABLE I. Comparison between results given by MA TLAB program and ANSYS 

Optimization Function: Vmax=Umax E b tiM 

N 
Notch 

1J=eEbt/M 
type 

MATLAB™ ANSYS™ Eccentricity: 

3 spline functions 4 spline functions 

I. 
Circular 

4.3 20.63 20.85 
It results from: 

notch max( OOa}<q,drn 

~ 
5 27.48 26.01 It is imposed as Free 

~ shaped 8 39.47 38.57 a constraint (Eq. 

4. notch 10 45.01 44.79 ( 3)) 

In the case of the circular notch, the optimization procedure gives y=0.5. As pointed out in 
Paragraph 3.1 the circular notch case, which is the initial configuration for the optimization 
process, was taken as reference and the corresponding value of the objective function was 
denoted by v0• lt is interesting to compare the free shaped notch with the circular notch; for this 
purpose the value ofthe ratio Vma/Vo is reported in Figure 4, that shows the equivalent stress 
distribution around the notch obtained with the MATLAifM program for 3 values of 1]. As it 
results from Table 1 and Figure 4, the allowable maximum eccentricity strongly influences the 
maximum displacementumax· Obviously the compliance ofthe notch increases for higher values 
ofthe imposed maximum eccentricity. For instance, for 7]=10 it results VmaxfVo =2.18 and this 
improvement is quite remarkable. lt results also that the height ofthe notch,hnotch. increases, as 
expected, with the eccentricity, consequently, also the stiffuess parameter Vmax increases with 
the height of the notch, hnotch· 
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a) 7]=S, Vmax =27.48 b) 7]=8, Vmax = 39.47 c) 7]=10, Vmax =4S.01 

hnotctlr =0.881, Vma/Vo=l.33 hnotctlr =l.S21, Vma/Vo=l.91 hnotctlr =1.820,Vma/Vo=2.18 

FIGURE 4. Optimized notch shapes at different values of 11 (MATLAB™ program) 

As shown in Figure S the results given by the procedure implemented in MATLAB™ and by 
ANSYS ™ are very close, although the shape in the upper part of the notch is quite different. 
This might be explained mainly by the fact that in this region the stresses are very low (see 
Fig.4) and therefore it follows that this part of the plate does not influence significantly the 
objective function and the eccentricity. Obviously the shape ofthe upper part ofthe notch has 
a negligible influence on the stress distribution in the notch, too. In fact it was noticed that it 
exists several local optimum notch configurations that Ieads to very closed values for the 
objective function defined by Eq. (1 ). The cases presented in Figure Sa and Figure Sb may be 
considered as two extreme cases. MA TLAB TM computer program makes use of function 
"fminco" ofthe Optimization Toolbox that allows the implicit values for tolerances and for the 
minimum change ofthe design parametertobe defined. In order to ensure a very good precision 
of the optimization process a value of 10"5 for objective function and a value of 10"8 for the 
minimum change of the design parameters were imposed. Therefore the solution was obtained 
in a rather !arge number ofiterations (S00-1000); nevertheless the solution converges to a quite 
regular notch shape (see Figure Sb). On a PENTIUM III computer, a single iteration (FEM 
model, mesh generation, displacement and stress solutions) takes approximately 1.2 s for a 600 
DOF model with 7 design variables (free shaped notch). It follows that the procedure 
implemented in MATLAB™ requires computer times always lower than IS-20 minutes. In the 
case of the procedure implemented in ANSYS™ the free shaped notch (9 design variables) 
requires a computational time more than 10 times high er. 
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a) b) 

FIGURE 5. Optimized solution obtained with ANSYS™ {a) and with MATLAB™ (b) 

5 CONCLUSION 

An original method to design flexible hinges microfabricated with lithography was developed; 
the proposed approach was implemented both using a program written in MA TLABM 
programming language and also using the Design Optimization Toolbox of the FEM code 
ANSYS™. The results obtained following the two approaches are quite similar; they clearly 
show that, with respect to the usual design approach, the proposed method permits a 
significant improvement ofthe hinge characteristic tobe obtained. 
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ABSTRACT. The goal of "Quality Engineering" is to design Quality into every product and all the 
processes that build them. Design is the most important phase for Quality both of products and processes. 
Two methodologies, originated in Japan, are claimed as very important for Quality design: Quality 
Function Deployment (QFD) and Taguchi Methods (TM). Often they are called upon as the best synergy 
a Company can use during development ofproducts and processes. 

1 INTRODUCTION 

In order to make Quality of products (processes, systems and services) a good knowledge of 
Quality ideas and a good experience about Quality tools for achieving Quality are absolutely 
needed. A person involved in Company management, especially Quality Managers need that. In 
order to find and use the Quality tools for Quality achievement, education of Managers on 
Quality is essential. Unfortunately too many managers know very little about Quality ideas and 
Methods. 
Design of Experiments (DOE) is a major element of the design activity and one of the most 
important methodo1ogies to achieve Quality through intelligent testing of factors that influence 
Quality, during the designstage ofproduct and processes. For processes DOE allows us to find 
the optimum setting of factors that provide the best Quality and economic yield, that is 
minimization of "disquality cost". One of the most widely used methodologies is the Taguchi 
Method (Robust Design). Quality Function Deployment (QFD) is considered by many people as 
"a tool which is able to ensure that the voice ofthe customer is deployed throughout the product 
planning and design stages", via the use ofvarious "houses of quality" that allow the collection 
and the organization of information about quality, features, characteristics, parts, processes and 
goals relative to a product or a service. The Iiterature on these methods is rapidly expanding. 
Therefore it seems important to stand back a bit and meditate from a managerial point of view. 
The paper shows, using actual cases that the Scientific Approach is able to provide the right 
route towards the good methods for Quality. 

2 QUALITY AND PREVENTION 

One can see the Ievel of "disquality" (the opposite of Quality) analyzing the new ISO 
documents on the Quality Systems: 
### ISO 9001 :2000 "Quality Management Systems - Requirements" 
### ISO 9004:2000 "Quality Management Systems - Guidance for Performance 
Improvement" 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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The new ISOstandards on the "Quality Management Systems" stilllack correct ideas ofQuality 
and of Quality Management for Prevention: they use bad1y the ideas on Improvement and 
Prevention. Item 8.5 of the ISO 9004:2000 is worse than before. The Members of the Tech. 
Committee ISO/TC 176 fall short on "Prevention", as one can see reading the "new ISO 
Standards" and comparing them with this paper and others in the references; in ISO 9004:2000 
the word "prevention" is very rare. 
The standards ISO 9000:2000 "Quality Management Systems - Fundamentals and Vocabu1ary" 
and ISO 9004:2000 state that "eight quality management principles have been identified that 
can be used by top management in order to Iead the organization towards improved 
performance." 
The seventh principle "Factual approach to decision making" states: "Effective decisions are 
based on the analysis of data and information". The subject is important and we think we need 
to remernher Deming's ideas [1, 2] such as the following, recurring in his books: 
:li> Experience alone, without theory, teaches management nothing about what to do to improve 

quality and competitive position, nor how to do it. 
:li> Understanding of quality requires education. 
:li> There is no substitute for knowledge. 
:li> It is a hazard to copy. It is necessary to understand the theory of what one wishes to do or to 

make. 
ISO/TC 176 defined the term "quality" as the "degree to which a set of inherent characteristics 
fu1fils requirements". lt is like confounding the concept of ''temperature" with the concept of 
"heat" (which is energy). In the authors' opinion, the ftrst step to Qua1ity achievement is to 
define 1ogically and correctly what Quality is. In order to provide a practical and managerial 
definition F. Galetto in 1985 proposed the following one: Quality is the set of characteristics of 
a system that makes it ab1e to satisfy the Needs ofthe Customer, ofthe User and ofthe Society. 
This definition highlights the importance of the needs of the three actors: the Customer, the 
User and the Society. Prevention is the fundamental idea present: you possibly satisfy the needs 
only by preventing the occurrence of any problern against the needs. [3, 4] 
The second step is "Understand the word Prevention". ISO 9004:2000 uses the three terms: 
needs, expectations and requirements quite a Iot (Planning, § 5.4). Prevention is not considered 
fundamental. At § 8.5.3 one finds the statement "Loss prevention in the form of planning 
should be applied to realization and support processes, activities and products to ensure the 
satisfaction of interested parties". Unfortunately planning is confounded with prevention. Y ou 
can plan and not prevent [5]. Various practitioners suggest using a panacea for quality 
planning, too many times considered equivalent to "prevention". Quality Function Deployment, 
like ISO 9004, is full of "needs and expectations" (and "customer satisfaction"), that are put in 
the "customer voice room" of the House of Quality. To hear that voice we must Iisten very 
carefully to the customer's needs. 

3 QFD AND DEMING'S SCIENTIFIC OPINION 

Let us consider a few definitions ofQuality Function Deployment [6, 7]: QFD is considered by 
many people as "a tool which is able to ensure that the voice of the customer is deployed 
throughout the product planning and design stages", via the use ofvarious "houses of quality" 
that allow the collection and the organization of information about quality, features, 
characteristics, parts, processes, goals, ... relative to a product or a service. But sometimes the 
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same people, say things to the contrary: that QFD is method (not a tool) for structured product 
planning and development to specify clearly the customer's wants and needs, and then evaluate 
each proposed product or service capability systematically in terms of its impact on meeting 
those needs. Again, QFD is a process (not a tool, or a technique) that puts companies in touch 
with their customers. QFD is a methodology that employs the customers' wants and needs as its 
basic input: QFD is a process or a methodology for planning product and services or a method. 
Also: QFD is not a tool: it is a planning process, as opposed to a tool for problern solving or 
analysis. Again, QFD is a process (not tool or a method, or a technique) that provides structure 
to the development cycle. Again, some other people say that QFD is a system (not a process or 
a method) for translating customer requirements into appropriate company requirements. 
"Quality Deployment is a major force in the Total Quality effort in the United States" [8]. Let 
us hope that in the futurewewill not have the Total Quality Improvement: it would be very 
hard! "We can define quality function deployment as converting the customers' demands into 
"quality characteristics" and developing a design quality for the fmished product by 
systematically deploying the relationships between the demands and characteristics ... quality 
function deployment, broadly speaking is a general term that means deployment of quality 
through deployment of quality functions." [9]. "QFD is a structured process ... It establishes 
customer value using the voice of the customer and transforms that value to design, production, 
and manufacturing process characteristics. The result is a systems engineering process which 
prioritizes and links the product development process so that it assures product quality as 
defined by the customer/user" [10] ". 
QFD "practitioners" misuse the term Quality. Actually the term "quality" in the acronym QFD 
stands for "qualities". This is the f.mdamental reason for the different meanings given by 
different authors to the acronym QFD. Practitioners tell that QFD converts consumers' 
demands into quality characteristics: in effect they confuse quality with qualities. The quality 
characteristics become demanded qualities to convert into measurable and engineering 
elements. Bossert [11] admits: "Customer requirements are translated into manufacturer's 
terms". The example in Fig.l, derived from ASI (American Suppliers Institute), does not help 
in making Quality: Taguchi Methods are used instead ofthe Design ofExperiments. 
It is clear from the above statements that they are important to define QFD. Sometimes reading 
QFD papers and books you find the same authors claiming that QFD is a Tool in some parts 
and a Process (not a tool) in other parts. QFD is said tobe a planning process (methodology), 
but planning does not mean Prevention: you can plan and do not make any Prevention. We 
need to defme QFD: Quality Function Deployment is the process setting the qualities able to 
satisfy the needs of the customers, the users and of the society. A set of qualities doesn't make 
necessarily Quality, but it can be a good base to reach this target. 
The Iiterature on QFD is rapidly expanding. Therefore it seems important that Managers stand back a 
bit and meditate from a managerial point ofview. If you look at the plethora of terms used in the 
"customer voice room" (WHAT room) ofthe HoQ, you notice that Needs (in the definition of 
Quality given above) is a term quite different from any of the items mentioned in the HoQ. 
Moreover, it is important to notice that the Customer is quite different from the User. Looking 
at the plethora of terms used in the "technical room" of the HoQ (HOW room) we note 
explicitly that Prevention is always absent in QFD literature: this absence is evident from the 
first two rooms of the HoQ and this is a Iimitation that can be taken into account or, better, 
must be solved. 
We think that the following statement of the Nobel winner M. Gell-Mann is very suitable for 
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describing the "reality of application ofQuality Methods": "Once that such a misunderstanding 
has taken place in the publication, it tends to become perpetual, because the various authors 
simply copy one each other". QFD deals with the deployment of the qualities needed by the 
customer and this is the first important step to reach Quality. 
These who demean Taguchi methods have missed the whole point. Taguchi methods are not 
just a statistical application of design of experiments. Taguchi methods include integration of 
statistical design of experiments into a powerful engineering process. The true power of 
Taguchi methods comes from their simplicity of implementation" [10]. "Traditional 
experimental designs and Taguchi techniques are tools utilized to understand the relationships 
in the body ofthe QFD matrix. There is much controversy among statisticians as to which tools 
do the jobbest. .... Use whatever works best for what you are trying to understand ...... " [11] 
"Dr. Taguchi ... allows us to evaluate at the design stage the cost of quality loss in order to 
strike the optimum balance between the manufacturing cost and the quality loss. lt has been my 
privilege to work closely with Dr. Taguchi during the past four years, and to be a Ieader in the 
implementation ofhis methods in the United States. Forthose who wish tobe technicalleaders 
in this new industrial revolution, this book is essential." [12]. "I ask Don Clausing who 
provided several consultancies on Taguchi Methods to companies .... to answer some questions 
on ... ("The Professionals and Taguchi Methods") [13]. Taguchi Methods don't work and to 
advise what is proposed by Don Clausing is therefore dangerous. 
Let's Iook at figure 1, made according with what suggtested by ASI; you see two "rooms ofthe 
House ofQuality". Unfortunately 
• the "whats" don't represent the customer needs 
• the "hows" are not the right response. 
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FIGURE 1. A QFD matnx for "quality development", according to ASI [7] 

The Deming replies can only be taken from his very good books Out ofCrisis [1] and The New 
Economicsfor Industry, Government, Education [2]: 
### Experience alone, without theory, teaches management nothing about what to do to 
improve quality and competitive position, nor how to do it. ### Anyone that engages teaching 
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by hacks deserves tobe rocked. ### ... Understanding of qua1ity requires education. ###Teams 
ofunqua1ified examiners visit supp1iers to rate them. ### There is no substitute for know1edge. 
### There is widespread resistance of know1edge. ###Everything best is not enough. ### It is a 
hazard to copy. It is necessary to understand the theory of what one wishes to do or to make. 
### Without theory, experience has no meaning. ### The result isthat hundreds of peop1e are 
1eaming what is wrong. ### I make this statement on the basis of experience, seeing every day 
the devastating effects of incompetent teaching and fau1ty app1ications. ### Without theory, 
there is no 1eaming. ### Again, teaching of beginners shou1d be clone by a master, not by a 

hack. ### Beware of common sense. 
All these Statements are usefu1 for everybody. 
The ana1ysis of the "comp1eted House of Qua1ity" that is found in the book "The Management 
and Contro1 of Qua1ity" [ 14] gives the possibi1ity to measure the distance of the "qua1ity 
practitioners" from Quality. Fig.2 represents what reported in [14] in fig.2.3, where students are 
wrong1y considered as customers. Students are the input, but they are not sure1y the customers. 
They are prepared for the society. 

INPUTS OUTPUTS 
students --~ ___.. ---+- able sludenls 
faculty new knawledge 

Teach1ng. counseling. 
sc1entilic research 

PROCESSES 

FIGURE 2. Students arenot customers but the input and the output ofthe process 

4 DESIGN OF EXPERIMENTS VERSUS TAGUCHI METHODS 

Prevention is very important for Qua1ity achievement; Quality comes forth during deve1opment. 
DOE he1ps a Iot in preventing problems; therefore it is very important during product 
deve1opment (fig. 2): managers have to leam Design of Experiments ideas to draw good 
decisions during productJprocess/service development, and act according the "statistical 
thinking" [1, 2] and use the Scientific statistical approach to experiments which entails 
a) statistica1 design b) correct statistical conduct c) scientific statistica1 analysis of the data. 
The "Scientific Approach", is strongly required by GIQA (Golden Integral Quality Approach) 
[3, 4, 15, 16, 17]. The opposite of the "Scientific Approach" is the Taguchi Method. 
Mathematics, Logic and Physics can prove that "Robust Design" Methods using the Taguchi 
approach is wrong especially when G. Taguchi writes " .... when there is interaction, it is 
because insufficient research has been done on the characteristic values". There are many cases 

that can show the erroneous decisions taken using Taguchi Methods (suggested in connection 
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with the QFD, as we have seen before) and the benefits ofmanagerial and scientific conduct of 
testing activities. Let's look at an application of "Robust Design Methodologies" [20]: the 
paper helicopter, one of the devices used to illustrate the application of Taguchi's statistical 
methodologies to experimentation. 
The observations (the response) are the time (in seconds) between the release for the helicopter 
and its impact to the ground. The example considers three experimental phases and at the 3rd 

experimental phase the conclusion is that only 3 factors are considered important B and E at 3 
levels and N at 2 levels. The design is a full factorial one, unbalanced, with replications. Table 
1 shows the experiment data and table 2 the analysis ofthe data reported in [20]. 

T ABLE 1 Experiment data. 

Run B E N=-1 N=1 
Mean 

1 -1 -1 5,82 5,78 5,68 6,14 5,96 5,69 6,02 5,87 
2 -1 0 5,92 5,83 5,8 5,79 6,13 6,15 5,76 5,91 
3 -1 1 5,35 5,28 5,48 5,48 5,31 6,62 6,93 5,51 

4 0 -1 6,2 5,68 5,91 5,88 5,75 5,99 5,91 5,90 
5 0 0 5,48 5,86 5,8 5,67 5,82 5,91 6,11 5,81 
6 0 1 5,82 5,74 5,82 5,84 5,8 5,61 6,69 5,81 
7 1 -1 6,53 6,29 6,67 6,82 6,64 5,87 5,82 6, 64 
8 1 0 6,56 6,24 6,28 6,8 6,58 5,53 6,16 6,39 
9 1 1 5,97 6,17 5,97 6,24 5,97 5,62 4,38 5, 76 

TABLE 2 Anal sis ofdata [19 

Source of g.d. ss MS F-ratio p 

variation l. 
Intercept 1 2236 2236 21826 0.000 

B 1 2.640 2.640 25.77 0.000 
E 1 2.059 2.059 20.10 0.000 

BE 1 0.484 0.484 4. 721 0.034 
BB 1 0.417 0.417 4. 072 0.048 
EE 1 0.200 0.200 1. 952 0.168 

Error 57 5.839 0.102 
Corrected 62 11.639 

total 

First of all, the experimental design is unbalanced and therefore you need the G-Method [18] 
for a scientific analysis: you can not get the "residual error" as difference between the corrected 
total and the (intercept+B+E+BE+BB+EE). The "real" error is given by the total minus the "SS 
full model" (with 18 df) [18]. The SS provided in table 4 are all wrong as you can see from 
table 3. Beside that, with the G-Method [18] you can get the linear and the quadratic effect of 
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the factors and of the interaction (table 3). With the scientific analysis you get quite a different 
picture regarding the significance of factors and interaction. 

TABLE 3 G-Method Analysis ofVariance [20] 

Source Df ss MS Fe F(5%) signifi 
cance 

Total 63 2247,6 

Mean 1 2236 

Corrected 62 11,639 
total 

B 2 1,148 0,574 9, 5716 2,4245 * 
E 2 0,668 0,334 5,5698 2,4245 * 

BE 4 1,038 0,2595 4,3273 2,0742 * 
Residual 45 2,6986 0,06 

error 
Blinear 1 0,9123 0,9123 15,212 2,8205 * 

Bquad 1 0,2357 0,2357 3,9309 2,8205 * 
Elinear 1 0,5858 0,5858 9,7674 2,8205 * 

Equad 1 0,0823 0,0823 1,3722 2,8205 

Bl*El 1 0,4837 0,4837 8,065 2,8205 * 
Bl*Eq 1 0,0535 0,0535 0,8922 2,8205 

Bq*El 1 0,2929 0,2929 4,8837 2,8205 * 
Bq*Eq 1 0,208 0,208 3,4685 2,8205 * 

5 CONCLUSIONS 

QFD pragmatic books for practitioners lack greatly a Quality and Scientific Approach. 
According to Deming "It is a hazard to copy. lt is necessary to understand the theory of what 
one wishes to do or to make. Without theory, experience has no meaning." 
Hence, it is much better to be both pragmatic and theoretic [4, 18, 19], instead of being 
practitioners. Managers must take care of needs more than they care for ''wants": needs are 
more important. 
This paper stresses again that Prevention with "future consequences of present decisions" (the 
futurity), in the Company space-time continuum, through holism, intellectual honesty and 
scientific approach, is essential in order to provide the Customers/Users/Society integrally the 
Quality they need. The Customers, the_Users and the Society need flexible managers who canthink 
integratively, prevent and solve problems, be life-long leamers using their intelligence and intelleemal 
honesty. Decisions based solely on data analysis by applying the (ISO 9000:2000 and 
9004:2000) seventh principle "Factual approach to decision making" which states: "Effective 
decisions are based on the analysis of data and information" are usually ineffective and wrong. 
DOE (and Reliability Tests) is actually very important both for product development and for 
improvement. 
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Quality of methods for making Quality is important to prepare managers and to achieve Quality 
everywhere in our Society [18, 19]. 
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ABSTRACT. A clear, concise and unequivocal communication ofthe design intents from engineering to 
manufacturing to verification is essential aiming at ensuring products quality. Datums and Datum sys
tems, allowing defining the location and the geometrical characteristics of parts, play a central role in 
establishing a common language. By this way it is necessary analyzing Datums concepts as by the stan
dards to which refer in the dimensioning step, being ASME and ISO approach to geometric dimensioning 
and tolerancing generally different. Datums concepts as by ASME and ISO standards are evaluated and 
discussed in this work, also considering related GPS ISO Drafts (ISOffC 213 work in progress), aiming 
at evidencing the evolution in ISO standardization. 

1 INTRODUCTION 

In these last years the scenery of global market changed so deeply and quickly that industries had 
to front a real revolution. Sophisticated CA-x systems, advanced materials, new technologies lead 
to products showing even more complex geometries, revealing the need for standards, methodolo
gies and procedures, allowing describing them properly. Geometrical characteristics deeply 
influence aspects as functionality, manufacturing, assembly and verification so that it is very im
portant adequately considering them in the first steps of design, when dimensioning and 
tolerancing [1]. 

Analyzing Datums and Datum systems as a powerful tool in establishing a common language from 
design to manufacturing to verification it is very important evaluating the standards used for refer
ence; it is necessary verifying if the same terms, as by different standards, have the same meaning 
ornot. 

ASME reference for Geometrie Dimensioning and Tolerancing (GD&T) is actually ASME 
Yl4.5M-1994 (next version is expected tobe disposable 2005), defining the guidelines for dimen
sioning and tolerancing, also considering the geometrical characteristics [2, 3]. This standardalso 
reports Datums concepts definitions, meaning and uses. On the other hand, a relevant number of 
standards describe the ISO guidelines for geometric dimensioning, now collected and harmonized 
in the Geometrical Product Specification matrix (GPS matrix) [4]. ISO 5459-1981 is actually the 
main reference for Datums [ 5]. 

It is however necessary underlining that the GPS matrix also identifies the beginning of an impor
tant work concerning the general revision and development of standards related to the Geometrical 
Product Specifications by the ISO Technical Committee 213 (ISO!fC 213) [6]. Many Work 
Groups belong to ISO!fC 213: Work Group 2 is explicitly dedicated to Datumsanddatum sys-

Published in: E.Kuljanic (Ed.) Advanced Mamifacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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tems. The revision of ISO 5459 concerns now four important Projects: ISO/CD 5459-1: 1998(E) 
Datums and datum systems for geometrical tolerancing - Part 1: General terms and dejinitions 
[7], ISO/CD 5459-2 Datums and datum systems for geometrica/ tolerancing- Part 2: Indication 
in technical product documentation [8], ISO/WD 5459-3 Datums for geometrical tolerancing -
Part 3: Association methods for datums and datum systems for the assessment of geometrical 
tolerances [9], ISO/WD 5459-4 Datums for geometrical tolerancing - Part 4: Metrological es
tablishment of datums and datum systemsfor the assessment ofgeometrical tolerances [10]. 

Aforementioned standards are analyzed and compared in this work, also aiming at identifying if 
the evolution in standardization adequately reflects the need ofthe evolving industrial reality. 

2 DATUMS CONCEPTS DEFINITIONS BY ASME AND ISO STANDARDS -
COMPARISON AND DISCUSSION 

Firstly, aiming at verifying the correspondence in meaning ofthe terms used by the different stan
dardization, the related definitions are compared and discussed. 

2.1 DATUMS DEFINITIONS 

Datumsdefinitions as by ASME Y14.5M-1994, ISO 5459-1981 and ISO/CD 5459-1:1998(E) are 
reported in the following table. 

T ABLE 1 Datum definitions 

ASME Y14.5M-1994 ISO 5459-1981 ISO/CD 5459-1: 1998(E) 
Datum: theoretically exact Datum: a theoretically exact Datum: situation feature used 
point, axis or plane derived geometric reference (such as to define the position and/or 
from the true geometric axes, planes, straight lines orientation of a tolerance zone 
counterpart of a specified etc.) to which toleranced fea- or to define the position 
Datum Feature. A Datum is tures are related. Datums may andlor the orientation ofthe 
the origin from which the be based on one or more fea- virtual condition (in the case 
location or geometric charac- tures of a part. of complementary require-
teristics of features of a part is ments, e.g. maximum material 
established. requirement) 

True geometric counterpart: 
Situation feature: ideal fea-the theoretically perfect bound-

ary (virtual condition or actual ture which is a point, a straight 

mating envelope) or best-fit line, a plane or a helix, from 

(tangent) plane of a specified which the position and/or the 

datum feature orientation of a feature can be 
defined 

Firstly considering the two definitions reported in the published standards, we can observe that, 
although they can Iook similar, some important differences can be evidenced: referring to the 
true geometric counterpart of a specified Datum feature, ASME standard clearly states how the 
Datum relates to the part, while ISO standard generically establishes that Datums may be based 
on one or more datum features on the part. 
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In the ISO Draft the corre1ation between Datums and features on the part, a1though not exp1ic
itly established in the definitions, can be evidenced by further ana1ysis of the Drafts contents, 
and it will be discussed following. Moreover, the introduction of the virtua1 condition concept 
1ooks more close1y reminding to ASME. 

2.2 DATUM SYSTEMS DEFINITIONS 

Datum systems defmitions as by ASME Y14.5M-1994, ISO 5459-1981 and ISO/CD 5459-
1: 1998(E) are reported in the following table. 

TABLE 2. Datumsystemsdefinitions 

ASME Y14.5M-1994 ISO 5459-1981 ISO/CD 5459-1:1998(E) 
Datum Reference Frame: Datum system: a group oftwo Datum system: ordered 1ist of 
sufficient datum features, or more separate datums used at least two datums and most 
those most important to the as a combined reference for a three datums, which may be 
design of a part, or designated to1eranced feature sing1e or common datums 
portions of these features are Single datum: datum based on 
chosen to position the part in one surface considered alone 
relation to a set of three mutu- Common datum: datum based 
ally perpendicular planes, on two or more surfaces con-
jointly called a datum refer- sidered simultaneously 
ence frame. This reference 
frame exists in theory only 
and not on the part. ( ... ) 

Target: portion of an integral 
Datum target: a specified Datum target: a point, line, feature (surface) which is an 
point, line, or area on a part or 1imited area on the work- area and which is used for 
used to estab1ish a datum piece to be used for contact establishing a datum 

with the manufacturing and 
inspection equipment, to de-
fine the required datums in 
order to satisfy the functional 
requirements 

By ASME Datums exist within a framework of three mutually perpendicular intersecting planes 
known as the Datum Reference Frame, as shown in figure 1. Positioning and orienting a part 
means fixing it in relation to the Datum Reference Frame: the part must contact the primary 
Datum plane by a minimum of three points, the secondary Datum plane by a minimum of two 
points and the tertiary by a minimum of one point. By this way, it is commonly said that the 
part is completely constrained (being the six degrees of freedom of the part comp1etely re
moved); more exactly we should say that the method ofmeasuring the part is constrained [11]. 
ISO, instead, bothin the published standardandin the Drafts definition, does not establish a 
Datum Reference Frame, only referring to a Datum system, defined as a group of two or more 
separate Datums used as a combined reference for a to1eranced feature. The definition reported 
in the Draft just underlines that the Datums have to be ordered in the Datum systems. The dif
ferent approach between the two standards becomes now even more evident: the Datum system 
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defined by ISO Iooks to be related to single toleranced features on the part, rather than giving a 
Frame where a complete definition of the geometrical characteristics of the part can be estab
lished. 

Datum point 

Diraction of measurements 

Datum planes 
origin of 
measurement 

FIGURE l. Datums and Datum Reference Frame representation as by ASME Yl4.5M-1994 [2] 

About Targets definitions, we can observe that ISO Drafts definition is quite similar to the ASME 
(it Iooks to be limited to areas, but the concept is further extended to lines and points [8]), re
minding to a correlation between features on the parts and Datums; while ISO published standards 
definition relates to Datums verification and manufacturing equipments. Datums definition by 
means of manufacturing and inspection equipment is also recalled in the Simulated Datum feature 
deftnition and will be discussed following. 

2.3 DATUM FEATURES DEFINITIONS 

Datum features definitions as by ASME Y14.5M-1994, ISO 5459-1981 and ISO/CD 5459-
1: 1998(E) are reported in the following table. 

TABLE 3. Datumfeaturesdefinitions 

ASME Y14.5M-1994 ISO 5459-1981 ISO/CD 5459-1:1998(E) 
Datum feature: an actual Datum feature: a real feature Restricted surface: portion of 
feature of a part that is used to of apart (such as an edge, a an integral feature ( surface) 
establish a datum surface, or a hole etc.), which which is an area and which is 

is used to establish the loca- used for establishing a datum 
tion of a datum 

.. 
By ASME defimbon, where features of a part have been 1dentdied as Datum Features and used 
to establish Datums, the part is oriented and immobilised relative to the three mutually perpen
dicular planes of the related Datum Reference Frame in a selected order of precedence. By ISO 
5459, a Datum feature is a real feature of a part, which is used to establish just the location of a 
Datum, not Datums selves. Again, it Iooks difficult univocally defining the correlation between 
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Datums and parts by ISO definitions, while Drafts definition of restricted surfaces (used for 
establishing Datums) looks more closely reminding to ASME Datum features. 

2.4 SIMULATED DATUMS DEFINITIONS 

Simulated Datumsdefinitions as by ASME Y14.5M-1994, ISO 5459-1981 and ISO/CD 5459-
1: 1998(E) are reported in the following table. 

TABLE 4 Simulated Datumdefinitions 

ASME Y14.5M-1994 ISO 5459-1981 ISO/CD 5459-1:1998(E) 
Simulated Datum: a point, Simulated datum feature: a 
axis, or plane established by real surface of adequately 
processing or inspection . precise form (such as a sur-
equipment, such as the fol- face plate, a bearing or a 
lowing simulators: a surface mandrel, etc.) contacting the 
plate, a gage surface or a datum feature( s) and used to 
mandrei establish the datum(s) 

Being the Datums theoretical entities, the concept of Simulated Datum is introduced. ASME 
and ISO different approach is again evidenced: while ASME standards defines the simulated 
Datums to represent a theoretical concept in the reality, ISO standard looks defining the theo
retical entities by means of the real ones. The definition of simulated Datum is absent in ISO 
Draft, but the correlation between Datums and inspection equipment is concemed by ISO/WD 
5459-4, Datums for geometrical tolerancing - Part 4: Metrological establishment of datums 
and datum systems for the assessment of geometrical tolerances [ 1 0] and will be discussed. 

2.5 DISCUSSION 

The analysis of the datum concepts definitions allows for some considerations. 

ASME Datums concepts definitions evidently belong to a coherent and well defined system of 
rules for geometric dimensioning and tolerancing. Theoretical and real entities are clearly and 
univocally related: through the true geometric counterpart of the datum features, the part may 
be related to the Datum Reference Frame, whose Datums allow properly defining the geometri
cal characteristics of the whole part. The Datum Reference Frame concept is strictly related to 
the possibility of using functional gages for verification, according to the general ASME point 
ofview, as synthesized by Rule 1 and virtual condition concept [2]. Anyway, the possibility of 
defining the whole geometrical characteristics of the parts referring to a Datum Reference 
Frame clearly and univocally related to the part is of course helpful for any verification method 
could be used. The Datum Reference Frame concept, basic in GD&T, can result as a key-point 
in establishing a common language for design, manufacturing, assembly and verification. 

ISO 5459:1981 defmitions, instead, lead to a more difficult correlation between theoretical and 
real entities. Datums are established by means of the processing or inspection equipment and lo
cated by means of the datum features. The datum system is defined as for tolerancing single 
features, rather than giving the possibility of completely defining the geometrical characteristics of 
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the part. Some difficulties can be encountered, when trying to establish the aforementioned 
"common language" by means of such defmitions. 

ISO Drafts definitions, although reminding those reported in the ISO 5459:1981, evidence 
some important differences. The use ofDatums again Iooks tobe Iimited to the definition ofthe 
geometrical tolerances of single features on the part: the possibility of completely defining the 
geometrical characteristics of the whole part, strictly related to the aforementioned "Datum 
Reference Frame concept", is not weil considered, as by the Datum system definition. On the 
other band, the relations between features and Datums are more precisely defined, thus reflect
ing the need of establishing "links" between features "as designed" and the same features "as to 
be verified". 

3 DATUMS CONCEPTS EVOLUTION IN GPS ISO DRAFTS - DISCUSSION 

According to the general GPS main objective [12, 13], a strong effort is performed, aimed at 
establishing clear correlations between the specification and the verification steps [14]. Con
ceming Datums identification, some basic concepts are introduced, reminding to the 
interrelationships of the geometric features described in other standards [ 15, 16]; the main 
guidelines are shown in figure 2. 

IOEHTIFICATION 
OFOATUM 

Extracted 

\t~:~ure 
l ---: . .. . . 

: : 
: l 1) 
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..... ,_ ...... _ ..... ! 
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mteg r:al feature r-----, ,,......_ __ ,.,. 

.. . ~ 
i:" ! ... 
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i !:" 

2) l \ ' Q\ ·q : 
\ ! 
i ~ 
.~ 1 
L~---- .. J! 

. I L------
DATUM 

FIGURE 2. Basic concepts for Datums identification [7] 

Datums are defined on the basis of surfaces, belonging to different classes characterised by the 
Degrees Of Freedom (DOF) for which the surface is unvarying: complex surface (DOF: none; 
situation features: plane, straight line, point), prismatic surface (DOF: I translation along a line 
of a plane; situation features: plane, straight line), surface of revolution (DOF: 1 rotation 
around a straight line; situation features: straight line, point), cylindrical surface (DOF: 1 
translation and 1 rotation around a straight line; situation features: straight line ), planar surface 
(DOF: 1 rotation perpendicular to the plane and 2 translations along 2 Iines of the plane; Situa-
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tion feature: plane), spherical surface (DOF: 3 rotations around a point; situation features: 
point). 

The concept of "Feature with intrinsic characteristic" is introduced, reminding to the ASME 
"Feature of size" concept; thus confirming the tendency at minimising the differences between 
ISO and ASME point of view [ 17]. Such features are then distinguished between Feature with 
Variable Intrinsic Characteristic (FVIC) and Feature with Fixed Intrinsic Characteristic (FFIC), 
also specifying the cases whether Maximum (respectively Minimum) Material Condition is 
applied or not. A long series of Rules, precisely defined, covers the more various situations for 
Datums, common datums, and Datumssystems [8]. 

The association methods allowing establishing Datums from nominal integral features are also 
well defined, by means of Constraints ( describing the conditions that must be satisfied) and 
Objective Functions for Association (Gaussian, Least squares, maximum inscribed, minimum 
circumscribed ... ) [9]. 

Finally, relevant work is spent analysing the metrological problems related to the establishment 
ofthe associated Datumfeature [10]. 

The analysis ofthe aforementioned concepts introduced by ISO Drafts leads to some interesting 
considerations, despite they are relating to a ''work in progress", thus necessarily subject to 
revision. The basic evolution principles can anyway be individuated and discussed, especially 
with reference to the conceming industrial reality. 

The intent of defining classes (of features, of situations ... ), as well as that of establishing a 
mathematical definition of concepts (also well defined by ASME [3 ]), is of course positive, but 
the need for completeness often lead to long series of Rules, which interpretation could result 
difficult to the users. The language self, describing principles and applications, may require a 
strong effort, considering the industrial reality, which can be normally expected. The risk could 
be to perform a perfectly precise set of rules, which are too difficult to understand and to fol
low, so that they could be not followed at all. It could be a big risk, considering how deeply the 
geometrical characteristics of the parts affect functionality, assembly, thus substantially the 
quality of products. 

Probably the whole GPS philosophy will require for some time and particular attention to be 
diffused and understood, but special effort should be spent to describe at least the basic con
cepts simply and unambiguously (as more is possible). Although it is a very difficult task, 
because of the complexity and variety of situations to describe, it cou1d be maybe worthy trying 
to develop a core of well defined basic concepts, to which all the particular cases could be 
clearly referred. The task should really be performing a set of rules describing a complex reality 
in a simple way. 

4 CONCLUSION 

Datums concepts as by ASME and ISO standards are analyzed in this work, evidencing analogies 
and discrepancies by means of the comparison of Datums concepts definitions. Particularly, while 
in ASME stlmdard real and theoretical entities are clearly and univocally related, it is more diffi
cult establishing such a univocal correlation by ISO 5459:1981 defmitions. On the other hand, as 
recognized by related ISO Drafts analysis, a relevant effort is actually spent by ISO!fC 213 aim
ing at defining precise corre1ations between Datums and features on the parts, being the intent 
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always establishing "links" between the specification and the verification steps. It is however nec
essary underlining how, establishing such correlations, a complex language often describes a long 
series ofRules, which understanding and application could result difficult in the industrial reality. 
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ABSTRACT: Quality Engineering Iooks at designing Quality into every product and all the processes. Design is 
surely the most important phase for Quality. To make Quality ofproducts (processes, systems and services) good 
knowledge of Quality ideas and good experience about Quality tools for achieving Quality are absolutely needed. 
The new ISO Standards on the "Quality Management Systems" state that "eight quality management principles have 
been identified that can be used by top management in order to Iead the Organisation towards improved 
performance." The seventh principle "Factual approach to decision making'' states: ''Effective decisions are based on 
the analysis of data and infonnation". Well-designed tests in industrial framework provide data for decisions. Using 
real applications we will see that Quality Managers need great care for the correct implementation ofiSO principles. 
They need Quality Methods scientifically founded and applied to scientifically designed tests. That will help the 
implementation of another essential ISO 9004:2000 principle "Continuous Improvement". 

1 INTRODUCTION 

At various Conferences on Total Quality Management for Higher Education Institutions, from 1998 to 
2001, the author presented many actual cases ofwrong application ofthe concepts and methods related 
to Quality, done by professors. Deming (1986) would have said 
~ The result is that hundreds of people are leaming what is wrong. I mak:e this Statement on 

the basis of experience, seeing every day the devastating effects of incompetent teaching and 
faulty applications. 

The cases referred to Quality definition, Analysis OfVariance (ANOVA), Reliability, Control Charts, 
Reliability Tests, Taguchi Methods, "Robust Design" Methods, ... 
One professor (TQMHEI 1999) to1d me he disagreed with me, because he knew hundreds of good 
applications ofTaguchi and the so-ca11ed "Robust Design" methods. I asked him for just 2 out ofthose 
hundreds of good app1ications: after 3 years, I am still awaiting for one of them ... 
In another Conference (AlTEM 1999) a session chairman on Quality Methods stated that "in bis 
experience, interaction are less probable than factors"; my (78, ... , 2000b) experience is opposite. 
Another told methat he did not understand why I considered very bad the book ofMontgomery (1996), 
saying "If you, via Internet, look at quality courses of many Universities, you will find many professors 
suggesting that book (Montgomery 1996) to students; therefore, you Galetto, you are in a minority. 
Hence, we many, we are right." Quality definition "Quality is inversely proportional to variability'', given 
in Montgomery book is nonsense: according to this definition Ferrari, the winner of 2001 Formula One 
Championship, has the lowest Quality!!! Professors, teaching in quality courses, generally do not know 
reliability and then do not understand the consequences ofMontgomery definition. 
But there is something worse: Montgomery is in contradiction and bis lovers, suggesting bis book to 
students do not realise that; let's consider "example 6-6" (page 291, in the book ofProf. Montgomery). It 
is written there: "A chemical engineer wants to set up a control chart for monitoring the occurrence of 
failures of an important valve. She has decided to use the number of hours between failures as the 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Courses and Lectures No. 437, Springer Wien New York, 2002. 



650 F. Galetto 

variable to monitor .... Clearly, time between failures is not normally distributed. [ ... constructing a time
between-events control chart is essentially equivalent to control charting an exponentially distributed 
variable.] Figure 6-23 is a control chart for individuals and a moving range control chart for the 
transformed times between failures ... If a process change is made that improves the failure rate (such as 
a different type ofmaintenance), then we would expect to see the time between failures get longer .... ". 
The data are the followinr 
lst6ln9l4lt43l43t sl2s37l596l stl227l2s6l94sl536lt24l6o3l492l1199lt2t4l2s3tl96l 

I agree with Montgomery about his statement "If a process change is made that improves the failure rate, 
then we would expect to see the time between failures get longer.". This statement proves that Prof 
Montgomery (and his lovers, suggesting his book to students) does not realise that, according to his 
definition, «quality gets worse, "If a process change is made that improves the failure rate", because "the 
time between failures gets longer."». One can easily prove the mistake ofProf Montgomery, ifhe/she 
reads and understands the Galetto books and papers (1995, ... , 2000b). I had the chance to pointout this 
to several professors, teaching Quality related matters: they did not understand. I asked them to analyse 
scientifically the data: they were incapable, because they did not know the theory (you can find it in 
Galetto 1995, ... , 2000b ). Montgomery book isabad book, and professors do not realise it. 
The new ISO Standards on the "Quality Management Systems" state that "eight quality management 
principles have been identified that can be used by top management in order to lead the organisation 
towards improved performance." The seventh principle "Factual approach to decision making" states: 
"Effective decisions are based on the analysis of data and information". 
W ell-designed tests in industrial framework provide data for decisions. 
Using real applications we will see that Quality Managers need great care for the correct implementation 
ofiSO principles. 
They need Quality Methods scientifically founded and applied to scientifically designed tests. That will 
help the implementation of another essential ISO 9004:2000 principle "Continuous Improvement". 

2 ISO 9000:2000 "QUALITY PRINCIPLES", ISO 9001 "ANALYSIS OF 
DATA" 

The new Standard ISO 9000:2000 and IS09004:2000 suggest the use of eight quality 
management principles. Here they are: 
4.3 Use of quality management principles (ISO 9004:2000). 
To Iead and operate an organisation successfully, it is necessary to manage it in a systematic and visible 
manner. The guidance to management offered in this International Standard is based on eight quality 
management principles. These principles have been developed for use by top management in order to 
lead the Organisation toward improved performance. These quality management principles are integrated 
in the contents ofthisInternational Standard and are listed below. 
a) Customer focus Organisations depend on their customers and therefore should understand current and 
future customer needs, should meet customer requirements and strive to exceed customer expectations. 
b) Leadership Leaders establish unity of purpose and direction c>f the Organisation. They should create 
and maintain the intemal environment in which people can become fully involved in achieving the 
organisation's objectives. 
c) Involvement of people People at alllevels are the essence of an Organisation and their full involvement 
enables their abilities tobe used for the organisation's benefit. 
d) Process approach A desired result is achieved more efficiently when activities and related resources 
are managed as a process. 
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e) System approach to management Identifying, understanding and managing interrelated processes as a 
system contributes to the organisation's effectiveness and efficiency in achieving its objectives. 
t) Continual improvement Continual improvernent ofthe organisation's overall perfonnance should be a 
pennanent objective ofthe organisation. 
g) Factual approach to decision making Effective decisions are based on the analysis of data and 
infonnation. 
h) Mutually beneficial supplier relationships Any organisation and its suppliers are interdependent and a 
mutually beneficial relationship enhances the ability ofboth to create value. 
Successful use of the eight management principles by an organisation will result in benefits to interested 
parties, improved monetary retums, the creation of value and increased stability. 
The new Standard ISO 9001 :2000 states the following: 
8.4 Analysis of data (ISO 9001 :2000) 
The organisation shall detennine, collect and analyse appropriate data to dernonstrate the suitability and, 
effectiveness of the quality managernent system and to evaluate where continual improvernent of the 
effectiveness of the quality managernent system can be made. This shall include data generated as a 
result of monitoring and measurement and from other relevant sources. 
The analysis of data shall provide infonnation relating to 

a) customer satisfaction (see 8.2.1), 
b) confonnity to product requirernents ( see 7 .2.1 ), 
c) characteristics and trends of processes and products including opportunities for preventive 

action, and 
d) suppliers. 

Particularly important for the sequel is noting that ISO Standards still do not care of Quality of Quality 
Methods. Professors do the same. 

3 WRONG APPLICATIONS OF ISO 7rn PRINCIPLE 

We are going to present some very few cases related to data analysis, taken from books. They show that 
books are in agreement with the new ISO Standards 9004:2000 and 9001:2000, notwithstanding that 
Quality is absent in thern. 
Design ofExperiments (DOE) is a major element ofthe design activity and one ofthe most important 
methodologies to achieve Quality through intelligent testing. One of the most widely used methodologies 
is the Taguchi Method (in connection with "Robust Design"). 
Let's see the erroneous decisions taken using Taguchi Methods (suggested in connection with the QFD), 
using the data and the analysis of G. Taguchi (1987, Chap. 11). Neglecting the interactions, as it is 
usually done by "Taguchians", from these data Taguchi finds the optimum state AsR1Et. where he 
thinks there is the maximum. 
Actually, as shown in table 2 (using the G-Method), interactions are generally more important than 
factors; hence it is not wise to neglect them. It is interesting to note the following statement of Taguchi: 

I 

"In analysing, we calculate as though No. 1 to No. 6 had been experimented on twice each. We do this $<> 
that the factorial effects will be orthogonal.". Taguchi misses completely the scientific approach. \ \ 

'', Actually, if one uses the scientific G-method, (Galetto 1978, ... , 2000b) he can really find that \ 
1. the mean is "entangled" (& symbol used) with the interactions BC, CD, BE, BCDE: 

I&BC&CD&BE&BCDE 
2. the 5-level factor A is "entangled" with the interaction BC, CD, BE, BCE, CDE, AB, AC, AD, AE: 

A&BC&CD&BE&BCE&CDE&AB&AC&AD&AE 
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3. the 2-level factor B is "entangled" with the interactions CDE, AB, AC, AD, AE: 
B&CDE&AB&AC&AD&AE 

4. the 2-level factor Cis "entangled" with the interactions .. . 
5. the 2-level factor Dis "entangled" with the interactions .. . 
6. the 2-level factor Eis "entangled" with the interactions .. . 
7. the interactioll DE is "entangled" with the interactions BC, CD, BE, BCE, CDE, AB, AC, AD, AE: 

CD&BC&CD&BE&BCE&CDE&AB&AC&AD&AE 
8. the interactioll BD is "elltangled" with the interactions ... 

TABLE 1 Data and analys is ofG. Taguchi [1987, ~ter 11] 

FACTORS Data Tagucbi Calculations 

A B c D E IY1 IY2 IY3 Source f ss V KV 
1 -1 -1 -1 -1 6 4 5 Total 29 967.98 
1 1 1 1 1 2 0 1 bi 4 374.81 93.70 59.97** 
2 -1 -1 1 1 9 8 11 B 1 475.02 475.02 271.44** 
2 1 1 -1 -1 1 0 -1 IC 1 1.69 1.69 0.96 
3 -1 1 -1 1 14 13 14 D 1 0.19 0.19 0.11 
3 1 -1 1 -1 7 4 5 E 1 77.52 77.52 44.30** 
4 -1 1 1 -1 9 8 12 e1 1 2.08 2.08 2.08 
4 1 -1 -1 1 6 6 4 e2 20 36.67 1.84 
5 -1 1 1 -1 10 13 11 Wrollg analysis 
5 1 -1 -1 1 9 10 7 Tagt!cbi misses the scielltific a.I'J'l"Oach 

TABLE 2 Scientific Analysis (G-Method, with & ... ) of the data oftable 1 
Source df ss MS Fe FS% sign Source df ss MS Fe FS% sign 

TOTAL 30 1998.00 BC& ... 1 192.20 192.20 104.84 4.35 * 
Mean& 1 1442.13 D& ... 1 4.80 4.80 2.62 4.35 
Corr. Total 29 555.87 AD& ... 4 292.88 73.22 39.94 2.87 * 
A& ... 4 221.53 55.38 30.21 2.87 * E& ... 1 13.33 13.33 7.27 4.35 * 
B& ... 1 249.69 249.69 137.19 4.35 * AE& ... 4 284.32 71.08 38.77 2.87 * 
AB& ... 4 51.13 12.78 6.97 2.87 DE& ... 1 192.20 192.20 104.84 4.35 * 
C& ... 1 1.20 1.20 0.65 4.35 Residual 20 36.67 1.833 
AC& .. 4 296.48 74.12 40.43 2.87 * Residual NOT obtained by di:fferellce Jl 

Due to this important entanglemellt the optimum is different from Tagucbi findings. He found as 
optimum state the following olle, AsRlCindifferentDindifferentEh while actually it is A5R,C,D_,E,: the 
error is due to the interactions and to the fact that the factorial effects ARE NOT orthogonal!!!! [ as it can 
be shown by the Normal Equations (G-Method, Galetto 1978, ... , 2000b)]!!! Besides the previous 
example, many other cases can show the pack of lies of the "Tagucbians", using the G-method, as 
melltiolled at the plenary sessioll ofEOQC Conferellce (F. Galetto, 1989) by J. Juran. Tagucbi makes 
decisions based Oll data analysis and applies correctly the (ISO 9000:2000 and 9004:2000) sevellth 
principle "Factual approach to decisioll making" wbich states: "Effective decisions are based Oll the 
analysis of data and informatioll". BUT bis decisions areNOT effective: they are wrollg! It is interesting 
to llOte that Tagucbi missed many interactions that are more important than factors.!!!! 
Let's see llOW prof. Molltgomety (1996) that lies Oll the Experimental Design in bis book [the book 
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suggested to students]; he wrote (in the exarnple 11-4, page 545):"An article in Solid State Technology 
("Orthogonal Design for Process Optimisation and its Application in Plasma Etching", May 1987, pp. 
127-132) describes the application offactorial design in developing a nitride etch process on a single
wafer plasma etcher .... we will concentrate on etch rate for silicon nitride. We will use a single replicate 
of a 24 design to investigate this process. Since it is unlikely that the three-factor and four-factor 
interactions are significant, we will plan to combine them as an estimate of error." Neglecting the 
interactions, as it is usually done by "Tagucbians" and ''Robust Design practitioners", from JITS DATA 
(false data) Montgomery finds and writes: "clearly, the main effects of A and D and the AD interaction 
are significant ... ". Besides lying on data, Montgomery makes a "stra.nge" data analysis. Moreover it is 
easily seen he uses the same data for very different experiments: the actual experimentwas a 34-2 design 
( fractional, with 3 replicates of run 1 ); the actual experiment has a very complicate ALIAS Structure, 
forgotten by Yin and Jillie, and by Montgomery who invented the experiment as a 24 design and made 
wrong assessment of significance. Using the G-Method (F. Galetto 1978, ... , 2000b) one can find the 
AN OVA table 4 [using 2 interactions and factor B (not significant) as the Residual Error estimate]. 
Montgomery makes decisions based on data analysis and applies correctly the (ISO 9000:2000 and 
9004:2000) seventh principle "Factual approach to decision making" wbich states: "Effective decisions 
are based on the analysis of data and inforrnation". BUT bis decisions are NOT effective: they are 
wrong! It is interesting to note that Prof Montgomery missed many interactions that are more important 
than factors.!!!! (table 4) Why professors suggest bis book to students ??????????? 
In table 3 the letters stand for: A=C'=Gap, B=B'=Pression, C=D'=Flow-Rate, D=A'=Power 
The actual experimental design is a "fractional factorial 34-2 design" in the controlled factors A', B', C', 
D'. The authors do not provide the "alias structure", as always do the "Tagucbi Iovers". The use of the G
method (Galetto 1978, ... , 2000b) prove that every factor is "entangled" with various interactions: 
A'&B'*C'&B'*D'&C'*D'&A'B'C'& ... ; B'&A'*C'&A'*D'&C'*D'& ... ; C'&A'*B'&A'*D'&B'*D'& ... ; 
D'&A'*B'&A'*C'&B'*C'& ... 
More precisely, there is also the ALIAS structure (the symbol@ stands for "equivalent to"), neglected 
by all rofessors ... : 

(A'+B')@ 

Again, Montgomery, in bis book, makes decisions based on data analysis and applies correctly the (ISO 
9000:2000 and 9004:2000) seventh principle "Factual approach to decision making" wbich states: 
''Effective decisions are based on the analysis of data and inforrnation". 
BUT bis decisions areNOT effective: they are actually wrong! He is not scientific. 
The "Scientific Approach", is strongly required by GIQA (Golden Integral Quality Approach) [Galetto 
1999]. The opposite of the "Scientific Approach" are the Tagucbi Method and "Robust Design" 
Methods. Mathernatics, Logic and Physics prove that the Tagucbi approach is wrong especially when G. 
Tagucbi writes " .... when there is interaction, it is because insufficient research has been done on the 
characteristic values". There are many cases that can show the erroneous decisions taken using Tagucbi 
Methods (suggested in connection with the QFD). 
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m tate oogy1 TABIE 3 Data . Solid S Techn I (Y in and Jillie 1987) 

FalsedataofMon~ 1996 Actual data _IY_in et al. 19ffi 
Run A B c D Run A B c D Run c B' D' A' 

1 -1 -1 -1 -1 550 9 -1 -1 -1 1 1037 1 -1 -1 -1 -1 1075 
2 1 -1 -1 -1 669 10 1 -1 -1 1 749 2 0 0 0 -1 633 
3 -1 1 -1 -1 604 11 -1 1 -1 1 1052 3 1 1 1 -1 406 
4 1 1 -1 -1 650 12 1 1 -1 1 868 4 0 -1 1 0 860 
5 -1 -1 1 -1 633 13 -1 -1 1 1 1075 5 1 0 -1 0 561 
6 1 -1 1 -1 642 14 1 -1 1 1 860 6 -1 1 0 0 868 
7 -1 1 1 -1 601 15 -1 1 1 1 1063 7 1 -1 0 1 669 
8 1 1 1 -1 635 16 1 1 1 1 729 8 -I 0 I I 1138 

11 ••• single replicate of a 2 design to investigate this 9 0 1 -1 1 749 
Process. Since it is unlikely that ... 1' -I -1 -1 -1 1052 

... plan to combine them as an estirnate of error. 11 1" -1 -1 -1 -1 1037 

cren c tysts o ontgomery. T ABIE 4 S . tifi Anal . f fulse M data 

Source df ss MS Fcalc Sign. Source df ss MS Fcalc S!s!!:_ 
trotCor. 15 531420.~ 10% 10% 

~ 1 41310.5( 41310.5( 4105.4( * ~ 1 374850.1 374850.1 37252.~* 
IB 1 10.5( 10.5( 1.0' ~ 1 94402.5{ 94402.56 9381.~ * 
V\B 1 248.0( 248.0( 24.6' * ~D 1 1.5{ 1.56 0.~ 

~ 1 217.~ 217.5( 21.~ * l@_D 1 68.0t 68.~ 6.?!:. * 
!Ac 1 2475~ 2475~ 245.9~ * ~D 1 18.~ 18.~ 1.~ 
IBC 1 7700.0( 7700.0( 765.2~ * ~CD 1 126.5{ 126.5( 12.5t * 
lABe 1 976.5( 976.5( 97.0' * IBCD 1 2575.5( 2575.5( 255.~ * 
IError 13 30.1~ 10.0( V\BCD 1 6440.0{ 6440.0{ 640~* 

TABIE 5 Scientific G-method] data analysis of article in Solid State Tedmolo ~actual dataJ 

Source df ss MS Sign Source df ss MS Sign 
_{lO"~ _(10"/~ 

A'& ... 2 33030.89 16515.44 * A'*B'& ... 4 362280.44 90570.11 * 
B'& ... 2 56336.22 28168.11 * A'*C'& ... 4 67596.44 16899.11 * 
C'& ... 2 351020.22 175510.11 * A'*D'& ... 4 407356.44 101839.11 * 
D'& ... 2 11260.22 5630.11 * B'*C'& ... 4 44291.11 11072.78 * 

B'*D'& ... 4 384051.11 96012.78 * 
Residual 2 732.67 366.3333 C'*D'& ... 4 89367.11 22341.78 * 

Let's Iook at another application of ''Robust Design Methodo1ogies": it is a to1erance design dealt in 
Pruk's book (1996), presented by Prof Lanzotti (University ofNap1es) at a SIS (the Italian Statistical 
Society) Course ''Sperimentare per 1a Qualita" (Turin, February 2001). The data are tensile strengths of 
items, dependent from 4 controlled factors (A, B, C, D) at 3 Ievels. The full factorial Experimental 
Design needs 81 test states. Since they are too many a fractional factorial with 9 states was carried on 
(inner array). Other 4 factors (A, B, C, D) at 3 Ievels were used as noise factors ( outer noise array with 9 
states); therefore 9 data were collected for each ofthe 9 inner array states. The four factors were A= 
temperature, B=heating time, C=additive and D=working speed. Prof Lanzotti gave the students the 
following conclusion: ''factors A and D are significant and therefore have to be selected for 
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optimisation". At my statement that actually interactions BC, BD, AB were more significant, due to the 
ALIAS structure, and therefore factors B and C deserved, as weil, consideration for optimisation, he 
replied that "there were not interactions": therefore he showed he did not know the importance of the 
ALIASES. Prof. Lanzotti made decisions based on data analysis and applied correctly the (ISO 
9000:2000 and 9004:2000) seventh principle ''Factual approach to decision making" which states: 
"Effective decisions are based on the analysis of data and information". BUT his decisions were NOT 
effective: they were wrong! 

ted by Prof. Lanzotti) [Parks, 1996] TABLE 6DataandANOVA(presen 

II ''Neapolitan" ANOV A II 
A B c D RESPONSE Source Df ss MS 

-1 -1 Total 8 59.73 
0 0 A 2 48.93 24.47 
1 1 B 2 1.74 

-1 0 c 2 0.71 
0 1 D 2 8.35 4.18 
1 -1 e) 4 2.45 0.613 

AT JAS stmcturemissecl 
0 -1 1 9data Wrong significance evaluation 
1 0 -1 9data Scientific aooroach lackiru! 

Since the experimental design is a ":fractional factorial34-2 design" in the controlled factors A, B, C, D, 
there are the "entanglement" and "alias" relationships as seen before. 
lfProf. Lanzotti had used the G-method (Galetto 1978, ... , 2000b) he would had found that every factor 
is "entangled" with various interactions ("&" stands for the "entanglement relation" and " ... " for the not 
shown higher order interactions): A&B*C&B*D&C*D&ABC& ... ; B&A*C&A*D&C*D& ... ; 
C&A *B&A *D&B*D& ... ; D&A *B&A *C&B*C& ... Again, he made decisions based on data analysis 
and applied correctly the (ISO 9000:2000 and 9004:2000) seventh principle: he simply was wrong! 

4 CONCLUSIONS 

Wehaveseen some cases that are given in books 1acking Quality. 
Unfortunately professors suggesting those bad books do not know the following Table of 
"Quality and Pragmatheory", which high1ights that Management Must (and actually Need to) 
improve their Cu1ture: without Cu1ture methods are wrong and decisions risky ... For methods 
used in the Quality field, Deming would say: "Mis1eading, ifnot useless.", " ... on the basis of 
experience, seeing every day the devastating effects of incompetent teaching and fau1ty 
applications.", "Beware of common sense.", ... Since Deming said (1997) "The purpose of a 
school should be to prepare students for the future ... ", professors MUST teach, in a scientific 
way: we need "Quality Professors, EDUCATED on Quality.". One way is "The Profitable 
Route to Quality: the FAUSTA VIA [F. Galetto 1999, 2000]. 
There no space for giving more examp1es ... 
We only have room for reminding professors the words of J. Juran at Vienna (1989) EOQC 
[European Organisation for Quality Control] Conference: "read F. Galetto papers", hoping that 
they do not forget the following 
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Table of QUALITY and PRAGMATHEORY (F. Galetto 2000) 

F. Galetto (11198) Conce ts and ideas 
Q~ SCIENTIFIC Wrong 

Teaching Method Jj. 

VERY 
EFFECTIVE ::::} DANGER O US 

NOT effective ::::} Almost Useless Expensive 

If Idonot Know That ::::} I think Know I 
lf I donot Know That ::::} I think DONOT Know I 

(F. Galetto, 2000) 
• facts and figures are useless, ifnot dangerous, without aSOUND THEORY (F.G.98) 

• The best practical thing is asound theory (F. Galetto, 1970) 
• Misleading, ifnot useless . ... (W. E. Deming) 
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ABSTRACT. This paper aims to give a new growth perspective of Failure Modes and Effects Analysis 
that can be called "Expected Costs of Failure Scenarios". Traditional FMEA discipline has been used to 
evaluate Failure Effects in aerospace and automotive industry since '60 [1, 2] and today is applied to 
anticipate Failure Modes of products and services already in design session conceming different 
industry contexts. The evaluation ofFailure Effects perceived by the customer through the common Risk 
Priority Number does not offer certainty of success in giving priorities intervention on risk reduction due 
to its Iack of perceiving the Failure Cost sustained by industry. If FMEA focuses on Failure Costs of 
Failure Scenarios we can derive new intervention priorities based on total Expected Costs of Cause & 
Effect chain of events. In these "scenarios" the priorities are based on the cost of the whole product life 
cycle and are connected with the corrective actions which are to be planned, even if they are often in 
conflict with the dassie RPN ranking 

1 PROBLEMS ABOUT FMEA USED IN NON-AUTOMOTIVE INDUSTRIES 

In order to conform new regulation and quality standards (Vision 2000 - QS9000) many 
industries nowadays are looking for solutions and applicative methodologies suitable to their 
own manufacturing context [3, 4, 5]. Most producers want to get new decision-making 
parameters about Traditional FMEA such as a successful compromise among Reliability (the 
basic Traditional FMEA parameter), Availability and Costs. Traditional FMEA can give a 
great contribute to product's monitoring and reliability increase but yields under potential 
Failure Modes cost evaluation and under Cause & Effect chain of events definition. 
The next steps consists ofwondering ifRisk Priority Number (RPN) parameters are consistent 
with identifying traditional FMEA limits as well as innovative elements to be introduced to 
fulfill FMEA economical evaluation approach (availability, costs). FMEA basic analysis is 
really successful in sorting out product's weak and strong points (from FMEA point of view) 
together with the aim of exalting both products reliability and efficiency (availability, costs). 
Many industries strongly claim to make risk reduction strategies (reliability, service and 
diagnostic increase) agree with production and service cost reduction goals and strategies, 
charging on them the management of the whole product life cycle. The purposes of a potential 
evolved FMEA will then: (i) assist design decisions through "design errors proofing", (ii) help 
to make suitable choices when prevention from process error is needed, (iii) support 
preventive measures, economically based, which emphasize a criticality levellinked to Failure 
Mode Expected Costs (that means to reduce error occurrence, to increase product's reliability, 
to perform a "safe" product). 
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2 TRADITIONAL FMEA'S BASICS ANALISYS 

2.1 BASIC WORDS 
- Failure Mode: negation of a product own function. 
- Effect (ofthe Failure Mode): failure occurrence, described as perceived by the customer. 
- Cause of Failure: design/process errors, whose consequence is a Failure Mode. 
- Current Controls: standard design/process control able to identify Failure Cause/Mode. 
- Severity (S): severity is the seriousness evaluation ofthe potential Failure Mode's Effect. 
- Occurrence (0): it is the probability of particular Cause to happen and evolve into the 

forecast Failure Modes ( during expected Iife of the product). lt is the product of particular 
Causes probability to happen (PI) and probability to evolve into the Failure Mode (P2). 

- Detection (D): it is the measure of Current Control capability to identify Causes or Failure 
Modes (linked to design defects). lt's the evaluation of the probability that process controls 
might intercept a Failure Mode before it determines internal or external customer effect. 

S, 0 and D are classified into a range from 1 to 10, where 10 represents the highest risk value. 

T ABLE 1. Example of Severity, Occurrence and Detection classification 

Severity- S Occurrence - 0 Detection - D 

Customerdoe n' t 
REMOTE fail ure probabili-ty. VERY HIGH PROBABILITY that design tests 

I perceive fai lure. 
Simple design solution, applicd (lest bed, calcu lations and simulations) will 
on simi lar products. idcnti fY design wcalmcss. 

Serious safety risk. VERY HIGH failure proba-bility. 
Veritication program is I SUFFICIE T. Failure 

10 Immediate unpredictable Complex solution never appl ied 
surely reachcs customer. 

failure. before. 

- Risk Priority Number (RPN). lt's the mathematical product of Severity, Occurrence, 
Detection index. lt helps give a priority to Corrective Actions development, introduced when 
RPN values exceed a pre-fixed threshold. RPN's rank starts from 1 up to 1000 (with 120 
possible RPN values). The values ofRPN threshold are mainly determined by means offixed 
value (for example RPN threshold = 100) over which some corrective actions must be taken. 

2.2 FMEA CHARACTERISTICS 
FMEA methodology aims to identify and analyze potential product/process failures giving as 
output the RPN classification. The traditional FMEA approach shows some Iimits: 

RPN is inconsistent with priority risk definition. 
Detection (D) cannot measure risk contribution with accuracy. 

These are the main reasons why it is necessary to introduce a different FMEA approach, in 
agreement with a multiplicity of Failure Modes, simply defined as "Failure Scenario". For 
example environmental conditions may have different influence on the resulting Failure 
Modes which derive from a particular Cause and Effects Failure chain of events. The aim of 
FMEA is to increase product reliability so that manufacturing costs can be enhanced. This 
methodology focuses on most risky failures, planning action rankings in order to reduce 
failure risk with corrective actions which can decrease Occurrence and Detection parameters. 
RPN Iimits. RPN is a way to rank corrective action with the purpose to foresee products failure 
risk. RPN doesn't provide sufficient information by which developing cost variable-based 
decisions may be assumed. As a matter of fact RPN, in the best situation, provides a 
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qualitative evaluation of the risk. Referring to RPN threshold, it is difficult to find 
justifications or motivations for the threshold choice: the commonly applied RPN threshold is 
fixed 100 one, which exclude from the rank 51,3% of the possible S, 0, D combinations 
exceeding the threshold (too high risk). 
D Limits. The definition of Detection may drivetothink that a recurrent but easily detectable 
failure has to be considered not critical. Furthermore the possibility that a recurrent but easily 
detectable Failure Mode has to be associated to high repair/reject cost is undervalued. 
Some questions can follow the above definitions: 

Does design or process control capability to detect a Failure Mode mean that such Failure 
Mode may be prevented? 
Does the identification of a potential Failure correspond to a real Failure 
symptorn/ detection? 
Which is contribution of Detection to a risk? 

W e must remernher that Detection is neither a conditional probability nor an action correlated 
with the measurement associated to a Failure Risk. Detection represents the capability of a 
control to intercept a Failure but it does not mean that such control can prevent Failures or 
that this Failure will not reach the final customer. 

3 "FAILURE SCENARIO" FMEA 

As already said, this paper aims to find the relationship, if any, between RPN and Failure 
Cost. It's then necessary to analyze the connection between failure occurrence and its "First 
Cause" (in order of time). When using the traditional FMEA approach some inadequacy of 
space (columns of FMEA form) may create an obstacle to a complete analysis of Cause and 
Effects chains of events. Sometimes it is difficult to recognize and show the difference 
between Cause, Failure Modes and Effects. Then, Failure Modes coming from previous Cause 
and Effects chain, cannot be correctly linked to main Cause and Effects chain of events. 

Unexpecled 
crash 

Rough ground 

Too soft tyrc 
mixing 

Excessivcl conti- r---_""--1 

nuous braking 

FIGURE 1. Example of "Failure Scenario" 

Spoke breaking 

Squared rim 

Flal lyrc 

lnsufficicnl tyrc 
pressurc 

In order to overcome this situation, we try to analyze, as an example, all the possible Cause 
and Effects chain conceming a collection of events linked to "Wheels failure of a racing 
bicycle". Let's assume the term "Failure Scenario" [6] tobe representative ofthe Cause and 
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Effect chain of events, from the initial Cause (C,) to the end Effect (EN), including all 
intermediate Effects (E1 + EN_ 1), driving to a Failure Mode; a certain Occurrence will be 
associated to each Failure Scenario. Fig. 1 shows 31 independent paths (Failure Scenarios), 
each describable within a line oftraditional FMEA Form [7]. 

3.1 BASIC PARAMETERS OF "FAILURE SCENARIO" FMEA 
- Severity (S) and Occurrence (0): defined as in section 2.1. 
- Detection (D): assume Detection tobe 1, to annul its contribution to RPN calculation. 
- Probability (P): indicates the possibility of a certain event to happen. 
- Cost (C): economical evaluation ofthe darnage caused by a Failure Mode. 
"Failure Scenario" FMEA can be used to evaluate the hypothetical Failure Cost and suggests a 
logically consistent parameter-based evaluation of intervention priorities such as Failure 
Probability (P) and Failure Costs (FC). lt is important to underline that the development of a 
"Failure Scenario" FMEA allows the combination of both "Multiple Causes" driving to one 
Effect and "Single Cause" driving to multiple Effects. 
The use of this procedure implies to answer the following main questions: 
- what is the probability (P) of a "Failure Scenario" to happen? 
- if such Scenario happens, what are the consequences (material/economical)? 

T ABLE 2. Comparison between risk reduction techniques 

METHOD STRATEGY 
FAlLURE FAlLURE PRODUCT 

PROBABILITY COST COST 
Traditional TMPROVE J. = 

FMEA reliabi li ty 
" Fai lure REDUCE failure Cast based Cast based Cast based 

Scenario" FMEA and product Cast decision decision decision 

3.2 WORK DEVELOPMENT HYPOTHESIS 

PRODUCf LIFE 
CYCLECOST 

Unknown 

J. 

Let's assume that Fig. 1 shows all possible Failure Scenarios, linked to the front and rear 
wheels of a bicycle. To determine the probabilities of Failure Scenarios events, let's assume 
the following hypotheses: "Equal probability" or "Experience", which are mutually exclusive. 
Equal probability. This hypothesis means that each Failure Mode has the same probability (P) 
to be induced from all the Failure end-Causes that evolve in the particular Failure Mode. 
Fig. 1 shows the correlation between Failure Modes and Causes. According to the number of 
in-arrows to Failure Modes, each end-Cause has different P to evolve into Failure Mode: 
- for "spokes breaking" and "flat tyre" ( 4 in arrows) each cause has the probability of 25%; 
- for "squared rim" (3 in arrows) each cause has the probability of33.3%: 
- for "insuff. tyre pressure" (2 in arrows) each cause has the probability of 50,0% 
Experience. Under the hypothesis that the probability evaluation of a specific Failure Scenario 
is the output of a "bicycle technician experience" further conditions will be assumed such as: 
- Failure Scenario is independent from Cyclist experience. 
- The distance covered per year is: 5.000 km. 
- Bicycle apparatus and gear is medium quality (purchasing cost about 1.500+1.750€). 
- Tyres are changed 3 times per year and their failure probability is Pr= 3 failures I 5.000 

km per year equivalent to 0.0006 (failures I km). 
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Innertubeare changed 7 times per year and their failure probability piT is 7 failures I 5.000 
km per year equivalent to 0.0014 (failures I km). 
Total failure probability is P101 = (7+3) failures I 5.000 km per year = 0.002 (failures I km). 

In Fig. 2, each Failure Scenario is related to a certain occurrence probability, obtained as 
conditioned probability of chain of events represented in Fig. 1. According to Bayes Theorem, 
the total occurrence probability (P#) of a Failure Scenario is given by the conditioned 
probability P(D)*P(C/D) of Causes-chain and the conditioned probability of the end-effect 
occurrence P(E/DnC): 

p# = P(D)*P(C/D)* P(E/DnC) (1) 
where: P(Y /X) = P(Y nX)/P(X). 
So the evaluation of a particular Failure Mode probability (E - deriving from an assigned 
chain ofCauses A, B, C, D) or Scenario is given in Fig. 2: 

FIGURE 2. Example of Failure Scenario 2 

Examp/e: Referring to Fig. I the probability P0 to get "flat tyre" due to "foreign body 
penetration", caused by "rough ground", is given by: 
P0 = Prought ground (') foreign body penetration (') inner tube puncture (') flat tyre = · · · = P(rougb ground) * P(foreign body 

penetration I rought ground) * P(inner tube puncture I rought ground (') foreign body penetration) * P(flat tyre I rought ground (') 
foreign body penetration (') inner tube puncture) 

Failures cost-based ranking. This paper aims to show a new FMEA method basing Failure 
risk ranking on Expected Cost evaluation. The index Failure Expected Cost (FEC) is the 
mathematical product of Failure Probability (P) and Failure Cost (FC). Since P and FC 
evaluation metrics are proportional, multiplication is an admissible operation, and the total 
FEC (as risk index) becomes: 

n 

1: (Pi.FCi)· (2) 
i=l 

where: Pi= Failure Mode-i Probability and FC = Possible Cost of a Failure Mode-i. 

3.3 RPN VS EXPECTED COSTS 
Assuming that: 
- the correspondence between Failure Probability and Occurrence (0), is reported in Tab. 3; 
- Failure Modes interception capability, Detection (D), is normalized to 1; 
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- the seriousness of a potential "Failure Scenario" is based on Failure Cost (FC) factor; costs 
metrics will result linear respect to consequences, Severity (S) range is [I+ 10], Tab. 3; 

as a consequence we can calculate the FEC for each combination of P, FC and the 
correspondent RPN from the related 0, S, (see Fig. 3). 

TABLE 3. Severity-Cost and Occurrence-Probability correspondence 

S/0 I 2 3 4 5 6 7 8 9 10 
Cost 50€ 100€ 150€ 200€ 250€ 300€ 350€ 400€ 450€ 500€ 

Probability 6.7E-7 6.7E-6 6.7E-5 S.OE-4 2.5E-3 1.2E-2 S.OE-2 1.2E-I 3.3E-I S.OE-1 

Now taking into account, front or rear wheel of a common competition road bicycle, 5 
different Failure Scenarios can be assumed according to Tab. 4. 

T ABLE 4. Comparison between RPM and "Failure Scenario FMEA" FEC 

Scena-
Function Failure Failure s Failure 

0 p c FEC 
rio Mode Effect Cause (") 

RPN 
(") 

Work in Spokes 

A traction to brcaking, 
Potential fall 7 

Unexpectcd 
3 0.000067 350 kecp the rim unsuccessful crash 21 0.023 

round traction 

Running / Remarkable 
B Flat tyre increase of 3 Tyre cut 7 0.05 150 21 7.5 rolling 

cyclist effort 

c Running / 
Flat tyre Fall 10 

Innertube 
4 0.0005 500 40 0.25 roll ing bang 

D Running / lnsufficient lncrease of 
2 Valve Ioss 5 0.0025 100 IO 0.25 rolling tvre pressure cyclist effort 

E Running / 
Flat tyre Fall 10 

Innertube 
5 0.0025 500 so 1.25 roll ing puncture 

Two methods (RPN and "Failure Scenario FMEA" FEC) provide different outputs for risk 
intervention priorities (basing on the same "Failure Scenario"); in fact there are (see Fig. 3): 
- seenarios A and B have the same RPN (21) but quite different Failure Expected Costs (FEC) 
- seenarios C and D have the same FEC (0.25 •) but quite different RPN 
- seenarios B and E show a remarkable disagreement in terms of intervention priority. 

z 
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a:: 

1 0 0 

80 
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40 

2 0 

0 
0.00001 

.......... ·· 
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0 .1 
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u 

"' 
0 

.· -. B. 
.. \..... . 

1 0 1 0 0 0 

FIGURE 3. Relationship between Expected Costs and RPN, in logarithmic scale. 
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4 "COST BASED DECISION" ON INTERVENTION PRIORITIES 

Now, consider the Failure Scenario "Flat Tyre" of a front or rear wheel of a common 
competition road bicycle that can happen both in racing or during training. Tab. 5 shows data 
for the two scenarios: Failure during racing and Failure during training. The Race Cost 
means: the registration, the discomfort, the eventual spare part, the participation, etc. costs 

TABLE 5. Provided Failure Scenarios 

RACING TRAINING ~ (Failure Scenario I) (Failure Scenario 2) 

Failure scenario Flat tyre Flat tyre 

Probability P ofwheel failure (per 
(7+3)/5.000 km per year = 0,002 (failures I km) 

year) 

Inner tube replacement cost 4" 4" 

Tyre replacement cost 25 3 25 3 

Probability of " flat tyre fai lure" due to 
0,60 0,40 

inner tube bang or tyre cut 

Inner tube Race Cost 16 . -
Tyre Race Cost 100 . -

Let's take into account the opportunity to implement some Corrective Action (CA), (the Extra 
Costs shown in Tab. 5 are hypothetic): 
CA I: Do nothing (P=0.002), ExtraCost of 0% 
CA II: Failure probability reduction (P=0.0015), Extra Cost of 15% 
CA III: Reduction ofreplacement cost, Extra Cost of30% 
CA IV: Maintenance.50%potential failure in race detected (Pdet= 0.5), Extra Cost of 5% 
In order to calculate the FEC the following expressions are used: 

for Potential Corrective Actions I, II, III: 
Total flat-tyre-Failure Expected Cost = FEC race(scenario I)+ FEC training(scenario2) = 

(P wheel failure) * [ (P failure during race) * ( C race+ C replacement)+(P training) * ( C replacement during training)) 
for Potential Corrective Action IV: 

Total Failure Expected Cost = FEC race (scenario I) + FEC training (scenario 2) = (P wheel failure)* 
[ (P failure during race)*(l- P detected)*(C race+ C replacement) + (P failure during race)*(P detected)* 

(Creplacement during training)+(P failure during training)*(C replacement during training) ) 
where: 

Failure during race reduction = P railure during race *(1-P detected)*(Crace+C replacement) 
Increase of failure detection before race = P railure during race *P detected *Creplacement during training. 
Failure during trainingnot intluenced = Ptraining * Creplacement during training. 

(3) 

(4) 

In conclusion, we must remark that extra costs strongly depend on what kind of Corrective 
Action is meant to be introduced since they modify the cost rank of the product life cycle. Let 
us remernher that the first solution "Do nothing" sometimes is a better solution from the 
economical point of view. 
Tab. 6 shows the comparison between costs, comparison that gives answer to the question put 
at the beginning of this paper. 
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TABLE 6 Comparison between product's life cycle costs and potential corrective actions. 

Corrective P failure P failure 
C replace- C race+ Extra Costs FEC+ Rank 

Action 
p mentduring Creplace- FEC (Hypoth.) Extra Costs duringrace duringtraining 

training ment. 

I 0.0020 0.6 0.4 4' 20' 0.0272 a +0% 0.0272 a 3" 
0 

II 0.0015 0.6 0.4 4' 20' 0.0204 8 
+15%= 0.0235 8 2" 2 0.0031 8 

.... +30%= 0 m 0.0020 0.6 0.4 3' 19 8 0.0252 8 0.0328 a 4" 2 0.0076 8 - 0.6*0.5 0.4+0.6* +5%= IV 0.0020 =0.3 0.5 = 0.7 4' 20' 0.0176 8 

0.0009 8 
0.0185' I" 

I 0.0020 0.6 0.4 25 a 
100+2 0.1700 8 +0% 0.1700' 3" 5' 

II 0.0015 0.6 0.4 25 8 
100+2 0.1275 8 

+15%= 
0.1466' 2" 

~ 5' 0.0191 8 

f-; m 0.0020 0.6 0.4 20' 100+2 0.1600' +30%- 0.2080 8 4" 0' 0.0480' 

IV 0.0020 0.6*0.5 0.4+0.6* 25 8 
100+2 0.1100 8 

+5%= 0.1155 8 I" = 0.3 0.5 =0.7 5' 0.0055 a 

5 FINAL CONSIDERA TIONS 

Today, FMEA methodology is spreading from the automotive and aerospace contexts, where it 
was generated, to other manufacturing industries. A new effort is required to evaluate 
interventions priorities of both reliability and cost reduction basing them on different "Failure 
Scenarios". The traditional RPN appears sometimes useless: it should be independent from 
Detection parameter, which is too subjective, arbitrary and incapable of preventing failure 
events. Moreover RPN has no correlation with Expected Cost increase, which has a great 
impact on industrial managers. 
The main difficulties conceming Expected Costs are their Failure Cost (C) assumption and 
Probability (P) association. A Cost Based decision FMEA is still unexplored, little known and 
probably lacking of a systematic methodological approach suitable for machinery and 
manufacturing industrial sectors. 
"Scenario based" FMEA may be considered as an opportunity to spare resources as weil as to 
undertake methodological innovation for future market exploitation. 
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ABSTRACT. The paper describes a virtuous ecological cycle of recovering and recycling plastics from 
source separated collection that is realised in the chair industrial district in Friuli-Venezia Giulia. A 
process for converting the reclaimed plastic material into recycled-content end products has been 
running; in particular chairs with a 55% weight of recycled plastics are successfully manufactured by a 
local enterprise. This new product is able to close plastic waste management chain by recycling that type 
of recovered plastic without a defined market. Potential integration with local MSW system is proposed, 
in order to optimise waste management chain from both an environmental and economic point ofview. 

1. INTRODUCTION 

The great production of municipal and industrial waste is one of the most critical environmental 
issues our society is facing nowadays. 
In Italy, the main disposal methodology adopted has been direct landfilling, but this has tumed 
environmentally unsustainable. The consciousness that waste can be a resource in terms of 
material supply and energy recovery has induced Italian authorities to affect waste system 
management deeply by the so-called Ronchi's Decree, proclaimed in 1997. 
Thus, Italian waste management has been modified and updated basing on the European 
Community environmental policy. In particular, two main objectives are recognised as 
guidelines for the future: 

Improve source reduction of waste, re-use, materials recycling and energy recovery from 
waste; 
Optimisation of waste disposal, which should be performed by a proper set of facilities in 
the same region where waste is produced (proximity and self-sufficiency principle) and 
adopting the best available technologies in order to reduce any environmental impact. 
Also, waste can be sent to landfill only if downstream of a treatment process devolved to 
recovery most of its material or energy content. 

Considering waste as a resource and not as a problern Ieads to change future seenarios for waste 
management and to identify new ways of Valorisation for recovered materials. Only an 
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integrated approach to the whole waste management chain can Iead, in fact, to both 
environmentally and economically sustainable systems [1]. 
In the paper attention is focussed on the plastics management chain. In section 2 it is described 
how plastic waste is processed in Italy and how its management chain is organised at the 
moment. In section 3, a virtuous case of a new recycled-content product developed in the local 
chair industry is analysed in order to identify an alternative solution to landfilling for the less 
valued part of collected plastic waste. In section 4 it is analysed a possible optimisation of the 
local plastics chain by affecting its organisation. How this new market opportunity can be 
interfaced with MSW (municipal solid waste) management system in the province of Udine is 
explained and advantages from both an economical and environmental point of view 
highlighted. 

2. THE PLASTIC WASTE MANAGEMENT CHAIN IN ITALY 

During the last few years the use of plastic materials was skyrocketing. This marked increase 
has emphasised the problern of disposal for the growing amount of plastic waste produced. 
The incidence of various fields to the production of waste related to preconsumer and 
postconsumer plastics is shown in Figure 1. MSW has the highest incidence, equal to 67%, 
followed by distribution and industry, that are relatively less significant in plastic waste 
production [2]. As a result, the growing attention to stimulate separate collection of plastics in 
particular close to residential communities. 

~Distribution & I rrl~l)' 

1% EI Electrical & Elcctronic 

1:!] Bui lding & Construction 

Auton'Kllive 

rJ Agriculture 

67% C]Municipal Solid W~c 

FIGURE 1. Origin of plastic waste 

The collection of source separated materials is generally followed by the sorting phase. 
Separating different types of plastics, with homogeneous properties (see Figure 2), makes 
possible tosend recovered materials to their own markets [3]. 
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PLASTTC FROM 
SEPARATE COLLECTION 

FIGURE 2. Types of plastics from source-separated collection obtained by local sorting facilities 
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PET is a very versatile material, using which are produced fiber and textile yams, building 
materials and thermoformed packaging; it has a solid market and an high commercial value. 
The high density polyethylene (HDPE) has a steady market too: it's used to product botdes and 
others containers made by co-extrusion, boxes and packagings, and pipes used in the building 
trade. Residues are used to produce mixed or heterogeneous plastic; regarding the origin of 
these materials, is useful to pinpoint that, in general, HDPE comes from bottle's caps, while PP 
from their gaskets and HDPE-film from their Iabels. The content of PET in the mixture 
represents small objects that are not captured during the separation of PET from the other kinds 
of polymers. Mixed plastic, which counts for 26% of total weight of plastic waste on the basis 
of local sorting facilities' mass balance, has not a defined market, on the contrary of the other 
plastic types separated in the same facility. As a consequence it is generally sent to landfill. 
This material has performance characteristics, in terms of strength and duration, and a low cost, 
which should, however, make it competitive respect to many traditional materials. Beside the 
environmental impact related to landfilling materials with slow decomposition rate, the 
incapacity of recognising a virtuous market allocation for this part of plastic waste Ieads to 
administrative problems for subjects involved in MSW management. Ronchi's Decree 
establishes, in fact, that a 35% Ievel in MSW source-separated collection must be reached by 
2003. To achieve this target, only those materials, which are collected in separated way and 
effectively sent to recycling or energy recovering, can be considered. If mixed plastic is sent to 
landfill, it cannot contribute to target fulfilment, thus lowering performance indicators of public 
administrations. Therefore, the identification of a new market for mixed plastic could improve 
MSW management systems from environmental, economical and institutional point ofview. 
Organisation ofthe Italian plastic waste management chain is represented in FIGURE 3 
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FIGURE 3. Organisation ofltalian plastic waste management chain 

The main role is played by CO.RE.PLA., the national agency for collection, recycling and 
recovering of plastic packaging, which is responsible of plastics management after source
separated collection performed by local operators. By stipulating specific agreements, 
CO.RE.PLA. assures plastic waste withdrawal from transfer stations to which Operators must 
deliver their own amount of plastic waste: operators are paid by CO.RE.PLA. on the basis of 
the quality of collected waste. The Agency moves waste from transfer station to sorting 
facilities where the above described types of plastic materials are separated. The next step in 
the plastic chain involves reclaimers, who transform the recovered product bought from 
CO.RE.PLA. into feedstock materials that will be sold to manufacturers of recycled-content 
products. 

3. A VIRTUOUS CASE OF PLASTIC RECYCLING IN THE CHAIR 
INDUSTRY 

CHENNA S.p.A. has launched into the market panels for the unitized body of office chairs, 
realised with materials whose only alternative destination is landfill. 
The panel is produced by hot pressing of a mixture consisting of ground wood and mixed 
plastic in the ratio of 45% and 55% by weight. 
The wood comes totally from the production scraps of the chair industrial district in Friuli 
Venezia Giulia that have no alternative use. Plastic material is a mixture of 85 % of HDPE, 6,5 
% of PET, 4,5% of PP and 4% of HDPE-film (all expressed in percentage by weight). 
Therefore, it can be derived from the residues of sorting facilities, the above-mentioned mixed 
plastic, in which all these types ofpolymers are present and from usual recycled HDPE to reach 
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the required amount. Obviously, all the required types of polymers in rnixed plastic from 
sorting facilities must be separated in order to dose them on the basis of percentages required in 
the panel. 
The mechanical properties of the panel are summarised in Table2.; they are comparable to the 
performance of traditional wooden chairs. 

T ABLE 1 - Mechanical properties of a recyc1ed-content panel. 

Measure 
Value 

unit 

Density kg/m3 1020-1060 

Tensile strength Mpa 10-15 

Stretching % 1.4-2.0 

I Young modulus Mpa 2500-3200 

I Flexural strength Mpa 18-28 

Flexural modulus Mpa 1000-1800 

Resilience kJ/m2 5-9 

The manufacturing process oftbis new panel doesn't require any kind ofvirgin material, but is 
able to close either the plastic and the wood waste management chain. 
In Figure 4 we compare the C02 ernissions related to the production of the amount of virgin 
materials associated with Chenna's present production volume and those related to recovering 
the same amount from waste. In Table 2 costs paid to suppliers for both virgin and recycled 
plastics are showed. It can be recognised how the use of recycled materials Ieads to savings in 
environmental and economical terms. In particular C02 reduction is coherent with Kyoto 
protocol on global warming prevention, to which Italy adheres. 
In addition it has to be noted that further environmental improvement is gained due to the 
subtraction of the recycled amount of mixed plastic to landfilling. 
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• recycled 

FIGURE 4. C02 emissions related to the production ofvirgin polymers and recyc1ed ones (Data from [41) 
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TABLE 2. Supp1y costs ofvirgin po1ymers and recycled p1astics re1ated to the present production 
vo1ume 

Measure Cost of virgin Cost of recycled 
unit plastic supply plastic supply 

IHDPE I ton 174752 117810 
PET I ton 22673 132"13 
PP ton 9252 4782 
HDPE film ton 10072 5266,8 
Total materia1s costs € 216747 141072 
Materials cost per panel € 0.103 0.0672 

4. OPTIMISING LOCAL PLASTIC W ASTE MANAGEMENT CHAIN 

The manufacturing process of recycled-content panels can be usefully interfaced with MSW 
management in the Province ofUdine (520,451 people), where Chenna is placed. In Table 3 we 
compare total annual amount of plastic MSW coming from source separated collection in the 
Province, to annual requirements for Chenna's present production volume. 

TABLE 3. Annua1 amount ofp1astic MSW from source separated collection in the Province ofUdine 
and Chenna's requirements. 

Plastic waste col/ected in Materials 

!Material type the Province of Udine requirements for 

{ton/yearj pane/s 
{ton/yearj 

IPET I 2,378 -
:HDPE I 1,529 1,963.5 

~orting Residue: 

I LDPE 1,189 -

I PET 170.4 150.1 

l PP I 118.9 103.9 

I HDPE.film I 107.0 92.4 

Others 169.9 

As it can be seen, the new product is able to recycle most of residues from sorting facilities and 
all the HDPE recovered in the Province: the lacking amount of HDPE can be reasonably 
considered to be achievable in the short term for both the marked increasing trend of plastic 
content in MSW and expected growing of source separated collection according to Ronchi's 
Decree. 
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At present, Chenna purchases a minimum amount of polymers separated from mixed plastic 
from reclaimers placed in Lombardia and the other amount is imported from Germany. 
Therefore, waste produced in the Province of Udine are collected by local operators, sent to 
stocking points in the Province since the Iack of a real CO.RE.PLA.'s transfer station, and 
successively transported to CO.RE.PLA.'s sorting facility in the near Province of Pordenone. 
Then, separated plastic materials are moved towards reclaimers mostly placed in a non-adjacent 
region (see left side of FIGURE 5), from which a portion of them come back to Udine to be 
processed by Chenna. This "tourism of waste" causes environmental impact in terms of 
transports emissions as shown in FIGURE 6, in contrast to Ronchi's Decree principles. 

FIGURE 5. Present and virtuous organisation oflocal plastic waste management chain 

Tobetter intercept the plastic waste produced in the Province, in order to avoid waste import 
and to promote local MSW source separated collection so that a 35% Ievel can be really 
obtained, a new CO.RE.PLA. facility could be built in the Province where plastic waste could 
be either transferred or sorted. Mixed plastic could be locally processed and sent to Chenna 
with conspicuous savings on transpoft costs and C02 emissions (see right side of Figure 5 and 
FIGURE 6). This solution would optirnise the plastic waste management in the Province of 
Udine and also assure Chenna ofproper supply. 
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FIGURE 6. Environmental impact in terms oftransports emissions 

5. CONCLUSIONS 

Plastic waste management chain needs to be closed by allocating residues from sorting facilities 
avoiding landfilling. A new recycled-content product, developed in the chair industrial district 
of Friuli-Venezia Giulia, offers a new solution for the problem. By changing the present 
organisation of the chain the local MSW management system can be optimised by nearing the 
source of waste to the end-user of the most difficult type of recovered plastic to be placed in the 
market. 
The chair industry case can be considered as a virtuous example of recycling that can be further 
enhanced by a proper integration with MSW management system. In our opinion, this could be 
the new path towards a holistic management of waste, from cradle to grave, needed to support 
sustainable development. 
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ABSTRACT. This paper describes the quality control tests on the silicon pixel sensors for the ATLAS 
detector [1], performed at the Semiconductor Detectors Laboratory ofthe Physics Department ofthe Udine 
University. A silicon pixel detector system [ 1] for high multiplicity charged particle pattem recognition has 
been developed by the ATLAS collaboration to meet the CERN Large Hadron Collider [2] requirements. 
Every component is tested at each stage of the construction by the producers according to agreed standards, 
under the control ofthe collaborating institutes. Nevertheless, some ofthe quality controls must be performed 
in the institutes, since they require tools available only in specific laboratories of the collaboration. The 
Udine group ofthe lstituto Nazionale di Fisica Nucleare is among the groups which have the skills for such 
specialized controls. 

1 INTRODUCTION 

Serniconductor pixel detectors are currently used in fundamental high energy physics research [3], 
and important applications of this advanced technology are foreseen in various fields such as, for 
example, digital medical imaging [4]. 
A silicon pixel detector system for high multiplicity charged particle pattem recognition near 
the collision point has been developed by the ATLAS collaboration to meet the CERN Large 
Hadron Collider requirements. It is composed of 2228 modular units, each containing 328 x 
144 pixel cells of 50 J.lm x 300 J.lm (250 J.lm thick). Each module is connected to 16 read-out 
chips, covering an active area of 2.2 n?. Signals will be collected by about 1.4-108 electronic 
charmels. 
A climatized clean room has been installed at our Department, including a probe station 
equipped with a rnicro mechanical movement plate, a rnicroscope, a video camera and a data 
acquisition system, to perform a series of specific quality controls on the sensors. Those sensors 
passing the requirements will be subsequently bump bonded to the electronics and mounted in 
the final detector. 
In the following sections the electrical and mechanical control measurements performed at our 
laboratory will be briefly described, and first results will be presented. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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2 GENERAL PROCEDURES 

The quality assurance plan for the ATLASpixelsensors [5] consists ofmechanical and electrical 
test measurements on pixel sensor wafers performed by the institutes under standard conditions: 

temperature between 20°C and 24°C, relative hurnidity < 50%, clean room environment with sepa

rated, fittered air supply and an environmental control capable of avoiding extremes in 
temperature and hurnidity. To assure comparable results over the whole period of quality meas

urements and between the different Iabs participating to the measurement process, calibration and 

cross calibration are also of primary importance. 

3 MECHANICAL TESTS 

3.1 VISUAL INSPECTION 

Each wafer is inspected before any measure is performed, by checking rnask alignment structures 
(visible misalignment < 2J.1II1), scratch pattem correctness and visible irregularities or mechanical 
darnages. The equipment consists of a microscope (at least 1:60 rnagnification), a microscope 
mounted camera, with the possibility to store pictures as computer irnage files. 

3.2 PLANARITY MEASUREMENTS 

One randornly chosen wafer from each batch is put into the measurement device and coordinates 
are measured across a rnatrix measurement pointscoverlog most ofthe wafer's surface; from these 
coordinates an average surface plane is calculated. The wafer planarity is defined as the distance 
between two planes parallel to the average plane enveloping all the rnatrix points, and is required 
to be < 40 J.Uil. 

3.3 THICKNESS MEASUREMENTS 

Two opposite test sector pieces of one randornly chosen wafer from each batch are measured using 
a mechanical micrometer. The thickness is measured near two opposte planarity marks and com
pared to the wafer thickness data provided by the vendor. The two measured thickness values are 
required to be < 260 J.Ul1, and the approxirnate thickness uniformity, defined as the maximal differ
ence between the two values, must be < I OJ.Uil. 

4 ELECTRICAL TESTS 

4.1 CURRENT-VOLTAGE MEASUREMENTS 

Each wafer contains different sensor structures (tiles, diodes, single chips and mini chips) [1], 
which have to be tested. The equipment consists of a probe station with chuck and needles for two 
side contact points, a voltage source and a picoamperometer. High voltage is applied to the metal
lized contact pad on the p-side. The bias grid on the n-side is connected to the picoamperometer, 
which is in turn connected to the low side of the voltage source (ground). This can be done on an 
insulated chuck across the p-side edge. A ramping high voltage is stepped through from OV down 
to-500V. 
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RELEVANT QUANTITIES. Typical I vs. V curves for diode and tile sensors are shown in Fig
urel. 
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FIGURE 1. Current vs. voltage curves for diodes and tiles 

The breakdown voltage V bd is defined as the highest measured absolute V with absolute normal
ized I < 25nA, (I < 1 OOnA for single chips and I < 2Jl.A for tiles ). Defining lop and I 50 as the 
absolute normalized currents at -V0p and -{Vop- 50V) (Vop is determined in CV measurements as 
explained in the following paragraph), a current slope is defined as l0 pf150. 

CRITERIA The quality assurance requirements are: 

Vbd ~ Vop; 

current slope < 2; 

1600 < 800j.LA ( equivalent to 36j.LA at -I 0°C)( conformity relevant for microchips after ir
radiation). 

4.2 CAPACITANCE-VOLTAGE MEASUREMENTS 

The high voltage side of an LCR-meter is connected to the diode contact pad on the p-side. The 
metallized n-side ring of the diode is connected to the low voltage side (ground). The high voltage 
is stepped through from OV up to -Vbd or -200V, whichever is higher in absolute value. In cases of 
high measurement noise resulting from this set-up, the measurement polarity can be inverted, with 
the high voltage side connected to the n-side and the voltage stepped through to Vbd or 200V. 

RELEVANT QUANTITIES. A typical C vs. V curve for diodes is shown in Figure 2. 
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FIGURE 2. Capacitance vs. voltage curves for diodes 

The depletion voltage Vdep is the absolute voltage at the sharp bend levelling into a plateau in the 
plot (usually between 50V and 120V). The depletion capacitance Cdep is the capacitance at an 
absolute V= Vdev- The operation voltage Vor is defmed as the maximurn between 150 V and (Vdep 
+ 50 V). The resistivity is 

p= (I) 

where d is the sensor thickness, J.l.e = 1427cm2Ns the electron mobility, Esi = 11.75 the dielectric 
constant for Silicon, f:o = 8.854187817 ·10-6pF/,um the permittivity constant. 

CRITERIA 

The quality assurance requirements are: 

- 30 V:::; Vdep:::; 120 V before irradiation,:::; 200 V after irradiation with a flux c!J1 = 5· 1014cm -z of 
protons having an energy of24 Ge V (3.1 ·1014cm·2 neutron equivalent); 

-Vor < V~x~ 

- 2illcm:s;p:s;5kQcm. 

4.3 OTHER MEASUREMENTS 

Additional electrical measurements are performed on one wafer randomly chosen from each batch: 

I vs. V and C vs. V curves on a MOS oxide test structure, where a V1x1 > 50 V is required. 

I vs. V curve on one gate controlled diode. To test the burnp bonding process and the ef
fects of irradiation these structures will be measured after dicing and after being 
irradiated. 

V on the n-side pixel contact against common ground on one punch-through structure. 
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4.4 CURRENT STABILITY MEASUREMENTS 

A good tile on one randomly chosen wafer from each batch is measured after the wafer has under

gone all the other measurements. The high voltage is set to -V0 P, and a current measurement is 

taken every 1 Os for at least 15 hours. 

RELEVANT QUANTITIES. A typical I vs. t curve is shown in Figure 3. 
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FIGURE 3. Current vs. time eurves for a tile 

- starting current Istart and final current Iend: absolute normalized currents at t = Os and t = 54000s. 

- time current slope = IenJistart· 

CRITERIA - slope ~ 1.3. 

5 PRELIMINARY RESULTS 

A series of pre-production measurements have been performed at our laboratory on 16 wafers 
from two different vendors. The quality checks previously described have given the following 
results: 

T ABLE 1. Quality eontrols on sensor wafers 

%good 

Cis Tesla 

Planarity 100 100 

IV V bd > V op & slope Tile 100 95 

Single ehip 78 25 

Mini ehip 86 44 

cv 30V<Vctep<l20V 100 100 

2 illern< p < 5 illern 100 100 
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6 CONCLUSIONS 

The increasing complexity of future high energy particle physics experiments has led people to 
join their efforts in order to be able to afford the cost, in terms of financial and human resources, 
of the construction of such big experiments. This has also led to committing to industry for the 
implementation of parts of the apparatus, under the requirements imposed by experimental physi
cists and engineers. Nevertheless, experience has shown that the quality controls of such a 
production must be performed in the institutes, since they require not only specific tools, but also 
time to think about specific problems which could have escaped the industry production chain. 
This process is difficult to automatize, even if improvements in this sense can be imagined. 
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ABSTRACT. This paper discusses the essence of ecodesign, respectively three key terrns: sustainable 
development, cleaner production and life cycle management compares traditional product development 
with ecodesign. The term DFX tools is used to sum up all tools which provide a methodology that is 
focused on part ofa product's life cycle or focused on one ofa number ofways to improve an aspect ofa 
product. In this paper it will be given an idea how it could be possible to valuate DFX tools which is 
using in ecodesign (the ECO Tools). This paper discusses some similarity of DFX tools with the 
LCNLCI tools, as in providing an inventory of the inputs and outputs during part of a life cycle of a 
product, process or activity. An advice to future users ofECO tools will be also given in this paper. 

1 INTRODUCTION 

Ecodesign rneans that "the environment" helps to define the direction of design decisions. In 
other words, the environment becornes a co-pilot in product developrnent. In this process the 
environment is given the same status as rnore traditional industrial values such as profit, func
tionality, aesthetics, ergonomics, irnage and overall quality. In sorne cases the environment can 
even enhance traditional business values. 

The subject of ECO tools and the irnplernentation of the tools into the actual design and pro
duction processes of cornpanies. ECO tools are either software or non-software tools with the 
purpose of analysing and irnproving environmental performances of products, processes or 
whole design strategies. As there are large nurnbers of ECO tools available, the problern for 
future users is to find the tool for their specific problern frorn the lists oftools available. Usage 
ofECO tools at the rnornent and differentiation ofthe tools arealso explained in the paper. 

The term DFX Tools is used to sum up all tools, which provide a rnethodology that is focused 
on part of a product's life cycle or focused on one of a number of ways to irnprove an aspect of 
a product. This paper discusses sorne similarity of DFX tools with the LCA/LCI tools, as in 
providing an inventory of the inputs and outputs during part of a life cycle of a product, process 
or activity. However, the inventory is confined to the area the tool is specialised in and extra 
information is provided to help irnprove that aspect. Sorne tools are directed towards rnore than 
one area and can for instance irnprove a product's properties for the assernbly stage as well as 
the EOL stage. In this case the tool has to be provided with different information, rnore often 
focused on its design in a contractual contents. The ernphasis will be put on construction rneth
ods, fastening rnethods and the rnaterials used. An advice to future users of ECO tools will be 
also given in this paper. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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2 DEFINITION OF ECO TOOLS 

As the term ECO tools is not used in any of the reports, there is not a clear description for it. 
The following definition has been made to explain the term: ECO tools are either software or 
non-software tools with the purpose of analysing and improving environmental performances of 
products, processes or whole design strategies. Most ECO tools available at this moment are 
aimed at analysing and improving the design of products, such as consumer goods and elec
tronics. 

Currently most tools are used in companies that are improving the environmental impact of 
their products and are require systems to assist Research institutes collaborating with industry 
or government institutes are also using many tools. As there are large numbers of ECO tools 
available, the problern is to find the tool for a specific problem. As the difference between the 
ECO tools can often be found in the purpose they were developed for, the first step is to define 
the objective. This is also coherent with the phase of the design process where the tool is in
tended tobe used. The usual objectives given by developers ofECO tools are the following: 
- DFX tools - Analyse existing products and processes and use that information to improve 
certain aspects of a product; 
- LCNLCI tools - Analyse existing products and processes and use that information as feed
back to improve the product's environmental behaviour; 
-Pollution Prevention or Waste Prevention tools- Compare certain materials and processes to 
give options to different Ievels of impact on the environment; 
- Improvement tools - Implement improvement throughout the design methodology in order to 
improve the whole design process. 

Tools in Ecodesign 

DFX tools II LCA/LCI toolsl 
.--------.·'----'-----' 

Marketing 

Previous 
results 

Analysis Tools ~ I Analyse 

.~ 1 Report 

! I Priorities 

Reporting Tools 

Prioritisation Tools 

llmprovement I mprovements Tools 

I Decision I•••••••••••••••••••••••••••••••••••• 

FIGURE 1. The placement ofDFX and LCAILCI tools in the design process 

These are the objectives that were also used most by vendors and reports. Results from the 
research might indicate that some vendors have extended the objective of their tools, but in 
most cases it can be explained by a more free translation of the question. 

In some cases the vendors have given improvement as the objective instead of just assessment 
or inventory. According the SET AC definition of LCA the tools should implement an im
provement analysis as weil, and as in most cases this not done, these tools will be placed in the 
group ofLCNLCI tools [1][2][3][4][5]. 
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As tools only serve a particular objective, they are also only used in certain stages of the design 
process. To explain the placement of DFX and LCAILCI tools in the design process, the Fig. 1 
has been given. 

The methodology behind LCA tools is to calculate the "outputs" as can be seen in Fig. 2 of a 
product's fulllife cycle, in other words "cradle to grave" and then to translate those effects into 
the "effects" and even into "damage" [6][7][8][9][10]. 

Water, air and soil 
emissions: 
- CFC 
-Pb 
-Cd 
- PAH 
-voc 
- DDT 
-co2 
- 502 
- SOx 
- p 
-Dust 
- etc. 

- Ozone layer depletion 
- Green house effect 
- Heavy metals in air 
- carcinogenics 
- Pesticides 
- Summer smog 
- Winter smog 
- Acidification 
- Eutroph ication 
- etc. 

FIGURE 2: Life Cycle Analysis Structure 

2.1 DEFINITION OF DESIGN FüR X TOOLS 

The terrn DFX is used to sum up all tools which provide a methodology that is focused on part 
of a product's life cycle or focused on one of a number ofways to improve an aspect of a prod
uct. The tools known to us so far can be divided into the following three groups: DF A - Design 
For Assembly, DFL- Design For Life and DFD- Design For Disassembly/EOL- End OfLife. 

DESIGN FüR ASSEMBL Y. This methodology is main1y used to improve the design of a 
product in its manufacturing life phase [12][13]. The environmental aspect in these tools is 
quite minimal as they are more directed towards the manufacturing process, however, they do 
provide a possible comparison between financial and environmental impacts of changes in the 
design. More specific tools in this area are: DFM- Design For Manufacture and DFMA- De
sign for Manufacturing and Assembly. Two tools that have been reviewed cover this area and 
they are: 

DFE, DF A AND DFM SOFTWARE TOOLS. The DF A software tool provides designers with 
information in the concept stage of the product development. DF A results provide estimated 
assembly times, assembly costs and operation times as well as suggestions for redesigns. Ac
cording to Boothroyd Dewhurst, reductions can be achieved in assembly times (61 %), 
assembly operations (53 %), separate fasteners (69 %), assembly defects (68 %), service calls 
(57 %) and time to market (50 %). Fig. 3 shows the effect of DFA on part count reduction 
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summansmg published results of success stories resulting from the application of the 
Boothroyd-Dewhurst DFA software. 

The DFM tool consists of five different early cost estimating modules: machining, injection 
moulding, sheet metal working, die casting and powder metal parts. Each of these modules is 
designed to provide the user with component cost information in the early design stage and all 
the software modules contain interactive material and equipment databases. Both tools can be 
combined with the DFE tool also provided by this company to allow users to make informed 
trade-off decisions regarding the value of environmentally friendly products versus their cost. 
No prices are available for the tools DFA and DFM, however when referring to the price ofthe 
DFE tool, it will probably be in the same area, somewhere around EUR 18.000 per version. 

7 

ill 5 a 
'l5 4 
.8 
§ 3 
z 

2 

1 

0 

Published results: 34 
Average reduction: 49,6 % 

11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 
Part Count Recluctio in% 

FIGURE 3. Summary ofpublished data showing effect ofBoothroyd-Dewhurst DFA on part count re
duction 

PRICE Systems HL and M. PRICE Systems have developed a number of tools, some of which 
can be used for Life Cycle Cost Analysis combined with either Design for Assembly or Design 
for Manufacture. 

PRICE HL (Hardware Life Cycle) Model calculates cost effectiveness and operational avail
ability at the system, subsystem, major assembly and sub-assembly Ievels. lt provides cost 
outputs for all phases in the hardware life cycle and provides a system trade-off capability to 
determine hardware life cycle costs during early stages ofhardware design. 

PRICE M (Electronic Module and Microcircuit Model) Model produces estimates of develop
ment costs for electronic modules and Application Specific Integrated Circuits (ASIC). The 
model uses cost estimating relationships based on the amount of microcircuit components, 
percentage of new circuit cells, circuit cell design repeat, specification Ievel, degree of com
puter aided design, products familiarity, engineering experts and calibration factors to estimate 
ASIC specifications and design costs. 

The PRICE tools have primarily been sold to Aerospace and Defence organisations and are 
quite expensive (see Table 1). Although they have experience with a large number ofproduct 
ranges, consumer goods are not one of them. However, PRICE M is specialised in electronic 



Evaluation of DFX Tools in Ecodesign 683 

components, a growing market. The database supplied with the tools is not very large, however, 
new information from the customer can be included. PRICE Systems use a calibration process 
to provide the necessary information for the program. 

T ABLE 1. Merits, demerits and prices of some ECO tools 

No Name ofECO Tool (+)Positive & (-)Negative PriceinEUR 

1 AMETIDE + simple to operate free download-
able and on-line 

+ user friendly and applicable in early stage of design 
process approx. 16.100 

2 BDIRange - environmental data is limited so that a fulllife cycle for each ofthese 
approach is not taken tools 
- with no CAD link, entering data is slow 

3 DFR-Recy +simple ExceVAccess based software 1.000 

4 DIANA 
+ extensive database of mechanical operations 

1.700 
- only mechanical disassembly is incorporated 

5 EUROMAT + useful the early stages ofthe design process unknown 

6 
GE Plastics DFR + easyto use available free 
Manual - limited use - plastics only from GE Plastics 

7 LASeR 
+ different analyses possible available free by 
- extensive amount of information has to be inserted download 
+ specific tools for each purpose 

8 PRlCE Systems + good support and software 24.200 - 33.900 
-expensive 

9 ReStar 
+ designed to work as simple as possible - easy to use 

unknown + allows optimisation related to recovery costs 
+ merits, - demerits 

DESIGN FOR LIFE. These tools are directed towards improving the products behaviour during 
its life phase, by either decreasing its impact or by increasing the length of its life. In that way, 
they sometimes work towards more sustainable products, fit for a different kind of use by con
sumers and producers/suppliers. These tools can be considered to improve a products impact 
during life: DFMAIN- Design For Maintainability and DFS -Design For Serviceability. Two 
tools have been suggested in this section: 

DFS software tool allows designers and engineers to evaluate the Serviceability of a product 
when it is in the early design stage, where changes to the product can be made at minimal cost. 
It will provide reports with suggestions for redesign that highlight areas in the service task 
which should be examined for service improvement. No informationwas available on the price 
oftbis tool, but in the line ofthe other BDI tools, it can be estimated around EUR 18.000 per 
version. 

LASeR, Life-cycle Assembly Serviceability and Recycling Prototype Program. This windows 
based program evaluates the Serviceability and assembly of mechanical designs. The user has to 
define a structural design of a mechanical system along with cost, labour and material data. The 
program then offers the option to analyse the assembly or the Serviceability after which a de
termination is made of the disassembly costs and reprocessing costs associated with the given 
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strategy. The part of the assembly analysis is done by the GE-Hitachi Assembly Evaluation, 
which is used with permission ofthe General Electric Company. 

DESIGN FOR DISASSEMBL Y OR END OF LIFE TOOLS. As the two previous groups were 
directed towards the frrst two stages of a product's life, this group is focused on the end or 
disposal stage. This is where they try to improve the product's performance by stimulating 
reuse of certain components and/or materials and if possible further use of the complete prod
ucts by giving them a second life [14]. Tools included in this section are: DFR - Design for 
Recycling and Design for Disposal. Some tools were surveyed in this group and they are also 
included into Table 1: 

AMETIDE, A METhodology for Time Disassembly Estimation. This is mainly a Design for 
Disassembly tool with an easily updateable database from where all necessary disassembly 
techniques available corresponding with a fastener can be taken. The designer gets a panel of 
all possibilities for removing a part and can choose which is the best depending on what the 
part is assembled for. Parameters like frequency ofthe task and position can be given, materials 
can be selected and the mass of a part can be entered after which a theoretical maximum time 
for disassembly can be determined. Also comparisons between disassembly and machining 
operations can be made where for instance machining time is 90 % preparation and 1 0 % effec
tive use. 

DFR-Recy is a relatively simple Excel/Access based software for evaluation and documentation 
of product recyclability. Product structures such as parts, materials, and numbers of parts are 
given as input, after which the program calculates recyclability values as percentages. A refer
ence Access database is given for the evaluations and reports are obtained in numerical and 
graphical format. The problern indicated by the vendor is the strong dependence on local con
ditions such as available materia1s, technical recycling methods and so on, that the user has to 
customise the database to the conditions in which the evaluations are to be made. As the author 
know the program and manual are only available in the Finnish language, but a possible trans
lation would be fairly easy to make with moderate efforts. 

EUROMAT is development-accompanying instrument for environ-mental conscious and recy
clable materials. This tool provides comprehensive assistance for finding the best 
environmental conscious and recyclable materials concerning a certain profile of requirements. 
The principles of the instruments are top-down, integrated, interactive and iterative approaches. 
The following three characteristics are used to reach the objective: 
- Identification of generally qualified composites and materials out of all theoretically existing 
combinations with a given profile of requirements. 
- In the early stages of the design process of a new product not only the properties of usage and 
manufacturing are taken into account but also (dis)advantages regarding recyclability, working 
conditions, environmental impacts as weil as economical indications. 
- Research and development can be made more efficient because misleading directions of de
velopment can be recognised and corrected at an early stage utilising the interactive expanded 
profile of requirements. 

ReStar is an AI-based software planning tool to design for disassembly, which uses the A * 
algorithm, a form of dynamic programming that guarantees an optimal solution over multiple 
objectives. The program also optimises the balance between the costs per hour of disassembly 
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with what can be sold, which ensures that the disassembly plan makes more money than it 
costs. Re Star plots a cost curve of the effort required for disassembly, testing, repair, remanu
facturing and product changes that enable recovery. lt also plots a curve of the revenue from 
resale and reuse. The tool helps design engineers find the optimal point of the two curves. The 
program is being used by the Green Engineering Corporation that use it in engagements with 
companies. 

3 CONCLUSION 

The number of names of ECO tools is very large, even though a lot of them are not actually com
mercially available or fully developed yet. The number of tools is still growing and new names 
kept emerging. Therefore this paper will not be complete but will give an indication of what tools 
are available and what can be done with them. lt is difficult to develop a tool for a specific product 
or a whole industry range and general tools can often not be used for all products either. This 
indicates a need for interactive tools so that the information specific for use can be put in by the 
users themselves. However this asks for a lot of specific information from the user and therefore a 
lot oftime to putthat information in as well. 

Most ofthe tools were used by industry and research (84 %), it can be assumed that most ofthe 
use by research is done in co-operation with industrial partners as well. Most tools have been 
developed for general design or have gone from specialised to general tools (83 %). In case of 
specialisation, the areas of electronics, packaging and chemieals are most common. Most data 
has been obtained by interaction with industry (65,5 %) andin combination with other sources 
( 61 % ), which indicates fairly good source material. Also the scientific reports, from BUW AL 
and EPA are used often (39%). The updating ofthe data is something, which a lot ofvendors 
are not really clear about. They either provide no information on the time schedules they use, 
which might indicate they do not have a system for updating. 

DFX tools have some similarity with the LCAILCI tools, as in providing an inventory of the 
inputs and outputs during part of a life cycle of a product, process or activity. However, the 
inventory is confined to the area the tool is specialised in and extra information is provided to 
help improve that aspect. Some tools are directed towards more than one area and can for in
stance improve a product's properties for the assembly stage as well as the EOL stage. In this 
case the tool has to be provided with different information, more often focused on its design in 
a contractual contents. The emphasis will be put on construction methods, fastening methods 
and the materials used. 

The databases of DFX tools are different from those of LCA or LCI tools although some simi
larities can be found [5]. There is more specialisation in certain areas, such as fasteners and 
production processes. In some cases also the aspect oftime will play a large intluence, and even 
more detailed knowledge ofmanufacture processes ofthe product are demanded from the user, 
as these are not considered to be available as general knowledge. Interaction between databases 
and users is a definite must in this case. 
The number of DFX tools is not as extensive as the LCA or LCI tools [5], but a number of 
tools, which also specialise in a certain aspect of a product design, are not included in this list, 
such as tools for cost analyses. Most tools cover more areas and are commonly known as DFE 
tools. 
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An advice to future users ofECO tools is to apply the less expensive non-software tools to have 
a Iook at environrnental impacts in general before starting the use of more expensive software 
tools. If there has been decided to use software tools to perform analyses or to achieve im
provement, then the choice for the tool is still very much open to factors such as the budget 
available and the wanted precision. 
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ABSTRACT. An algorithm of real value of inventory in inflation has been made. The model is made 
taking into consideration International Accounting Standards. In this point ofview this model is based on 
maintenance of financial capital principle. The computer program for simulation of real value of inven
tory is made for modern process planning of engineering components manufacture. The program is an 
autonomous entity, but it can be part of one general program. Mathematical model of inventory was made 
from historical costs analyze. For the big inflationrate real value of inventory outflow has tobe calcu
lated by using precise methods. 

1 INTRODUCTION 

The effects of the rate of inflation on the calculated inventory depend on the rate of an increase in 
the general level of prices between the moment of input costs acquisition of inventory and output 
costs of sales that includes calculated inventory. 

Inventory evaluation as current asset is usually based on historical costs. Moreover, estirnation of 
historical costs of inventories is not unambiguous. Inventories are contemplated as one unit, but 
we know that they are consisted of large nurober of different units. 

A recorded amount of inventory depends on accounting method of inventory flow, chronology of 
inventory flow and of used accountancy calculation method, i.e., of inventory costing methods. 

Management decision-making cannot be efficiently without realistic financial statements, or with
out realistic view on a cost-benefit situation. A really cost-benefit situation cannot be rnade in 
satisfactory way if the value of real inventory is not known. Special difficulties in evaluation of 
real inventory are arising in condition of inflation. 

Inventories could be evaluated by traditional system ofhistorical costs or by IFO methods1. lAS 2 
recomrnends using the FIFO method or by method of weighted average price. 

Whole inventory values, from the beginning of accounting period and increasing by acquisition 
trough the actual period, could be divided on residual inventories and inventory costs. 

1 FIFO (first in, first out), LIFO (last in, first out), HIFO (highest in, first out) 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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.2 EXPENDITURE INCREASING DUE TO INVENTORY TIME LAG 
ERROR 

Expenditure increasing due to inventory time lag error under the FIFO method, or method of 
weighted average price directly depends of day of inventory holds. 

Expenditure increasing due to inventory time lag error is equal: 

M 

R z = L Z m [(J + P /-(t-tm)(J + P /-tj {1) 
m= 1 

M 

Rz= L Zm(J + P /-t[(J + P Ym-} 
m= 1 

where are: 

Rz - expenditure increasing due to inventory time lag error 

M- number of outflows 

Zm - quantity of particular outflows 

t - moment of inventory outflow, t=d/365 

tm - inventory withholding time in days, tm =dm /365 

dm - inventory withholding time in years 

(2) 

Particular determining oftime lag error of every inventory item is impossible practically. Forthis 
purpose, averagetime of inventory withholding could be used with satisfied accuracy. Average 
time of inventory withholding is equal [ 1]: 

1 
fs = 

ko 

ko = Z iz 

Zs 

where are: 

t8- average time of inventory withholding 

(3) 

(4) 
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k0 - coefficient of inventory turnover 

Ziz -historical inventory outflow 

Zs - historical average quantity of inventory 

689 

An outflow of inventory during the time dt, for steady state condition, and by presumption that the 

inventory amount is constat, will be equal: 

dz. = Zuk dt 
IZO 

fob 

where are: 

dZizO - value of an inventory outflow during the time dt 

Zu!< - total inventory outflow 

tob - accounting period, tob = 1 

(5) 

If the prices are arising by rate p, value of an inventory outflow vs. time is growing up by: 

(6) 

If the inventory costing method FIFO is applied, and if an inventory outflow was evaluated as 

historical costs the recorded value of entered inventory in accounting period is equal: 

1 

Ziz = f Zuk (J + P / d f 
0 fob 

Z;z = Zuk ( 1 + P 
fob ln(J + p) 

1 ) 
ln(J + p) 

(7) 

(8) 

Iuventory time lag error is equal to total difference between the recorded and real value of inven

tory in the prices at the end of accounting time. A final amount of inventory that calculated at the 

end of accounting period is equal: 

1 

Rz = f Zuk (1 + p / {(1 + p /-(1-t,) (1 + p /-t}df 
0 fob 

(9) 

Rz = Zuk (1 + p){(J + p /' -1} (10) 
fob 
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T ABLE 1. Time lag error calculated by equations ( 11) and ( 13) 

0.010 0.1000 0.3000 1.000 10.00 

Rate p---+ 

Timet. l 

Eq. (13) 0.010 0.1000 0.3004 1.005 10.51 

0.01 
Eq. (11) 0.010 0.1000 0.3000 1.000 10.00 
Error% 0.004 0.0489 0.1484 0.496 4.89 

Eq. (13) 0.020 0.2002 0.6018 2.020 22.12 

0.02 
Eq. (11) 0.020 0.2000 0.6000 2.000 20.00 
Error% 0.007 0.0957 0.2935 0.984 9.57 

Eq. (13) 0.060 0.6016 1.8153 6.177 81.41 

0.06 
Eq. (11) 0.060 0.6000 1.8000 6.000 60.00 
Error% 0.001 0.2628 0.8434 2.858 26.30 

Eq. (13) 0.239 2.4167 7.4088 26.674 844.05 

0.24 
Eq. (11) 0.240 - 2.4000 7.2000 24.000 240.00 
Error% 0.278 0.6896 2.8181 10.024 71.57 

Eq. (13) 0.964 9.9499 32.0434 138.629 141817.90 

1.00 
Eq. (11) 1.000 10.0000 30.0000 100.000 1000.00 
Error% -3.708 -0.5034 6.3770 27.865 99.29 

Eq. (13) 3.887 42.1919 153.0385 1075.056 13000900000.0 

5.00 
Eq. (11) 5.000 50.0000 150.0000 500.000 5000.00 
Error% -28.627 -18.5062 1.9854 53.491 100.00 
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Time lag error is equal: 

(J+pf'-1 
Rz = Z;z(J + p}----:-1-'-+-p---=--'---1-- (11) 

ln(1 + p) ln(J + p) 

F or small values of inflation rate p, ln(l +p )~::p and ( l+p )t<;::; 1 +p t.. There it could be written that 

time lag error of inventory withholding is equal: 

Rz"" ZsP (12) 

(13) 

Ifthe inflationrate p is small, the equations (12 and (13) could be applied withjust good accuracy. 
But if the inflation rate is not small the equation (11) have to be applied. 

3 AN ANALYSIS OF APPLICABILITY OF TIME LAG ERROR 
ESTIMATION METROD 

The time lag error of inventory withholding that calculated by equations (11) and (13) and relative 
errors between them are shown in Table land Figure 1. Time ts was relative value of accounting 
period, and time lag errors are presented in percents of inventory outflow values during the ac
counting period. Calculation was made by computers program MRSAACC. 

Equation (13) gives a possibility for very simple calculating of time lag error of inventory with
holding, but with very low accuracy in comparison with Equation (11 ). In the calculation of 
inventory time lag error different values ofinflation and time ofwithholding have been applied. 

Ifit is accepted that the tolerance Iimit of error is 5% percent, simplified Equation (13) is tolerable 

in a normal business circle with time of withholding, fob=0.24 or for one year accounting time 
t0b=88 dais till to an inflation rate of 30%. The tolerable inflation rate is arising if the inventory 

withholding time is arising. 
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FIGURE 1. Time lag error 

A really cost-benefit situation cannot be made in satisfactory way if the value of real value of 
inventory is not known. Mathematical modeling of inventory in inflation is efficiency way of im
proving the cost benefit analyze. 

If the profit is calculated according to the system of historical costs, the effects of inflation on the 
calculated values of recorded inventory from the moment of its adding to other expenditures have 
to be determined by applying the same method as for the other costs. 

Ifthe inflation is emphasized, the real value of an inventory outflow should be calculated by using 
precise formulas. 
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ABSTRACT. An innovative approach to the development of biomedical devices must be intrinsically 
collaborative, because it requires a strict correlation among medical specialists and engineers, and a careful 
calibration of Rapid Prototyping and Rapid Tooling techniques in order to account for the required 
prosthesis design optimisation, customisation and Iead time. In this paper, besides a discussion on some 
critical aspects relevant to the collaborative development of a voice prosthesis, some preliminary results on 
the functional design and the analysis of the fitting conditions of a composite mold manufactured using 
Rapid Prototyping (RP) techniques will be presented. 

1 INTRODUCTION 

There are areas among human actlvttles that heavily impact life quality and that could 

profitably take advantage of the most innovative methodologies and tools or techniques 

developed in the industrial engineering field. The biomedical area is undoubtedly one of these, 

and the possible contribution is particularly relevant in those fields that are less attractive for 

major companies or private research centres. Besides a strict collaboration among medical 
specialists and engineers, a key aspect for the successful development of medical devices and 
prostheses is the set up and verification of viable manufacturing processes assuring the 

required flexibility, Iead time, etc. From this point of view, Rapid Prototyping (RP) and Rapid 

Tooling (RT) techniques present many favourable features, but some operating aspects 

influencing the global design and manufacturing process need to be investigated accurately. 

Therefore, b((sides a discussion on some critical aspects relevant to the collaborative 

development of a voice prosthesis, some preliminary results on the functional design of a 

composite mold manufactured using Rapid Prototyping (RP) techniques will be presented. 

2 MEDICAL ASPECTS 

Laryngeal cancer involves 8 people out of every 100,000 of the European Unionpopulationper 

year with a crude 10 year survival rate of 50%. 
Every surgical patient require a post-operative rehabilitation procedure regardless of survival 
rate. Particular attention should be paid to those patients who undergo a totallaryngectomy in 

order to restore their voice. For this reason about 150000-200000 European Union inhabitants 
need a periodical follow-up. Full rehabilitation enables the patient to resume a satisfactory 

social and economic quality of life. 
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CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 



696 G. Concheri, S. Filippi, R. Meneghello, C. Miani, D. Cornelli 

Post total laryngectomy can be managed both with surgical shunts or, more simply, with in
dweiling or non in-dweiling voice prostheses, as depicted in Figure 1. Nowadays there is a 
large consensus about it. The first option is barder to achieve but, when effective, ailows the 
patient to avoid the periodical replacement of the valve that it is needed about twice per year 
(some recent papers suggest every 4-5 months; [1]) when a prosthesis is put in; reducing, 
therefore, the individual and social costs (hospitalisation, cost of the valve, etco 0 0 )o On the 
other hand it is also true that many surgical shunts are quickly complicated by leakage of saliva 
and food, although you can easily solve the second problern by putting a valve into the surgical 
shunt. 

FIGURE 1. Staffieri's voice prosthesis and the indication ofthe anatomical site where the valve is placed 

There are neither standardization about the various surgical procedures available nor evident 
data about their results; this is why it has been difficult to achieve repeatable results and to 
choose between so many different techniques up to nowo The surgeon is requested to be 
particularly skiiled in order to perform a surgical shunt without valve insertion and avoid 
common pitfalls and complications, otherwise it is better to opt for prosthetic rehabilitationo 
Sometime it is better to take advantage of the double option given by the use of the surgical 
shunt and, later, the surgical shunt + valve, if it proves to be necessaryo This is maybe the best 
option for the patient and for the social costso 
Nowadays the Iab "in vitro" prosthesis resistance Ievels for the new commercial devices have 
reached values very close to the resistance ofthe normallarynx during phonation [2]. 
A comparison of"in vitro" and" in vivo" patient's aerodynamics ofthe different voice buttons 
shows the failure of the previous correlation between low pressure and resistance on one hand 
and better clinical performance on the other one [3]. 
This is confirmed by the fact that for decades the old type of voice button has been, and it is 
yet, used with exceilent resultso lt is, therefore, clear that prostheses with high resistance can 
only work weil in certain patientso Indeed, the patient should be evaluated before as weil as 
during insertion [4] ofthe phonatory prostheses to determine the intrinsic resistance to the new, 
post-surgical anatomyo Moreover, such an analysis should be independent from the voice 
button itself. 
The lower pressure device seems to be more useful just in those patients who have high 
intensity phonation needso Thus, the absolute best voice button has still to be found and it could 
never beo This is showed by the fact that clinical testing of devices developed many years ago 
keeps on giving nearly analogous results, with just a slight difference in the intensity rangeo 
In some patients, the so-cailed low-(in vitro) resistance devices are unable to maintain their 
aerodynamic characteristics because of interference from anatomical resistance which accounts 
for as much as 80-85% of ail resistanceo This markedly increases the overall, subjective effort 
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( or intratracheal pressure) needed for phonation. On the other hand, patients with very low 
"anatomical" resistance may sometimes produce a voice of very poor quality without any 
effort. This is particularly true in patients who had, during surgical procedure, pharyngeal 
segment replaced by free flaps imported from other areas ofthe body. 
However, it has still to be determined whether these different behaviours operate in a 
neurogenic manner (peripheral or central) or if they are solely based on a dynamic variation in 
muscle tone, scarring of the operated field, or if multiple factors are called into play. Hence, 
such sites have revealed a dynamic effect on the anatomical resistance exerted. 
The research is now addressing this issue to the aim of finally providing a mean for effortless 
speech in "high resistance" patients and a better quality of voice in "extremely low resistance" 
patients. 

Nowadays the choice of a phonatory prosthesis must be determined on a patient-by-patient 
basis and may be solved by a custom-made device for every single patient. 

3 ENGINEERING ASPECTS 

3.1 FORMALIZATION OF THE ENGINEERING PROBLEM 

From an engineering point of view, the results described in the previous section can be 
summarized in the following considerations: 

The geometric and dimensional configuration of the voice prosthesis has not been fully 
optimised yet and therefore it could be further refined and developed. A deep 
comprehension of some subtle physical phenomena that influence the prosthesis 
functional behaviour is still lacking and should be addressed carefully [5]. Such 
investigations are primarily responsibility of the medical specialists, but they may be 
supported by a rigorous identification and verification of the functional parameters 
involved in the modelization of the prosthesis and by the adoption of virtual prototyping 
techniques in order to analyse different device configurations. Such a methodology, that 
may directly apply also to the development of other medical devices, and that should 
deserve attention because of the possible innovation that may induce, will not be 
discussed further in the present paper. 
In addition to the general activities of device optimisation stated above, a specific 
prosthesis customisation phase is needed in order to tailor the functional characteristics to 
the individual needs of each patient. 
The prosthesis must be replaced frequently and therefore the study of the manufacturing 
process of the device should address the feasibility of small batch production of custom 
devices accounting for economic issues, flexibility, Iead time, etc. 
Another critical aspects is related to the identification of suitable materials for the voice 
prosthesis. For the scope ofthe present work a silicon semi-solid pastewas identified, but 
a dedicated work should be addressed, in order to consider a wider range of possible 
materials and to assess the actual bio-compatibility of such materials. 

The collaborative development of the voice prosthesis is undergoing [5], but the accurate 
definition of its functional and geometric characteristics cannot leave out of consideration the 
manufacturing issues imposed by customisation and small batch production. These aspects, 
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which are fundamental in order to direct the design activities, deserve careful consideration and 
will be discussed below. 

3.2 MANUFACTURING ISSUES 

Assuming that the optimal set of parameters characterizing device operation has been 
identified, a parametric model of the prosthesis, implementing the desired functional aspects 
and accounting for the expected customisation, can be generated that could be used to 
instantiate a family of parts simply adapting the set of driving parameters. In the present work, 
the parametric solid model of the prosthesis depicted in fig.2 was generated using PTC 
Pro/ENGINEER [6]. 

RG 

0B 

0A 

FIGURE 2. Parametriemodel ofthe voice prosthesis 

In addition to the prosthesis development phase, the need for custornized devices also suggests 
the implementation of a collaborative approach to device manufacturing based on Rapid 
Tooling and Rapid Prototyping techniques. Rapid Tooling can be defined as the rapid 
production oftools using RP systemseither directly or indirectly. 
Two different Rapid Prototyping (RP) systems are available in the FP@ laboratory of Agemont 
at Amaro (Udine - Italy) and have been considered in the present work: 

Stereolitography (SL): 3D System SLA 3500. · 
Direct Metal Selective Laser Sintering (DMSLS): EOS M250X. 

Direct SL manufacture of a custom device depends on the availability of suitable photo
polymers assuring either the needed mechanical characteristics or bio-compatibility. Moreover 
the short duration of the prosthesis requires the production of more than a single device. For 
these reasons, the direct SL manufacture was not considered. 
Material properties and small batch production considerations therefore suggest molding as the 
most suitable method for the voice prosthesis manufacturing, using RT techniques for mold 
forrning. 
An RP model of the part to be produced can be used to form the injection mold, but in the 
present case the complexity of the device shape, that comprises thin walls, wide undercuts and 
a deep cavity, suggests the adoption of a direct RT approach in order to generate a composite 
mold, built-up by more parts intended tobe assembled together. 



Collaborative Design and Manufacturing of a Customizable Voice Prosthesis 699 

3.3 COLLABORATIVE DEVELOPMENT OF VOICE PROSTHESIS 

In the development of the voice prosthesis, various actors in three different locations are 
involved: 

the Medical Centre, where the medical specialists manage the post-laryngectomy 
rehabilitation of surgical patients; 
the Engineering Department, responsible for the design and custornisation of the 
prosthesis, the relevant mold and its composing parts; 
the Manufacturing Facility, that is in charge for the rapid prototyping, post-processing 
and set-up of mold components, and for the production of the required batch of custom 
devices using injection molding. 

In Figure 3, the proposed development process for the voice prosthesis is surnmarized. 

MEDICAL CENTER 

set of 
custom prosthesis f-

parameters 

... 

ENGINEERING 

DEPARTMENT 

parametric functional 
model of 

voice prosthesis 

• custornized 
model instance 

ofvoice orosthesis 

• component modeHing 
ofthe custom mold 

• stl models 
of mold components 

Functional testing 
ofvoice prosthesis 

~ 

f-

.... .... 

MANUFACTURING 
FACIUTY 

Rapid Prototyping 
ofmold components 

mold components 
post-processing 
and mold set-up 

prosthesis molding 
by silicon paste 

injection 

FIGURE 3. Collaborative prosthesis development process 

4 PRELIMINARY RESULTS 

4.1 MOLD ASSEMBLY DESIGN 

The development process discussed above is still undergoing and further refinements should be 
implemented. However, in order to verify some critical phases, a tentative design was proposed 
for the mold components, based on the prosthesis parametric model in Figure 2. Two sets of 
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mold components have been produced at FP@ laboratory by means of the DMSLS system, 
using proprietary meta! powder with an average particle size of 80 fJm, and the SL system, 
using Vantico SLA 5190 photopolymer. In Figure 4, the exploded view ofthe mold assembly 
CAD model and the relevant SL and DMSLS rapid prototypes are presented. 

FIGURE 4. CAD model, SL and DMSLS Rapid Prototypes of mold components 

Finally, for a preliminary evaluation of molding capabilities of the tools produced, a trial 
manual process of injecting a silicon semi-solid paste was employed using the SL generated 
mold assembly. The resulting raw part is shown in Figure 5. 

FIGURE 5. Tentativeprosthesis produced by manual mold injection using the SL mold assembly 
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4.2 ANALYSIS OF FITS IN DMSLS MOLD ASSEMBLY 

A critical aspect of the proposed prosthesis development process is the production of directly 
mountable mold components by means of DMSLS techniques. In order to verify the direct 
assemblability of DMSLS generated parts, the fit conditions indicated in Fig. 6 have been 
measured by means of a CMM (a Zeiss Prismo Vast 7, courtesy of Unilab Laboratori 
Industriali S.r.l., Venezia- Italy) . 

a Y'>28 c Y'>30.8 28 3 

b Y'>28 d Y'>31.2 

FIGURE 6. Verified fitting dimensions ofmold components 

TABLE 1. Experimental measures offit sizes. (All values are in mm) 

Part No. Dirn. Description Nominal Actual Lower Upper Round- Std.dev. Virtual 
size size dev. dev. ness size 

Base lA a InnerDia 28 27,908 -0,183 0,128 0,311 0,040 27,726 

" lB a InnerDia 28 27,860 -0,218 0,126 0,344 0,045 27,642 
Sbell 2A b Lower Outer Dia 28 27,980 -0,124 0,118 0,243 0,041 28,098 

" " c Lateral Outer Dia 30.8 30,664 -0,210 0,242 0,452 0,052 30,905 

" 2B b Lower Outer Dia 28 27,964 -0,143 0,168 0,311 0,050 28,132 

" " c Lateral Outer Dia 30.8 30,678 -0,445 0,138 0,583 0,060 30,816 
Cover 3A d Lateralinner Dia 31.2 31,025 -0,147 0,095 0,242 0,041 30,878 

" 3B d Lateralinner Dia 31.2 30,990 -0,251 0,105 0,355 0,040 30,739 

From Table 1, it can be recognized that features modelled according to the same nominal size 
of028 mm (1a-2b) cannot fit one into another: selecting the larger "hole" (feature lAa, virtua1 
size 27.726 mm) and the smaller "shaft" (feature 2Ab, virtual size = 28.098mm) an 
interference fit results of -0.372 mm. 
The features modelled imposing a gap (3d - 2c = 31.2 - 30.8 = 0.4 mm) can be hardly 
assembled: the larger "hole" (feature 3Ad, virtual size 30.878mm) can accommodate only the 
smaller "shaft" (feature 2Bc, virtual size = 30.816mm) resulting in a slight clearance fit (0.062 
mm). The other possible choices always produce interference fits (from -0.027 to -0.166 mm). 
The reasons for these results can be found in the technological aspects of the DMSLS process. 
Given the size of the sintered powder particles (about 0 0.08mm), the resulting surface 
necessarily presents a texture characterized by consequent parameters (Rz = 80, Ra = 20-25). 
Surface roughness influences also size deviations and form error. It can be noted, by the way, 
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that the sinterlog process tends to alter the "mating size" towards the maximum material 
condition MMC of either inner or outer features. This effect is probably emphasized by the 
sticking of partially sintered powder particles at the boundary surface of the prototype, thus 
worsening the size accuracy. It should be noted that the average roundness error is 0.355 mm, 
slightly more than 4 times the particles diameter, and, if it is allowed to extend the results 
obtained from such preliminary and incomplete tests, this value could be considered an 
estimate o( the predictable reduction of the fit clearance or increment of the fit interference. 
In order to verify the effect of the "last" layer of powder on prototypes dimensions, we tried to 
manually remove the "sticked" or the just partially sintered particles using a copper wire brush 
(more accurate techniques are described in [7]). This procedure is close to finishing operations 
(shot-peening or wire brushing) which is performed on the laser sintered moulds that are used 
in industrial conditions for the production of plastic parts by mean of injection moulding. 

TABLE 2. Experimental measures offit sizes (brushed features). (All values are in mm) 
Part No. Dirn. Descript. Nominal Actual Lower Upper Round- Std.dev. Virtual size 

size size dev. dev. ness 
Base lA a InnerDia 28 28,147 -0,145 0,314 0,459 0,065 28,002 
SheU 2A b Lower Outer Dia 28 27,697 -0,152 0,179 0,331 0,050 27,876 

" " c Lateral Outer Dia 30.8 30,492 -0,161 0,278 0,439 0,059 30,770 
Cover 3A d Lateral Inner Dia 31.2 31,300 -0,127 0,150 0,277 0,475 31,172 

Table 2 shows that a slight removal ofthe superficial partially adherent particles using a copper 
wire brush varied the actual sizes of the handled features of about 0.24 mm, obtaining mating 
sizes similar to the nominal values (therefore restoring the nominal fit conditions: 1Aa-2Ab = 

0.127 mrn; 3Ad-2Ac = 0.403 mrn). The effect of such operation on the form errors cannot be 
estimated by such a preliminary test (average roundness error = 0.376 mm). 

5 CONCLUSIONS 

The implementation of suitable collaborative methodologies for the generation of a voice 
prosthesis requires also the verification and the set up of viable innovative manufacturing 
processes based on RP and R T techniques. Some preliminary results on the fit conditions of a 
composite mold manufactured using Rapid Prototyping (RP) techniques have been presented 
that tentatively indicate the suitability of the proposed process to the direct development of 
custom devices. 
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ANALYSIS OF GEOMETRICAL DISTORTIONS OF SPUR 
SHAFTS DUE TO HEAT TREATMENTS 

L. D' Angelo- Department ofEngineering, University ofFerrara, Italy 

KEYWORDS: Heat Treatments, Geometrical distortions, Design OfExperiments (DOE). 

ABSTRACT. A multidisciplinary study is being conducted on noise emission of spur gear pumps. Pri
mary noise sources, as for instance pump body vibrations, have been detected through measurements in a 
tailor-made anechoic chamber. Vibrations are in turn heavily influenced by geometrical defects of shafts, 
often arising during heat treatment and surface hardening. 
After a short presentation of the industrial process to manufacture spur gears, the paper describes in more 
detail (i) the selection of hardening parameters to be monitored, and (ii) the experimental procedure 
adopted, the focus being on the search for correlations between the selected geometrical defects and proc
ess parameters. Due to the !arge number of process parameters taken into account, Design Of Experiments 
(DOE), together with available inforrnation and company know how, have been used to reduce the re
quired number oftests. Some preliminary results are surveyed at last. 
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The work presented is derived from a degree thesis [1] developed in cooperation with TRW
Marzocchi, a company producing gear pumps for power steering equipments. In this category 
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of products, very tight tolerances are used, because dimensional deviations of gears dramati
cally reduce pump efficiency. In addition, experimental tests have shown that deviations also 
have direct influence on noise Ievel of pumps which is one main problern in steering equip
ments. In a previous thesis on a more generat subject [2], dimensions of 50 shafts are com
pared before heat treatment and at the end of the manufacturing process. lt appears that final 
dimensions are more scattered and, in some cases, they are so shifted that parts must be dis
carded, being out of the specified allowances. One case when both these effects are evident is 
shown in Fig. I. These results suggest that it could be useful to know in more detail the geo
metrical effects of heat treatment in order to reduce these distortions. If the geometrical distor
tions were repetitive, as confirmed in [3], it would also be possible to compensate for them in 
the preceding manufacturing operations. 
Several studies can be found in the technical Iiterature on residual stresses and distortions due 
to heat treatments (see, for example, refs. [4 - 9]), often presenting new material models. In 
[8] a Iist is presented of commercial codes suitable for such analyses and, for each code, main 
peculiarities are highlighted. lt seems that studies are usually quite specific in terms of (i) ma
terial, (ii) geometry and (iii) treatment, and it is not clear at what degree the presented results 
can be extended to different situations. In addiction, "the accuracy of the results depends of 
course on the accuracy ofthe input data, the major difficulty seems tobe the description ofthe 
heat treatment process; that is, the accurate prediction of the temperature distribution in a 
piece" [ 10]. 
The main objective of this work is the reduction of distortion in components like those in Fig. 
2. Uncertainties related to (i) extendibility of material models found in the literature, together 
with (ii) the difficulty to evaluate the initial temperature distribution inside the fumace charge 
and inside the single parts have suggested to give up with the numerical approach. A strictly 
experimental procedure have been used to solve the problem, assisted by statistical considera
tions. 

2 THE MANUFACTURING PROCESS 

The shafts ofthe pump are shown in Fig. 2, the 
driven shaft on top, the driving at bottom; this 
work has been addressed to the study of geo
metrical distortions in the driving shaft be
cause it comprises all the geometrical features 
of the driven. The material is UNI 18 Ni Cr 
Mo 5 Pb, a case-hardening steel in which Iead 
is added to increase its machinability. The 
manufacturing process is made of the follow
ing steps: 

• tuming, 
• teeth cutting, 
• heat treatment and carburise case-hardening, 
• grinding and superfinishing. 

couplel 

Figure 2. The pump shafts 

Turning. 1t is made on a six-mandrel GM 35 AC Gildemeister lathe. In the first part ofthe pro
cess the Ionger shank is rough tumed, finished and dimpled. The shorter shank is also rough 
tumed. The following step is milling one end of the shaft, to obtain parallel surfaces; this is 
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necessary for coupling to the electrical engine. In the rest ofthe paper, this area will be called 
couplel, contraction of coupling element (see also Fig. 2). Then teeth flanks are machined and 
the shorter shank is finished, end cut and dimpled. After turning, dimples eccentricity is meas
ured. 
Teeth cutting. A CNC Pfauter Mikron hobher is used to cut shaft teeth. AAA class coated car
bide hobs are used to this aim, up milling is preferred for better finishing teeth.' 
Heat treatment and case-hardening. Before heat treatment, shafts are washed and dried, so that 
hardening is more homogeneous during heat treatment. Shafts are then case-hardened and 
quenched. This process will be analysed in more detail in the next section. It is followed by 
hardness testing and metallographic analysis by means of optical microscopy. Afterwards, 
shafts runout is measured and reduced by an automatic PAS - E/6 straightener. 
Grinding and superfinishing. Teeth flanks and shanks are grinded to Ra= 0.2 f.Lm, to improve 
coupling with bushings and, therefore, to increase the volumetric efficiency of pumps. Areas 
where shanks are mated to bushings are superfinished to reach Ra= 0.16, in order to improve 
tightness. 

3 HEAT TREATMENT AND CASE-HARDENING 

Shafts are vertically positioned on grids called blisters which, in turn, are stacked to form pal
lets. A charge is made of two pallets of six blisters each, 1800 shafts in total. The treatment is 
made up of four steps (see Fig. 3): preheating, case-hardening, quenching and recovery. The 
steps 1 - 3 take place in the same furnace. The inner atmosphere is made up of liquid metha
nol, which determines the hardening environment, methane and nitrogen. Methane is a secon
dary hardener component. Methanol and methane decompose to CO and H2• 

Preheating. It takes place at about 850 °C for 30 minutes. The carbon content in the fumace 
atmosphere is kept low so that shafts heat more evenly. 
Case hardening. This step is the longest, 100 minutes, and requires the highest temperature, 
990 °C. The carbon diffusion inside austenite is also determined by the carbon content in the 
furnace atmosphere, which is kept at 0.84%. The aim is to obtain an hardened depth of 0.6 
mm. 

Temper .1 000 
case hardening 

[OC] 
900 

quencing 

800 

4' 
100 ,__ --..----T~----,J--Jr---.-! -

Time [h] 

FIGURE 3. Temperature Vs Time diagram ofthe heat treatment 

Quenching. Shafts are kept at 840 oc for 40 minutes before being dipped in a oil bathat 110 
°C. A possible risk during quenching is steel decarburisation, therefore carbon content in the 
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fumace atmosphere must be kept under control. In this case a percentage of 0.78% is chosen. 
After quenching, shafts are again washed and dried, sirnilarly at what was done before heat 
treatment, to remove dust residuals on the surface. 
Recovery. This step is quite time consuming, shafts are kept at 180 °C for 90 minutes and it 
takes place in a different furnace. 
In the sensitivity analysis explained at §5, 8 process parameters have been taken into account 
to study geometrical distortion of shafts. They are, as follows: 
• preheating time (t1) and temperature (T 1), 

• hardening time (h), temperature (T2) and carbon percentage in the fumace atmosphere 
(C2), and, 

• quenching time (t3), temperature (T3) and carbon percentage in the furnace atmosphere 
(CJ). 

4 MEASUREMENT 

FIGURE 4. Cross section of 
the gear 

the 6th quality class before 
the heat treatment and in the 
7th after the treatment ( see 
also Fig. 1). The couplel 
thickness is measured on a 
digital micrometer; for all 
the other parameters it is 
used a Zeiss Prismo Vast 5 
HGT Coordinate Measuring 
Machine (CMM) with 4 
CNC axes, especially 
equipped for rotational 
parts. The software is GON
UX 8.0, specific for the 
measurement of spur gears. 
Parameters are both meas
ured in the cross section of 

The (i) geometri
cal parameters 
taken into ac
count for evaluat
ing distortions as 
well as the (ii) 
measuring proce
dure and (iii) tol
erances are based 
on DIN norm 
3962 [10). In par
ticular, TRW 
gears must be in 
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FIGURE 5a. Tooth profile 
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FIGURE Sb. The straightened tooth profile 
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the gear (Fig. 4) andin the longitudinal section ofthe shaft. 
The measured parameters are, as follows: 
• couptel thickness, 
• shaft runout, 
• step between each pair of adjacent teeth, both on left and right side, and, 
• for 3 teeth (see Fig. 4) their 

1. thickness, 
2. left and right profile, and 
3. helix (alignment oftooth axis with shaft axis). 

709 

In particular, the measurement ofboth the tooth involute profile and helix requires the evalua
tion of three parameters. In Fig. 5a the nominal profile is the hold dash-dot line, the continuous 
irregular curve is the real profile and the thin dashed curve is the involute which best approxi
mates the real profile. In Fig. Sb the nominal profile is straightened into an horizontalline and 
the other two lines are modified accordingly. Three parameters are inside rectangles for high
lighting. ff is a measure of the shape deviation, fHA express the slope error of the real profile, 
Ff is the total deviation, it takes into account both errors but it is not the arithmetic sum of ff 
and fHA. Helix errors evaluated using the same procedure, the relevant parameters being fBf, 
fHB andFB. 

couplel 
thickness 

[mm] 

4,'}'/'j 

+ afterannealing I 
· - - · - · · maximum Iimit 

4,97 ............................................................... .. 

4,965 

4,% 

4,955 

~~ ~---------------------
4,945 +-----.,,...-----.-----..---~---.---' 

0 2 4 6 8 10 

shafts 

FIGURE 6. Comparison of dimensions before and after anneal-

5 PROCEDURE 

As the first step of the procedure, it has been verified that geometrical distortion measured af
ter the heat treatment is only due to that process. A doubt can arise, that machining operations 
induce distributions of residual stresses which only become apparent after stress recovery. For 
this reason, 1 0 shafts have been measured after gear cutting, annealed at 600 °C for 90 minutes 
and then measured again. Results are similar to that in Fig. 6, where no appreciable dimension 
changes can be seen. It is possible to conclude that, to study geometrical distortions, it is not 
necessary to anneal shafts before the heat treatment. 
To tackle the study, due to the large number of process parameters involved, it has been de
cided to divide the analysis into two parts; the former (screening analysis) is addressed to de
termine the process parameters which mostly influence distortions, the latter (optimisation 
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STEP TMAX TMIN TMAX TMIN 
%CMAX %CMIN (OC) (OC) (min) (min) 

preheating TIA= 870 Tm= 850 tlA=40 tm=20 

hardening T2A=900 T2s=870 t2A=llO t2s=90 C2A=o.ss C2s=0.8 

quencing T3A=840 T3s=820 t3A=40 t3a=30 c3A=o.8 C38=0.75 

T ABLE 1. Values assumed by process parameters in the test, hold is used for the parameters 
selected for the fractional analysis 

analysis) is devoted to quantify relations (when existing) between main process parameters 
and geometrical distortions. This work presents some results of the screening analysis. 
As anticipated at §3, eight process parameters have been taken into account. Forthis kind of 
study, the Design Of Experiments (DOE) theories [ 11] suggest a factorial analysis where, for 
each process parameter, two values are chosen at the extremes ofthe range to study, showed in 
Tab. 1. Fora complete sensitivity analysis, to study also the influence of parameter combina
tions, 28 (=256) fumace charges would be necessary. Toshorten the task, a fractional factorial 
28-4 (=16) design has been used. In this case it is necessary to choose four parameters, out of 
the eight previously mentioned, which are expected to have larger influence on distortions. 
The selection is usually based on a specific know how of the process to be shidied. The se-

I 

:0 
-----?L---

"' / 

"' 

; 
"' ; 

FIGURE 7. Positions ofmeasured shafts 

1ected parameters are the hardening 
temperature T 2, the hardening time t2. 
the hardening carbon percentage c2 
and the queuehing temperature T 3. 
Each one of the selected parameters is 
combined with all the others; this is 
not true for the remaining. When a 
fractional factorial 28-4 design is de
ve1oped, it is not possible to differen
tiate between some effects of the sec
ond order, which are said to be 
aliased. 
Another process parameter has been 

taken into account, which does not affect the test length: the position of shafts in the charge. 
Tothis aim, 6 positions have been chosen, 4 at charge vertices and 2 in the middle ofthe two 
pallets, as shown in Fig. 7. Foreachposition 4 shafts have been measured and the mean values 
have been used in the analysis. 
Another statistical method used in the course of the study is the two-samp/e t-test. 
The two-sample t-test is useful when it must be decided if the differences between two sam
ples are significant. It is based on the evaluation of the parameter given by the formula below: 

X-Y 
Zo = (5.1) az az 

~+__l 

n, nY 
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where X and Y are the sample means, <fx and <fy are their variances, nx and ny are the sample 
sizes. 
According to this method, one dimensional change is significant when, under the hypothesis of 
normal distributions, the Z0 parameter is outside a predefined interval.. 
This method has been used, together with the comparison of dimensions with the relevant al
lowances, to evaluate dimension changes due to (i) the annealing (see also Fig. 6) and to (ii) 
the heat treatment. 

ffi coup~l c::r:;J 
thickness runout fHA fHB 

I 1 II 1,5 II 1 I 1,2,3,4 

2 2 1,5,6 1,5 

3 5 3,5,6 II 6 

I 

4 5 1,2,6 

5 1 1,2,5 

6 :1,3,5,6 I 5,6 I 
7 

8 3,5 1,4 

9 1 3 56 , , , 
10 I 1,3,6 

11 5 2,5 

12 1,4 

13 1,2 

14 5 ~ 15 2 5 

16 5 Jl 
TABLE 2. Significant distortions related to 
charges and positions 

I 1,2,6 

1 

6 

6 

4,3 

1 

6 RESULTS 
The reported results are relevant to the 
influence of (i) the part position and (ii) 
the charge parameters on distortions. 
Results are summarized in Tab.2. Apart 
from the first one, each column is dedi
cated to present distortions of a specific 
parameter. The first important result is 
that only four dimensions out of the nine 
measured show significant distortions in 
some cases. The term "significant" must 
be intended in the sense given by the 
formula (5.1). The four dimensions are 
the couplel thickness, the shaft runout, 
and the slope error of both profile and 
helix. Tab. 2 shows the list of significant 
distortions in relation to charges and po
sitions. It seems that the runout is by far 
the geometrical element most sensitive 
to thermal distortions, which are signifi
cant in 36 cases out of 96. It can also be 
observed that the positions in the charge 
have different influence on distortions. 
Position 1 appears 20 times, position 4 
only 4 times. The attempt to understand 

the reasons of these results will be a matter for further investigations. In a similar way, the 
number of significant distortions is very different in the 16 charges, with a maximum in the 
charge nr. 1 (8 distortions) and a rninimum in the charge nr. 7 (one significant distortion). 
Charges 7, 14 and 16 seems very prornising because few significant distortions have been 
found. They are all possible candidates as starting points for the refining analysis. To select 
which one of the three is the best, a complementary investigation is being conducted to know 
the hardness profile of components. 

7 CONCLUSIONS 

The Department ofEngineering ofthe University ofFerrara and TRW- Marzocchi ofüstellato 
(FE) are collaborating to reduce the distortions of shafts due to the thermochemical treatment. 
A strictly experimental procedure has been chosen, assisted by statistical methods to reduce 



712 L.D'Angelo 

the test length. The whole activity has been divided in a screening analysis and a refining 
analysis. The paper reports some results of the former, aimed at identifying the process pa
rameters which most influence distortions. In particular, it has been shown that (i) only 4 out 
of 9 geometrical parameters are affected by significant distortions during the treatment, (ii) 
significant distortions tak:e place more often in some positions within the furnace charge than 
in others, and (iii) the combination of treatment parameters heavily influence the number of 
significant distortions. 
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ABSTRACT. The paper presents a benchmarking method for attribute sampling schemes, with specific 

reference to zero acceptance number. The method decision making in selection of appropriate sampling 

schemes, in the case of very high Ievel of vendor's quality. Closed form expressions are provided for a 

single-level and a two-level sampling scheme. The aim ofthe paper is to provide an useful and easy-to use 

tool for benchmarking attribute sampling schemes, with zero acceptance number, to be adopted in the 

daily practice. The potentiality to infer conclusions up to more complex schemes is argued. 

Notation 
AQL = poorest Ievel of quality for the vendor's process that the consumer would consider to be 

acceptable as a process average. 
a = producer's risk 
B(f) = benchmarking function 
c = acceptance number, integer c?.O 
Cindex = cost of Iot inspection in the indexed plan 
f = sampling fraction, with O<f<l 
i = clearance number 
index (foot Ietter)= R=reduced, Sk = skip-lot, N=normal; LS=less-severe, N-R = normal-reduced scheme; 

SkSP = skip-lot sampling plan; N-Sk =normal- skip-lot sampling scheme 
L = indirect cost for inspecting a whole sample 
m = sample size for the reduced plan 
n = sample size for the reference plan, integer n>O 
n0 = sample size for the normal plan, integer n0 >0 
N = lot size 
p = Iot fraction defective, with 0~1, characteristic of the incoming lot quality from vendor 

(supplier) 
P = probability of lot acceptance ofthe reference plan for the skip-lotplan 

P 'index = probability of lot acceptance of the indexed plan, with c=O 
Pindex = probability of lot acceptance ofthe indexed plan 
Qindex = probability of rejecting a lot 
U = direct cost per unit item inspected belonging to a sample 
Xindex = parameter representative ofthe averagetime spent on the indexed plan 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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1. INTRODUCTION 

Despite the supplier integration strategy strongly promoted by the Total Quality Management 
approach, the use of acceptance inspection still remains an recurrent practice, commonly adopted 
to prevent non-quality costs downward the production process. 

Main strategies for inspecting incoming lots of products, and thus vendor's lot sentencing, are: 
STI) 100% inspection of lots (complete control of N items); ST2) acceptance sampling by 
inspecting a sample of n items, which can be performed by attributes or by variables; ST3) no 
inspection (free-pass). Strategies STI and ST3 represents the two extremes, being ST3 the ideal 
case; strategy ST2, the most adopted one, lies in between. 

In the paper we will focus only on ST2 acceptance sampling by attributes, where a unit of 
product is classified as conform or non-conform. Acceptance sampling by attributes can be 
implemented using several different sampling schemes, which present their pro's and con's; 
amongst others [1]: lot-by-lot single or multiple sampling plans; lot-by-lot normal, tightened and 
reduced with appropriate switching rules; Dodge-Roming's sampling plans; lot-by-lot sampling 
plans with skipping (also called skip-lot SPor SkSP); continuous SP (CSP). 

Deciding the most appropriate scheme to adopt is strongly related to the specific operating reality, 
being the nurober of boundary conditions to be considered high. Choices amongst different 
schemes is not, in fact, only a matter of statistical reasoning; it might depend, also on the cost 
ofparts, vendor's quality Ievel, suppliers relationship strategies; etc. 
Quite often in TQM environments, depending also on decision of the authority responsible for 
sampling, many times a ST3 strategy is adopted. The skip-lot scheme responds to this tendency, 
being the inspection performed on a randomly selected fraction (j) of samples extracted from the 
incoming lots. In order to set a skip-lot sampling plan (SkSP) the confidence on the supplier's 
quality Ievel should be high: usually this decision is taken after a clearance of i samples. 
Nevertheless, appropriate sensitivity of the inspection scheme adopted should be set, namely by 
appropriately selecting the value for the acceptance nurober ( c ). In the industrial practice, 
several conditions hold for employing acceptance sampling plans with zero acceptance number. 
Sampling plans with zero acceptance nurober is usually adopted in the area of safety-related items 
or in situation of costly nature of testing, or whenever there is the desire to maintain a steep 
operating characteristic (OC) curve [2]. A sampling plan with zero acceptance nurober has poor 
statistical performances; this is the reason why Norms strongly do not recommend their use [3]. 
Nevertheless, it is also possible to find the use of sampling plans with zero acceptance nurober 
still in the industrial practice, whenever very huge incoming lots are treated, as a compromise 
between sample size reduction versus non-conformance risks. The benchmarking method 
proposed in the paper will focus on sampling schemes with zero acceptance number. 

2. THE BENCHMARKING METHOD PROPOSED 

The paper aims at presenting a method to compare acceptance sampling schemes, with specific 
reference to zero acceptance sampling (c=O). The following two conditions are the key points 
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(KP) of the benchmarking method proposed, to provide a clear evidence in comparing the 
performances oftwo sampling schemes: 

KPl) the same acceptance probability at the Acceptance Quality Level (AQL) should be 
imposed, i.e. the plans compared have the same acceptance probability (producer's risl\, a) at 
p=AQL. This assumption make sense in the light of comparison two sampling schemes; it 
also cope with the primary focal point of design of many acceptance sampling systems [ 1]. 

KP2) the properties of a generic sampling scheme can be inferred from the benchmarks of 
less-severe individual sampling plan betonging to it, provided that the other plans of the 
scheme to be compared have the same features . 

The method proposed focuses on the performance of the less-severe individual plans belongings 
to a generic sampling scheme, being oriented to the use in the case of in case of very high Ievel of 
incoming Iot quality. The less-severe (LS) plans here addressed, corresponding to a vendor's 
production being at steady rate, are: a reduced ( R) plan, where a lower sample size (m) than 
the normal one (n0) ; a skip-lot (Sk) plan, where only a fractionjoflots ofthe reference plan (n) 
are inspected [4]. Two acceptance schemes will be considered here for benchmarking purposes, 
for the sake of simplicity, namely: a Normai-Skip-lot scheme (corresponding to the weil known 
SkSP-2 scheme [I]); a Normal-Reduced (NR) plan, as in Figure 1. 

FIGURE 1. N-Sk sampling scheme vs. N-R scheme considered. 

The following switching rules between plans for the generic acceptance scheme will be adopted: 
Rl) start with the normal inspection; 
R2) According to the standard inspection schemes, such as the ISO 2859, the less-severe 

sampling inspection is instituted after a normal inspection whenever the preceding i 
lots passed a normal inspection, with a total number of defectives in the sample less 
or equal to the applicable Iimit number. Thus, if and only if i consecutive lots are 
accepted on normal inspection, switch to the less-severe inspection; otherwise restart 
counting accepted lots from zero in the normal inspection; 
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R3) remain into the skipping phase until a single Iot is rejected, in this latter case switch to 
normal inspection; 

R4) screen each rejected Iot and correct or replace all defective units found 

The following hypotheses will be adopted for the rest of the paper: 

Hl) Lot acceptance conditions assumed are that the number of nonconforrning unit is below or 
equal to the acceptance number 

H2) producer's risk a will be assumed constant; also the Iot fraction defective (p) will be 
supposed to be constant for the benchrnarking purposes. 

H3) lots to be inspected are selected at random: results of Iot inspection will be thus stochastically 
independent from each other. The same hypothesis will be made for the items within a sample. 

3.1 PERFORMANCE OF INDIVIDUAL SAMPLING PLANS 

In the present paragraph properties of individual sampling plans will be derived, in the case of 
zero acceptance number (c=O). These will be used later for benchmarking purposes of 
acceptance schemes. From a statistical point of view, several measures of performance can be 
adopted to compare different sampling plans; these are namely [5]: Operating Characteristic 
curves (OC); Acceptable Quality Level (AQL), defmed as the maximum proportion of variant 
unit is a Iot that, for purpose of acceptance sampling, can be considered satisfactory at process 
average; the Average Sampie Number (ASN), which has an economical significance. Most ofthe 
formulae derived are weil assessed ones, but will be presented in a simpler and more attractive 
form, revisited for benchrnarking purposes. 

3.1.1 THE OPERATING-CHARACTERISTIC CURVE 

The discriminating power of a sampling plan is portrayed by its operating characteristic (OC) 
curve, which maps the acceptance probability over the percentage of defective (p). In this 
paragraph we derive expression for evaluating the probability that a Iot will be accepted, given a 
generic fraction of nonconforrning p. As concerns the skipping phase, only a fraction f of all the 
incoming lots are inspected; other plans will have f = 1. According to H3, two generic events of 
selecting a Iot for inspection (S) will result stochastically independent. The probability of 
rejecting a given inspected Iot (say D the event of rejecting a Iot) thus results from the definition 
of conditional probability: 

Qptan = P(DIS) = P(D) • P(S). (1) 

According to the sampling rule before mentioned, P(S) = f holds in the case of skip-lot plan, 
while P(S)=I otherwise (normal and reduced plans). The probability ofrejecting an inspected Iot, 
for a given probability of acceptance Pptan of a plan adopted is: 

P(D) = (1-Ppta,J (2) 

By using (1) the operating characteristic curve for the skip-lot plan can be easily derived, where 
P=P (n,c) for the reference plan, as 

PSK = 1-QsK= 1- (1-P) • f (3) 
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Formula (3) gives the frrst measure ofperformance for a given skipping phase, provided the Pis 
defmed for the reference plan. The operating characteristic curve, in fact, can be derived and 
studied mapping of PsK versus the process fraction defective (p), which is a vendor's 
characteristic. In the case ofreference plan with acceptance nurober set to zero (c=O), say n the 
sample size; the probability of acceptance thus descends from the binornial probability 
distribution as P= (1-p l. 
In this case, it is thus easy to derive the OC curve for the skipping phase, for c=O from (3) as: 

(P sJr}c=O = P'sk = 1- {(1-(1-pl} • fJ (4) 

while, for the reduced plan with c=O, descends: 

P'R= (1-pT (5) 

and, for the probability of acceptance for normal plan with c=O: 

P'r (1-pl0 (6) 

being, generally, m<no. The OC curves should be compared with the ideal characteristic curve, 
that is defined as [ 1]: 

P;d= 1 for D-::p<AQL; 

P;d = 0 for p~AQL 
(7) 

3.1.2 THE AVERAGE RUN LENGTH 
The ARL is a measure of the sampling plan's responses to a change; it is defmed as the average 
nurober of lots to the occurrence of a rejection [6]. lt is easy to show, see also [7], that for the 
normal plan- where there is no switch to the less-severe plan as far as i consecutive lots are 
accepted- holds: 

(8) 
In the less-severe plan, as far as a defective lot is found, a normal inspection scheme is 
instituted immediately. Forthis plan, being PLs the probability of lot acceptance of the less
severe phase, it is: 

ARLLS= 1 I {1- PLS] 
According to (9), the equation for the reduced plan with c=O it is: 

ARLR= 1 I (1- PI?) 

and, for the skip-lotplan with c=O it is: 

ARLSk= 1 I [(1- P)fl 

being P the probability of acceptance in the relative reference plan. 

3.1.3 THE AVERAGE SAMPLE NUMBER 

(9) 

(10) 

(11) 

The Average Sampie Nurober represents the expected total sample size; it is a indirect measure 
of the sampling costs. Given the notation above used, for the individual sampling plans it is 
easily to see that: 
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ASNrr=no 

ASNR=m 

ASNsk= nf 

4. BENCHMARKING OF INDIVIDUAL LESS-SEVERE PLANS 

M. Dassisti 

(12) 

The criteria here suggested for benchmarking sampling schemes bases on comparing their less
severe plans. Say U the cost per part sampled (we will refer to as the 'direct cost' of inspection, 
being proportional to the nurober of items inspected) and L the cost of inspection for the whole 
sample (we will refer to as the 'indirect cost' of inspection, being independent from the sample 
size ), which are expressed into appropriate unit of measure. 

Two cases will be here addressed, whether only the direct costs of sampling items are significant 
(§4.1) or the indirect costs become significant (§4.2). 

4.1 INDIVIDUAL SAMPLING-PLAN PERFORMANCES: NEGLIGffiLE INDIRECT COSTS 

According to the above, whether L is negligible the performance comparison reduces to 
comparing only the nurober of inspections to be performed, which easily descend from statistical 
measures derived in §3. The two generic acceptance plans here addressed are: a reduced lot-by-lot 
SP and skip-lot sampling plan. 
Let's first analyze the OC curves ofthe two plans atp=AQL. Given the KPl conditions in §2, we 
impose the two plan to have the same acceptance probability at p= A QL; thus from ( 4) and ( 5) it 
results: 

P'sk = 1- [1-(1-p)"J •f= 1-a = P'R =(I-pT= 1-a for p=AQL (13) 

where, again, n represents the sample size of the reference plan of the skipping phase, in the case 
of c=O, and m the sample size for the reduced plan to be compared. 

It is possible to derive the following expression, by replacingp with AQL in (13): 

1- {1-a/jf1n) = 1- {1-aflm) (14) 

From eq. (14), descends the expression of the average nurober of samples inspected for the 
skipping phase (in the case of c=O) : 

ASN.k= f n = f• m • { ln (1-a/j) lln(1-a)] = f• m •A (15) 

being the parameter A expressed as 

A=ln(1-a/j)lln(1-a) (16) 
It is easy to see that Ais always greater than 1, being always 0< a/f= 1-(1-pl <1 from eq. (13) 
imposed according to KPl benchmarking condition. As a consequence, it is possible from (15) to 
derive m of the reduced plan. From this descends the first statement: 

STl) the reduced plan of inspection has always a lower sample size than a skip-lot plan, 
with the benchmarking assumptions made in §2. 
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This conclusion remains true independently of the specific AQL value, as far as a individual 
sampling plans are considered, provided also that O<f< 1. 
Let's now consider the behaviour of sampling plans for all the other points p:j:AQL, by 
considering the following function (c=O}: 

D(p) = P'R- P'sk =(I-pT -1 + (1-(1-p)") • f (17) 

D(p) is calculated as the difference between the acceptance probabilities ofreduced plan and skip
lot plan. It is easy to see that D(p=O) = 0, D(p= 1) = f -1 and also that is D(p=AQL)=O. 

By a simple analysis ofthe frrst derivative of D(p), it can be seen that: 

D(p) >0 forO<p<AQL 
(18) 

D(p) <0 for AQL<p<l 
This means that the OC curve of the reduced plan tends to be closer to the ideal OC curve of ( 6) 
than in the case of skip-lot plan. 
As a conclusion, in the case of c=O, it can be stated that: 

ST2) the individual reduced plan always outperforms in term of OC curve the individual 
skip-lot pbtn of inspection, under the benchmarking conditions put as in §2. 

Again, Statements STl and ST2 holds whenever the sampling cost per unit prevails over other 
cost figures (i.e. whenever the only benchmarking criteria is the sample size ). 

4.1 INDIVIDUAL SAMPLING-PLAN PERFORMANCES: NON-NEGLIGIBLE INDIRECT 

COSTS 

lndirect cost might be, for instance, set-up costs for testing instruments, transportation costs; etc. 
Whenever these are no more negligible with respect to the direct costs the following reasoning 
should be made. 
The total cost of inspection per each Iot, in the case of the reduced plan, results ( remernher eq. 
(12)): 

(18) 

As concem the total cost per Iot for the skip-lot plan, from (15) and remembering the meaning of 
A in (16}, the following expression ho1ds: 

Csk = ASNsk • U + f• L = f• m • A • U + f• L (19) 

Remernhering that, under the benchmarking conditions made,J A is always greater than 1 (being 
O<alf<l), it results that the term if m A U), corresponding to direct cost of inspection, is always 
greater than U. On the other band, being always O<f<l, the term f L is always lower than L. The 
skip-lot plan thus results to increase the direct cost of inspection (proportional to the nurober of 
items inspected) while reduces the indirect costs of inspection. Benchmarking the two acceptance 
plans means, easily, to compare CR versus CSJc. Tothis airn, the following difference function can 
beused: 

B(f)= (CR- Cs,J I (m • U) = (1- f A) + (1 - f) Ll(m •U) (20) 
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where, again, A is expressed as in ( 16). By studying the function in (20) for given a and n, at 
different Ievels of the ratio between indirect and direct costs LI U, it can be seen that skip-lot 
perform better as far as this ratio increases. Graphs will be omitted here; these can be easily 
derived to draw appropriate conclusions, depending on the specific values of L, U, fand n, being 
a derived from condition KP1 as in (13), and m from eq.(15), taking the frrst integer greater than 
the reckoned value. Remernhering the properties of f A and that m> I, it can be stated that: 

B(j)<O when LIU < m • (fA-1)1(1-j), i.e. L<U 
and 

B(j)>O when L/U>m•(fA-1)1(1-j), i.eL>U. 
(21) 

In general, it is possible to state, perfectly according to the results obtained in §4.1, that 

ST3) the reduced plan outperforms the skip-lot whenever the indirect cost of inspection (L) 
is lower than the direct unit cost of inspection (V). Vice-versa is true for the skipping plan, 
again under the benchmarking conditions put in §2. 

5. BENCHMARKING OF A TWO-LEVEL SAMPLING SCHEMES 

5.1 DECOMPOSITION APPROACH 

Expression derived in the present paragraph descend from the hypothesis made in §2, thus each 
plan meeting the requirements of a discrete-state Markov Process [8]. Formulae can be easily 
derived either using the normal transition matrix approach (see, e.g., [9]) or the simplified method 
(see, e.g., [7] or [10]). The Markov chain models has been proved tobe a well assessed tool [9]. 
They allowed also to formulate very simple and attracting closed form expression here, having a 
decomposed structure, more manageable and intuitive. 
W e will refer to two parameters, which are representative of the average time spent on each 
inspection plan, namely 

XN = ARLN I [ARLN + ARLLsl 

and, being LS either R or Sk, 

XLs = ARLLs I [ARLN + ARLLs] 

(22) 

(23) 

Descending from these parameters, it is possible to benchmark two-level sampling schemes 
(refere to figure 1) according to the following general formulae (according to a simplified method 
similar to [7]): 

as concem the the probability of Iot acceptance, and, in the same way, 

ASNscheme=XN •ASNN+ XLs •ASNLs 

for the average sample number. 

(24) 

(25) 

Each scheme can thus be compared by simply evaluating the respective ASNs, once the 
respective ARLs has been evaluated with (8), (10) and (11). Accordingly, the probability of 
acceptance can be derived for the N-R scheme: 
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and the probability of acceptance can be derived for the N-Sk scheme [6]: 

PN-Sk= fPsk + (1-j) PSk ;I ff + (1-j) PSk 7 (27) 
In the same way, it is easy to derive the expressions for the ASN in the case of N-R scheme as 

ASNN-R= XN • no + XR • m 

Andin the case of N-Sk scheme [6] 

ASN"sk= fn I ff + (1-j) Psk 7 
Also, the economical benchmarking function can be derived, being 

and 

(28) 

(29) 

(30) 

CN-Sk = ASNN-Sk • U + (XN + f•Xsk) • L = ASNN-Sk • U + L- (1- f) • Xsk • L (31) 

As 

B(f)= (CN-R- CN-sJJ I U = (ASNN-R- ASNN-SiJ + (1 - f) • XSk • L/U (32) 

with the same meanings of symbols adopted before. 

5.2 BENCHMARKING TWO-LEVEL SAMPLING SCHEMES: INFERENCE METROD 

As it can be seen from formulae in §5.1, the same generat rules of performances are not so 
evident for the scheme, if it is n=f.n0. The case where n=n0 is here address, showing how 
conclusions drawn in §3 for the individual less-severe plans can be used to benchmark more 
complex schemes, provided all the other plans have the same characteristics. 
This descends thanks to the simple decomposed formulation made in eq. (23) and (24). 
It easy to derive the closed forms for OC curve and ASN, for c=O, by replacing PR with P'R of 
eq. (6) and PsK with P' SK of eq.(5) respectively in (24) and (25). By a simple analysis of the 
functions XsK and XN, under the KPl benchmarking conditions, it is easy to show that it is always 

(33) 

According to this, it is easy to see from (24) and (25) how conclusions STl and ST2 provided §4 
still hold, as far as benchmarking conditions KPl are respected. Therefore it results 

PN-R <PN-Sk 
and (34) 

ASNN-R < ASNN-Sk 
It easy to derive how, form eq. (32) the same conclusion derived in ST3 still holds. 
As a conclusion form (30), it is possible to state that 

ST4. benchmarking of individual sampling plans can be useful to infer conclusions on two
level sampling schemes, under tbe benchmarking conditions put in §2. 

6. CONCLUSION 

The paper presents a practical benchmarking method, mainly oriented to compare acceptance 
sampling schemes, in case of very high Ievel of vendor's quality, with specific reference to null 
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acceptance sampling (c=O). Quite often adopted in practice, this latter condition has been usually 
neglected or avoided by norms. 

The usefulness of the approach is the practical applicability to real industrial cases and the 
simplicity ofthe method, which might result very useful for decisional purposes. 

It would be interesting to extend the application of the benchmarking method to several different 
schemes, with different design features; further research would be necessary in this direction for 
practical usability. 
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ABSTRACT. Cost-of-Ownership models for microelectronics fabrication equipment have been adapted 
to the analysis of the economics of opticallithography and associated processes such as mask making and 
photoresist application. This requires modification of the cost-of-ownership approach to the series of 
processing steps for wafer fabrication. These models enable the economic impacts of microelectronics 
design and processing decisions on silicon wafer fabrication to be estimated. The models have been in
corporated into a software tool that uses defaults and data based on current industry standards and 
practice. Using this program the sensitivity of wafer processing costs to basic integrated circuit design 
parameters can be evaluated. The basic assumptions and data used in the economic models are presented 
together with results from application to typical case studies. The availability of these models facilitates 
the design for manufacture of microelectronic integrated circuits. 

1 INTRODUCTION 

The availability of suitable cost models at the early stages of product design can lead to more 
competitive products because design teams can predictively assess alternative design concepts 
leading to more effective decisions. This approach to design for manufacture (DFM) has been 
app1ied effectively in many sectors of industry [ 1-4]. The development of appropriate cost models 
for microe1ectronics products fabrication is necessary and this paper outlines app1ications for to 
the critica1lithography stages of microe1ectronics manufacture. 

Integrated circuit (IC) fabrication costs can be modeled by an extension of Cost-of-Ownership 
(COO) mode1s for fabrication equipment. SEMATECH began developing COO models in 1990 
and since then a commercial COO model has been prepared through joint development projects 
[5]. Cost-of-Ownership modeling is an advanced form of activity-based cost (ABC) analysis that 
considers the costs of acquisition and operation, including the scrap value of work in progress. The 
lifetime cost-of-ownership per good device is generally sensitive to production throughput rates, 
overall equipment reliability, and yield, but is relatively insensitive to initial equipment purchase 
price. While initial COO models have been developed for wafer fabrication equipment, these 
methods can be extended to other applications [6,7]. 

2 COST MODELING BASEDON COST OF OWNERSHIP 

A COO model is a tool to analyze the total cost of owning a piece of equipment to fabricate a 
product. Suchmodels include both the cost of production preparations (fixed costs), the cost of 
production processes (variable costs), the irnportant factors of productivity (throughput, utiliza-
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tion, and yield) and production wastes (yield loss). The basic cost-of-ownership model for wafer 
fabrication is described by: 

Cw= (CF+Cv)/(TPT Y U)+Cy (1) 

where: Cw = Cost per wafer; CF= Fixed cost; Cv =Variable cost; Cy = Cost due to yield loss; 
TPT = Throughput; Y = Composite Yield and U = Utilization. 

In pmctice I C fabrication consists of a !arge number separate processing steps ( up to 200 or more) 
and the COO model needs tobe modified as the cost-modeling framework ofiC fabrication. The 
COO model takes into considemtion two parts of cost: total add-on cost for fabrication at a par
ticular process step/equipment, which is represented by the term (CF+ Cv)/(TPT * Y * U) and the 
present value ofthe IC product which is lost due to the yield ofthe process step/equipment, which 
is represented by the term Cy . The fixed cost and the variable cost in the first term are nothing but 
the add-on cost of fabrication investment and the add-on value of consumables amortized by the 
total number of good products. The second term is the value of a waste IC translated from the 
percentage of scmpped wafer. Current COO models are equipment centered rather than process 
centered, because they were initially developed to address the cost of owning individual equip
ment, but these models of IC manufacturing can be extended to address processes rather than 
equipment [ 6, 7]. 

A number of basic assumptions need tobe made. For example, ovemll manufacturing yield is a 
product of several factors, including wafer processing yield, die fabrication yield, and packaging 
yield. Formost technologies, the die fabrication yield and packaging yield are so close to I that to 
a frrst approximation only the wafer process yield need be considered as the manufacturing yield, 
Yrab· In addition, the total manufacturing costs include both wafer fabrication costs and chip pack
aging costs. Some studies [8] have shown that the wafer fabrication costs are the main cost driver 
to determine the total costs when the chip die area is reasonably !arge. Only when the die size is 
small do the packaging costs significantly affect the total manufacturing costs. Given the !arge die 
size oftoday's IC products the packaging costs can often be ignored. Thus a revised cost model of 
IC manufacturing is: 

Crabi = [L [ ll (Ypari * Y ü) ]( Cti I (TPT 1 * Cvi) +Cyi]IN1c 

where: Crabi = Manufacturing cost of ith process step per die 
Cfi = Total fixed costs which include all nonrecurring costs associated with ith process step 
Cvi = Consumable costs per wafer of ith process step 
Cyi = Cost ofyield loss 
Y fi = ith process step-generated functional yield 
Ypari = Parametrie yield ofith process step 
N1c= number ofchips (dies) on a wafer. 

The cost ofyield loss, Cyi, consists oftwo components: 

(2) 

~=[Vi-1(1-Ypari)+V wafer(l-ITCi)(l-Yr)e-(no-l)llCi]/[Y t+(l-ITCi)*(l-Yr)e-(no-l)llCi]wi (3) 

where: V1•1 = Value ofwafer after i-lth process step 
V wafer = Value of completely fabricated wafer at functional teststage 
Yr= Total functional yield 
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w; = The percentage of functional yield loss due to broken down component of functional yield 

at ith process step 
V;.1 (1 - YparJ = Value of scrapped wafer due to parametric yield loss at ith process step 

DL (Defect Level), it is the percentage of bad wafer recognized by the fmal functional test. De

tailed discussions on this can be found in [6]. 

DL= [(1-TIC;) (1-Yr) e-<no-I)OCi] I [Y r+-(1-IlC;)(l-Yr) e-(n0-l)nCi] (4) 

The value of scrapped wafer at final functional test translated onto ith process step is: 

Ywafer [(1-TIC;)*(l-Yf)e-<no-l)nc;] I [Yr+ (1-IlC;)*(l-Yr)e·(no-I)OCi] W; (5) 

All of the above terms require the development of specific detailed analyses for the individual 

processing steps in fabrication. These detailed analyses can be found in [6]. 
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FIGURE I. Lithography Process Flow form IC Design to Wafer Exposure 

3 LITHOGRAPHY TECHNOLOGY 

Modem IC technology is based on "planar technology" where devices, interconnects, and electri

cal isolation are fabricated on the surface of a wafer using successive deposition, implantation, 

lithography, and etching. Lithography is the most complicated, expensive, and critical process in 

microelectronics fabrication and is the key for further reduction ofVLSI device feature size. Pat

tern transfer and, in particular, lithography steps present the toughest challenges from both 

technical and financial viewpoints. The lithography process consists of several steps (Figure 1 ). 

Foreach circuit layer a mask is made from a CAD system output. The silicon wafer is then coated 

with a layer of photoresist polymer. The mask and an optical system are then used to expose the 

photoresist After development and fixing the wafer is etched to produce the circuit elements for 

the layer. This process is repeated for each layer ofthe device. 

There are three basic measures of performance for a lithography system; resolution (minimum 

feature size that can be exposed); registration (overlay accuracy from layer to layer) and through

put (a key factor for economic impact). Although these three criteria are usually used to 
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benchmark the technical performance of a lithography system, they are also the key parameters to 
the economic estimation. Both the parametric yield and functional yield of lithography are closely 
dependent on the line resolution and registration/overlay control. The throughput is also the key 
factor to determine the economic impact of a production system. 

One approach to increased resolution is to use bigger lenses, but this also decreases depth of focus 
(DOF). During projection, maintaining the DOF across a 200 mm wafer is difficult since the wafer 
topology alone may be as much as 2 J..l1l1 unless some planarization is done. Added to this are the 
wafer bow and flatness. Therefore, some compromise must be achieved between resolution and 
DOF. 

The other avenue to reducing the minimum feature size is to use shorter wavelength light sources. 
Traditionally, Hg vapor lamps have been used which generate many spectral lines from a high 
intensity plasma inside a glass lamp. Modem lithography systems make use of g-line (A = 436 nm) 
and i-line (A = 365 nm, used for 0.5 f..UI1, 0.35 J..llll) light sources. More recently the Deep Ultra
Violet (DUV) light source has been used to achieve finer resolution and higher light intensity, 
which in turn minimize the resist exposure time and achieve a higher throughput. The brighter 
sources in DUV are KrF (A = 248 nm, used for 0.25 J..llll) and ArF (A = 193 nm, used for 0.18 jlm) 
excimer Iasers. As the wavelength of the light sources get smaller and smaller, the problems be
come fmding suitable resists and transparent optical components at these wavelengths. 

4 COST MODELING OF OPTICAL LITHOGRAPHY TECHNOLOGY 

The COO for a given semiconductor process step is dependent not only on fixed costs such as 
depreciation of equipment and amortized installation costs, but variable costs such as the cost of 
consumables, as well as the productivity factors of tool throughput, utilization and process yield. 
This approach to model development provides the versatility and flexibility to be tailored to any 
particular IC production environment, and to any particular wafer process step such as thin 
films/CVD, or ion implantation. 

There are three major stages during one lithography process step: the mask making, the photoresist 
application and processing before or after the exposure, and the photoresist exposure. Therefore, 
when applying and moditying the SEMI COO standard model, the total opticallithography cost is 
given by as follows: 

Cphoto =[Ciph + Cres + CmsJCNwafer Ypar Yr)+Cyloss] f Nie (6) 
where: Cphoto = Totallithography cost per IC 
C1ph = resist exposure related lithography system cost per wafer 
Cres = photoresist and related process cost per wafer 
Cmsk = one mask making cost 
Nwafer =total number ofwafers can be exposed by the one mask, it is the mask lifetime 
Ypar = Parametrie yield of lithography process step, including exposure and photo-resist yield 
Yf = Functional yield oflithography process, including both exposure and photo- resist yield 
Cyioss = average yield loss cost per wafer. 
N1c= number of chips (dies) on a wafer 

To calculate the lithography system cost per wafer, the following model is developed: 
C,ph =I[(Csys/Dyj + ßi*Csysi!Ty + Cr*AcniTy + C,abi)/(TPTi * Ui * Ypari * Yfi) (7) 
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where: Csys = cost of a lithography exposure machine ($) 
Dv = depreciation time of the machine (hrs) 
ß = OlM coefficient to describe the cost for the machine operation and maintenance 
T y = total operating time (hrs) per year 
Cr= clean room facility cost ($) 
~r = the footprint of the machine with respect to the total area of clean room 
Ctab = lithography fab line labor costs ($/hr) 
TPT = throughput ofthe opticallithography exposure system (wafers/hr) 
Y par = Parametrie yield at present process step 
Y r = Functional yield of present process step 
U = lithography exposure machine utilization 

The model ofthe photoresist and the related process cost is developed as follows: 

727 

Cres = (Gres!Wg)N!i+L[(Cpr/Dvt+ßrCpn/Ty+Cr ~n!Ty + Ctabt)I(TPTt Ut Ypari Yfi) (8) 
Where: Gres = resist cost per gallon (G) 
W g = the nurober of wafers coated per gallon 
Cpr = the cost of the machin es for photoresist processes 

Exposure system throughput can be rewritten in the following format: 

TPT = (3600-Trot)/(Toh + Nexp (Texp + Tstep + Tsettie) (9) 

where: Tob= overhead time (sec.) associated with loading/unloading the wafer, prealigning the 
wafer, and re-calibrate the mask after a lot. 
Nexp = nurober of exposure per wafer, equal to the nurober of exposure fields fitting in the wa
fer. 
Texp= exposure time per exposure field (sec.) 
T.tep = average stage movement time from one exposure field to another exposure field (sec.) 
Tsettle = stage settling time when moving from one field into another field (sec.) 
Trot = lot overhead time (sec./hr) 

Usually the equipment throughput of photoresist coat/developer matches each lithography expo
sure system in the fab line. Thus, the throughput of the exposure tool is used as the throughput of 
the resist related processes. 

As far as the equipment utilization is concemed this can be obtained by dividing the uptime by the 
totaloperatingtime Ty or by 168 hrs/week as provided by the SEMI El0-90 Guideline [6]. An 
equation for the calculation ofutilization is: 

U = 1- (USD + SD +Eng+ STBY +Test) I 168 (10) 

where: USD = Unscheduled maintenance downtime; SD = Scheduled maintenance downtime; 
Eng= Engineering assist time; STBY = Standby time and Test= Nonscheduled time, mainly due 
to production test 
A similar model to equation 6 is used to estimate the costs associated with the photo-resist 
handling, application, pre-baking, post-baking, and development processes. The parametric 
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yield of photo-resist spin is ignored because the process is very simple and weil controlled. The 
process variation is disregarded. 

5 CASE STUDIES IN APPLICATION 

Thesemodels have been incorporated into a web based software tool that can be used to investi
gate the effect of alternative design configurations and processes. Continuous developments in 
lithography systerns have taken place. The basic systems now use 1-line projection (A. = 345nm), 
but more recently deep-ultra-violet (DUV) systems, KrF (A. = 248nm) and ArF (A = 193nm) have 
become available, but at increased cost. In general it has become popular to adopt a mix and 
match strategy for the utilization of lithography systems. With this approach the more established 
and less costly technologies are used for the less criticallayers. 

1t ograpny ase 1y esu s. TABLEI L' h h C Stud R lt 

KeyResults ArF KrF i-line 

Exposure Throughput 119.5 waferihr 90.4 waferihr 66.1 waferihr 

Exposure Yield 98.59% 98.38% 99.62% 

Resist Yield 85.7% 86.8% 92% 

Exposure Cost 41.2 $pwle 3.27 $pwle 3.11 $pwle 

Resist Related Cost 3.74 $pwle 4.36 $pwle 1.11 $pwle 

Mask Related Cost 14.6 $pwle 8.84 $pwle 3.74 $pwle 

Nurober ofLayers 3 6 12 

Total Cost 67.38 $/wafer 98.82 $/wafer 95.52 $/wafer 

Chips per Wafer 61 

Cost per Chip 4.29 $/chip 

A case study based on a typical wafer fabrication requiring 21 lithography Ievels, with 3 ArF lay
ers, 6 KrF layers and 12 non-critical i-line technology layers produces the results shown in Table 
I. All data embedded in the tool are extracted from the latest SEMATECH studies ofthe lithog
raphy industry and the 1999 SIA Technology Roadmap for Semiconductors [9]. In general, DUV 
(ArF and KrF) technology has better equipment throughput than old i-line technology because a 
pulsed Iaser light source is used with much higher illurnination intensity and also a photo-resist 
with less sensitivity can be used, but with significant increase of equipment costs. The results in 
Table I show that the cost ofi-line technology is much lower than that ofthe more advanced DUV 
(ArF and KrF) technology. Thus it can be seen why the mix-and-match fabrication strategy has 
gained popularity. With technology advances to sub 0.18-micron Ievels, the main cost driver be
comes the high cost of mask making rather than the lithography process itself. 

From the case study conducted above, the resulting totallithography cost is 67.38 + 98.82 + 95.52 
"'$260/wafer. Fora fabrication study conducted by Hewlett Packard [10] in 1997, the photo-
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ABSTRACT.Stererolithography (SL) is a rapid prototyping process traditionally used to produce poly
meric parts for various applications in aerospace, biomedical, automotive and electronics fields. Though 
it is a promising process for production of advanced ceramics, a number of critical points need still a 
proper solution: develop materials for functional prototypes, avoid interlayer delamination, obtain me
chanical performances. In this work the production of ceramic green starting from specially formulated 
photocurable Suspensions is presented. In particular, Alz03 ceramic precursor have been built with an 
experimental stereolithography system, and the ceramic objects have been obtained from pyrolisis of the 
organic binder and subsequent sintering. Finally, characterization of mechanical properties and micro
structure of the samples is presented. In addition, a 3D System SLA250 machine has been modified in 
order to build ceramic objects. A new loading vat with varying Capacity has been projected and built, in 
order to produce parts with lower material quantities. The building and recoating parameters of the ma
chine have been studied and modified to work with high-viscosity formulations. 

1 INTRODUCTION 

Conventional shaping processes for ceramies are traditionally based on a powder molding process 
using a negative mold and subsequent thermal compaction. Especially for the production of com
plex shape prototypes the outlay ofmolds is the major costing factor. The use ofRapid Protoyping 
(RP) processes can reduce the costs and time for the production of single objects or of very limited 
series[l]. Since the mid 80's the need of fast automatic fabrication techniques lead to the devel
opment of many additive RP technologies [1]. The new fabrication concept allowed the 
construction of complex parts, starting from a 3D-CAD model, without using a mould. In RP, the 
object is obtained bonding, layer by layer, its sections by an additive process rather than cutting or 
«sculpturing» the parts from an homogeneous block. The key point of RP is given by the direct 
link between the CAD model and the solid object, generated in few hours suggesting that tailor 
made or single functional parts can be fabricated, for example, for prosthetic applications in very a 
short time. Traditionally, most of the RP processes are used to produce polymeric objects. How
ever, over the last decade, several solid free-form fabrication (SFF) methods have been 
investigated as techniques to fabricate metal or ceramic parts[l] directly from computer 3D proj
ects. In particular SFF of ceramies is aimed to produce high performance, near net-shape structural 
[3], [4] and!or functional, [5] [6] ceramic parts. The interest in these fabrication process arises 
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CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 



732 C. Esposito Corcione, A. Greco, A. Licciulli, M. Martena, A. Maffezzoli 

from different application fields: ceramic materials are needed as prototype for functional tests and 
pre-series production tests, ceramic moulds in unique copy are needed in metal casting e.g. jewel
lery, ceramic cores are needed in investment casting of hollow ohjects. Since ceramies are good 
hiomaterials, inert, hioactive and reahsorhahle implants are made hy alumina, zirconia, carhon, 
hydroxyapatite, hioglass. Many applications are possihle with the convergence of three distinct 
technologies: medical imaging (computer assisted tomography CT, Magnetic Resonance Imaging 
MRI), CAD and computer graphics for image processing and edge detection, rapid prototyping of 
ceramic implant. 

However, only recently Iaser sintering of metal powders has heen commercially introduced. In the 
last years, the significant efforts devoted to the development of technologies of RP hased on non
polymeric materials Iead to the market equipments hased on the selective Iaser sintering of metal
lic powders. On the other band, the use of ceramic materials in RP is applied at lahoratory Ievel in 
different processes: 

• LOM (Laminated Ohject Manufacturing). Ohject huilding is commonly performed hy se
quentially cutting stacking and honding sheets of paper. Therefore, LOM technology can 
he exploited for huilding ceramic or ceramic matrix composites parts using sheets of ce
ramics or fiher reinforced ceramic prepregs [7]. 

• FDM (Fused Deposition Modelling). Usually a thermoplastic polymer is extruded and the 
ohject is huilt layer hy layer according with the CAD data. The application to RP ceramic 
processing is ohtained extruding a suspension of a ceramic powder and a thermoplastic 
hinder [8]. The green parts must he heated in order to hurn the hinder and tosinter the ce
ramic [9]. 

• DCJP (Direct Ceramic Jet Printing). In this process a ceramic powder is dispersed in a liq
uid medium suitahle for a modified ink jet system that is used for huilding the parts layer 
hy layer. Multilayer ohjects can he ohtained loading different ink jet heads with more than 
one type of ceramic powder [8]. 

• SLS (Selective Laser Sintering). Thin layers of ceramic, metallic or polymeric powders are 
selectively sintered using a Iaser heam (typically C02) ofhigh power [10]. The Iaser heam 
moves on the surface of a vat filled with powder according with the desired section ge
ometry and the ohjects arestill huilt adding further layers. One advantageoftbis process is 
related with the direct production of ceramic parts, skipping the production of the interme
diate green. 

• STL (Laser Stereolithography) [2]. This represents the most assessed process for rapid 
prototyping and can he adapted to huilding of ceramic ohjects. The ohjects are ohtained 
polymerising a low viscosity liquid resin layer hy layer. The shape and the dimensions of 
the parts are directly transferred from a three dimensional CAD system to the stereolitho
graphy equipment where a Iaser heam (usually He-Cd or Ar) polymerises the different 
sections. Suspensions of ceramic powders in a photoreactive resin can he used in a stan
dard STL equipment in order to huild green parts [11]. A candidate ceramic 
stereolithography suspension must satisfy several requirements. Since a high-quality ce
ramic is the airn, the ceramic green hody must have high density, in order to he readily 
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sinterahle to form a dense ceramic. SLA suspensions. It also must have high reactivity in 
order to minimize the huild time and finally its viscosity must he comparahle with that of 
commercial SLA resins (usually less than 3 Pa*s). 

In this work the production of ceramic ohjects using a stereo Iithographie apparatus is presented. 
UV curahle pre-ceramic Suspensions for alumino-silicate parts have heen studied using photocalo
rimetric and rheological characterizations. Thermogravimetry and dilatometry have heen used in 
order to analyse the behaviour of the preceramic green during thermal treatment. An experimental 
set-up has been used to build layer hy layer green hars. Stereolithography apparatus (SLA), SLA-
250 (3D System, Valencia, CA) has heen modified in order to fahricate ceramic green. Ceramic 
objects have been ohtained hy pyrolisis ofthe organic hinder and suhsequent sintering ofthe green 
at high temperature. Finally, a characterization of mechanical properties and microstructure of the 
samples has been performed. 

2 EXPERIMENTAL 

2.1 MATERIALS 

The adopted suspensions are prepared using commercially availahle acrylic and silicone acrylate 
monomers: SR350 (trimethylolpropane trimethacrylate , TMPTMA),SR203 (tetrahydrofufuryl 
methacrylate, THFMA), hy Cray Valley, MEMO, hy Huls. The resins areloaded with alumina 
powder AES 23 ( alumina easy sintering) from Sumitomo, possessing a density after sintering of 
3.77g/cm3 (fired density at 1600 °C), mean particle size of 1.8 ~. surface area of0.42 m2/g and 
linear shrinkage on sintering of ahout 16%. In every formulation 3 phr of 1-hydroxy-cyclohexyl
phenyl-khetone Irgacure 184 from Ciha, as photoinitiator, is added .. 

2.2 CHARACTERISATION TECHNIQUES 

Every formulation needs to he characterized in terms of reactivity, viscosity, hehaviour during 
thermal treatment, and finally mechanical properties of ceramic parts have to be tested. The tech
niques used for materials characterization are the following: 

• Differential Scanning Calorimetry (DSC). The eure ofthe resin was carried out in air at 25 
°C in a DSC Perkin Eimer DSC-7. The DSC is modified for irradiation of the sample using 
transparent quartz windows. The light reaching the sample, produced hy a 300 W Xenon 
lamp Cermax LX 300, is limited to a wavelength interval of 325±4 nm using a monocro
mator, in order to simulate the irradiation band of a He-Cd Iaser heam. The heam is 
focused on the sample using a system oflenses and a mirror. 

• Rheology. The viscosity of Suspensions at 25 oc as a function of the amount of filler 
loaded is measured using a Stress controlled rheometer Bohlin es. 

• Thermogravimetry (TGA). The hehaviour of the preceramic green samples during pyroly
sis of the organic hinder and sintering is studied using TGA, Netzsch STA 406. 
Dimensional changes associated with pyro1isis and sintering are measured hy a TMA, 
Netzsch TMA 402. 
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• Mechanical testing. Three point bending test of sintered ceramic specimens are perfonned 
using a dynamometer lnstron 4507. 

2.3 EXPERIMENTAL SET -UP 

The experimental set-up is composed of the following parts assembled according to the sketch of 
Fig. 1: 

• A Iaser He-Cd, from Omnichrome series 3056, with a specific power of 17mW/mm2, emit
ting at the wavelength of325nm, and with a beam diameter of0.2mm; 

• A scan system, which drives the Iaser beam on the suspension surface; 

• A software which controls the scan system allowing the construction of reetangular parts 
scanning the vat surface along parallel lines. The parameters which can be controlled are 
the scanning direction, the dimension of the part, the scan speed and number of scans per 
unit width. The energy per unit area was controlled by properly setring the last two pa
rameters; 

• A moving platfonn with manual control, which can move downward to build a new layer 
after suspension re-filling. 

Beam forming 
OptiCS 

Photopolymer resin 

FIGURE 1: sketch ofthe experimental set-up 

3 RESULT AND DISCUSSION 

3.1 FORMULATION OF SUSPENSIONS 

Different fonnulations of base resin for ceramic suspension have been prepared with the aim of 
maximising the reactivity and minimising the viscosity. The use of a silicone acrylate resin is con
sidered a key factor in order to obtain a solid residue of silica after pyrolysis of the organic hinder 
in the Suspensions and in order to improve the dispersion of the allumina powder in an hydropho
bic resin. This residual silica is thought to reduce shrinkage and improve sintering. The modified 
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differential scanning calorimeter described above is used to compare the rate of reaction of the 
formulations with that of commercial resin from Ciba, SL5170 an epoxy base resin characterised 
by lower reactivity. The kinetic properties of SL5170 are considered as a lower Iimit of reactivity 
for effective use in STL. 

The DSC measurements have been used for determination of the advancement of polymerisation 
by assuming that the heat evolved during polymerisation reaction is proportional to the overall 
extent ofreaction given by the fraction ofreactive groups consumed. Following this approach the 
degree of reaction, a, is defined as: 

a=Q(t)/~ot (1) 

where Q(t) is the partial heat ofreaction developed during a DSC experiment and Qtot represents 
the total heat of reaction measured when the reaction is completed. The reaction rate, da/dt, is thus 
obtained from the heat flow dQ/dt as: 

da/dt = 1/Qtot (dQ/dt) (2) 

The time dependence of the degree of reaction calculated by DSC for the base resin (45% 
TMPTMA, 45% THFMA, 10% MEMO) is compared in Figure 2 with that ofthe STL resins SL 
5170. As shown in Figure 2, the time to reach full conversion for the base resin is lower than that 
of SL5170. This suggests rgy dose. 
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FIGURE 2: plot ofthe degree ofreaction vs. time 

The base resin has been filled with 45% by volume of alumina. The suspension has been further 
characterised with the experimental set-up on the basis of its working parameters. The reactivity of 
a STL resin is characterised by two parameters relating the eure depth with the energy dose at the 
vat surface (E.) [2]: 

'-'d -.1../p lU- (3) 
E 

where the working parameters Dp and Ec, are the penetration depth and critical energy respectively 
and the eure depth (Cd) represents the thickness of gelled resin. Ec is the minimum value of energy 
needed to promote polymerisation on the suspension surface, while Dp is a characteristic parame
ter proportional to the gelled thickness. 

The working parameters of suspensions are calculated measuring the hardened thickness at differ
ent values of E0 • A linear regression on experimental Cd values plotted as a function of ln(E.) is 
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used for the detennination ofDp and Ec from the slope and the intercept respectively. The working 
curve is compared in F" · · · · values of Dp and Ec 
[12]. ·--------- S L 5 1 7 0 _ •••• -··· 

0 . 6 • ceram ic suspenslon 

~ 0 .4 

0 

0 . 2 

ln (E 0 (m J/m m 2 )} 

FIGURE 3: working cmves of ceramic suspension compared with that of commercial SL resin 

The calcuiated and reference values are listed in Tabie 2. 

: or ~parame ers o a <l}Jl e ormu a wns an commercia resms. TABLE 1 W kin f d t dfi I f d . I 

Formulation Ec(mJ/cm2) D0(mm) 

SL5170 13.5 0.12 

Ceramic suspension 25.48 0.075 

A good resin for the use in stereolithography should have low values of Ec, in order to start the 
reaction with low energy dose, and high values of Dp, in order to have higher cured thickness. 
From the results reported in Fig. 3 and Table I, it can be observed that for the suspension B009 
the slope is higher (lower Dp) than for commercial resin. Further, it presents high energy Ec, due to 
the presence of a monofunctional methacrylate component. The high loading of alumina powders, 
results in lower values of Dp, because of scattering of light from ceramic particles. Anyway, this 
formulation Iead to sarnple parts without any curl distortions. 

Another important parameter for STL formulations is the viscosity. The aim is to provide an low 
viscosity, auto leveling suspension. Such a requirement is difficult to be fulfilled with highly solid 
loaded ceramic suspensions that behave like non-newtonian fluid and display a yield point. In 
particular, the viscosity of the pure monomer resin is extremely important. A lower starting vis
cosity usually results in a lower final viscosity for the Suspensions. In this situation at least good 
levelling and flatting by recoater blade should be obtained. Thus suspensions were prepared in 
low-viscosity UV-curable liquids and dispersants were carefully selected to control the colloidal 
chemistry, and therefore the rheology. 

Viscosity vs. shear rate measurements are reported in Figure 4. Measurements were performed in 
the range between O.ls-1 and lOOs-1 .The values of shear rates acting on the resin during recoating 
are related to the speed ofthe recoating unit, which is quite high (maximum 30mm/s). Using the 
equation y = V I Llx (y is the shear rate, V is the speed of the recoater unit and AX is the layer 
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thickness) a rough indication ofthe maximum shear rate acting on the suspension is obtained tobe 
300s-1• In ordertobe used in an SLA, the ceramic Suspension viscosity must be ofthe same order 
of that of conventional resins. The available materials for SLA are all chraterized by a viscosity 
lower than 3 Pas. As it can be seen in Figure 4, this viscosity is obtained at about 12s-1, which is a 
value much lower than that one occurring during recoating. This suggests that the suspension can 
be used in the Stereolithographie apparatus. 

1 0 0 
0 

"--
~ 1 0 

0 

----------- S L 5 1 7 0 
-- c e ra m ic s u s p e n s 10 n 

1 0 

shear rate(s- 1 ) 

FIGURE 4: viscosity vs. shear rate 

1 0 0 

TGA has been used to identify the temperature intervals where pyrolysis takes place and evaluate 
the solid yield ofthe ceramic suspensions.The weight loss ofthe base resin is shown in Figure 5. 
In the case of ceramic suspension the resin burn out occurs up to 550 oc with a weight loss of 
about 19%. Two degradation steps are detected in Figure 5: the first can be attributed to the deg
radation of acrylates and the second ·to silicone acrylate monomers. At higher temperatures the 
weight of the sample keeps constant and no other degradation phenomena can be monitored. Alu
mina content of the suspension corresponds to about77% by weight. The difference between this 
value and the one experimentally obtained is attributed to silica residual after resin burn-out of 
organic binder. 

-4 
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"' -1 2 

~ -1 6 

-2 0 

-24 ~~--~--~-T--~--,---~-,--~--~~ 
2 0 0 400 600 800 1000 

Tempersture (GC) 

FIGURE 5: TGA analysis on ceramic suspension 

Following the indications ofTGA experiments the resin burn out between 200°C and 550°C must 
be very slow, because in this phase the strong shrinkage can determine thermal stresses. The over
all thermal treatment has then been divided into three steps: 



7 3 8 C. Esposito Corcione, A. Greco, A. Licciulli, M. Martena, A. Maffezzoli 

• Post-eure: the green eeramie part is held in a furnaee at 160°C for 1 OOmin, in order to al
low a eomplete reaetion of the resin eventually not fully reaeted at the end of the Iaser 
exposure. The resulting pre-eeramie green is eharacterized by poor meehanieal properties 
beeause ofthe presenee ofthe resin whieh is also responsible oflow density values; 

• pyrolysis: heating at about 60°C/h to 500°C. This is a very delieate phase where the resin 
burn-out is aeeompanied by an inerease of density and a resulting shrinkage; 

• sintering: heating from 500°C to 1550°C at 300°Cih. The fraetion ofvoids in the eeramie is 
redueed with a signifieant inerease of density. 

3.2 MECHANICAL PROPERTIES 

The eeramie parts have been obtained on the experimental set-up by Iaser exposure of eaeh layer 
to an energy dose of 10mJ/mm2• The thiekness of eaeh layer has been ehosen tobe O.lmm, re
sulting a good eompromise between eure depth, proeessing times and shape toleranees. In order to 
obtain a eeramie pieee about 3 em thiek 30 layers are needed. Three points flexural test were ear
ried out on a Lloyd LR5K instrument on a 35mm long sample made out with the ehosen 
suspension. The stress-strain plots are shown in Figure. 6. 
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FIGURE 6: mechanical behaviour ofsintered ceramic 

Other samples obtained with different formulations went on delamination, beeause of the not very 
good adhesion between different layers during STL building. However, delamination did not oe
eur for this suspension as a eonsequenee of the low stiffuess and high stress relaxation properties 
of the matrix. The value of the modulus is about half of that for traditionally sintered alurnina 
powders. The density value is 2.9 glem3, eompared to the value of 3.72glem3 of the fully dense 
alurnina powder used. 

4 CONCLUSIONS AND FUTURE WORK 

Ceramie objeets have been obtained from photoaetivated eeramie suspensions using an experi
mental Stereolithographie set-up. The eeramie Suspensions have been studied. Their 
photoreaetivity and viseosity are eonsidered to be very important in the forming proeess effi
eieney, whereas their thermal behaviour and eeramie residual are important during sintering phase 
in determinig the struetural properties of the final eeramie. Meehanieal properties i.e. strength and 
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modulus of sintered products are good enough, not so far from those of traditionally sintered ce
ramics. More likely the differences are due to the high residual porosity, not less than 10%. lt is 
confirmed that ceramic structural component can be designed and fabricated by stereolitography 
from photoactivated ceramic suspensions. At present the ceramic suspension has been testing in a 
stereolithography apparatus, Model SLA-250 with a He/Cd Iaser source. Typically, the Iaser 
power at the surface ofthe vat is about 30mW. SLA 250 has been modified in order to build ce
ramic objects. A new loading vat with varying capacity (8-45Kg) has been designed and built, in 
order to produce parts with lower material quantities. "Windowpanes test parts" [2] are in con
struction, in order to determine on the apparatus the working parameters Ec and Dp. The values for 
the suspension are waited to be quite different from those of SL 5170, so building parameters of 
the machine have been modified in order to work with lower reactivity and higher viscosity sus
pensions. 

Future investigations will be devoted to optimise the process and the mechanical performances, 
improving the rheological properties of Suspensions and increasing alumina content. Furthermore 
a deeper analysis of the STL process parameters (linewidth compensation factor, shrinkage com
pensation factors in plane and eure depth) relating the final dimensions ofthe sintered parts to the 
CAD model is needed. 
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ABSTRACT. Current Rapid Prototyping (RP) techniques are becoming available in many different 
application domains and hence for a growing nurober of users, even if some features make them still usable 
by trained personnet only. The same evolution is happening for what concerns Computer Tomography 
(CT) activities: moving from medical diagnostic issues, now CT is used in industrial environments (quality 
testing, etc. ), in artistic ones (non-destructive acquisition of data from monuments and similar), and, always 
in the medical field, during the process planning for surgery activities and the development of surgical 
tools. 
This paper summarizes our experiences related to these domains, where the acquisition of the reality, 
performed by means of the proper CT equipments, has been the first phase of the process that, through the 
recognition of the original structures, has finished with the generation of the physical prototypes using RP 
techniques. 

1 INTRODUCTION 

Among the Reverse Engineering (RE) techniques that are assuming a major role in various 
fields, the Computer Assisted Tomography (CT) is now widely used not only in medical but 
also in industrial and archeological contexts, mainly because of the non-destructive nature of 
the data acquisition practices. 
Moreover, a strong link is becorning evident between CT and Rapid Prototyping (RP) 
technologies. Two main factors can explain this interaction. First, there is a conceptual link 
between the method used by CT to acquire the object geometry (slice by slice) and the method 
used by RP to build a new geometry (layer by layer). This similarity has the practical effect 
that a direct interface between these techniques improves the quality of the result in terms of 
accuracy and consistency ofthe replicated part with the original one. 
Another reason that can explain the link between CT and RP is the possibility offered by RP 
techniques to produce a real model, directly from the virtual one, without any specific tool and 
independently from the geometric complexity ofthe object tobe produced. This is particularly 
advantageous in the medical field where the geometrical complexity of the structures that have 
to be reproduced can be very high. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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2 METHODS AND TOOLS 

2.1 COMPUTER TOMOGRAPHY 

As it is widely known, CT is a data acquisition technique that uses a flux of highly collimated 
X-rays to obtain information about a certain section of an object. A detector is placed behind 
the object and a multidirectional analysis allows reconstructing the density distribution which 
is illustrated by different Ievels of gray representing different densities. 
This brings a notable advantage if compared with other Reverse Engineering (RE) techniques, 
that is the possibility of describing both the extemal and intemal geometry of the object. 
Moreover, the images obtained allow the possibility of describing the object in terms of 
material density and, therefore, components weight. 
In the meantime, this technique is expensive because of the cost of the tomographer itself and 
because of the computation and professional resources needed for 2D image processing and for 
3D model reconstruction [I]. 

2.2 FROM COMPUTER TOMOGRAPHY TO RAPID PROTOTYPING 

The images obtained from the CT allow the identification of the structures which are defined 
by different gray values. To obtain a replica ofthe original part through RP, these images need 
to be segmented, i.e. a region of interest is selected in every image on the basis of the gray 
Ievel, and the 3D structure is rebuilt by piling up the successive regions of interest. 
The profiles obtained from the segmentation can be used to define the bi-dimensional geometry 
of every slice, thus producing directly the SLI file for the RP machine [2]. Since the distance 
between the CT images is usually greater than the layer thickness for the RP machine, 
additional slices should be created and this is done by cubic interpolation. 
From the same segmented images, a virtual mock-up can be obtained by reconstructing a 
polygonal mesh of triangles by linear interpolation from the region contours. In this way, the 
STL file is generated, which can be sliced and then used for RP. 
The advantage of the first method stands in the higher accuracy that can be obtained, whereas 
the STL model can be useful for simulations or as a reference for designing new parts. 

2.3 RAPID PROTOTYPING 

Rapid Prototyping includes a large number of manufacturing technologies which build a part 
layer by layer, starting from a virtual model, thus generating a three dimensional model by 
material addition. One of the most well known and consolidated RP techniques is called 
Stereolithography (SLA), which uses a liquid resin which is polymerized, layer by layer, by a 
UV Iaser beam, which scans the region representing the area of each section. The part is built 
on a grid that is lowered after the polymerization of every layer; in this way, the solid part is 
built inside the liquid resin. When the building process is finished, the platform is lifted, the 
part is drained, the supports, which have allowed the production of banging parts, are easily 
removed and the polymerization is completed using a UV oven [2]. 
Between the various advantages of this technology, three are the most relevant for our 
interests: the possibility of producing very complex geometries without splitting the part into 
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different pieces and without the need of specific tools; the direct interface with the CAD or the 
RE software; and the rapidity of the overall process and therefore the possibility of 
immediately checking any errors. 

3 CASE STUDIES 

In the following paragraphs, three case studies will be illustrated, the first two regarding 
medical applications, the third one related to the archeological field. The tools used are the 
same in both application domains, the only difference being in the tomographer: a medical one 
in the first two case studies and an industrial micro-tomographer in the last one. 

3.1 MEDICAL APPLICATIONS 

The use of CT in the medical field is widely known and appreciated, since this tool can 
describe the three dimensional anatomical space as a sequence of bi-dimensional images 
instead of a unique projection as in conventional X-ray images. Moreover, the most recent CT 
devices allow to get automatically three dimensional renderings of the anatomical structures. 
Nevertheless, these data are still used as virtual images or as a visual description of the three 
dimensional context, rather than as a real volume with proper dimensions, weights, densities, 
etc. Less common is the use of this data volume to build a solid virtual or real model, which 
could be tested, manipulated, and modified. 

FIGURE 1. CT image, virtual modeland RP replica ofthe shoulder joint. 

SHOULDER PROSTHESIS 

In many cases ofjoint prosthesis implants, the data acquisition is performed using CT, because 
it is much more effective than a radiography for understanding the disposition of the 
anatomical structures with special interest to the three dimensional relations of the joint bones. 
In this specific case study, data were obtained from the hospital on a magneto-optical disk and 
were then transformed in a stack of images, in the form of project of Mirnies software, 
developed by Materialise, which is the package we have used for image processing and 3D 
reconstruction [3]. On the basis ofthe gray Ievels, the anatomical structures were identified and 
the three dimensional model was reconstructed as a mesh of triangles. In this case, even in 
presence of minimum artifacts and noise, the structure could be identified quite easily, since 
the contours of these bones (humerus, scapula, ribs, clavicle) were quite regular. Thanks to 
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that, automated tools could be used to eliminate contour irregularities due to artifacts (i.e. 
screws from previous implants): peaks or cracks have been eliminated by eroding and dilating 
the selected masks, that is adding or subtracting one or more pixels to the contours of the 
segmented area. 
The mesh of triangles thus obtained has been used as a virtual model for simulating the implant 
of different prosthesis: qualitative but also quantitative evaluations have been performed on 
these models. For example, it has been evaluated the amount of material to be removed for 
generating the clearance for the prosthesis and the contact surface thus obtained between 
prosthesis and hone. 
Finally, the virtual model has been used for building the RP model: first, a base platform has 
been added to preserve the relative position of the bones, then the complete model has been 
sliced in layers of thickness equal to 0.125 mrn and the file thus obtained has been sent to the 
RP machine. 
All these steps, from CT images to triangle mesh, and finally to RP model, can be seen in 
figure l . 
The major problems encountered in this case are related to the raw data format and to their 
physical support. This is a relevant problern because the output of many CT devices is written 
in proprietary format and the physical support is usually a magneto-optical disk or a data 
cartridge. This requires a specific hardware and software equipment to read the data and the 
finding of a proper equipment can require a time that is not compatible with the patient needs, 
especially in cases of trauma which usually need to be solved within days. Therefore, if the 
entire process, from RE to RP must take less than a week, it is absolutely necessary to obtain 
the data on a CD-Rom or via ftp, given the available equipment at the moment. 

FIGURE 2. CT image, virtual modeland RP replica ofthe skull. 

MAXILLO-F ACIAL SURGERY 

Maxillo-facial surgery deals with the very complex geometry of the facial and skull bones; in 
this context, the availability of a three dimensional real model can optimize many stages of the 
surgical procedure, i.e. the understanding of the anatomical context and the specific pathology, 
the planning of the surgical cuts, the shaping of the required artifacts, etc.[4][5][6][7]. The 
most relevant advantages include the possibility of performing these operations before the 
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intervention (thus reducing the surgical procedure duration), not onto the patient (thus reducing 
his/her risks), and onto a faithful replica of the patient morphology (so that errors are 
minimized). 
The major problems in the RE activity are connected with the artifacts generated by dental 
closures and prostheses. In this case study (Fig.2), but, more generally, in maxillo-facial 
context, these problems could not be overcome with automated tools because of the high 
complexity of the hone structures, which are intrinsically irregular; the best practice resulted 
the manual editing and correcting of the segmented areas. This operation required the active 
involvement of the doctors, who have the knowledge of the anatornic context and the 
understanding ofthe accuracy which is effectively required in different anatornical areas [8]. 

3.2 ARCHEOLOGICAL APPLICATIONS 

The application of CT in archeological field is due to its non destructive nature and to the 
possibility of analyzing both extemal and intemal properties of the objects. This has appeared 
very useful mainly in paleontology and for fossil analysis [9] [ 1 0] [ 11]. 

CEL TIC FIBULA 

In this case study, a celtic fibula was scanned with an industrial micro-tomographer: 195 
images were obtained, with isotropic voxels of 0.2 mm. A first analysis of the images 
highlighted the evidence that the fibula was constituted of at least five components, probably of 
different materials: the main body, a spring, a pin inside the spring and two caps at the end of 
the pin (figure 3). 
Nevertheless, the separation of the models of these components and especially of the spring 
from its pin has been difficult and a combination of automated tools and manual editing was 
used to obtain the result. Two series of models of the fibula were obtained with this procedure: 
a unique STL model of the complete fibula and five STL models of its single components. All 
these models were replicated in epoxy resin, using stereolithography, with layers of 0.1 mm 
thickness value. The epoxy model of the fibula body has been used in investrnent casting to 
replace the wax pattem: it has been covered with ceramic material and air dried, the pattem 
material has been melted and evacuated leaving an empty ceramic shell, which has been filled 
with molten silver. 
As it can be seen in the figure, the silver fibula presents some cracks in the frontal part; these 
cracks can be caused by solidification problems in this thin area or by the melted epoxy resin 
which can break the cerarnic shell when it is melted. 

4 CONCLUSIONS 

The experiences presented above showed the advantages of the application of CT and RP in 
medical and archeological fields, not only as a research activity but also as a common practice. 
Moreover, new possibilities are offered in both domains by the combination of these tools and 
practices: in medicine, the three dimensional model of the patient anatomy can be used for 
designing custom prostheses or for simulating the structural interaction between prostheses and 
bones, in archeology, the models can be used not only for replicating the object with different 
materials but also for virtually or physically reconstructing missing parts of them. 
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FIGURE 3. CT image, virtual model, RP replica and silver reproduction ofthe Celtic fibula. 
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ABSTRACT. The DMSLS (Direct Metal Selective Laser Sintering) RP technique, even more than the 
other ones present on the market, shows features that make it usable only by well-trained personnel. To 
avoid this Iimitation, hence aiming at lowering the distance between designers and potentialities of this 
RP technique, our research group has developed a set of guidelines which may be used during the first 
phases of the product lifecycle. One of the main issues is, of course, the quality of the knowledge present 
inside these guidelines. Up to now, information has been gathered mainly by analyzing the user manuals 
of the RP machin es and exploiting our own experiences in the field. The aim of this paper is to describe a 
more rigorous approach for collecting new information to be used to update the existing knowledge. DOE 
practices, metrological activities and more, have been used to generate a set of study cases, sufficient to 
highlight at most Iimits and potentialities of the DMSLS technique. Coming from the experimental data, 
after the required phases of analysis and synthesis, we have got the information that makes the guidelines 
day by day a more effective tool for helping designer during product definition and engineering. 

1 INTRODUCTION 

The Direct Metal Selective Laser Sintering (DMSLS) is one of the most promising Rapid 
Prototyping (RP) technologies, because it allows generating metal objects in a direct way [1]. This 
lets to perform a great number of tests about the prototypes but, even more, it makes possible the 
generation of industrial tools (rapid tooling [2]), rnainly related to the plastic injection field. Both 
the fast procedures and the advantages related to the construction modalities (layer by layer), 
where very complex geometries and cooling channels can be easily built up, make the adoption of 
DMSLS really interesting. Nevertheless, DMSLS technology shows some limitations related to the 
process itself; i.e. scarce surface finishing, dimensional tolerances (around 0.1 mm), lower 
mechanical properties than the steel usually adopted in the field, frequent need for supports, etc. 

Because of these potentialities and lacks of the DMSLS technology, designers and engineers must 
be given some help to operate the best choices related to a dornain that usually they don't know at 
all. In particular, they should be able to evaluate the added value ofthe adoption ofthis technology 
if compared with the dassie ones, and to modify the design and the engiDeering of the product to 
make it compatible with the requirements ofDMSLS. 

Starting from here, our research group is developing some guidelines to assist the user in modeling 
his/her product from the DMSLS point of view. Nonetheless, the results could be quite easily 
extended to other application contexts. 
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The first partial result of the research has been the definition of a homogeneous structure to collect 
the knowledge and to rnake it available maximizing the usability during the design phase. 

At this time, the main aspect to investigate about is the content of the knowledge database inside 
the guidelines. The importance of this point is reinforced by the fact that some recent tests of the 
first version of the guidelines, implemented by means of the DBMS Microsoft Access, have . 
validated the structure and the knowledge accessibility, but at the same time they have shown 
some Iacks for what concems the information content. 

The main goal of the activities described in this paper has been the investigation about different 
ways to collect the information to update the knowledge inside the guidelines. 

In the following, the guidelines will be shortly described, highlighting the importance of the 
knowledge database and the Iacks ofthe information content ofthe classic sources (user manuals 
of RP machines, etc.). Then all the activities performed to collect new data will be described, 
starting from experimental ones and ending with rapid tooling practices. Some considerations 
about the results and potential future developments will close the paper. 

2 THE GUIDELINES 

Limits and potentialities of DMSLS reconfigure the modeling domain. For this reason it is 
necessary to make some important choices during the design phases when considering the 
opportunities of using this RP technology. Some help in this sense could come from the classic 
design rules presented by the user manuals of the RP machines, but they show deep Iacks for what 
concems structure, completeness and usability. The result is that they are scarcely adopted by the 
designer [3], remaining at disposal ofRP technicians only. 

The development of the guidelines has started form this consideration. They are a knowledge 
based tool [4] with a high Ievel of usability, oriented to users not necessarily expert about the 
RP/DMSLS domain [5]. More closely, the guidelines have been thought to help the designer in 
developing a new product (design), so as so to guide hirn/her in modifying an existing one from 
the point of view of the RP generation (re-design). Guided by a system that is based on the 
evaluation of the costs of the modifications and of the costs and benefits in respecting or violating 
the suggested rules, the user could establish if the adoption of the DMSLS represents a valid 
alternative to the classic approaches and, in the same time, which one could be the best re-design 
configuration. 

As a result of this phase of the research, a first version of the guideline has been implemented. 
Figure 1 shows a couple ofpictures taken during a test session. 
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FIGURE I. Some pictures ofthe guidelines taken during a test session. 
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At this stage, the infonnation present inside the database has been collected from the user manuals 
of some DMSLS devices and from personal experiences using an EOS250X machine, placed 
inside the RP lab of the University of Udine. From the beginning, it has been quite clear the 
difficulty in finding infonnation related to the meaningful aspects for the design and engineering 
phases. The Iack ofknowledge has risen during the first study case [6], where the guidelines have 
been used in designing a coffee machine. These Iacks were mainly related to mechanical 
properties ofthin elements and to the behavior ofthe prototype when filled with water. By the way 
this test has highlighted the validity of the structure of the guidelines; so to suggest once again 
focusing the attention about the infonnation content. 

The main Iacks ofthe guidelines could be summarized as follows: 

a) they don't address the physical and mechanical properties ofthe sintered materials; 

b) there is scarce attention to the validity ofthe tools generated for rapid tooling purposes; 

c) there is no quantification ofsome aspects related to the DMSMS process, i.e. the amount 
of residual stress, defonnations, etc. 

Then, in trying to improve the knowledge content of the guidelines, priority has been assigned to 
those activities able to collect data related to these aspects. After that, the effort has been to 
understand how these data could influence the design phase and how they had to be integrated 
inside the database. 

The following paragraph describes the activities conducted to collect the data and the results 
coming from them. 

3 ACTIVITIES 

To fill the Iack of data in Iiterature about the properties of objects built by DMSLS technology a 
complete set of experiments has been designed and carried out to investigate the main physical, 
mechanical and dimensional characteristics of Iaser sintered pieces. At the same time sintered 
mould inserts have been tested in the field to evaluate the behaviour and the validity of these 
objects as industrial tools. These activities are described in the following. 
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FIGURE 2. experimental measurements ofsurface roughness; from left to right: specimens used for 
the measures, an image of a DMSLS surface taken by a stereomicroscope and a roughness curve 

taken by a surface texture measuring instrument. 
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3.1 EXPERIMENTAL TESTS ON LASER SINTERED BODIES 

First some measurements of the density have been done using the Arehirneclean method as 
suggested by the standard ISO 3369. The data give some initial infonnation about the quality of 
the sintering process and the mechanical properties. Another characteristic investigated in the first 
stage is the surface finishing. To this purpose some measures of the roughness on the sides of 
sintered parallelepipeds have been done (figure 2). Also the improvements obtained by finishing 
processes as shot peening and brushing have been evaluated. Then metrological testing has been 
carried out to determinate the dimensional and geometrical accuracy of the pieces. In this case a 
CCM machine has been used to measure the tolerances on geometries studied on purpose. At last 
mechanical tests have been made as: tensile test, compression test, impact test, hardness test. 
Thanks to the experimental work done, it has been possible to collect clear data on the properties 
ofthe iron-based sintered material currently used by EOSin DMSLS process (Direct Steel50 v2). 
The properties of a metal powder developed inside the department have been analysed too. Some 
results for the commercial powder are reported in Tab. l. More details on the tests are presented in 
another paper [7]. 

Besides the problems in carrying out the tests in a competent way and in using proper instruments, 
which leaded us in setting up collaborations with other universities and laboratories, the most 
relevant difficulties have raised in the designing phase of experiments. 

T ABLE I. summary of experimental tests on laser sintered objects made in commercial powder 
DirectSteel50 

Property Experimental value Notes 

Hardness 230HV10 Milled surface 

Tensile strength 280MPa Load perpendicular to layers plane 

Compression strength 800MPa Load perpendicular to layers j)lane 

Roughness 15-20~ 

Roughness after shot peening 10-15 ~ 

The first question highlighted has been the absence of standards for testing metal Iaser sintered 
objects, standards to be followed to have results of real technical/scientific significance. Thus we 
decided to base the measurements on the ISO and MPIF standards for traditional sintered objects, 
similar to the Iaser sintered ones under many aspects. But this choice has proved to be not 
satisfying in some cases. An example is represented by the specimens for the tensile test (figure 3), 
characterised by a high ratio ofthe length on the transversal cross-section (ISO 2740). To reduce 
building time the specimens were oriented horizontally on the working plane. In this way, a non 
uniform distribution of the residual stresses occurred, causing bending lengthwise and, for some 
pieces, :fracture during the removal of the supports. It seemed clear that the remaining specimens 
wouldn't have given meaningful results to evaluate the mechanical properties of DMSLS object 
built at the state of the art, that is respecting the rules suggested by the guidelines. This experience 
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has highlighted the need for redesigning some DMSLS specimens in such a way that critical 
situations are avoided; the collected data are actually representative ofthe behaviour ofthe objects 
commonly built by this technology. 

For the tensile test a better solution, yet not the best, has been to use the traditional axial
symmetric tensile specimen (UNI EN 10002), tobe built vertically, so that the residual stresses are 
minimised. On the other way, a long building time and the risk of breaking caused by the recoater 
sweeping have tobe accepted. The compression test specimen, a small cylinder, IOmm in height, 
I Omm in diameter, has proved to be the most suitable for mechanical testing as it can be built 
successfully in a very short time and gives good reproducibility of results. Moreover the data 
obtained by the compression test can be used to estimate, through proper equations, other 
mechanical properties, as hardness and tensile strength. 

FIGURE 3. mechanical tests; from left to right: the geometry ofthe ISO specimen for tensile tests on 
traditional sintered objects, an image highlighting the bending ofthis specimen made by DMSLS 

processing, the plate with tensile and compression specimens. 

Another problern arisen during the planning phase of experiments [8] has been in defining the type 
and the nurober of tests necessary to investigate the effects of the processing parameters on the 
properties of DMSLS objects. It has to be stated precisely that a careful analysis on the influence 
of the processing parameters is mostly of technological interest but it can also concem the field of 
design methods. In fact the choices taken during the design phase may affect and/or be affected by 
building parameters, considering their influence on the good course of the manufacturing process 
and the quality of results. At this time the guidelines assuroe implicitly standard machine settings 
but, thanks to the experimental tests, we are studying the possibility to integrate the technological 
variables into the database, in such a way that a product configuration, expressed by a set of 
accepted rules and changes, generates automatically the main processing parameters. Among these 
parameters it is possible to Iist: scanning speed, powder grain size, layer thickness and hatching 
type, this one defined by several factors like hatch spacing, beam compensation, building 
strategies as pre&post contouring and skin and core sintering. It can be easily noticed that the 
nurober of experiments needed to study the effects of all these variables and their combinations is 
too high by far. So we first have to renounce to study interactions between factors of high order 
(commonly not over the second). Moreover it is possible to apply statistical methods as DOE [9] 
to reduce the nurober of experiments further on. One last important help in planning the tests may 
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come from the development of theoretical models about the process which can forecast the 
parameters that rnainly affect the property investigated case by case, excluding the others. 

3.2 RAPID TOOLING TESTS OF LASER SINTERED OBJECTS 

Although experimental testing is of great importance in evaluating the properties of Iaser sintered 
objects properly and in understanding how they are affected by processing parameters, it's not 
enough to forecast the behaviour ofDMSLS components in rapid tooling applications. As already 
mentioned, DMSLS technology allows building inserts or small moulds for plastic injection 
moulding in very short times, regardless of the geometrical complexity of the object and with the 
possibility to make conformal cooling channels (figure 4a), which can reduce the cycle time and 
improve the quality of the final parts. Nevertheless the properties of DMSLS moulds are worse 
than the ones oftraditional moulds, so that is often necessary to resort to subsequent processing to 
partially improve the quality of rapid tools, considering at the same time that the gain in terms of 
time and cost is not lost. 

From the point of view of design methods it becomes of great importance to collect information to 
define with accuracy the domain of applicability of DMSLS technology in rapid tooling, referring 
in particular to injection moulding. For this purpose the best solution is testing the behaviour of 
DMSLS tools directly in manufacturing processes, to have an evaluation, maybe scientifically less 
rigorous but of greater importance in industrial applications, of properties difficult to analyse 
through Iab tests (finishing, machinability, weldability, coupling, water sealing and mechanical 
behaviour under the complex conditions of moulding process ). 

Thus we have set up collaborations with companies specialised in injection moulding, for the 
purpose of building and testing DMSLS tools and fmding new solutions to improve their quality. 
These activities arestill ongoing, firstly because a Iot ofwork is required in such a recent field and 
still full of lirnitations as rapid tooling, secondly because it is been not so easy to find companies 
willing to invest time and money in this technology, which is very prornising for the future but 
currently can't compete with traditional approaches. Nevertheless the first tests have given 
encouraging results and much useful information has been collected to improve the knowledge 
content ofthe guidelines. 

h) 

FIGURE 4. an example ofmould insert with conformal cooling channel (a) and the model ofthe 
DMSLS insert for a car light mould used in rapid tooling tests (b ). 



Evaluation of RP Artifacts to Update Knowledge in Design Guidelines 755 

As an example we report the experience of a DMSLS mould insert for a car light body (figure 4b ). 
The object has a simple shape, with a central hole, two opposite injection gates and two holes to 
be threaded in the bottom. The polishing of the insert, necessary for esthetical and functional 
reasons ( ejection of pieces can be compromised), has shown the impossibility to reach the finest 
finishing because of the micro porosity of the sintered material. Coupling dimensions were 0, 1 -
0,15mm less (0,2mm after polishing) than the nominal ones. This has made necessary adding new 
material by cold welding operations to respect the tolerances, which has taken a remarkable 
amount oftime. Moreover, the two injection gates were slightly different, with the consequence of 
an unbalanced flow and a bed filling ofthe cavities. Forthis reason, two new gates have been built 
beside the original ones using electrical discharge machining. The sintered tool, after the 
operations described, has been used for moulding tests: it has proved to bear well the injection 
pressure and furthermore the mould has worked automatically. Due to cost reasons it has not been 
possible to verify the maximum life ofthe insert, yet it hasn't shown any sign of deterioration after 
50 cycles. This experience has given quantitative information to control better some well-know 
limitations ofDMSLS technology (finishing, tolerances, etc.) and has contributed to demonstrate 
that mechanical properties of rapid tools, although worse than the ones of traditional moulds, can 
bear typical injection pressures in small series applications. 

3.3 UPDATING THE KNOWLEDGE BASE OF THE GUIDELINES 

While completing the data collection phase, it has been possible to start the analysis on how to 
integrate them inside the guidelines knowledge database. This operation could come at two levels: 

1) information could be directly inserted inside the database, if it is simple to manage and use by 
the designers (i.e., surface roughness, tensile strength, etc.); 

2) there could happen a projection of the technological information onto the design domain with 
subsequent modification of existing rules and generation of new ones. 

The second level highlights the fact that the activities to collect information and to insert it inside 
the guidelines are not a simple refinement of the database content but, sometimes, a real upgrade 
of the database itself For example, as following by the experiences in the field, some new rules 
are needed to address the elimination of some feature of the CAD model before to generate the 
sintered prototype; these features could be machined later, using classic procedures (threaded 
holes, multiple cooling channels, etc.). Theinformation related to the removed features should be 
maintained inside the model description, because the RP operator must know the position of them 
tobe able toset the job ofthe RP machinein the correct way. 

4 CONCLUSIONS AND FUTURE DEVELOPMENTS 

The activities related to the analysis of the properties of the sintered prototype and their usefulness 
in the rapid tooling case are still on the way, but they are allowing a meaningful improvement of 
the guidelines knowledge base. Up to now, the only aspect not covered by these investigations is 
related to the critical situation of the DMSLS, i.e. the presence of residual stresses, deformations 
and flaws. All of this would require the development of an analytic model of the whole sintering 
process. This model is under study by many researchers and some ideas are documented in [10], 
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[11], and [12]. Maybe in the future thesemodelswill allow the mnnerical simulation ofthe laser 
sinterlog process, giving some indication about the effects of the process parameters. By the way, 
the state of the art still shows some uncertainty and this produces limitations with no doubt on the 
design domain. For what concems future developments, the guidelines show the possibility to 
automatically generate an output for the RP operator, containing precise indications on how to set 
up the model for the job (i.e. listing the features that will be machined afterwards) and the process 
parameters. Another important aspect will be the specialization of the guidelines in the field of 
rapid tooling, obtained by the development of a collection of new rules. 
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ABSTRACT. Rapid Prototyping and Tooling (RP&T) technologies are applied extensively and inten
sively in the industry and their importance is increasing because it reduces the development time and cost 

required for product prototyping and injection moulding dies and EDM electrodes tooling. Namely addi
tive technologies are getting interest due to the possibility to build a component by adding material. The 

paper addresses the study and application of Direct Meta! Laser Sirrtering (DMLS) of copper alloys for 
Rapid Tooling of dies for thermoplastic polymer injection moulding. Specific samples have been de
signed by CAD, in order to be representative of the geometrical and morphological features and 
functional characteristics of the dies. The main limitations of DMLS prototypes are relevant to surface 

properties as porosity, roughness, hardness, corrosion, erosion and wear resistance. The study takes into 

consideration the characterization and improvement of DMLS surface properties in order to meet their 
functional requirements. To this purpose, different surface treatments have been studied and applied, as 
blasting and peening, resin infiltration, electroless nicke! plating. Sampie surfaces has been fully charac
terized and analysed, as obtained by DMLS, and after surface treatments. 3D surface roughness and 
microgeometrical morphology and porosity and microhardness properties have been systematically in
vestigated. 

1 INTRODUCTION 

Rapid Prototyping and Tooling (RP&T) technologies are applied extensively and intensively in 
the industry and their importance is increasing in order to reduce the development time and cost 
required for product prototyping and injection moulding dies and EDM electrodes tooling [1-
3]. Several RP&T technologies have been proposed and widely applied in the industry, but 
their application domains and capabilities have not yet always fully defined and their potential 
has not yet fully exploited. Particularly additive technologies are getting interest due to the 
possibility to build a component by adding material, rather than removing it, using different 
materials, as polymers, metal alloys and sand, etc. Different additive technologies can be con
sidered, although they show common characteristics: it is possible to build the product layer by 
layer directly from CAD models, without necessity of dedicated tooling and fixtures. These 
technologies are really flexible and allow to get components with complex geometrical shape 
and from several materials. All these advantages brought a Iot of interest to these technologies 
during last years and their use has been addressed mainly to the prototypes production. Never-

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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theless some aspects need to be improved: dimensional precision, surface finishing as well as 
the use of materials with mechanical properties comparable with the traditional ones [4]. This 
paper addresses the study and application of Direct Metal Laser Sinterlog (DMLS) of copper 
(Cu) alloys for Rapid Tooling of dies for thermoplastic polymer injection moulding. The prin
ciple of DMLS is the powder sinterlog by means of IR Iaser beam: a layer of powder is 
prepared in the machine and the Iaser beam draws the shape of the section to be produced. The 
powder is sintered and layer by layer the object is built. With this technology it is possible to 
obtain object from several materials: polymers, wax, metals. The main limitations of DMLS 
prototypes are relevant to surface properties as porosity, roughness, hardness, corrosion, ero
sion and wear resistance. This study is a contribute to the characterization and improvement of 
DMLS surface properties in order to meet their functional requirements. Different surface 
treatments have been studied and applied to tooling samples specifically designed by CAD, in 
order to be representative of the geometrical and morphological features and functional char
acteristics of the dies; their model has been processed and post-processed and they have been 
produced by DMLS. Their surface properties have been systematically investigated in order to 
compare the different surface treatments. 

2 TECHNOLOGICAL CONSIDERA TION 

This paper addresses the study and application of DMLS of Cu alloys powder for the Rapid 
Tooling of dies for thermoplastic polymer injection moulding. The main advantages of DMLS 
technology is the time reduction between design and production of new products. The main 
characteristics of the dies must be: good mechanical properties, good thermal conductivity, 
resistance to corrosion and wear caused by melted materials, good surface properties in order to 
obtain product with high surface finishing. 
The frrst properties could be reached through the development and use of metallic alloys mate
rials which result in higher mechanical performances on respect to polymeric materials. 
Nevertheless the main Iimits of the DMLS technology from the point of view of the above 
mentioned properties are: surface roughness and porosity, that result in a difficult sliding of the 
thermoplastic material during the injection moulding; difficulties in the extraction of the prod
uct from the die after solidification because the thermoplastic material penetrates into the pores 
ofthe die surface; low product surface quality. 
Forthis reason, it is necessary to improve die surface porosity and roughness by means of sur
face treatrnents like peening or blasting, infiltration and coatings with materials suitable to fill 
die surface pores and improve die surface roughness: in fact conventional surface finishing 
processes like machining are time consuming and costly on dies with complex shape. 
Blasting and peening have been considered with the purpose to reduce surface roughness with a 
single or double stage process to be applied alone or in combination with other treatments. 
Impregnation has been carried out in order to improve mechanical as well as surface properties 
of dies by filling the pores with metacrylate based polymer. Care has been taken to remove any 
residual layer on the surface that would be obviously unacceptable during the dies functional 
life. Electroplating had purpose to close and fill up the surface pores by adding 100 - 200 ~ 
thickness coating. It is important to consider that these coatings do not need any surface finish
ing after the deposition. 
Specific tooling samples have been designed by CAD, in order to represent the geometrical and 
morphological features and functional characteristics of the dies. Surface treatrnents and char-
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acterization have been perfonned on the samples while final in-service trial on the actual die is 
in progress. 
Figure I shows the shape of the sample developed in this study with concave and convex sur
faces as weil as horizontal and vertical surfaces with different thickness, outer sharp comers 
and inner comers with different fillets (size 30 mm by 30 mm by 30 mm). Thesefeatures have 
been designed in order to be representative of the main geometrical properties of the dies. Sev
eral surfaces have been considered as representative of the geometry and identified with a 
number as explained in Figure I. 

3 

FIGURE I. DMLS tooling sample with identification ofthe analysed surfaces (vertical flat surfaces: 
I:VI3; 2:V41; horizontal flat surfaces: 3:P23; 4: P42; cylindrical vertical surfaces: 5:011; 6:013) 

The CAD model of the sample has been processed and post-processed in order to obtain the 
part program for the DMLS machine. The tooling samples as weil as prototype dies have been 
produced by DMLS as described below. 

3 EXPERIMENTAL 

3.1 SAMPLES PRODUCTION 

Tooling samples and dies have been produced with powder specially set up for rapid 
prototyping by DMLS. The powder contains brass, nicke! and copper phosphide particles so the 
main elements are copper, tin, nicke! and phosphor. Brass and copper phosphides have eutectic 
compound at low melting point: these particles melt when heated and wet the nicke! powder 
that partially melts and in part remains solid. At the end of this process the particles are com
pletely connected. Powder with two different grain size distribution has been used: the coarsest 
in a range of 40 - 80 J .. tm with the average diameter of 50 J..lm, while the finest powder in a 
range of 20 - 50 J.lm with the average diameter of 30 J..lm. 
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Powder sintering is performed by means of infra-red C02 laser (A. 10.6 J.Ull, power 200 W). 
Care should be taken to control the process temperature in order to optimise the physical and 
chemical phenomena that occur during sintering, namely the volume variation due to the state 
change. Surface properties have been investigated in order to state differences among the re
gions of the same sample and determine the limits of DMLS technology. Furthermore the 
properties ofthe samples treated in different way have been compared. 
Different methodologies have been separately or simultaneously considered in order to improve 
the surface properties ofthe dies: 

blasting by corundum, 
glass beads and zirconium oxide (zirconia, Zr02) peening, 
infiltration by means of metacrylate based polymer, 
nickel and nickel-copper electroplating. 

The treatments have been applied on raw samples or, in case of infiltration and electroplating, 
to samples already treated by blasting or peening. 
A 23 factorial experiment has been designed by DOE in order to find the set of parameters for 
the blasting and peening processes. In the first stage three parameters have been chosen and 
varied on two levels as shown in Table 1. 

T ABLE I. DOE pararrieters and Ievels 

Level 

Symbol Measure unit Low Ievel High Ievel 

Bead/grain size x, D Jliil 100 250 
Q) 

~ Blastinglpeening 
X2 M Kgldm3 2,5 (glass) 3,9 (corundum) ·;::: 

material density o;S 

> 
Blastinglpeening 

XJ p bar 2 4 
pressure 

Blasting material has been corundum (Alz03 99,1%) with average grain size of250 f..tm, while 
glass contains Si02 (72%), Na20 (13%) and CaO (8%) with an average grain size of 105 J.Ull. 
3D roughness characterization has been carried out and SEM analysis has been performed on 
the lowest roughness samples. After the evaluation of the experimental results below described, 
a two stages process has been planned: a first abrasive phase carried out with corundum and a 
second phase carried out by glass or zirconia peening. The best conditions of the two steps have 
been selected using the materials and parameters shown in Table 2 (where p is the blast
ing/peening pressure ). 
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TABLE2 P arameters ti h f d bl . h or t e planmng o corun um astmg pl ase an d 1 d . gJass an ztrcoma peemng step 
Process conditions Sequence Sampie 

Phas 
e 

Ti D [f.Ull] Material p [bar] t [s] 

1 177 3 1 6 
2 500 

Corundum 
3 4 15 

1 
3 177 

120 
6 2 36 

4 500 6 3 25 
5 

Zirconium 
4 1 10 

1---

2 
6 335 

oxide 
3 90 2 33 

1---
7 2 3 28 
8 250 Glass 4 90 33b 

Impregnation tests have been carried out on both raw sintered samples and blasted/peened 
samples, using a commercial metacrylate based polymer, that is an anaerobic sealing with good 
performance in penetrating not only the surface pores but also the open pores intemal to the 
bulk material. The infiltrated samples have been characterized with 3D microgeometrical sur
face analysis by contact and SEM analysis. 
Nickel and nickel-copper electroplating has been chosen because it can be performed at low 
temperatures and nickel is contained also in the substrate Cu alloy. This technology has also 
good performances in coating the parts with different shapes and hidden edges. Furthermore 
nickel plating is commonly used for antiwear and anticorrosion application. 
After sample cleaning and surface activation, nickel plating has been performed by galvanic 
deposition in solution of nickel chloride, nickel sulphite and boric acid at 60 - 70 oc tempera
ture and a current density of2.5 Ndm2 [5]. 
Table 3 shows the deposition parameters used for nickel and nickel-copper electroplating. 
Three stages have been performed: in the first stage Ni and Cu-Ni coatings have been deposited 
and tested. In the second stage the effect of the current density has been investigated while in 
the last stage the target has been to improve the exposition of the sample to the anode and avoid 
thickness disuniforrnity and the difficulty to coat intemal surfaces ( as resulted by the charac
terization below described). 

T LE . Ntc e an mc e -copper e ectroplatmg process parameters AB 3 "kl d"kl 1 . 

Stage Sampie identification Initial condition Material Treatment condition 
14N Raw Cu+Ni Standard 

1 17N Blasted Cu+Ni Standard 
16N Blasted Ni Standard 
36N Blasted Cu+Ni Increased current 

2 
density to 3 A/dm2 

6N Blasted Cu+Ni Increased current 
density to 5 A/dm2 

Improved disposi-

3 25N Blasted Cu+Ni tion cathode/anode 
and higher anode 

area 
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3.2 CHARACTERIZATION TECNIQUES 

In order to evaluate the surface properties of the DMLS tooling samples, 3D microgeometrical 
measurement and analysis were performed by means of a Three-Dimensional Digital Stylus 
Profilometer (3DSP) and a data acquisition module and an off-line analysis module, that re
ceives digitized surface data from the acquisition module and applies a series of data processing 
techniques to provide information and evaluate attributes to characterize the surface properties 
[6]. Digitised surfaces have been flattened by least squares mean polynomial in order to remove 
form errors. Flattened surface digital models have been visually investigated using axonometric 
projection techniques and plan views. Axonometrie view algorithms have generated lateral and 
aerial point plots, line plots and shading techniques, while orthogonal projection has been used 
to obtain contour plots and plan views with shading and height based colour assignment. 
The 3D attributes obtainable by this method are based on the three-dimensional extension of 
2D surface parameters defined in the ISO 4287 and DIN 4776 standards. The acquisition ofthe 
surface data has been carried out by the scanning of a square area and sampling a l28x128 
matrix of point (0,0250 mm acquisition steps). The amplitude parameters, used in this study, 
that can be evaluated and extracted by this technique, are the following: 

Arithmetic mean deviation: s. 
Ten point average height: Sz 
Total Roughness: S1• 

Furthermore the analysis module is able to execute spectral and fractal analysis, basin analysis 
and surface porosity determination. 3D spectral analysis identifies the spatial frequency com
ponents of the surface. Some spectral functions can be evaluated in order to characterize 
surface isotropy and periodicity, and to discriminate the presence ofhigh frequency constituents 
(directly related to surface roughness) from low frequency components (related to waviness). 
Functional parameters evaluated in this study are the following: 

Surface bearing index: Sbi 
Core oil retention index: Sei 
Valley oil retention index: Svi 

Basin analysis determines a set of p1anar domains characterised by the presence of a 1oca1 pit. 
The basin distribution visua1isation high1ights morpho1ogica1 periodic features as scratches and 
valleys and can be used to characterise surface isotropy, periodicity and auto-correlation length. 
Porosity analysis determines the percentage oftota1 vo1ume occupied by the void phase. 
Metallographie analysis has been performed by means of Scanning Electron Microscopy 
(SEM). Vickers microhardness measurement has been carried out on cross section by means of 
a Vickers Microhardness Tester (SOg Ioad applied for 15 s). The characterization has been 
performed on the above mentioned surfaces (see Figure 1). 

4 RESULTS AND DISCUSSION 

4.1 CHARACTERIZATION OF THE RAW RAPID TOOLING SAMPLES AS OBTAINED 
BYDMLS 

2D roughness measurements have been executed on 14 rapid tooling samples chosen random 
and do not show significant differences between the horizontal, vertica1 and curve surfaces as 
shown in Tab1e 4. 
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3D roughness parameters determination has been carried out on the above considered surfaces 
ofthe same sample taken as reference. Table 5 shows the results that highlight little differences 
between the surfaces: vertical and curve surfaces show higher average roughness values than 
the horizontal ones. These surfaces are more difficult to be generated because they are obtained 
by Superposition of finite dimension layers and curves that are obtained for each layer by inter
polation. The analysed results show that this interpolation is appropriate because the roughness 
values are anyway very close. 

TABLE 4. 2D rou ~ess parameters values [J.Ull] from raw samples as o btained by DMLS 

Sampie 
P23 I V41 I Oll I P42 

identification 

Mean 14.3 13.7 14.0 14.9 

R. Min. 11.6 ll.3 10.9 11.9 

Max. 16.5 15.5 15.4 17.7 

Mean 75.0 71.2 73.1 78.3 

Rz Min. 61.3 62.0 59.7 63.3 

Max. 85.8 79.6 88.5 93.9 

Mean 91.5 83.0 87.1 93.6 

Rt Min. 71.2 73.4 59.7 72.3 

Max. 114.2 96.6 107.3 124.8 

TABLE 5. 3D rou dmess parameters values from raw samples as obtained by DMLS 

Parameters 

Geometrical Functional Basin 

s. sz s. sbi Sei Svi 
[J.Ull] [J.Ull] [J.Ull] 

V13 17.3 137.7 173.4 0.61 1.54 0.11 222 
"' V41 17.1 113.8 130.8 0.72 1.50 0.10 245 ..2 

~ P23 17.1 112.0 128.7 0.62 1.48 0.10 204 

"' P42 15.9 114.3 141.4 0.60 1.57 0.11 231 

~ Oll 15.2 118.9 143.4 0.60 1.56 0.12 227 

013 17.1 128.3 142.2 0.61 1.55 0.11 234 

Figures 2 shows digitalized vertical flat (a), horizontal flat (b) and cylindrical vertical (c) sur
faces. In all the examined surfaces spectral analysis shows the periodicity due to the sintered 
particles size, while in the curve surfaces a periodicity can be noted that results from the border 
sharpening operation performed to get the desired curve. Vertical surfaces do not show any 
particular anisotropy. 
Figure 3 shows the autocorrelation functions (ACF) of different surfaces respectively horizontal 
flat, vertical cylindrical and vertical flat: from the spectral and ACF analysis the periodicity due 
to the size ofthe sintered particles and the influence ofpowder feeding system ofDMLS can be 
evaluated, that characterise the surfaces in different locations. 
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FIGURE 2. Digitalized vertical flat (V41, a), horizontal flat (P42, b) and vertical cylindrical (Oll, c) 
surfaces 

FIGURE 3. Autocorrelation function axonometric view ofhorizontal flat (P42, a), vertical cylindrical 
(013, b) and vertical flat (V13,c) surfaces 

Figure 4 shows the morphology of the DMLS sample obtained by SEM analysis. The porosity 
of DMLS parts is higher than the porosity obtained by conventional sintering, because of the 
uncompleted melting and cohesion of the particles during DMLS process. 

FIGURE 4. Morphology ofthe DMLS sample obtained by SEManalysis 

4.2 DOE RESULTS AND BLASTING AND PEENING OPTIMIZATION 

The 23 factorial experiment results for the blasting and peening processes allow the evaluation 
of principal and interaction effects, of the variance and importance of an effect and the building 
of a process model, that can be used for process condition prediction in order to get a specific 
surface roughness Ra. While Ra can assume values included in the range from 3.9 f.U1 to 13 ).Im, 

the lowest value is obtained by corundum blasting (250 f.!m grain size, 4 bar blasting pressure). 
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From the statistical analysis and the analysis of the residuals a predictive model has been de
fined as follows: 

Ra= ao + a,x, + a3x3 + au x,x3 (1) 
where x1 is the abrasive particle bead/grain size; x3 is the blasting/peening pressure and ao, a1, 

a3, a 13 are coefficients evaluated by experiment results analysis. Figure 5 shows the representa
tion of the model surface that allows the selection of the process conditions, depending on the 
specified roughness. 

FIGURE 5 Surface obtained by roughness measurements processing. 

Figure 6 shows glass peened and corundum blasted surfaces analysed by SEM. In both cases 
good improvement in the surface finishing has been noted on respect to the raw samples. Fur
thermore the peening glass beads produce a decrease ofroughness by plastic deformation ofthe 
surface without any material removal while corundum blasting removes material. In both cases 
residuals of abrasive materials (glass or corundum) have been found near the surface blasted by 
abrasive particles. Corundum is able to decrease roughness removing the extemal peaks while it 
does not reach the intemal surface pores: removal of material could some time discover new · 
surface pores. Glass peening has a benefit action because crush the extemal peaks closing the 
intemal pores. Nevertheless, the use of excessive blasting/peening pressure could produce dam
ages on the surface. 

FIGURE 6. Glass peened surface (left) and corundum blasted surface (right). 



766 M. Vezzani, A. 0. Andrisano, R. Groppetti, P. Onesti, A. Rossi, A. Scrivani 

According to these considerations it has been planned to execute both processes with the pa
rameters reported in Table 2. 

CO RUNDUM BLASTING ANALYSIS 
The analysis of the 2D roughness measurements gives Ra in a range of 3.1 - 8.3 !J.m. The re
sults seem to be worst than in the first experiments with the exception of the case with 6 bar 

pressure and 500 !J.m particles. Nevertheless these parameters are suitable for the sample inter
nal surfaces while the extemal ones are overblasted and damaged by the passes of blasting 
nozzle. These considerations are confirmed by the measurements of 3D roughness parameters. 
These tests allow to consider that higher abrasive particles size and pressure better surface 
finishing, but care should be taken in order not to darnage the treated surfaces. 

ZIRCONIA PEENING ANALYSIS 
The best result obtained in the first stage (glass beads with 250 !J.m size, 4 bar pressure and 
application time of 90 s) has been taken as reference for the parameter selection as shown in 
Table 2. Ra values are function of the pressure; in this case best Ra values (2.4 !J.m) are ob
tained with the lowest pressure values. Also in these trials the intemal surfaces are favourite 
with respect to the extemal ones. The trials resulted in a substantial equivalence of the zirconia 
and glass treatments. 

The parameters have been selected in order to obtain final Ra value equal of 2.5 !J.m and surface 
porosity equal to 3-4%. The final parameters are: first stage by corundum blasting (250 !J.m 
size, 4 bar pressure and 90 s application time) and a second stage by zirconia peening (250 -
425 !J.m size, 2 bar pressure and 90s application time). 

4.3 INFILTRATION RESULTS 

It is important to verify the following aspect of the infiltration process: intemal pores infiltra
tion, surface pores infiltration, film formation on the sample surfaces. 
Table 6 shows the results of 3D roughness parameters. Comparing these results with the ones 
obtained on the raw not infiltrated sample, it seems that the surface roughness decrease only 
slightly. This is confirmed by a simple visual inspection ofthe samples. 

TABLE 6 3D , parameters fi . fil d or m 1 trate samples 

Parameters 

Geometrica1 F!lllctiona1 Basin 

Sa sz st sbi Sei Svi 
[llm] [!liD] [llm] 

Vl3 15.8 114.1 14ü.4 0.59 1.63 0.10 201 

"' Cf} V41 14.7 110.1 126.1 0.62 1.51 0.12 202 Q) 

~ 
Q) 

~ P42 17.1 119.2 139.3 0.61 1.55 0.11 175 
ti3 o:l 

Oll 15.2 116.3 1::1 "' 136.4 0.62 1.51 0.11 206 - 013 14.5 111.3 158.6 0.61 1.56 0.11 204 
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Basin analysis confirms that infiltration fill the surface pores so that the basin number decreases 
on the surface P23 about 25%. Infiltration produces a reduction of the range peaks-valleys by 
filling the surface pores. 
Infiltration produce roughness decreasing from the raw condition but it is not yet enough in 
order to solve completely the problem. Infiltration could be used in combination with other 
treatments in order to improving the structural characteristics of the sintered material by im
proving the cohesion and filling the pores. 

4.4 ELECTROPLATING RESUL TS 

Nickel coating thickness is higher on the extemal surface than in the intemal ones due to the 
exposition to the anode. Thickness measured by SEM analysis is equal to 15 !!m on the extemal 
surface, it is still higher (20 !!m) on fillets and sharp comers, while decreases to 5 !!m in the 
intemal surfaces. SEM analysis showed some spallation point of nicke! coating. 
On these extemal surfaces (V 41) roughness decreases from values of Sa equal to 17 !!ffi on the 
raw sample to 4 !!m after the electroplating while on the surfaces far away from the anode 
(Vl3, P23), where the thickness is lower, the roughness remains practically the same before and 
after plating. Figure 7 shows digitalised P23 surface before and after nicke! plating on the sam
ple plated after peening. The analysis confirms the trend. The better initial status allows to get 
better results also on the surface that are not directly in front of the anode. 

FIGURE 7. Digitalised surface P23 ofpeened sample before (left) and after nicke! electroplating (right). 
(Nominal size is 3.175 mrn by 3.175 mrn) 

The main problern of electroplating is thickness disuniformity that results in surface finishing 
disomogeinity. This problern has been considered in the samples treated in the further trials 
stages. In these cases the thickness distribution seems to be better due not only to the increased 
current density but also to a better disposition of the anode; nevertheless the problern is not 
totally solved. Table 7 shows the 3D roughness results before and after plating for sample 36 
(2nd stage oftrials) and sample 25 (3rd stage oftrials). 
In the sample where the current is the highest, the thickness is still more disuniform, namely on 
the edges high deposit is found. 
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From these trials it is possible to consider that the highest thickness nickel coating contributes 
to the reduction of surface roughness but, with a complex shape, it is difficult to reach the inter
nal hidden corners. Nevertheless by current increasing, it has been noted high deposition on the 
exposed corner. The planning carried out in the third stage gives suitable results from the point 
of view of the thickness uniformity with high decreasing of roughness parameters in compari
son with the same sample not plated. Vickers microhardness measurements executed on plated 
surface give average values of 600HV. 

TABLE 7. 3D roughness parameters before and after plating for sample 36 (2nd stage oftrial) and sample 
d 25 (3' stag_e of trials}_ 

SampJe 36 (2nd stll&_e) Sam_Q).e (3'd st~ 
Surface Peerred Plated Peerred Plated 

Sa 6.5 5.2 8.2 6.21 

P23 sz 45.3 30.8 5.6 39.7 

St 49.5 41.21 71.7 46.2 
Sa 6.2 6.3 7.4 6.1 

P42 sz 53.1 51.0 56.2 50.0 
St 63.7 68.1 66.8 61.8 
Sa 8.9 9.2 7.9 6.9 

V13 sz 65.9 59.3 57.0 52.7 
st 80.2 71.6 67.8 64.0 

In conclusion nicket p1ating allows to get good surface finishing with high hardness, improving 
the surface properties. Nevertheless two problems need to be solved: thickness disuniformity on 
the surface far away or not directly exposed to the anode. From the examined results this aspect 
could be improved by the right value of the current density and a good disposition of the anode 
with respect to the part to be coated. 

5 CONCLUSION 

DMLS technology allows to reduce the development time and cost required for product 
prototyping and injection moulding dies and EDM electrodes tooling. The Iimits of this tech
nology aredimensional precision, surface finishing as well as the low mechanical properties if 
compared with the traditional sirrtered materials. This study addressed the improving of surface 
properties of rapid tooling samples obtained by DMLS of Cu alloys. Three methodologies have 
been considered: peerring and blasting, infiltration by metacrylate materials and nicke! electro
plating. Blasting and peerring showed good performances but these technologies are not able 
alone to get the roughness good for the application on injection moulding dies. After a DOE 
and further planning, it has been selected that a suitable treatment requires two stages: the first 
phase by corundum blasting (250 Jlm size, 4 bar pressure and 90 s application time) and a sec
ond phase by zirconia peening (250- 425 Jlm size, 2 bar pressure and 90s application time). 
Infiltration has showed good performances to close irrtemal porosities but not to fill completely 
the surface pores. This treatment could contribute to increase cohesion of sirrtered material 
more than the surface properties. At this purpose infiltration could be used in combination with 
other treatments like blasting or coating. Suitable in service injection moulding tests should be 
carried out to verifY thermal behaviour of the resin used for the infiltration. 
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Nickel electroplating showed good performances in surface roughness reduction, coupled to 
interesting improvement of hardness that should result in wear and corrosion resistance. Nickel 
electroplating could be used in combination with other treatments. A suitable combined treat
ment could be: production of DMLS sintered tooling, infiltration to improve mechanical 
properties, blasting and peening to reduce partially the surface roughness and nickel electro
plating to improve wear and corrosion resistance and improve further the surface finishing. 
Trials on actual dies to test the in-service behaviour of both DMLS and surface treatments are 
in progress. 
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ABSTRACT More and more materials are developed for rapid prototyping (RP) technology. Metal, 
polymer, fiber, paper, wax, etc. have been successfully processed by different RP processes. Silica sand is 
commonly used in the foundry industry. The process and parameters for directly laser sintering of the 
silica sand, without any binder, are studied by the authors. The development of direct sand laser sintering 
process could enhance the method of fabricating sand casting mould. On the one hand, with the RP 
technology, the fabrication of a complicated pattem has become easier with less manual intervention. On 
the other hand, the RP technology can be applied to directly fabricate sand casting mould, called rapid 
sand casting mold. Without the time-consuming procedure of the pattem fabrication, the rapid sand 
casting mould has the potential of further reducing the lead-time of producing a casting product. The 
process ofthe direct sand laser sintering and sand mold casting are presented in this paper. 

1. INTRODUCTION 

Casting is one of the oldest methods of manufacturing metals, in which sand casting is a 
widely used manufacturing process [1, 2]. The first requirement in making a sand casting mold 
is to design and make a pattem. The pattem is usually made of wood, wax, or metal. Sprue, 
runner, riser, draft and shrinkage allowance must be considered in the pattem fabrication[3]. A 
pattem is traditionally made by skilled workers or CNC machine. Since the emergence of RP 
technology, fabrication of a pattem has become easier with 1ess manual intervention. After the 
pattem is completely built, a specially prepared sand that is mixed with different binders and 
additives is put on the pattem to make a mold. After the mold is dried, the pattem is removed 
from the mold. The mo1d is then ready for casting. A metal is poured into the mold to cast the 
metal part. The full process ofthe conventional sand casting is shown in Figure 1. 

2. EXPERIMENT AL PROCEDURE 

2.1 PROCESS PARAMETER OPTIMISATION ON SILl CA SAND 

Silica sand is commonly used in the foundry industry. In this experiment, the silica sandwas 
used as the material of sand casting mold. The result of Energy Dispersive X-ray analysis 
(EDX) and X-Ray Diffractomter (XRD) showed that the main composition ofthe silica sand is 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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FIGURE 1. Production sequence in sand casting [4] 

silicon dioxide (Si02). The particle size is 100 J .. tm. The influence ofthe laserpower and scan 
speed to a single sintered line and single layer was investigated. 
Firstly, the scan speed was kept constant at I 00 mm/s, and the only variable is laser power, 
which varied from 80 watts to 160 watts in increment of 20 watts. The width of the sintered 
line was measured. The relation between the Iaser power and sintered line width is shown in 
Figure 2. The following trends were observed. The sintering width increases with increase in 
Iaser power at a constant scan speed. When the laser power was less than 80 watts, the single 
line could not be fully sintered. When the Iaser power was higher than 160 watts, the sintered 
sand powder balled up, and many spheroids appeared. 

Secondly, the Iaser power was kept constant at 120 watts. The only variable is scan speed, 
which was varied from 80 mm/s to 160 mrnls. The width of the sintered line was measured. 
The relation between the scan speed and sintered line width is shown in Figure 3. The sintered 
width decreases with increase in scan speed for a constant Iaser power. When the scan speed 
was higher than 160 mm/s, the single line could not be fully sintered. As a scan speed of less 
than 80 mm/s, the sintering efficiency has been found to be too Iow. 
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Thirdly, from the parametric study on the single-line sintering, we found that the line width 
was also about 0.4 mm, and the line width changed very little with the scan speed and laser 
power. A 50% overlap sintering between the adjacent lines was found to be able to guarantee 
tight adhesion. Therefore, the scan space was set to 0.2mm in this experiment. Firstly, the scan 
speed was set constant at 160 mm/s. The only variable, laser power, was varied from 40 watts 
to 140 watts. The results of the single layer sintering are shown as Table l. From the results, 
we found that the layer thickness and strength increase with the increase in laser power. 
However, with a lower laser power, the surface finish is better. 

Fourthly, the laserpower was set constant at 80 watts, and the scan space was 0.2mm. The 
only variable was scan speed that was varied from 60 mm/s to 200 mm/s. The results of the 
single layer sintering are shown as Table 2. From the results, it has been found that the layer 
thickness and strength increase with the decrease in scan speed. However, with a faster scan 
speed, the surface shows a better finish. 

T ABLE 1. Influence oflaser power on the single layer sintering 

LASER SCAN SCAN LAYER RE MARKS 
POWER SPEED SPACE THICKNESS 
(WATT) (MM/S) (MM) (MM) 

40 160 0.2 0.5 LI!Yer is weak; surface is smooth 
60 160 0.2 0.6 Layer is weak; surface is smooth 

80 160 0.2 0.7 Layer strength is improved, but surface is rougher 
than above 

100 160 0.2 0.75 Layer strength is improved, but surface is 
rougller. 

120 160 0.2 0.78 Layer strength is improved, but surface is rougher 
than above and distortion is obvious. 

140 160 0.2 0.80 Layer strength is improved, distortion is obvious 
and large points appear on surface. 

T ABLE 2. Influence of Scan Speed on the sing1e layer sintering 

LASER SCAN SCAN LAYER 
POWER SPEED SPACE THICKNESS RE MARKS 
(WATT) (MM/~ JMM) (MM) 

80 60 0.2 1.25 Layer strength is good, distortion is obvious and 
large voids appear on surface. 

80 80 0.2 0.95 Layer strength is good; large voids appear on 
surface. 

80 100 0.2 0.85 Layer strength is good; surface is smoother than 
above 

80 120 0.2 0.75 Layer strength is weaker than above; surface is 
smooth. 

80 140 0.2 0.70 
Layer strength is weak; surface is smooth. 

80 160 0.2 0.65 
Layer is weak; surface is smooth 

80 200 0.2 0.60 Layer is very weak; surface is smooth 
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2.2 F ABRI CA TION OF SAND MOLO 

30 models of a gear sand mold were generated by Unigraphics 15.0 (as shown in Figure 4). 
The STL-format file was loaded into the control computer of a specially developed high
temperature Iaser manufacturing (HTLM) system. According to the parameters required, such 
as scan pattem, Iaser power, scan speed, and layer thickness, the software automatically 
generates the data for sintering. 

FIGURE 4. 3D Models ofthe Gear Sand Mold 

2.2.1 CREATING THE BASE LA YER 

The first layer must be bonded to a base plate, otherwise, placing a new layer by the scraper 
may Iead to shifting of the previous layers, and the building process could be a failure . The 
base plate can be made of either mild steel or alumini um. A mild steel plate was used as the 
base plate in this experiment. Silica sand is very difficult to be bonded on the meta! plate 
directly. Therefore, a base layer between the sand layer and base plate is required. A mixture of 
silica sand and sodium silicate solution was used as the base layer material. Sodium silicate 
solution could be solidified when it is exposed to C02 or is heated up. Silica sand was mixed 
with sodium silicate solution at the proportion of 2:1 by volume. The mixture is a kind of 
slurry. The slurry was evenly placed on the base plate at the thickness of 0.3 mm. The base 
plate with the slurry was exposed to the Iaser beam. The parameters used to the base layer 
were: Iaser power of 80 watt, scan speed of 100 mm/s, and scan space of 0.2 mm. Because 
sodium silicate solidifies more easily than silica sand, the energy intensity is less than that 
needed in silica sand sintering. The base layer serves as a medium between the meta! base plate 
and the pure sand layer, which has a good adhesion characteristic with either meta! plate or 
silica sand. 
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2.2.2 PART BUILDING 

To ensure good adhesion between the part and the base layer, the contour of the first layer 
structure is exposed at a scan speed of 80 mm/s and Iaser power of l 00 watt. Due to the spot 
size of the Iaser beam and the resultant heat effect zone, the compensation was considered into 
the contour scan. According to the result of the parameter study, the Iaser beam offset was set 
at -0.2mm. From the second layer, the parameters were set back to those listed in the 
following: 

Scan pattem: raster 
Laser power: 160 watts 
Scan speed: 120 mm/s 
Scan space: 0.20rnm 
Layer thickness: 0.20mm 

The Iaser beam selectively sintered the sand powder according to the cross-sections of the 
mold. Layer by Jayer, the partwas built up as shown in Figure 5. 

FIGURE 5. Sand Mold by HTLM System 

2.2.3 SILICATE INFILTRATION 

After removing the mold from the HTLMS, infiltration process was carried out so as to 
improve the strength, surface finish, and density of the mold. The infi1tration process was very 
simple. Using a brush, sodium silicate solution was painted on the surface of the sand mold, 
and the liquid perrneated into the mold. After several rounds ofpainting, the sand mo1d was put 
under the normal atmosphere for solidification, or the sand mold can also be put in an oven at 
200 °C to speed up the solidification process. Thereafter a sand mold with a good surface 
finish and better strength was obtained. 

2.2.4 CASTING 

The sand mold was preheated for 2 hours to 200°C. The metal cast was AlSi with a melting 
point of 660°C. AISi was put into a fumace to melt at 800°C for 3 hours and poured into the 
sand mold. The cavity was fully filled and all features were reproduced (see Figures 6 and 7). 



776 X.H. Wang, J.Y.H. Fuh, Y.S. Wong, Y.X. Tang 

FIGURE 6. AlSi Casting in Sand Mold FIGURE 7. Castingpart- Gear afterremoval 

3. RESULTS AND DISCUSSIONS 

In this experiment, the envelope dimension of the sand mold is 60x60x25 mm (for the cavity 
half) and 60x60x24 mm (for the core half). Part design, constructing the runner systems, 
combining the runner system with the part, creating the 3D model of the sand mold, and 
preparing the slice data for the HTLM machine were done in 4 hours. Sintering the sand mold 
took about ll hours. Infiltration took 2 hours. The A!Si melting and sand mold preheating took 
3 hours. Casting the meta!, cooling, and removing the mold from casting took 2 hours. The 
overalllead-time is 22 hours. The dimensional accuracy of the sand mold built by the HTLM is 
within 0.4 mm. Roughness of the mold depends on the different sintering area. The roughness 
of sintered part surface was Ra 35.6 j .. tm, and the roughness of the vertical surface was 26.2 
~m. The surface finish of the slope or freeform surface was poor because of the staircase effect 
from the layered manufacturing process. After infiltration, the roughness of sintering surface 
could be improved to Ra 25.4 ~m. 

Compared with the conventional casting process, the presented rapid casting process (as shown 
in Figure 8) is much simple. In the rapid sand casting, there is no pattem fabrication . In the 
conventional casting process, much manual work is involved in the pattem fabrication that is 
very complicated and time-consuming. However, with the rapid sand casting process, the 
pattem making is not required. The whole mold building process can be implemented 
automatically by the HTLM system. The lead-time of a new sand mold was much reduced. 

No single process has yet demonstrated a universal advantage without disadvantages, so the 
choice of a process still involves a compromise for the particular design requirements [5]. The 
reduction ofthe lead-time depends on the size ofthe sand mold. For the sand mold with a huge 
size, sintering the big volume of sand takes quite a long time. In that case, the rapid sand 
casting process is less advantageous in lead-time. The rapid tooling process is more suitable for 
fabricating complicated and relative small sand molds. 

Owing to the layered manufacture nature of the RP process, the staircase surface feature is 
unavoidable, especially for an inclined plane. Therefore, the surface finish of the rapid sand 
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casting mold is not as good as that of conventionally made sand casting mold. With finer silica 
sand and thinner sintering layer, the surface finish could be improved. 

Sand 

RawMetal 
Solidification 
AndCooling 

BreakOut 
RawCasting 

FIGURE 8. Production sequence in Rapid Casting Process 

Degate& 
Clean 

There are several error sources specific to the conventional fabrication process. First, in the 
fabrication of the pattem, there is an error between the real pattem and the designed model. 
Second, the error rises when duplicating the sand mold from the pattem. Most errors will 
accumulate and be propagated by subsequent processing steps. As the rapid sand casting mold 
is built directly by the HTLM according to the 3D file, a pattem is not needed. Therefore the 
two kinds of errors mentioned above are avoided. Shrinkage from sintering the silica sand is 
very little, and with further optimisation of the process parameters, accuracy can be controlled 
within the range accepted by industry. 

4. CONCLUSIONS 

In this paper, the conventional fabrication process of sand casting mold is reviewed. A novel 
fabrication process using the RP technology to directly build a sand casting mold is 
demonstrated. Several important issues relevant to the suitability of the process for making 
sand casting tooling are discussed. The following conclusions are drawn: 

• When the part is relatively small and complicated, the rapid fabrication process is an 
effective way to reduce the tooling lead-time in sand casting process. Therefore, for 
an appropriate part geometry, the use ofRP technology to directly produce tooling for 
casting processes offers significant time and cost savings. 

• Owing to the layered manufacturing nature of the RP process, the staircase feature 
affects the surface finish ofthe rapid sand casting mold. 

• Compared with the conventional fabrication process, the rapid sand casting mold 
process reduces the errors arising from the pattem fabrication. The error sources are 
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less in rapid casting mold process. Therefore the error can be controlled to an 
acceptable range. 
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ABSTRACT. Direct laser sintering is an attractive Rapid Prototyping (RP) process for producing 
injection mould inserts, because ofits capacity offabricating any desired three-dimensional (3-D) 
parts directly from metal powder. This paper reports a research work on the fabricating Cu-based 
injection mould inserts using direct laser sintering. A pair of mobile phone cover mould inserts 
was successfully fabricated in a self-developed rapid prototyping machine in ambient atmosphere 
at room temperature. The total sintering time is 40 hours. 65% relative theoretical density and 
average surface roughness Ra 14-l6J..UI1 were achieved with negligible distortion and curling. 
Infiltration epoxy was employed as post-process to improve the density and the strength of the 
sintered parts. The moulds were used to mould ABS-PC phone mobile cover after fmishing. No 
defects were detected after moulding of 1 00 components. 

1 INTRODUCTION 

Direct laser sintering is a sequential layered approach to manufacture any desired three
dimensional parts with simple or complex shapes from metal powder directly. Direct laser 
sintering of metallic parts, similar to liquid-phase sintering, is a complex metallurgical process 
that can be influenced by several phenomena, such as wettability, viscosity and flow [1]. 
Therefore, till now, only several metal powders can be sintered directly by laser for industrial 
applications. The main drawbacks limiting the application of this technology are the " balling" 
phenomenon and low accuracy [2]. 

Cu-based material system is attractive because of its good thermal conductivity, high electrical 
conductivity and low cost. The feasibility of producing Cu-based metal parts directly by Selec
tive Laser Sintering (SLS) has been demonstrated using various metal systems, such as Cu-Sn, 
bronze-Ni, Cu-Solder and Cu-Fe [3-4]. Although full density parts can be produced using 
direct laser sintering, the low accuracy caused by high shrinkage limits its industrial applica
tion. The sintered parts produced by direct laser sintering usually with 60-70% relative 
density. The porous parts need tobe further densifed, such as by sintering or infiltration. The 
advantage of infiltration is its low shrinkage and high accuracy characteristics compared to 
sintering. Epoxy is often used as infiltrant to low melting material because of its high viscosity 
and wettability to metal materials [5]. 

The present work focus on the research of direct laser sintering of a Cu-based material system 
which mainly consists of Cu and Cu3P. A pair of injection mould inserts for mobile phone 
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cover has been fabricated in a self-developed Rapid Prototyping machine in ambient atmos
phere at room temperature. 

2 EXPERIMENTAL SETUP AND PROCEDURE 

2.1 SETUP 

The experiments were carried out on the High Temperature Laser Manufacturing Systems 
(HTLMS) developed at the Department of Mechanical Engineering, The National University 
of Singapore. The basic setup for the HTLMS is shown in Figure 1. This system consists of a 
CW C02 (.A=l0.6!J.m) Iaser capable of a maximumoutputpower of 200W, a chamber with 
atmosphere control and powder delivery system. 

Controlled atmos
phere chamber 

2.2 MATERIAL 

scanner Focus-lens C02 laser 

FIGURE 1. Schematic diagram of HTLMS 

Electrolysis 99% Cu powder with dendrite shape and mean particle size of 40!J.m, and pre
alloyed powder SCuP with spherical shape and particle size ranging from 5!J.m to 20!J.m were 
used in this experiment. The pre-alloyed powder SCuP mainly consists of Cu and P, other 
meta! elements were added to improve its Sinterability and mechanical properties. Two pow
ders were mixed manually by the ratio of 60:40 by volume. 

2.3 PROCESS PARAMETERS SETTING 

The mixture of powder was first loaded into the process cylinder and levered by the blade to 
obtain a flat powder surface. All the inserts and the samples for testing were fabricated in air 
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atmosphere at room temperature. The Iaser power used in this experiment was kept constant at 
120W. The scan line spacing was controlled at 0.2mm. Scan speedwas setting at 200mm/s and 
layer thickness was 75Jlm. After sintering, the inserts and apart of samples were infiltrated 
with epoxy. Injection moulding process was carried out using Arburg 22lk 75-350 injection 
moulding machine. Sampies for metallographic examination were prepared and etched with a 
mixture of FeCh, HCl and distilled water according to the standard metallographic procedure. 
Microstructure was observed using a JEOL JSM-5600LV scanning electron microscope 
(SEM). The density was measured using a micromeritics AccuPyc 1330 machine. The surface 
roughness was measured using a Surfcom 120A instrument. The value of the surface rough
ness was obtained from the average value of five measurement readings. 

3 RESULTS AND DISCUSSIONS 

3.1 SINTERED PART 

The sintered injection mould inserts are shown in Figure 2. The parts show relative dense and 
smooth surface. 65% relative density and Ra 14-l6Jlm average surface roughness have been 
achieved. No observable curling and distortion could be found. Dimensions of the insert are 
150x 1 00x20mm. 

FIGURE 2. Mould inserts fabricated by direct Iaser sintering 

The microstructure ofthe sintered part is shown in Figure 3. From the picture, it can be seen a 
network bonding the structural particles clearly. The EDX result shows that the white network 
is phosphor-rieb P containing Cu, it indicating the pre-alloy SCuP was molten during sintering. 
The gray area is the Cu solid solution. Therefore, the mechanism of this process is liquid phase 
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-sintering. The X-ray diffraction analysis shows no CuO or Cu20 oxide in the sintered parts, 
while instead of a new phase Cu (P03). This is because phosphor reduced the oxygen and 
fonned Cu (P03). 

FIGURE 3. The microstructure ofthe sintered part shows network binder 

3.2 INFILTRAED PARTS 

Complete infiltration with epoxy was achieved after 4 hours of total infiltration time. Figure 4 
shows the SEM image of the infiltrated sample. It can be seen from the image that almost com
pletely infiltration was achieved. But the crevice of the interface predicts no good wetting 
between the epoxy and Cu-based material. The hardness of infiltrated part show a slight increase 
in the hardness compared to the sintered parts (Table 1 ). It can be predicted that the strength of 
the part improved by in filtration. lt is noted that the hardness of infiltrated parts is still very low. 
This is mainly attributed the soft Cu matrix. Although the full density of sintered parts is obtained, 
it contains about 35% of soft epoxy which cannot provide strong restriction on the defonnation. 
After infiltration, the inserts were finished to about 3J..Lm. Table 1 gives some properties of the 
sintered and infiltrated part. 100 pieces of injection moulding were perfonned. No defects were 
detected after that. Figure 5 is the photo of one of the components. 

TABLE 1 P ropertles o t e smtere an m 1 trate 1 part f h . d d. fil d 

MATERIAL HARDNESS SURFACE RELATIVE 
ROUGHNESS DENSITY 

SINTERED PART HR15-T 66 14-16J..Lm 65% 

INFILTRATED PART HR15-T 40 2-3J..Lm 100% 
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FIGURE 4. The SEMimage ofthe infiltrated sample 

FIGURE 5. One ofthe moulded mobile phone cover 
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4 CONCLUSIONS 

Based on the experiments, following conclusions can be drawn: 

(1) Cu-based mould inserts have been successfully prepared using direct Iaser sintering. It was 
observed that phosphorous segregated along powder particles after Iaser sintering indicating for
mation of a liquid phase during sintering. 

(2) About 65% density was obtained. Further increase in the density is possible but more percent
age of the low melting point constituent must be used. 

(3) Infiltration of epoxy can improve density but is unable to increase in hardness. 

(4) Surface finishing of the infiltrated parts is better than those without infiltration. Injection 
moulding test confirms direct laser sintering is a promised processing for rapid moulds manufac
turing. 
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ABSTRACT. The interaction between silicon carbide (3C structure) and diamond indenter was investigated 
using ninety-thousand atom molecular dynamic simulation with Leonard-Jones potential. At the special 
value of applied strain to the surface, a crack forms on the silicon carbide surface and moves toward 
perpendicular direction of indentation. The changes of energies (kinetic potential and total), pressure and 
temperature are observed during the process. The depth of indentation, the speed of indentation and the 
initial temperature of workpiece were varied to study the phenomena. 

1 INTRODUCTION 

Current research efforts in fabrication are focused on achieving machining accuracy of less than 
100 nm. To guarantee such accuracy, the surface roughness ofthe worked material should be an 
order of magnitude smaller, and to obtain such smooth surfaces the machining tools must have 
similar dimensions. This has led to the realization that progress in controlling/obtaining brittle
to-ductile transition for grinding of hard materials hinges on understanding the fundamental 
processes at the atomic Ievel when a tool (such as a diamond grain) with an applied force (Ioad) 
acts on a workpiece. Depending on the Ioad, these processes include friction, elastic 
deformation, plastic deformation, and fracture, while the workpiece undergoes indentation, 
scratching, and eventual detachment of a chip of material. 
Such ultraprecision machining and microcutting is not trivial to characterize in the laboratory 
because of increasing in-process measurement problems, inaccessible contact area of tool and 
workpiece, and the difficulty of surface analysis in this range. On the other hand, atomistic 
simulations of the workpiece material!machining-tool interface, coupled with an analysis of the 
surface/interface mechanics provide a powerful approach to understanding factors that govem 
nanoscale precision production. Therefore our purpose is to carry out systematic atomistic 
simulations along with the corresponding experiments in order to obtain a fundamental 
understanding of the microscopic factors affecting nanomachining. This understanding will 
enable the development of fabrication processes for nanomachining. 

2 CONCEPT AND BASIC ELEMENTS OF MOLECULAR DYNAMICS 

Molecular dynamics comprises macroscopic, irreversible thermodynamics and reversible micro 
mechanics. The thermodynamic equations form a link between the micro mechanical state, a set 
of atoms and molecules, and the macroscopic surroundings, the environment. The 
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thermodynamic equations yield the quantities system temperature and hydrostatic pressure into 
the model and allow to determine energy changes involving heat transfer. In mechanics it is 
usual to consider energy changes caused by displacement and deformation. 
By the term "mechanical state" of a microscopic system, a list of present coordinates {r} and 
velocities {v(t)} of the constituents is meant [l]. Forthis information about the state of the 
system to be useful equations of motion, capable of predicting the future, must be available. As 
the goveming equations of motion for a system of constant total energy, the well known 
Newton's equations of motion can be chosen. 
Newton's eguations of motion: 

d(v;(t)) I dt = 1 Im; L.;<j(Fg(Rif,a, .. .)) (1) 

d(R;(t)) I dt = v;(t) with i,j = 1 to n (2) 
The resulting force on an atom i is expressed by an integral over all force contributions Fii. 
Numerically this is calculated as a sum over all forces acting on each atom i ( l ). Hence, two 
bodies at close distance interact through this sum of force contributions in the equation of 
motion. 
The force contribution is calculated by employing partial derivatives of so-called potential 
functions, which describe the energetical relation between atoms with respect to the separating 
distance, bonding angle and bonding order, possibly. This is also where different materials can 
be considered as well. 
To advance the atoms in space, the equation of motion has tobe integrated with respect to time 
once to obtain the new velocity and twice for the new position of each atom. Numerically, this 
operation is more efficiently carried-out by approximation schemes, for instance using finite 
difference operators and the so called Verlet or Stoermer algorithm [1,2]. 
Verlet algorithm (velocity form): 

R;(t +M) = R;(t) + M. v;(t) + IJ:, .11m; ./lt2 .F;(t) (3) 

V; (t +J}.t) = v;(t) + hl(2 .mJ • {F;(t +M) + F;(t) }, with i = 1 to n ( 4) 
With the present positions (Ri (t)), velocities (vi(t)) and forces (Fi(t)), first the new positions and 
forces at t +J}.t can be calculated and then the new velocity as well. 
Given the equations of motion, forces and boundary conditions, i.e. knowing the current 
mechanical state, it is possible to simulate future behavior of a system. Mathematicians call this 
an initial value prob lern. A reasonable distribution of the initial velocities can be obtained from 
the Maxwell-Boltzmann distribution function. 

2.1 MATERIAL REPRESENTATION: THE POTENTIAL FUNCTION 

While the original molecular dynamics theory is well based within the physics, empirical 
elements were introduced from the material science area in order to match the results of 
experiments with the theoretical, and so far physical model. The key to computational efficiency 
of atomic-level simulations lies in the description of the interactions between the atoms at the 
atornistic instead of the electronic Ievel. This reduces the task of calculating the complex many
body problern of interacting electrons and nuclei like in quantum mechanics to the solution of an 
energetic relation involving, basically, only atomic coordinates [1 ]. 
The central element of the MD-code is the force calculation. As it is the most time-consuming 
part in an MD computer program, it determines the whole structure of the program. Efficient 
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algorithms for the force calculation are important for large-size system, i.e. for systems with a 
large nurober ofatoms (see [2]). 

PAIR POTENTIALS 
First van der Waals described a model of a material which can form liquid and solid condensed 
phases at low temperatures and high pressures. Such condensed phases require both attractive 
and repulsive forces between atoms [1]. Since the simplest possible representation of many
body interactions is a sum of two-body interactions, the so-called pair potentials were the first 
potential descriptions of such type. A typical course of the functions is shown in figure 1. 

ro.n-off 
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~ .. 0 c: 
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E 
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FIGURE I. Course of a pair potential function 

The best known pair potential functions are the Lennard-Jones and the Morse potential (eqs. 5 

and 6). The well-depth of the functions are given by the parameter E and D for the minimum 
potential energy or sublimation energy, while cr and r0 are constants that define the position of 
the energy minimum. These parameters are derived from fitting to experimental data like lattice 
constant, thermodynamic properties, defect energies and elastic moduli. 

Lennard-Jones: Vu(r) = 4 t: [(er I r)12. (er I r)6 ( 5) 

Morse: VM(r) = D [e·2a(r-ro)- 2e·a(r-ro) J (6) 

The potentials describe chemically active materials as bonds can be established or cut at the 
long-range part. They represent reasonable descriptions for two-body forces to the extent, that 
they account for the repulsion due to overlapping electron clouds at close distance and for 
attraction at !arge distances due to dispersion effects. Generally in solids, a shielding effect is 
expected to make interactions beyond the first few neighbors of limited physical interest. Hence 
potential functions are commonly truncated at a certain cutoff distance, preferably with a 
smooth transition to zero, and result in so-called short-range forces. Besides, the long-ranged 
Coulomb forces are usually beyond the reach of MD model sizes [ 1]. 
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Tersoff [3] developed an interntornie potential for multicomponent systems and applied it very 
successfully to the SiC system. The Tersoff potential is a many-body potential that describes 
accurately the single eiemental structures as weil as the multicomponent ones. 

1 
E='L;E;= 2 I.djv!i, 

(7) 

v!i= f c( r!i){ f R( r!i)+ b!i/A( r!i)] 
In the case of SiC, the potential was first fitted to describe very accurately the eiemental systems Si 
and C independently. This is an essential feature of the potential as the workpiece should mirnie 
realistically crack propagations, fractures and other structural modification occurring during a 
micro-machining process. A single additional parameter is then added to up-grade the potential 
into treating mixtures of the two elements in a variety of structures. The potential was then tested 
for the SiC system and compared to experimental and theoretical available data. Tersoff found an 
excellent agreement for quantities such as lattice constants and elastic constants. This interaction 
potential is simple enough to be used in large-scale simulations and yet accurate enough to 
describe the interatomic force field during abrasive processes. 

2.2 BOUNDARY CONDITIONS 

Boundaries are an intrinsic, vital part of models. Thermodynamic properties are thought of as 
characterizing "bulk" matter, that is enough material so that surface effects and fluctuations can 
be ignored. To decrease the influences of boundaries, the system size need to be chosen "big 
enough" [1]. 
Besides the option of free surfaces, which would result in a cluster in free space, basically 2 
types of boundaries are common in MD simulations: fixed and periodic boundaries. The 
simplest type, in terms of realization, is the fixed atom boundary which confines all freely 
propagating atoms inside or provides support for them at one or more sides. It is simply realized 
by taking away the dynamics of such atoms. The consequences of such infinitely hard 
boundaries for the simulation can be significant as no energy can be passed through the 
boundary and phonons will be reflected at it. The sole use of hard boundaries represents a poor 
representation of the surrounding environment I material. 
Periodic boundary conditions (PBC) were introduced to avoid the hard boundary reflection and 
allow to study bulk and bulk/interface structures without the strong boundary influence in small 
models (see [1,2,4,5]). It is imagined, that the bulk of the material is made of many similar 
systems along the axis perpendicular to the periodic boundary plane, i.e. there are no surfaces 
along this axis. The system reacts as if there are identical systems at both sides of the PBC, 
exposed to the same conditions and changes. Practically the system is connected to itself and 
atoms at one side interact with atoms on the other side or transfer through the PBC from one to 
the other side. 
A consequence of periodic boundaries is that energy and phonons are not reflected, but travel 
through the system by means of PBC's. Two-axis PBC is employed where symmetry axes are 
available and the lattice structure allows an undisturbed bonding through the PBC planes. 
Additionally deformation compatibility across the PBC is fulfilled by an appropriate alignment 
of preferred slip systems relative to the PBC's, in order to avoid artificial deformation pattems. 

3. SIMULATION MODEL 
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In recent years atomistic studies involving molecular dynamics (MD) simulations of abrasive 
processes from the perspective of nanofabrication have taken a big leap, particularly with a 
group ofresearchers in Japan [6-12). Initial MD studies on small systems basedonsimple pair 
potentials for metallic systems and those including three-body interactions and angular terms 
like Stillinger-Weber [13] and Tersoff [3] potentials for Si and C have been supplemented 
recently by large-scale simulations using thousands [14] of atoms. For metallic systems such 
atomistic studies have been carried out [15] using millions of atoms and more realistic 
interaction potentials like those based on the embedded atom method (EAM) [16). Calculation 
of macroscopic stress and strain distributions [ 17], atomic potential energy profiles [ 17, 15], and 
radial distribution function [18] have provided preliminary information on surface integrity, 
crack propagation and brittle-ductile transition. lt has been found, for example, that dislocation 
loops are emitted from the crack front and the sequence of dislocation emission events depends 
on the crystallographic orientation of the crack front [15). Related MD simulations [18] have 
also shown that most materials, in spite of their brittleness, can be machined in ductile mode 
under a sufficiently small scale of machining. A large scale simulation of the diamond tuming 
of silicon surface [14] has addressed the issue of graphitization and carbide formation and also 
that of chip formation and surface damage. These initial studies for perfect single crystal 
surfaces and interfaces have established the importance and usefulness of MD simulations of 
abrasive processes. The stage is now set to carry out the much needed systematic study of 
micro-machining and cutting processes which extend from simulations at the fundamental 
atomistic level to experimental verification of such simulations, and to experimental 
investigation of processes with industrial applications. 
The aim of the simulation is to examine the atomistic mechanisms taking place during brittle 
and ductile nano machining of single crystals and polycrystals of Si and SiC. A careful analysis 
of the structural and energetics changes of the individual parts (at the atomic level) of the 
system during simulated machining under a variety of initial conditions will allow us to 
rationalize the brittle to ductile transitions and to provide criteria for the occurrence of this 
transition from a knowledge ofthe intrinsic properties ofthe materials (work piece and indenter) 
that govem plasticity and fracture. 
There are several stages in a theoretical study of the structure and energetics of a given system. 
The choice of atomic structure, i.e. crystallographic orientation, presence of defects, and voids 
etc., forms the first stage. Next the atomic positions are allowed to relax to their minimum 
energy configuration. Relaxation pattems are then analyzed in terms of atomic coordination. 
Finally, the energetics of different regions ofthe system are calculated. 
In order to directly study the dynamics of nanoindentation, molecular dynamics simulations of these 
processes is carried out using large-scale molecular dynamics code - SPaSM (Scalable Parallel Short-range 
Molecular dynamics),which was developed by T.C. Germann and P. S. Lomdahl. The SPaSM code uses 
domain-decomposition techniques in order to efficiently carry out parallel molecular dynamics 
simulations. The SPaSM code has also previously been used to study fracture with Lennard-Jones and 
embedded-atom-method (EAM) potentials [15]. 

3.1 CHARACTERIZATION OF THE INDENTER AND THE WORKPIECE 

There are several stages in a theoretical study of the structure and energetics of a given system. 
The choice of atomic structure, i.e. crystallographic orientation, presence of defects, and voids 
etc., forms the first stage. Next the atomic positions are allowed to relax to their minimum 
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energy configuration. Relaxation pattems are then analyzed in terms of atomic coordination. 
Finally, the energetics of different regions ofthe system are calculated. 

CHARACTERIZATION OF THE INDENTER 

In all simulations, the indenter is made from a closed packed stacking of carbon atoms in the 
diamond structure. The indenter is constructed as a pyramid with the number of atoms varying 
from several hundred to few thousands. The base of the indenter varies from a few atoms, with a 
radius in the nm range, to over a hundred atoms, with a radius in the lOnm range. For this 
indenter, the minimum energy configuration is calculated by allowing the atomic positions to relax 
via the conjugated gradient scheme. The structural changes and stability of the indenter by itself 
will be studied using molecular dynamics sturlies at finite temperatures. This step is essential as 
the temperature near the indenter-workpiece interface may rise by several hundreds of degrees 
during machining and alter the structure ofthe indenter. 

CHARACTERIZATION OF THE WORKPIECE 

SiC material is used extensively in several industries including those involved in micro
electronic devices and memory components. The materials used in the industrial fabrication 
lines are polycrystalline made ofhard grains, which make them both hard and brittle at the same 
time. Because of this brittleness, these materials fracture easily during grinding. Polishing, on 
the other band, proceeds by mainly ductile plastic removal of matter with no fracture. The aim 
of nano-grinding is to operate in the ductile regime of the polishing while maintaining the ultra
high precision of the grinding. lt is then the aim of this study to determine the conditions under 
which this ductile grinding maybe possible. Since plastic removal of matter proceeds in 
confined regions in which the local structure may be that of a perfect crystal, or contain a local 
defect (a void, a dislocation or a grain boundary) and since fracture essentially occurs in 
polycrystalline multigrained systems, we are planning to include all these factors in our 
simulations in three different stages. 
The single crystal work piece will be made from a stacking of closed packed layers with a free 
surface. Periodic boundary condition is applied in the x and y directions (parallel to the planes) 
while the free surfaces will be allowed to relax. Since the SiC material that is most commonly 
used, and the one that will be used in our experiments is in the 3C structure, this is the structure 
that is used in our simulations. 
The system is allowed to relax to its minimum energy configuration. A multi-grained 
polycrystal is made from several nanoclusters. These clusters contain several hundred to several 
thousands of atoms. The clusters are put together and then compressed in the simulations. The 
final product will be allowed to relax to a zero pressure configuration with periodic boundary 
conditions in x, y and z directions. As another method to create defects, repeated 
nanoindentation simulations will be carried out over different parts of the workpiece and then 
the workpiece will be relaxed. 

3.2 NANOINDENTATION 

The extemal forces are applied to the indenter. Since the system is not isolated (the indenter is 
kept under extemal forces) it is necessary to dispose of this extra energy realistically. In a real 
system, this energy will dissipate in the bulk. One way of simulating this disposal of the energy is 
by placing some thermostat layers above bottom clamped layer of the workpiece. The atoms in 
this thermostat region are kept at constant temperature all along the simulation. Energy will 
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dissipate also into the indenter, and hence, we will keep the layer just below the static layers at 
constant temperature. 

Currently SPaSM code is being modified for Tersoffpotential, which, as it was stated above, is 
the best match for diamond and SiC materials. 

FIGURE 2. INDENTATION 

The figure 2 shows a snapshot of the early stages of indentation using Leonard-Jones potential 
with fcc crystal structure. As can be seen, the indentation process Ieads to a localized heating of 
the substrate and indenter in the interaction region. Light gray substrate atoms undergo 
unconstrained molecular dynamics while the dark gray atoms at the bottom of the substrate 
undergo constant temperature (Langevin) dynamics and serve as a heat sink. Bottom layers 
correspond to fixed atoms. 
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ABSTRACT. CVD-coated hardmetals came into market almost thirty years ago. These materials perform 
weil, where extreme difficult cutting conditions, such as interrupted cutting and precision works, prevail. 
In this work, two different grades have been investigated under monotonically increasing and cyclic 
loadings. F or each grade two sets of samples were available, produced by means of two different sintering 
processes: Vacuum Sintering and Hot lsostatic Pressing. The aim ofthe work was to relate the mechani
cal properties to the sintering strategy. The mechanical testing revealed that, under both montonically 
increasing and cyclic loading, there were no significant differences related to the sintering process. This 
makes the more convenient conventional vacuum sintering more suitable for the production of the sub
strate hardmetal for CVD-coatings. 

1 INTRODUCTION 
CVD-coated hardmetals have been employed as steel cutting tools since the early 1970s [1]. Their 
combination of hardness and toughness makes them suitable, especially under extreme difficult 
cutting conditions, such as interrupted metal cutting or precision works. The substrate material for 
those tools is industrially produced by two different technologies: the traditional Vacuum Sintering 
(VS) and the Hot Isostatic Pressing and Sintering (HIP). Forthis work, two CVD-coated hard
metal grades were available, the grade G8 and A7. For each of them, two sets of sarnples, 
produced respectively by means ofVS and HIP, have been tested. 

grade 

G8 

A7 

TABLE I. Investigated materials 

wt.-% wc wt.-%Co wt.-% y-phase CVD-coating thickness (Jlm) 

86.0 6.0 8.0 12.5 ± 0.3 

90.5 6.0 3.5 18.8 ± 0.2 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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The aim of the work was to investigate the mechanical behaviour of these grades under monotoni
cally increasing and cyclic loadings, in order to relate their mechanical properties to the sintering 
process by which they were produced. The microstructures of the samples were characterised 
metallographically. 

2 EXPERIMENTAL 

2.1 INVESTIGATED MATERIALS 

An overview of the investigated hardmetals is given in Table 1. The composition of the y-Phase 
was (W,Ta,Ti,Nb)(C,N) for the grade G8 and (Ta,Nb)C for the grade A7. The two grades differ in 
the thickness and compos1hon of the coating (TiCffi(C,N)ffiN for G8; 
TiN/Ti(C,N)/ Al203ffi(C,N)/TiN for A 7) and in the presence of a functional gradient in the grade 
G8 (Fig. 1 ). The employment of G8 in interrupted cutting requires in fact improved toughness, 
while the thickness of the coating of A 7 confers to the grade the high wear resistance needed in 
precision works [2]. The WC grain size ofthe hardmetals was in the range of 1.35 11m for G8 and 
0.95 11m for A7. 

' • ~ ... 1 •• 

,IL" · ..• ··~, 

20 ~m 

OM dark field SEM OM dark field SEM 
FIGURE 1. Microstructure ofthe grades: a) grade 08; b) grade A7. 

2.2 SINTERING PROCESS 

Vacuum sintering is the conventional sintering process. 1t consists of heating the previously 
formed part to 1350-1650 oC, At this temperature, a liquid phase is formed with solution of the 
carbides in the molten cobalt, while diffusion takes place in the hard phase, changing its original 
composition and properties [3]. 

The so-called HIP-treatment consists in applying a pressure of 100-150 MPa to the compact, dur
ing the conventional vacuum sintering, by means of an inert gas which presses the part from all 
directions, while being heated from an extemal source [1]. The benefits of this treatrnent on un-
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coated hardmetals is weil known and can be swnmarised in a reduction of porosity which Ieads to 
an increase in transverse rupture strength and wear resistance [4]. In contrast, the effects of this 
combined and moreexpensive process on CVD-coated hardmetals arestill not weil known. 

2.3 CVD COATINGS 

Chemical vapour deposition is the conventional process used for the application of TiC coating 
layers. The TiC4 contained in a gaseous phase is converted, at high temperatures, into titanium 
carbide crystals, which grow from the substrate ofthe sintered carbide [5]. 

2.4 MECHANICAL TESTING 

Alltests were carried out in bending stressinan apparatus based on a principle ofFett et al. [6]. 
The apparatus allows testing under monotonically increasing loading and altemating cyclic bend
ing with constant displacement of the cantilever. The inert strength cr; was determined as bending 
strength without the influence of subcritical crack growth [7]. The frequency of the fatigue tests 
under cycling loading was 4 Hz, and all tests were carried out at room temperature until failure of 
the sample or 106 cycles. Fig. 2 shows a schematic representation ofthe testing apparatus in the 
case of altemating cyclic loading. 

fnilurc 

time 

FIGURE 2. Apparatus for the altemating bending loading. 

3 RESULTS AND DISCUSSION 

3.1 MONOTONICALLY INCREASING LOADING 

Figures 3 and 4 compare the results of the inert strength for the VS and the HIP hardmetals in a 
Weibull diagram. F in this figures is given by F( cr0) = 1-exp( -( cr;lcr0)m), m is the slope of the lines. 
In both materials, the mean inert strength cr0 is slightly higher in the case of vacuum sintering, 
while the scattering ofthe results, measured by theWeibull modulus m, is smaller. 
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FIGURE 3. Weibull distribution for the inert strengths, hardmetal G8. 
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FIGURE 4. Weibull distribution for the inert strengths, hardmetal A 7. 
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In contrast to HIP treatment of uncoated materials, the HIP does not lead to any improvement in 
the mechanical behaviour ofthe hardmetal in the present case of coated materials. The presence of 
a brittle coating, with a thickness in the same order of magnitude as the critical crack length, has 
probably a much stronger influence on the inert strength than the properties ofthe sintered matrix. 

3.2 CYCLING LOADING 

Figs. 5 and 6 show the Wöhler diagrams for the two investigated hardmetals. As observed in the 
results of the inert strength, the curves in both cases do not show a significant difference. This 
means that the sintering process does not influence the mechanical behaviour of CVD-coated 
hardmetals. What can be also noticed here is an anomaly in the relationship between inert strength 
and Wöhler diagram for the grade A7. It was shown in previous works [8-10], and it is partially 
confirmed in the present study (for the grade G8) that the Wöhler curves start from a value of !J.cr/2 
which coincides with the inert strength ofthe material. For the hardmetal A7, the range ofthe inert 
strength lies much higher (about 20%) than the starting point ofthe Wöhler curves. Such a behav
iour has not been reported previously in the literature. 

Cd 

~ 
.......... 

~ 
t:> 

-<1 

1000 
900 

500 
400 
300 
200 
100 

0 

G8 

0 1 

range of inert strenght -OHIP 

- - o V acuum sintered 

infinite lifetimes 

2 3 4 5 6 7 8 

FIGURE 5. Wöhler diagram of the fatigue life results for the hardmetal G8. The endured stress amplitude 

!lcr/2 is plotted vs. the nurober of cycles until failure, Nr. The bars at log Nr= 0 mark the range ofthe inert 
strength. 
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The reason for this is not complete1y clear but can be attributed to the extremely thick coating 

(Tab. 1), which can cause the premature failure of the samp1es, when subjected to high stresses 

and thus a decreasing in the slope of the curve. A crack can grow fast to about 20 !lill through the 

coating and then, at stress values close to cr0, needs to grow only about 1 0 !lill more to become a 

critica1 crack and break the sample (the calculated value for a criti<;a1 crack in this case is ca. 28 

!lill). At 1ower stress values, on the other hand, the critica1 crack 1ength is bigger, and the influence 

of the coating decreases. 

:::--:::::.. range of inert strenght 
-DHJP 

800 
- - ll Vacuum sintered 

~ 
700 

~ 600 infinite lifetimes 

-- 500 
~ 
0 400 
<I 300 

200 A7 
100 

0 
0 1 2 3 4 5 6 7 

logNr 
FIGURE 6. Wöhler diagram ofthe fatigue life results for the hardmetal A7. The endured stress amplitude 

cr/2 is plotted vs. the number ofcycles until failure, Nr. The bars at log Nr= 0 mark the range ofthe inert 

strength. 

4 CONCLUSION 

The mechanical investigations ofthe grades led to the following results: 

8 

• For both grades, no significant differences in the mechanical behaviour under monotonically 

increasing loading were found. Moreover, the inert strength was found to be slightly higher in the 

case of vacuum sintering than after HIP treatment. 

• For both grades, no significant differences in the mechanical behaviour under cyclic loading 

were found. 
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It is concluded that the presence of a CVD-coating has a much stronger influence than an im
proved sintering process (such as Hot Isostatic Pressing) on the mechanical behaviour of 
hardmetals. In the case of CVD--coated hardmetals, nearly the same mechanical behaviour can be 
obtained by employing the conventional and more convenient vacuum sintering. 
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ABSTRACT. Anisotropy of materials mechanical properties is one of the main factors, determining 
surface fmish of machined surfaces. In the interaction between the cutting tool and the cut material both 
plastic and elastic deforrnations appear. Effect of crystallites in the machined surface on the workpiece 
surface finish depends on crystal direction perpendicular to the surface. Value of elastic deformation is 
determined by the ratio of applied stress and the determinant modulus of elasticity in given direction. 
Since E modulus depends on crystal direction, surface roughness changes from one crystallite to other 
one. The rates of these changes depend on the deviations of Y oung modulus in different crystal 
directions. In the paper the changes of surface finish in different materials are shown, as functions of 
cutting conditions and those of deviations in modulus of elasticity, in different crystallite orientations. 

1 INTRODUCTION 

In the conventional machining depth of cut and feedrate are big relatively to the sizes of 
different crystallites and the surface roughness, so it is not necessary to consider influence of 
the microstructure features and anisotropy of elastic properties of crystallites. When one makes 
mirror like surfaces using cutting, the size of chip is less than that of the crystallites of the 
machined material. So, the roughness of the mirror surfaces is determined not by the 
deformation features of polycrystalline materials, but by those of the single crystals, especially 
in the areas, far from the boundaries of crystallites [1-5]. In the following lines mirror making 
machining experiments and some conclusions are shown, based on metallographical 
measurings of microstructures conceming the elastic and plastic deformations of mono 
crystals. 

2 THE SPECIMENS 

The specimens were made of oxygen free (OF, Cu=99,99%) copper, because its module of 
elasticity shows very big dependence on the orientation. Considering the biggest differences of 
copper's Young modulus the ratio E1111E11o is more then 3.0. 

W e made specimens of conventionally recrystallized material with small crystallites, than the 
specimens were sheeted (rolled, ~:=90%) and by secondary recrystallization we got some cm2 

big crystallites to "amplify" the influence of cutting inside and on the boundaries of them, 
relatively to cut surfaces with small crystallites. After the rolling the specimen were heated 
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(T::1350 K, t=6 h). Metallographica1 pictures oftwo specimens with 2.10 mm thickness are 
shown on Figure 1. 

a) 

FIGURE l. Metallographie pictures of macroetched specimens 

3 THE MACHINING AND MEASURING 

Grientations ofbigger crystallites were determined by Laue method before measuring for being 
able to consider features of active slip systems. 

The specimens were tumed using single crystal diamond tool with nose radius r<=2 mm, edge 
radius is some 20 nm. With cutting speed v :::; 600 m/min, feed rate f = I ,3 flm/rev and depth of 
cut a = 1.3 flm mirror like surfaces were made. Two versions of tuming were applied: 

Face tuming on small (20 mm) diameters, when the direction of cutting and deformations 
were continuously changing the active slip systems- where the gliding took place as a result of 
dislocations movements - drastic changes occurred. 

The specimen was fixed on a disc and face tuming was made on big diameters (2: 100 
mm), so the changes in the active slip systems, especially inside of single crystallites were 
negligible (Figure 1 b ). 

4 THE RESULTS OF MEASURING 

On the Figure 2 a picture of mirror surface is shown, made using interference contrast. One can 
see, that the surface is formed by crystallites on different Ievels. The less is the size of crystal 
the bigger is the difference relatively to the adjacent crystallites. Figure 3 is also a picture of a 
mirror surface [6]. 

The roughness of different crystallites could be seen using the scale on the left side of the 
picture. Sudden Ievel changes are seen on boundaries of crystallites. Arrows mark the 
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exceptions when the roughness is showing !arge changing in the inner parts of the crystallites 
surface. In both crystallites twin areas took place and on their boundaries the cutting forces 
drastically change. 

FIGURE 2. Nomarski interference contrast picture of a cut mirror surface 

FIGURE 3. Mirror like surface showing roughness and crystal boundaries 
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111 

FIGURE 4. Poles showing orientation 
of some crystallites of specimen Figure I b 

J. Prohaszka, J. Dobranszky, M. Horvath, A.G. Mamalis 

FIGURE 5. Detail ofFigure lb showing the grain 
and twin boundaries before cutting 

The n; normals of crystallites shown on Figure I b are represented on Figure 4 in 
Stereographie unit triangle. Before and after of cutting the surface shown on Figure I b several 
picture was made amplified details, important for analysing the determining factors of 
roughness. On Figure 5 the state before cutting is shown with several twin areas, while a twin 
area could be seen on Figure 6 after cutting: the reader can see the influence of twin boundaries 
on the roughness. In the twin area the feed marks are different from those out of area. Picture 
on Figure 7 made on the same cut surface and shows the effect of crystallite on the feed marks: 

When the tool approaches perpendicularly the crystallite boundary along the AB Iine it 
generates a thin layer, which border line is more wavy inside the crystal, then outside. 

Along the AC line the tool cuts the border line of the crystallite almost tangentially, so 
along this line there are no significant changes. 

On the CD borderline we can see very big changes, the feed marks are modified in very 
wide band. 
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FIGURE 6. Detail ofFigure lb showing effect ofcutting on twin boundary 

FIGURE 7. One crystallite of specimen 1 b showing effect of crystallite boundaries 

Fp- principal force 
Fr - feeding force 
Ft - thrust force 

FIGURE 8. Active slip system in the area of 
chip and three components of cutting force 

FIGURE 9. Constant lines ofSchmid factor 
for surface centred metals considering 

active slip system (II I) [101] 

5 EVALUATION OF MEASURING RESULTS 

805 

On Figure 8 we represent the applied scheme of the cutting model [7, 8]. Thick lines outline 
the grain boundaries, while inside of them cross lines of the active slip system with the plane of 
picture are drawn by parallel lines. In all crystallites of the specimen (Figure 1b) maximum 
shear stress occurs only in one slip system, on the slipplane (111 ), andin s1ip direction [ T 01]. 
We cannot exclude activity of other slip system(s), because poles of some crystallites are very 
close to pole 111, and the value of shear stress is 

F 
r =-e cosacosß, 

A 
(1) 
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where Fe is the resulting cutting force, A is the unknown cross section, a is the angle between 
force and the normal to slip plane and ß is the angle between force and slip direction. 

Values of Schmid factor in basetriangle areshownon Figure 9. Near the vertices the Schmid 
factors are changing only in very small way for more than one slip systems. The slip starts in 
the slip plane, in which to the activation of Frank-Read source minimum stress is needed: 

Gb 
TF-R =k-, 

D 
(2) 

where k is a constant, close to I (depending on the orientation of the dislocations), G is the 
shear modulus of elasticity, b is the Burgers vector of dislocation and D is the distance between 
two fixed points ofFrank-Read source. 

The situation is much more sophisticated, when the curvature of tool path is big, e.g. when the 
tool is cutting the same crystal during one rotation (Figure 10). 

FIGURE 10. Trajectory oftool and the resulting cutting force when cutting 
one crystal [001] on axis ofrotation 

The path of the tool on the central crystallite is a closed circle arc. The orientation of this 
crystal is [001]. The thin line shows the tool path, the arrow- the direction ofrotation. 

On one of the quarter circle of the tool path arc several crystal direction pol es and their indexes 
are marked, where the tool moves on a plane perpendicular to direction [001]. In this case shear 
stress is changing continuously and slip systems are changing suddenly, and in some tool 
positions number of active slip systems and Miller indexes, marking their orientations change, 
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too. In the case, when tool position is marked with $ the resulting force is parallel with 
direction [20 21 ], its pole is marked ® on the pole picture 001 connected with inner crystallite. 

Change of this force is marked by dotted line. Angle between the actual position of the tool 
marked $ and the poles of resulting force marked ® is constant during machining. 

In every point, where the dotted line crosses one of the line of any triangle of pole picture the 
active slip system is changing. It means, that during one revolution the active slip system 
changes 16 times. Of course, in crystallites far from the centre number of changes is less. 

z t [0 0 1] 

Unit cell of crystallattice 

(1101 
-----~--=::::::::: Slip directions 

FIGURE II. Slip planes and directions of FCC crystallites on a half octahedron 

On Figure 11 on a half octahedron the possible slip planes and directions are shown. 

When the cutting force is eliminated a mechanical state of equilibrium is recovered, resulting 
e1astic of deformation. Due to e1imination of thrust force the elastic deformations are 
perpendicu1ar to the cut surface and they in high grade depend on the orientations of the cut 
crystals. This is the reason of impact of Y oung modulus on roughness. In the case of copper 
with the same value of thrust force or stress the elastic deformation in crystallites with [ 111] 
orientation is three times more, than that of in crystallites with [ 1 00] orientation. 

6 CONCLUSIONS 

Roughness of mirror-like cut surfaces with same cutting conditions is determined by 
microstructure of material, by its deformation features. As it is shown, the roughness is mostly 
influenced by grain and twin boundaries, by number and character of active slip systems, 
features of e1astic and plastic deformation and by the orientations of crystallites in the surface 
Iayer. Our measurings were carried out on soft materials with 106 /cm2 dislocation density. 
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Analogical experiments and measuring should be carried out of for other materials, e.g. soft 
and martensitic steels. W e need much more knowledge on microstructure of materials and 
machining processes for controlling reliably the quality ofmirror like surfaces during cutting. 
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ABSTRACT. Aim ofthis paper is to introduce a new numerical modelthat may be employed to assess 
sintered alloys mechanical properties, depending on residual porosity. The proposed methodology makes 
use of Cell Method (CM), a recently developed numerical method. CM is particularly suitable for 
problems in which discontinuities or heterogeneities are present. The model consists of a constituent 
matrix of cells in which randomly distributed void cells are present, accounting for residual porosity. 
Such a model can be solved with CM. In this paper, some aspects of CM, which are important for the 
specific application, will be briefly recalled. The proposed model will be illustrated and results from 
several simulations in both the elastic and plastic field will be discussed and compared with experimental 
data available in literature. 

1 INTRODUCTION 

It is weil known in Iiterature that mechanical properties of sintered alloys strongly depend on 
residual porosity, which affects the effective section and induces stress concentrations [1]. 
Therefore, the presence of pores results in a reduction of strength and ductility with respect to 
wrought materials. 
This paper introduces a numerical model, which may be used in order to predict mechanical 
properties of sintered alloys, given the residual porosity. The model consists in a matrix of 
cells of the constituent in which random1y distributed void cells are present, accounting for 
residual porosity, as shown in Figure 1. A compression test is simulated on this model. 

FIGURE l. Randomly distributed void cells (black) among the matrix of constituent cells (white) 
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Cell Method (CM), a recently developed numerical method that is particularly suitable for 
problems involving heterogeneities and discontinuities, is used to solve the proposed model. 
Some aspects of CM, which are important for the specific application, will be briefly recalled 
in Section 2. The model used and simulations results will be presented for both elastic and 
plastic field in Sections 3 and 4 respectively. Conclusions will be drawn in Section 5. 

2 NUMERICAL MODEL 

As already introduced, the proposed numerical model consists of a homogeneous matrix in 
which pores are randomly distributed. This model can be solved with Cell Method. A few 
aspects of CM, which are important for the purpose of the paper, will be briefly recalled. A 
more detailed description and comparisons with FEM results for plane elasticity may be found 
in [2]. 
CM is a recently developed numerical method [3] that has some advantages over other 
previously introduced and widely used methods, such as Finite Element Method (FEM). 
One important fact of FEM is that in order to write equilibrium equations, a differential 
formulation is used. But when discontinuities are present it is no Ionger possible to perform a 
differentiation and special elements must be developed in order to overcome this problem. As 
a general statement, it can be said that the use of FEM implies the size of the mesh to be 
smaller than any characteristic length involved in the problern [4]. 
On the contrary, CM directly writes equilibrium equation for an influence region of each node, 
using only global variables instead of"traditional" field functions. 
The basis of the method comes [3] from a classification of global variables involved in field 
problems, which can be always organized as belonging to one of the following categories: 
Configuration variables- displacements, strain tensor, etc.; source variables- forces, stress 
tensor, etc. and energy variables. Different variables are associated to different spatial 
elements. Consistently with this classification, two staggered complexes of cells - meshes -
are used: 
• Prima/ cells, in these simulations 3 nodes triangles from a Delaunay mesh, to which 

configuration variables are to be associated; 
• Dual cells, from the Voronoi tessellation associated with the previously defined 

triangles, to which source variables are tobe linked (see Figure 2). 
It should be noted that each node - and only one node - of the prima! cell falls inside a dual 
cell. 
Strain components in a point within the cell, {e}c, will be expressedas a function of nodal 
displacements { u} c that are the unknowns of the prob lern: 

(1) 

Using Hooke's law, stress components {a}c will be given by 

(2) 
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where [D] c represents the constitutive matrix ofthe cell. 

FIGURE 2. Prima), dual cells and their ensemble 

In this work, displacements of a point inside the prima! cell are expressed as a linear 
interpolation of displacements of the nodes of the cell. As a consequence, strain and stress 
components are uniform within the cell. 
The previous steps are similar to what is done with FEM, but the methods differ deeply in how 
field equation is obtained. 
In fact, CM considers the dual cell as an influence region for the inner node (see Figure 3). 

FIGURE 3. Dual cell ofnode h 

From stress components {a}c it is possible to express the forces acting on each side ofthe dual 
cell. A balance of all the forces acting on the dual cell is then possible, adding up 
contributions from all the sides surrounding the node and the extemal forces acting on the dual 
cell, if present (see Figure 4). Therefore, CM writes an equilibrium condition directly in a 
discrete form for this influence region. 
A linear system in the usual form 



812 F. Cosmi 

(3) 

is then obtained, which can be solved with the usual methods. 

FIGURE 4. Forces on a boundary dual cell 

lt must be noted that the linear system has been written directly in a discrete form, as a sum of 
contributions. Therefore, no differentiation has been used and discontinuities can be easily 
dealt with. 
A model where heterogeneities are the same size of the cell, such as the one shown in Figure 
1, can be then solved with CM. 

3 SIMULATIONS IN ELASTIC FIELD 

In a first set of simulations in the elastic field, a model consisting of a matrix of 5340 prima! 
cells has been used. In the model, cells can be of two kinds: ferrous and voids. Voids are 
randomly distributed among the constituent cells in order to obtain the desired residual 
porosity, as shown in Figure I for one of the simulations. Size of the cells in the model has 
been chosen as to compare with size of pores that are usually found in sintered materials. 
Five compression tests have been simulated. 
Two different sintered materials, AI and A2, have been considered, obtained from the same 
commercial powder, namely NCI00.24, with different porosity Ievels. Extensive experimental 
results for these materials can be found in [5]. 
For each alloy, porosity changed slightly from one simulation to the other, while porosity 
distribution was random. Compression Y oung modulus values have been computed and 
compared with those available in Iiterature for the simulated alloys. Simulation results in the 
elastic field for a I arger number of alloys may be found in [ 6]. 
The model at present is Iimited to compression. In fact, small non-linearities in strain/stress 
behavior below the macroscopic yield take place in experimental tension tests of sintered 
alloys. This progressive darnage accumulation at the moment has not been taken into account 
by the model. 
In the following: 
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E0 = Y oung modulus of constituent material 
Es = experimental compressive Y oung modulus 
EcM = computed compressive Y oung modulus 
Average results for the two considered alloys are shown in Table I. 

T ABLE 1. Average results 

Alloy Al 

Residual porosity 13.4 

Eo (GPa) 207 

Es (GPa) 150 

EcM (GPa) 138 

Deviation 8% 

813 

A2 

9.8 

207 

168 

155 

7.7% 

Details of the simulations results are given in Table2. lt can be seen that, although a generat 
irend is present - increasing porosity will decrease apparent Y oung modulus - porosity alone 
is not sufficient to account for all variations. For instance, porosity being equal, different 
distributions of voids in the matrix Iead to different "structures"- see results from simulations 
I and 4 for alloy A2. On the other side, different porosity distributions may lead to similar 
results, although porosity is changed. 

TABLE 2. EcM vs. porosity 

Alloy Al A2 

Simulation porosity EcM (GPa) porosity EcM (GPa) 

I 12.8 143 9.7 155 

2 13.9 138 10.6 154 

3 13.6 128 10 156 

4 13.4 137 9.7 158 

5 12.6 142 10.4 152 

A graph showing the dependency of EcM on porosity for the mentioned alloys is shown in Fig. 
5. Again, the generat trend is followed and the previously discussed scatter can be appreciated. 
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FIGURE 5. Dependency of EcMon porosity ofmaterials Aland A2. 

Although the model assumes a simple linear constitutive law for the constituent cells and 
linear interpolation functions for the displacement field, the obtained results are very 
promising. 
Deviation between experimental and simulation results was less than 10%, which is within the 
usual range of variability for such materials. 

4 SIMULATIONS IN PLASTIC FJELD 

In order to introduce rheological behaviors other than the elastic one, an elastic-plastic 
irreremental model for CM has been developed and discussed in [7]. A first attempt to apply 
this model to sintered materials mechanical behavior modeling in plastic field is discussed in 
the following. 
Assuming an elastic-perfectly plastic constituent material, the model for monodimensional 
stress state is given by the well-known relationship: 

a c=-, ..1=0 when O~a<ay 
E 

and a=E(c-..1) when a=ay (4) 

In a plane state, the expression for stress components now becomes 

(5) 

where {A.} c collects inelastic strain components. 
Load history is divided in a convenient number of finite steps. Constituent material behavior is 
non-linear elastic within each step. Fundamental equation (3) in irreremental terms now reads 
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{.1F} = -[K KL1u }+ [L K&} (6) 

where [L]{L1A.} collects the plastic strain equivalent forces. At the beginning of each step 
displacements and intemal stresses are known. Von Mises yield condition has been assumed 
and the radius of the yield locus used to update {.dA.}. The process is repeated until 
convergence is obtained, then a new step is considered. 
A preliminary simulation has been performed to test if such a simple model could be suitable 
to model sintered alloys behavior. A model of 1498 cells as shown in Figure 6 was used. 

FIGURE 6. Cells in plastic field (grey) in the matrix of 1498 cells during simulation. 
216 void cells (black) are randomly distributed among constituent ( white) 

For constituent cells, E=207 GPa and Ry=120 MPa were assumed. Results are shown in 
Figure 7 as a stress/strain plot for both sintered alloy and assumed constituent without voids. 
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FIGURE 7. Results from simulation in elastic and plastic field 

From simulation, Young modulus in the initial elastic field for the sintered alloy with 13.4% 
residual porosity was 158 GPa, a result in good agreement with those of the previous 
simulation and experimental data (see Table 1)). 
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As reported in Iiterature [5], experimental data for materials Al and A2 show a discontinuity 
in the region of yielding in the stress/strain plot. It can be seen that in the simulation, slope 
changes at yield, although at the moment this may only be regarded as a qualitative result. 
Weshall recall also that Hollomon's equation is often used to represent mechanical behavior 
of sintered alloys in the plastic field, but is not suitable in the elastic region and is not able to 
take into account for the above-mentioned discontinuity. 
On the other side, simulation results tend to be "flat" in the plastic region. This is due to the 
fact that an elastic-perfectly plastic material has been assumed as powder constituent. Better 
results should be achieved with a plasticity model including hardening, which is currently 
being implemented. 

5 CONCLUSIONS 

The present paper introduces a new numerical model that may be employed to assess sintered 
alloys mechanical properties, depending on residual porosity. The proposed methodology 
makes use of Cell Method, particularly suitable for problems involving heterogeneities. 
Simulation results are in good agreement with experimental data in the elastic field and seem 
promising also in the plastic field, although more simulations are needed to validate the model 
in plastic field and, moreover, other behaviors for the constituent should be tested, namely 
models including hardening. 
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ABSTRACT: Efficiency of tools and tool life are investigated. One of very effective way of steel tool 
quality improvement is nitriding and especially plasma nitriding. Plasma nitriding process is on the one 
band very good adapted to the demands of practice and on the other hand is fit for automation and free 
from environmental disadvantages has gained good acceptance. Increasing of toll performance, dimin
ishing of abrasive and cohesive wear and the improving corrosion resistance make the plasma nitriding a 
valuable process for surface treatment. 

1 INTRODUCTION 

The nitriding process is one of the more important surface treatments for improvement of tool 
properties and has been known for long time. Nitrogen is incorporated into the surface layers of 
engineering components during the nitriding and by that contributes to an increase of mechanical 
and chemical resistance. 

For the nitriding of tool steels several methods are used which differ in the nitriding medium, 
nitriding duration, nitriding temperature, and kind of compound layer. They are powder nitriding, 
bath nitriding, nitriding in gas and plasma nitriding [ 1]. 

The powder nitriding method practically is no Ionger used today. The bath nitriding is mainly used 
for short time nitriding of bulk material. However, the cleaning of parts after nitriding from salt, 
especially in needs high expense of manpower. Finally, a disadvantage of this nitriding process is 
the high, process temperature that usually exceeds the tempering temperature of_tool steels. There 
is an increasing problern with the disposal ofthe poisonous cyanide salts after use. The nitriding in 
gas can be provided at lower temperatures but the process takes considerably more time and can 
take several days. The plasma nitriding is the most recently developed process [2]. The advantages 
ofnitriding are used for many tools madeout of cold-work tool steel, hot-work tool steel, plastic 
mould steel or high speed steel. Important is, however, that the nitriding treatment is adapted to the 
tool material and the load ofthe tool, which can be done best by the plasma nitriding process. 

Opposite to all other mentioned nitriding processes, in the plasma nitriding process nitrogen is 
incorporated into the surface layer not by a thermo-activation, but by an electric current, which is 
applied between the fumace and the nitriding material. The wall of the fumace is connected as an 
anode while the material acts as a cathode. The process is started by the migration of electrons 
from the cathode to the anode. On their way through the fumace, which is filled with a mixture of 
nitrogen and hydrogen gas with low pressure, the electrons hit the nitrogen or hydrogen molecules, 
and split them up into ions. The positive charged ions are now accelerated on to the cathode, 
where they hit the nitriding material with high speed. By this, the high kinetic energy of ions will 
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be absorbed and transformed into heat, by which the nitriding material is heated up. By the hit of 
the ions on the surface ofthe tools tobe nitrided, they knockoutsmall particles such as oxides and 
other pollutions. This sputtering process eieans the surface and causes a depassivation, which is 
necessary for a uniform nitride layer. When nitrogen ions hit the tool surface, nitrides will be 
formed and nitrogen may be incorporated into the tool material by diffusion. 

2 MICROSTRUCTURE OF NITRIDED LAYER 

When nitrogen is penetrating into the surface of steel, in the beginning, it is fixed within the atomic 
lattice, i. e., it is kept in the spaces between the iron atoms of the lattice. At higher nitrogen con
tents, if the solubility limit is reached, nitrides are formed according to the phase diagram iron
nitrogen. The nitride compounds existing in tool steels are the fcc Fe~ with the designation y' and 
the hexagonal Fe2.3N with the designation E. The diffusion ofnitrogen into the surface oftools and 
the forrnation of nitride compounds can result in a strong increase of hardness. The depth of ni
triding can be determined by hardness measurements. To ensure a uniform determination of the 
nitriding depth, the method of measurement was standardized . 

The nitrogen diffusion layer and the nitride compounds that have been formed on the surface can 
be made visible by etching a metallographic cross-section. The diffusion layer can be recognized 
with thickness of several millimeters. The nitrides can be recognized as a separate layer with a 
thickness of about 5 to 10 microns. Sometimes, within this nitride layer or at the surface of it, 
porosity can be found. Content of the nitrogen and the carbon as a function of the distance from 
the surface for a bath nitrided and a plasma nitrided specimen are shown in Figure 1. 
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FIGURE 1. Carbon and nitrogen content in plasma and bath nitrided specimens 

The bath nitrided specimen contains a nitrogen content of about 11 % at the surface while the 
plasma nitrided specimen contains about 6 % nitrogen at the surface. According to the phase dia
gram this reveals that the compound layer is E-nitride for bath nitriding and y'-nitride for plasma 
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nitriding. Typical for the bath nitriding is the high carbon content of the compound layer, which 
has a Ievel ofup to 2 %. Contrary to that, y' compound layers have a very low carbon content. The 
content of alloying elements such as Cr, Mo and Mn is lower in the compound layer than in the 
matrix. Only silicon seems to be enriched in the compound layer. 

The plasma nitriding process enables to vary the kind of compound layer and the depth of nitriding 
according to the properties demanded of the tool. Changing the nitriding parameters, as well as, 
gas composition, nitriding time and nitriding temperature can make these variations [3]. By in
creasing the nitriding time, the depth ofthe nitrided layer will grow according to Figure 2. 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Distance from surface in mm 

FIGURE 2. Surface hardness ofthe hot-work toll steel X 37 CrMoV 5 I KV 

A significant influence on the composition of the nitrided layer and on the surface hardness has the 
chemical composition ofthe steel. Increase ofC, Cr, Mo, V and Al amounts cause an increase of 
surface hardness, while the depth ofthe nitriding layer is decreased in the same order. 

Different tool steels have a very wide variation of alloying contents, and they have a different 
surface hardness pattem. Typical examples of the thickness and properties dependence of the 
composition of plasma nitrided tool steels are shown in Table 1. 
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TABLE 1. Nitrided layer 

Steel Compound layer, Nitrided network layer, Diffusion layer, 
f.1II1 mm mm 

35 CrMo8KV 7 0.13 0.20 

X 37 CrMoV5 1 KV 6 0.08 0.13 

X 155 CrVMo 12 1 KV - - 0.08 

lncorporation of nitrogen into the surface layer causes an increase of specimen volume. The di
mensional variation of nitrided tool steels is less than 5 to 10 microns. At the edges, this increase 
ofvolume may affect oversizes. For sensitive cutting edges these oversizes increase the danger of 
spal darnage of the tools. When using the plasma nitriding process, this influence is kept on a low 
Ievel by the spurtering activity of the ions, which is especially strong at the edges. The sputtering 
activity of the ions furthermore avoids local defects on the tool surface, caused by insufficient 
cleaning. This is important for steels with high chromium contents, which tend to form passive 
layers. 

3 AN ANALYZE OF THE NITRIDED TOOLS PROPERTIES 

Improvements of the mechanical, tribological and chemical properties can be achieved by nitrid
ing of the surface of tools. However, the toughness may be reduced and the probability of tool 
failure may be increased, especially at areas with high tensile stress or cutting edges [4]. 

The following circumstances for a good functionality of nitrided tools have to be taken in consid
eration: correct selection ofthe tool material; correct selection ofthe structure, strength, toughness 
and tempering properties of the tool steel; equal and homogeneous layer without defects; appro
priate composition of the layer to the requirements; appropriate hardness surface of the layer to the 
requirements; appropriate nitriding process parameters to the tool material and the required Iayer 
[5]. 

The plastic stress relaxation is not possible into nitrided layer. Therefore, cracks may easily occur 
on the layer. Material with low toughness may crack, starting from surface defects such as notches 
caused by the some manufacture process. Even at elevated temperatures the toughness of nitrided 
layers will not be improved [I]. 

The depth of the layer and the composition of the tool steel have a remarkable influence on the 
toughness ofnitrided tools (Figure 3). 
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FIGURE 3. Toughness ofnitrided tool steel31 CrMo 12 

The toughness furthermore is depending on the atmosphere and the ternperature used during 
plasma nitriding. The rnicrostructure ofthe tool can also, e:ffects the surface toughness. Martensitic 
structure reduces the toughness by approx. 60 %, while with bainitic structure the situation is 
worse, Figure 4. 
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FIGURE 4. Toughness ofnitrided tool steel with different microstructure 
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The corrosion resistance oftool steels generaly can be improved by nitriding. Besides the alloying 
content of the tool steel, the kind and thickness of the nitrided layer as weil as the corrosive me
dium affect the corrosion properties. The corrosion resistance of the tool steel for instance can be 
improved by nitriding, if it is affected by hydrochloric acid. At the attack of acetic acid, however, 
its corrosion resistance was decreased. In the salt water spray test, nitration caused a small, and in 
the condensed water spray test it caused a high reduction of corrosion. Moreover, it could be 
proved that 'Y -compound layers are more corrosion resistant than E-compound layers. 

The major influence regarding the engineering and economical importance of nitriding is the im
provement of the antifriction properties, the reduction of adherence and the increase of wear 
resistance. By the hard nitride layers the tool performance can be multiplied and in many cases an 
economic use oftools is possible only after nitriding. Generally, the y-nitride compound layers are 
more wear resistant [4]. For instance, at the processing ofplastics, nitrided tools with y-compound 
layers revealed better wear resistance than bath nitrided tools with E-compound layers, Figure 5. 
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FIGURE 5. Tool wearing during processing of plastics 
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In many cases the y-compound layers enable higher performance possibly due to their better 
toughness. 

The increase of volume by the incorporation of nitrogen atoms causes compression stresses in the 
surface of the tools. Applied tensile stresses can be reduced by the residual compression stresses 
and the fatigue bending strength can increase. 
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4 CONCLUSION 

The nitriding process and especially plasma nitriding is one of tbe more important surface treat
ments for improvement of tool properties. 

Opposite to all other mentioned nitriding processes, in the plasma nitriding process nitrogen is 
incorporated into the surface layer not by a tbermo-activation but by an electric current, which is 
applied between tbe furnace and the nitriding material. 

Plasma nitriding process is on the one band very good adapted to the demands of practice and on 
the other band is fit for automation and free from environmental disadvantages has gained good 
acceptance. In future plasma nitriding will maintain its position within the variety of other new 
developed surface coating processes. 

By the plasma nitriding process is easy to vary process parameters. There is good reproducibility, 
Suppression of pores in the compound layer, possibility to influence to control the kind of layer, 
possibility to nitride steels with low tempering resistance by lowering the nitriding temperature, 
low dimensional cbange possibility of local nitriding no pollution of the environment, no use of 
poisonous cbemicals. 

Increasing of performance, diminishing of abrasive and cobesive wear and the improving corro
sion resistance make the plasma nitriding a valuable process for surface treatment. Toughness, 
wear resistance, fatigue strength, corrosion resistance oftools can be effective improved by plasma 
nitriding, but for cutting and punching tools the surface bardness must not be too high as this can 
be the cause for darnage of the cutting edges. 
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ABSTRACT. The influence of non-uniform load distribution along spur gear tooth facewidth, upon the 
fillet stresses, has been investigated by means of the Finite Element Method p-version. There have been 
taken into consideration different load distribution cases corresponding to the contact without errors, the 
possible alignment error in fitting the gear, and the effect of gear crowning. The results of the investigation 
performed by 3D numerical approach, have enabled the determination of spur tooth stress maximum value 
and its position both, along the tooth fillet and facewidth, for complex combined influence of gear 
geometrical parameters and non-uniform load distribution. The obtained maximum equivalent von Mises 
stress and axial stress that arises in the direction of gear axis, were compared for different load distribution 
acting along the tooth facewidth. 

1 INTRODUCTION 

In this paper spur tooth root stress state has been the subject of investigation considering the 
factors that certainly effects its complexity. First factor is non-uniform load distribution along 
the tooth facewidth, as ideal uniform load distribution is practically never achieved. The 
uniform load distribution along the facewidth has been taken as a reference. The second factor 
is a gear rim thickness, the subject of numerous investigations mainly based on 2D approach. 
The third factor of interest, is the actual spur tooth facewidth value, that has been not taken 
into account by 2D approach. 
For the evaluation of load-carrying capacity of gear tooth root, the attention has been devoted to 
maximum tensile stress that occurs on the tooth side where the load acts. 
By use of numerical methods, considerably more adequate tooth stress-strain state determination 
is enabled, related to the conventional ones. The investigations of spur gear stress field by means 
of 3D numerical methods are not so numerous in relation to 2D ones, being in the same time the 
Finite Element Method and its versions dominantly used. 
An early experimental work [ 1] is worth to be mentioned as an effort made to point to the 
differences in 2 and 3D approach for the stress analysis of gear. The experiments were carried 
out on spur rack teeth with load applied along the tooth tip line, subjected to different load 
distribution and, with uniform load distribution, varying the tooth length. Besides, tests were 
done on helical rack teeth in several mesh conditions. 
The stress field in the tooth fillet along the facewidth of spur gears were investigated by means of 
3D hierarchical finite element models [2]. The parametric analysis was performed by utilising an 
integrated system of programs for autornatic generation of 3D numerical models. A wide range of 
facewidth/modulus values was considered in order to show the actual complexity of stress field, 
also pointing out the gradual passage from plane stress to plane strain conditions, as the facewidth 
increases. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
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826 G. Marunic 

As conventional standards generally (there is exception) do not take into account the peculiarities 
of thin-rimmed gear stress-strain state, there have been numerous sturlies on this subject. Related 
to the aim of this paper, 3D stress analysis [3] by means of 3D p-FEM approach was given 
valuable results about parallel-axis, extemal, spur gears (both standard and HRC-High Contact 
Ratio) and standard helical gears. In the analysis, the influence of both rim thickness and a gear 
geometry is investigated, the latter being taken into account by considering several values of the 
gear teeth number for each kind of gear. The computed tensile and compressive stress 
distributions were utilised to define the altemating stress in the tooth root area and the 
corresponding fatigue stress. 
To take into account the influence ofthin rim on the stress-strain state of tooth, in [ 4] two 
different approaches were given: the use of numerical methods of theory of elasticity when 
carrying out the check calculations, and combined theoretical and experimental methods in the 
case of design and approximate check calculations. 
In [5] the influence of contact area on the stress field in gear tooth root using the 3D FEM for 
numerical simulation, was reported. Numerical results were compared with results from 
analytical methods provided by DIN 3990. Practical experience shows that the acting force on a 
gear tooth is almost never distributed uniformly along the tooth width, consequently the effects 
on the stress field were analysed and compared for different load distributions cases. 

2 BASIC CONSIDERATIONS FüR 3D FEM CALCULATION 

The single gear models were established consisted of the loaded tooth and its adjacent teeth, in 
the formthat corresponds to the angular extension of 120°. The models of thin-rimmed gears 
were constrained only along both radial edges, for solid gear being additionally constrained 
inside of sufficiently thick rim. The tooth tip was loaded by the same total normal load, 
differing in the distribution along the tooth facewidth. There were simulated by uniformly 
distributed load the contact without errors ( case 1 ), by asymmetrically distributed load in 
relation to the tooth facewidth, the possible alignment error in fitting the gear (case 2), and by 
symmetrically non-uniformly distributed load the effect of gear crowning (case 3). The models 
were meshed with parabolic tetrahedron elements and solved using 3D p-version FEM of the 
software package I-DEAS [6]. 
As mentioned before, the emphasis has been added to the selection of: - the tooth facewidth 
values blmn (expressed by the modulus mn), in order to simulate narrow (blmn=2) and wide 
(blmn=4) facewidth tooth i.e. to investigate the influence of the actual tooth three
dimensionality on the stress state in the root area, - the rim thickness sR/mn that is considered as 
thin (sR/mn=l,5; 2) and thick (sR/mn=8) i.e. that corresponds, in relation to the tooth root stress 
behaviour, to a solid gear. Additionally, the stress analysis was performed for gears with fewer 
(z=20) and !arger (z= 1 00) number of teeth z, while the following gear parameters were the 
same for all models: modulus mn=IO mm, pressureangle ~=20°, dedendum hFI2,5 mm, and 
addendum modification factor x=O. 

3 ANALYSIS OF MAXIMUM TENSILE FILLET STRESSES 

On the basis of the established stress state on tensile side of the loaded tooth area, the subject 
of analysis has been maximum values of equivalent von Mises stress Deqmax' as meritorious 
stress for tooth root Ioad-capacity evaluation, and axial stress O"zmax that obviously arises when 
the tooth facewidth increases. The distribution of these stresses along the tooth facewidth 
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varies along with the change of the chosen gear geometrical parameters, depending upon the 
load distribution under consideration. Fig. 1 shows the distribution of these stresses in the tooth 
fillet area; the stress position on the fillet is expressed by the value of fillet tangent angle rp and 
the tooth centre line, while several positions along the tooth facewidth are fixed and 

FIGURE 1. Stress distribution area on tensile side of a wide loaded tooth fillet for Ioad distribution 
cases 1 and 3 (z/ b - adimensional coordinate, rp- angle between fillet tangent and tooth centre line) 

expressed by adimensional coordinate zlb. The analysis ofresults is dealing with maximum stress values 
achieved at certain position along the tooth fillet, as well as along the facewidth; 
the variation ofthese stress positions has not been the subject ofthe analysis. 
In Fig. 2 and 3, maximum equivalent stress O'eqmax and axial stress O'zmax are presented in relation to the 
rim thickness sp)rfln, for narrow and wide facewidth, in three cases ofload distribution along it. The gears of 
different geometry were taken into consideration by fewer (Fig. 2) and !arger (Fig. 3) number of teeth. In 
relation to the arise of axial stress value that has been neglected by analytical and numerical 2D 
investigations, the obtained results point to the influence of facewidth value upon the increase of axial stress 
magnitude, especially for the gear with fewer number ofteeth. The rim thickness decrease causes axial stress 
slight decrease, with exception of the thinnest rim under consideration, regardless of Ioad distribution case. 
F or ideal uniform Ioad distribution case 1, the decrease of equivalent stress as the rim thickness decreases, 
is more expressed for the gear with !arger number of teeth, regardless of the facewidth value. At the lower 
boundary of the chosen rim thickness range, in some cases (z=20) the trend of its increase can be 
expected. For the gear with !arger number of teeth, axial stress decrease is more influenced by the rim 
thickness decrease, but this influence diminishes as the facewidth increases. 
Related to non-uniform asymmetricalload distribution of case 2, equivalent stress is generally smaller for 
the thinnest rim under consideration, compared with the thick rim. This is more obvious for wide gear 
with !arger number of teeth. Axial stress takes its peak value for wide gear with fewer number of teeth. 
Equivalent fillet stress of gear tooth subjected to symmetrical non-uniform Ioad distribution of 
case 3, is the mostly influenced by variation of rim thickness for narrow gear with !arger 
number of teeth. As regards axial stress, it takes maximum values for wide gear with fewer 
nurober of teeth. 
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FIGURE 2. Relation between maximum tensile fillet stresses ( equivalent and axial) and 

rim thickness, for narrow and wide gear with fewer number of teeth, 
subjected to uniform and non-uniform loading 
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FIGURE 4. Deviation ofmaximum tooth fillet stresses (equivalent and axial) for non-uniform, from the 
corresponding ones for uniform Ioad distribution, related to rim thickness, 

facewidth value and number ofteeth 

4 DEVIATION OF STRESSES FOR NON·UNIFORM TOOTH LOADING 
FROM IDEAL UNIFORM ONE 

In Fig. 4 the deviation t5 of maximum filletstresses for non-uniform Ioad distribution ( cases 2 
and 3), from the corresponding ones for uniform Ioad distribution ( case 1 ), is shown. The 
severe increase of stress deviations occurs for wide gear with larger number of teeth, strongly 
depending upon the rim thickness. For the lowest value of rim thickness, the difference 
between the stress values for uniform and non-uniform Ioad distribution diminishes, especially 
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for gear with larger number of teeth, regardless of stresses and facewidth values under 
consideration. 

5 CONCLUSIONS 

The results of investigation obtained by 3D numerical approach, has enabled the determination 
of spur tooth stress maximum value and its position both, along the tooth fillet and facewidth, 
for complex combined influence of gear geometrical parameters and non-uniform load 
distribution. 
The possibility is offered for the choice of gear geometrical pararneters in relation to the values 
of maximum tooth fillet stresses, by taking into consideration two non-uniform load distributions 
along the tooth facewidth, that can appeare in practice instead of ideal uniform one. 
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ABSTRACT. The use of non-destructive techniques, such as penetrant liquids, magnetic parti
cles, ultrasonic methods or thermographies, to control the integrity of pieces it is becoming 
widely used by the companies. In fact, non-destructive methods can be applied to control the 
quality of the produced parts without destroying the part itself. In this study the attention will 
be focused on the analysis of surface and internal integrity of spheroidal graphite cast iron 
products. At present, these products are controlled by using X rays. The technology is very 
accurate but there are several drawbacks related to the fact that this exam it is very expensive 
and time consuming since it is, in general, performed by suppliers being the Xray equipment 
too expensive for single company. With this research, the Authors aim to develop a procedure 
able to detect, with a good reliability, the internal defects of spheroidal graphite cast iron parts 
by using ultrasonic methods. These techniques do not need to destroy the piece, they are not 
expensive, very fast and can be easly used by the company. 

1 INTRODUCTION 

Spheroidal graphite cast iron parts are getting more and more diffuse in car industry, thanks to 
the high performance of this material. Frequmtly these pieces are critical and they need to guar
antee people safety. Consequently, it is very important to apply a detailed control technique on 
each piece without destroying it. 

Non-destructive methods can be classified under the detectable defects. The Ultrasonic testing 
and the X-ray technique are able to identify internal defects, the penetrant liquid and the IDlß
netic particles are utilized for superficial or sulrsuperficial defects, the thermography test is 
applied to anomalous thermal differences [1 ]. 

The present research, developed with Streparava S.p.A., has defined a reliable procedure to 
detect the internal defects of the spheroidal graphite cast iron by using the ultrasonic tech
nique. 

2 THE ULTRASONIC TECHNIQUE 

Non-destructive testing with ultrasonic waves is widely used for internal defect detection. This 
technique uses acoustic waves reflection which is generated by the interaction between the 
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waves and the defeets. UHrasonie waves are sound waves with high frequeney and this allows 
to obtain a defined geometry of the ultrasonie beam whieh deteets the presenee of small dis
eontinuity in the metalmatrix thanks to refleetion [2]. 

To generate an uHrasonie wave into a workpieee, it is neeessary to impose a periodie oseillating 
motion to the material of pieee. The so obtained wave front, of particles that shift in phase, 
spreads inside the material. 

The uHrasonie wave used to deteet defeets, ean be classified with two parameters: the dire etion 
of the wave front propagation and the direetion of particle vibration. As a consequenee the 
wave ean be longitudinal, shear, superfieial or Lamb (Figure I). 

-~--A--

+ Wa\t 
0 il tion 

t 

+ \\ah! 
0 "III.JlK>n 

~ 

FIGURE I. Longitudinal, shear and lamb waves. 

The physieal quantities that define the aeoustie wave, are: 

Frequeney (j), is the opposite of the time that a wave takes to go from a maximum ( or 
minimum) in amplitude to the next one. The frequeney range in ultrasonie testing varies 
from 0,5 up to 25 MHz; 

Wave length (l/, is the distanee between two eonseeutive maximum (or minimum); 

Wave velocity ( v) in the material, is the ratio between distanee and time; 

Aeoustie pressure (P), is the applied pressure in the unit surfaee; 

Wave intensity, is the energy that goes through the unit area in 1 seeond. 
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3 THE ULTRASOUND 

The ultrasound wave generation is realized by probes [3]; these are special transducers (pieiD

electric, electrostrictive or magnetostrictive) which convert electrical pulses into mechanical 

pulses. 

The wave geometry is influenced by two parameters: the effective dimension of probe and the 

wave length. 

As shown in Figure 2, two zone can be identified; the first, named near zone or Fresnell zone, is 

characterized by a plane geometry, the latter, named distant zone orFraunöfer zone, has a 

spherical geometry. 

D: 
= 4T"" 

re nell Zone 
(n z ne) 

FraunhOfer Zon 
(di tant z n ) 

FIGURE 2. Geometry ofthe uHrasonie beam. 

The equation (1) defines the extension ofthe near zone: 

where 

D2 D2 ·f 
N=-=--

4·/t 4·v 

D is the effective diameter of probe; 

Ais the wave length; 

fis the frequency; 

v is the wave velocity in the material. 

From equation (1) it can be seen that the beam divergence decreases by increasing the probe 

diameter and wave frequency. 

Another zone can be defined into the beam: the blind spot area, where the probe does n<t de

tect internal defects. This is because as long as the vibration generated from pulse is prsent, 
the probe is "deaf' to defects. The blind spot is the volume ofthe workpiece situated under the 

control surface where the presence of defects is not perceived by the probe. It is important of 

not misunderstanding the blind spot with the near zone, in fact the blind spot can extend further 

the near zone. 

It is necessary to examine the dynamic of the ultrasound; if the material is the same, the wave 
velocity depends on the wave typology. The waves that must be applied are the longitudinal 

(1) 
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and shear waves. Equations (2) and (3) can be used to determine the value of the wave velocity 
for the two wave typologies. 

where 

E 1-v 
p · (1 +v)· (I-2v) 

v,~~~ 
Eis the Young' s modulus; 

Gis the shear modulus; 

vis the Poisson coefficient; 

p is the density of the material. 

E 1 
p. 2·(1+v) 

These equations are very important, because the probes transfer into the workpiece longitudi
nal wave (straight probe) or shear waves (angular probe) and the value ofthe wave velocity is a 
basic parameter to compute the defect position. 

Others phenomena related with the ultrasounds are reflection, refraction, diffusion and dffiac
tion [3]. 

It is very important to consider the loss of the acoustic pressure due to the propagation 
through the material. This decreases with an exponential trend as shown by equation (4): 

(2) 

(3) 

(4) 

where P0 is the initial acoustic pressure; 

Pis the actual acoustic pressure; 

x is the distance covered by ultrasound; 

e is the radix of the naturallogarithm; 

a is the loss coefficient. 

The attenuation of the wave in the material is caused by two phenomena: the absorption of 
energy from the material itself and the diffusion of the beam in different directions. 

It is important to underline that by increasing the frequency, the signal is attenuated; as a cm
sequence, ultrasonic waves with high frequency result in better geometry signals, but with 
lower explorable depths. 

The material studied in the present research is cast iron. In this material the attenuation changes 
with the graphite structure. If the graphite is lamellar the attenuation is very high; with spht>
oidal graphite the attenuation is equal to steel attenuation. So it is possible to apply non
destructive techniques with ultrasound on spheroidal cast iron [4]. 
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4 INTERNAL DEFECTS CLASSIFICATION 

Different typologies of defects can occur in cast iron pieces due to: wrong cooling, wrong 
dimension ofthe gate, wrong filters, .. .The classification of cast iron defects is repo rted in UNI 
EN specifications [5]; only the defects detectable with the US testing will be examined in this 
research [6]. 

The first type of internal defects is related with the solid contraction during the cooling process, 
that is the shrinkage cavity (Figure 3), and the spongy contraction (a cloud ofmicro cavities) 
(Figure 4). 

FIGURE 3. Shrinkage cavity. FIGURE 4. Spongy contraction. 

The second defect family is due to the presence of gas in the liquid meta!. 

When the gas is not removed during the solidification, a blowhole defect can be generated into 
the workpiece. This defect can reach the surface or can be trapperl into the material, so genffllt
ing cavity with a smooth surface (Figure 5). Figure 6 shows the pores or pinholes, which are 
similar to the spongy contraction but are caused by the gas emission. The diameter of these 
defects is less than 1.5 mm. 

FlGURE 5. Blowhole. FIGURE 6. Pinhole. 

The last family of defects is related with the presence of slags in the casting, which generates 
inclusions into the workpiece [7,8]. When the slags are caused by the different components of 
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the alloy are defined as endogenaus inclusions; when they are due to external factors, are called 
exogenaus inclusions. Often these imperfections are easily visible because they are superficial 
(Figure 7), except when the endogenaus inclusions are caused by oxides; the US testing and 
the micrographies can detect them as shown in Figure 8. 

FIGURE 7. Exogenaus inclusion. FIGURE 8. Endogenaus inclusion. 

5 CONTROL PROCEDURE 

A control procedure for spheroidal cast iron parts based on [9,10,11], has been defined showing 
a good reliability ofthe obtained results. 

5.1 CALIBRATION 

First of all it is necessary to execute a precise calibration for probes (Figure 9) and materials 
parameters. To do this it is necessary to have asound sample ofthe material under control. On 
this sample, at least two sets of flat hol es, whose diameter ranges from I to 5 mm, and with dif
ferent depths, have tobe performed (Figure 10). 

The reference sample, for each cast iron material, allows the determination of : signal proplga
tion speed, acoustic delay, zero of instrument, gain, A VG, ... 

FIGURE 9. Probe DDM 5/5. FIGURE 10. Reference sample. 
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5.2 CONTROL PROCEDURE 

The identified control procedure can be described as follows: 

1. visual inspection ofthe piece surface to detect superficial defects; 

2. firstfast scan of the part using a probe of l 0 mm diameter and a frequency of 4Mhz (DDM 
l 0/4) to identify the defect areas; 

3. polishing ofthe critical surfaces; 

4. detailed scan of the part using a probe of 5 mm diameter and a frequency of 5Mhz (DDM 
5/5) to identify the defect extension; 

5. ifit is possible repeat the procedure on perpendicular surfaces. 

The UT signal changes with the transversal section of the part. As a consequence, it is nece;
sary to distinguish between a section parallel or not to the opposite surface, such as when the 
opposite surface is a fillet radius. 

When the opposite surfaces are parallel, the UT signal furnishes the bottom echo. This eement 
is very important, because if the bottom echo decreases and new echo is generated that means 
that a defect is present (Figure 11 ). When the opposite surfaces are not parallel, the bottom 
echo is absent. The presence of defects is related to several picks, generated by the signal re
flection caused by imperfections (Figure 12) . 

I 

FIGURE 11. Parallel surfaces. 

• -
FIGURE 12. Not parallel surfaces 
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To design a good sampling campaign, it is necessary to identify, for each piece typology, the 
most critical areas and the minimum acceptance Ievel for each detected defect. 

Moreover, critical zones (where the working stresses are veryhigh) have tobe defect free, when 
an anomaly is detected and it is impossible to evaluate its criticality, the part can be destroyed 
to analyze the magnitude ofthe defect itself. 

6 SIGNAL DETECTED 

The developed research has identified the ultrasound signals related with all internal defect 
typologies. Figures 13 - 18 represent the classical signal mapping. From the images it is pa;si
ble to see that when the defect typology is similar (spongy contraction and pinhole) the output 
signal is similar. As a consequence, a very good training is needed for technicians working with 
non-destructive techniques. 

FIGURE 13. Shrinkage cavity. FIGURE 14. Spongy contraction. 

FIGURE 15. Blowhole. FIGURE 16. Pinhole. 
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FIGURE 17. Exogenous inclusion. FIGURE 18. Endogenous inclusion. 

7 CONCLUSIONS 

To verify the reliability of the developed procedure, several US tests have been executed on 
different cast iron parts. 

Afterwards, the obtained results lnve been compared with radiographies and with the sa:
tioned parts showing a very good agreement as reported in Figure 19. 

FIGURE 19. The same defect noting with ultrasonic and radiography testing. 
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MILLING TESTS OF AUSTENITIC STAINLESS STEEL 
WITHOUT NICKEL 

L.Zaquini 1, P.Reusser 1 

1 Machine Tool Laboratory, Department Mechanics, EICN, University of applied science, Canton of 
Neuchätel (Switerland) 

ABSTRACT 

This paper presents an experimental approach aiming to find optimal cutting parameters on milling of a 
new material. The austenitic stainless steel without nicke! is famous for its very bad machinability .This 
experiment has allowed determining optimal cutting parameters, behaviour of this material and tools to 
be used. The results are encouraging and show that it's possible to machine this material which is of 
interest for the watch industry. 

1 INTRODUCTION 
Most of the watchcases or are made of austenitic stainless steel (Example: 1.4435, 316L, 
1.4539, 904L). Thesematerials contain nicke! and nicke! rejection could cause allergies. The 
watch industry wants to replace these materials, for the production of bracelets and watch 
cases, and would replace them by using austenitic stainless steel without nicke!. The hardness 
of this new material (>280 HV) generates a bad machinability compared with standard 
stainless steels (FIGURE 2, Mechanical and chemical properties of austenitic stainless steel. 
Some previous milling tests showed very bad results. In addition the question was the 
feasibility and the economical convenience. 
The machine tools Iabaratory of the EICN was engaged in a project, aiming to verify the 
machinability of austenitic stainless steel without nicke!, find suitable tools and define 
optimal strategies and cutting parameters on milling. 

1.1 The austenitic stainless steels 
In the austenitic stainless steels, there is quite a bit of nicket (>15%) which produces the 
austenitic structure. As we know, nicke! rejection can generate health problern and, in 
particular, allergies. In the austenitic stainless steel without nicke! the nicke! is replaced by 
nitrogen and molybdenum which generate the austenitic structure. This substitution gives 
better chemical and mechanical properties and a worse machinability. 
This new material is the result of research mainly done at ETHZ (Eidgenössische Technische 
Hochschule Zurich). The final result ofthe research is an alloy named PANACEA (Protected 
Against Nickel Allergies Corrosion Erosion Abrasion) which is the base of a set of new 
alloys which from today are available on the market. 

Cr Mo Si V Nb Ni Mn p s N 
(+Ti) 

PANACEA 17.1 3.25 1 0.04 0.105 0.026 12.3 0.01 0.007 0.089 
1.4435 
1.4539 

18 2.8 0.5 14 I 0.02 0.01 0.01 
20 4.5 0.4 25 l 0.01 0.01 0.01 

FIGURE I, Table ofchemical composition 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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FIGURE 2, Mechanical and chemical properties ofaustenitic stainless steel 

2 OPTIMISATION OF CUTTING PARAMETERS 
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Cutting parameters are considered optimised when the product of toollife and volume of the 
material removed pertime is maximum. We decided to adopt the standard AFNOR: NF E 66-
520 for finding optimal parameters [1]. lt is based on the measurement of specific energy 
(power due to the cutting forces divided by the volume of the material removed per time). 
The method is based on the hypothesis that the optimal parameters correspond to the 
parameters, which produce a minimal specific energy during the machining. 
W e are aware of the fact that this standard neglects the temperature and other important 
factors (vibrations, absolute cutting forces etc.). In addition this method neglects the 
interactions of the parameters. 
For these reasons, as in the common practice of our laboratory, we validated the parameters 
by carrying out toollife tests. 
The standard recommends the following steps: 

Preliminary tests 
Determination of optimal cutting speed (Vc) and feed per tooth (fz) 
Validation 
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2.1.1 Preliminary test 

First of all, we have to check if the tool is compatible with the material to be machined. 
That means that we have to define the area where the machining is stable and no catastrophic 
events occur (no tool breakage, no formation ofbuilding up edge, satisfactory roughness of 
the surface machined .. . etc). 

2.1.2 Determination of optimal cutting speed (Vc) and feed per tooth (f,) 
W e have to take a constant feed per tooth and we have to measure the specific energy for 
different cutting speeds. 
In a second time, we have to take a constant cutting speed and we measure the specific 
energy for different feeds per tooth. The power is measured by a dynamometric table. The 
specific energy is given by the equation I 

W ~ 
c = - equation I 

Q 
where Wc is the specific energy [J/m2], Pc is the cutting power [N m/s], Q is the volume of 
the material removed per time [ m3 /s] 
In order to measure the cutting forces we used a dynamometric table connected to an 
acquisition system. W e developed a software package for the computation of the average 
specific energy during the milling. Explained in FIGURE 3, Measure chain of cutting force 
acquisition system. 

Mi II 

Charge 
amplifier 

Dynamometer 
tablc 

U(F,) 

FIGURE 3 Measurc chain of cutting Force acquisition y tem 

Acqui ition 
system 
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Facilities 

0 'd ur tests were came out usmg th tl ll e o owmg d . ev1ces: 
Designation Manufacture Characteristics 
Milling center 3 axis Heidenrieb Harbeck Milling center, with a HSC spindie 24'000 

rpm 
Tool DIXI Tools Reference: 7543, Geometry with high cut, for 

austenitic stainless steel. z = 3. 
Coating: Monolayer TiAIN from Baizers 
(Xidur®). Tool Material: WC 
helix angle (A. = 45°) 
Rake angle (y), we can not declare it for 
confidentiality reasons. 

Dynamometer Table Kistler T5007 Range axis x and y:0 ... 5000 N. Range axis z: 
0 ... 10000 N. Linearity s %FSO: 0,3. 
Sensibility fPc/Nl: -7.92(x), -7.9~-3.7lW 

Acquisition card NI Measure voltage in function of time 
Acquisition force Labwindow (NI) Created by LMO ofthe EICN. Foreach axis, 
software give the cutting force mean values for a given 

time. 

Our milling tests were carried out using bars fixed on the dynamometer table as in the 
following picture (Fig 4). 

wedge washer 

4b) Right view (mill path from y+ to y-) 

axis x,y,z 

4 a) General view 
y 

4c) Top view 

FIGURE 4 , Different views of experimental assembly 
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The results ofthe preliminary tests showed us that the feed per tooth is: 
fz from 0,005 mm to 0,05 mm. 
Vc from 50 m/min to 350 m/min (limited by the spindie speed). 

The axial and radial depth in our tests were: a"= lmm, ap=3mm. 

The results of the measurement of the specific energy were: 

6000 ---------- - ----- - --- ----------- ""' --------~--- ----, . . I 
,,.." .. 

5500 .. . . ......... • Yco • l!OmJm irl 

~"E . . •vc. • J.DOm.lm ifl . ~- . I §. ~$000 . 
5000 " • • I ~ 

• fz • 0.02nYn ~ '"' • 
4500 '""' 

' 

847 

4000 0 ooos 001 0015- O.O:l 0Jl2:i 00> 0035 

0 100 200 300 400 
f.r: IJI! ml 

V, [mlmln) 

FTGURE 6, Specific energy = f(Feed per 
FIGURE 5, Specific energy = f(Cutting speed) tooth) 

We have to point out that there are two domains, related to the cutting speed, where the 
specific energy is minimal. 

1- Between 80 m/min and 150 m/min. 
2- Starting from 300 m/min. W e assume that it corresponds to the beginning of HSC 

domain [2]. 

Between the two domains we recognize a zone where the specific energy is high. We assume 
that it corresponds to the "dead zone" [3] weil known by the people used to adopt HSC. 

When considering FIGURE 6, Specific energy =f(Feed per tooth), we see that the specific 
energy decreases if feed per tooth increases. For the choice of the optimal value of fz, we 
have to consider that the cutting forces increase when increasing the fz. Therefore it will not 
be convenient to adopt values of fz which do not produce important reductions of the 
specific energy. 
The people who commissioned the work to us weren't interested in HSC. 

We will adopt Vc = 130 m/min and fz = 0,02 mm/dent. 

2.2 Validation Test 
The validation tests consist of carrying out the measurement of the tool life. 
We mill with the parameters obtained in the previous tests and listed above. Every two 
minutes, we photograph the cutter and we measure the wear. Forthistest the milling centre 
was the HURON KXIO. This machine is conceived for HSC (Spindle Step Tech 42000 rpm, 
Feed >30m/min axis x and y, 18m/min); we know that the rigidities ofthe two spindies are 
similar. 
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2.2.1 Results 

Test n°l 

The parameters are ae= lmm, ae=3mm, Vc=l50 and 130 m/min, fz=0,02mm, mill DIXI 7543 
(see facilities on chapter 2), 06mm, coating TiAIN monolayer. We saw that the tip ofthe tool 
was easily broken. Nevertheless the machining was possible. The measurement ofthe tool 
wear was based on the measurement ofthe V8 , neglecting the breakage ofthe tip ofthe cutter. 

FIGURE 7 Wear n°) = f(Machining time) 
0.3 

0.25 

e o.2 
!. 
:: 0.15 
.: 

i 0.1 

0.05 

Test n° 2 

Vc • 130 m/nun, Pl: • 0.02 mm ; · 

.... Vc = 150 Wrnin, fz = 0,02 mm 

I 
~ 

100 200 300 400 500 
Machlnlng Ume (s) 

FlGURE 8, Photo of 
mi ll tcst n° I, 
machining duration 
500 sec 

FIGURE 9, Photo of 
mill test n° l, 
machining duration 
6 15 sec 

We try autolubricant coating (MoS2) on TiCN and TiAIN. The parameters are the sameasthat 
ofthe test n° 1. 
In this test we were obliged to use 0 tool = 5mm and ae =0,5mm. 

F.IGURE 10, Wear test n°l = f(Machining FlGURE 1 l,Photo 
duration) mill test 2 (795 s) 
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• Mill TiAIN 

- MiiiTiCN 
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Machlnlng's dura11on [s] 

FIGURE 12, Photo 
mill test 2 (820 s) 

The toollife is similar to that of the previous test. The radial pass was the halfofthat used in 
the test n°1. 
Therefore the material removal during the tool life was reduced. The auto lubricant layer is 
not justified. 
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Test n°3 

We adopted a tool with a different geometry with a reduced helixangle (A. = 30°). 
The tool tip is more robust. This tool was originally conceived for carbon steels, brass and 
bronze. 0tool = 5mm, z = 3, coating: TiAIN monolayer from Baizers (Xidur ®). The cutting 
parameters are the sameastest n°2 

FIGURE 13, Wear test n°3 = f(Machining 
duration) 
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This test offer the best results. The geometry of the tool appear to be really more adapted for 
this material. The wear remain constant for a long time, till the coating layer is removed 
(llOOs). The breakage is less marked. 

3 ANALYSIS EDS 

With our electronic microscope for EDS (Energy Dispersion Spectrometry) analysis, we 
examined the chemical composition of the wear. We have to point out that the results are 
less accurate on rough surfaces (as in the case of analysis of the tool wear) than on flat 
surfaces. Nevertheless the following indications are worth noting. 
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Results 

FIGURE 16, EDS Analysis ofthe wear, test nol FIGURE 17, Analy is ofthe wcar, test n°3 

The pictures 16 and 17 show the results of the analysis at the end of the test. We have to 
point out that no aluminium, nor titan are present. Therefore the coating layer has totally 
disappeared. 
We see some inclusions ofMn, Fe and Cr. They are the principal components ofPANACEA. 
The peaks corresponding to the components of the stainless steel are higher in the case of test 
n°1. We think that the contact pressure and the temperature is weaker on the cutter oftest 
n°3. 

4 CONCLUSIONS 

Austenitic stainless steel without nickel has a worse machinability than other austenitic 
stainless steels. Nevertheless it is machinable in industrial applications and environments. 
W e researched the stable working area, we identified optimal cutting parameters for milling. 
We discovered that tools conceived for stainless steels arenot suitable for our material. 
We must use more resistant tool geometry and resistant coating (monolayer TiAIN) on 
carbide tool. 
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UNCERTAINTY MANAGEMENT FOR PRODUCTIVE 
PROCESS CONTROL 

M.Russo, D.Freguia 

Danieli & C., Buttrio (UD), Italy 

KEYWORDS: uncertainty management, process control, measure conformance assessment 

ABSTRACT: Today, there is a need for measuring and granting critical measures of final products. It is 
important to assess the adequacy of the measuring instrumentation in order to give to the customer an 
objective reference. A reference guide for the evaluation of the adequacy of the instrumentation is given 
in the ISO protocol14253-1. In this paper, the method developed at Danieli & C. for the evaluation of 
the measure uncertainty during the measure of mechanical parts is illustrated. An example of application 
of the method applied on a micrometer is presented. 

1 INTRODUCTION 

The need for measuring and granting critical measures of the final products, together with the 
research of methodologies for the increment the global efficiency of production processes, led 
Danieli & C. to verify the adequacy of its measuring system to these purposes. This task has 
been accomplished by considering a perspective of progressive narrowing tolerance intervals in 
the future. In order to obtain the international comparability of a measure, the "metrologic 
traceability chain" has been achieved by Danieli & C. in two steps: frrst, all measures had been 
referred to national or international Standards in agreement with the prescriptions of the 
General Conference on Weights and Measures; second, it has been established a measure 
uncertainty management along the traceability chain. 

As known, measure uncertainty is the parameter, associated with the result of a measurement, 
that characterizes the scattering of values that could reasonably be attributed to the measurand. 
This parameter provides information on the reliability of the measuring process. Uncertainty is 
the combined result ofmultiple SOurces ofvariability associated to the measuring process, such 
as instrumentation, environment or human interaction with the process. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systemsand Technology, 
CISM Coursesand Lectures No. 437, Springer Wien New York, 2002. 
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FIGURE 1. Traceability Chain 

2 UNCERTAINTY MANAGEMENT SYSTEM DESIGN 

M. Russo, D. Freguia 

PROCESS CONTROL 
INSTRUMENTATION 

Up to this introductory consideration, the ftrst step has been the evaluation of uncertainty in 
order to develop the adequacy analysis ofthe systems used for in-process measurement. 
A reference guide for this task is the ISO protocol 14253-1, "Decision rules for proving 
conformance or non-conformance with speciftcations". The protocol speciftes that the 
conformity of a measure of a product to its design tolerance must be evaluated by considering 
the uncertainty of the measure. 

For every measure, a "conformance zone" can be defmed as the "tolerance zone", deftned 
during design, minus the ''uncertainty range". As can be seen in Figure 2, it is obvious that if 
the measured value is within the ''uncertainty range", not necessarily it is CONFORMANT if it 
is within the zone U-, and not necessarily it is NOT CONFORMANT if it is within the U+ 
zone. 

It has been established that the conformance zone must be at least the 75% of the tolerance 
zone deftned during design; if this target is met the measure is considered reliable. If the ratio 
between conformance zone and tolerance zone is between 0.60 and 0.75, it is necessary to 
consider that the measurement result can be within the uncertainty range. In this case, the 
conformance of the measurand to the design must be carefully evaluated. A ratio below 0.60 is 
not considered acceptable. 
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3 MEASUREMENT UNCERTAINTY ANALYSIS 

853 

Evaluation of measurement uncertainty is referred to all tasks involved in the measurement 
method, taking into account instrumentation calibration, instrumentation uncertainty and 
uncertainty derived from the environment. 
Measurement can be classified as prescribed into UNI EN 20286, as follows: 

• Hole measurement (intemal parts measurement) 
• Shaft measurement (extemal parts measurement) 

First, for every type of instrumentation, variability components must be identified. The 
reference scheme used for mathematic model ofvariability is: 

Measure = Instrumentation measure + error component "a"+ ..... .. + error component "n" 

All significant systematic errors has been corrected during the warm-up phase of the 
production system thus they are not considered. 
In order to determine the uncertainty, variances must be evaluated. All constant and 
proportional components of the variances must be added. Then, the expression must be 
linearized by superimposing that linear and quadratic values coincide with extremes of the 
measuring range of the considered instrument. The result is the measure uncertainty. By 
multiplying the result for a cover factor of l a confidence interval of 68.26% is obtained that is 
considered sufficient in the steel industry. 
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4 UNCERTAINTYEVALUATION 

4.1 ESTIMATION OF UNCERTAINTY COMPONENTS 

An example of uncertainty evaluation for an extemal dimension measurement instrument is 
reported. The instrument is a bi-millesimal arc micrometer, measuring range 175-200 mm. This 
kind of instrumentation is used very often, prior or after machining, or for intermediate and 
final tests with medium-high sampling frequency. 
In the first part of this study all uncertainty components had been evaluated. 
The uncertainty components can be classified as follows: 

u1• Instrumentrepeatability 
u2. Humanoperator 
u3. Temperature gap between the instrument and the workpiece 
14. Calibration uncertainty of the micrometer 

The uncertainty on thermal dilation coefficients has not been taken into account because its 
contribute is not significant compared to thermal gradient contribute. 
Moreover, the variability component connected to the difference of the thermal dilation 
coefficients is not considered because workpiece and instrument are both made of steel: 
computer simulations demonstrated that this contribute is not significant. Normally, it is 
necessary to take into account the difference of the thermal dilation coefficients: operators and 
process designers must be trained to consider this contribute. V ariances has been considered 
not correlated. 

The component u1 can be estimated by repeatability tests. The relative square variance can be 
calculated by using the formula I : 

1 ~( -)2 --L. xk -x 
2 n -1 k=l s = ----"--'------- (1) 

n 

Where xk are the single measures, x is the mean measure and n is the nurober of measures. 
The experimental test consisted in repeated measures taken on a standard adopting in 
repeatable conditions: measures have been taken as quickly as possible, by the same operator, 
in a controlled environrnent. By operating in this way it is possible to obtain results affected 
only by intrinsic variability of the measuring method. 
At least 20 measures must be taken in order to suppose normal the distribution in repeatable 
conditions on a standard of 200 mm made of rectified steel, between plane surfaces 
(measurement ofplane surfaces is the worst condition). 
From the measures the following values has been obtained: 

Mean: x = 0.200002 [m] 
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S · s 2 -- 1.996 ·10-14 [m] quare vananee: 

The result is: 

(2) 

The eomponent u2 has been obtained by repeating the repeatability test with two different 
operators and ealeulating the differenee between the largest and smallest mean. The value of 

the mean differenee !iX had been obtained. 

!iX = 2 [/-lm] 

Considering a reetangular distribution, where all the values have the same probability, and 
eonsidering the half-amplitude ofthe error, the uneertainty of operators, u2, beeomes: 

(3) 

The eomponent u3, due to temperature differenee, ean be estimated by using the following 
proeedure. The instrument is eonsidered at 20°C, and the maximum temperature differenee 
(evaluated during shop-floor tests and adopting operators proeedures), around 4°C, is supposed 
to be on the instrument, this ean be done beeause the thermal dilation eoeffieient is the same. 
The error et is: 

et= L20 • a · dt = 4.6 ·10-5 • L [m] (4) 

Where L20 is the length, in meters, ofthe standard at 20°C, a is the thermal dilation eoeffieient 
(11.5*10-6[m2°C]), and dt is temperature differenee, 4°C. 

Supposing a reetangular distribution, and eonsidering the half-amplitude of error, the 
uneertainty beeomes as follows: 

u3 = e~ = 1.33 ·10-5 • L [m] 
2v3 

(5) 

The ealibration uneertainty l4 has been estimated tobe 1.79*106+2.7*10-6*L [m], eonsidering 
a eover faetor of 2. To estimate the ealibration uneertainty, ealibration maehine uneertainty, 
standard uneertainty and temperature uneertainty had been eonsidered. In order to add l4 to 
uneertainty, it must be subdivided by eover faetor as follows: 

(6) 
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4.2 UNCERTAINTY COMPONENTS ADDITION 

The constant and the proportional components are calculated separately, every component is 
squared and the components are added in order to obtain the combination of the uncertainties. 
To obtain the square root ofthe result is then calculated. It had been obtained: 

u'(a) = 9.01·10-7 

u'(b) = 1.33 ·10-5 • L 

U' = 9.0 ·10-7 + 1.33 ·10-5 • L 

[m] 

(7) 

(8) 

(9) 

This expression is linearized and it is superimposed that the values of the linear and quadratic 
coincide with extremes of the micrometer measuring range, where: 

LI= minimum length = 0.175 [m] 
L2 = maximum length = 0.2 [m] 

Then, the 

We assume 1 as cover factor to obtain a confidence Ievel of 68.26%, extended uncertainty 
becomes as follows: 

U = 0.31 + 12.5L [f..Lm] and L is expressed in [m] 

5 CONCLUSION 

From the results, the micrometer uncertainties at the extremes on the measuring range are: 

L= 175 mm U=2.5 f..Lm 
L = 200 mm U = 2.8 f..Lm 

It had been established during the design phase of the uncertainty management system that 
uncertainties must be compared to design measures of the parts involved in measuring. 
Uncertainties must be at maximum 25% of the tolerance zone. Thus, for this micrometer, 
measurable Iimits of tolerance are: 
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L = 175 mm U mmrn *8 = 20.0 ).lffi equivalent to ISO IT6 
L = 200 mm U2oomm *8 = 22.4 J.lm equivalent to ISO IT6 

In this study, it was possible to determine a method to define the adequacy of a micrometer for 
a determined measure. This study is useful both for operators and productive process 
designers. 
Using the uncertainty estimation activity in the critical measure cases allows to use the 
instrumentation at best and determine the conformance of a product to the design tolerances. 
Uncertainty analysis on critical measures, related to normalized tolerance levels, have been 
indicated to designers, in order to make clear the measuring capabilities of Danieli & C. shop 
floors. This provided for the designers a new parameter for production cost estimation: 
tolerances above the measuring capabilities require investments, to improve the 
instrumentation or to investigate how to reduce the measure variability. 
It is possible to summarize the advantages acquired from the activity of uncertainty definition 
and instrumentation selection in three points: 

• The production process designer can use a precise criteria to choose the 
instrumentation, thus he can optimise the instrumentation management 

• It is possible to fumish to the customer a document on conformance of the measures 
• Uncertainty analysis is a fundamental parameter for production cost evaluation 
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ABSTRACT. Many microfabrication processes Iack the ability to structure wear resistant materials and to 
generate three dimensional geometries for small and medium Iot sizes. Micromilling is a promising ap
proach to overcome these Iimits of common microfabrication processes. In this paper it will be 
demonstrated that micromilling of steel with tungsten carbide tools shows good results if prerequisites 
regarding the tool and workpiece material structure and properties are fulfilled. For further miniaturization 
of structure details down to dimensions of 30-50 Jlm the diameters of the tools have to be reduced. This can 
no Ionger be dorre by grinding. In consequence new forceless processes like Iaser or ion beam machining 
are investigated. First results of structured end mills as weil as milled structures will be presented. 

1 MOTIVATION 

Since machining steel using single point diamond tools brings about substantial difficulties in 
terms oftool wear, the utilization ofultra-fine grain hard metal tools represents a promising alter
native for micro-cutting of steel [1, 2]. In the first step, we chose tungsten carbide end mills in 
order to manufacture steel microstructures. Micro injection molding as the main scope of applica
tion for micro-cutting imposes high demands on the surface quality- 0.5 11m Rz is desirable - and 
does not tolerate burr formation. Since commercially available micro cutting tools are mostly 
down-scaled from macroscopic cutting tools, we varied the tool geometry in order to identify 
suitable geometries for micro cutting. 

2 EXPERIMENTAL EQUIPMENT 

In order to obtain a tailored experimental equipment, a three axes micro-milling-machine has 
been designed, built, run-in and evaluated complementarily to the cutting experiments. The table 
ofthe machine is driven by AC servo motors connected to planetary thread screws with a machin
ing envelope of 400 mm by 150 mm by 220 mm. As milling spindle, mainly an ultra-high speed 
spindie by The Precise Corporation, rotated with 160,000 rpm is used. This kind of extremely 
high spindie rotation is essential in end-miHing with small tool diameters, because otherwise the 
cutting speed is insufficient. The high-speed spindie is equipped with hybrid ball bearings, i.e. 
steel bearings with ceramic balls, which provides for higher stiffuess compared to air bearings 
and therefore makes the spindie very suitable for the machining of hard materials like steel. The 
evaluation of the machine proved that the positioning error as well as the minimum step width is 
better than 1 11m [ 4]. 

Published in: E.Kuljanic (Ed.) Advanced Manufacturing Systems and Technology, 
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3 WORKPIECE MATERIALS 

Aside from hot-work tool steels like AISI Hll (X 38 CrMoV 5 I) and AISI Hl3 (X 40 CrMoV 5 
I) [6, 7], which were examined in earlier experiments, recently also AISI 02 (90 MnCrV 8) was 
machined in different heat treatment states. It represents an oil-hardening cold-work tool steel 
with particularly high wear resistance against abrasive wear and a comparatively good machi
nability at the same time. The main application is mold and die making for injection molding and 
even forming. Like in the earlier experiments, special attention was given to the heat treatment, so 
that the grain size and - particularly important with a higher content of carbon - the distribution 
of carbide grains is below 10 J.lm and as homogenous as possible. Material hardness after heat 
treatmentwas varied mostly between 57 HRC and 64 HRC. 

4 CAPABILITY OF COMMERCIAL TOOLS 

With commercially available end milling tools, micro structures in hardened tool steel can be 
manufactured with an accuracy ofbetter than 0.01 mm and a surface quality better than 0.3 J.lm 
Rz in less than an hours machining time (e.g. Figure 1). 

FIGURE I. Steel mold cavity (53 HRC) for micro gear (1.) and detail ofmilled edge (r.) 

Suitable process parameters, strategy and tool geometry provided, little or no burr formation 
occurs. One of the major drawbacks is that concave structures cannot be machined smaller than 
0.1 mm due to the available tool diameters. 

5 MANUFACTURING METHODS 

The common manufacturing method for tungsten carbide cutting tools is grinding using diamond. 
With grinding wheels of micrometer-size diamond grain quality available, minute structuring of 
the tool geometry down to diameter 0.1 mm has become possible and is being marketed compara
tively successfully. Due to the grinding forces and vibrations, though, the yield is dissatisfying. In 
order to obtain tools of even smaller diameter and also taylor-made geometry, tool manufacturing 
methods other than grinding were employed, namely Iaser machining and focused ion beam (FIB) 
milling. 
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FIGURE 2. Ion milled two fluted end mill (1.) and detail ofmanufacturing sample (r.) 

As has been previously proven [3, 4], ion milling is a suitable method to obtain minute cutting 
tools made of high speed steel and even tungsten carbide. As can be seen in Figure 2, ion milled 
end milling tools made of tungsten carbide hard metal are in principle eligible for machining steel. 
In this case, the material hardness was below 30 HRC, though. The manufacturing results are still 
dissatisfying regarding the extreme burr formation. With commercial micro end mills this is only 
met when applying unsuitable process parameters like insufficient feed rate, or with wom cutting 
edges. Aside from the influence of the comparatively soft material state, the latter probably ap
plies in this case, since no tool coating was applied here. 

6 VARIATION OF GEOMETRY 

As was established earlier [7], single flute end milling tools appear more reasonable for very 
small tool diameters due to the disproportionateness of added up roundness errors of the tool, 
spindle, clamping etc. Therefore, both by FIB and Iaser machining, single flute end mills were 
manufactured. While for the laser-machined tool a simple engraving tool geometry was chosen, 
the FIB-machined tool was fumished with a rather intricate geometry providing for a better stabil
ity. The formerwas machined with a LaserplussAG UV -Iaser source of I W at 256 nm, while the 
latter was machined with Au-ions at 35 keV, a current density of 1.2 A I cm2 and a spot size of 
--0.3 llm. 

FIGURE 3. Laser machined single fluted end milling tool 
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As can be seen from the images in Figure 3, the surface quality of the Iaser machined tool still 
requires massive process optimization, whereas the FIB-machined tools are suitable for cutting 
experiments. The elaborate pre-machining preparations necessary with the currently used FIB
equipment, however, do not allow for statistically based experiments but rather for a mere inves
tigation of feasibility. 

FIGURE 4. Ion milled single fluted tungsten carbide end mill 

Since the FIB equipment currently used in this research is designed to control material removal in 
a slitting manner rather than in an excavating manner, the manufacturing of a geometry as pre
sented in figure 4 is far more challenging than the one presented in Figure 2 and 3. By initial 
cutting experiments the fundamental ability of such type of cutting tool was established. Burr 
formation, though, was exceedingly strong with im average burr height of more than I 0 J.lm. Fu
ture optimization is focused on burr reduction , which will be pursued through application of a 
higher rake angle and eventually through application of a sharper cutting edge using a different 
tool material. 

7 VARIATION OF TOOL MATERIAL AND IMPROVEMENT OF CUTTING 
EDGE 

Since both surface quality and - through influence on the cutting forces - the wear life of the tool 
strongly depend on the micro geometry of the cutting edge, care should be taken to its formation. 
An extremely sharp and at the same time durable edge is desirable. Depending on the grain size, 
tungsten carbide tools are in this respect limited to a minimum cutting edge roundness of 2 - 5 
11m. Exceeding this Iimitation is only feasible by variation of the tool material. While single crys
tal cubic boron nitride is hardly available in grain sizes suitable for single point cutting tools, in 
this research artificial sapphire was used to obtain a sharper cutting edge. 
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FIGURE 5. Artificial sapphire tool 

Judging from SEM images ( e.g. Figure 5), the edge appears comparable to single crystal diamond 
tools. Preliminary cutting experiments on face-tuming of 02 tool steel (90 MnCrV 8) of 58 HRC 
have been successful. The persistance of the tool material in discontinuous cutting is yet to be 
assured. 

8 CONCLUSIONS AND OUTLOOK 

With the preliminary cutting experiments with end mills of about. 50 f.Lm diameter and complex 
geometry having been successful, the next step will be the optimization of the tool geometry in 
order to obtain less burr formation. Further, PVD-coating for an economically reasonable tool 
wear life appears essential. Long ranged research has to focus on the evaluation of the feasibility 
of transferring the initial results in facing of tool steel using artificial sapphire towards micro end 
milling. The major task in ion milling of tungsten carbide tools lies in the optimization of the 
machining time, since the presently needed time of several hours is hampering any thought of 
commercialization. The currently upgraded ion milling facility in Rossendorf is planned to meet 
this demand. The Iaser machining process is currently falling back in terrns of surface quality of 
the cutting tool and still needs substantial optimization efforts in this respect. 

Since three years now the 3-axis machine tool has been a useful experimental equipment compar
ing to other conventional machine tools, although in terms of machining accuracy and particularly 
in the dynamic behavior of the x/y-table it lies by a factor 10 below the performance of commer
cially available ultra-precision machine tools. Future work, especially with tools of diameters 
below 0.1 mm or extremely brittle tool materials will be carried out on a Kugler ultra-precision 
milling center. This justifies a future hope for better tool wear life due to the enhanced smooth
ness in machine table motion. 
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ABSTRACT: This paper analyses a methodology that may be followed for the practical design of the 
structural elements that compose a numeric-control machining centre, using a FEM (Finite Element 
Method) calculations. Detailed calculations are presented in the case of an important part of a machine 
tool such as the spindle-head holder. 

1 THEORETICAL BASIS 

The basic principle of FEM applied to continuous bodies consists in the fact that a structure 
with infinite unknown terms can be considered as a set of structural elements, connected at a 
discrete nurober of nodes and therefore with a finite nurober of unknown terms. If the 
relationship force-displacement of the single element is known, it is possible to determine its 
properties and analyse the behaviour of the assembled structure. The hypothesis is made that 
fictitious forces, that represent the distributed stresses that in reality are present in the structure, 
weigh upon the nodes. If this idealisation is allowed, the problern is reduced to the one of a 
conventional structure and then suitable for a numeric solution. 
The Finite Element Method applied to continuous bodies is characterised by a series of 
essential steps: 
1) The continuum (any part of the tooling machine that has to be analysed) is divided in 
imaginary (tetragonal) solid elements called finite elements; 
2) The assumption is made that elements are connected among themselves at a discrete nurober 
of nodal points on their border. The displacements of these nodal points are the basic unknown 
quantities ofthe problem; 
3) A set of functions is chosen in order to define univocally the displacements within each 
finite element, in terms of displacements at the nodes. 
4) Such functions univocally defme the strain status of each element. These strains, together 
with an eventual initial strain and the constitutive properties of the material, define the stress 
condition. 
5) A system of forces is determined. These forces are concentrated at the nodes and equilibrate 
the forces at the contours and the distributed loads. The result is an equation of the following 
type: 
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where [k Y {b' Y represent the forces related to the node displacements, {F }~ represents the 

nodal forces required to balance the distributed Ioads on the element; {F}: the nodal forces 

required to equilibrate the initial strain. 
At this point the displacement function is defined in order to determine the deformation of a 
solid object subjected to extemal forces. For simplicity the analysis of a surface element can be 
considered, neglecting the three dimensional aspect (tetragonal solid elements) that represents 
only an extension of the above mentioned equations. A typical element is defined by the nodes 
i, j, m, etc. and by contour straight lines. The displacements for every intemal point of the 
elementare defined by the vector {f (x,y)}: 

ßi 

ßi 

{f} = [NK8Y =[Ni, Nj,NI!L , .. .]. 8111 (2) 

where the components of [N] are in general function of the position and {b' }e represents a Iist of 

nodal displacements for a particular element. 
In plane stress Figure 1 represents the horizontal and vertical (two-dimensional) movements of 
a typical point intemal to an element. 

y 

~---------------------------.x 

FIGURE I. Plane stress region divided in finite elements. 
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The following vector represents the corresponding displacements of the nodes 

(3) 

The strain can be determined for all points internal to the element starting from the known 
displacements, by means of an equation that in matricial form is: 

(4) 

In the case of plain stress the interesting strains are those in the plane and are defined in terms 
ofthe displacements by the well known equations: 

& 

{e)={;;}= 
& 
a, 

(5) -
8j 

& a, 
- + -
8j & 

In general, the material comprehended in the elements can be subjected to internal strains like 
those due to temperature variations, contractions, crystal growth and so on. lf such strains are 
indicated as zero-point, then the stresses will be calculated from the difference between 
effective strain and initial strain. 
These stresses can be simply added to the general defmition, so that, assuming a general elastic 
behaviour, the relationship between stress and strain will be linear and of the following type: 

where [D] is an elasticity matrix containing the suitable properties ofthe material. 
About equivalent nodal forces, accepted that 

(6) 

(7) 

defines the nodal forces that are statically equivalent to the stress at the contours and to the 
loads distributed on the element, each one ofthe forces {Fi} must have the same components 
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nurober of the corresponding nodal displacements {i} and must be directed in the suitable 
corresponding direction. 
The distributed Ioads {p} are defined as those acting on the volume unit of material internal to 
the element in the directions corresponding to those ofthe displacements{f} in that point. 
In the particular case of plane stress the nodal forces are: 

{F,) = {~:} (8) 

with the components U and V corresponding to the directions of the displacements u and v, 
while the distributed Ioad is: 

(9) 

where X and Y are the components of the body force, i.e. the gravity. 
To accomplish the fact that nodal forces have tobe statically equivalent to the real stresses at 
the border. and to the distributed Ioads, the siruplest procedure is to impose arbitrary nodal 
(virtual) displacements and to equalise the internal work to the external work done by the 
different forces and by stresses during the deformation. 

d{8Y are the virtual displacements at the nodes that generate the following displacements 

and strains in the inner of the element: 

d{f} = [N)d{5}" (10) 

and 

d{s} = [B ]d{5Y (11) 

2 INDUSTRIAL APPLICATION 

We can apply the above mentioned theory to tooling machines: in machining centres the main 
constitutive elements are designed in function of the manufacturing processes that the 
machining centre itself is capable to carry out. One of the most delicate parts of a machine tool 
is the spindle-head holder: this essential element is subjected both to its own weight and to 
external forces. These are due to all the elements that make part of the head and to machining 
forces ( drilling, milling). The design of the head requires particular care because it must be 
done in such a way that the yielding it suffers during mechanical machining is confined in the 
material's elastic range and moreover respects the value Iimits imposed by fmn's specifications 
[3].These requirements ensure the suitable precision in the operations that the machine will 
carry out. The first step is to establish machine's limits, intended as the maximum values ofthe 
cutting parameters that can be sustained, in order to choose the size of the engine that has to be 
applied to the spindle. Then a frrst approximated model can be developed using 3D CAD 
software. 
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For example we can consider one of the machines built by the firm Famup, in particular the 
head of the MMV200/80 model. 

FIGURE 2. MMV200/80 head. FIGURE 3. Mesh ofMMV200/80 head. 

Fig.2 represents the starting model for the first FEM analysis. The material used to build the 
head is cast-iron G25 (p = 7250 Kg/m3). 

The initial phase of the finite element analysis consists in the discretisation of the solid body as 
previously described: the software automatically generates a mesh [5]. The mesh is constituted 
by tetragonal elements and the total number of nodes is 125130, while the number of elements 
is 83362. In Fig.3 the mesh ofthe model is shown. 

For a correct analysis attention must be paid to the constraints and to the Ioads applied to the 
structure, since this allows the comparison of results in case of analysis with different models. 
Fig. 4 shows how the constraints are applied. 

FIGURE 4. Constraints for MMV200/80 head. FIGURE 5. Externat forces for MMV200/80 head. 
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The structure has been constraint on the linear guideway and on the stock rolled ballscrews. 
In the case ofthe head, the constraints tobe applied are the following 
1) Sliding blocks: the displacement along X axis and Y axis is blocked 
2) Stock rolled ballscrew: the displacement along the Z axis is blocked 

In Fig. 5 the Ioad set is introduced: the forces that have to be applied are divided in two 
categories: 
1) One is related with the extemalloads: the so called extemal forces, i.e. the weight P, the 

force due to the electrospindle and the protection carter (Pt)and the head balancing system 
(BILl, BIL2) 

2) The other one is related to the machining forces: drilling and milling. 
The forces shown in Fig.6 refer to the tooling operation 
1) Drilling: F(Z) represents the force of the tool in the feeding direction; 
2) Milling: F(X) and F(Y) represent the cutting force, relative to both positive and negative 

sense of each axis. 
After all data have been introduced in the finite element code, the analysis of the head can be 
carried out for different Ioad conditions, which can be summarised as follows: Static condition; 
Drilling; Milling +X; Milling -X; Milling + Y; Milling - Y 

:V X F()}"t ~X) 
F(Z) 

FIGURE 6. Machining forces for MMV200/80 head. 
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3 RESULTS 

The following are the results obtained from FEM analysis. 

Ul 
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FIGURE 7. Yielding in Z direction in static conditions. 

Fig. 7 shows the yielding of the structure in Z direction in the static condition. The same 
representation can be obtained for the other loading conditions listed above (omitted for 
conciseness). As from a first analysis the yielding of the structure is too large, thus an 
optimisation procedure is required.With "optimisation" we intend a redefinition of the 
geometry of the structure, in order to redistribute the material in strategic points with 
consequent decrease of the weight. In fact, if the structure is lighter, less material is required 
for the construction and therefore less power is required at the engine to move the masses. The 
investigation of the regions to lighten is not a random process: it is confirrned by the FEM 
analysis, so that after successive iterations the geometry of Fig. 8 is obtained. 

FIGURE 8. Finalmodel ofthe head. 
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W e can state that a study conceming the weight reduction of the structure has led to the 
following conclusion: a 25% decrease with respect to the initial weight has been achieved, with 
consequent reduction ofthe yielding, that is now within the Iimits offirm's specifications. 
The results ofthe FEM analysis ofthe new model are shown in Fig. 9: 

u.z .. ......, 
.41Re-t:m ,,.,..".. 
... 7t7e..OO) 
-9A>0o403 

FIGURE 9. Yielding in Z direction in static condition. 

lt represents the displacements in the Z-direction in static conditions. The obtained values Iead 
to the conclusion that the head has been optimised following correct criterion, respecting firm's 
specifications. Beside the structural study, a vibration analysis of the head should be carried 
out in order to determine the vibration modes of the structure. 

4 CONCLUSIONS 
This work reports about a methodology which has been followed by the firm F AMUP 
Machining Center. lt must be considered essential for the correct design of any component of a 
tooling machine. The fundamental points of this study can be summarised in the following 
scheme: Identification of the data required for the project; Definition of the geometry of the 
model; FEM analysis of the structure; Optimisation procedure; FEM final analysis This 
operations sequence Ieads to the following conclusions: the starting point of a study is given by 
firm's specifications, that are necessary to give meaning to the FEM analysis. Indeed these 
specifications impose the maximal values of the structural yielding that can occur in a 
component of the tooling machine in the different working conditions and represent the 
reference that must be considered for the evaluation of the results. This allows advancing from 
a mathematical solid model to a real one without the necessity of a real experimental phase. In 
conclusion it can be stated that the FEM analysis represents a fundamental technological 
innovation in the field of structural design, because it allows to reduce time and costs, which 
are very important parameters in a global market as the present one, characterised by high 
competitiveness. 
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