Keynote Papers

Keynote Papers

Presented at the Scientific Technical Committee
Paper Discussion Sessions

Present Situation and Future Trends in Modelling of Machining Operations
Progress Report of the CIRP Working Group ‘Modelling of Machining Operations’

C.A.van Luttervelt — TU Delft; T.H.C. Childs - U Leeds; I.S. Jawahir - U Kentucky; F. Klocke - RWTH Aachen;
P.K.Venuvinod - City U Hong Kong
With contributions from: Y. Altintas — U British Columbia; E. Armarego - U Melbourne; D. Dornfeld - U Berkeley;
|.Grabec - U Ljubljana; J. Leopold - GFE Chemnitz; B. Lindstrom - KTH Stockholm:; D. Lucca — Oklahoma State U;
T. Obikawa - Tokyo IT; Shirakashi - Denki U; H. Sato - Chuo U

Abstract

In 1995 CIRP STC “Cutting" started a working group “Modelling of Machining Operations” with the aim of stimulating
the development of models capable of predicting quantitatively the performance of metal cutting operations which
will be better adapted to the needs of the metal cutting industry in the future. This paper has the character of a pro-
gress report. !t presents the aims of the working group and the results obtained up to now, The aim is not to review
extensively what has been done in the past. It is basically a critical assessment of the present state-of-the-art of the
wide and complex field of modelling and simulation of metal cutting operations based on information obtained from
the members of the working group, from consultation in industry, study of relevant literature and discussions at
meetings of the working group whit the aim to stimulate and pilot future developments. For this purpose much at-

tention is given to a discussion of desirable and possible future developments and planned new aclivities.

keywords: cutting, modelling, co-operative work

1. The CIRP working group "Modelling of Machi-
ning Operations”

Manufacturing in the future will require much more
powerful strategies for control of processes in a highly
automated manufacturing environment. Effective utili-
sation of the newest manufacturing equipment de-
pends heavily on applications of information technolo-
gy. Accurate predictions of the results of manufactu-
ring operations are required. This includes prediction
of the accuracy of shape and dimensions and the
surface roughness and properties of the subsurface
layer of the parts produced, the machining times re-
quired and the costs of the operation. The amount of
scrap should be minimised. Existing methods for con-
trol of manufacturing operations mainly based on the
craftsmanship of the machinists are becoming obso-
lete and have to be replaced by science-based me-
thods. These are the main reasons for the develop-
ment and introduction of Computer Aided Process
Planning or CAPP-systems to support process plan-
ning in the low volume, high variety production of high
quality goods with tight tolerances by a large variety of
machining operations [EIMa 93]. Those CAPP-
systems require reliable models and simulation me-
thods of all involved manufacturing processes. This is
extremely difficult to achieve for metal cutting operati-
ons due to the great number of different machining
operations each with its only partially understood rela-
tions between input and output variables. No research
institute in the world can hope to develop the final
solution on its own. Only a concentrated effort of ma-
ny researchers working closely together can hope to

achieve significant progress.

During this century a wealth of knowledge in metal
cutting has been obtained through scientific research
in many laboratories scattered all over the world that
is documented in thousands of publications of all
kinds. Unfortunately much of this knowledge can not
be used by computers because it is not properly for-
malised, does not cover recent developments in metal
cutting technology or is not even known outside a
small circle of experts. Nobody has a complete over-
view of what knowledge is available for practical ap-
plications in industry. Even for those few cases for
which models are known to technicians in the work-
shop these can not be used due to lack of reliable
numerical data or the models are misused because
the boundaries of the application area are not known
well enough.

During the meeting of CIRP STC "Cutting” in January
1995 it was realised that a speedy and significant leap
forward in the field of modelling and simulation of
metal cutting operations by a co-operative action is
required. Following a proposal by Professor B. Lind-
strom (KTH Stockholm), the president at that time, a
special working group was formed. Professor C.A. van
Luttervelt (TU Delft) was elected chairman of this wor-
king group "Modelling of machining operations”.

The mission of the working group "Modelling of Machi-

ning Operations" was defined as:

1 to promote the development of models of chip
removal operations by defined cutting edges with
the aim of quantitatively predicting the performan-
ce of such operations.

2 to promote the use of such models in industry



Three subgroups were formed to deal with certain

aspects in more detail. Much information was collec-

ted by the leaders of those subgroups and by the se-

cretary:

1 Professor F. Klocke (TH Aachen), subgroup "ap-
plications of models"

2 Professor 1.S. Jawahir (U Kentucky), subgroup
“fundamentals of modelling"

3 Professor T.H.C. Childs (U Leeds), subgroup
“computational mechanics”

4 Professor Patri K. Venuvinod (City U Hong Kong),
secretary and organiser of a literature database

The working group started its activities following the
pattern of earlier similar projects within STC "Cutting"
notably those of the working group "chip control” [Ja-
wa 93, Lutt 93) and the working group “monitoring of
metal cutting operations” [Byrn 95, Anom 95]. Over 60
researchers and R&D engineers took part in the acti-
vities of the working group. Most of them are members
of CIRP, but from the beginning, other researchers on
modelling of machining operations were invited to
participate [Lutt 97] and

some "outsiders" gave valuable contributions. During
the entire existence of the working group, discussions
on the aims and the ways how to proceed took place.
This gave rise to many discussion papers such as
[Arma 95] and a number of internal progress reports
by the chairman and by the leaders of the subgroups
which were mainly intended to steer the activities in a
certain direction. This keynote paper, which is in fact
the first external progress report, reflects the major
results of the activities thusfar.

The working group organised the "CIRP International
Workshop on Modelling of Machining Operations” on
19 May 1998 in Atlanta, USA where several important
topics, including a preliminary version of this report
were discussed with an audience of nearly 80 partici-
pants.

2. Classification of models and unified termino-
logy

The field of modelling of machining operations is ex-
tremely large. Models may be required for different
purposes. There are many different machining opera-
tions. For each operation, different aspects can be
modelled and many different techniques for modelling
can be used. Consequently there exists a wide variety
of models dealing in one way or another with machi-
ning operations. Also there are many different opini-
ons on various aspects of modelling.

In order to establish a good understanding a unified
classification of models was developed. Models are
classified according to six characteristics: type of ope-
ration, aspect, element, modelling technique, nature
and capability.

Concerning the terminology, the working group adhe-
res to the usual rules in CIRP: ISO terminology is
used whenever possible. In the case of machining this
concerns in the first place 1SO 3002 "Basic quantities

in cutting and grinding”. Additional terminology can be
found in the CIRP Unified Terminology. Work on spe-
cial unified terminology in relation to modelling is still
in its infancy and is not worth reporting here.

The working group decided to focus on operation
models able to predict quantitatively all the tech-
nical performance measures for operations be-
longing to turning, milling and holemaking i.e.
chip types and chip forms, cutting forces, toolda-
mage and toollife, surface roughness and integrity
and workpiece precision.

However the main effort will be the rather unexplo-
red field of prediction of workpiece precision which
is of high practical importance and which requires
the development of a suitable set of models of the
whole machining system. Machining system mo-
dels should be constructed by using suitable mo-
dels for each of the relevant elements.

3. Fundamental Aspects of Modelling
3.1 Introduction

The primary objective of modelling of machining ope-
rations is to develop a predictive capability for machi-
ning performance in order to facilitate effective plan-
ning of machining operations to achieve optimum pro-
ductivity, quality and cost.

Machining performance can be divided into two cate-

gories:

a technical aspects such as accuracy of shape and
dimensions and surface roughness and properties
of the subsurface layer of the workpiece

b commercial aspects, useful for management such
as machining time and cost, throughput time, the
fraction of rejects, etc.

Difficulties in modelling machining processes are lar-

gely attributed to two main factors:

a Lack of fundamental understanding of the basic
mechanisms and the interactions of cutting tool
and work material even in the most simple case of
orthogonal cutting with a single straight cutting
edge without corner radius or inclination angle
and a straight primary motion.

b The different purposes and the great variety and
complexity of real machining operations

While significant effort has been made towards under-
standing the complex interactions in the basic mecha-
nism, the validity and completeness of such models
and the means of transforming these models into
practical models for the much more complex practical
machining operations remain highly questionable.
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Fig.1 Predictive models for machining operations for
practical applications.

A vast majority of past efforts deals with developing
analytical models with very limited experimental vali-
dation of the models under only a few selected cutting
conditions, tool geometries and work materials. Quan-
titative analysis of such models seems to suffer from
the lack of adequately acceptable methodologies for
applications under a wide range of conditions.

Moreover, the inaccuracies involved in the use of the
thermal and mechanical property variations of the
work and tool materials at high cutting temperatures
characterised by large strains and strain-rates are
compounded by the limitations of the modelling tech-
niques. The same kind of limitations occur also with
the newer numerical and computational models and
even with Al-based models.

Analytical, numerical and Al-based methods are
among the most commonly used techniques for pre-
dictive modelling which has the need for experimental
validation. In recent years, significant activities are
being reported on establishing combinations of these
methods and other less-commonly used methods
such as probabilistic/stochastic modelling. This leads
to the development of hybrid modelling technigues by
using combinations of these methods.

Predictive modelling for machining operations for

practical applications would consist of two phases:

(fig 1):

Phase 1:The development of models for machining
variables; and

Phase 2:The development of models of machining
performance.

In the actual application a third phase may follow in

order to determine optimal conditions.

According to the defined task a proper set of generic
models is selected. These are then “filled” with the
appropriate set of data for the case at hand.

Typical input conditions include cutting conditions, tool
geometry, chip-groove parameters, tool and work
material properties, machine tool dynamics, etc.

In the opinion of scientists today the output should be
produced in two stages:

In stage 1, some basic phenomena in the chip forma-
tion process such as the stresses, strains, strain-
rates, temperatures, friction, tool-chip contact length,
chip flow, etc. are predicted.

In stage 2, one or more of the common machining
performance measures such as, cutting forces, tor-
que, power, tool-wear/tool-life, chip-form/chip breaka-
bility, surface roughness/integrity and part accuracy,
relevant for the case at hand, are predicted.

The major challenge in this two stage predictive mo-
delling is the transformation of the outputs from stage
1 to stage 2. A vast majority of the research groups
continue to develop newer and newer models for im-
proving the outputs of stage 1. Here the modelling is
very much restricted to simple orthogonal cutting.



Stage 2 requires the development of predictive capa-
bility for machining performance measures in operati-
ons such as turning, milling, drilling, etc., which brings
in complexities.

3.2 Purposes of modelling of machining operati-
ons and two different schools of modelling

3.2.1 Purposes of modelling

There are many different reasons why models of me-
tal cutting operations may be required. The most well
known examples are:

design of processes

optimisation of processes

control of processes

simulation of processes

design of equipment

(&~ ¥ IV

For design or planning of processes,in principle,
only rather simple models would be needed to enable
the selection of the proper type of operation (turning,
face milling, end milling etc.), the type and main di-
mensions of the cutting tool and the class of toolmate-
rial (e.g. carbide end mill 10 mm dia for high speed
milling of hardened steel). However a major point of
concern will be whether the intended operation can
actually be performed without disturbances. To ans-
wer this question it is necessary to investigate the
boundary conditions for safe machining. This would
require a degree of finesse of modelling which is usu-
ally not possible at this state. The best available "mo-
dels" at this state are certain rules, e.g. on the stiff-
ness in order to prevent too large deflections and vi-
brations.

For the purpose of optimisation of processes more
complicated models are required. Some of those mo-
dels take only technical aspects into account (e.g. a
model to calculate the maximum feed for an allowable
value of the cutting force). Some other well known
models alsa consider economical aspects (e.g. to
calculate the economical cutting speed).

The purpose of control of processes has not attrac-
ted much attention in the application of models for
metal cutting operations. This is strange since better
use of appropriate models could help by decreasing
scatter of results of machining operations significantly
and thus prevent rejects. If the effects of the input
variables could be predicted with better accuracy it
should in principle be clear what tolerances on the
input variables should be maintained if certain tole-
rances on the output variables are required. This ap-
proach has seldom been used in metal cutting.
Simulation of machining processes is stil in its
infancy. Recently the finite element method is used for
simulation by computer of the basic chip formation
process but it is still a long way before we will be able
to simulate practical machining operations with an
acceptable degree of accuracy and reliability and an
acceptable amount of effort for daily use.

Relatively good use has been made of models for the
purpose of design of equipment. There are sufficient
simple models to estimate expected values of cutting
forces, torque, power and spindle speeds needed to
specify machine-tools for certain operations to be
performed on a given workmaterial. There are even
models available to study the elastic and thermal de-
formations and the dynamic behaviour of machine-
tools.

Models required for the design of jigs and fixtures and
cutting tools are much less well developed.

Batch level

Part level Macra level

g>.;_

Setup {operafion) level

%

Manufacturing feature level

-
23

Operafion step le Micro level

5

Pass level

Fig 2. Levels of abstraction of machining operations.

One can consider machining operations at the six
levels of abstraction indicated in fig. 2 [Jasp 95]. The
planning of each level requires its special activities
and thus appropriate models.

At the batch level, information about a batch of parts
is dealt with. Relevant information includes the num-
ber of parts to be produced, all operations to be per-
formed, required machining time, cutting tools, fixtures
etc.

At the part level, all information required to machine
one specific part is considered. Relevant information
includes type of workmaterial, shape of raw material,
sequence of setups to be performed, etc.

At the setup level, the number of operations to be
carried out on one part while it is retained in its fixture
is considered. Relevant information includes the se-
quence of operations to be performed and for instance
the minimization of the number of the required tools
may become important.

At the operation step level (operation steps are unit
operations such as centring, drilling, reaming, tapping
etc.), the details of each operation are defined. Rele-
vant information includes the specification of the cut-
ting tool and the number of passes by each tool. Often
the sequence of operations on each specific shape
element of the workpiece has to be considered.

At the pass level (a pass is one uninterrupted tool
movement through the workpiece material), the kine-



matical quantities depth of cut, cutting speed, feed
have to be selected.

Up to now the working group considered only model-
ling at the operation step and pass level. Models to
support decision making at higher levels will not be
dealt with in this progress report. These levels should
be considered later. Suitable models for the lower
levels form a good basis for modelling of the higher
levels.

It should be realised that the techniques for simulation
sometimes applied at the higher levels for the purpose
of plant layout or production planning are completely
different from those addressed in this report.

When developing new models it is useful to keep the
various purposes and levels in mind and to make the
models as simple as possible for the intended purpo-
se. The CIRP working group will attempt to "construct”
a "house of models" consisting of separate building
blocks but with an efficient flow of information bet-
ween the blocks. Modern developments in information
technology e.g. those pursued by ISO/TC184 Factory
Automation should be taken into account.

3.2.2 Confrontation of two different traditional
schools in modelling of machining: science and
engineering

Two basically different schools in the field of modelling
of machining operations can be distinguished:

1 Modelling as an engineering necessity

2 Modelling as a scientific challenge

Taylor [Tayl 02], the earliest well known name in the
field of modelling of machining operations.He aimed to
provide as simple as possible guidelines for use in the
daily life of machine shops. His guidelines were based
on engineering practice and were supported by sys-
tematic experimentation in the machine shop. Some of
these guidelines could be presented in the form of
mathematical expressions like the well known Taylor
formula which relates tool life to cutting speed in tur-
ning of carbon steel with high speed steel tools. Later
this formula proved to be extremely versatile. It could
be adapted to many other combinations of one opera-
tion, one workmaterial and one tool material and even
the effect of other variables could be included. His
train of thought was followed by many industry orien-
ted research organisations.

Merchant [Merc 45] took modelling of metal cutting as
a scientific challenge. He started from the basic me-
chanism of chip formation. He was the "father of the
shear plane theory". He pointed to the importance of
studying the behaviour of the workmaterial and friction
between tool and chip. Also this school of thoughts
got many followers, this time mainly in universities.
They focused mainly on the very simple basic quasi
static cutting process.

One of the important questions in this area of re-
search is the position of the shear plane, which is an
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abstraction of the zone of transition between workpie-
ce and chip. At present, more than fifty shear angle
relationships are known and none is really satisfying.
Later it became clear that in fact a shear zone of cer-
tain dimensions should be studied. Different techni-
ques, known from plasticity of materials were applied
for this purpose. There are hundreds of publications in
this field, among which are several books, Among the
authors are several well known members of CIRP.
One of the latest is P.L.B. Oxley's book "MECHANICS
OF MACHINING, An Analytical Approach to Asses-
sing Machinability" of 1989 [Oxle 89].

3.2.3 Classical schools unable to serve industry
None of the two classical schools could serve the
needs of industry in a satisfactory manner. Reasons
for this are:

1 The "engineering school" was never able to pre-
dict the influence of work material or tool material
on the values of the constants in the empirical
equations.

2 The "scientific school" was never able to predict
what type of chip formation would occur at speci-
fied conditions or even in the case of a continuous
type of chip formation process; also they were ne-
ver able to predict the actual behaviour in the chip
formation zone accurately enough.

3 The "scientific school" could never bridge the gap
between the simplified fundamental case studied
and actual three-dimensional cutting operations
nor could the “engineering school" bridge the gap
between pure empirical and fundamental scientific
quantities.

4 The fast introduction of new tool materials and
new tool designs, including indexable inserts with
chip forming geometries which cause new phe-
nomena, which were unknown before.

5 The introduction of an ever widening spectrum of
work materials including refractory materials and
hardened steels with similar effects.

6 The introduction of new machining methods such
as circular milling, high speed machining, dry ma-
chining, which bring in new problems needed to
be addressed but in which knowledge obtained
earlier did not apply.

7 The shifting interests of the metal cutting industry;
in many cases workpiece accuracy and surface
quality became more important than tool wear and
cutting force. Later, protection of workers health
and environment were added.

In the early days of metal cutting, tool wear was the
predominant mode of tool damage, which was initially
considered to be mainly a mechanical process gover-
ned by the dependence of the influence of temperatu-
re on the ratio of hardness of the tool to hardness of
the workmaterial and the influence of cutting conditi-
ons on the local temperature at tool faces. The deter-
mination of the optimal cutting speed on the basis of a
techno-economical optimisation process later became
a point of major concern.



With increasing capabilities of the cutting tools the
capabilities of the machine-tools became of concern
and the attention shifted to the prediction of the main
cutting force and the related cutting torque and power.
In this era several well known models for the predicti-
on of the cutting force were developed. Here a diffe-
rence between the "European school” and the "Ameri-
can industrial school" can be detected. In Europe, the
specific cutting force method became the standard.
The concept was originally developed by Kienzle. In
an overview paper Victor reviewed and compared the
results obtained by a number of researchers and
brought these into a common framework [Vict 71]. In
the American industrial school, the unit material remo-
val rate per horsepower became the standard for the
calculations. It can be shown that the specific cutting
force and the material removal rate per horsepower
are reciprocal values neglecting some constant which
originates from the different systems of units used.
So, in principle those two schools are very similar. In
contrast was the "American scientific school". Their
method of calculation was based on the rather accu-
rate assumption of a constant value for the shear
stress in the shear zone to be determined experi-
mentally for each workmaterial and a prediction of the
area of the shear surface. Consequently, there was
much greater need to predict the shear angle in the
USA than in Europe. Therefore, the majority of shear
angle relations are of American origin.

The point of major concern today in the majority of
cutting operations is to predict the resultant accuracy
and surface characteristics of the workpiece. Especi-
ally in small batch manufacturing of precision parts, it
is desirable to be able to select the machining me-
thods, the cutting tools and the cutting conditions in
such a way that a very high level of certainty that a
workpiece that meets all ever more rigid accuracy
requirements is produced. This shift in attention cau-
ses two fundamental changes in the requirements of
modelling of metal cutting:

a the dynamic character of the chip formation pro-

cess becomes important
b the error motions become important

For the purpose of modelling of the action of chip for-
mation, the chip types, chip forms and chip disposal,
cutting forces and tool wear, it was sufficient to consi-
der only the interaction of the cutting tool with the
workpiece caused by the ideal relative motions provi-
ded by the machine-tool neglecting all error motions
and even in this case the workpiece-tool interaction
had to be simplified very much. In all models for tool
wear and cutting force, and even in models for the
prediction of chip shapes, the true mechanism of chip
formation was neglected. Even today no reliable mo-
del is available to predict the chip type.

When surface integrity is of importance, it is essential
to be able to predict which mechanism of chip forma-
tion, as signalled by the chip type, will occur. Conse-

quently, the least that is required is to be able to pre-

dict under what conditions the following chip types will

be produced:

a quasi static continuous chips

b continuous chip with built up edge

¢ segmented chips in which the chip consists of
strongly connected segments caused by a fluctu-
ating shearing process

d wavy chips, semi-continuous chips in which the
thickness of the chip varies periodically

e elemental chips in which the subsequent frag-
ments are not connected at all or in which the
connection is very fragile

It would be desirable that more details could be pre-
dicted such as the thickness of the chip, the frequency
of the periodical variations of the chip formation pro-
cess and especially the magnitudes of the cyclic vari-
ations of the cutting force components caused by tho-
se dynamic chip formation processes.

When the accuracy and surface roughness of the
workpiece are considered, the error motions are im-
portant which means that the machine-tool and all
other elements that determine the mechanical and
thermal behaviour of the machining system should be
included in some way in the model of the cutting ope-
ration. Here only partial solutions are proposed for
certain aspects, but up to now, these could not be
brought into a common framework.

A special problem domain is the prediction of chatter
since this is caused by the mutual interaction of the
dynamic properties of the mechanical system and the
self-excitation by the cutting process.

Tool life is still a limiting factor even today in a great
number of cases but the reason is often quite different
from that in the past. New modes of tool damage have
become predominant. One is tool fracture which is
related to the more frequent use of modern hard and
brittle tool materials. Here the traditional deterministic
empirical models for tool wear, mainly based on the
predominant effect of temperature do not apply. The
brittle modes of tool failure are of a completely diffe-
rent nature. Other effects should be taken into ac-
count and the stochastic nature should be reflected in
the model.

However, before complex stochastic models are con-
sidered, it is wise to study the causes of brittle tool
failure.*After many years of debate researchers at TU
Delft succeeded in confirming that unfavourable exit
conditions when the cutting edge leaves the workpie-
ce are the origin of tool fracture rather than the en-
trance conditions when the cutting edge enters the
workpiece. Thus, the frequent failure of carbide cut-
ters in face milling of steel workpieces could be ex-
plained and rules could be formulated to avoid this
kind of tool failure [Lutt 84, Peke 84).

Another important aspect of tool wear is the influence
of even minor changes of the tool shape due to wear
which have an immediate effect on workpiece dimen-



sions or surface roughness and the integrity of the
subsurface layer. The various modes of tool damage
of completely different nature can not be modelled up
to now in a way useful to industry.

The consequence of these arguments is that much
more attention should be given to other aspects of tool
damage and tool life than the classical flank wear.

3.2.4 The third approach: the machining data base
In the seventies it became clear that the two traditio-
nal schools of modelling of metal cutting could not
solve the problems industry was facing. The en-
gineers could not explain the many disturbing effects
which occurred when applying the relations obtained
experimentally to new situations and the scientists did
not know how to bridge the gap between theory and
practice.

Therefore a third way out was attempted the machi-
ning database [Kahl 87]. Typically one organisation
per country tried to collect as many sets of machining
data which had proved to give satisfying results in
industry in computer databases and put those data at
the disposal of the members. The number of stored
data increased very rapidly but application to new
situations proved to be difficult. Often it was not clear
at all why a certain set of data was successful in one
situation while it showed to be inapplicable to a see-
mingly similar situation. The database people tried to
check the reliability of incoming data carefully,by ap-
plying cross-checking of data of various origins and
worked on the development of more accurate models
but did not succeed to improve the quality of their data
very much and the interest in those general machining
databases diminished.

In the mean time due to the increased use of NC-
machine-tools, especially in small batch production,
much attention was given to computer aided process
planning CAPP. In the scientific literature of the eigh-
ties and the nineties hundreds of publications appea-
red in this domain [Elma 93, Anom 97]. Universities
developed many new principles to develop the field of
process planning from the traditional experience-
based methods into a field of much more systemati-
cally science-based methods. Implementation of
CAPP systems in industry proved to be much more
difficult. A major reason, but not the only one, was the
lack of reliable cutting data.

Industry can not work without reliable machining data
and has to find practical solutions which at least can
solve the problems of today as well as possible with
the available means. Many metal cutting companies
started to make their own machining data bases. Fre-
quently they underestimated the problem and did not
properly identify the factors to be taken into account to
classify the data.

Some manufacturers of cutting tools provide their
customers with machining data on CD's which give
more opportunities to give much more detailed data
than is possible on paper. But, they too do not know
how to take into account the influence of the machine-
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tool, and consequently, their information on expected
workpiece accuracy is also superficial and imprecise.

3.2.5 A new school in the future?

It is high time to consider how the problems in industry

can be solved better. There is no single way out. No .

single method is better than the others. All possible

means should be used. Some basically different ap-

proaches are possible. These include:

a detailed prediction of the boundary conditions for
stable machining

b accurate prediction of the influence of disconti-
nuous chip formation and error motions

¢ minimisation of error motions

From the above it has become clear that the two fac-
tors which cause the most nuisances are the disconti-
nuous processes of chip formation and the error moti-
ons. One can try to develop models for both these
effects. Then the next step required would be to de-
velop models which could predict the influences of
both effects on tool life and workpiece precision and
roughness. In this way it would in principle be possible
to develop models which would assist in the selection
of the variables of any machining operation but it
would be a long and uncertain way to go. Thus ap-
proach (b) does not seem very promising.
Actually machining operations show the best perfor-
mances if dynamic chip formation and error motions
can be avoided. Consequently, it seems much simpler
to concentrate on the development of models, and
possible also on other means, which would signal that
a certain set of selected cutting variables would result
in a non-desirable cutting process and thus should be
avoided. In principle it should be much easier to de-
velop models for the boundary conditions where a
non-quasi static process of chip formation or error
motions beyond a certain limit are likely to occur. Wit-
hin these boundaries, machining can be performed
with a relatively high rate of success especially when
the cutting conditions are selected as far away from
the boundary conditions in the middle of the resulting
process window. This would mean that the models for
the prediction do not need to be very accurate. This
has two effects:

a the models could be rather simple and only the
most significant effects have to be taken into ac-
count.

b no great precision of the data in the models is
required

This makes it desirable to develop approach (a).
In the past much effort has already been made to mi-
nimise error motions. For this reason, machine-tools
are designed and manufactured with great care for the
static geometric accuracy and it has always been at-
tempted to reduce the effects of forces and tempera-
tures on the geometry as much as possible. Similar
considerations apply also to the tool holders and the
workpiece fixtures. We are close to the boundaries of
what can be achieved by mechanical means.

Much can be expected from software compensation of



geometric inaccuracies. This software compensation
requires in itself suitable models but these do not
seem too difficult to develop [Sart 95, Weck 95].

3.3 The complexity and uncertainties of modelling
machining operations

Comprehensive and reliable models of machining
operations are dificult to be realised owing to a variety
of issues that need further consideration.

3.3.1 Large variety of machining .

There exists a large variety of machining operations,
each requiring a tailor-made model. Turning is a conti-
nuous operation so that a steady state model suffices.
In contrast, milling is an intermittent operation where
the steady state is never reached owing to the conti-
nuous change in the thickness of cut. Unlike in turning
and milling, the geometry of the cutting wedge is con-
tinuously varying along each cutting edge in drilling so
that it becomes necessary to integrate the effects al-
ong the edge. Even within one group of operations
noticable variants occur. For example there is a vari-
ety of drilling tools for various purposes with variations
in the number of cutting edges, geometry of the cut-
ting edges, the mode of guidance of the drill in the
hole, length/diameter ratio, etc. Such variations within
one group require adapted models.

3.3.2 Large variety of input variables

In each machining operation, there is a large number
of input variables. These can be grouped into several
categories:

Fixed variables are those variables which are fixed
for a certain operation such as the machine-tool, the
workpiece, the cutting tool, the fixture, the tool holding
device and the cutting fluid.

Free variables are those variables whose values can
be selected freely for a certain operation; these are
also often called setting conditions; the kinematical
quantities speed, feed, depth of cut, width of cut,
thickness of cut, etc. certainly belong in this category.

3.3.3 Large variety of internal variables

In modelling the chip formation process, for instance
with the aim to predict forces by using the shear plane
approach, one needs to know the mean shear stress
on the shear plane which, in turn depends on the
combination of shear strain, strain rate and temperatu-
re at the shear plane. Hence, models for these inter-
nal variables are required. Further, there appears to
be a natural order of variables in the sense that the
preceding variable is needed in the prediction of the
following one. An example is:

chip dimensions -> forces -> temperatures ->
wear rate -> tool life -> economic performance
measures

[Venu 96].

Thus often, a series of models for specific sets of in-
ternal variables need to be woven together in order to
predict the desired output variable(s).

3.3.4 Large variety of output variables

Machining is an economic activity. This means that
both the technical and economic aspects of the result
are of importance. Recently other aspects are added
like working conditions for the operators (noise, smell,
health and safety) and the environment. The impor-
tance of the various performance indicators vary sig-
nificantly with the case at hand.

3.3.5 Work material properties are difficult to de-
termine

The work material has significant effects on the results
of machining operations. In the literature on modelling
most attention is given to the influence of the mecha-
nical properties on the chip formation process and
cutting forces. In the practical situation the very signi-
ficant influence of the work material on tool damage
and tool life, and thus on the selection of cutting tools
and cutting conditions is often even more important.
Although much attention has been given to explain the
influence of the work material on tool life by physical
and chemical processes, the only practical method is
purely empirical in which work materials are grouped
in machinability classes with comparable behaviour
(see e.g. VDI 3323 Information on applicability of hard
cutting materials for machining by chip removal) and
for which the constants in the tool life equations are
determined experimentally.

The magnitudes of strain, strain rate and temperature
involved in machining are several orders higher than
those that can be handled in current material test
equipment. Added to this is the fact that the variety of
work materials to be addressed by modellers of ma-
chining operations is several orders larger than that
facing modellers of other metal processing operations.
A way out of this problem is to recognise machining
itself as a material test as advocated by Armarego
[Arma 83], Venuvinod [Venu 96], etc. Armarego's
school has been particularly successful in predicting
cutting forces in a number of practical machining ope-
rations (turning [Arma 70}, end milling [Arma 81], face
milling [Arma 95a], and a variety of drilling operations
[Arma 85] [Arma 96]) from a common data base of
machining properties work materials (shear angle,
chip flow angle, edge forces, shear stress, and tool-
chip friction coefficient amongst others) obtained from
simple single edge oblique cutting tests on each work
material. A related problem is that the relation bet-
ween the designation of workmaterials, whether these
are designations defined in standards or commercial
designations used by material suppliers and the actual
properties that are relevant for machining is very
weak. Different batches of the same nominal material
may result in a wide scatter of thermal/mechanical
behaviour and in the results of cutting tests like cutting
force, surface finish and tool life.



Similar problems occur with tool materials and cutting
fluids.

3.3.6 Complex tool/work material interface

Friction and wear on the tool rake face and flanks are
extremely important in metal cutting. Here the situati-
on is still more complex. The phenomena occurring on
machining proporties of the tool faces depend on the
local conditions of stresses, velocities and temperatu-
res and the local properties of tool and work material
and the cutting fluid. At the extreme conditions of
pressures and temperatures, chemical and physical
reactions between the three partners may occur which
may change the known properties of the partner mate-
rials significantly.

A most mysterious partner is the cutting fluid. Often
the composition and fundamental properties of the
cutting fluid are completely unknown to the user. Also
modern tool coatings cause complications. To consi-
der the tool/work material interface as a classical two-
body problem is an unacceptable simplification for
basic studies.

3.3.7 Machining is a small scale operation

The volume of material undergoing machining is much
smaller than in most other metal forming operations.
The size, shape and dispersion of grains and metal-
lurgical phases (as influenced by heat treatment) have
significant influence on the nature of chip formation.
An implication is that the concepts of continuum plas-
ticity may not be adequate and one may have to con-
sider meso-plasticity. The small dimensions of the cut
also require us to recognise the size-effect [Back 52]
and the influence of dislocations [Turk 67]. In some
cases the thickness of the cut is comparable to the
cutting edge roundness (lack of edge sharpness) so
that the influence of stagnant zone and "ploughing”
effects at the rounded cutting edge on cutting forces
can be large [Albr 60]. Inspite many attempts, no sa-
tisfactory models for these edge effects have so far
been developed so that most cutting force models
have had to make the unrealistic assumption that the
cutting edge is perfectly sharp.

3.3.8 The process of chip formation is not uni-
quely defined

The situation in machining is quite different from metal
forming operations. In forming there are basically two
different situations:

a The output geometry of the workpiece is fully de-
termined by the tool geometry such as in extrusi-
on; the internal distribution of stress and strain
and the required force is determined by the mate-
rial behaviour and friction on the tool-workpiece
interfaces.

b The input force or energy is determined by the
machine and the resultant deformation is determi-
ned by the resistance of the material against de-
formation and friction.
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In machining none of these two cases exists. The chip
can assume any thickness and also the cutting force
can assume any value. There is much evidence that
this often depends on the state of initial tool-work
contact. In other words, the machining process is in-
herently not uniquely defined [Dewh 78].

In addition to this non-uniqueness of the deformation
process it should be noted that a cutting system is in a
sense an "open" system. There is an interaction be-
tween the chip formation process and the "driver" of
the relative motions between workpiece and tool due
to the finite stiffness of the machine-tool. Depending
on circumstances the resulting static and/or dynamic
elastic deformations may cause inacceptable results
of machining operations. The prediction of the beha-
viour of open systems is still in its infancy. Some more
details are mentioned in sections 6.4 vibrations in
cutting and 7 workpiece precision.

3.3.9 Large variety of chip types and chip forms
The chips produced can exhibit a variety of types as
was already mentioned in section 3.2.3. This results
from different processes in the zone where the pro-
cess of chip formation takes place. These are often
called "regimes of chip formation". The origin of the
different regimes is in the various responses to the
complex exposures to high levels of strains and strain
rates, stresses and stress rates, temperatures and
temperature rates together with the friction on the tool-
workpiece-chip interfaces. The boundaries between
those regimes are unclear and it can not be predicted
with any great accuracy which regime can be expec-
ted in a particular situation.

In addition, there is an influence of the geometry of
the tool face of indexable inserts, separate chip for-
mers, external obstacles encountered by the chip, etc.
which cause a variety of chip forms.

The modelling approach required for each chip type
and each chip form tends to be quite distinct. Hence it
becomes necessary to predict the state of chip forma-
tion so that the appropriate model for predicting the
desired output can be invoked. These aspects were
extensively studied by an earlier working group of
STC "Cutting" [Jawa 93, Lutt 93]. Since then signifi-
cant new results have been obtained by Jawahir's
group.

3.3.10 Large machining data bases are needed

As a result of the large variety of machining operati-
ons, work materials, internal variables, and states of
chip formation to be addressed, machining operation
modelling has required the support of large machining
databases. We have already noted the database used
by Armarego for instance. However, the creation of
these databases is an expensive activity requiring
extensive off-line experimentation. This feature has
been a major hurdle in transferring models validated
at the laboratory level to shop floor practice.



3.4 Literature Database

A literature database which includes information on a
variety of papers of interest to modellers of machining
operations has been created. Data entry is done
through a specially designed Visual Basic software.
Data access, querying, and report generation can be
done through Microsoft Access. The software may be
accessed by CIRP members from an FTP site located
at City University of Hong Kong [Venu 98].

As of March 1998, the database had over 3500 re-
cords. Each record in the database includes the stan-
dard bibliographic information (title, author names,
journal, page numbers, etc.) There are facilities to
include an abstract, key words and comments. The
most important special feature of the database is the
inclusion of labels. Labels are descriptors of the paper
from a specified point of view. Over 180 labels have
been decided upon by the Working Group after careful
thought. Each paper in the database has been label-
led according to this agreed list. The labels enable the
literature to be analysed from different points of view.
The collection of literature is relatively sparse on pu-
blications in a language other than English. Future
efforts would be directed towards correcting this im-
balance.

3.5 Survey of recent research on modelling

A comprehensive survey conducted by the CIRP's
Working Group on Modelling of Machining Operations
during the 1996-97 period identified over 55 major
research groups as currently active in modelling ef-
forts. This survey covered over 15 topics related to
modelling of machining operations and this survey has
made an attempt to establish the most common tools
and techniques used by these research groups world-
wide. The operational classification includes six major
groups: single straight edge orthogonal, single straight
edge oblique, turning, milling, drilling and form-tool
machining.

A broad grouping of the results indicates that over
43% of the research groups were active in experimen-
tal- /empirical modelling followed by 32% involved in
analytical modelling. Among the 18% of the research
groups that are active in numerical modelling, finite
element modelling (FEM) techniques were found to be
the most dominant tool while only a small number of
groups were involved in boundary element methods
(BEM) and finite difference methods (FDM). A growing
number of groups were also found to be active in mo-
delling of machining operations using A.l. techniques.
Also, the survey results show that over 31% of the
modelling efforts deal with turning followed by milling
with 24%. Single straight edge orthogonal cutting,
drilling and single straight edge oblique cutting ac-
count for 20%, 13% and 9% respectively.

Large groups of researchers are actively involved in
developing newer models and/or modifying the exis-
ting models for improved performance. In the subse-
quent paragraphs of this paper, a summary analysis
of the most common types of models is presented.

3.6 Semi-empirical models.

Taylor, who has been acknowledged as the father of
metal cutting science, adopted the empirical approach
in proposing his well known Taylors equation, vT'=C
where vis cutting speed, Tis tool life, and nand C are
constants [Tayl 07]. This equation has since been
extended to include other cutting conditions like feed
and depth of cut [Kron 66]. The Taylor equation and
its extended versions are extensively used even today
in assessing machinability and machining economics.
Tool materials continue to be compared on the basis
of the Taylor index and Taylor constant. The machi-
ning databases that the industry uses are dominated
by Taylor parameters.

The power-law form of the extended Taylor equation
has subsequently been applied to include simple work
material properties, and tool geometry parameters
[Woxe 32]. Kronenberg [Kron 66], Colding [Cold 59,
Cold 91] and others have used similar forms of equati-
ons for predicting cutting forces and temperatures.
Rubenstein et al have provided a rationale for the
extended Taylor equation by utilising a power-law
expression for cutting temperature while modelling
crater wear and flank wear based on the assumption
of adhesion and diffusion wear effects [Rube 78].
Semi-empirical models are simple and easy to apply.
However, apart from not providing a deep understan-
ding of the cutting process, extensive new experi-
mentation is needed each time a new cutting variable
is added to the power-law relationship and, the entire
process needs to be repeated afresh each time a new
tool-work material combination is encountered. This is
extremely unsatisfactory in the context of CNC shops
where the variety of tools and work materials tend to
be very large. The main flaw in the semi-empirical
approach is that it does not provide any mechanism to
learn from previous machining experiences. This sta-
tement is also true, albeit to a much lesser extent, with
computational modelling. In contrast, analytical mo-
dellers look for patterns of behaviour at a higher level
by invoking known relationships borrowed from Phy-
sics, Mechanics, Material Science, etc. Relationships
which have worked well in previous instances and
basic parameters are apparent in Armarego's suite of
analytical models covering a fairly large range of
practical machining operations [Arma 83, 85]. More
recently, he has stated simulation results from his
analytical models in the power law form covering a
large range of tool geometry and cutting variables.
However, the experimental data he utilises is several
orders smaller than what would have been required if
a similar relationship were to be developed purely
empirically, i.e. without the benefit of the higher level
insights provided by analytical modelling.

3.7 Analytical Models

Analytical models come with varying degrees of "fine-
ness" (i.e., brush type, according to [Arma 96]) con-
cerning accuracy and applicability. For instance [Kald
97] addresses macro-level issues of preliminary tool
selection before the cutting conditions have been se-



lected. Shear plane theories aim at only mean conditi-
ons at the shear and tool-chip contact planes. They
may be said to be medium-coarse brush. Shear zone
theories provide insights into spatial distributions of
stresses, strains, etc. Therefore, they are of finer
brush.

Analytical models can be purely deterministic or aug-
mented by probabilistic or stochastic considerations.
Sometimes, the results of such models are statistically
fitted.

3.7.1 Mechanistic force modelling

Mechanistic force models can be defined as force
models based on the mechanics of the cutting pro-
cess; however, they are not purely analytical and de-
pend heavily on empirical cutting data for their model-
ling capability. These models are commonly compu-
ter-based and draw heavily on the mechanics of obli-
que single-edge cutting. Simply put, these models are
a blended combination of analytical and experimental
modelling techniques. This approach avoids the com-
plications of requiring basic mechanics parameters
such as shear angle, dynamic stress, friction angle,
etc. by using empirical cutting force data. The geome-
tric features of the specific operation are then combi-
ned with the empirical cutting data to produce specific
mechanistic models for different machining operati-
ons.

Mechanistic modelling techniques are based on some
of the early fundamental relationships between the
chip load (i.e. the undeformed area of cut) and the
cutting forces, cutting tool geometry, cutting conditi-
ons, workpiece geometry and type of operation. Mar-
tellotti, Koenigsberger and Sabberwal [Mart 41, Koen
61, Sabb 61] and others analysed the end milling pro-
cess by using the following basic emperical relations-
hip for cutting force as commonly used in Europe:

F=k.b.h )

Where k_is the specific cutting force and a function of
the cutting parameters such as thickness of the cut,
rake angle, inclination angle, etc.; b is the width of cut
and h is the thickness of the cut. Kline et al. [Kline 92]
presented a mechanistic model for predicting the cut-
ting forces in end milling including the effects of tool
runout and tool deflection on the part accuracy. An
improvement to this model was performed by Suther-
land and DeVor [Suth 86] by accounting for the sys-
tem deflections on the cutting parameters (e.g. chip
load).

Mechanistic modelling techniques have also been
used by Elbestawi et al.[Elbe 94] and Altintas et al.[Alti
96]. Sutherland et al. [Suth 88] used cylinder boring
and turning operations to model the prediction of cut-
ting forces. The detailed effect of tool geometry and
cutting parameters on the cutting forces has been
discussed. The experimental work was used to cali-
brate and validate the proposed model. Endres et al.
[Endr 95] used the mechanistic modelling technique to
predict the machining forces including the ploughing
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mechanism due to the rounded cutting edge. A cali-
bration algorithm was used to fit the empirical models.
Recently, Chandrasekharan et al. [Chan 97] used
mechanistic methods to develop a predictive model
for cutting forces in drilling operations.

3.7.2 Shear plane models

Notwithstanding the physical impossibility of a shear
plane and many theoretical objections raised since its
original formulation by Merchant [Merc 45], shear pla-
ne modelling has stood the test of time. Although
much of the earlier work focused on classical operati-
ons, the method has been applied quite successfully
in the prediction of forces in several practical machi-
ning operations in recent times. Armarego has mo-
delled turning, [Arma 70], milling [Arma 95a), drilling
[Arma 96], etc. Altintas [Alti 95] has achieved particu-
lar success in the field of milling, see also section
6.4.3.

Forces

Merchant's pioneering paper on single edge orthogo-

nal cutting [Merc 45] has established two cardinal

principles:

(i) Chip Equilibrium (the chip can be considered as a
rigid body in translational equilibrium under the
external forces acting on it), and

(i) Force-Velocity Collinearity (the shear and friction
forces at the shear plane and the tool-chip contact
face are collinear and opposite to the shear and
sliding velocities at the two faces respectively).

Merchant, Shaw [Shaw 52], Zorev [Zore 66], etc. later

extended the shear plane approach to single edge

orthogonal cutting. Venuvinod recently used the con-
cepts of twin-shear plane and chip segment interacti-
on force to solve the problem of force partition in two

edge oblique cutting [Venu 96).

Shear angle solutions

Force prediction using the shear plane approach re-
quires a priori knowledge of the shear angle and tool-
chip friction coefficient. While no robust models are as
yet available for estimating the latter, the apparently
never ending search for the ideal shear angle solution
has continued to today. Merchant was one of the first
to start this chase when he proposed his solution ba-
sed on the principle of minimum energy. This solution
is now accepted as the upper bound provided the
work material can be considered to be perfectly plas-
tic. The lower bound was subsequently determined by
Lee and Shaffer using the slip line field approach [Lee
51]. Lindstrom has recently reviewed relevant literatu-
re and identified 52 shear angle solutions [Lind 97].
Most of the solutions are however restricted to single
edge cutting (mostly orthogonal cutting). Armarego
however has demonstrated that the cutting forces in
practical machining operations can still be predicted
from a shear angle database derived from single edge
operations [Arma 85]. In order to achieve this, he defi-
nes an equivalent cutting edge which is defined as the
line joining the two end-points on the active cutting



edge (which may include the rounded nose in turning).
Armarego established a unified (and generalised) me-
chanics of cutting approach for classical oblique cut-
ting and applied this in his work on modelling of ope-
rations such as turning, milling and drilling. His basic
models include the effects of cutting edge forces [Ar-
ma 95). The ongoing research program at the Univer-
sity of Melbourne also includes the basic investigation
of classical rotary tool processes [Arma 96].

A major problem with the shear plane approach is
regarding the uncertain magnitude of tool-chip friction
coefficient and the shear stress at the shear plane.
Connally and Rubenstein developed a model based
on the lower boundary of the shear zone to address
these problems [Conn 68]. The solution did not requi-
re tool-chip friction to be known and the shear stress
utilised was that at the lower boundary of the shear
zone which could not be influenced by the strains and
strain rates in the shear zone. This model has repea-
tedly shown excellent correlation with experimental
results on the power component of the cutting force.
However, uncertainties remained with regard to other
force components. This approach has been recently
extended to oblique cutting with one and two cutting
edges [Venu 96].

Temperatures

Analytical models for the estimation of mean shear
plane and tool-chip interface temperatures were de-
veloped by Loewen and Shaw [Loew 54], Chao and
Trigger [Chao 50, Chao 55], etc. The basic assumpti-
ons were that the rake and flank contacts were conti-
nuous. Carslaw and Jaeger's solutions for stationary
and orthogonally moving rectangular heat sources
have played a crucial role in these models [Cars 50].
The moving heat source solution was subsequently
extended to oblique motion [Sast 81] which enabled a
model for rake temperatures arising in single edge
oblique cutting [Venu 86]. Recently, Stephenson has
assessed a number of rake face temperature models
against infrared and thermocouple measurements and
concluded that the models due to Loewen and Shaw,
and Venuvinod had exhibited the best correlation
[Step 91]. Rake face temperatures are important in
modelling crater wear whereas flank temperatures are
important in flank wear modelling. However, the as-
sumption of continuous flank contact is questionable
when, as is many times the case, flank wear is domi-
nated by adhesion wear. Adhesion wear assumes
partial contact in the vicinity of contact asperities. Ve-
nuvinod therefore modified Trigger and Chao’s model
to take into account the thermal constriction resistan-
ce at the tool flank [Venu 90]. This model has resolved
many uncertainties involved in linking flank temperatu-
re to flank wear. In particular it has highlighted the link
between wear and work surface hardening.

General Comments on Shear Plane Solutions

All shear plane solutions provide only limited qualitati-
ve agreement with experimental results particularly
with various work materials. In shear plane models the

work material flow stress is assumed to be constant
during deformation. No account can therefore be ta-
ken with this model of variations in flow stress with
strain, strain-rate and temperature, thus virtually ruling
out consideration of the influence of cutting speed.
Allowing for the variation of the flow stress, for a work
hardening material, Christopherson et al [Chris 58]
modified Hencky's equation for stress equilibrium.
This analysis clearly showed that the velocity discon-
tinuities such as the shear plane conditions are no
longer admissible, as they involve infinite gradients,
and must open up to form finite plastic zones.

3.7.3 Curved shear surface models

Chips are usually curved, upwards- away from the tool
face- or sidewards- parallel to the tool face. Both ef-
fects can not be explained by a flat shear surface.
Also, in all cases in which a tool corner is present, a
flat shear plane cannot exist. In all those case a three
dimensional curved shear surface should be present.
The geometry of this shear surface can be completely
calculated from the primary motion (often a rotation of
workpiece or tool), the geometry of the cutting edge
and the motion of the chip and the thickness of the
chip [Spaa 71],[Lutt 76]. In earlier publications the
presence of a curved shear surface was seen as the
reason why curved chips are produced. Van Luttervelt
showed that there are several reasons why chips with
a certain curvature can be produced [Lutt 76]. The
consequence is that a curved shear surface should be
present. A remarkable result of these studies is that
the shear surface in most cases passes not through
the cutting edge but passes a little bit above the rake
face. This slightly more complex model is able to ex-
plain certain phenomena in cutting much better than
the simple flat shear plane. An example is the presen-
ce of a boundary layer between tool and chip. A dy-
namic model is even able to explain chip segmentati-
on [Lutt 77]. Models with curved shear surfaces are
not often used in models for other purposes than stu-
dying chip forms such as cutting force, temperatures,
etc. due to the complexities involved.

3.7.4 Shear zone models

Palmer and Oxley [Palm 59], in their early work, ob-
served the chip formation process using a cine-filming
technique. This work showed that the shear zone in
which the chip was formed was of substantial width. In
analysing the stresses in this zone it was shown that
account had to be taken of variations in shear flow
stress in order to obtain good agreement between
predicted and experimental forces. A subsequent in-
vestigation of the flow along the tool-chip interface
was made by Enaharo and Oxley [Enah 66]. They
constructed a slip-line field and the corresponding
hodograph for a given set of conditions. The compa-
rison of streamlines which were constructed from the
hodographs, with the experimental streamlines which
were obtained by them for the flow around the roun-
ded cutting edge clearly showed the applicability of
the slip-line field models.



Roth and Oxley [Roth 72], in a later work, constructed
a slip-line field from the measured velocities of flow.
This model gave the distribution of hydrostatic stress
along the boundary slip-lines. Velocity conditions are
all approximately satisfied with the boundary veloci-
ties. Cutting force equilibrium conditions were shown
to hold valid for this model.

3.7.5 Predictive machining theory

Oxley's [Oxle 89] continuing research led to the de-
velopment of a comprehensive predictive machining
theory which is based on the classical orthogonal cut-
ting operations. This model assumes a thin shear zo-
ne, chip equilibrium and a uniform shear stress in the
secondary deformation zone at the tool-chip interface.
The minimum energy principles are applied. The mo-
del allows for the variation of flow stress properties in
terms of the strain, strain-rate and temperature. A
'velocity-modified temperature' approach was used for
finding solutions in the model. The thermal properties
of the work and tool materials are used as functions of
temperatures and the heat partitioning factors as a
function of the thermal number.

The input variables are the cutting speed, width of cut,
undeformed chip thickness, tool geometry and the
work material chemical composition. The predictive
model gives the shear angle, cutting forces, primary
zone strain, strain-rate, velocity-modified temperature,
flow stress, interface shear stress, chip thickness,
interface temperature, tool-chip contact length, shear
flow stress, etc. Further work conducted by Oxley and
his co-workers include extensions of this initial predic-
tive model to oblique machining and to operations
such as turning and milling where the chip flow effects
are taken into account with the use of tool inserts ha-
ving a nose radius and the varying cutting edge angle
[Youn 97].

3.7.6 Models for chip back flow

A large domain of research work completed by va-
rious researchers during the last few years primarily
deals with the chip forms and the evacuation of chips
from the machining zone. An extensive review of this
is presented by Jawahir and van Luttervelt in a CIRP
keynote paper in 1993 [Jawa 93].

One aspect is the chip backflow effect which means
that the chip flows into a pit in the toolface if this is
close enough to the cutting edge. The study of re-
stricted contact tools is important in relation with ma-
chining with grooved tools having a toolface land. By
following the early work involving the slip-line field
solutions of Johnson [John 62], and Usui et al [Usui
63], Jawahir and Oxley showed a quantitative relati-
onship for predicting the chip back-flow angle [Jawa
88]. The validity of the centred fan slip-line field for a
wide range of cutting conditions were also shown
through a series of models to take account of the
rounded cutting edge and the flank wear [Jawa 86].
The use of the predictive machining theory for predic-
ting the cutting forces in machining with restricted
contact tools was shown in a very recent work by Ar-
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secularatne and Oxley [Arsc 97].

3.7.7 Models for chip forms

In all traditionally known shear plane models, the chip
velocity is assumed constant across the chip thick-
ness and the chip is straight. This conflicts with the
experimental observation that the chip is usually cur-
led. Kudo [Kudo 65] and Dewhurst [Dewh 79] pre-
sented several admissible slip-line field solutions to
account for this. In their models they introduced a
curved shear plane to give the required velocity gra-
dient across the chip. More recent work by Shi and
Ramalingam [Shi 91] provides a model with a kinema-
tically admissible slip-line field for machining with a
cutting tool having a flank wear land.

An analysis of chip curvature was made using an
obstruction chip former. This work was subsequently
extended to include the chip curl in machining with a
grooved tool [Shi 93]. The cyclic nature of chip curl in
machining and its effects have recently been establis-
hed by Fang and Jawahir [Fang 96] and Ganapathy
and Jawahir [Gana 93, Gana 98]. All of these works
essentially deal with chip up-curl only. The most
commonly observed chip side-curling effect was initi-
ally explained as the geometric effects by Pekelharing
[Peke 63]. Van Luttervelt [Lutt 78] subsequently sho-
wed this effect as resulting from (a) the non-straight
cutting edge; (b) non-linear primary motion of cutting;
(c) non-perpendicularity of cutting edge to the primary
motion; and (d) variation of chip compression rate
along the chip width. A most recent work by Balaji and
Jawahir [Bala 98] attempts to correlate the cutting
force patterns with the chip side-curl in bar turning.

3.7.8 Comments on future development of models
for chip formation

No significant progress is anticipated in the future in
shear plane and shear zone models although these
models have made a significant impact in the past.
The need for further studies in the areas of friction-
/tribology is emphasised due to the recent industrial
trends where advanced tool materials and tool coating
techniques, and a wide range of chip-groove designs
have emerged during the last decade or so. Establis-
hing the actual tool-chip contact length for machining
with a grooved tool is a very complex task, particularly
when the contact within the chip-groove is variable
and very heavily depends on the chip-groove utilisati-
on which in turn is a highly variable factor within a chip
breaking cycle. Fig 3a shows the experimental situati-
on studied with a simple grooved tool in quasi 2-D
machining. Figure 4 shows a method proposed to
identify the varying tool-chip contact regions in this
case. The challenge is characterising the levels of
contact in these regions when machining with a com-
plex grooved tool under 3-D cutting conditions (Figure
3b). Developing a quick and reliable machine-tool-
based testing/measuring method for obtaining on a
routine basis the material behaviour under large
strains and high temperatures will be another challen-
ge where an analysis of varying work-tool material



properties for new tool and work materials could be
more readily represented.

3.7.9 Need for predictive modelling of effective
cyclic chip breaking

Predictive modelling of cyclic chip breaking is a very
interesting area where the experimentally observed
cyclic chip formation patterns (see Figure 5 for 2-D
machining) can be extended to modelling 3-D cutting
conditions. Developing such models is not only likely
to contribute to the cutting tool design, but also to pro-
vide an insight into the actual cutting process and its

a 2-D formation ‘of”bro'ken chips with simple groove
geometry

b 3-D formation of broken chips with complex groove
geometry

Fig. 3 Modes of chip formation and chip breaking

;- hand

Sticking friction

- Shiding frcoen
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Backwall

Fig. 4 Contact regions on the toolface.

direct variables that could be controlled for effective
machining performance.

Fig. 5 Dynamic cutting force variation.

3.7.10 Need for modelling the effects of a rounded
cutting edge

The need for modelling of machining with rounded
finite cutting edge radii is another possible direction in
which the effects of such cutting edge radii on all
common machining performance measures can be
clearly demonstrated.

3.7.11 Need for modelling the effects of chip brea-
king geometries and for standardised test proce-
dures to quantify those effects

Today, a great variety of indexable inserts and even
solid cutting tools are provided with all kinds of "so
called chip breaking geometries”. The aim is to produ-
ce chips that are broken in small pieces and are ea-
sier to evacuate from the cutting zone. Two main ty-
pes can be distinguished:

a Chip splitting, wide chips are split into several more
narrow ones; examples are found especially in
drilling and end milling tools; with those tools the
thickness of the cut along the cutting edge is not
constant; how this affects the cutting process can
not be modelled up to now.

b Chip curling, the rake face of the tool is provided
with features to cause tighter upcurling (or someti-
mes sidecurling) of the chips; the aim is to obtain
cyclic chip breaking

Those special features have more significant effects

on all common machining performance measures like



cutting force, tool life and surface finish than is usually
considered. The main reason is that these effects are
often neglected in modelling and testing.

VB flank wear

BW width of groove backwall wear

BL length of groove backwall wear

KT depth of groove backwall wear

sSw width of secundary face wear

sSD depth of secundary face wear

N nose wear

NL, notch wear length on main cutting edge
NW,  notch wear width on main cutting edge

NL, notch wear length on secundary cutting edge
NW,  notch wear width on secundary cutting edge

a) Measurable toolwear quantities on grooved tools

© CNMG 432P (d) CNMG 43
f=0.43 mm.rev. a =254 mm
Toolcoatng = KC850
Cutting time = 2 min. V =274 m/min.
Workmaterial = 1037M steel

b) Concurrently occuring multiple wear patterns on
four different grooved tools.

Fig. 6 Wear of grooved tools.

The deficiency of all currently available standards for
tool-life testing (e.g., 1SO 3685 (turning), ISO 8688
(milling) and ASME 85) on this point has been noted
several times earlier. The need for establishing new
standards for concurrently occurring multiple tool-wear
types in machining with grooved tools has been urged
in recent times (Figure 6). However it is not likely that
ISO will draft revisions of these standards unless spe-
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cific proposals are presented by a body with sufficient
authority.

Empirical modelling of tool-life relationships for machi-
ning with grooved tools have recently been updated
with the additional effects of a tool coating factor and
a chip-groove effect factor [Jawa 95]. Analytical pre-
diction of tool-wear in terms of one or more of the ma-
chining variables such as the cutting temperature
and/or the tool-chip interfacial friction is a meaningful
avenue to pursue. Establishing a truly predictive mo-
del for surface roughness, and the corresponding re-
sidual stress variations, without involving the traditio-
nally known geometry relationship is a step in the right
direction. Also, from the part specification point of
view, the accuracy of parts needs to be predicted
and/or established through a validated model incorpo-
rating the machine tool dynamics and stability.

3.7.12 Need for modelling of chip types

In section 3.2.3 the importance of prediction of the
regime of chip formation and the resultant chip types
was mentioned. This requires a unified detailed identi-
fication of the various chip types and appropriate mo-
dels for the formation of the various chip types and
perhaps even more important models to predict the
boundaries between the various chip types. Most mo-
dels are based on consideration of the stress-strain-
temperature relation of the work material exposed to
intensive shear in the primary shear zone. A recent
overview was given by Professor M.C. Shaw [Shaw
97].

After careful examination of movie pictures taken of a
cutting processes under a microscope, van Luttervelt
was able to construct a dynamic system of four shear
planes and a kinematically dead zone to represent the
stagnant zone between chip and tool face [Lutt 771
This system made it possible to explain and kinemati-
cally simulate the formation of segmented chips. The-
se movies also clearly showed that the segmentation
started in front of the stagnant zone, close to the cut-
ting edge and not in the primary shear zone, a fact
which has been neglected in all subsequent research.
Up to now no agreement has been reached on this
very basic aspect of chip formation. It is hoped that
computational mechanics will be of help here.

4. Applications of computational mechanics in
cutting

4.1 The goal of computational mechanics

The goal of computational mechanics in cutting is to
quantitatively predict by computer simulation all vari-
ables which can not be predicted by other means with
acceptable accuracy. Examples are the flow of a chip,
including the associated stresses and temperatures in
the workpiece, the chip and the cutting tool in the vi-
cinity of the chip formation zone. Up to now it is not
possible to use computational methods for the predic-
tion of tool damage and workpiece precision.

The starting point of all studies on simulation of chip



formation is the work material's constitutive behaviour,
the friction law between the chip and tool, physical
properties such as work and tool thermal characteris-
tics, and the shape of the tool.

The last point differentiates metal cutting from most
other metal plastic flow processes: the tool shape
does not by itself completely determine the chip ge-
ometry. Especially with flat tool faces the process of
chip formation is not uniquely defined as was men-
tioned in section 3.3.8. This leads to un-predictable
variations of tool-chip contact length, chip thickness
and chip curling and sometimes even of chip types
which also cause variations in cutting force. One of
the aims of designing inserts with sintered in chip
breaking geometries is to reduce the influence of the
properties of the work materials and of this non-
uniqueness on chip geometry [Lutt 83] and thus to
improve the predictability of results. Several research-
ers suggest that this aim has been reached with sev-
eral of the recently introduced chip breaking geome-
tries but if this is really true is still doubtful. However it
should be realised that the application of computa-
tional mechanics to modelling of the effects of chip
breaking geometries is still in its infancy.

4.2 Problems in simulation

Lack of uniqueness between chip form or cutting
forces on the one hand and simple property descrip-
tions on the other, such as average friction coefficient
between chip and tool or shear stress on the primary
shear plane, has been common knowledge since the
1950's [Koba 59]. The bounding work by Hill [Hill 54]
and the slip-line field work of Dewhurst [Dewh 78]
have shown how non-uniqueness can arise. These
works have forced researchers to focus their attention
on a more detailed consideration of the variation of
flow stress of a workmaterial with strain, strain rate
and temperature, and on better friction modelling too,
as a necessary part of successfully predicting chip
flow.

Much early progress was made by Oxley and his co-
workers [Oxle 89], but the potential for major ad-
vances has come with the development of numerical,
finite element methods. Usui et al.[Usui 82] have de-
veloped an updated Lagrangian elastic-plastic
scheme for steady state prediction by an iterative
convergence method (ICM). Others have developed
Eulerian rigid plastic schemes for the steady state
[lwat 84], or have used commercial software for non-
steady conditions [Carr 88]. Recently arbitrary La-
grangian Eulerian and adaptive remeshing codes
have been applied to machining [Rako 93, Maru 95,
Cere 96]. However there has never been any cutting
benchmark against which to test these numerical
models other than the early attempt by Stenkowski
[Sten 85].

Another problem which is crucial in finite element
modelling is the selection of the chip separation crite-
rion. As noted by Ceretti and Altan [Cere 98], uncer-
tainties exist with regard to the use of limit strain and
limit energy approaches.

4.3 Round robin on FEM simulation

Over the last two years, the CIRP Working Group has
developed an open round robin exercise that could
become such a benchmark. Collaborators have been
invited to model the steady state orthogonal finish
turning of a low carbon resulphurised free cutting steel
(wt% 0.09 C, 1.01 Mn, 0.33 S) by a zero rake angle
carbide tool, at feed f= 0.1 mm, depth of cuta=1 mm
and cutting speed v = 150 m/min. Output has been
requested of cutting force F_, thrust force F, shear
plane angle ¢, chip/tool contact length I and of the
distribution of temperature, friction and normal stress
along the contact length. This choice was made be-
cause a yield criterion and friction input data and ex-
perimental results existed for it. Also it was expected
to be a relatively simple situation, with low friction, for
a cutting test. Equation (2) gives the yield dependence
on strain, strain rate up to 2000 s’ and temperature T
up to 700 °C obtained by a rapid heating Hopkinson
bar method (Usui 82). (At f = 0.1mm, v = 150 m/min
the maximum cutting temperature 600 °C).

5= Alt/t ]ME”‘ with £, =1000, M =0.018+0.000038T,
A =910 exp({~0.001 1T) + 120 exp{ -0.00004(T - 280)° )+
+50 exp[-0.00{}m(T ~600)° | N = 0.16 exp(-00017T) +
+009 exp( ~0.00003(T - aro)’)

(2)

Friction on the rake face was measured by a split tool
method [Usui 82]. The results in figure 8 could, at low
normal stress, be fitted to a Coulomb friction law with
u = 1.0. At high normal stress friction stress saturated
at 360 MPa, which was 0.82 times the shear stress
measured on the primary shear plane. Both the yield
and friction data were obtained by T. Kitagawa of Ki-
tami Institute of Technology. Other input data for
modelling were the tool thermal conductivity of 46
W/mK and work thermal conductivity, W/mK and spe-
cific heat, J/kgK, respectively 62 - 0.044T and 450 +
0.38T.

Participants in the round robin have used a range of
finite element techniques. The bracketed numerals in
the following list match the codes in figure 7. Elastic-
plastic modelling has been carried out by the ICM
method {Obikawa - Tokyo Institute of Technology (1),
Childs - Leeds University (2)} and by a non-steady
state method {Ueda - Kobe University (3)}. Three re-
searchers have used the same adaptive meshing rigid
plastic code {Altan - Ohio State University (1), Barce-
lona - Palermo University (2), Ceretti - Brescia Univer-
sity (4,5)} while two have used other rigid plastic
methods {Ueda (3) and Leopold - Chemnitz (6)}. Fig-
ure 7a to ¢ compares predictions with experiment. F_
and F, predictions (figure 7a) cluster round the ex-
perimental result, with more spread in F_ than in F,
and little to choose between elastic and rigid plastic
methods. An average friction coefficient F/F, = 0.5
can be seen. Contact length and shear plane angle
predictions (figure 7b) do discriminate between elastic



and rigid plastic. Elastic plastic methods predict longer
contacts and lower shear plane angles, closer to real-
ity, than do the rigid plastic methods. Rigid plastic
methods also show much more variability in rake face
temperature prediction (figure 7c) than do the elastic
methods which also cluster closer to the experimental
results.

Self-consistency tests can be performed on the model
results. The resultant tool force projected on to the
primary shear plane area and divided by that area
should be the shear flow stress in the primary zone
region. Table 1 gives the experimentally measured
values (values deduced from equation 1 are 480 - 510
MPa depending on strain and temperature assump-
tions). Many of the model results are larger than this.
A second test is to compare to the observed rake face
friction behaviour the predicted variation of rake face
friction with normal stress (figure 9d). Most predictions
(but not all) tend to the observed behaviour at low and
high normal stress, but hardly any follow the observed
transition behaviour at intermediate stresses.

Table 1. Observed and computed shear stress on the
primary shear plane in [MPa]
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Figure 7 demonstrates that some finite element meth-
ods are able to predict the behaviour in cutting. An
explanation of Table 1 is that many software pack-
ages currently have difficulty in controlling internal
equilibrium, probably the hydrostatic pressure compo-
nent. The round robin exercise has shown this to be
an important issue. It has also shown the modelling of
friction to be an area that needs development: the
average friction coefficient of 0.5 in the example here
hides a variation from 1.0 to conditions where friction
stress is independent of normal stress. Of course,
obtaining yield data at high enough strains, strain
rates and temperatures also needs attention.

4.4 Recent progress in computational mechanics
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Fig. 7 Experimental (+) and predicted (rigid-plastic @,
elastic-plastic o) variations of (a) F, with F,, (b) I, with
fitana, (c) temperature with distance along rake face
and (d) friction stress with normal stress on the rake
face.

of machining and some difficulties
4.4.1 Basic equation of metal machining

The first goal of metal machining research is to de-
velop an analytical system which would enable us to
predict machining performance without any cutting
experiment, for the selection of cutting conditions.
However machining operations are very complicated
and many phenomena are interrelated as shown in
fig. 8.

In these relations the chip formation process is the
main problem, because tool failures will depend on
the magnitudes and variations of temperature and
stress. The quality of the machined surface will also
depend on the chip formation process.

. nominal specficaions  —gud : |
P ot < padicularities _._—| = cuttling hrces—|
workp geomelry —

= { material — - ature

1 —— lemper

| forture < K .

’ ; § ,
type. shape, dimensions —{ = | —g»  tool damage + 1oollife |
quidance —l & |

lh . macro geomelry el ; |
- micro =
geometry e B surfase roughness
cufting matenal —{ 3 + integnity
E
culting fuid composion —
- <Wdh‘ = | == workpiece accurary —
| siralegy —
machloing method <l:ull-l\g intercaption —
. : 8 spead — —= chiplermation + disposal |
Hinemaficat qinten < dimensions of the cut ~ —»| | i

Fig. 8 important factors in cutting performance

The recent dramatic progress in computer hardware



and software shows the possibility to predict those
difficult phenomena by simulation with a finite element
method. As the chip formation process deals with
large plastic deformations and fracture coupled with
high temperatures and high strain rates, the analysis
of the process should be based on the plastic defor-
mation theory combined with temperature analyses.
As in the theory wherein the stress-strain relation is
shown in an incremental manner, the chip formation
process should be traced from its beginning except for
the special case of a steady state continuous chip
formation process.

For large plastic deformations the finite element for-
mulation based on the updated Lagrangean method
with Euler's stress-strain relation is proposed as
shown in equation (3) after [Nagt 74], in which the
geometrical non-linearity due to the change of shape
is introduced and over constraint of incompressibility
on deformation region is also relaxed.

{F}+{E}={{K ]+ [K ] [K o)

Q)

where { F}, { v} are nodal force rate and velocity re-
spectively. [K] is an ordinal stiffness matrix, [K] is a
geometrical stiffness matrix and [K. ] is a correction
matrix for load respectively, {Ft} is the nodal force rate
caused by thermal volumetric change. The tempera-
ture distribution can be easily calculated simultane-
ously through FEM.

4.4.2 Some difficulties in simulation

In the cutting process the work material is parted at
the front of the tool edge. In order to simulate the cut-
ting process, a criterion for these phenomena must be
introduced, such as maximum stress/strain or a geo-
metrical criterion. The latter seems preferable since in
practical cutting the work material is parted inevitably
at the tool edge and this does not depend on the ma-
chinability of work material. Therefore at the present
stage the geometrical separation method shown in fig.
9 is considered to be the most effective for ductile
materials [Obik 96].
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Fig. 9 Geometrical parting criteria

Good physical property data are essential inputs to
the analysis. Since a material in cutting comprises
large plastic deformations coupled with high tem-
peratures at high rates of strain and temperature

variations, the flow stress characteristics should be
determined under those conditions. Equation (4)
shows flow characteristics obtained by Hopkinson bar
tests [Shir 70].

(4)
o = o(£,6,](2,6)de)
where I(g’ Q)dg is the effect of strain rate and tem-
perature in straining.

Friction conditions between a chip and the tool face
are essential boundary conditions for determining chip
formation. The conditions vary from heavy loading
near the cutting edge to light loading where the chip
leaves the tool and the conditions are well known not
to follow Coulomb's law. Equation (5) shows an ex-
ample of non-linear friction characteristics.

t [ k=1-exp(uo,/ k) i

where T and o, are the frictional and the normal stress
on the tool face. k is the shear flow stress of the chip
material and p is the material constant [Shir 73]. When
a fracture criterion of the chip material is introduced, a
shear type or a saw-tooth type chip generation can be
realised as shown in fig. 10 [Obik 97]. However it
should be realised that this is not the type of chip that
occurs in real machining. The fundamentals of the
simulation should be adapted to the real mechanism
of chip formation as described in eg.[Lutt 77, Shaw

V=200in/min

Fig. 10 A simulated segmented chip

Estimation of tool life caused by wear and fracture is
essential for the selection of cutting conditions or
planning a production system. In terms of wear of ce-
mented carbide tools used to turn steels, crater wear
is, and flank wear may be, thermally activated. It has
been proposed that the wear volume per unit sliding
distance and unit area, dW/dL depends on the tem-
perature 6 and also on the stress o,

dw ! dL=Co,exp(-C,/6)
(6)



where C1, C2 are characteristic constants, and 8 is
the absolute temperature .

Since most cutting tools used in modern production
sites are made of a brittle material, brittle fracture with
a stochastical behaviour may occur. A macroscopic
brittle fracture stress criterion under triaxial stress
state has been proposed by B. Paul et al. and the
Weibull's probability distribution has been also super-
posed as shown in fig. 11 [Paul 76, Usui 79]. The
threshold of fracture stress will be greatly affected by
temperature, stress and service duration [Shir 87].
Tool life under the selected conditions may now be
estimated based on the above characteristics (eq. (6)
and fig. 11) of tool materials using the obtained distri-
butions of stress and temperature on the cuttin'g”fool
in the simulation.
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Fig. 11 Statistical brittle fracture criteria

4.4.3 The future of computational mechanics of
the machining system

The extention of simulation systems of cutting proc-
esses from two dimensions to three dimensions will
be performed in the near future with the progress of
computer hardware, because the algorithm required
for the simulation has almost been developed. From a
practical point of view, the most significant problem for
the simulation on real materials is to obtain informa-
tion concerning their physical properties under the
conditions occurring in the chip formation zone, such
as flow stress, fracture characteristics under high
strain rate/temperature and effect of their histories,
and reliable wear/fracture criteria of tool materials etc.
When the value of simulation for practical applications
has been established and its reliability has been con-
firmed, a virtual machining system may be emerging.
There might be three application levels for virtual ma-
chining: machine shop, design of cutting tools and
machine tool industry.

Two main purposes of virtual machining in machine
shops are to educate new production technicians or to
re-educate the engineers and verification of process
plans and NC-programs with a higher level than is
presently the case with verification software which
only checks the programmed geometry but is not able
to evaluate the selected technology

For manufacturers of cutting tools the design of opti-
mum shapes of high performance cutting tools is of
major concern.
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The requirements of new advanced machine tools
such as those for ultra high speed cutting can also be
defined more accurately by a virtual machining sys-
tem.

4.5 Modelling studies of machining at nanometer
scale

Machining is performed at an ever reducing scale. A
quite recent addition is nanometer scale cutting. Fur-
ther understanding of the effects which govern the
ultraprecision machining process is driven by the de-
sire to create surfaces of exceptional accuracy and
quality. The generation of the surface topography and
sub-surface structure has been an important and long
standing research issue in cutting research.

£E | HYBRID-Technique |
8 Microvisioplasticity |Classical

S and 'Mechanics
S| |Micro Finite Element | |
E Analysis

£

nm | gm | mm

Fig. 12 Application areas of different analysing meth-
ods in machining

Pioneering work has been done in the fifties by Shaw,
who concentrated on studies of the built up edge, and
Pekelharing, who concentrated on the grooving wear
in the minor cutting edge in turning. These aspects
were an important factor in the CIRP-OECD co-
operative research project [OECD 96]. At that time
typical feeds in finish turning were around 0.1 mm/rev.
Later researchers, e.g. [Daut 89] focused on precision
machining with smaller cuts with typical feeds around
0.01 mm/rev or even superprecision machining with
feeds around 0.001 mm/rev. The latest research work
focuses on even smaller feeds of 0.0001 mm/rev or
less.

The research of machining at the nanometer scale
was mainly focused on modelling. For the latter pur-
pose the molecular dynamics approach was con-
ducted by several research groups e.g. [Bela 83,
Koma 97, Shim 95, Rens 95]. Significant progress has
been made in dealing with the computational chal-
lenges but there still is a lack of experimental studies.
At such small thicknesses of cut the microgeometry of
the cutting edge has a very important effect. Therefore
much attention should be given to the characterisation
of the cutting edges and to the phenomena taking
place in the immediate vicinity of the cutting edge.
Only then the significant differences in the cutting
forces and in the subsurface layer can be understood.
This was studied for a variety of workmaterials [Bela
93 , Lucc 98]. Such experiments will help to validate



the molecular dynamics models.

4.6 Hybrid-technique: visioplasticity and finite
element method

The application area of the proposed HYBRID-
Technique, based on a new Micro-VISIOPLASTICITY-
Method and a special Micro-Finite Element Method, is
given in Fig. 12. For investigations near the surface of
machined parts, e.g. in a sublayer-depth less than
3nm, the molecular dynamics approach may be ap-
plied. If the investigations are in the range of mm,
classical mechanics is used in several fields of me-
chanics and production engineering with success.
The proposed Hybrid Technique is well suited for the
range of some nm up to mm.

4.6.1 Visioplasticity

The method of Visioplasticity is based on studies in
the early Fifties [Thom 54,Farm 76). In the past a wide
range of applications has been published. Main topics
in the field of use are problems of metal cutting and
metal forming processes. Visioplasticity has proven to
be a powerful tool to analyze plastic flow of engineer-
ing materials. There is a distinction to common grid
techniques due to the combination of a pure geomet-
rical displacement measurement with fundamental
mechanical and thermodynamic rules.

The method is based on a grid structure application
onto a plane surface of the workpiece which suffers
the same deformation as the workpiece itself. The
most suitable are point or orthogonal line structures.
The use of Visioplasticity assumes the grid surface to
remain in a plane state and the deformed material to
be incompressible. In a symmetric workpiece the grid
may be applicable in an inner plane of symmetry.
Such planes are free of shear stresses which would
violate the plane strain condition. Only compressive
stresses have to occur vertical to the plane of sym-
metry to guarantee that the divided workpiece de-
forms in the same manner as a undivided one. The
path of each grid crossing point along a so-called
streamline during deformation can be investigated by
in situ observation or step by step deformation. For a
good approximation of such streamlines by numerical
equations, the differences between two successive
deformation steps has to be small. This is mostly im-
portant in regions where large gradients of velocity
occur. Typical applications are given in the figures 13
to 16

4.6.2 Hybrid Technique VISIO-FEM: HTVF

The basic concept of the hybrid technique [Leop
91,95,95a] is given in fig. 17.

By means of the coupling of the visioplasticity and
FEM methods into a hybrid technique VISIO-FEM, as
illustrated in fig. 17 the disadvantages of each of the
individual methods can be removed or considerably
reduced.
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Fig. 16 Microgrid (5,0 um)
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Fig. 17 Concept of the hybrid method of visioplas-
ticity and the Finite Element Method.

The Finite Element code FEPAS realizes this coupling
[Leop 97]. FEPAS may be applied for thermome-
chanical coupled viscoplastic problems in the Eulerian
flow formulation and includes contact problems with
friction as well as problems with free boundaries. The
coupling of VISIO and FEM is possible in two ways,
see also fig 17:

A directly by

* taking the deformed VISIO grid like a part of
the FEM mesh,

FE mesing outsides the VISIO domain,
taking the calculated velocities by VISIO like
boundary conditions in the FEM

B indirectly by full FE modelling and feedback to the
measured geometry and calculating by VISIO veloci-
ties for parameter fitting of the theoretical model.

4.7 Survey of computational mechanics

Independently from the CIRP WG "Modelling of ma-
chining operations”, Professor K. Ueda from Kobe
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University undertook a detailed survey of current re-
search computational on mechanics and simulation of
cutting [Ueda 98]. He identified a total number of 90
publications from research groups. These publicati-
ons could be grouped into the following main groups:
cutting state studied, type of computational model,
included effects on stress-strain relation, mechanism
of chip separation and comparison with experiments.
In addition over 80 special features are distinguished.

4.8 Conclusions concerning computational
mechanics

Metal machining is a key technology in manufacturing,
in which demands for high productivity and high
accuracy are increasing greatly. Virtual manufacturing
will be one of the answers to meet with these
requirements, for which computer simulation
technologies based on elasticity, plasticity, heat
transfer and material science create a powerful tool.
There is no doubt that advancements in computing
capability and graphical visualization technologies will
bring a further development in the field of the
simulation.

5 Industrial aplications of models

5.1 Questionnaire

The aim of the subgroup “Applications of models” is
to stimulate the development of models that suit the
needs of the metal cutting industry and to promote the
use of such models in industry.
Models should be developed for a well defined
purpose. An important aim of the WG is the
development of models that are better adapted to
industrial needs and to stimulate the use of such
models in the metal cutting industry. The subgroup
JApplications of models* undertook the following
activities:
g To make an inventory of the characteristics of
existing models that are actually applied in
industry to predict the results of machining
operations and to derive future needs for models
to be developed in the field of machining
To identify the most promising fields to develop
models fit for industrial application
To collect industrial ideas and trends in the field
of modeling
* To stimulate industrial involvement in the
activities of the working group

Researchers and industries were contacted by a

questionnaire with the following questions:

| Which parameters do you model and for what
kind of cutting operation?
How do you model the described parameters?

2  Which parameters do you think should be
modeled and for what kind of cutting operation in
the near future?



Which approach/method do you think is the most
promising?

3  Which applications do current/ should future
models aim at?

4 Researchers were asked to indicate topics on
which they would be interested in cooperation
with other collegues.

5 Industrialists were asked whether they were
interested in a contribution to the working group
e.g. by forming a user group or to assist at
presentations.

In order to facilitate the answering and analysis of the
questionnaire a standard format was provided.
The most important results of this exercise are:

. The addressed industrial companies are highly
interested in the use of reliable and industrially
applicable models for process layout. A strong
need for tools to estimate and evaluate the
results of machining processes prior to actual
machining was observed.

e The addressed companies hesitate to get more
involved in research activities related with
modeling for the following reasons:

+ models on cutting provided by research are
seldom commercially available

+ models focus on certain aspects of the cutting
process but are not valid for a broad range of
applications or for complex manufacturing
systems

+ models are often complex to handle; only
experts can use them

+ models in the field of cutting do not focus on the
workpiece

5.2 Suggestions for future developments

After this enquiry, we have thought about the question
as to how the interest of industry can be increased,
with the following results.

The interest of the manufacturing industry for the
activities of the working group can only be raised if we
succeed in showing worthwhile results. In fact the best
stimulus for more intensive application of models in
industry is the development of models which better
fulfil the needs of industry. Therefore emphasis will be
given to the following categories of research items
with significance for practical application:

Refinement of models for the following aspects of

classical operations:

- control of workpiece geometry including shape

- control of surface roughness and surface
integrity

- prevention and minimisation of burr formation

- prediction of chatter

- control of chip forms and chip evacuation

Modelling of new cutting operations:
- high speed machining
- (ultra) precision machining

- micromachining

- workpiece precision in dry machining

- machining of hardened steel and of other classes
of unusual metallic and non-metallic work mate-
rials as eg. plastics

Modelling of less frequently studied operations:
- screw cutting operations including tapping
- new variants of milling

Modeling of the machine-tool

In most of the work on modeling of cutting the
machine-tool is considered to be ideal with infinite
stifness and no error motions. In reality this is not
true. Models which predict chatter and workpiece
precision should contain a certain amount of
information about the mechanical system
consisting of machine-tool, workpiece, fixture,
cutting tool and toolholder in a very efficient way. It
has to be decided what minimum information is
required for a specified application and how that
information can be obtained effectively.

Increase the reproducability of machining
operations

The ability to control machining operations
depends on two factors:

* the ability to obtain results within a required
allowable maximum amount of scatter

the ability to predict the limits between which
the average of the results is expected with a
specified level of confidence

Much attention is given to the accuracy with which
models can predict the average. Only little
attention is given to methods to minimise the
scatter of cutting operations. This means that the
accuracy of the predictions by models can never
be tested properly. Many unfavourable opinions
about models are in fact based on the impossibility
to define the test conditions exactly. It is not useful
to try and increase the accuracy of predictions if
the reproducibility is not improved at the same
time.

*

Efficient methods to determine the numerical
values in generic models

Fundamental modeling entails generic predictive
models for all required machining performance
measures (cutting forces/tool wear&life/chip
forms&disposal/surface  roughness&integrity/part
precision) for the whole range of machining
operations. Applied modeling involves application
of generic models to a specified operation on a
specified machining system taking into account
the characteristics of all relevant components such
as machine, cutting tool, workpiece, etc. This
means the model has to be "filled" with all required
information in the form of data and knowledge, see
fig 1. Only then the model can be used for its
intended purpose to predict the results of an
operation in order to assist in the search for
optimal parameters. The need for predicting the



complete set of Applied Machining Performance
Indicators AMP of a machining system followed by
its optimization has been discussed in detail in a
recent keynote paper [Jawa 97]. It is practically
impossible to measure all required data for each
case at hand. A prerequisite for succesfull
application of the new generic models to be
developed is that simultaneously efficient methods
will be developed to estimate the required model
parameters.

Modelling software construction box

There is a large number of models available for
the various process state variables such as cutting
force and temperature or the performance
measures such as surface finish and tool wear.
There also exists a large number of models for the
different elements of the machining system such
as the process to be performed, the cutting tool
and the machine tool. But these can only be used
on their own. There is hardly any connection
between all these models. As soon as one tries to
apply a number of models to one particular case
differences in structure, assumptions and required
data appear which make it impossible to use them
as components in a construction box to design
new models for more complex situations such as
the levels indicated in fig 1.

Models will be used in the form of software. This
means that components of the construction box
have to be designed as software modules with
properly defined functions, inputs, outputs and
interfaces.

It is a challenge for the working group to design
this modeling software construction box.

Verification of models

The reliability of models has to be tested, the
accuracy of models has to be determined. In the
past many different models were proposed for the
same or a very similar purpose. Models will not be
widely applied if the reliability has not been
proven. It is a serious problem how to do this. A
neutral organisation such as CIRP could do
significant work here.

This is a long list of research items. Small groups of
research institutes should work together on a
particular research item and inform the working group
about the progress made. Other groups might test the
results and use some of them to speed up progress
with their own research agenda. The overall effect will
be a faster development of models with a higher
reliability and better suitability for practical application.
The WG is not very well equiped to indicate any
priority for the activities by its members. The actual
selection of a subject in a laboratory depends mainly
on local circumstances. Nevertheless, there should be
an attempt to stimulate concerted efforts. It will also
be attemped more intensively to get the input from
various kinds of industries: the metal cutting industry,
the machine-tool industry, the cutting tool industry and
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software bussiness. We will invite selected persons
from each of those branches to contribute to defined
research items and to steer them in the right direction.

6 New developments in modelling of machining
operations

During the last decade several new techniques for
modelling of processes have emerged. Some of them
have already been applied in metal cutting. Some
examples will be presented in this section.

6.1 Al-based modelling

Artificial intelligence (Al) based modelling is a new
trend which is still in its infancy (note that the literature
database has revealed less than 1% contribution).
Most of this work is related to process monitoring
through sensor fusion or predicting one or more
outputs from sensory data, while some recent works
utilized Al techniques for machinability predictions and
cutting tool design [Jawa 93, Fang 94]. The dominant
Al approach utilized is the artificial neural network
(ANN). Unlike analytical models which provide explicit
models with deep physical understanding, artificial
neural nets (ANN) provide implicit models captured
within the weight matrices of the net. They are
certainly effective at pattern recognition and
facilitating quantitative prediction. They facilitate
learning from prior experimental data but, not yet,
from prior analytical insights. In other words it cannot
be taken as an analytical process model. Its utility
however might lie in helping to obtain synergy
amongst modelling, sensing, and learning. This
aspect is worth studying more intensively by the
community of metal cutting scientists. The next
section discusses some possible approaches.

6.1.1  Al-techniques

As in many other areas of manufacturing, it is believed
that proper application of Al methods can solve many
of the problems encountered in modeling with
conventional techniques. Several good examples can
be found in recent volumes of the Annals of the CIRP.
Application of one of the various Al-techniques to
represent one of the aspects of the great variety of
metal cutting operations was the subject of many
recent publications. It is high time to have a better
understanding of what kind of technique can best be
used for a particular type of problem.

One significant experience is that those techniques
are also not capable of predicting the results of a new
operation if no sufficient data on a number of similar
operations is available. The amount of data required
for a reliable prediction is much larger than is
available in most practical cases.

The working group intends to study this field more
intensively in the near future. Possibly a new
subgroup should be formed to strengthen activities in
this area.



6.1.2 New techniques for empirical modelling of
machining operations

Machining operations are very complex and do not
permit pure analytical physical modeling, hence
empirical modelling appears as the only remaining
option. Empirical modeling can either be based on
qualitative or quantitative information about the
machining process. Qualitative information is usually
represented as expert knowledge and can be cast into
a model by various methods of artificial intelligence
(Al) which have been formulated for the development
of expert systems. Applications of Al methods in the
field of manufacturing engineering have already been
thoroughly elaborated within CIRP [Dimi 96].
Quantitative information is usually represented by
measured data about process variables and
parameters, and a model represents a relation
between these data. Most frequently, measurements
are influenced by various stochastic disturbances,
therefore quantitative empirical modeling has to be
supported by statistical methods. These can either be
parametric or non-parametric.

In the case of parametric modelling, a proper model is
first defined based upon some physical arguments
and then the parameters of the model are adapted to
the operation under consideration by some statistical
error minimization technique. The emerging
regression relation then represents the empirical law
that corresponds to a specific case. Although, this
approach can be very accurate and applicable in
specific cases, its weakness is in the formulation of
the proper model, which requires profound
understanding of the phenomenon under modelling.
There appears a question of how to formulate a
parametric model that could be generally applicable.
For this purpose the modeling of relations by
perceptrons that was developed in the field of artificial
neural networks appears to be very promising [Hyki
94]. The number of cases related to modelling of
machining operations by perceptrons is steadily
growing and an extensive literature on this subject is
already available [Huan 94].

Although perceptrons appear quite generally

applicable for on-line automatic modelling of

non-linear empirical relations, some engineers
hesitate to use them for the following reasons:

1. the method does not provide explanation of the
adapted parameters,

2. it is often not known how many terms must be
utilized in the model,

3. the adaptation is sometimes slow and it is not
known if the adapted model really corresponds
to a globally minimal statistical estimation error.

4. the method can not be used for predictive models

These topics are still the subject of intensive

explorations in the field of artificial neural networks.

Some of the above mentioned deficiencies can be
avoided by utilizing non-parametric modeling. It is
based on the empirical estimation of joint probability

distribution from given samples of a set of measured
variables [Grab 97]. It is characteristic that in this
case, the form of the corresponding physical law
needs not be specified in advance in terms of
parameters and therefore the non-parametric
approach is very convenient for automatic statistical
modeling of natural laws. The corresponding
mathematical formulation is simple, general, and
requires only the specification of variables.

Application of parametric or non-parametric empirical
models generally requires two phases that correspond
to adaptation and application of the model. In the first
one, the complete data must be provided by
measurements and the model must be adapted to
them. In the second phase, only partial data are given
while the remaining complementary data are
estimated from the model. The properties of an
empirical model are presented to a computer either as
model parameters or as a set of joint multivariate
data. In the phase of adaptation, the measuring
device can provide unlimited number of joint samples
which cannot all be stored in the computer memory.
Therefore, when utilizing non-parametric modeling
one has to specify a finite set of prototype joint data.
For this purpose a self-organized adaptation of
prototype data was developed in which the empirical
information is optimally preserved in the model [Grab
97]. A stored prototype sample can generally be
interpreted as a content of a memory cell or an
artificial neuron. The adaptation of prototype data
corresponds to self-organized learning of an artificial
neural network, while the estimation of unknown data
from given partial ones corresponds to a recall of
missing information from a trained network.

For the purpose of the estimation by the conditional
average estimator, the prototype data must be
properly connected in the sample space. There are
some proven techniques for this purpose. Artificial
neural networks, either perceptrons or RBFNN, are
optimal statistical estimators of relations between
data. Consequently they are generally applicable for
on-line modeling of machining operations based upon
quantitative data obtained from measurements. Quite
often the quantitative data are obtained by
pre-processing of signals from various sensors. The
purpose of the pre-processing is usually to compress
the information into some characteristics, and thereby
obtaining faster operation, time-invariant presentation
of data, etc. Most frequently various statistical
moments, correlation functions, spectral densities,
chaotic characteristics, etc are utilized.

Problems met in modelling of machining operations
stem from the areas of kinematics, dynamics,
rheology, planning, monitoring, diagnosis, control and
quality assurance [Huan 94, Grab 97]. Several of
these problems have already been successtfully
solved by application of Al and neural networks. The
literature on these subjects is quickly expanding and
many examples were already presented in recent
volumes of the Annals of the CIRP.



Among various applications, utilization of NN for
on-line monitoring and diagnosis appears most
promising because it can further lead to optimization
and intelligent control of manufacturing processes.
[Whit 92]

6.1.3 Non linear dynamics

Since the late 1970's revolutionary ideas of non-linear
science have led to vastly improved understanding of
extremely complex and non-linear physical systems in
a wide range of diverse applications. CIRP has
recommended wide-ranging studies of non-linear
dynamical systems as a framework for solving
complicated problems in manufacturing. The time is
now ripe for the application of non-linear dynamics to
understand, control and optimise mechanical
manufacturing processes such as cutting, grinding
and forming. Also in cutting we could learn much from
interdisciplinary ~ work  with  physicists  and
mathematicians. In order to support this the European
Union started the new COST Action P4 "Non-linear
dynamics in mechanical processing" in April 1998 with
the main objective to create specific and mutually
beneficial opportunities for cooperation between
physicists and mechanical engineers in the area of
non-linear dynamics and its application to understand,
control and optimise mechanical manufacturing
processes. The duration of the action is four years.
This action enables researchers within the European
Union to obtain additional funds for contacts with
fellow researchers for accepted projects. Our colleque
professor |.Grabec from the University of Ljubljana is
chairman of the COST Action P4 Management
comittee.

6.2 Minimisation of error motions

Error motions are a nuisance in machining because
they have an immediate negative effect on the
workpiece precision and surface roughness. Error
motions can not be predicted accurately by pre-
process models. In addition it is difficult to relate error
motions exactly to the geometry of the finished
workpiece. Consequently reliable prediction of
workpiece precision is nearly impossible. The
geometric precision of the workpieces can only be
improved significantly by reduction of error motions.
There are various sources of error motions:
1 geometric errors of the machine-tool: the classical
deviations of straightness, parallellism, squarness
etc due to imperfections in the manufacturing of
the machine or wear.
control errors caused by the machine controller.
3 load errors errors due to deformations caused by
forces and temperatures occuring during the use
of a machine.

no

In the past, much emphasis was given to reducing all
three classes of error motions by better design and
manufacture of machine-tools i.e. a mechanical
engineering approach. In addition to this, other
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approaches are proposed:

A To reduce the load errors by controlled limitation of
the allowable force level and heat input; this requi-
res models to determine the limiting values for the
case in hand as well as models to predict forces
and heat input.

B Compensation of error motions. This approach
already has a long history. Compensation of static
geometric errors by mechanical means is nearly a
century old. Later came compensation by the
machine controller. Also, compensation of control
errors is possible. Even compensation of the load
errors by the use of signals of force and
temperature in the machine controller was
attempted. Not all NC-units are suitable for this
approach.

It is also possible to take predicted error motions into
account in making the NC-program. This posibility
was pursued succesfully by a Dutch consultancy firm
recently. A special software module SmartAct is
added to the Smartcam NC-programming system
which takes into account all error motions of a
machine determined by one or two days of
measurements and programming. The result is a
reduction of resulting error motions down to much less
than 20% of the original values in most cases. The
system is now in use in several companies.

6.3 Modeling of vibrations in cutting

When considering vibrations in cutting operations two
aspects have to be considered: forced vibrations and
self-excited vibrations. For both cases the cutting
stiffness, the structural stiffness, and the cutting
mechanism are the principal characteristics to be
observed. From the manufacturers point of view
efficiency and surface finish are the most significant
terms of evaluation. The following is mainly based on
[Sato96].

6.3.1 Forced vibrations

The dynamic characteristics of the cutting stiffness
were studied by using a high speed measurement
apparatus of the workpiece profile to identify the
transfer function between depth of cut and the surface
profile during cutting. With the use of this equipment it
was verified that the cutting stiffness is constant at
least up to 200 Hz for appropriate cutting conditions. It
was confirmed by experiments that structural
vibrations between workpiece and tool are directly
transferred to the surface profile i.e. the surface
roughness. In other words, this revealed the missing
link between the structural vibration and the surface
finish.

Study of the principal structural frequency
components related with the surface finish made it
obvious that the following frequency components are
of importance: rotational speed of the work, major
structural natural frequencies of the machine tool,
natural frequencies of workpiece and spindle system
and excitation frequency components within the



machine tool like noise due to gear trains,
electro-magnetic frequencies for driving motor and
others. These factors were adopted to develop design
principles for the development of machine-tools
capable for ultra precision machining.

6.3.2 Self-excited vibrations
Four aspects will be considered:

Cutting stiffness during self-excited vibrations

A number of scholars such as Tobias, Tlusty, Merritt
and others have identified the conditions under which
self-excited chatter starts. In their investigations the
cutting stiffness was kept constant. In their opinion the
phase shift was the cause for self-excited vibrations.
However, it is obvious that self-excited vibrations can
be caused also without phase shift when the cutting
stiffness is constant. Experiments conducted with
respect to forced vibrations showed that the cutting
stiffness does not accompany the phase shift.

The behavior after the onset self-excited vibrations

It is interesting to identify both the limit where
vibrations start and the mechanism how the vibration
lasts with finite amplitude. There have been cases that
cutting was performed succesfully even when
vibrations occurred like in rough cutting of rolls and
other hard materials. Almost all investigations were
only interested in the limit where the vibration starts,
since after the onset of vibrations, it is meaningless to
ponder on the behavior from the machining point of
view. However, the identification of the mechanism
while self-excited vibrations are present makes it
possible to decide whether the cutting can be allowed
to continue.

The existence of the multiple regenerative effect

It was pointed out that the multiple regenerative effect
is important after the onset of the self-excited
vibration. The regenerative effect was indicated as
one term of the mechanism which causes the
vibration. It means that in turning, the thickness of the
cut is affected by the relative motion between tool and
workpiece during the preceeding revolution. If the
vibration amplitude grows after the onset of vibrations
the trajectory of the vibration immediately crosses that
of the preceeding revolution. This denotes that the
regenerative effect takes place not only one revolution
earlier, but even two or more revolutions earlier. This
is called the multiple regenerative effect. The
importance of this effect for the analysis in the time
domain was pointed out.

Phenomena due to the multiple regenerative effect

Due to the multiple regenerative effect, the tool is
detached from the work and the tool trajectory of one
revolution earlier is left on the work, which means that
the cutting mechanism is non-linear, even if the
cutting stiffness is constant. The chips are separated
by the effect even under adequate cutting conditions.
This phenomenon was ingeniously utilized by Prof. T.
Nakagawa to manufacture metal fibres for composite
materials. Characteristic marks of the vibration are left

on the workpiece and sometimes these have been
misunderstood with respect to the mechanism of the
vibration, however, it can be theoretically correlated
with the behavior by introduction of the multiple
regenerative effect.

The conclusion of this section should be that although
some progress has been made in understanding
vibrations in cutting the basic attitude should be that
vibrations should be avoided whenever possible. The
consequence is that we should concentrate on the
prediction of the vibration limits so that vibration-free
machining can be assured.

6.4 Chaos theory based modeling

It has recently been discovered that metal cutting
exhibits low dimensional chaos [Bukk 95]. This
realization is having a significant impact on the
classical views concerning the dynamics of metal
cutting. The groups led by Kumara (Penn State U)
and Grabec (U of Lubljana) are active in this area.
However, no explicit models of the cutting process
based on chaos theory has been developed as yet.
The theory however has led to new applications of
fractals and wavelets in monitoring and diagnostics of
cutting processes.

6.5 Mechanics and dynamics of milling

Mechanics and dynamics of milling have been studied
extensively by several researchers such as Armarego
[Arma 91]. Later Altintas followed this track. His
research group designed an orthogonal cutting data
base for use in obligue miling operations in
cooperation with Armarego [Buda 96]. The orthogonal
cutting data base is based on a thin shear zone model
and consists of shear stress, average friction
coefficient on the rake face and shear angle as a
function of cutting speed, rake angle and thickness of
cut. Using oblique transformation, cutting forces are
predicted for any milling cutter with sharp edges [Lee
96]. By integration in the time domain milling force,
torque, power,surface roughness and chatter vibration
can be predicted and analytical chatter stability
models can be obtained with a parametric cutter
geometry design [Alti 95]. The generalized milling
model is able to handle any milling cutter geometry for
process analysis and optimization [Alti 96].

7. Prediction of workpiece precision
7.1 Complexity of models for workpiece precision

Models capable of predicting the precision of

workpieces manufactured by machining operations

should include all factors which might influence the

precision of workpieces in machining significantly in

one way or the other. Groups of influencing factors

are:

1 the geometrical product specification GPS

2 the geometry of the part before the machining
operation considered takes place



the work material

the machine-tool in operational condition

the position of the workpiece on the machine-tool
the clamping device of the workpiece

the machining method

the cutting tool

the cutting conditions

10 the cutting fluid

11 the location of the tool-workpiece interaction
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In each group a large number of influencing factors
can be distinguished. The total number of variables in
a workpiece precision model would be of the order of
one hundred. Also the precision of workpieces can be
described by a large number of aspects such as
accuracy of size, location, shape, etc. On each
workpiece each of these aspects should in principle
be studied for all geometric elements. To describe the
precision of one workpiece may easily require the
order of one thousand element/aspect combinations
or precision units.
If the complexity of models is defined as the product
of the number of influencing factors times the number
of output variables this would mean that the order of
complexity of workpiece accuracy models is
1072710/3=1015.
For practical reasons the complexity should be
reduced at least three orders of magnitude. Even
models with a complexity over 10 are already difficult
to handle by traditional means. The complexity of
models can be reduced in two ways:
By reduction of the number of influencing factors
included in the model.
This can be realised by:
1 by leaving out influencing factors of minor
significance
2 by combining several independent influencing
factors into new combined influencing factors.
We should strive for models with a maximum of
about 10 influencing factors.

By reduction of the number of output variables.

In the case of workpiece precision this can be done
easily since not all precision aspects are of
importance for each geometric element. Many
elements may be neglected completely because the
precision is not critical. Certain precision aspects of a
number of related geometric elements may be
grouped together. An example is the roundness
deviation of various steps on a turned shaft. The
roundness deviation on each of those steps is
caused by the same origin.

In this way the number of precision aspects included
in a model can be reduced to a maximum of about 10
in most cases without becoming unrealistically simple.
Reduction of the complexity is an important step in
modelling. It seems possible to accomodate many
situations of industrial importance in models for
workpiece precision with acceptable complexity.
Which influencing factors and precision aspects
should be included in a certain model depends on the
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aim and the application area of that model. Therefore
the aim and the application area of models should
always be clearly defined.

Co-operative work on the significance of the
influencing factors on workpiece precision in particular
situations seems worthwhile and could form a good
basis for the development of realistic models.

7.2 Available models for workpiece precision

The few available models for workpiece precision can
be dievided into the following types:

Models for deflection of the machine, workpiece and
tool due to the cutting force

These models consider a nominal value of the cutting
force component in the sensitive direction and
calculate the resulting displacements and the effects
on workpiece shape and dimensions.

Models for error transmission

Deviations of the nominal shape and dimensions of
the blank cause a variation of the depth of cut and
thus a variation of the cutting force. Due to the finite
stifness of the system, deflections occur which cause
smaller variations of the workpiece shape and
dimensions than those of the blank. The transmission
function depends on stifness and cutting conditions.

Models for thermal deformations

The complex temperature fields in the machine, tool
and workpiece cause thermal deflections which can
be calculated and even compensated to a certain
extent once the actual temperatures in certain points
are known. More advanced models also calculate
temperature distributions especially in the workpiece
once the heat input at the chip formation zone is
known. These simulations of workpiece deformations
by FEM resulting from the heat generated at the tool
workpiece interface become more important in dry
machining and precision machining of hardened steel
and refractory materials [Warn 97).

Models for the prediction of chatter
In most models, only static components of the cutting
force are considered. The dynamic force component
may give rise to chatter which spoils the machined
surface and causes other nuisances in machining.
Predicting chatter in order to be able to select
condiditions which avoid chatter is a great challenge
and has been attempted already a long time. In
principle the theory to predict chatter is available. The
main problem is that the actual data about the many
variables which are important are nearly never
available with sufficient accuracy because they are
difficult to determine. Two categories of data should
be distinguished:

1 the dynamic properties of the system which
depend on the machine tool, the workpiece and
the cutting tool and which varies with the position
and direction of the relevant cutting force vector

2 the dynamic behaviour of the relevant cutting force



vector which changes with the work material, type
of operation, tool shape and material, cutting
conditions and type and amount of toolwear

models for fixturing errors

Geometric deviations of workpieces are also caused by
fixturing due to positional errors of the locating surfaces
of the fixture, uneven surfaces on the rough workpiece,
workpiece surfaces not in contact with locating surfaces
of fixture and deformation of the workpiece and the
fixture by clamping forces. Only few models exist to
quantify the influence of those effects on the final
workpiece geometry. Some recent examples are [Hurt
98, Li 98, Liao 98, Sali 98]. In addition the location and
orientation of the workpiece-fixture contact surfaces
may influence the deformations caused by the cutting
force and thermal expensions [Acun 98].

Models for the prediction of surface finish

Surface finish includes roughness and modifications
of the surface layer. The number of models available
for prediction of surface finish is very limited. The
main reason is that these models can not be based on
engineering  principles like those for elastic
deformations. Most knowledge about surface
roughness and integrity is empirical, and based on
experiments in the laboratory. Up to now, very few
relationships in a mathematical form which relate
surface parameters to cutting conditions are available.
A basic model is that of the kinematical roughness
determined by the the tool profile and the pattern of
motions of the tool relative to the workpiece. The

actual roughness may be more than five times higher
due to error motions, effects of unstable built-up-edge
and a changing tool profile due to wear. It is difficult to
model each of those effects. Also there are strong
interactions. Most knowledge is available for turning,
much less for other operations. In addition it is very
difficult in practice in many cases to keep all factors
under such tight control as is required to obtain
reproducable results. Repeatability is a prerequisite
for effective modelling.

7.3 Models for burr formation

In many cases parts produced by machining can not
be used immediately due to the presence of burrs.
Burrs are caused by the action of the cutting tool on
relatively tough work material under most cutting con-
ditions. The removal of burrs takes additional costly
operations. Consequently, where possible precautions
should be taken to avoid the formation burrs com-
pletely or, at least, to minimize or control the size and
location of burrs which may not need to be removed.
This is possible by the selection of appropriate tools
(and geometries), machining conditions, tool paths
and, to some extent, part design.

There has not been much detailed study of burr for-
mation in comparison to the study of, for example,
chip formation. Early models, used either empirical

representations of process mechanics, for example

[Gill 76], which used a simplified analytical model
based on plasticity or were residual results from re-
search addressing other effects (for example, Pekel-
haring's classic study [Peke 78] of “foot formation” in
the exit of interrupted cut tooling, using FEM, yields
great insight to the burr formation process and the
influence of process conditions.). Others, for example
Nakayama and Arai [Naka 84], define the critical
terms in burr formation and present experimental evi-
dence to substantiate the observations of formation
mechanisms. Finally, others used microscopes and
SEM technology to observe the detailed deformation
of material during the tool exit stage in orthogonal
machining that creates a burr [lwat 82]. Ko and
Dornfeld [Ko 98] developed a model for burr formation
in materials exhibiting ductile and brittle behavior, and
evaluated the model at slow machining speeds. This
was originally done using plasticine material as the
workpiece. Although not exhibiting strain hardening,
plasticine “kinematically” behaves like conventional
materials for burr formation. Later, Chern and Dornfeld
[Cher 96] continued the development of burr formation
models and extended Ko’s model with more realistic
machining operations and conditions. They also in-
cluded a study of edge breakout phenomenon as well.

In general, closed form solution analytical solutions for
general problems of elastic-plastic large deformation
such as chip and burr formation processes are very
difficult to obtain. Thus, as reviewed elsewhere in the
paper, finite element method techniques are fruitfully
applied. One of the first analyses was done for oblique
machining a ductile metal using a commercial FEM
package, ABAQUS Standard [Park 98a]. Based on the
change in geometry at the edge of the workpiece and
a series of stress and strain contours, the fundamental
burr formation mechanism was found and divided into
four stages as the tool approaches the work edge.
The influence of work edge geometry could also be
determined. These stages are initiation, initial burr
development, pivoting point and final development.
Park continued this study by employing ABAQUS Ex-
plicit code which allows for a more detailed and
mechanistically correct analysis of burr formation. This
code has the advantage of using a ductile failure
model for chip separation rather than a parting line
approach. In addition, an adiabatic heating model is
adopted to simulate the heat generation effects of the
plastic work. The results were also compared qualita-
tively with experiments. Hashimura et al [Hashi 95]
analyzed the three dimensional burr formation in
oblique machining and verified the results in slow
speed in situ SEM machining . This study showed the
effects of the tool inclination angle and proposed a
burr formation mechanism consistent with earlier
studies. Fig. 18 shows a schematic representation of
the stages of burr formation in both ductile and brittle
metals, as observed in the SEM machining.

As a result of these basic studies and other published
research, the analysis can be extended to the predic-
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Fig. 18 Schematic representation of burr formation.

ion of burr size and location in more conventional ma-
chining processes [Nara 95, Hashi 98]. This offers the
potential for burr minimization based on tool design,
tool path and process parameter planning. And. al-
though much more complicated, the analysis of burr
formation in drilling is underway. Many of the same
early researchers addressed burrs in drilling but no
comprehensive analytical studies existed. Stein has
looked extensively at burr formation in precision holes
with special emphasis on through hole geometry ef-
fects and the influence of feed rates and other proc-
ess parameters [Stein 95, Stein 97]. The influence of
intersection geometries on burr size and shape, spe-
cially for non-axially intersecting holes, was quantified.

8 Augmenting modelling through synergistic
interactions with sensing and learning

8.1 Developments in sensoring, monitoring and
supervision

The literature database has revealed that about 8% of
metal cutting literature has been devoted to sensing
and monitoring. Much of this work has occurred in the
last decade and half. Many new techniques for
processing sensor signals have been developed.

Recent overviews were produced by another CIRP
working group [Byrn 95,Anom 95]. The reliability of
prediction is being increased through sensor fusion

rack grows along the
(egative shaar zone

hip separates along
egative shear zone

Break out

and the implicit modelling abilities of ANN. Yet, the
worlds of sensing and modelling have so far remained
completely apart. It is time these two communities
come together in a complementary fashion.

The need to conduct extensive off-line experiments to
compile the machining databases that support the
calibration of model parameters has been the major
hurdle in the extensive utilization of even models that
have been rigorously validated under laboratory
conditions. Sensing is likely to provide a way out in
this regard. Sensing can augment modelling in two
principal ways.

Firstly, recall that the aim of modelling is to predict the
magnitude or trend of the desired performance
measure. This performance measure depends on the
process inputs and current state of the process. Until
the general current state has been identified (e.g. a
stable built-up-edge might or might not be present) ,
one cannot select the applicable model. A sensed
signal from a cutting process, is however a result of
the same cutting state. Hence, with a proper selection
of the sensor(s) and signal processing methods, it
should be possible to identify the current state.
Secondly, as noted already, calibration of the model
coefficients is the main reason one is forced to rely on
expensive and, often, unreliable machining databases
to day. Figure 19 schematically illustrates a method of
overcoming this problem by augmenting modelling
with sensing and learning. machining databases.

{O,} and {O,} are the desired performance measures
and sensed outputs respectively from the
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Fig. 19 Calibrating A Predictive Model by Using
Sensed Output

very same process [P] as the latter manifests in real
time. Hence, {O} should contain much information
concerning the way [P] behaves for the nominal input
{1). All we need to do is find a way of utilizing this
insight towards determining the corrections {AC} that
need to be made to the model coefficients {C} set
initially through a static machining database.

Figure 20 shows another possible method of
combining the powers of sensing and modelling by
taking advantage of a learning system, L, such as an
ANN.
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Fig. 20 Augmenting Learning Through Modelling as
well as Sensing

8.2 Sensor enhanced modeling

Whatever the technique used models require a
tremendous amount of data if they are used to predict
the results in small batch manufacturing with a variety
of operations, cutting tools and work materials. It will
never be possible to obtain all the required data from
public sources or properly designed experiments.
Accurate and reliable data can only be obtained from
own experience in the workshop. However a
workshop is no laboratory and production people are
not trained to perform experiments and to carry out
the necessary measurements. The only reasonable
solution seems to equip machine-tools with sensors
and other information input equipment to collect the
desired information. The first run of actual production
operations are performed with starting cutting
conditions as found in public domain machining data
collections e.g. those provided by cutting tool
manufacturers. The actual process state and output
values are captured and fed into the primitive model

which is based on estimated constants based on
published data. The primitive model can be improved
on the basis of the captured information. The next
operation can be performed with improved cutting
data calculated from the improved model. This cycle
should be repeated as often as possible. In this way
the models learn from experience. This approach was
advocated in [Peng 97, Peng 97a, Venu 97, Lutt 98].

8.3 Throwing everything together

The majority of the current applications of ANN in
machining utilize either the nominal process inputs,
{In}, or sensor signal features, {S}, or both as inputs. A
disadvantage of this method is that each learning
exercise is an individual episode. By complementing
this scheme with model predictions one may be able
to accelerate the learning process as well as improve
the robustness of the learning system.

Variations of the above schemes are being pursued at
City University of Hong Kong and Technical University
of Delft in predicting and compensating workpiece
dimensional errors in machining.

In doing so the best elements of recent research will be
brought together in one system which will serve to a
certain extend as a test bed for some of the ideas for-
mulated in this paper or in one of the recent confer-
ences mentioned in 9.3. The main aim is to investigate
how recent developments in Al technology and sen-
soring techniques can enhance workpiece accuracy.

9. Guidelines for future research

9.1 Changes in the development of models for
machining

Work on modelling of machining operations is carried
out by laboratories all over the world. Not all of them
are represented in CIRP. In the past much work was
carried out in Europe, especially Germany. Especially
during the last few decades, significant contributions
came from Australia. In this decade many activities
can be observed in the USA.

In the past most work was done by individuals or
small groups. Typical examples are Prof Shaw in the
USA, Prof Pekelharing in the Netherlands, Prof Oxley
and Prof Armarego in Australia. These workers had to
restrict themselves to certain aspects of modeling and
often dealt only with the basic process of chip
formation or the ideal processes of turning, milling and
drilling neglecting the influence of all elements of the
machining system other than the workpiece and
cutting tool. In principle new models had to be
developed for each process. Armarego tried to bring
these attempts together into a general machining
theory [Arma 70-96].

Nowadays it seems that a significant part of the work
on modeling of machining operations is carried out as
planned work by research teams, financed by
agencies. Typical examples are Jawahir's group at the
University of Kentucky and the Virtual Machine-Tool
group at the University of lllinois at Urbana-



Champaign. Both groups are executing an overall
plan to model all aspects of the most important
machining operations taking into account all elements
of the machining system.

As long as CIRP STC "Cutting" has existed it has

been active in one way or another to collect and

evaluate information on modelling. This has led to
some noteworthy results:

1 An extensive program of cooperative research in
which a well coordinated series of experiments
was carried out by a number of laboratories in
nearly all OECD countries at that time. The main
results are documented in the final report [OECD
66].

2 Less succesfull was the endeavour of the working

group “Application of Machining Research to
Industry AMRI", founded by the STC"C" chairman
of that time, Prof Colding, to write a book
containing all knowledge about machining relevant
to industry. Practical applicable models would
have been an essential part of it. The AMRI group
never succeeded in writing that book. Some of the
information collected might still be available but
most of it is not suited to the needs in industry of
today.
The working group "chip formation" collected all
available knowledge on chip formation and chip
evacuation. Modelling is an essential part of this
area [Jawa 93, Lutt 93].

9.2 the CIRP International Workshop on Modelling
of Machining Operations held on 19 May 1998 in
Atlanta USA

The aims of the workshop were to discuss problems
and possible solutions in the future development of
models for machining operations aimed for practical
application in the metal cutting industry. The gap
between engineering necessity and scientific challenge
should be closed by coordinated action of all persons
concerned. There were nearly eighty participants,
among which were many persons, not usually involved
in CIRP activities.

Dr M.E. Merchant spoke about “An interpretive look at
20th century research on modelling of machining". His
conclusions were: In computer integrated
manufacturing, machine tools are required to run ever
more autonomously and must be able to avoid or
correct processing errors or failures. The key to the
advancement of such capacity is to increase the
accuracy and realism of machining process models by
effective utilisation of a proper mix of fundamental,
empirical and science based knowledge in such a way
that the models can be integrated within the overall
system of manufacturing.

Professor P.L.B. Oxley reviewed "The development and
application of a predictive machining theory". He
showed how the results of over fourty years of research
have enabled to predict cutting forces and temperatures
depending on work material properties and cutting
conditions and how these predictions can be used to
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selecting cutting conditions. He signalled the main
weaknesses of his work: The work was maily limited to
plain carbon steels and should be extended to other
workmaterials. Efficient tests should be developed to
obtain the required workmaterial properties. The chip
formation model should be extended to include rounded
or chamfered cutting edges, chip breaking geometries,
3D-cutting, interrupted cutting as in milling and various
modes of chip formation. Several of these aspects have
already been studied by other researchers but could up
to now not be integreted in the predictive machining
theory.

A large number of wishes was presented by
representatives from the automotive, aerospace, heavy
equipment and cutting tool industries.

Some thirty papers were presented in four parallel
sessions: Analytical modelling,Computational
Modelling, Experimental/ Emperical Modelling and
Integration of Modelling.

After lunch group discussions took place on these four
areas with the aim to asses the current status but
especially to define the most promising prospects for
future directions of research. Each group prepared a list
of maximal six items for presentation at the plenary
session. The most striking results of this are as follows:

The first issue is fragmentation. In experimental data
this arises from the multiplicity of materials, cutting
tools and cutting conditions available to investigators
which leads to large volumes of data which cannot be
directly compared with or integrated with the data of
others. This lack of a coherent data set makes model-
experiment comparisons difficult and impedes
progress in developing and refining our understanding
of the physical processes which control machining
response. In simulation this arises because the
“global” machining problem is so broad that individual
researchers and research groups, rather than
developing a “global” simulation focus on individual
elements of the overall problem. In the creative stage
of simulation development this is desirable. However,
solving the overall problem requires incorporating
these individual simulations in a comprehensive code,
and solving practical machining problems requires
incorporating the ‘best’ individual simulations in a
comprehensive code. Unfortunately there is no
procedure for identifying the ‘best’ solution and the
software is not written in a modular fashion so that
integrating individual simulations is difficult. Also, this
is compounded by the difficulty to characterize the
machine tool performance which significantly affects
the overall machining performance of a machining
system consisting of workpiece, cutting tool and
machine tool including jigs and fixtures. Modeling and
simulation activities need to be based on the relevant
machining system rather than from the analysis of
simple orthogonal type processes.

The second issue is multiple communities. There
are three groups with an active interest in working to
develop a global machining simulation: the modelers



developing the simulation, the experimentalists
generating data to guide and validate model
development and the users who seek a rapid, low-
cost solution to their immediate machining problems.
There are concerns that experimentalists and
modelers are not interacting as effectively as they
could be and that there is poor model coordination of
modeling and experiments. There is also concern that
there has been inadequate interactions between the
future users of the technology and researchers. Thus,
some key capabilities desired by the user community,
for example coordination with CAD/CAM systems, the
need for models which address real machining
conditions and real tool geometries including chip
breakers, are not receiving the attention they deserve.
Cooperative efforts on modeling of machining
performance parameters such as tool-wear/tool-life,
chip-form/chip breakability or surface roughness are
considered a significant step in the right direction.

The third issue is the knowledge base on which the
models and simulation are based. Numerous
concerns were raised regarding the perceived
inadequacy of the physical models on which the
simulations were based including: the quality of
material flow stress data relevant to the machining
regime; the tribological aspects of machining; tool
wear; and surface roughness. Additional advances in
these areas are essential to ensure robust and
reliable predictive models for use in simulation. In this
regard, the use of advanced tools and techniques for
generating and sustaining the required knowledge
base with no loss of accuracy and reliability of
predictions is highly encouraged.

9.3 modelling of machining in 1998

Modelling of machining operations is a continuing story
which seems to be more vivid this year than ever
before. Over 40 papers on various new aspects of
modelling of machining operations were presented this
year at CIRP sponsered conferences.

Most of these recent research efforts deal with possible
new ways to obtain a better control of machining
operations in general but remarkably much emphasis is
given to workpiece accuracy and the application of new
techniques. Thus it seems we are-on the right track as
far as the subject is concerned. What is still missing is a
common framework..

9.4 Future work by the CIRP working group on
modelling of machining operations

The working group is still far away from reaching its
original aims. After three years of reconnaissance of
the problem area more effective methods should be
developed to speed up progress.

One serious handicap is that up to now no funding
could be obtained for such CIRP activities. Institutes
are only able to contribute when their financed
research activities fit into a programmed CIRP activity.

The aims of this working group are very ambitious.
We try to make a significant step forward on the global
level while most financed research is restricted to the
national level or even has a more narrow purpose.
Some people even consider effective modeling of
manufacturing operations as a strategic asset in
global competition which hampers the free exchange
of knowledge.

Another handicap is that young researchers, and
perhaps even more the agencies that finance
research, are not very excited by new work on
modelling of such classical operations as metal
cutting. Work on new techniques like rapid prototyping
seems to have much more glamour.

The working group intends to continue its activities.
We will concentrate on a few areas:

s FEM simulations including computational

techniques, material properties and friction laws

new modeling techniques e.g. Al

software standards for modeling and simulation

prediction of workpiece precision

applications to high speed machining, machining

of hard materials, superalloys or other special

workmaterials, dry machining

« bringing all well proven partial models together into
the ,house of models®, fit for overall prediction of
machining performanche in practical applications

. ® @

There will be an effort to form small groups that work
together on specific topics.

10. Conclusions

« The CIRP working group modelling of machining
operations has started an ambitious project to
improve the quality of modelling and simulation of
metal cutting operations significantly by a joint
effort of its members with the aim of enabling
industry with a better control of such operations.

« A wealth of information was collected, partlally
evaluated and stored in a systematic way in a
literature database. This is a sound basis for
further analysis and new research to develop
improved models, better suited for industrial
needs. New information was added recently which
deserves attention.

« The field of modelling of machining operations has
been scanned with an intensity as never before
and the aims of the working group have been
defined clearly.

e A start has been made with a classification of
models and an unified terminology which
enhances the quality of communication.

« This keynotepaper, which in fact is a progress
report, has presented many problems and only
few partial solutions. The working group intends to
develop solutions for at least some of the identified
problems in the near future.

e Much attention should be given to the design of a
house of interrelated models for the various
operations, considered at the required levels in



which the partial solutions can be placed as
building blocks. CIRP could design the
architecture of such a house.

At this moment the complexity of the task is fully
apparent. One may doubt whether the aims can be
fully reached but it seems realistic to expect that
through a joint effort of a sufficient number of
participants, a significant leap forwards can be
made.

It is certain that such an ambitious undertaking
needs more time than the usual three years of
existence of a CIRP working group.

In the future it will be impossible to rely completely
only on automatic monitoring to improve the
control of machining operations because
monitoring lacks the predictive capability needed
to plan operations. In addition even monitoring
systems need reliable models of some sort.

The use of sensors such as those used in
monitoring systems might be useful to update the
data in the applied models by some learning
procedure.

Some new research has started in participating
laboratories which may lead to new results within
a few years time. The working group intends to
stimulate those new  developments. Application
of Al-techniques and computer simulation also
on higher levels than the basic chip formation
process seem worthwhile areas of research.

In all activities we have to realise that industry is
not interested at all in academic discussions about
the type of models and the techniques used. The
only thing that counts is whether a model provides
acceptably good results in their situation.
Researchers tend to try to develop generic
solutions which can be applied to a wide range of
different needs. Most industries use a limited
number of machines, operations and materials and
are generally concerned with achieving good
(rather than the best) machining practices.
Reliable short time solutions with little sop-
histication may be more productive than very
sophisticated ideal solutions which may never
become true.

The working group intends to pursue its adapted
aims with adapted methods. It will be operational
at least for three more years.

The working group still invites contributions from
people all over the world which might fit our
purpose and goals.

An enhancement of the quality of models for and the
level control of machining operations can not be
achieved by STC “C" alone. Better ways of co-
operation with other STC's of CIRP suchasM, O, P
and S should be sought.
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A database with relevant literature containing over 3500
publications provided with keywords and tools for
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Figure A-1 (annex)
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Figure A-2 (annex)



