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Abstract

This thesis examines the relationship between progressive wear of cutting inserts during a
face milling operation and the acoustic emission and surface profile generated by that
process. Milling experiments were performed on a range of workpiece materials using

both eight point and single point insert arrangements contained in two cutters of different

geometries.

Surface profile measurements were made using a stylus profilometer at intervals during
the experiments. Correlations between the wear state as measured by the length of the

flank wear land (V) and the spatial frequency content of the surface profiles were
established. Investigations into the variation of fractal dimension of a milled surface with

V, demonstrated that no correlation was observable between these quantities.

Acoustic emission (AE) measurements were made using a non-contacting fibre-optic
interferometer which allowed the rms of the AE signal and its mean frequency to be

determined. Correlations between these parameters and V}, were established for a range of

workpiece materials and cutter geometries.

It was shown that neither AE measurements nor surface profile measurements in 1solation
could predict tool wear state in all situations. The advantages of fusing data from surface

profile and AE sources via an artificial neural network in tool wear monitoring were

demonstrated.
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Chapter 1

Introduction

1.1 Specification of the problem

In recent years there has been a tendency towards the use of automated manufacturing
systems which increase manufacturing production rate, reduce production costs and
improve quality [1.1]. A robust and accurate tool condition monitoring system is therefore
desirable in order to maintain the quality of the product and adapt to the onset of process
defects such as tool breakage and wear. This is of particular importance in those industries
which generate either high volume products or low volume, high value products. This
thesis examines the problem of measuring tool wear in milling with particular reference to

acoustic emission during the cutting process and to the surface finish of the workpiece

produced.

1.1.1 Aims and objectives

An aim of this work 1s to establish correlations between the wear state of a milling cutter
and the surface finish produced by that cutter. A further aim 1s to examine correlations
between aspects of the rms of the acoustic emission signal produced during cutting, the
spectral content of the AE signal and the wear state of the milling cutter which generated
the AE. The work will be confined to finish cutting in a face milling process but 1t will

investigate the effects of axial rake angle and workpiece material on the parameters of

interest.

1.2 Insert wear

In 1ts most basic form the metal cutting process involves the separation of a metallic chip
from a parent workpiece material by the passage of one or more sharp cutting edges
through the workpiece material. The chip 1s formed by a shearing process which takes
place in the workptece matenal ahead of the cutting tool. The cutting edge 1s formed at

the intersection of two surfaces of the cutting tool known as the rake face and the flank.

1



This arrangement is illustrated in figures 1.1a and 1.1b for two of the cutting inserts used
in this work. The inserts in figures 1.1a and 1.1b are denoted negative rake and positive
rake in order to differentiate between the axial rake angles of the tool holders used in this
work. Each of the negative rake inserts has eight cutting edges available for use (at each

corner) and each of the positive rake inserts has four cutting edges available.

H

rake face cutting edge -
flank
flank
wiper flat
rake face cutting edge _
wiper flat
() (b)

Figure 1.1 Typical cutting inserts used 1n this work, (a) negative rake, (b)positive

rake.

The term axial rake angle refers to the orientation of the insert relative to a plane which is
perpendicular to the workpiece as shown in figure 1.2. It may be positive or negative. The

flank surface 1s oriented at an angle known as the relief angle to the workpiece surface.

axial rake
, angle/

rake face

e
flank

workpiece

¢ : #relief angle
%M//WWW

Figure 1.2 Definitions of rake angle and relief angle.



The particular geometry of a cutting tool depends on the process. In operations such as
turning a single nsert (cutting edge) 1s in contact (usually continuously) with a workpiece
which rotates whereas in processes such as drnlling a rotating tool with two cutting edges
1S in continuous contact with a stationary workpiece. This work 1s concerned with the face
milling process 1in which a rotating tool with multiple cutting edges i1s in discontinuous
contact with a workpiece which i1s moving in a direction perpendicular to the axis of

rotation of the tool.

The material of the cutting tool must of necessity be harder than the workpiece material
and ideally resistant to wear. As cutting takes place the chip moves over the rake face and
the newly formed surface of the workpiece moves under the flank and it is in these

regions that insert wear occurs.

The changes which take place on the insert during the cutting process are 1llustrated in
figure 1.3. Some or all of these changes may occur during the operation depending on the
cutting conditions, the insert material and the workpiece material. Typically a wear land
develops on the flank face, extending from the cutting edge, which 1s characterised by its
length V. Some researchers take the maximum value of V,, as being an indicator of insert
wear and others take the mean value of a series of measurements as being a measure of
wear. In this work the mean value of V, 1s used to assess insert wear and when this
parameter exceeds 0.7 mm the insert 1s considered to be worn out. When compared with
the other possible measures of insert wear, Vy, 1s the easiest measurement to make and this

explains 1ts overwhelming use in tool wear investigations.

cutting edge degradation

Vi \ crater wear — <7770
flank wear
A \
flank S

rake face
face

Figure 1.3 Common characteristics of insert wear



Loss of the cutting edge by chipping results from the high impact loading which 1s a
distinguishing feature of the face milling operation. It 1s difficult to obtain a meaningful

measure of this phenomenon as its effects are discontinuous and as a result 1t 1s not used

as a measure of insert wear.

Crater formation may arise on the rake face of the insert displaced a small distance from
the cutting edge as a result of the high temperatures associated with the frictional forces
generated as the machined chip slides over the rake face. It 1s characterised by 1its
maximum depth which is relatively easy to measure making it the second most common

technique for assessing insert wear.

A notch may be produced at approximately the depth of cut on both the rake and flank
faces because only part of the cutting edge is loaded during cutting. It results from a
combination of factors including a complex force system at the depth of cut line and 1s
more likely to be present when cutting maternials possessing a hard outer layer. It is

difficult to quantify and in consequence is not used as an insert wear indicator.

The mechanisms of tool wear will be discussed 1n more detail in chapter 2.

1.3 Tool wear monitoring

Broadly the monitoring of tool condition can be achieved either through direct methods
which require the tool to be observed directly at intervals during the cutting process or
through 1ndirect methods in which some measurand 1s monitored which can be
demonstrated to be sensitive to tool condition. By the nature of the process direct methods
usually require an interruption to the machining process whereas indirect methods are
generally continuous. Direct methods, such as those involving electrical resistance
measurements or radioactive impregnation of the inserts, also suffer from the
disadvantage that special inserts are required which are expensive to manufacture and
which may not achieve universal acceptance because of environmental implications.
Several methods of indirect determination of tool wear state in metal cutting are currently
available as will be discussed in chapter 2. They include cutting and feed force
measurements, vibration measurements, spindle electrical measurements and acoustic
emission measurements. However none of these techniques provides a complete solution

to the problems of a unmiversal tool wear monitoring system. This 1s as a result of the

4



complex nature of the metal cutting process. For example, continuous cutting processes
such as turning are likely to require different approaches to tool wear assessment than the
discontinuous processes such as milling. It is also to be expected that some of the
measurands used in wear monitoring will exhibit greater sensitivity to tool wear 1In
situations such as those involving light cuts and small tools than in others. In fact 1t 1s
unlikely that a single sensor will be able to be employed to monitor all metal cutting
operations since a very large number of processes are involved which use a large number

of cutting tools, cutting conditions and workpiece materials.

The work of this thesis concentrates on face milling which 1s one of the more complex
metal cutting processes. The tool wear monitoring task in this process i1s made more
difficult by the presence of multiple cutting edges and by the intermittent nature of the
insert/workpiece contact which is fundaﬁlental to the process. Some of the uncertainty
associated with multiple cutting edges may be removed, at least in a research
environment, by the use of a single insert in a multi-insert milling cutter. However the
problems of disconfinuous contact still remain and in commercial practice such fly-
cutting operations have found very limited application. In this work both multi-point and

single point cutting are investigated.

It may be argued that the quality of a machined product 1s ultimately defined by the
finishing process to which the product is subjected and that quality 1s susceptible to the
wear state of the finishing tool. In order to monitor the wear state of the tool it is
necessary to choose measurands which are sufficiently sensitive to long time scale
degradation of the tool whilst cutting the workpiece with shallow values of depth of cut.
Acoustic emission (AE) generated during the cutting process fulfils this requirement and
has the further advantage that it occurs at frequencies typically above 100 kHz,
signiﬁcanﬂy greater than those associated with the mechanical vibrations of the machine
tool being monitored. Since the sources of AE are close to the cutting edge, AE signals
may be expected to contain information on the state of wear of the insert involved in the
cutting. Thus the principal requirement in using AE in a tool wear monitoring scheme is

to establish a correlation between the AE signal and the wear state of the insert.

One measure of quality in a machining process 1s to be found in the resulting surface

finish of the product. Therefore it may be considered that a measure of the surface finish



of the workpiece could be used as one aspect of a tool condition monitoring system. Until
recently attempts to incorporate such a measure into a practical monitoring system have
been frustrated by the requirement to remove the workpiece from the machine tool before
taking profile measurements from it. However novel developments in sensor technology
[1.2] have enabled surface profile measurements to be made inter-operationally with the
workpiece still mounted on the machine tool. Unlike conventional profilometers this
instrument does not measure absolute height variations but differential height variations
from point to point on the machined surface. As a result it is difficult to extract such
common surface descriptors as the centre line average, R,, from this sensor signal but it 1s
suited to surface analysis in the frequency domain. Thus if a relationship between some
aspect of the spectral content of the machined surface and the wear state of the insert
which produced the surface can be established, this may be used in a tool wear monitoring
system. To ascertain this relationship it is not necessary to use this novel transducer to
provide the data stream and thus for experimental purposes it is possible to employ a
conventional profilometer as the data source. Part of the work of this thesis explores the

relationship between the spectral content of the machined surface profile and the wear

state of the cutting tool.

1.4 Workpiece and insert material properties

Since insert wear results from the intimate contact between the work piece material and
the 1nsert 1t 1s anticipated that the manner in which wear takes place will depend in part on
the material properties of these contacting pairs. A wide range of cutting tool matenals are
available with properties which include high wear resistance, brittle fracture resistance
and or high temperature stability [1.3]. In general any given tool material will not possess
all of these properties. For example a material which is highly resistant to wear will not
have a good resistance to brittle fracture. In this work only tungsten carbide inserts are
used. This material represents a compromise between insert wear resistance, impact
strength and high temperature hardness when compared with materials such as high speed
steels (high impact strength, low wear resistance, reduced high temperature hardness) and
ceramic mé.terials (low impact strength, high wear resistance constant high temperature
hardness). In interrupted processes such as face milling impact strength is important as is
maintenance of insert hardness at the high temperatures encountered in machining. As

this work is an investigation into correlations between insert wear and AE and surface
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finish, a moderate amount of insert wear i1s desirable provided it reflects wear rates

experienced 1n industrial applications.

As will be seen 1n chapter 3, workpiece mechanical and thermal properties are influential
in determining AE generation and cutting forces which affect the resultant surface finish.
The effects of workpiece materials on AE and surface finish were investigated by using
softened En24 steel, a hardened quenched and tempered En24 steel and an austenitic
stainless steel type 306 as test materials. This enabled data to be generated from materials

exhibiting an industrially relevant range of machinability.

1.5 Sensor fusion

It was indicated 1n section 1.3 that although a range of sensors could provide data which
s sensitive to tool wear in machining, there is no single sensor universally suited to a tool
condition monitoring system. It 1s possible however to combine information extracted
from several disparate sensors in a process known as sensor fusion to improve the
reliability of a tool condition monitoring system. Sensor fusion may be achieved using
either an expert system or an artificial neural network. An expert system uses current
knowledge about the machining process and the specific machine tool being monitored to
predict the wear state of the tool from sensorial data. On the other hand an artificial neural
network 1s presented with a set of features, obtained from sensorial data, contained within
which are wear sensitive patterns which the neural network learns to recognise. The
" learning capability of the neural network allows it to adapt to differing machining
processes following presentation of the appropriate training data sets. Expert systems and
artificial neural networks do not represent mutually exclusive solutions to the tool wear
monitoring problem and they may be used together. In any event the acquisition of the

training data 1s expensive for both expert systems and neural networks as will be

discussed 1n chapter 2.

1.6 Scope of this work

This work concems the use of acoustic emission signals and surface profile data as
indicators of the wear state of inserts in a face milling process. The necessary data will be

provided by face milling experiments performed on a CNC machine tool using En24 steel

In two hardness conditions and type 306 stainless steel. The process will only involve
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finish machining with a constant depth of cut for all of the experiments. Other cutting
conditions will be adjusted according to the insert manufacturers instructions to ensure the

use of industrially relevant wear rates.

The work will attempt to correlate the wear state of the inserts as characterised by the
length of the flank wear land, Vi, with both the rms of the AF signal and the frequency
content of the AE signal. The AE data will be obtained from a novel non-contacting fibre-
optic transducer with a flat frequency response in the range 0 - >1 MHz thus enabling
reliable frequency information to be extracted from the AE signal. It will also attempt to
correlate the spatial frequency content of the milled surface profile with the wear state of
the inserts. The spatial frequency of the surface profile will be described by the spectral
content in three frequency bands: a low frequency band up to but excluding the frequency
associated with spindle rotation, a kinematic band including the frequencies associated
with feed per revolution and feed per tooth and a high frequency band with spatial

frequencies greater than those associated with feed per tooth.

The work will further investigate the use of fractal geometry as a descriptor of the
machined surface profile and its applicability to a tool wear monitoring system. Although
fractal geometry has been used to charactense surface profiles (e.g. [1.4]) 1t has not been

used as an indicator of tool wear state or of tool condition in general.

The application of an artificial neural network to the monitoring to progressive tool wear
will be demonstrated. A back propagating, multi-layer perceptron will be presented with
five features, two of which will be extracted from AE signals and the remaining three
from surface profile signals. The AE features used will be the rms of the AE signal and
the mean frequency of the signal in the range 60 kHz to 1 MHz whilst the surface profile

features will be the spatial spectral content of the profile in the three frequency bands

described above.

1.7 Organisation of this thesis

This thesis 1s organised into eight further chapters following this introduction.

Chapter 2 discusses the background literature concerning tool wear monitoring. It

examines metal cutting theories discussing both analytical and mechanistic models of the



cutting process. It discusses briefly the insert wear mechanisms which occur in metal
cutting and goes on to examine ways in which insert wear may be monitored. It also
discusses the data processing techniques which are available for use 1n a tool wear

monitoring system.

Chapter 3 discusses the application of the background literature to the particular problem
of monitoring insert wear in face milling. It discusses surface profile generation models
which are applicable to tool wear monitoring and it describes models of AE generation

which show the sensitivity of insert wear to this parameter.

Chapter 4 describes the experimental arrangement used in conducting the machining tests.
A description of the AE sensors and surface profilometers together with the associated

data acquisition systems 1s presented.

Chapter 5 is concerned with the processing and analysis of the surface profile data and the
establishment of correlations between insert wear as measured by the flank wear land

length, Vi, and surface profile descriptors.

In chapter 6 processing and analysis of the acoustic emission data 1s considered and
relationships between the rms of the AE signal and flank wear land length and between

the mean frequency of the AE signal and flank wear land length are demonstrated.

Chapter 7 shows that the application of an artificial neural network to tool wear
monitoring so that sensor fusion is achieved enhances the reliability of tool wear state

recognition.

Chapter 8 will discuss the results obtained from the signal processing described 1n
chapters 5 and 6 together with the implications for tool wear monitoring of using AE and

surface profile features combined with an artificial neural network.

Chapter 9 contains the conclusions to the thesis and suggests the possibilities for further
work in the field of tool wear monitoring using acoustic emission and surface finish

descriptors.



1.8 Summary of new work

This work addresses the problems inherent in monitoring tool wear during face milling
when finishing cuts are being made. Since these cuts are usually of shallow depth the
more conventional measurands such as cutting force or spindle current are unlikely to

deliver sufficient sensitivity to monitor the process.

¥

The application of surface profile features to the problem of tool wear monitoring as
discussed in chapter 5 is original. The historical difficulties encountered in measuring the
profile of a machined surface profile either inter-operationally or during cutting have
impeded the use of surface profile data in tool wear monitoring schemes. However with
the development of the surface profile transducer described in chapter 4 1t 1s reasonable to

use surface profile data in the manner described in chapter 5.

Whilst the use of rms AE in tool wear assessment 1s not new its extension, in face milling,
to a range of materials with differing machinability indices and the systematic
investigation of differing insert geometries with natural rather than simulated wear 1s new.
Similarly the use of AE frequency data, obtained in a manner which does not- require
deconvolution of the transducer response from the measured AE signal, across a range of

materials and insert geometries 1s new. This is the content of chapter 6.

The novel application of an artificial neural network to the fusion of AE data with surface

profile data to enhance the reliability of tool wear state recognition is described 1n chapter

7.

1.9 Published work

Dunng the course of this work six journal papers [1.5], [1.6], [1.7,], [1.8], [1.9] and [1.10]
have been published and four conference papers [1.11], [1.12], [1.13] and [1.14] have

been generated. A further journal paper [1.15] is in preparation.
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Chapter 2

Review

This chapter describes the background 1n tool wear monitoring against which the work of
this thesis 1s carried out. The currently available literature may be divided conveniently
into several sub-topics; metal cutting processes and wear mechanisms, condition
monitoring techniques and the use of neural computing procedures to improve the
reliability of tool wear monitoring. These will be examined separately. The section on
metal cutting and wear phenomena will briefly discuss metal removal processes before
concentrating on the complex problems of interrupted cutting as represented by face
milling. The section on monitoring techniques will consider the available range of
methods by which the wear state of cutting tools may be assessed and the reasons for
choosing acoustic emission and surface condition as measurands for this work will be
justified. In reviewing current work on the use of artificial neural networks it will be
shown that gains are to be made 1n the performance of a tool wear monitoring system

which fuses information derived from several disparate sensors.

Some review material was considered to be more properly relevant to the chapters which
deal in detail with surface generation (chapter 5), acoustic emission (chapter 6) and

artificial neural networks (chapter 7) and consequently such matenal 1s presented in these

chapters.

2.1 Metal cutting and wear processes

Metal removal processes are an important feature in manufacturing industry. In general
these processes involve one or more cutting blades in sliding contact with a workpiece
material which 1s caused to shear by the cutting action. The operation may involve
continuous removal of material by a single cutting edge such as takes place in turning, it
may involve continuous removal of material by multiple cutting edges such as in drilling
or it may involve interrupted removal of material by one or more cutting edges as in

grinding and milling. All of these procedures have in common the production of a chip,
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which achieves intimate contact with the rake face of the cutting tool, by shearing of the

parent material which passes into contact with the reliet face of the insert.

In order to understand the cutting process and all the phenomena associated with it, it 1s
useful to construct a conceptual model of the forces generated during cutting. A review of
machining process modelling by Ehmann et al [2.1] identified three methodologies
whereby cutting forces may be obtained. These may be categorised as analytical methods
based on the work of Merchant [2.2], mechanistic and numerical methods based on the
work of Martellotti [2.3],[2.4] and which in recent years have included finite element
techniques and experimental methods. These divisions in methodologies are not rigid
since for example both the mechanistic techniques and analytical techniques rely to a
certain extent on experimentally derived workpiece material properties. Since the work of
this thesis is not involved with the experimental acquisition of cutting force data but
requires a mathematical model of the manner in which these forces vary with insert wear

only the analytical and mechanistic techniqués will be considered further.

2.1.1 Analytical Models

Among the first serious attempts to model the cutting forces Merchant [2.2] analysed the
forces on the chip formed during cutting. He assumed that during orthogonal cutting the
chip could be modelled as a body in equilibrium under the action of two forces; the
friction force generated at the tool chip interface and the force applied to the base of the
chip on the shear plane. This theory was then augmented by Merchant [2.5] with the
inclusion of the plastic behaviour of the workpiece matenal. In this work 1t was shown
that by considering the shear strength of the workpiece material to be a simple function of
the normal stress present on the shear plane, a considerable improvement in the ability to
predict shear plane angle and hence cutting forces was achieved. It was assumed that rate
of shear, shearing strain and cutting temperatures were only secondary effects and were
therefore neglected. However Kobayashi et al [2.6] showed that existing metal cutting
theories based on the Merchant model were not completely supported by experiment. In
1968 Fenton and Oxley [2.7] included the effects of temperature and strain rate in metal

cutting theory. Their model which was based on the work of Merchant incorporated the
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effects of strain, strain rate and temperature together with the flow stress characteristics of

the workpiece matenal.

(a) (b)

Figure 2.1 Cutting modes. (a) Orthogonal cutting (b) Oblique cutting. after
Drozda and Wick [2.8]

The models discussed in the previous paragraph have all concerned orthogonal cutting
where the velocity of the workpiece material i1s orthogonal to a single cutting edge as
shown in figure 2.1a. Whilst most of the published modelling work 1s performed with the
assumption that orthogonal cutting is taking place, very few practical machining
processes meet the requirements of orthogonal cutting. Truly orthogonal machining
processes include parting operations and fuming of a tube. Although an orthogonal
cutting model represents a reasonably good approximation to the performance of a cutting
tool, most machining processes are more faithfully represented by models of oblique
machining in which the velocity vector of the workpiece material is inclined to the cutting
edge as shown 1n figure 2.1b. This representation transforms the force modelling problem
into a three dimensional problem which can be analysed by two dimensional theory
applied on a given plane from which the radial, tangential and axial components of
cutting force may be extracted by an appropriate co-ordinate transformation [2.8]. Drilling
and face milling are the two most common machining processes in which oblique cutting
exists. However drilling is a complex cutting operation in which cutting conditions vary
along the cutting edge from the axis of the drill to its periphery. The metal removal
process in drilling is illustrated by consideration of a two flute twist drill. Three regions of

action may be identified: (a) at the periphery of the drill the cutting edges (lips) produce
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chips by shearing, (b) on the axis of the dnll, where the cutting edges are joined by a web
and the cutting speed is zero, metal is extruded and (c) at other positions on the web metal
is removed by cutting [2.9]. Whilst the cutting actions at the web and lips clearly attect
the torque required by the drilling machine, all the metal removal process will influence
the thrust force required. An analysis of the drilling process should therefore be

considered as a three dimensional cutting problem which is more complex than an oblique

cutting problem.

Pandey and Shan [2.10] used a shear plane model to predict the maximum forces to be
expected 1n peripheral and face milling. These predictions were based on the maximum
thickness of the undeformed chip and considered the problem as one of oblique cutting.
However no account was taken of the effects of temperature variation experienced In
cutting or of workpiece material property changes with strain or strain rate. Lin and Oxley
[2.11] applied the Fenton and Oxley theory to oblique cutting by assuming that chip

motion 1n a plane normal to the cutting edge is orthogonal which allows calculation of

force components 1n directions parallel to the direction of cutting (Fc') and normal to the

direction of cutting (F,)in the normal plane. Lin and Oxley further show that from a

knowledge of the inclination angle /, the chip flow angle n and the friction angle 4,
defined in figures 2.2a and 2.2b, 1t 1s possible to calculate the forces in the direction of

cutting (F,), in the direction normal to the direction of cutting (¥7) and in a direction

normal to these two forces (/) as shown in equations 2.1.

F_=F, cosi+ Psini
F.=F, (2.1)

F, = F_sini— Pcosi

where P 1s the force component normal to the normal plane given by

P=F tann= RsinA_tann= \/[(Fc)z +(FT)2] sinA_ tanm (2.2)

where F is the friction force at the tool-chip interface and R is the total reaction at the

tool chip interface.
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Figure 2.2 - (a) Plan view of cutting process showing angles i and 7 (b) View of forces
in plane perpendicular to cutting edge and workpiece showing angle A.

The authors in this work did not consider the effects of temperature rises at the shear

plane and the tool-chip interface on the material properties of the workpiece. The flow

stress o of the workpiece matenal was calculated from:
c=0," ' (2.3)

where g; 1s a constant, ¢ 1s the strain and » is a strain hardening index. The parameters o;
and n were to be recognised to be functions of temperature and strain rate but for the
range of experimental work examined 1n this paper they were considered to be strain rate
dependent only. In later work Hastings et al [2.12] allowed the workpiece matenal
properties to be influenced by temperature and replaced the shear plane concept of
Merchant by a more realistic primary shear zone surrounding the shear plane and a
secondary shear zone at the tool-chip interface. The shear plane near the centre of the
primary shear zone and the tool-chip interface were assumed to be directions of maximum
shear stress and shear strain rate. This modification makes it possible for both the average
temperature nise in the chip and the maximum shear strain rate at the tool-chip interface to
be calculated. Hu et al |2.13] applied this model directly to a prediction of cutting forces
generated 1n bar turning and Young et al [2.14] used i1t specifically on face milling force
prediction. Zheng et al [2.15] have also used the Hastings-Oxley model to estimate
cutting forces in multi-insert face milling. The authors included the effects of both radial

and axial insert runout. From the foregoing it may be seen that the shear plane/shear zone
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model of metal cutting is a well established means of estimating cutting forces in
machining proceéses. In the work described in this thesis the tool paths are simple linear
translations and the workpiece geometry has a simple rectangular planform and therefore
the model described by Hastings et al i1s used. This enables the determination of the
change 1n shear plane angle with insert rake angle so that variations in the rms of the
acoustic emission signals and the mean frequency of these signals may be calculated as

described in chapter 3.

2.1.2 Mechanistic Models

The models discussed 1n the preceding paragraph involve the use of some parameters such
as the thickness of the shear zones which are not readily available from published
iterature or from experiment. Although these models were useful in determining the
variation in shear plane angle with wear as discussed in chapter 3, a second approach
based on Martellotti’s analysis [2.3], [2.4] of the milling process was used 1n this work to
model cutting forces 1n face milling. Martellotti established that cutting forces in milling
were, to a good approximation, proportional to the thickness of the undeformed chip.
Koenigsberger and Sabberwal [2.16] extended this concept by proposing that the
tangential component of the cutting force was proportional to the product of undeformed
chip cross-sectional area and an empirically derived specific cutting pressure. The specific
cutting pressure is defined as the ratio of the measured tangential cutting force to the
cross-sectional area of the undeformed chip [2.8]. It 1s a property of the workpiece
material and values of specific cutting pressure have been established from cutting
experiments. DeVries [2.17] has demonstrated that specific cutting pressure values may
be readily obtained irom the specific cutting energy (unit power) of the workpiece
matenal. This parameter, which 1s defined as the energy required to cut a unit volume of
the matenal, i1s available for a wide range of materials [2.18]. Fu et al {2.19] used this
approach to devise a model which predicts instantaneous cutting forces based on average
chip thickness. Gu et al [2.20] extended the Fu model so that it could deal with complex
workpiece geometry which could include the presence of holes. They also considered
vanable cutter paths and the effects of system errors such as spindle tilt. Cheng et al

[2.21] demonstrated that the experimental values of specific cutting pressure were

dependent not only on undeformed chip thickness but also on cutting speed, length of cut
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and rate of change of chip thickness. When compared with cutting forces estimated from
the Fu model the authors claim a considerable improvement in the average error between
predicted and measured forces for both fly-cutting and multi-point cutting in face milling.
However the Cheng model is too dependent on empirical constants to be accepted as a
general model of cutting forces. Therefore the cutting force predictions in this thesis will

be based on the original model proposed by Fu et al [2.19].

2.1.3 Wear Mechanisms

Several criteria have been identified as being useful in determining the useable life of a

cutting insert [2.8]. These may be loosely classified as shown 1n table 2.1.

Life criterion Characterisation
1) Complete failure Insert unable to cut

2) Preliminary failure | Highly burnished areas on workpiece surface indicating rubbing

3) Flank failure Area of wear land on flank exceeds a specified value. Usually
characterised by the length of the wear land.

4) Finish failure Sudden changes in surface finish

5) Size failure | Unscheduled changes in dimensions of machined part.

6) Cutting force failure | Increases 1n cutting force or consumed power.

7) Thrust failure Increase in thrust force on the tool, indicative of end wear.

8) Feed force failure Increase 1n force required to feed the workpiece, indicative of
flank wear.

Table 2.1 Common tool life criteria as identified by Drozda and Wick

In a research environment any of these measures may be used to determine the end of the
life of a cutting tool, but clearly 1n a production arena where the product 1s important, a
life criterion which prevents damage to either the product or the machine tool is essential.
This would suggest that any combination of the criteria (3), (6) and (8) is to be preferred
to the other criterna which imply that the machine tool 1s 1n danger or that the product
tolerances will not be met. In the work of this thesis the flank failure criterion will be used

to determine 1nsert life. This failure will be characterised by a flank wear land which has a

length (V) in excess of 0.7 mm.

[t 1s possible to distinguish six mechanisms of insert wear from the publications of
Drozda and Wick [2.8] and Shaw [2.9]. Adlesive wear takes place when two surfaces,

such as those of the chip and the insert, are brought together at high pressure and

19



temperature. Welding of the surfaces occurs and if the local strength of the insert material
is less than that of the weld, tool material will pass away with the chip when fracture
occurs. This type of wear is also associated with the formation and subsequent fracture of
a built-up edge. Gu et al [2.22] identify this type of wear as occurring at relatively low
cutting speeds. Abrasion occurs when hard particles on the surface of the chip or
workpiece move across the tool faces and remove tool material. Some of the hard
particles which cause this type of wear may also originate as a result of the collapse of a
built-up edge. Gu et al [2.22] identify this type of wear as taking place at higher cutting
speeds than those which cause adhesion wear although both types of wear are possible at
these elevated speeds. Diffusion wear requires the presence of high temperatures for its
activation. This type of wear results in the diffusion of atoms from an area of high
concentration along a concentration gradient to an area of low concentration. For example
the carbon atoms of a tungsten carbide lattice may diffuse from the lattice to the chip
when machining steel at high speed [2.9]. This often results in the formation of a crater on
the rake face immediately behind the cutting edge. Chemical wear results from the
presence of suitably active chemical compounds. If this wear occurs the chemicals
responsible are generally to be found in the cutting fluid or it may be caused as a
consequence of galvanic action. Mechanical fatigue 1s a phenomenon which results from
continuous loading and unloading of an insert. This 1s a feature of intermittent cutting
processes such as face milling where the inserts regularly impact on the workpiece. Gu et
al [2.22] observed mechanical fatigue induced cracks in the insert flank face running
parallel to the cutting edge. Similarly thermal fatigue 1s a consequence of the rapid
heating and cooling cycles which are applied to the inserts during machining. This is
again a feature of face milling operations and Gu et al [2.22] detected thermally generated

fatigue cracks running both perpendicular and parallel to the cutting edge.

It has been observed that when machining soft steels or other matenals with a powerful
inclination to strain hardening at high temperatures groove wear will result [2.9]. The
causes of groove wear are complex and not fully understood but 1t 1s believed to be a
temperature related phenomenon. In any event their presence on the cutting edge and

flank face are a source of surface roughness on the machined surface.
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data acquisition would be complicated by the hostile surroundings in which the
acquisition hardware would be required to operate. From this it can be seen that indirect

methods of tool wear monitoring are likely to be easier to implement.

Indirect methods of tool wear monitoring involve the sensing of some physical
phenomenon which is known to correlate with insert wear. Cho et al [2.24], Dimla [2.25]
and Prickett and Johns [2.26] have identified the most common approaches which are
currently used in monitoring metal cutting processes. These are listed in table 2.1 together

with an indication of the monitoring outcome achievable with each technique.

Monitoring Technique Teool condition sensed
Cutting forces Wear, insert breakage, chatter
Spindle power, current or torque | Wear, insert breakage
Tool temperature Wear _
Acoustic emission Wear, insert breakage, insert chipping
Vibration (acceleration) Wear, chatter
Surface finish parameters Wear, chatter

Table 2.2 Monitoring techniques used 1n tool fault detection.

2.2.1 Sensing elements

In this section a bnief examination of the published work in each of the monitoring

technique areas listed in table 2.2 will be made.

Cutting force

Many researchers have investigated the relationships between cutting force measurements
and insert wear 1n a variety of machining processes. Tarn and Tomizuka [2.27] have
shown that 1t 1s possible to recognise tool breakage in end milling of AISI 1060 steel by
monitoring cutting force. They showed that it was possible to differentiate between tool
breakage and changes in cutting conditions by consideration of changes in the maximum
force level in a tooth engagement period, the total force excursion in the same period,
incremental force changes between consecutive spindle rotations and the ratio of forces
between 1nsert engagements. Altintas and Yellowley [2.28] employed cutting force
measurements to detect tool breakage in milling. These authors showed that it was |
necessary to extract transient effects occasioned by insert entry to and exit from the

workpiece from their force data. Similarly precautions had to be taken in eliminating the
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effects of radial runout which could be confused with tool breakage effects from their
data. After this data processing the authors established a correlation between time
averaged force vanations and tool breakage. In experiments on single point face milling
of aluminium Lin and Yang [2.29] showed that a relationship between average cutting
force coefficients and the length of the flank wear land exists. They also showed that
depth of cut had a significant influence on the measured force coefficients. Lin and Lin
[2.30] extended the work of Lin and Yang to include multi-insert cutting of aluminium
confirming the earlier conclusions. Also in this work the authors employed a four layer
back propagating neural network with features extracted from force signals to improve
prediction of tool wear state. Choudhury and Rath [2.31] established a similar correlation
between tangential force coefficients and flank wear when milling C45 steel with a multi-
point cutter. Again 1t was shown that depth of cut had an influence on the force

coefficients. Drozda and Wick [2.8] give an empirical expression which relates cutting

forces F, feed per revolution s, and depth of cut d.
F=C.s"d ' (2.4)

where Cr1s a constant depending on the workpiece material and the true rake angle of the

tool.

From this it can be seen that in finish cutting where the depth of cut 1s small, the cutting
forces are likely to be small. The subtle changes in these cutting forces resulting from
flank wear are small and therefore i1t can be argued that although cutting force
measurements are useful in monitoring tool wear they are of limited application 1n finish
machining. This will be particularly true in interrupted cutting operations such as face
milling where the small changes 1n cutting force due to flank wear will be contaminated
by large forces associated with multiple insert impacts occurring at insert entry and exit
from the workpiece. Work by Taraman et al [2.32] appears to confirm this in finish
turning where 1t was observed that increases 1n feed force due to flank wear were so small
that difficulties were encountered in identifying them. In this work the authors
recommend that feed force measurements should not be used to indicate flank wear levels

in finish tuning.
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Spindle power

Electric power consumed by the spindle motor, torque developed by the motor and motor
current are all inter-related These quantities are 1n turn dependent on the cutting forces
and thus only one of them need to be measured by a tool condition monitoring system
[2.25]. Shuaib et al [2.33] used a specially designed dynamometer mounted between the
spindle and tool to measure torque vdariations experienced in cutting. This data was used
to identify the cutting process dynamics. Stein and Wang [2.34] analysed the power
consumed by an AC induction motor which formed the part of the drive train of a CNC
milling machine. They concluded that under steady state conditions the input power is
linearly related to the motor torque. They also concluded that, since for a given machining
operation the spindle speed 1s sensibly constant, the relationship between input power and
motor torque could be used to monitor dynamic cutting performance. Jones and Wu
[2.35] have also used a system which continually monitors the power consumed by an
electric motor during machining processes. This device operates in two modes: a learning
mode and a monitoring mode. In the learning mode data is gathered on the power
consumed in a series of fest cuts. This data, after processing, is used to set thresholds on
the power consumed, the crossing of which 1s deemed to indicate a worn tool in the
monitoring mode. This monitoring system suffers from the disadvantage that a series of
learning cycles will be required for each set of cutting conditions which are likely to be
encountered since the power consumed and hence the thresholds vary with cutting
conditions. Measurements of the feed drive electrical parameters have also been used to
montitor tool wear. Altintas [2.36] has used the feed drive current to indicate tool breakage
in milling operations. Altintas identified light cutting processes such as finish milling as
being difficult to monitor by this system since the dnive friction forces were of the same
order as the cutting forces. A concern expressed in both the papers by Altintas and by
Stein and Wang [2.34] was that the bandwidth of the servo drives imposed a limitation on
the use of electrical measurements in tool wear monitoring. Li et al [2.37] have used
measurements of feed motor current to represent the feed component of cutting force in
turning. They then established the functional dependence of cutting force on tool wear
and obtained a difference equation to establish the relationship between the two.

Companson of successive force estimates could then be used to identify the onset of

24



unacceptable wear. The authors concluded that this system was industrially viable for all

but light cutting operations.

From the previous paragraph it can be seen that electrical measurements taken from the
machine tool can be used to monitor tool wear state in a wide range of machining
processes. Most investigators have used the electrical measurements to establish a
relationship between cutting force and the electrical parameter measured and therefore
these electrical measurements may be assumed to suffer from the same disadvantages as
force measurements. The most serious of these drawbacks, from the point of view of this
thesis, 1s the unreliability of making the relevant measurements when light cutting

operations such as finish milhing are being performed.

Tool temperature

Kapoor and Nemat-Nasser [2.38] have shown that almost all the energy consumed in
metal cutting is converted to heat. Therefore it would appear that temperature
measurements could be used to monitor tool wear. A large amount of research effort has
been expended in producing analytical models of temperature variations in metal cutting
(for example [2.39], [2.40]) though little experimental evidence has been obtained to
verify these models. However Stephenson and Ali [2.41] have attempted to predict tool
temperatures 1n interrupted cutting and to substantiate their model with experimental data.
These authors measured temperatures by using a tool-chip thermocouple when it was
possible to gain access to the tool-chip interface and a non-contacting infrared video
system when it was not. Although their model was qualitatively validated by these
measurements 1t was not possible to predict the measured temperatures from it. This may
be accounted for partially by the difficulties encountered in obtaining the temperatures at
the cutting edge. The infrared probe was affected by the stream of chips leaving the
workpiece and only the average temperature of this stream was measured by the probe.
Da Silva and Wallbank [2.42] claim that the tool-chip thermocouple technique 1s useful in
showing the effects of cutting conditions but that the absolute values of temperature
recorded are inaccurate. Young [2.43] has used an infrared thermographic technique to
investigate the relationship between the chip back (the chip-air interface) temperature and
flank wear 1n turning. He showed a strong correlation between the temporal variation of
maximum temperature measured and the temporal varnation of flank wear. It was not

possible to measure the temperatures at the cutting edge with this technique and 1t is
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unlikely that it could be employed in processes where the cutting edge is in motion, such
as in milling, instead of the workpiece. Temperatures have also been measured on the
rake face by means of a thermocouple inserted into the tool close to the cutting edge [2.9].
It is unlikely that such a system could be used to monitor temperatures in milling because

of the difficulties in retnieving the measurements from the rotating tool.

Temperature measurements have been used with varying degrees of success to monitor
tool wear in a research setting. The techniques employed have resulted 1n the
measurements of average temperatures contaminated by extraneous chip temperatures (IR
techniques), the requirement to gain access to the tool-chip interface (tool-chip
thermocouples) which restricts the machining process to which the technique may be
applied or the production of special inserts (embedded thermocouples) which would add
cost to the process. As a result it is unlikely that temperature measurements will be used

routinely 1n industrial tool wear monitoring.

Acoustic emission

Wadley and Mehrabian [2.44] define acoustic emission (AE) as the elastic waves emitted
by sudden localised changes in stress from the formation of cracks, plasticity and phase
transformations. Measurements of AE have been used in a wide range of non-destructive
testing environments to locate flaws in structures subjected to stress. They have been used
with some success to detect defects in fabrication processes and to inspect engineering
structures [2.45]. In fields outside manufacturing processes there is interest in using AE
measurements to detect seismic activity along geological fault lines [2.46]. AE has many
features which make 1t an attractive candidate for inclusion in a tool wear monitoﬁng
system. The AE signals are emitted by the mechanisms which govern the cutting process
and they are emitted close to the cutting edge which is to be monitored. The emissions are
high frequency phenomena typically containing components in the range 60 kHz to 1
MHz and they are present in an environment where the background noise created by other
aspects of the machining process contains frequencies of less than 50 kHz. This makes the
contamination of the recorded AE signals by machining noise unlikely. However the
signals suffer from attenuation and reflection at material interfaces such as those between

the workpiece and any clamping devices and therefore care has to be exercised in locating

AE transducers. Conventionally AE has been measured using contacting piezo-electric

transducers located as close to the source of AE generation as possible. In milling this
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introduces the additional complication of changing transmission path lengths if the
transducer 1s not mounted on the headstock of the machine and of complex transmission
paths 1f it 1s. Jakobsen et al [2.47] have reported some success in obtaining AE signals

from the rotating tool holder using a fibre-optic probe thus reducing transmission path

complications.

Because of the separation between ambient noise and the AE signals, monitoring of AE
signals would appear to be better suited to tool wear monitoring in finish machining than
the other approaches described in this section which involve poorer signal to ambient
noise ratios when light cuts are being taken. Dolinsek and Kopac [2.48], recognising the
problems associated with finish turning, have used an AE transducer in monitoring tool
wear in such a process. In an industnal setting Jemielniak [2.49] has 1dentified AE sensors

as being 1deally suited to detecting wear related phenomena in applications which

generate small cutting forces.

In the work of this thesis acoustic emission measurements are used as one of the sensing
mechanisms to assess tool wear state. As a result it is considered more appropriate to
discuss the theoretical aspects of AE and tool wear monitoring in detail in chapter 3 and

to discuss the results of application of AE to tool wear monitoring in chapter 6.

Vibration and acceleration

“Acceleration measurements are relatively easy to make in tool wear monitoring using
small piezo-electric accelerometers. As in the case of AE measurements it 1s desirable to
place the transducer close to the source of the vibrations which are generated by inserts
which are wearing. However they are sensitive to noise arising from the drive train of the
machine tool and from other sources unrelated to tool wear and this will lead to poor
signal to noise ratios in a machining environment. Braun and Lenz [2.50] report that there
1s distinct separation between the frequency content of the background noise signals
(usually less than 2 kHz) and the frequency content of the wear related signal (up to 50
kHz) and thus appropriate signal processing may result in significant noise rejection. The
authors measured accelerations generated in single insert milling of 1060 AIAI steel plate.
They high pass filtered acceleration signals above 25 kHz and extracted a range of
acceleration features using the resulting signal in the range 25 kHz to 50 kHz (the limit

imposed by their accelerometer). They also suggested that the technique could be

27



extended to multi-point milling. However in multi-point interrupted cutting it is to be
expected that the acceleration signals would be dominated by multiple entry and exit
components making the signal to noise problems acute. This will be exacerbated in the
case of finish milling where the signal to background noise ratio 1s even more

unfavourable.

As a result of the nature of the milliné process acceleration measurements are more likely
to be used in monitoring tool wear in continuous processes such as drilling and turning.
For example, El - Wardany et al [2.51] used a time domain analysis of an acceleration
signal in the form of the kurtosis of the time series and a spectral analysis of the signal to
identify both tool wear and tool breakage in dnlling. As a further example, Lim [2.52]
showed a correlation between the amplitude of the acceleration signal and the length of

the 1nsert wear land V,, 1n turning.

Surface finish

Measurement of a machined surface finish has been thought of as possessing attributes of
both direct and indirect modes of measuring tool wear. In order to make measurements of
the surface charactenistics 1t has been necessary to stop the machining process and remove
the workpiece from the machine tool to place it in a profilometer; these are the
characteristics of a direct method of measuring tool wear. From the profile measurement
it is then possible to infer the state of the cutting tool which produced the surface, thus
exhibiting the characteristics of an indirect method of assessing tool wear. Clearly this is
not a practical augmentation to a tool condition monitoring system and as a result little
published work 1s available on characterising machined surfaces with a view to using the
information in a tool wear monitoring system. However Kidd et al [2.53] have described a
fibre-optic interferometer which may be used to make non-contacting differential height
measurements of machined aluminium surfaces without the necessity of removing the
workpiece from the machine tool. Although this instrument is used inter-operationally, it
enables surface finish measurements to be incorporated into a tool wear monitoring
scheme. The nature of operation of the instrument does not allow easy extraction of
conventional surface finish features such as R, or R, but information on the spatial
spectral composition of the machined surface may be readily determined from the
interferometer measurements. Wilkinson et al [2.54], [2.55] have shown that spatial

spectral information obtained from profiles measured using both a conventional
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contacting profilometer and a scanning white light interferometer will yield information
regarding the wear state of inserts in face milling. Coker and Shin [2.56] have made 1n-
process measurements of surface finish using an ultrasonic profilometer. They calculated
R, values for surfaces produced by single point milling of free machining type 6061 type
aluminium and achieved some correlation with tool wear. However, as discussed 1n
chapter 3, single number measures of surface finish such as R, depend on the location on
the machined surface at which the measurement 1s made and are therefore unreliable as
tool wear indicators. As a result of this the work of this thesis will examine the use of

surface profile data in tool wear monitoring applying the techniques of Wilkinson et al.

2.2.2 Data processing

It can be seen from table 2.2 that three of the phenomena of interest in a machine tool
monitoring system are insert wear, insert breakage and chatter. Chatter and insert
breakage are sudden events which must be récognised by the monitoring system quickly
whereas insert wear results in a prolonged, subtle degradation of the cutter performance
which does not require swift identification. The signal processing strategy must be chosen
accordingly. Methods which impose a heavy computational burden on the monitoring
system are unsuitable for monitoring chatter and insert breakage as are inter-operational
measurements such as those currently used to assess surface finish. However these
techniques will detect tool breakage and chatter although with 1nsufficient alacnity to
prevent damage to the tool and/or workpiece. Detection of insert wear may be achievéd
by monitoring trends in the measured data which evolve over a relatively long period and

therefore the computational burden and speed of detection are of lesser importance.

There are four basic approaches to extracting information on tool condition from sensor

signals obtained during cutting. These are listed in table 2.3.
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Technique Characteristic Suitability

Time series modelling | Comparison of measured data with _-

predictive model ' Breakage

Time series analysis Fault signatures Breakage
Amplitude analysis Wear
Statistical analysis Chatter
Spectral analysis Fast Fourier transform
Walsh functions
Dual feature analysis Wavelet transforms Wear
Wigner transforms Chatter
Table 2.3 Signal processing techniques commonly used 1n tool condition
monitoring.

The use of time series modelling techniques requires the generation of a predictive model
which either relates the measurand directly to the length of the flank wear land
[2.29],[2.30],[2.31] or predicts a value of the measurand which may be compared with the
actual value of the measurand [2.36]. The former approach 1s more usually applied to tool
wear monitoring since 1t will predict wear land length directly and the latter 1s more
applicable to insert breakage detection since abrupt changes in the differences between
actual and model ﬁarameter values are readily observable. In milling there i1s usually a

time delay of the order of one revolution of the cutter between the occurrence of insert

breakage and 1ts recognition by the monitoring system [2.26].

Time series analysis techniques are concerned with the calculation of some attribute of the
measurand such as its rms value, its amplitude variation or other statistical properties.
Comparison of this property with a predetermined threshold enables the establishment of
the occurrence of a short time scale event such as insert breakage [2.28] whereas
examination of the trend of the property with time [2.52] allows an estimation of insert
wear to be made. It 1s necessary to establish the thresholds which indicate an unusual
occurrence by experimentation before implementation of the tool wear monitforing system
and; as these may vary between processes and even within processes as cutting conditions

are varied, the generality of application of these techniques may be limited.

The nature of FFT calculations means that spectral analysis techniques are used almost
solely for tool wear assessment because of the relatively long time period over which tool
wear develops [2.26]. El-Wardany et al [2.51] used the spectral content of acceleration

signals to detect wear in drilling and Carolan et al [2.57] successfully used the spectral
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content of AE signals to monitor insert wear in face milling. Wilkinson et al [2.54]
showed a correlation between the spectral content of surface profiles and the length of the
insert flank wear land in face milling. In all of these references the length of time required
to calculate the fast Fourier transforms on which the methods were based restricted their
use to detecting insert wear. Further, as the procedure used by Wilkinson et al requires
Inter-operational measurement of the surface profile practical detection of insert breakage

1s precluded.

As an alternative to Fourier analysis, Rao et al [2.58] have applied Walsh functions to
force measurements in attempt to monitor insert wear in milling. Walsh functions are a set
of orthogonal rectangular waveforms which take amplitude values of +1 and -1. The

confinuous Walsh function is defined by [2.59]:
p-1
WAL(n,t) = [ [(=1)""") (2.5)
r=0

where 1 1s the number of zero crossings of the function occurring 1n time interval f and N

is the number of terms in the Walsh function defined by N = 27 . Using the orthogonality
property of this function it is possible to express a time series x(¢) as the sum of a series of
Walsh functions in exactly the same manner as 1s performed with sine-cosine series in

Fourier transforms. 1.e.
N-1
x(t) = aOWAL(O,t) + ZanWAL(n,t) (2.6)
1

where the a; are the coefficients of the Walsh transform. This transform 1s more suited to
extracting spectral information from time series containing sharp or pulse components
than 1s the Fourier transform. Rao et al argue that force signals generated in milling
possess some of these characteristics and that therefore Walsh functions are more
applicable to analysing force signals than are Fourier transforms. Their results showed a
greater variation 1n the harmonics of the spindle speed obtained from Walsh processing
than in those obtained from Fourier processing. However it was not obvious that this
would give more information about the wear state of the inserts as characterised by the

length of the flank wear land when applied to surface profiles

31



Zheng and Whitehouse [2.60] have investigated the use of the Wigner distribution as
applied to surface profile measurements to determine the condition of a lathe. They
concluded that the frequency information contained in the Wigner distribution was useful
in monitoring the lathe and the spatial information was useful in determining the
functional performance of the workpiece. In applying this technique to the work of this
thesis it was judged that the computational burden involved in calculating the Wigner

distribution was too great to be used if only the wear state of the insert were required.

The application of wavelet decomposition to tool condition monitoring is a relatively new
approach. It is essentially a filtering exercise which may be used to isolate the process
dependent part of the signal from process noise. Wu and Du [2.61] used wavelet
transforms to identify chatter in turning and to recognise tool wear in drilling. The authors
employed a six level decomposition of acceleration signals and identified wavelet
packages in the fifth level which were sensitive to the onset of chatter in turning. They
used a similar technique to identify wavelet packages also in the fifth level of
decomposition which were sensitive to tool wear in drilling. The wavelet packages were
able to differentiate between a new tool, a partially wom tool and a fully worn tool. In
order to achieve this a series of experiments had to be performed to establish thresholds
corresponding to the three wear states. Kamarthi and Pittner [2.62] compared Fourier
transform methods with wavelet transform methods in conjunction with an artificial
neural network in an attempt to improve recognition of tool wear state in turning. They
concluded that Fourier transforms were better suited to processing vibration signals
whereas wavelet transforms were better matched to force signals. However they suggested
that both processing methods would lead to better estimations of flank wear during
cutting. It 1s of course to be expected that the use of multiple sensors will lead to

improved estimation of tool wear state in any event.

Since part of the work of this thesis concerns the extraction of features from surface
profiles which may correlate with tool wear, a new technique for charactenisation of
surface finish will be investigated. There is considerable evidence that machined surfaces
may be described by means of fractal geometry [2.63],[2.64],[2.65] and 1t 1s reasonable to
assume that changes in the cutting tool which produced the machined surface would be
reflected in changes 1n the fractal geometry of the surface. Although some work has been

carried out into the use of fractal geometry to monitor surface finish [2.66] there 1s no
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evidence that this work has been extended into the field of tool wear monitoring. In
consequence part of this thesis will examine the changes in the fractal dimension of a
machined surface profile with flank wear to establish if this quantity may be used as a

component in a tool wear monitoring system.

2.2.3 The decision making process .

It 1s clear from the preceding sections that although any single sensor/processing
technique can provide information on the wear process in some situations such
information 1s by no means universally available from all machining processes. It is
possible to envisage a process in which signal to noise ratios differ greatly between types
of sensors. Under such circumstances the use of a single sensor is likely to generate
misleading information regarding the wear state of the cutting tool. Therefore reliance on
a single source of information for a tool wear monitoring system is inadvisable. It is
possible to gain substantially improved infoﬁnation about the wear state of a cutter from
the integration of sensorial information from a number of sources. It is possible to extract
multiple features from a single signal but Dimla [2.25] is of the opinion that this does not
constitute multi-sensing. However it may be argued that extraction of multiple
independent features may be used to provide valuable wear sensitive information which

would not be available 1n a single feature from the same sensor.

Sensor fusion as described above is most readily achieved through the application of
some form of artificial intelligence. The deployment of artificial intelligence requires the
process of tool wear monitoring to be considered as being made up of two activities: a
learning activity and a classification activity. Prickett and Johns [2.26] have distinguished
three aspects of artificial intelligence which are most commonly used in tool wear

monitoring systems: expert systems, fuzzy classification and neural networks.

An expert system generally consists of an inference engine, a human/machine interface
and a knowledge base. The majority of effort in developing such a system is absorbed in
the production of the knowledge base [2.67] which may be regarded as the learning

activity 1n this case. The base is made up of a set of rules which are established from

empirical results, computer simulations and interviews with domain experts.
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Fuzzy systems are intended to classify tool wear state by taking into account the
uncertainty contained in the sensorial data as to the exact relationship between wear state
and sensorial information. This is achieved by calculating the degree of membership of
the data in a set of wear states which are established by experimentation. The rules which
govern the degree of membership resemble conventional boolean logic statements but
which also consider the probability that the sensonal information refers to a particular
state. The generation of the rules may be considered to constitute the learning activity
associated with this decision making process. The work of both Du et al [2.67] and
Prickett and Johns [2.26] indicates that fuzzy systems have not achieved commercial

acceptance to any great extent and therefore they will not be considered further in this

work.

If tool condition monitoring is considered as a problem in pattern recognition within the
data provided by diverse sensors, it is ideally suited to solution by artificial neural
networks. These networks may be divided roughly into two groups depending on the
learning mode required to train them to recognise the patterns initially. In a supervised
learning mode the neural network 1s exposed to a set of training vectors created from a set
of experiments together with a set of target vectors which represent the known results of
the experiments. The network parameters are then adjusted iteratively until the network
can reproduce the target vectors when presented with the training vectors. This is
supervised learning 1n the sense that the target vectors are known a priori and the network
1s taught to reproduce them. In unsupervised or self organising training the neural network
1s presented with a set of fraining data but no target vectors. The network then finds
patterns within that data and assigns a specific output node to specific pattern clusters.
Then the presentation of like patterns within the classification activity will activate like
output nodes. It 1s of course necessary to provide some feature patterns with known wear
states 1n the training period so that interpretation of the resulting output patterns can be
made. This does not constitute supervised leamning since the known output patterns are
not used to adjust the network parameters during training. In a recent survey Dimla et al
[2.68] concluded that over 60% of researchers used neural networks based on an
architecture known as a multi-layer perceptron and employed supervised learning to train

the network. A typical multi-layer perceptron architecture is 1llustrated in Figure 2.4.
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Figure 2.4 Typical multi-layer perceptron architecture for an artificial neural network.

The number of nodes in the input layer 1s dictated by the complexity of the input feature
pattern and the number of output nodes is determined by the required number of
classification sets. There are no set rules which dictate the number of hidden layers nor of
the number of nodes on them but there is a loss of computing efficiency 1f the number of
hidden layers exceeds three and the number of nodes associated with them 1s large. The

use of multi-layer perceptrons in tool condition monitoring is discussed in greater detail in

chapter 7.

Despite the availability of neural network solutions to the problems of tool condition
monitoring in research establishments these have not been adopted by industry to any
great extent. Leem and Dornfeld [2.69] have identified four reasons for this lack of

enthusiasm for neural network deployment in commercial systems:

1) The information in the form of training data for the neural network is expensive

to obtain.

2) The selection of wear sensitive features to present to the network varies with

the machining process and this militates against a universal solution.

3) If the network can recognise only new or worn inserts the possibilities of mis-
classification are greater and this could result in either uneconomic insert

replacement or failure of the machine tool
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4) The use of sensor signals measured at a single point in time may distort the true
wear state of the inserts since both the stationary and time varying aspects of

the signal will be analysed together.

It is agreed that the acquisition of training data is expensive and this especially so if items
1 and 2 are considered together. Leem and Dornfeld suggest that this could be mitigated
by resorting to unsupervised training of the network which may require fewer training
samples to be presented. The authors verify that small numbers of training samples are
required for their network but they do not draw a comparison with the number of samples

required for a supervised network.

In order ;[o reduce the number of features presented to their neural network the authors use
an additional supervised procedure to identify those features of a sensor signal which are
most important to wear classification. This avoids the problems of off-line selection of the
most important features in the sensor signals. However if the number of features is
relatively small as in the present work the problem of feature selection 1s not as acute as

when large numbers of features are available.

The problems noted in item 3 may be overcome by a ﬁnér division of the recognisable
wear states. Instead of classification of wear state into new or wom inserts the
introduction of intermediate wear state classes between these two extremes will reduce
the difficulties associated with mis-classification by introducing a smoother progression
to the approach of the end of tool life. This is considered in the work of this thesis as

indicated 1n chapter 7.

The authors used a series of wear states predicted at times ¢, ¢-1,....,1-k to arrive at a
majority verdict as to the actual wear state at time ¢ to reduce the mis-classification
associated with item 4. This technique has some of the attributes of integral action as
employed in feedback control systems and care must be taken to avoid the difficulties of

instability. This will not be investigated further in this work.

2.3 Summary

From the foregoing it can be seen that there are a number of sensors which can provide

data which is sensitive to tool wear and tool breakage. However none of the sensors 1s
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universally applicable to all machining processes and the choices of which sensors to use
must be matched to the process to be monitored. The work of this thesis concems the
1dentification of tool wear state as characterised by the length of the insert flank wear land
length V, during face milling. The cutting conditions are those associated with finish
machining and the measurands required to achieve this were chosen accordingly. It has
been seen that acoustic emission sensors are sensitive to wear in finish machining where
other sensors may not be operating in an optimum signal/noise environment. The
availability of a fibre optic AE transducer, as described in chapter 4, which can be used to
provide both spectral and statistical data about the AE signal has resulted 1n an

examination of the correlation between AE and insert wear as described in chapter 6.

It has been seen that the wear state of the inserts 1s intimately connected to the surface
finish of the machined workpiece The possibility of using a novel inter-operational
surface profilometer as described in chapter 4 make surface finish parameters available as
possible candidates in tool wear monitoring Systems. The requirement for this instrument
to provide information about the surface profile in the frequency domain has led tlo an
investigation into the relationship between the frequency content of a machined surface
profile and the wear state of the inserts which produced the surface as described 1n chapter
5. Fractal geometry has been used to characterise machined surfaces, but has not been
extended to tool wear assessment. Hence this thesis will examine the use of fractal

geometry to characterise machined surfaces and hence to identify the wear state of the

tool which generated the surface.

Fusion of the data provided by AE measurements and surface profile measurements has
been achieved by means of an artificial neural network employing supervised learning as
described in chapter 7. This neural network exhibited an improved reliability in

recognising tool wear state over that which could be achieved when using a single sensor.
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Chapter 3

Modelling of Surface Finish and Acoustic Emission

3.1 Introduction

It 1s well known that, in face milling operations, an increase in the length of insert wear
lands will be accompanied by an increase in the cutting forces experienced by a machine
tool [3.1],[3.2]. In consequence cutting force measurements are widely used to give an
indirect measure of insert wear state. However the absolute values of cutting force vary
with depth of cut [3.3] and it 1s to be expected that in the case of finish milling cutting
forces will be small. This implies that changes in cutting force resulting from changes in
flank wear lands will be correspondingly small and difficult to measure with conventional
instruments. Therefore it 1s necessary to examine other phenomena associated with the
cutting process in order to establish their sensitivities, if any, to the wear state of the

inserts to allow-indirect monitoring of the wear process in finish milling.

An important output of the finish milling process is the surface texture generated by the
process. Since the surface texture 1s produced by a complex interaction between the
cutting tool and the workpiece it 1s to be expected that some measure of the surface finish
will contain information regarding the wear state of the cutting tool. Thé most commonly

used parameter 1n assessing surface finish is the centre line average R, defined by [3.4]
1 L
R, =— |lzidx 3.1

where L 1s the length along the x axis of the profile under consideration and z is the
profile measured from its mean reference line. As with all single-number measures of
surface finish, it 1s possible for several surfaces to have entirely different characteristics
yet have the same value of R,. This suggests that such traditional measures of surface
finish are insufficiently sensitive to the subtle changes in surface profile caused by tool
wear to be used 1n a tool wear monitoring environment. A system of measure based on the

spectral content of milled surfaces 1s expected to provide a more faithful representation of
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the surfaces since such a measure could only be derived from detailed consideration of the

shape of the profile. This will be discussed later in this chapter.

Acoustic emission measurements made during the cutting process have been used
successfully to monitor events occurring at the cutting edge of the inserts [3.5].
Conventionally, acoustic emission signals which are of small amphtude (of the order of
nano-meters) and high frequency (60 kHz to 1 MHz), are measured by resonant piezo-
electric devices. Most of the work using acoustic emission measurements exploits the
correlation between the energy of the AE signal and the wear state of the inserts [3.6].
This may be attributed in part to the suitability of conventional sensors to make such
measurements. However there have been some attempts to establish correlations between
the frequency content of the AE signal and the wear state of the cutter [3.7]. The
extraction of frequency information from a piezo-electric transducer 1s complicated by the
frequency response of the sensor which must be deconvolved from the sensor output
signal. This leads to the conclusion that the subtle changes in the AE spectrum resulting
from tool wear may be concealed by the frequency response of the transducer. In. this
work a novel fibre-optic transducer [3.8] with a flat frequency response measures an AE
signal from which frequency information may be extracted with some confidence. The
modelling of the AE generation process 1s discussed later in this chapter and the fibre-

optic transducer is described briefly in chapter 4.

Both the texture of the machined surface and the acoustic emission signals are generated
by complex interactions between the cutter and the workpiece. Figure 3.1 shows that

these interactions may be considered to occur in distinct zones of the cutting cycle.

Inscrt cniry

: contact arc
rotation \

feed

direction

workpiece

inser1 exit

Figure 3.1 Regions of interaction between cutter and workpiece.
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o

Initial contact between the insert and workpiece occurs at the point marked ‘insert entry’.
This contact 1s always characterised by an impact [3.9] which wiil produce a burst of AL
activity. The severity of this ‘ri-cet can bo on2lionzd o, o Teaiting mr 2otler waith
respect to the workpiece centre = 1e in such a ‘canner as to rec.ce Lme e .7y arg e of the
inisert. Ths émmc%ﬁ is then followed by a region designated as the ‘coruact arc’. In this
region €.t 2 takes place and chips of workpiece material are p:0C by a shearing
mechaniss.. During chip formation the workpiece material undzogoes high strain rate
deform. tion and in such a process 1t has been shown by Kapoor and I e:o . -Nasser [3.
that  ost all of the work done on the deforming material is conver.2d to heat. The
gerierauvn of h2es in the shear zone results in temperature rises in the workpiece, the tool

A

and the chipy, w .n a subsequent change in the properties of the deformed matenal. In
particular the T.cw stress of the material will change resulting in modifications to the
shear plane angle [3.3] which will ultimatc.y a0zt the generation of coo . si ¢ 2mission

[3.11], [3.12]as will be discussed in section 3.3.

3.2 Surface 7'y 4 top! wear

The surface profile generated 1n & face 1. U.zZ operallon i1s as a result of complex
inieractions between the geometry of the inserts, the dynamics ¢ 112 catter head and the
dynamics of the table [3.13], [3.14]. Figure 3.2 shows a typical suruce generated by face

milling a’r roum alloy type 6082 with a single insert.

Figure 3.2 A typical machined surtace generated by face _ 1lling
alwiminium allov {ype 6082 wiih a slngie insert.



This figure was obtained from a ZYGO corporation New View 100 3D Surface Structure
Analyser using a x2.5 objective. The three dimensional characteristics of the surface are
readily apparent. Each point in the surface may be considered to have been formed by the
intersection of the cutter arc of contact (arcs aa’----11") with imaginary lines (lines 11°----
ao’) drawn on the surface as shown in figure 3.3. A measurement of the surface made
with a stylus profilometer, as in this work, would be made along one of the lines 11° to

oo and would record only a sample of the surface characteristics.

Figure 3.3  Suggested mechanism for the formation of the machined surface in face
milling.

3.2.1 Modelling of forces in milling

It is possible to model the surface profile produced in a milling process from
consideration of the static and dynamic forces acting on the cutter and the geometry of the
individual inserts. Baek et al. [3.13] show that modelling the cutter as a single degree of
freedom system in the vertical direction and the tool table as second single degree of
freedom system produces reasonable agreement between simulated and measured surface
profiles. In their work Bacek et al excited their model by experimentally measured forces.
It 1s of course possible to excite the Baek model by means of simulated forces calculated

from the works of Fu et al [3.15] with further modifications by DeVrnies [3.2].

The Fu model is based on the widely held assumption that the normal force acting on a
chip is equal to the product of the chip cross-sectional area and the specific cutting
pressure K+. The specific cutting pressure is an empirically determined characteristic of
the material being cut and depends on the undeformed chip thickness. Fu and co-workers
demonstrated that K followed a power law with the undeformed chip thickness. However

further work by DeVries [3.2] showed that good results in simulating cutting forces could
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be obtained from using an average chip thickness during a milling cut provided that
correction factors for chip thickness were included in the calculations. This removes the
necessity of calculating a continually varying value of K. as the instantaneous chip
thickness changes through the cut. It is further assumed in the Fu model that the radial
force acting along the cutting edge 1s related to the tangential force by an empirically
determined dimensionless constant, K. Thus it is possible to obtain the following for

expressions for the tangential and radial forces at the cutting edge.

Fr(ir ¢) = Krh(gf(é))d

(3.2)
FR(i?¢) = KRFT(i=¢)
where
¢ 1s the angle of cutter rotation [
d.(¢) 1s the angular position of insert i at cuttér rotation angle ¢
F1(i,¢) and Fg(i, ¢) are the tangential and radial forces on the cutting edge at cutter

rotation angle ¢.

h(E8(¢)) 1s the chip thickness for insert i at cutter angular position &.(¢)

d 1s the axial depth of cut.

The angles ¢ and 6(¢@) are defined in figure 3.4

s

msert i
, angular position of insert i
6(¢)
— X

angle of cutter rotation

¢

datum

Figure 3.4 Definition of cutter angle of rotation and insert angular position
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Equations 3.2 make no allowance for the geometry of the tool and assume that the insert
lead angle is zero. If the geometry of the tool is considered, the forces acting on the
cutting edge may be resolved into tangential, radial and axial directions defined by
cylindrical polar co-ordinates (r-0-z) attached to the cutter so that the axial (z) co-ordinate

is directed along the cutter axis. Hence the forces may be expressed by [3.15]:

!

cosy, tany ,

1+ K,
Fr(i,9) “O% 4
Folid) |= K, 1(0,(9))d| —tany, + K, —t (3.3)
FA(i=¢) _tany % Z?Z;:i
COSy, ' COSy ,COSY,

(

where

F4(1,¢) 1s the ax1al component of force on insert 7/ at cutter rotation angle ¢ which is

parallel to the Z-axis.

¥, 1s the axial rake angle
¥» 1s the radial rake angle
¥ 1s the lead angle

From the geometry of the chip it may be seen that the chip thickness /1(8.(@)) is related to

the maximum chip thickness /1,,,. by the expression
lz(é’i (qz})) =N 005(91. (¢)) (3.4)
and 4, 15 related to the feed per tooth f, and the lead angle #, by the expression

B = f,co8(y ) (3.5)

In practice, the value of (¢ in equation 3.4 will lie between the entry angle to the
workpiece and exit from 1t, as descnibed below, as 1t 1s only in this range that any

particular insert 1s engaged in cutting.
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If a rectangular cartesian co-ordinate system is attached to the cutter centre in such a way
that the X-axis coincides with the cutter feed direction and the Z-axis is directed upwards
perpendicular to the machined surface, the Y-axis will be determined by the right hand
rule. It 1s possible to resolve -the radial, tangential and axial forces into components of

force parallel to these axes directions.

F\(i,9) 005(9 ) —sm( (¢)) 0 Fp(i,9)
Fo(i,9) |= sm(f)i(;zi)) cos(é?f ) 0| Fr(i,9) (3.6)
F,(i,d) 0 0 1) F(i,9)

—

Where

Fy(1,@), F\{(i,d) and F,(i,$) are the X-direction, Y-direction and Z-direction forces on

insert i at cutter rotation angle ¢.

For multi-point cutting the total force components in the X-, Y- and Z- directions may be
calculated by summing the forces on each insert over the cutter. In this summation it is of
course only necessary to consider the inserts which are actively engaged in cutting for any

given rotational position of the cutter. Therefore the total force on the cutter 1s given by

Fe(d)| & ( $)
£(9) | = Y.6(0.0)) Fi9) (3.7)
F(p)] "~ z( ,¢)

where N, 1s the total number of inserts and &(6,(¢)) is an indicator which takes the value 1
1f the angular position of insert 1 lies between the entry angle to the workpiece and the exit
from 1t (1.e. 1t lies within the arc of contact of figure 3.1), and 1s zero elsewhere. The
extent of the arc of contact may be determined from the relative positions of the centre of

the cutter and the workpiece as shown in figure 3.5.
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Figure 3.5 Calculation of 1nsert entry and exit angles

From this figure it may be seen that

&, =sin” (d—z) (3.8)
§=¢, +&,

where £ 1s the angle of contact.

€, 1s the entry angle

&, 1s the exit angle.

For symmetrical cutting where the cutter moves along the centre line of the workpiece d,

= d, and hence &; = &, . In this work cutting was arranged so that
d, =d,=30mm

and since the diameter of the cutter was 100 mm this resulted 1n an entry angle of 36.9°,
an exit angle of -36.9° and a total angle of contact of 73.8°.

In order to use equations 3.2 to 3.8 to calculate the cutting forces generated in milling the
two coefficients K7 and Ky of equations 3.2 and 3.3 were calculated according to the

methods of DeVries [3.2]). Specific cutting energy E; 1s defined as the energy required to
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cut a unit volume of maternial and may be treated as a material property. Values of E, have
been determined experimentally and are readily available in tabulated form [3.2],[3.16] as
the results of standardised test conditions. This data was extracted from furning tests
using a new tool with a rake angle of 0° and an uncut chip thickness of 0.25 mm. Cutting

fluid was not used. From the definition of specific cutting energy it may be seen that

E =

5

>
~ (3.9)

where P 1s the power consumed in making the cut and Z 1s the volumetric removal rate of

matenal.

The power consumed 1n cutting is related to the cutting speed v and to the tangential force

Fr on the insert, hence
P=Fv=EZ - (3.10)

If corrections are made for deviations from the standardised test conditions used to obtain

the tabulated values of specific cutting energy [3.2], an estimate of the cutting force

tangential to the insert may be deduced

P

Fr=—K, (g )K, (7 2 )K., (1{5) (3.11)

where

K (h,,,) 1s a correction factor resulting from the use of the average chip thickness

in calculating cutting forces.

K,(¥&) 1s a correction resulting from deviations in the radial rake angle from the

test conditions
K., (V) 1s a correction factor for wear of the insert as milling progresses.

These correction factors have been determined experimentally and are available in

graphical form in DeVries {3.2]. An estimate of the specific cutting pressure K+ may then

be generated from
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K,=-L= (3.12)

where A is the cross sectional area of the uncut chip.

It should be noted that K, is not a true pressure but 1s titled ‘specific cutting pressure’
because it possesses the appropriate dimensions. It 1s acknowledged that this technique
only gives an estimate of the cutting forces in the feed, transverse and axial directions but
in this work precise values of these forces are not required. However this approach
demonstrates the manner in which the cutting forces vary with tool wear V, through the
factor K, (V,). If precise values of the instantaneous forces were required it would be
necessary to calculate instantaneous values of K+ which varies with uncut chip thickness,

a process which would be impractical [3.15] because of the large associated

computational penalty.

Several investigators have estimated expressions for Ki. Fu et al derive an expression

from experimental work which relates Ky to the average undeformed chip thickness C,,,

in the form

K, =0.0974C>*"" with units of pounds/square inch

avg

This expression is specific to the work of Fu and associates and 1s not readily applicable
to the present work owing to the lack of available experimental matenal constants for
other work piece materials. However Shaw [3.17] states that as a first approximation, the

relationship between the radial and tangential forces of equation 3.2 may be taken as

F7(i.¢)

FR(i,gé) = )

hence fixing the value of Ky as 0.5. In further work DeVries introduced compensation
factors into the expression for Fy to allow for deviations in cutting conditions from the

standard conditions discussed earlier. The DeVries expression may be written
Fo(i$) = Fr(i,8)Chog )C, (7 £)Cou (V) (3.13)

where
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C.(h,) 1s a correction factor resulting from the use of the average chip thickness

in calculating cutting forces.

C,(¥z) 1s a correction resulting from deviations in the radial rake angle from the

test conditions

C..(V,) 1s a correction factor for wear of the insert as milling progresses.

F4(i,¢) 1s the tangential component of cutting edge force calculated for insert 1 from

equation 3.11 using the experimental values of specific cutting energy.

It can be seen that if the radial force F(i, 9) were to be estimated from this equation at the
standardised cutting conditions with all the compensation terms equal to unity, the

relationship between the tangential and radial forces would be

Fo(i,d)=F.(i,¢) (3.14)

In the light of Shaw’s imtial estimation equation 3.14 represents an overestimation of the
magnitude of the radial force. It 1s proposed that if Shaw’s first approximation is

combined with DeVries’ experimental expression a more realistic relationship between

radial force and tool wear state results

Fr (i, ¢)Cc (hm*g )Cr (7 R )Cw (Vb)

Fo(i,$) = . (3.15)
[f equations 3.2 and 3.15 are compared it may be seen that
CC Izﬂl' Cr y CH’ V
Ky = ics) g JC) (3.16)

3.2.2 Simulations of cutting force

Simulations of the cutting forces were carried out using equations 3.2 to 3.16 for several
combinations of cutter and workpiece material as shown in table 3.1. The values for the

compensation terms in equations 3.11 and 3.16 were obtained from DeVries [3.2].
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Insert geometry Workpiece material
Negative rake annealed En24

Negative rake annealed En24
Positive rake annealed En24

Positive rake annealed En24

Negative rake quenched & tempered En24
Positive rake quenched & tempered En24
Positive rake type 304 stainless steel

Table 3.1 Cutter/workpiece combinations used in simulations

Simulated forces: new inserts

Figures 3.6a and 3.6b show the results of the simulation carried out for single point
negative rake cutting of annealed En24 steel with an unworn insert. Both of these figures
illustrate the forces experienced by the cutter during two revolutions of the spindle in the

feed direction (figure 3.6a) and the depth of cut direction (figure 3.6b).
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Figure 3.6 Cutting forces generated by the Fu model 1n the (a) feed direction (b) depth
of cut direction for single point negative rake cutting of annealed En24.

The entry impact is clearly visible in these figures as are the forces generated by the insert
as it moves round the arc of contact. It should be noted that the maximum in the feed
force does not occur when the insert is in the centre of the cut but rather before this
position since this force is the vector sum of the tangential and radial forces acting on the

cutter.
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The simulation results over one revolution of the cutter for eight point negative rake

cutting of annealed En24 with unworn inserts are shown in figure 3.7.
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a00 ~ cmmmemen Zadirgction

200
700
00
500
400
300
200
100

Force (N)

.06 0.01 .02 (003 0.04 0.05 0.06 0.07
Time (sec)

Figure 3.7 Forces experienced by the cutter in the feed and depth of

cut directions during 8-point negative rake cutting of
annealed En24.

In this case the forces experienced by the cutter are more complicated than 1n the case of
single point cutting. The feed force depicted in figure 3.7 is generated by a combination
of forces associated with several inserts cutting simultaneously. In this example,

following the initial entry impact of an insert, the discontinuities in the feed force arise

from the varying numbers of inserts cutting as the cutter rotates.

Figure 3.8a shows the results of the simulation over two revolutions of the cutter for
single point positive rake cutting of annealed En24 with a new insert. As can be seen the

feed force briefly takes on a negative value immediately prior to the exit of the insert from

the workpiece.
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Figure 3.8 Cutting forces generated by the Fu model in the feed direction for (a)
single point, (b) 8-point positive rake cutting of annealed En24

Figure 3.8b shows the feed force experienced by the cutter when cutting annealed En 24
with a positive rake eight point cutter using new inserts. This figure disp]ays.one
revolution of the cutter. As in the case of multi-point negative rake cutting, the
discontinuities in the feed force arise from the sudden exit from the workpiece of an insert

which 1s generating a negative force at the end of its cut.

In simulating the cutting forces for a different workpiece material it is only necessary to
alter the value of specific cutting pressure through use of the appropriate specific cutting
energy, E,, and the cutting conditions. Figure 3.9a shows the results of the simulation
carried out for cutting a quenched and tempered specimen of En24 steel with an eight
point positive rake cutter using new inserts. Similarly figure 3.9b shows the results when
cutting the same material with new inserts in an eight point negative rake cutter. In both

of these examples two revolutions of the cutter are displayed.
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Figure 3.9 Cutting forces generated by the Fu model in the feed direction for eight
point cutting of quenched and tempered En24 using new inserts in (a) a
positive rake cutter, (b) a negative rake cutter.

Figure 3.10 shows the simulated feed force variation when cutting type 304 stainless steel

with a single new insert in a positive rake cutter. Again two revolutions of the cutter are

demonstrated in this figure.
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Figure 3.10  Forces experienced by the cutter in the feed direction
during single point positive rake cutting of type 304
stainless steel.
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Simulated forces: worn inserts

Figures 3.6a to 3.10 were generated by assuming that the inserts were new in all cases.
The effects of flank wear may be demonstrated using equations 3.11 and 3.15. For the
new inserts the value of the correction terms K, in equation 3.11 and C,, in 3.15 were both
taken to be unity [3.2]. In the case of a worn insert the correction terms were increased in
accordance with the technique proposed by DeVries [3.2]. It can be seen that the effect of
wear 1s to increase both the tangential and radial forces experienced by the insert cutting
edge. Since the feed force and transverse force are vector sums of the radial and tangential
forces it 1s expected that the effects of wear will be to increase the magnitude of the feed
and transvérse forces and to alter their phasing with respect to the insert rotational
position. These effects are demonstrated in figures 3.11 to 3.17. In each case the
simulation for the worn 1nsert was performed assuming a flank wear land length (V,) of

0.7 mm.

From figure 3.11 it can be seen that wear raises the peak feed forces substantially in single
point cutting of annealed En24. The impact which this large increase in force has on the
generation of the surface finish of the workpiece will be discussed below. Figure 3.12
confirms that the expected increase in both peak feed force and average feed force does
occur when using an eight point negative rake cutter with annealed En24. Figure 3.13
shows the effects of insert wear on feed force when cutting annealed En24 with a single
point positive rake cutter. It can be seen tha-t one of the effects of wear 1n this case is to
alter the balance of tangential and radial components of force in such a way as to prevent

the feed force from becoming negative prior to insert exit from the workpiece.
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Figure 3.11 Feed force experienced by the cutter when cutting
annealed En24 with a single negative rake insert showing
the effects of wear
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Figure 3.13  Feed force experienced by the cutter when cutting

annealed En24 with a single positive rake insert showing
the eftects of wear
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Figure 3.14 confirms the effect observéd in figure 3.13 of wear on feed force when cutting
annealed En24 steel. It can be seen that the discontinuity generated by a new tool i1s no
longer present in the force generated by the wom tool. However the primary effect of tool
wear as measured by the length of the flank wear land length 1s to raise both the mean
level of feed force and the peak values of feed force. This is confirmed by figure 3.15
which 1llustrates the effects of flank wear on feed force generated 1n cutting the harder
quenched and tempered En24 with an eight point positive rake cutter and by figure 3.16
which depicts the feed force experienced by the cutter when cutting the same material

with an eight point negative rake cutter.

230

Worh irswris
rw oprur Irnactn

400

300 J
2000 Y\ Yy

% [ i L]
& " -I‘- l.i ‘l. :

Fesd force (N)

. l" B
. o= ] ) 1 L "
2 ] . i % 1 ‘- H ‘ -
S N I - U T U O U T R B W B
i My1 Ui W . 1 b Wil W
) ' -] . ¥ ] r ] E
100F g oY %y 4! \ (I LV R A
1 ¥ 1 i L » L

[} i A i Y N SN S | A H A :
Q.Cc0 0.0t 002 0603 004 QO 0408 0.07

Tima (sec)

Figure 3.14  Feed force expenienced by the cutter when cutting
annealed En24 with an 8-point positive rake cutter
showing the effects of wear
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Figure 3.16 Feed force experienced by the cutter when cutting
quenched and tempered En24 with an 8-point negative
rake cutter showing the effects of wear

Figure 3.17 demonstrates the feed force generated 1n cutting type 304 stainless steel using
a single point cutter employing both a new insert and a wom insert. As in previous

simulations the primary effect of wear 1s to raise the peak forces experienced.
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Figure 3.17 Feed force experienced by the cutter when cutting type
304 stainless steel with a single positive rake insert
showing the effects of wear

3.2.3 Frequency spectra of simulated feed forces

By comparing the forces generated by the new inserts with those generated by the womn
inserts in figures 3.11 to 3.17 it is clear that another effect of flank wear is to changej the
shape of the graphs. This 1s particularly obvious iIn figure 3.14 where a secondary peak in

the teed force generated by new inserts is not present in the force generated by wom
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inserts. A measure of this change of shape could be obtained from the frequency content

of the graphs as demonstrated 1n figures 3.18a and 3.18b.
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Figure 3.18  Spectrum of the simulated feed force (fig. 3.14), normalised to the mean
feed force, experienced by an eight point positive rake cutter when cutting
annealed En24 (a) new 1nsert, (b) worn insert.

These figures show the frequency content of the simulated feed force expernienced by an
eight point positive rake cufter when cutting annealed En24 for both new inserts and worn
inserts. The forces were normalised to their respective mean values to emphasise the
balance between the tooth passing frequency (127 Hz) and its harmonics. It is clear that a
reduction in the relative contributions of the first two harmonics (255 Hz and 382 Hz)
accompanies the increase in flank wear land length. This is also observable, although to a
lesser extent, in the higher harmonics of the force. In a tool wear monitoring system
which included force measuring instruments this change in the balance of the frequency
content of the feed force would be a useful measurand. However this work concemns a
measure of surface finish and as will be explained below the frequency content of the feed

force 1s not reflected in the surface trace obtained from a profilometer which measures

only a sample of the total profile.

3.2.4 Modelling of the cutter displacement

It has been seen that the forces in the feed, transverse and depth of cut directions

constitute a train of pulses and it is to be expected that these pulses will excite a
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vibrational response in the machine tool structure. The dominant modes of vibration
response will resemble a forced response of a cantilever in the feed and transverse
directions and of a simple mass/spring combination in the depth of cut direction. Forces
and vibrations in the direction normal to the plane containing the feed and depth
directions (y-axis) do not contribute to the generation of surface roughness [3.13] as
measured by a profilometer (figure 3.3). As a result the cutter may be modelled in 1ts

simplest form by two single degree of freedom equations, one describing the cantilever

deflection, 7 of the cutter in the feed direction and the other describing its motion in the

depth of cut direction.
In+C, 0+ K, n=1(t) (3.17)

where /I 1s the moment of inertia of the cutter/spindle about an axis through one end in the

transverse (y) direction
C,, 1s the damping of the cutter/spindle

K, 1s the cantilever stiffness of the spindle/cutter
and 1n the deptﬁ of cut (z) direction
mz +cz + kz = F(t) _ (3.18)
where m 1s the mass of the cutter
c 1s the damping coefficient in the z-direction

k 1s the stiffness of the spindle in the z-direction

Estimates of the headstock natural frequencies and stiffnesses in the feed direction (x-
axis) and depth of cut direction (z-axis) were obtained from impulse tests as described in
chapter 5. From these measurements and the geometry of the spindle/cutter very simple
estimates of the coefficients required in equations 3.17 and 3.18 were made. Using these
coefficients the cantilever displacement of the cutter was calculated by using a fourth
order Runge-Kutta integration technique applied to the differential equation 3.17. A

simllar estimate of the translational displacement of the cutter in the z-direction was made
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using the same technique with equation 3.18. Table 3.2 shows the values of coefficients

of equations 3.17 and 3.18 used 1n these simulations.

Coefficient Value

0.28 kgm
32.2 Nm sec/rad
70780 Nm/rad

- 452kg
454 N sec/m
453.9x10° N/m

Table 3.2  Values of coefficients used in numerical
solutions of equations 3.17 and 3.18

Figure 3.19a shows the simulated cantilever displacement response of the cutter when
cutting annealed En24 with a single new insert in a negative rake cutter. The feed force
which produced this response is also shown in the figure. It can be seen that whilst the
cutter is engaged in the work piece the cantilever deflection of the cutter does not exhibit
vibrational characteristics. Vibrational motion only occurs when the insert is not in
contact with the workpiece. When the insert is in contact with the workpiece the
cantilever deflection of the cutter behaves as if it were a forced deflection response to a

steadily varying applied force.
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Figure 3.19  Displacements of the cutter when cutting annealed En24 with a new single

point negative rake cutter (a) cantilever displacement with feed force
superimposed, (b) z-direction displacement.
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Figure 3.19b shows the response of the cutter in the depth of cut direction when cutting
annealed En24 with a single point negative rake cutter. In this direction the cutter does
exhibit vibrational motion whilst the insert 1s 1n contact with the workpiece. The
differences in response illustrated in figures 3.19a and 3.19b may be explained by the two
different natural frequencies used to model the system response for cantilever deflection
in the x-z plane and translational motion in the z-direction and hence by the differences in

impact response.

Figure 3.20a shows the cantilever displacement response and the translational response of
the cutter when cutting annealed En24 with new inserts in an eight point negative rake
cutter. In contrast with the results for single point cutting (figure 3.19a) the free response
of the cutter 1s suppressed by the force generated by each succeeding insert. This
represents a forced response of the cutter with a frequency equal to that of the tooth

passing frequency.
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Figure 3.20  Displacements of the cutter when cutting annealed En24 with an 8-point
negative rake cutter (a) new inserts, (b) worn 1nserts.

Figure 3.20b shows that similar response characteristics occur when cutting the same
material with the same cutter but with worn (V, = 0.7 mm) inserts. As expected the mean
displacements and peak displacements achieved with the womn inserts are greater than

those reached with the new inserts resulting from the larger forces being generated by the

worn 1nserts.
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Figures 3.21a to 3.24b show similar vibration responses for all the force simulations

discussed above.
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Figure 3.23 Displacements of the cutter when cutting quenched & tempered En24 with
an 8-point positive rake cutter (a) new inserts, (b) worn inserts.
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Figure 3.24  Displacements of the cutter when cutting quenched & tempered En24 with
an 8-point negative rake cutter (a) new inserts, (b) worn inserts.

The higher frequency component observed in the z-direction displacement shown in
figures 3.24a and 3.24b arises from the natural frequency of the model 1n this direction.
The spindle speed used 1n the simulation 1n this case (510 rev/min) was less than that used
in the simulation for eight point cutting of quenched and tempered En24 (828 rev/min)
and this allowed time for the impact response of the cutter to develop before being

suppressed by succeeding inserts.
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Figures 3.25a and 3.25b show the vibration response of the cutter when it 1s cutting type
304 stainless steel with a single insert in a positive rake cutter. Again the residence time

of the insert in the workpiece material was sufficiently long to allow development of the

cutter impact response whilst the 1nsert was still cutting.
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Figure 3.25 Displacements of the cutter when cutting type 304 stainless steel with a
single point positive rake cutter (a) new inserts, (b) worn 1nserts.

The foregoing simulations of cutter forces and cutter deflections are not intended to be
exact predictions of actual forces and deflections but are presented to demonstrate trends
in these quantities to be expected resulting from flank wear. Indeed the model of the
cutter response 1s recognised to be a gross simplification and could not be expected to
produce exact cutter deflections without further knowledge of the dynamics of the
machine tool used in this work. For example, in this work the cutter was considered only
as a two degree of freedom lumped parameter system with no cross coupling between the
modes of vibration. In fact the machine tool is a multi-degree of freedom system and
incorporation of the associated (currently unknown) modes of vibration into the model
would improve its performance. In developing the lumped parameter model estimates of
the system static stiffnesses and damping were used. Under load it is likely that these

values would change and it would be more appropriate to use dynamic values.

.
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3.2.5 Modelling the cut surface

[t must be noted that these figures show the displacements of the cutter and not the
resultant surface profile. In order to establish the form of the cut surface the interactions
between the deflected cutter and the work piece must be considered. In single point
cutting, for example, the shape of the insert 1s impninted upon the machined surface for
each pass of the of the insert through the workpiece. In single point cutting this occurs
once per revolution and therefore the image of the insert appears on the surface at a rate
equal to the feed per revolution of the cutter. This would be shown by a profile
measurement taken parallel to the feed direction. If the profile were measured along a line
close to the centre of the workpiece it could be assumed that the insert which produced
the profile was close to the centre of the workpiece and that the cutting force experienced
by it was close to the maximum. This would produce the maximum cantilever deflection
of the cutter parallel to the feed direction. Any subsequent vibrational motion of the cutter
would occur with the insert no longer on the line of the profilometer trace and would not
be observed in the measured profile until the insert returned to the line of the trace one
revolution later. As the cutter would be experiencing forcing at tooth passing frequency,
the deflection of the cutter would be identical to that of the previous insert pass through
the workpiece. Therefore the profile registered on a profilometer trace would appear to
have been generated by a cutter with a fixed static detlection. The profile measured from a
different line on the workpiece would have similar characternstics albeit generated by a
cutter with a different static deflection. For example the cantilever deflection variation
shown in figure 3.19a was produced by simulating cutting of annealed En24 at a spindle
speed of 955 rev/min which results in a period of 0.063 seconds per revolution.
Examination of figure 3.19a shows that the cantilever deflection of the cutter every 0.063
seconds (every revolution) is again close to the maximum value assumed for the first pass
of the insert. This would be expected if the cutter 1s being forced to vibrate at the tooth
passing frequency. This implies that the surface profile appears to have been generated
with the cantilever deflection of the cutter produced by a static force the magnitude of
which corresponcié to the once per revolution peak force. A similar argument may be
deployed for the effects of the forced response in the depth of cut direction. This suggests

that the effect of vibration in this direction as observed on a line profile parallel to the
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feed direction is to reduce the effective depth of cut by a constant amount. Similar effects

are expected in multi-point cutting.

The inserts used in this work for both positive rake and negative rake cutting possessed
wiper flats of length 1.6 mm and provided the feed per tooth were to be less than this a
featureless surface would result in theory. The feed per tooth in this work was never
ereater than 0.15 mm per tooth. The plan geometry of the positive rake insert is illustrated

in figure 3.26a and that of the negative rake insert is shown 1n figure 3.26b.

45° 1.5mm

].6mm / 20° . 750 0.9mm

g
(Wiper flat ’<? ( R //;/é ?
- /{ ls wiper flat

12. \_ 4 |
- * > 12.7mm
3.18mm | T \ |
* +’ 476mm

1.5mm

(a) (b)

Figure 3.26  Plan geometry of (a) positive rake insert, (b) negative rake insert.

However as was explained above, the cutter takes on the appearance of a static deflection
in response to the cutting forces when generating the cut surface as seen by a
profilometer. This causes the insert and hence the wiper flat to be inclined to the direction

of feed and the cut surface will take on the appearance of a saw-tooth as shown in figure

3.27.
r \
.Antd insert

resulting
surface \

feed direction

Figure 3.27  Generation of “saw-tooth’ simulated surface by an
inclined insert
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Larger forces have been shown to produce larger cutter deflections which in turn will

produce deeper saw-tooth patterns on the surface. This 1s 1llustrated 1n figure 3.28.
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Figure 3.28  Vanation in simulated surface profile as flank wear
INCreases

Expected evolution of surface spectra with insert wear

As was discussed above, the model used to explore the progression of cutter response to
increased cutting forces resulting from increased flank wear was not exactly
representative of the true forces and deflections. Therefore a term “wear parameter” was

used in this figure to characterise a measure of flank wear. The larger this parameter, the

larger the length of the flank wear land and hence the larger the forces producing the

cutter deflection.

It is to be expected that the spatial frequency spectra of surfaces such as those depicted in

figure 3.28 would be different for the two surfaces. This is illustrated in figures 3.29a and

3.29b. 4
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Figure 3.29 Spat-ial frequency spectra of simulated surfaces (a) wear parameter 1, (b)
wear parameter 10.

It can be seen that not only are the scales of these figures substantially different but the
relative contributions of the higher spatial frequencies are less in the simulated surface
generated by the worn inserts. In fact these cilanges are progressive with the wear
parameter used to generate the surfaces. One way in which the vanations may be
measured 1s from a consideration of the energy content (integrated spectral content) of the
surfaces 1n a set of frequency bands. Wilkinson et al recommended the use of a low
frequency band up to but excluding the frequency associated with spindle rotation (the
feed per revolution), a kinematic band including the frequencies associated with feed per
revolution and feed per tooth and a high frequency band with spatial frequencies greater
than those associated with feed per tooth [3.18] to examine real surfaces. In examining
simulated surfaces only the kineﬁ;atic band and the high frequency band will be examined
since the low frequency band has its origin in vibrations of the machine tool table and
these were not modelled in the force simulation. Figure 3.30 shows the variation of

integrated spectral content in the kinematic and high frequency bands of the simulated

surface with wear parameter.
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Figure 3.30  Varnation in integrated spectral content of the simulated
surface profile as flank wear increases

Effect of insert chipping

It can be seen that there i1s a linear increaée in the energy contained in the kinematic
frequency band as wear increases but that the energy content of the high frequency band
ultimately attains a constant value. These figures assume that as the flank wear progresses
no degradation of the cutting edge occurs. It is possible to model the geometric effects of
edge deterioration by means of an edge “chip” as shown in figure 3.31. The effects of the
chip are two-fold: an increase in the cutting force would occur which may be assumed to
be included in the forcing associated with the wear parameter and an imprinting of the

deformed shape of the insert would appear on the surface profile.
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Figure 3.31  Geometric effects on the machined surface of a typical
chip on the insert cutting edge.
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It is to be expected that these geometric effects would be reflected in the spatial frequency
spectrum of the surface produced. This 1s illustrated in figures 3.32a and 3.32b which
show the spatial frequency spectra of a typical simulated surface generated by a wom
insert and a worn, chipped insert. Both of these figures were generated by simulated
inserts having the same degree of flank wear and thus the differences in the spectra result

from the presence of a chipped cutting edge.
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Figure 3.32  Spatial frequency spectra of simulated surfaces (a) wear parameter 6, (b)
wear parameter 6 with chipped insert.

The effects of a chipped insert on the simulated surface were investigated by initiating a
small chip in the insert cutting edge at a time when 40% of the insert life had been
exhausted (observations made during machining tests suggest that this i1s a reasonable
assumption) and then allowing the chip to grow until such a time that the chip occupied

the length of the cutting edge. The results of this simulation are shown in figure 3.33.
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Figure 3.33  Variation in integrated spectral content of the simulated
surface profile as flank wear increases combined with a
cutting edge chip growth

Comparison of figure 3.33 with 3.30 shows that the presence of the growing cutting edge
chip disrupts the smooth progression of the intégrated spectral content 1in the high
frequency band. It has a similar although lesser effect on the integrated spectral content 1n
the kinematic band. It is of interest to note that as the chip length increases both the
kinematic band and high frequency band integrated spectral contents revert to their
unchipped characteristics. This may be explained by the fact that as the chip increases in
length it is effectively worn away and the original cutting edge 1s replaced by a new

cutting edge slightly displaced from the original.

In summary the effect of increased flank wear on the milled surface 1s expected to cause a
progressive increase in the kinematic band spectral content of the surface. The high
frequency band spectral content is anticipated to increase linearly with flank wear in the
initial stages of wear thereafter the rate of change of this quantity with flank wear will
decrease until the spectral content reaches a constant value. If, in addition to flank wear, a
growiné chip appears on the cutting edge the smooth progression of the integrated
spectral content in both frequency bands will be interrupted until such time as the chip
itself is essentially worn away from the edge. This will be tested experimentally and the

results are reported in chapter 5 and discussed in chapter 8.
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3.3 Acoustic emission and tool wear

Several sources of acoustic emission (AE) arising during the intermittent cutting process
have been recognised [3.19],[3.20],[3.21] Table 3.3 lists these sources with some of their

characteristics.

ey,

_ Source Description Type
Initial impact as the insert enters the workpiece Burst
(b) Shearing of the parent matenal of the workpiece during Continuous
- the cutting process
(c) . | Rubbing between the chip and the rake face and between | Continuous
the newly created surface and the flank face.

(d) Chip breakage and entanglement | Burst

(e) A final impact caused by the relaxation of forces as the Burst
insert exits the workpiece

(f) Insert failure Burst
Table 3.3 Description of AE sources in machining processes.

It may be argued that the continuous AE emissions are really only a train of burst type
emissions which occur so closely in time that it is impossible to separate them into
individual bursts. However for this work the above classification will be used. A brief

discussion of each of these sources is given below.

All these sources of AE are located in the cutting zone close to the cutting edge of the
insert and AE signals are known to carry information regarding the wear state of the insert
[3:.6]. Kannatey-Asibu and Dornfeld [3.22] identify several properties of the AE signal
which may be used to monitor the wear state of the inserts. Table 3.4 gives a brief

description of these features.
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- Feature Comment
(a) Threshold count Does not work well with continuous emissions
[3.23]
(b) Amplitude distribution | Better suited to continuous emissions [3.24]
(c) RMS Useful for burst and continuous emissions
| [3.23]
(d) | Frequency spectra Useful for continuous emissions but may
require specialised transducers 1f

deconvolution of transducer characteristics is
to be avoided. [3.12]

Table 3.4 Acoustic emission features used in tool wear monitoring.

In this work the availability of a novel fibre optic AE transducer [3.8] which possesses
wide flat frequency response to beyond 1 MHz enabled measurements of the frequency
content of AE signals to be made. The signal from the same transducer could be used to
provide a measure of the rms of the AE signal as described in chapter 4 and hence 1n this

work the correlation between rms AE and tool wear was also investigated.

3.3.1 Entry impact

The magnitude of the entry impact is spindle speed dependent, increasing as rotational
speed increases. It may also be argued that it is dependent on insert geometry as the
effective feed per tooth varies with flank wear altering the ‘quality’ of initial contact with

between the insert and workpiece.

The impact may be modelled by an impulse. The subsequent AE signature of the impulse
would be seen as a burst exhibiting ring-down phenomena with frequency and decay rate

determined by the elastic and damping properties of the workpiece matenal.

3.3.2 Cutting process

In this section of the thesis the models described by equations 3.19 to 3.56 were
developed in the references [3.12], [3.19], [3.22] and [3.26]. It was decided however, by
the present author, that the use of the original workpiece material data used by Hu et al
[3.26] should be replaced by the constitutive Equations developed 1n references [3.30] and
[3.33]. These models were then used to calculate the variation of rms AE and mean

frequency of AE with insert wear.
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RMS AE and metal cutting parameters

The major source of AE during metal cutting 1s the plastic deformation associated with
chip formation [3.19]. AE generation occurs 1n three zones in orthogonal metal cutting:
the pnmary zone containing the shear plane, a secondary zone containing the chip/rake
face interface and a tertiary zone confaining the flank/workpiece interface. The AE
generated 1n the primary zone is related to the energy required to shear the work piece
material. The AE arising in the secondary zone originates in shearing processes and
slipping processes. The slipping process generates AE through frictional rubbing. In the

tertiary zone AE i1s generated by rubbing as described below. These zones are illustrated

in figure 3.34

chip

secondary ZONcC on

primary zone¢ on tool/chip interface

shear plane

tertiary zone on
flank/workpiece

Interface workpiece

Figure 3.34  Zones of AE generation in orthogonal cutting.

Kannatey-Asibu and Dornfeld [3.22] have investigated the relationship between rms AE
and cutting geometry. Briefly their work relates the definition of the rms value of the AE

signal to the power of the signal and thence to the power consumed in deforming the

workpiece material. From the definition of the rms value of a signal

P= % oC (rms)2 (3.19)

where P is the power of the signal and E i1s the energy of the signal. If the matenal being

deformed 1s subject to a constant applied stress and strain rate, the rate of work of plastic

deformation W is given by
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W =Vio (3.20)
where V i1s the volume of materal undergoing deformation

£ 1s the strain rate

o 1s the applied stress.

¥

If it is assumed that this work rate is proportional to the power of the AE signal which 1t

produces, then the following relationship between the rms of the AE signal and the work

rate of plastic deformation results.

(rms)’ = CVéo (3.21)
where C; 1s a constant of proportionality.

In the primary zone where the average shear stress is assumed constant and using the

well-known expressions for shear velocity, U,, shear strain rate, y, and shear zone

volume, ¥V, from Shaw [3.17]

U, = cose (3.22)
cos(¢ — )
: cosae U
_ . 3.23
4 cos(qé - a') Ay (5.23)
y = _bay (3.24)
SIn @

where ¢ 1s the shear plane angle

a 1s the rake angle

f 1s the undeformed chip thickness

b 1s the depth of cut

U 1s the cutting speed
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Ay 1s the thickness of the shear zone.

equation 3.20 may be re-written to give the work rate of shear deformation W, in the

primary zone

COSU

W, =0y sin¢c-os(¢—aaf)

U (3.25)

where 7; is the flow stress in shear in the primary deformation zone.

In the secondary zone the chip sticks for part of its motion over the rake face of the insert
and is subject to shear deformation and for the remaining part of its motion it slides until

it loses contact with the insert. In the sticking region equation 3.20 may be re-written to

give the work rate in shear ., on the rake face

W, =1,blLU, ' (3.26)
where 7, 1s the flow stress in shear in the secondary deformation zone
[, is the length of the sticking region
U. is the chip velocity.
Again from Shaw [3.17]

_ sing
. U = cos(§— a) U (3.27)

which leads to an expression for the work rate in the deformation region

SIn @

W, =1,bl - U (3.28)
cos(p — a)
In the sliding region of rake face contact, the work rate is related to the friction force
between the chip and the velocity of the chip over the rake face. Kannatey-Asibu and
Domnfeld [3.22] demonstrated that although the normal stress distribution on the rake face

is non-uniform and the actual of contact area between the chip and the rake face varies it

1s possible to derive an expression for the sliding friction force on this face
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F = TZE’(;"-I‘) - (3.29)

where / 1s the total length of the chip/tool contact region.

The work rate in this region ., may then be obtained by multiplying equation 3.29 by

the chip velocity .

r,b(1-1,) _— r,b(1-1,)sing .

W, =
« 3 “ 3cos(¢-a)

(3.30)

Thus the total work rate W, in the secondary zone from both sliding and sticking is given

by the sum of W, and W, .i.e.

r,b(1-1,)sing [ = r,bU(! +_2_l,)sin¢

_3cos(¢—a)_ - 3cos(¢-a) G31)

From equations 3.21, 3.25 and 3.31 it is possible to obtain a relationship between the rms
of the AE signal and the mechanical parameters of machining for the primary and

secondary zones.

s)? = 7,tcos(a) 5 1'2(1 +2ll)sin(¢)
(rms)” = (GbU) Lin(@‘r) cos(¢— ) 3cos(4 - a) ] (3-32)

Blum and Inasaki [3.19] have investigated AE generation in the tertiary deformation zone
reéulting from the flank wear land. They concluded that AE generated in this zone was
related to friction. Based on their work Carolan et al [3.11] modified equation 3.32 to take

account of the ettects of this tertiary zone frictionally generated AE:

Tyl ‘305(6’5) ' 7, (l_j-_ 211)sin(¢)
sin(¢)—cés(¢ ~q) T 3o —a) + CZT3Vb] (3.33)

(mzs)2 = ClbU[

where C, permits an unknown ratio of sticking to sliding at the tool/workpiece

interface.

V,, 1s the length of the flank wear land.
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Frequency content of AE signal and metal cutting parameters

Carolan et al [3.12] showed that in metal cutting the maximum in the frequency spectrum
of a wave created by a group of migratory dislocations is proportional to the product of

the strain ¢ and strain rate £ experienced by the workpiece.
f < e . (3.34)

If 1t 1s assumed that the mean frequency in the spectrum associated with the group of
dislocations is related to the maximum frequency and deformation in the primary zone,

where most of the AE 1s generated [3.12], is considered a relationship between the shear

strain, y, the shear strain rate y , and the mean frequency, f, may be developed.

[ cyy (3.35)

If the well known expressions [3.17] for shear strain

y = cosa ' (3.36)

singcos(¢ — a)

and shear strain rate

_ cosc y_
- cos(«;z? — a') Ay

% (3.37)

are substituted 1nto equation 3.35 an expression for the dependence of mean frequency on

the geometric properties of the cutting process results

— cjas2 (o) U
” sin(¢) cos’ (¢ — a) Ay

(3.38)

where «1s the rake angle

¢ 1s the shear plane angle

U 1s the cutting speed

Ay 1s the width of the shear zone
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If 1t 1s assumed that Ay does not change with tool wear and that the cutting speed 1s
constant equation 3.38 may be used to demonstrate how tﬁe mean frequency 1n the AE
spectrum varies with changes in tool geometry brought about by tool wear. The shear
plane angle ¢ will be altered by changes in the equilibrium of forces at the cutting edge
brought about by changes in, for example, the local rake angle. This will in tumn result in
changes in the strain rates and in the femperatures in the three zones. In order to calculate

the effects of geometrical changes an iterative procedure similar to that used by Young et

al [3.3] and Hu et al [3.26] may be used.

Cutting geometry and acoustic emission

An inspection of equations 3.33 and 3.38 shows that both the rms value of the AE signal
and 1ts frequency content depend to some extent on the shear plane angle and the insert

rake angle. It 1s known that the shear plane angle will vary with the insert rake anglé

3.3],[3.261,[3.27].

The models of Young [3.3] and Hu [3.26] are based on earlier work by Oxley and enable
the prediction of cutting forces, temperatures and shear plane angle from a knowledge of
the workpiece material flow stress, workpiece material thermal properties and the cutting
conditions. In this work this model will be used to predict the variation of shear plane

angle with rake angle. Figure 3.35 shows the arrangement of the forces considered in this

model.

¢ workpicce

Figure 3.35  Forces in orthogonal cutting.
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The force N 1s the normal force acting on the tool/chip interface, force F is the friction
acting along this interface and together these forces produﬁe the resultant force R acting
on the interface making an angle A with the normal force. Since the chip 1s assumed to be
in equilibrium the resultant cutting force on the shear plane i1s equal and opposite to the
resultant force on the tool/chip interface. F, 1s the shearing force along the shear plane and
the anglé between the resultant cutting force and the sheaning force 1s 0. F, is the

component of the resultant cutting force perpendicular to the shear plane. a 1s the rake

angle of the tool.

In order to obtain the shear plane angle the model investigates the stress distributions on
the tool/chip interface and the shear plane with reference to a varying shear plane angle
and the workpiece properties. It is then assumed that the resultant forces on the chip
applied on the shear plane and the tool/chip interface are in equilibrium and the shear
plane angle is chosen accordingly. An initial estimate of the shear plane angle and the

shear plane temperature 1s made and from this the shear strain 1s calculated according to

equation 3.36 and the shear strain rate according to equation 3.37. The flow stress o may

then be calculated from the stress/strain relationship
o=0,& (3.39)
where o is the stress corresponding to unit strain

£ 1s the strain

n 18 a strain hardening index.

o; and »n are assumed to be functions of a velocity-modified temperature, 7,,,, which 1s

introduced to compensate for the fact that stress/strain data is usually obtained for strain

rates far lower than those involved 1n metal cutting [3.28]

T = f(l — vlog[—;é-n (3.40)
80

where T 1s the temperature of the shear plane 1n kelvin

v1s a material constant taken to be 0.09 [3.26]
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¢ 1is the uniaxial strain rate
£, is a reference value of strain rate taken to be 1 per sec.[3.26]

The strain at the shear plane is related to the shear strain by the expression
£=—"= .... (3.41)
and the strain rates are related by

&= NG (3.42)
In the work of Young et al [3.3] and Hu et al [3.26] the relationships between o; and
velocity-modified temperature and between strain hardening index and velocity-modified
temperature were obtained from experimental data published by Oyane et al. However Lel
et al [3.29] state that a reliable material constitutive equation is a basic requirement for
use with this model. A constitutive equation results from attempts to fit curves to
experimentally measured data and the coefficients of the resulting equations are
dependent upon the material for which the experiments were performed. Valentin et al

[3.30] examine two of the most commonly used formulations of these constitutive

equations. The first of these is the Johnson-Cook relationship

o =(A+Be" )1+ Cn(g))(1-T") (3.43)

.

where A, B, C, n and m are material constants

T1== T_]:
T, -7,

T is the absolute temperature of the deformed material

T. 1s room temperature

T 1s the melting point of the matenal

: : ' : * _ AT
For the steels used in this work 7 may be approximated by 7' = /1 500
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where AT 1s the temperature rise resulting from the maternial deformation.

Meyer et al [3.33] give values for these constants for two different steels 4 = 1029, B =
739, C=0.04, n =0.25, m = 0.56 for a 25CrMo4 steel and 4 =59, B= 1184, C =0.07, n
= (.13 and m = 0.54 for a 30CrNiMo8 steel. The equations resulting from use of these

constants are

ﬁ

AT 0.56
o = (1029 + 7395°% )(1+ 0.04 1n(é))(1 - (1 500‘) ) (3:44)
and
AT 0.54
o =(59+1184£°")(1+0.07 ln(é:))[l ~ ('1_5_(')6) ] (3.45)

The second of the formulations examined by Valentin et al [3.30] was the Zerrilli-

Armstrong relationship given by
6 =(C, +Cye" |(113-0.000445T) + C, exp|(-C, + C, In(2)) 7| (3.46)

where the C; are material constants.

Valentin et al quote the following values of the constants for a chromium-molybdenum

steel
C]-..= 710, Cz — 140, C3 =~ 0.006, C4 = 0.0004 and Cj = 34().

In their work Meyer et al [3.31] found that equations 3.44 and 3.45 did not f{it their
experimental data well. Their experiments were carried out at temperatures much lower
than those expenenced in metal cutting. Valentin et al [3.30] found that the Johnson-Cook
relationships provided a good match to experimental data only in a small range of strain
rates nevertheless the equations were easy to implement. Valentin et al obtained a
reasonable fit to their experimental data with the Zerrilli-Armstrong relationship but they
reported difficulties in predicting the temperature rise to be expected in metal
deformation. However the Oxley model for predicting forces etc. 1s an iterative model and
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