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Abstract

This thesis examines the relationships between the quality of a machined component
and non-intrusive measurements that can be made during the manufacturing process.
The overall quality of a machined component is defined by the surface finish and the
residual stress induced by the machining process. Non-intrusive measurements that are
recorded during turning of difficult to machine materials are acoustic emission (AE),
cutting forces and cutting insert temperature. The research involves machining
metastable austenitic stainless steel under different cutting conditions to promote
thermal and mechanical induced residual stress and variations in the surface finish.

Analysis of the mean frequency of the AE signal has made it possible to determine
whether thermal or mechanical interactions dominate the machining process. The mean
frequency of the machined samples provided evidence of a thermally driven process.
This was confirmed by the close relationship between cutting insert temperature and
component residual stress.

The analysis of low frequency (below 100kHz) AE generated during machining has also
been successful in identifying poor surface finish derived from vibrations of the cutting
insert. This thesis has shown that by indirectly measuring cutting conditions it is
possible to understand more about the cutting process and subsequently begin to make
qualitative judgements about final component quality that can be used as a basis of
further investigation.
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“If we knew what we were doing, it wouldn't be called research, would it?”
-- Albert Einstein
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Chapter 1

Introduction

1.1

Specification of the Problem

It is becoming increasingly important for many manufacturing industries to be able to
control the quality of the final component. Two key attributes that determine the overall
quality of a component are residual stress and surface finish. Uncontrolled residual
stresses and strains are an undesirable effect of machining processes caused from
deformation of the workpiece.

Residual stresses that remain in components after

manufacturing processes can potentially change the in-service length of life by not only
reducing the static strength of the component, but also shortening the creep and fatigue
life under service loads. Although there are numerous techniques for measuring the
residual stress in a component, most require the component to be removed from the
machine tool and either destructively tested or have energetic particles fired at them.
For industries manufacturing high value components these techniques are often not a
viable solution.

Similarly, the surface finish of a component is often a critical

parameter that requires characterisation. Creep, fatigue and stress corrosion cracking
failure mechanisms often initiate at the surface of a workpiece and thus high value,
precision components usually require uniform, high quality surfaces. It is desirable to
assess the surface finish comprehensively without removing the component from the
machine tool. A robust technique is therefore required to quantify the residual stress
and surface finish of a component that is both non-destructive and small enough to use
in situ during machining. This thesis examines the problem of quantifying residual
stresses and surface finish by monitoring the acoustic emission generated during
machining operations.

1.1.1

Aims and Objectives

The overall aim of this work is to establish whether the processes which cause surface
residual stresses and variations in the surface finish during the CNC turning of difficultto-machine materials generate identifiable acoustic emission (AE). If successful, this
would offer an industrially robust technique for assessing the quality of high added1

value machined components as defined by the residual stress and the surface finish
induced by the machining process. The specific objectives of the research are:
•

To determine a link between the AE generated during machining and the
mechanisms that promote surface residual stresses.

•

To determine a link between the AE generated during machining and variations
in the surface finish of the final component.

•

To investigate the relationship between final component quality and process
conditions.

The investigation will be limited to single point turning of stainless steel alloys, varying
the machining conditions whilst capturing information linked to the metal cutting
process.

1.2

Residual Stresses Produced from Single Point Turning

For many years, it has been observed that components which have been manufactured
using single point turning have exhibited residual stresses.

Single point turning

involves using a cutting edge to continuously remove material from a workpiece that is
rotating. Residual stresses arise from an incompatibility between the surface layer and
the bulk material. In general, there are three mechanisms for introducing residual
stresses into a component whilst single point turning. These mechanisms are thermoelastic, mechanical (plastic deformation) and physical volume changes arising from
internal phase transformations.
If a piece of material that contains no residual stresses is simply heated and then
allowed to cool, the resulting material will not have any residual stress induced into it.
During manufacturing processes where hot material is deposited onto a cooler surface
e.g. casting and welding, the cooling results in thermo-elastic residual stresses. As the
component cools, the hot deposited material cools faster than the bulk material. The
different cooling rates result in different contraction rates, and it is this differential
surface contraction rate that creates thermo-elastic stresses which are locked into the
material. Residual stresses are often found in castings which involve high temperature
gradients from quenching or air cooling. Single point turning is a shearing process
which takes place in the workpiece material ahead of the cutting tool. This shearing
2

process produces high temperatures at the cutting point and conduction into the tool and
workpiece produces a thermal gradient in both. The gradient itself may be enough to
cause local yielding under the differential thermal expansion and also any extant
stresses may be relaxed by lowering of the yield point at the higher temperatures. The
surface and bulk materials cool by different amounts, thus creating thermo-elastic
residual stresses provided that some plastic deformation has taken place under the
temperature gradient.
As well as thermally induced residual stresses, plastic deformation occurs during single
point turning on the relief face of the cutting tool, depending on its geometry. This
produces plastic deformation of the surface layer that itself causes residual stresses to be
imparted into the component. In addition, the starting material for use in single point
turning usually contains residual stress that has been induced from a wrought forming
process that involves significant plastic deformation, e.g. extrusion. The removal of
material during single point turning results in a redistribution of the residual stresses
present.
Single point turning is an example of a shearing process creating strain in the metallic
lattice structure. Under the correct strain conditions some metals are known to undergo
a strain induced phase transformation via a process similar to twinning, called a
martensitic transformation. This new phase has a different crystallographic structure
and occupies a different physical volume in the lattice creating surface residual stresses.
This is discussed in more detail in Section 1.4.
The mechanisms discussed above result in the formation of a tensile layer on the surface
of the machined component. Whilst compressive residual stresses can actually improve
a component’s mechanical properties; fatigue life, as well as corrosion and wear
resistance can be greatly reduced when tensile residual stresses are present.
To remove residual stresses, many metallic components are subjected to a stress relief
heat treatment process. During stress relief, the material is heated to a temperature at
which the yield stress decreases significantly, allowing residual stresses to be relieved
by plastic deformation. This process often results in the component having different
physical dimensions after cooling due to the plastic deformation that has occurred, and
hence after final machining, the component cannot be heat treated to preserve the
3

dimensional accuracy. It would therefore be useful to be able to quantify the residual
stresses that remain locked in the structure following final machining.

As noted

previously, destructive residual stress measurement techniques mean that only a limited
number of components can be sampled. Neutron diffraction or electron backscattered
diffraction can be used to assess the residual stress non-destructively but some
components are too large and bulky to be examined in this manner. Methods of residual
stress measurement will be discussed further in Chapter 2.

1.3

Surface Finish Measurement

The surface finish of a manufactured component is an important parameter regardless of
its subsequent intended purpose. For some mass production processes, representative
samples are taken from production and the surface finish is measured. For some
components (often high value) the surface finish may be a critical parameter and as such
it may be necessary to measure each component made. Although some novel optical
based systems are now being introduced onto machine tools to measure two
dimensional profiles, within industry, surface finish measurements are generally made
after machining using a white light interferometer or stylus contact measurement
system. In both cases, the component must be removed from the machine tool first.
During single point turning the cutting tool passes over the surface of the component
removing material. When the resulting surface is viewed in cross section, it appears as
a continuous series of cusps.

Workpiece

x

Workpiece

x

Path of cutting tool

Path of cutting tool
Fast feed rate/rev

Slow feed rate/rev

Figure 1.1: Schematic diagram illustrating a cross section of the path the cutting tool
takes and the surface produced using the same depth of cut but varying the feed rate per
revolution. In both cases the thickness of the final workpiece, x, is the same but the
surface finish varies.
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Changing the feed rate per revolution or spindle speed of the machine tool will vary the
height of the cusps, thus producing better or worse surface finishes. This is illustrated
in Figure 1.1. The tool – workpiece interaction obviously plays an important role in the
generation of the final component surface. For example, if the cutting tool breaks
during machining then the resulting surface will be much rougher due to variations in
the cutting edge. On the other hand, an excessively blunt cutting edge may fail to
penetrate the surface during cutting and produce a smoother surface, although often of
poorer quality due to burnishing and pressure welding. A further cause of poor surfaces
is from vibrations present during machining. Machine tools inherently have natural
vibration frequencies. Any relative vibrations of the machine tool, cutting tool or
workpiece can be imprinted onto the surface of the component.
This research aims to monitor the acoustic emission generated during single point
turning and link it to the resulting surface finish. It is hoped that this could lead to a
process to gain information regarding the surface finish of the final component before it
has been removed from the machine tool.

1.4

Material Phase Changes

As noted previously, metals undergo phase changes governed by their thermodynamic
phase diagrams, and depending on their thermal and mechanical history. Some phase
changes involve precipitation, but others simply involve a lattice re-arrangement
(allotropic transformation), and can be local or can affect the bulk material. Different
allotropes of metals exhibit different mechanical properties and, depending on the
application, the material can be heat treated to produce a desired phase. For example, if
a steel is quenched from a temperature at which the high-temperature allotrope of iron
(austenite) is stable, the cooling rate is very rapid and, instead of the precipitation of
Fe3C that would normally take place, a diffusionless (martensitic) transformation
occurs, producing very fine grains of a distorted version of the low temperature
allotrope of iron (ferrite). Some ferrous alloys consist of metastable austenite at room
temperature, which means that, given a thermal or mechanical stimulus, they may
transform to martensite in the absence of diffusion. One such alloy is 304L stainless
steel. It usually consists of face-centred cubic austenite, but can be induced to transform
to a martensitic, body centered tetragonal structure under a mechanical stimulus. This
can be seen in Figure 1.2.
5

During single point turning of austenitic stainless steel, mechanically and thermally
induced phase transformations can occur near the surface of the component. Of interest
will be the effect of tool wear on the generation of thermal or mechanical residual
stresses in the component. As the cut progresses, high temperatures and frictional wear
at the cutting point will erode the cutting edge of the tool insert. As the insert becomes
blunter, the cutting forces and associated cutting temperature will increase as the insert
has to do more work to cut the material.
Martensitic Structure
(Body Centered Tetragonal)

Austenitic Structure
(Face Centered Cubic)
a

a0/√2
a0/√2

a

a

a0

Diffusionless transformation
(athermal) from austenite to
martensite. The process is
similar to twinning.

Transformed Martensitic
Structure

a

a/√2
Key:

a/√2

= Fe atom
= C or N interstitial

Figure 1.2: Illustration of the athermal transformation of metastable austenite to a
martensitic body centered tetragonal structure.
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1.5

Acoustic Emission

Acoustic emission is the term used for the generation of elastic waves by rapid changes
in the internal stress field of the material [1]. The waves cause surface displacements as
they propagate through the material that can be detected using transducers. Acoustic
emission analysis has the distinct advantage that data can be recorded whilst machining
operations are occurring. The signal carries information on processes such as plastic
deformation

(dislocation

movement),

crack

growth

and

martensitic

phase

transformations. The difficulty with acoustic emission analysis is that during single
point turning there are many different sources of acoustic emission, not all of which can
be used for diagnostic purposes. These can be seen in Figure 1.3.

Figure 1.3: Illustration of the many sources of AE during single point turning [2]
Figure 1.3 shows that in addition to martensitic phase transformations, high strain-rate
plastic deformation, rubbing, and swarf breakage are all potential sources of AE in
machining. The nature of the martensitic transformation, being a shear transformation
akin to twinning and involving the short-range movement of large numbers of atoms, is
expected to introduce a characteristic additional signal to the “normal” machining AE.
Traditional AE data acquisition relies on setting threshold values which trigger the
capture of an AE event, usually a “snapshot” of the AE at that time.

Recent

improvements in computational power, data acquisition and data storage techniques
allow the collection and subsequent analysis of full-bandwidth AE signals from the start
to the finish of a machining operation. This is extremely valuable as there is now
7

certainty that any AE from martensitic transformations, or any other interesting event,
will be collected.
At the inception of this project, it was thought that the AE would be collected using a
novel Sagnac fibre optic sensor developed at Heriot-Watt University. It has previously
been shown [3] that the sensor was capable of non-contact measurement of acoustic
emission during milling operations. It was planned that the sensor could be used to
measure the acoustic emission of the rotating component during machining without
having to contact it. Unfortunately due to a lack of funding the fibre optic sensor
component of the project had to be removed and conventional piezo-transducers were
selected as a cheaper alternative to measuring the AE generated. Any future extension
of this work may involve the use of the fibre optic sensor.

1.6

Benefits of an On-line Assessment of Workpiece Quality

As previously alluded to, the ability to monitor the quality of high value-added
components using AE would be useful in a production environment. Large components
with tight tolerances and very smooth surface finishes often cannot be placed in neutron
or electron instruments, nor can they conveniently be coated for thermo-elastic stress
analysis. Such components may be manufactured from special materials or alloys
taking weeks or months to produce further adding to their value and the need to reduce
scrap rates. When information concerning their residual stress is required, the prospect
of making multiple components in order to test a sample destructively is not appealing.
A method of assessing the residual stress of the component whilst it is still on the
machine tool shortly after a cut has been made would therefore be highly advantageous.
Machining certain materials and alloys can also lead to surface layers undergoing
undesirable phase changes through thermal or mechanical mechanisms.

For such

components, sectioning for conventional metallography may be the only way of
confirming component microstructure. Once again, a method of determining phase
changes shortly after a cut has been made would be desirable. There would also be
benefits in using AE to determine properties of mass produced components, as a means
of on-line quality control. This would make batch sampling for destructive testing
obsolete.
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1.7

Scope of this Work

The scope of this research is to investigate whether AE can be used as an on-line
processing technique to provide information about the quality of a turned component as
defined by the surface finish and residual stress. As detailed in Chapter 2, no previous
research has been published to address this. To investigate this problem, stainless steel
components will be machined using single point turning and the process will be
monitored for the cutting forces, cutting insert temperature and AE generated. Previous
published research has recorded short snapshots of AE activity. However this research
attempts a novel approach of recording the entire AE waveform for the machining
process and analysing it in conjunction with the cutting forces and cutting insert
temperature. This approach of continuous waveform acquisition has only been made
possible with recent advances in data storage and processing power of personal
computers. Post-machining, the quality of the turned components will be assessed by
measuring the surface finish, residual stress and determining the sub-surface
microstructure.
It is hoped that analysis of process monitoring data will provide evidence to support a
link with the assessment of component quality. This may lead to the ability to assess
the component quality non-destructively whilst in situ on the machine tool, which
would be an extremely valuable means for manufacturing quality and process control.

1.8

Publications

During the course of this work, poster presentations have been made at two conferences
[4], [5], and a conference paper was also published [6]. Two journal papers are currently
in preparation [7], [8].

1.9

Organisation of this Thesis

This thesis will be organised into a further 7 chapters.
Chapter 2 discusses the background literature concerning AE monitoring during turning.
It will examine critically past work in the field of AE measurement and analysis as well
as providing a background to component quality in metastable stainless steels as defined
9

by surface finish and residual stress. Included will be discussions on surface finish and
residual stress measurement techniques and also review residual stress modelling that
has been previously published.
Chapter 3 describes the overall experimental strategy and procedure, as well as the
machinery, equipment and processes that were used to capture data for on-line
monitoring of machining operations.

It also describes the experiments that were

conducted to characterise the components post-machining and ancillary experiments
used to calibrate the sensors.
Chapter 4 details the results measured and subsequently analysed from on-line
monitoring of the machining process.

The results presented cover the on-line

measurement of cutting forces, cutting insert temperature and acoustic emission data
processing and analysis.
Chapter 5 describes the assessment of the quality of the machined components. Of
primary interest is the surface finish and residual stress.

Additional hardness

measurements of the machined components as well as metallography analysis and
electron back-scattered detection microscopy are also presented.
Chapter 6 is a discussion of all the results that have been collected and describes the
relationships between on-line process monitoring and the post-machined component
quality.
Chapter 7 contains the conclusions of this thesis and identifies possible areas for further
work within the field of component quality control using AE.

10

Chapter 2

Literature Review
Within industrial manufacture and processing there is an ever-increasing need to fully
characterise the final properties of the component, preferably making in-process
measurements.

Detailed knowledge of the production process and its associated

uncertainties can lead to greater control over the manufacturing route. This, in turn, can
yield components with greater reliability and reproducibility. Currently, in order to
measure quality parameters such as surface finish or residual stress, the component must
be removed from the machine tool. In precision manufacture, once a component is
removed from the machine tool it can become difficult and expensive to remount the
component. This industrial requirement has led to extensive research in the field of new
sensors capable of monitoring the component whilst it is being machined [9].
In particular, the area of residual stress measurement research is rapidly expanding with
the desire for the manufacture of longer lasting components. The residual stresses of
concern are mainly those generated during the final steps of a machining process. They
are introduced when either the machined surface cools at a differential surface
contraction rate from the bulk material (thermo-elastic), when plastic deformation from
the shearing process deforms grains close to the component surface, or when strain
conditions cause shear (martensitic) transformations. In the case of the last, the new
phase occupies a different physical volume in the lattice creating a residual stress. The
introduction of additional residual stresses can seriously affect the lifetime of the
component.
Contact stylus techniques have long been the industrially proven method for assessing
the surface finish of a machined component. In response to the desire to measure the
surface finish of a component whilst it is in situ on a machine tool, commercial photonic
devices capable of measuring two dimensional profiles have been developed.
The purpose of this literature review is to evaluate the current state-of-the-art
technology, and to use the background and scientific principles to identify how best to

11

pursue the aims of the research. Due to the multidisciplinary nature of the work, this
literature review is separated into the following relevant sections:
•

Acoustic Emission Generation and Measurement

•

Machining Process Monitoring Research and Subsequent Component Quality

•

Process Monitoring Using Acoustic Emission

•

Surface Finish of Machined Components

•

Residual Stress Measurement and Modelling Techniques

To conclude the review the key papers that relate to this research will be identified and
there will be a summary, aimed at identifying the approach to be taken in this work.

2.1

Acoustic Emission Generation and Measurement

Acoustic emission was discovered in Germany during the 1950s where it was used for
the destructive testing of pressure vessels [10]. The term acoustic emission describes inplane high frequency vibrations that are generated and subsequently move through a
material. In a paper investigating the use of AE to study the kinetics of martensitic
transformations that occur during tensile testing, Van Bohemen et al commented that
acoustic emission is the term used for the generation of elastic waves by changes in the
internal stress field of the material [1]. They added that plastic deformation (e.g.
dislocation movement), crack growth, as well as martensitic phase transformations are
initiating sources of acoustic emission.
AE can be measured with the use a sensitive microphone or hydrophone if submerged;
however AE signals are most often recorded using piezoelectric transducers which are
attached to a surface of the material containing the AE source.

Following the

generation of AE, the high frequency vibrations travel to the surface of the material,
across the interface with the piezoelectric transducer and are recorded as a small
electrical signal. This signal then passes through a charge amplifier and is recorded.
One advantage of AE is that the signal can pass across interfaces if it is not possible to
attach a transducer to the material containing the AE source.
Recently, McBride et al [3] at Heriot-Watt University developed a non-contact, optical
sensor based on a Sagnac interferometer that is capable of recording an AE signal. This
is discussed in further detail in Section 2.3.

12

2.2

Machining Process Monitoring and Subsequent Component
Quality

This section reviews the literature on machining process monitoring and also on the
effect of machining conditions on the final component quality.
Liang et al [9] reviewed the question of machining process monitoring from the point of
view of the fundamental phenomena that occur when the cutting tool and component
interact and how these might be sensed.

On-line sensors used might be any

combination of acoustic, optical, electrical, thermal, or magnetic. In order to improve
operation productivity and component quality, they went on to suggest that process
control should be integrated into the machine tool. Such process control should cover
the automatic adjustment of process parameters, e.g. tool feeds or speeds to minimise
undesirable outcomes. This type of process control is not available on the current
generation of machine tools, but Liang et al identified monitoring the surface texture,
integrity, dimensional accuracy, tool condition, and chatter detection as possible inputs.
The data obtained could be used to control the machining force, the cutting temperature
and also suppress chatter amongst other things. It is the view of this author that
improved control of the manufacturing process coupled with state-of-the-art CNC
machine tools, operated by experienced machine tool engineers, will yield components
manufactured with improved quality. It is hoped that as an outcome of this thesis, the
ability to relate elements of component quality with AE process monitoring will
contribute to this area.
In an earlier review of the state–of-the-art on orthogonal turning, Bouzid and Lebrun
[11] found that the most commonly studied parameters during machining were the
cutting forces, cutting temperatures and the residual stress and comment on all of the
various numerical models that had previously been published to calculate them; some of
which are discussed later in this review. Bouzid and Lebrun also comment on the
measurement of residual stresses using X-ray diffraction and the techniques available to
measure cutting temperatures during machining.

They reported that cutting

temperatures were very important during turning and that there was a strong link
between the cutting temperature and the final microstructure of the workpiece. They
also commented on the difficulties surrounding cutting temperature measurement using
thermocouples and pyrometers. However it is the view of this author that infra red
pyrometers (e.g. pyrometer dimensions) and technologies to implant thermocouples into
13

cutting inserts have improved considerably since this paper was written, and that they
are now more suitable for cutting temperature measurement.
These two reviews highlight the research that has been conducted in the past concerning
process monitoring.

However it is also important to understand how varying the

process conditions affect the overall component quality defined by its surface finish and
residual stress.
Capello [12] has investigated the influence of cutting parameters and workpiece
material on the residual stress of turned components, by varying the carbon content of
steels between 0.19 and 0.53 wt.% and also selecting numerous different alloyed steels
that have a large variation in mechanical properties such as yield strength, ultimate
tensile strength and strain to failure. Capello’s findings suggest that increasing the feed
rate and tool nose radius increases the residual stress regardless of the grade of steel
used.

He also observed that the mean residual stress increased with hardness of

workpiece material in a linear fashion and that, more generally, if the mechanical
properties of the workpiece material are increased, so too are the residual stresses
following single point turning but that the increment in residual stresses from process
parameters is not influenced by the material being machined. Therefore the combination
of machining parameters and workpiece material on the final residual stress are
additive.

One of the key findings was that, regardless of the steel used during

machining, the feed rate is a key parameter for determining the final component residual
stress.
Akasawa et al [13] investigated the effect of the composition of austenite stainless
steels, specifically the amounts of the free machining additions of S, Cu, Bi and Ca, on
machinability. They observed that re-sulfurisation deteriorated the surface roughness
especially at low cutting speeds when dry machining, and that re-sulphurisation and the
addition of copper decreased cutting forces. They also observed that bismuth additions
did not deteriorate the surface finish and that calcium treated steels exhibited improved
surface finish and lower cutting forces, but did not offer explanations for any of their
observations. From this study it is clear that the addition of free machining elements can
decrease cutting forces and also affect surface finish. However, these changes are small
when compared to the changes that occur when machining parameters (e.g. feed rate
and depth of cut) are varied and, for this reason, the addition of free machining elements
will not be included in the scope of the current research.
14

Jang et al [14] studied the residual stress in 304 stainless steel bar following turning
down the diameter. Their main observation was that the residual stress, measured using
X-ray diffraction, was tensile and increased with increasing cutting speed, feed rate and
depth of cut. They suggested that the mechanism that created the stresses was based on
the significant compressive stress in front of the advancing cutting tool combined with
the localised high temperature in the cutting zone. In a subsequent paper, Jang et al [15]
measured the residual stresses generated from the same orthogonal machining of 304
stainless steel as a function of machining speed, feed rate, depth of cut, tool geometry
and tool tip coating.

As with their previous research the residual stresses were again

measured using the X-ray diffraction technique. In this paper they observed that, to
minimise the residual stress, a sharp tool, low feed rate (0.08mm/rev), deep cut (1mm)
and slow cutting speed (<180rev/min) were required. It is interesting to note that in
both of the papers, the machining conditions, test material and cutting tools are identical
and yet one paper suggests that residual stress increases with depth of cut and the other
paper reports that residual stress decreases with depth of cut. The authors do not
explain these findings with reference to the two data sets and from the text of the
papers; it appears that both experiments were identical. One potential explanation is
that residual stresses present in a machined component are variable over the component
surface and depending on the locations of the measurements, and that data sets recorded
can show major differences.
Capello [16] also recognised that, whilst residual stresses are mainly generated during
the final steps of the machining process, turning parameters are usually selected without
considering what stresses will be produced. He suggests that, due to the complexity of
the mechanism which generates residual stress, the relationship with process parameters
has not yet been elucidated. Residual stresses are related to the incompatibility between
the surface layer and bulk material, and can be generated from mechanical (plastic
deformation), thermal (thermal plastic flow) and physical (specific volume)
mechanisms. It is this multiplicity of mechanisms leads to rather a complex problem.
Capello suggests that the parameters which may affect residual stresses include the feed
rate, the tool nose radius, the depth of cut and the entrance angle. The results of his
experiments suggested that the main variables are the feed rate and tool nose radius, and
that varying the depth of cut does not affect the residual stress. Both Capello and Jang
et al agree that increasing the feed rate increases the residual stress, but disagree on the
effect of increasing the depth of cut, reporting that it can increase, decrease and have no
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effect on the residual stress (it should be noted that Capello’s observations were made
using a different grade of steel, UNI-ISO 39NiCrMo3). Capello also concludes that
producing a component with a finer surface finish will require a slower feed rate and
will thus produce higher residual stresses.
Outeiro et al [17] have also investigated the relationship between cutting parameters and
residual stress when turning the diameter of austenitic 316L stainless steel bars. They
observed that increasing the feed rate resulted in increased residual stresses, which is in
agreement with work published by Capello and Jang et al. Outeiro et al also observed
that increasing the depth of cut produced a reduction in the residual stress, in agreement
with Jang et al [15]. Outeiro et al showed with metallographic analysis that the cutting
conditions used (50-125mm/min cutting speed, 0.1-0.4mm/rev cutting feed and 0.52mm depth of cut) were not sufficient to promote martensitic phase transformations in
the low carbon 316L stainless steel. In later work, Outeiro et al [18] also observed that
a tool coating increased the residual stress of the component. They found that the
coated tool temperature during machining was lower than the uncoated tool due to the
low thermal conductivity of the coating and suggested that the increased residual
stresses resulted from more thermal energy being imparted into the component when a
coated insert is used. A third paper by Outeiro et al [19] investigated how material
mechanical properties influenced residual stresses and work hardening. They studied
AISI 316L and 1045 steels during orthogonal single point turning and concluded that
ductile materials require more energy to be spent in cutting to fracture a unit volume of
the material, and will possess higher superficial residual stresses, stronger throughthickness residual stress gradients, higher superficial work hardening and a thicker work
hardened layer. This observation is similar to those made by Capello [12].

M’Saoubi et al [20] measured residual stresses for two varieties of 316L stainless steel
that had been orthogonally turned to reduce the component diameter. They employed
high depths of cut (4-6mm) and high feed rates (0.1-0.3mm/rev), which resulted in large
material removal rates (up to 721,000mm3/min). Cutting temperatures were measured
using an infrared CCD camera and cutting force measurements were taken during
machining using a dynamometer. The residual stress state of the components was
analysed using X-ray diffraction post-machining. They concluded that increasing the
cutting speed increased the chip speed flow and consequently lead to greater heat
dissipation.

Whilst small increases in the cutting energy with increased feed rate
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affected the surface region, increasing the surface residual stress, the greater heat
dissipation led to a decrease in heat-affected zone and thus reduction in the thickness of
the tensile layer. Although the explanation seems counter intuitive, as it might be
expected that any increase in surface temperature would increase both the surface
residual stress and thickness of the tensile layer, the argument that greater heat
dissipation reduces the heat affected zone does explain the results and the authors also
cite other research that backs up their findings [21]. M’Saoubi et al also concluded that
increasing the feed rate increased the mechanical effort required to remove material and
thus there was an increase in the intensity of the compressive zone situated below the
cutting edge.

This larger compressive zone led to greater elastic relaxation after

machining and increased compressive stress values and tensile layer thicknesses. This
conclusion describes the mechanical effects that play a role in the surface and subsurface residual stresses and is in agreement with the findings of Outeiro et al, Capello
and Jang et al.
The creation of empirical formulas to calculate residual stresses and surface finish is
one way of predicting component quality for a repeatable machining process. Jang and
Seireg [22] presented an empirical relationship between the residual stress and cutting
parameters when machining mild steel. Equations (2.1 – 2.4) were based on curve
fitting the results from a comprehensive numerical simulation:

σ c = −2284.32 ⋅ F 0.7525 ⋅ d −0.01797 ⋅ V −0.3962 ⋅ rb −0.3828

(2.1)

σ t = 25.752 ⋅ F −0.6611 ⋅ d 0.07607 ⋅ V 0.3057 ⋅ rb 0.9858

(2.2)

0.31652

(2.3)

0.7158

(2.4)

d c = 0.1739 ⋅ F 0.67205 ⋅ d −0.05849 ⋅ V 0.0909 ⋅ rb
d th = 0.4854 ⋅ F 0.4221 ⋅ d −0.01153 ⋅ V 0.1938 ⋅ rb

where σc is the compressive residual stress, σt is the tensile residual stress, dc is the
maximum depth with compressive stress, dth is the maximum depth with tensile stress, F
is the feed rate, d is the depth of cut, V is the cutting speed and rb is the tool nose radius.
Jang and Seireg use the above equations to create theoretical residual stress data using
published cutting parameters and comparing the theoretical data to the experimental
residual stress data that was recorded using the same conditions. The cutting conditions
used were 0.314mm/rev feed rate, 1mm depth of cut, and 200m/min cutting speed. The
nose radius was not specified but lies in the range 0.1-0.3mm. Under these specific
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conditions, the empirical formula calculates the surface tensile residual stress to be
700MPa, and the compressive sub-surface residual stress to be equal to 75MPa. These
results show good agreement with experimental data; however the problem associated
with the use of an empirical formula is that it is not possible to apply it to machining
operations with different cutting materials, tool coatings, geometries or machining
parameters.
The literature that has been reviewed so far in this section has concentrated on the
relationship between machining process parameters and the residual stress of the
component. Nandi et al [23] used a fuzzy basis function network (FBFN) to predict the
surface finish and compared predicted values to previously published experimental
values of surface finish.

Using the previously published experimental cutting

conditions, Nandi et al used the cutting speed, feed rate and depth of cut in the FBFN
they had developed and compared the calculated surface finish with the experimental
data and also with an empirical relationship between the surface finish and cutting
parameters, based on regression analysis. The empirical formula used is shown in
Equation (2.5):
R = 13.635 ⋅ Vc

−0.102

⋅ F 0.5123 ⋅ Dc

−0.0382

(2.5)

where R is the surface roughness in CLA (mm), Vc is the cutting speed (m/min), F is the
feed rate (µm/rev) and Dc is the depth of cut (µm). The experimental data used for
comparison was generated by ultra-precision, single crystal, diamond turning of
aluminium alloy LY12. After machining, the surface finish was measured using an
atomic force microscope. For similar reasons as with the empirical formula used by
Jang and Seireg for calculating residual stress, Equation (2.5) cannot be used in this
study as it applies to a different machining operation. The FBFN had three input
variables: cutting speed, feed rate and depth of cut, and was trained to evaluate one
output variable, the surface roughness. Each variable could take one of four different
values low, medium, high and very high. Nandi et al found that the FBFN compared
much more closely to the experimental results than the empirical formula, predicting the
surface finish of the component with less error. Despite the FBFN being a more
accurate prediction tool, in some test cases the FBFN showed close to 20% error in
surface finish prediction compared to the experimental data. In the view of the author,
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this variability in the accuracy of the FBFN limits its use in an industrial context where
robust and repeatable techniques of surface finish assessment are required.
From the literature reviewed it is widely agreed that increasing the feed rate has the
effect of increasing the final residual stress of the component and, at the same time,
results in a rougher surface finish. There are differences in the literature concerning the
effect of depth of cut on the component residual stress, authors variously reporting it to
increase, decrease or even have no effect on the component residual stress.

This

suggests that the machining set up, materials and cutting parameters can change the
effect that the depth of cut has on the residual stress of the final component.
The aim of the current research is to investigate whether process monitoring can predict
the component quality. The literature has demonstrated conclusively that varying the
feed rate and depth of cut affect the residual stress and surface finish of the component,
but in a way that is not predictable a priori. Experiments on monitoring will therefore
need to vary both of these parameters so that the component quality can be assessed as a
function of feed rate, depth of cut or also a combination of the two; material removal
rate. The literature has also highlighted the benefits of recording process variables such
as cutting temperatures, cutting forces and AE generated during machining. Some work
has been published on successful monitoring using cutting forces and temperatures but,
to the knowledge of the author, these have not been applied to quality monitoring at the
same time as AE in single point turning. It was expected that capturing such a wide
range of process monitoring data for components that have variable residual stress and
surface finishes will lead to the observation of new relationships.

2.3

Process Monitoring Using Acoustic Emission

Dornfield et al [10, 24] have twice reviewed the use of acoustic emission and its
advantages when applied to manufacturing in studies separated by ten years. They
describe the acoustic emission sources emerging from diagnostics and process
monitoring as well as giving an overview of the signals produced during machining.
During every machining and production process some sort of mechanical or thermal
deformation occurs, which results in the production of AE. Dornfeld et al include a list
some of the different types of manufacturing processes, the associated process source
and deformation mechanism; including what type of defect the AE signal represents in
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the component or process. For machining processes, Dornfeld et al comment that the
deformation mechanism is cutting/shearing and that the sources of AE arise from plastic
deformation in the shear zone, chip/tool friction, and chip/tool fracture. They add that,
using the AE recorded, it is possible to detect tool fracture, tool wear, lubrication
failure, burr formation and surface finish/dimensional variations. It is interesting to note
that component residual stress is not mentioned. During machining operations, four
principle areas of interest generate acoustic emission. Of foremost interest are the
signals generated in the primary zone, where the initial shearing during chip formation
occurs, just ahead of the tool tip. The secondary generation zone is at the chip-tool rake
face, which produces emissions due to the bulk deformation and material sliding. The
tertiary zone describes the flank face of the tool and the work surface interface. The last
area of interest is when the chip fractures and generates acoustic signals. Dornfeld et al
also describe the advantages of using acoustic emission to monitor tool wear, as the
frequency range of the AE signal is greater than that of the machine vibrations and
environmental noise. Hence, by using a high-pass filter, it is possible to produce an
uncontaminated signal.
Xiaoli Li [25] also reviewed the state-of-the-art in monitoring tool wear during turning
using acoustic emission, including the generation of AE, and the signal classification,
signal correction and signal processing tools that have been used.

Amongst the

numerous signal processing techniques are included AE event count, peak amplitude,
RMS voltage, time series analysis as well as Fourier and wavelet transforms.
O’Sullivan and Cotterell [26] have reviewed the use of AE measurement during
machining operations including post-process, process-oriented and in-process methods
for quality inspection. Like Dornfield et al, they conclude that the major advantage of
using AE is that the frequency region of interest is higher than that of machine tool
vibrations and environmental noise. They also highlight the non-intrusiveness of AE
measurement using a PZT on the tool holder which enables continuous monitoring of
the process.

O’Sullivan and Cotterell note that separating the AE signal into

components due to tool wear, metal removal and phase transformations is difficult,
which is an important and challenging point.
Ding et al [27] have investigated the use of wavelet decomposition to identify different
AE wave packets propagating through a material in response to a simulated source.
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They noted that, despite this, it may be possible to locate a number of AE sources in
large plates. However, due to the complexity of the AE in machining, in the number of
sources and interfaces the wave must cross before reaching the transducer, a large body
of detailed propagation work would be required before this technique can be used to
simplify the AE signals generated.
Axinte et al [28] investigated the use of process monitoring to assess the workpiece
surface quality of rectangular blocks of Titanium 6Al-4V and Nickel 718 alloys. They
monitored the acoustic emission, vibration and cutting forces whilst varying machining
conditions during broaching. The machining conditions varied were the cutting speed,
coolant and type of tool used. Their results showed that acoustic emission was able to
detect surface defects such as plucking, smearing, laps and flaking by analysing the time
and frequency domain of AE events occurring in between the burst signals generated
from the entrance and exit of the broaching tool teeth and comparing the events to any
observed surface anomalies on the machined component. It was also possible to detect
chatter and profile deviation by monitoring the cutting forces but not the AE.
As there is a large range of possible AE sources, a thorough analysis of the data
collected must be performed to ensure the correct event is being investigated.
Depending on the type of signal collected, there could be a requirement for different
methods of data analysis. For example, in certain applications, simple filters select
specific frequency ranges, whereas, in other applications, a continuous signal may be
recorded, requiring the determination of the dominant frequency ranges, for example
using a Fast Fourier Transform (FFT). Maradei et al [29] have analysed AE signals
using wavelet packets to monitor the tool condition whilst diameter turning bars of SAE
1010 and SAE 12L14 steels. They recorded the number of counts, amplitude, duration,
rise time and energy as well as the raw AE during machining, although the memory
capacity of the AE system was only 0.25s.

The insert wear was also measured

following machining. Maradei et al observed that the acoustic emission energy is
indicative of insert wear, and that the coefficients of the wavelet packet transform in the
300-600 kHz region indicate tool condition. The parameters measured could also be
used as part of a wider monitoring process such as a neural network or fuzzy logic
algorithms. Although it is related to tool wear as opposed to component quality, this
work does demonstrate the benefits of AE measurement and analysis during machining.

21

Chang and Bukkapatnam [30] developed models for the acoustic emission generated
from atomistic sources in the shear zone using statistical mechanics and acoustic ray
theory. Using this model, bursts, transients, and other salient features of the acoustic
waveform could be simulated using a combination of acoustic emission source
distribution and propagation modelling.

The results showed that it is possible to

simulate the acoustic emission generated by the many dislocation annihilations that
occur in the shear plane and that the simulated signal is similar to the experimental
signal.

However, the model simplifies the strain rate and dislocation density and

consequently the power spectra of the simulated waveform do not have dominant
frequency components that are seen in real AE signals.
Marinescu and Axinte [31] used AE time-frequency analysis to monitor workpiece
abnormalities occurring whilst milling rectangular blocks of Inconel 718.

The

spectrograms of components that contained surface anomalies were significantly
different to those produced from damage free surfaces; a technique that may be useful in
this work despite the fact that it was used here to describe milled surfaces.
Deniz et al [32] correlated tool life, tool wear and surface roughness with AE generated
during diameter turning of AISI 1045 steel bar. The surface finish of the components
was measured using a Talysurf stylus instrument. They observed that the AE signal
amplitude between 200 and 300 kHz increased with cutting time; as did the tool wear
and surface roughness. Deniz et al did not observe any correlation between the AErms
and the surface finish due to the increase in data scatter that accompanied the increase in
AErms. However, they did observe that whilst the influence of the feed rate on the AErms
was negligible, the AErms increased with increasing cutting speed. Despite the material
used being AISI 1045 steel, it will be interesting to determine whether the same
observations are made with 304L stainless steel.
Barry et al [33] found marked increases in AErms with the onset of saw-tooth chip
formation when orthogonally milling Ti-6Al-4V discs. Although using different cutting
materials and machining operation, this result suggests that the cutting conditions can
get to a critical value that changes the chip formation behaviour, and that this might be
detectable in the AE.
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Zizka et al [34] developed a novel AE sensor using the piezoelectric properties of
copolymer foils and integrated it into a turning tool to investigate the effect of tool wear
on surface finish when turning carbon steel.

When compared to a conventional

piezoelectric transducer, they found that the copolymer sensor recorded a similar
frequency spectrum. The sensor was used to measure the AE generated when a new,
fresh, and worn tool was used to turn the diameter. From a small experimental phase
consisting of just three results, they observed that increased tool wear produced lower
AE signal amplitude and as expected the surface roughness values of the machined
component increased.
Rangwala and Dornfeld [35, 36] investigated the correlation between the energy and
spectral content of AE recorded during orthogonal turning of tubular 6061-T6
aluminium alloy components and the cutting parameters.

They found a linear

relationship between the AErms signal and the primary shear velocity and explained the
rather complex variation of spectral content with cutting conditions as follows. They
suggested that process parameters that increase the strain rate would act to increase the
dislocation velocity and, in turn, shift the AE signal power towards higher frequencies.
In addition, plastic deformation of highly strain hardened material was expected to shift
the AE signal power towards higher frequencies.

Competing against these two

mechanisms were thermal softening effects, which would decrease the mean free path
of dislocations and shift the spectra towards lower frequencies. Therefore a maximum
mean frequency of the AE spectrum exists, above which the thermal softening effects
begin to dominate the mechanical effects. In the aluminium material selected this
occurred at a cutting speed of approximately 1m/sec. Using similar arguments, Carolan
et al [37] linked the mean AE frequency with tool wear when face milling rectangular
blocks of 304 stainless steel, En24 steel and Al-6082 T6 aluminium alloy. No other
studies have linked the mean frequency to cutting parameters when orthogonally turning
stainless steel components, although Araújo et al [38] made some suggestions about the
role of dislocation motion in the generation of AE from turning 0.15% and 0.44%
carbon steels. In agreement with Rangwala and Dornfeld, they found that the mean AE
frequency increased with strain rate and decreased with temperature.

This small

collection of work contains a very important observation, as it relates the cutting
temperature and plastic deformation, both mechanisms of residual stress formation
during machining, to a measure of the AE signal.
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Over the past twenty years, other techniques for recording the acoustic emission during
machining have been developed. McBride et al [3] and also Jacobsen et al [39] at
Heriot-Watt University developed a non-contact, optical sensor that was capable of
recording the AE generated during machining. The sensor was based on a Sagnac
interferometer and was capable of measuring AE in the range 0.1-1MHz out of plane
vibration, with amplitudes in the sub-nanometre range. As this system is non-contact, it
avoids the problems that can arise due to poor mechanical coupling between sensor and
workpiece, and also allows considerable choice over which area of the workpiece or
tool is to be probed [3]. Carolan et al further researched the use of this sensor in
monitoring tool wear when face milling blocks of 304 stainless steel, En24 steel and Al6082 T6 aluminium alloy. The AE data recorded was processed for both energy [40]
and frequency analysis [37]. The results showed a favourable comparison between the
Sagnac interferometer and conventional transducer and confirmed that tool wear can be
monitored using both frequency and energy analysis of the AE signal. The research
investigating tool wear using AE was continued by Wilkinson and Reuben using an
artificial neural network that analysed five features extracted from the AE signal
measured using the non-contact sensor and the surface finish of the component [41].
Using this data, they reported that it was possible to predict the wear state of the cutting
insert.
It is clear that a large body of work has investigated the relationship between tool wear
and AE generated during machining. It should be remembered that the quality of the
final component is more important than that of the cutting tool. Significantly less has
been done on the effect of machining parameters on the AE signal and the consequent
effects on workpiece quality. The work of Deniz et al [32] on turning AISI 1045 steel
bar has illustrated that the AErms increases with the cutting speed, yet remains largely
unaffected by the feed rate. This is unexpected since increasing the feed rate will
increase the volume of material removed per revolution, requiring more energy to be put
into the component which should be reflected in an increase in AErms. The work of
Rangwala and Dornfeld [35, 36] as well as Araújo et al [38] on turning aluminium
alloys and carbon steels has shown that the mean AE frequency increases with
increasing strain rate and decreases with increasing cutting temperature.

To the

knowledge of the author all of the research to date that involves the collection of AE
data has taken snapshots of the AE generated during machining. This research will use
the novel approach of recording the entire AE signal generated from each machining
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operation and analysing the data following machining. This has the benefit that all of
the information contained within the AE signal is recorded.

2.4

Surface Finish of Machined Components

Stylus and optical interferometry surface finish measurement techniques have been
industrially accepted for many years as the best methods for measuring the surface
finish of a component. If a regular CNC lathe is used to produce the component, then a
stylus instrument will measure surface finish to an acceptable degree of accuracy. If the
turned surface has been created using a diamond turning centre, then an optical
interferometer must be used. The obvious disadvantages of both of these techniques is
that, unless a replica of the surface can be made, the component must be removed from
the machine tool before the surface can be measured. Some commercial systems are
becoming available that consist of optical probes that can measure a two dimensional
surface trace. However, at present these systems do not conform to traceable industrial
standards.
Mitri et al [42] investigated surface finish using vibro-acoustography to stimulate an AE
signal in a submerged acrylic test block. This was achieved using a two element
transducer to emit two ultrasound beams at slightly different frequencies. These beams
produce an amplitude modulated radiation force that acts on the specimen under
examination. As a result of the radiation force, the specimen vibrates producing an AE
signal.

It was found that the AE amplitude corresponded with surface roughness

variations in the order of 20µm. Whilst this is an interesting and novel approach to
surface roughness measurement, the technique does not currently have the required
resolution for precision engineered components, nor is it suitable for in situ
measurement.
Wilkinson et al [43, 44] employed a differential optical surface profilometer to measure
the surface features of blocks of 304 stainless steel, En24 steel and Al-6082 T6
aluminium alloy in situ, following face milling operations and subsequently used the
measurements as indicators of tool chipping and tool wear. They observed that the
differential optical surface profilometer was capable of calculating Ra measurements as
well as illustrating the relationship between the spatial frequency spectrum of the
surface profile and tool wear. In this author’s view, there are many applications where
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it is valuable to be able to assess the surface finish of a component whilst it is still on
the machine tool, in particular during the machining of high value components as well
as soft materials that would be damaged by stylus instruments, and whose surfaces are
too rough for traditional optical interferometers.
As commented in Section 2.2, some authors (e.g. Marinescu and Axinte [31] and Deniz
et al [32]) have attempted to link AE generated during machining to the surface finish
of the final component. In addition to these, Beggan et al [45] used AE to predict
surface quality in diameter turned leaded mild steel bar components. They observed
that, whilst the AErms is highly dependent on cutting speed, Ra values were influenced
more by the feed rate, and so a direct correlation between AErms and Ra was not
determined. Beggan et al did report that the percentage deviation between the measured
and modelled AErms and the Ra value did show similar dependence on cutting conditions
and hence this deviation in the AErms could be used to predict Ra values. This paper
shows promise for the use of AE as a method of predicting surface finish measurements,
although there are still other areas outside the AErms, e.g. within the frequency domain,
that should be investigated for use as a measure of in situ surface finish of turned
components.
In summary, within industry, surface finish measurements are generally made using
stylus or interferometry instruments depending on the quality of surface that is to be
examined. New non-contact optical probes are becoming increasingly common for use
in-situ and are capable of recording two dimensional line scans of components and
calculating the Ra values as well as investigating the frequency domain. The research
by Deniz et al [32] and also Beggan et al [45] agree that AErms increases with cutting
speed but that there is no correlation between AErms and Ra values. It is hoped that, as
an outcome of this research, that further investigation of the AE signal, in particular in
the frequency domain, will lead to the ability to identify more information concerning
the surface finish of a turned component.

2.5

Residual Stress Measurement and Modelling Techniques

One definition of residual stress is “The stress state which exists in the bulk of some
material without application of an external load or other source of stress, such as
thermal gradients” [46]. As such, residual stresses have the ability to change the
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mechanical behaviour of a component and hence a full understanding is required. It has
already been mentioned that the mechanisms that generate residual stress during
machining are thermo-elastic, mechanical (plastic deformation) and physical volume
changes arising from internal phase transformations.
Berruti et al [47] examined the residual stresses generated by diameter turning bars of
Inconel 718. The residual stress was measured using X-ray diffraction. The authors
argue that plastic deformation induced by mechanical load produces a surface residual
stress that is compressive because the surface layer is compacted by a mechanical
process, whereas surface residual stresses that result from thermo-elastic deformation
are tensile because the surface and bulk material cool at different rates, hence the
surface is stretched. From their experimentation, Berruti et al observed that the residual
stress in the turned components was tensile, and concluded that the surface thermal
effect prevailed against the mechanical effect in determining the residual stress state.
They added that the measured stress is different in the longitudinal and tangential
directions when both the cutting speed and feed rate are increased and hence concluded
that both mechanical and thermal effects contribute to the residual stress in a complex
way that a simple model can not explain.
A similar view was expressed by Sharman et al [48] when investigating the residual
stress on the surface of turned bar components of Inconel 718. The residual stresses
here were determined using the blind hole-drilling technique. The authors suggest that
localised thermal expansion caused by the chip formation produces surface tensile
stresses and that the mechanical removal of material can produce tensile or compressive
stresses depending on the particular geometry of the cutting process. They found the
experimentally determined residual stresses of their components to be tensile at the
surface, with a sub-surface compressive region. Sharman et al concluded that the
overall component stress state was caused by a combination of thermal and mechanical
effects, with the thermal effects producing the observed tensile stress at the surface.
The above papers focus on Inconel 718, and both agree that, following single point
turning operations, the surface residual stress state is tensile due to thermal induced
residual stresses dominating. A different material, 304L stainless steel, and machining
geometry is used in this research, but the results are expected to be similar since both
materials are austenitic face centered cubic. It is therefore important to try to make an
assessment of the cutting temperatures in the experimental phase of this work. As well
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as thermal and mechanical effects, material phase changes can also contribute to the
residual stress of the final component.
It has been documented that at a given strain rate during turning, metastable stainless
steels such as 304L can undergo a mechanically induced phase change from austenite
(face centred cubic structure) to martensite (body centred tetragonal) [49]. Most of the
published work involving the effect of strain rate on such phase changes has been
performed on tensile testing equipment where the mechanical conditions are more
uniform and controllable. This means that little information has been reported on how
turning parameters affect phase changes in stainless steel alloys. Lichtenfeld et al [50]
have described the effect of strain rate on stress-strain behaviour on 309 and 304L
stainless steel alloys during tensile testing. They found that the ultimate tensile strength
of 304L was greatest at lower strain rates where transformations, confirmed by
metallography, occurred readily with martensite nucleating at slip band intersections.
At greater strain rates heat from the deformation inhibits the transformation due to
associated greater austenite stability and also a reduction in nucleation sites due to more
non-planar slip. Ten percent martensite structures were observed at the surface over a
large variation of strain rates (1.25x10-4 - 100s-1) and small values of true strain (0.05).
Using a low strain rate (1.25x10-4 s-1) and a true strain of 0.4, the percentage of
martensite was between 50 and 70% in the bulk and surface material. Applying these
results to a turning operation, the most likely conditions to promote martensitic
transformations would be using a low feed rate. However, low feed rates can increase
friction between the tool and part and may therefore increase the temperature of the
specimen so that transformations are inhibited.
Talonen et al [51] conducted similar tensile testing research using 301LN and 304
stainless steel, both of which are austenitic stainless steels similar to 304L. They
employed a similar range of the tensile testing conditions. They reported that an
observable martensitic fraction, measured using a Ferritescope, was found in the
austenitic microstructure for all strain rates at true strains greater than 0.15. They also
agreed with Lichtenfeld et al that adiabatic heating of the material suppresses the
martensitic transformation.
Smaga et al [52] investigated deformation-induced martensitic transformation during
tensile testing in 304, 321 and 348 metastable austenitic steels. The percentage of
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martensite was measured using a Ferritescope supplemented by light microscopical
examination. They observed deformation induced martensite formation at a true strain
of 0.3. This result is greater than the true strains reported by Talonen et al and
Lichtenfeld et al, but it is clear from all of the literature that type 304 austenitic stainless
steels form mechanically induced martensitic transformations under tensile testing
between true strain value of 0.05 and 0.3. However, manufacturing operations are very
different to tensile testing and so it is not a certainty that this material will undergo
phase transformations during turning.
The literature reviewed shows that during turning of Inconel components, surface
residual stresses are tensile and that, depending on the machining parameters and
geometries, sub-surface compressive stresses may occur. The research presented in this
thesis is expected to agree with these findings. Furthermore, the literature suggests that
austenitic stainless steels undergo martensitic phase transformations during tensile
testing. It is expected that martensitic phase transformations will be observed following
machining, but due to the amount of heat transferred from the cutting process into the
component, these transformations may be inhibited.
The requirement to quantify residual stresses in manufactured components has been
present for many decades, and so a plethora of experimental techniques have been
developed.

These techniques include diffraction, ultrasonic testing, thermo-elastic

stress analysis, hole-drilling, sectioning and block removal and layering techniques.
Each method has its own advantages and disadvantages, depending on the component
geometry, funding available and whether the surface or bulk residual stress is desired.
Table 2.1 shows a comparison between some of the different methods.
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Method

HoleDrilling

Sectioning

X-Ray
Diffraction

Neutron
Diffraction

Ultrasonics

Parameters
Measured

Surface
strain

Surface
strain

Change in
interplanar
spacing

Change in
interplanar
spacing

Variations
of ultrasonic
wave speed

Minimum
Depth
Analysis

20µm

1 to 2mm

Several
microns

1mm

15 µm

Cost of
Equipment
($ US)

10,000 to
50,000

15,000

100,000 to
200,000

A few
hundred
millions

10,000 to
60,000

Portable
Measuring
System

Yes

Yes

Yes

No

Yes

Usual
Precision
(MPa)

± 20

± 10

± 20

± 20

± 10-20

Typical
Measuring
Time

2 hours

Depending
on sample
5-200 hours

8 hours

1 week

20 minutes

Inspection
Depth

0.02 to
15mm

All depths
over 1mm

1 to 50µm for
nondestructive
measurements

2 – 50 mm

0.015 to
3mm

Table 2.1 Comparison of some of the residual stress measurement techniques.
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2.5.1

Non-Destructive Residual Stress Measurement Techniques

This sub-section contains a brief summary of the non-destructive techniques that can be
used to assess the residual stress in a manufactured component.
Diffraction Techniques
Diffraction has become one of the most important non-destructive means of determining
residual stress fields within crystalline materials and engineering components [53]. A
crystalline material is irradiated by a beam of particles (either X-rays or neutrons)
producing general scattered background noise and sharp Bragg peaks. The Bragg peaks
satisfy the condition:

λ = 2d hkl sin θ

(2.6)

where λ is the wavelength of the beam of particles, dhkl is the lattice plane spacing, and θ
is the diffraction angle, which is equal to half the scattering angle. Changes in the
lattice plane spacing are caused by residual strains present in the material and, hence,
information about macro- and grain-interaction stresses is determined by the position of
the diffraction peaks. The width of the diffraction peaks yields information on particle
size and micro-strains, whilst the intensity of the peak describes crystallographic texture
[54]. The crystalline lattice acts like an atomic strain gauge and, as a result, it is
possible to interrogate small volumes of material and build up a map of the strains
present in the component. Using the appropriate elastic constants, it is then possible to
infer the residual stress from the elastic component of strain measured using the
diffracted beam. Elastic strain, ε, changes the lattice spacing, hence it can be calculated
from the position of the Bragg peaks as described by Withers and Webster [53]:

ε hkl

0
d hkl − d hkl
=
0
d hkl

(2.7)

0
where d hkl
is the “stress-free” lattice spacing. If the incident beam is monochromatic,

the peak should be measured as a function of angle (in radians). If the source has a
continuous wavelength spectrum, the peak should be measured as a function of particle
time of arrival (t) or wavelength (λ).
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Hence to calculate the strain:

ε = − Δθ cot θ , or = Δt t , or = Δλ λ

(2.8)

The main practical difficulty with diffraction techniques is that a truly “stress-free”
0
lattice spacing, d hkl
, is difficult to obtain. This problem is compounded by other non-

stress related effects, which can also change the lattice spacing. One way to estimate
the stress-free lattice parameter is to use an annealed sample, although this is not always
possible such as in multi-phase materials.
Three main diffraction methods are used to measure residual stresses in components:
•

X-ray Diffraction

A soft X-ray beam is fired at the sample to measure strains very close to the surface, at
depths of the order of 3-50 microns [46]. As only soft X-rays are required, the X-ray
source and detection equipment can be small enough to ensure the system is portable,
although the analysis of residual stresses in situ on a machine tool would be
challenging. It should be noted that the X-rays are not able to penetrate scales or paints
and hence the surface must first be prepared, generally using an electro-polishing
technique. As previously mentioned in this section, Berruti et al examined the residual
stresses generated by turning bars of Inconel 718 using X-ray diffraction. They discuss
at length the estimated errors surrounding measurement accuracy, repeatability and
errors introduced from data fitting. The authors estimate that the combined error in
each of their X-ray diffraction surface residual stress measurements in both the
tangential and longitudinal direction is ±10%. As discussed in Section 2.1, M’Saoubi et
al used the X-ray diffraction technique to investigate the residual stress in 316L steel
that had been orthogonally machined. In this paper M’Saoubi et al comment that, for
depths less than 200μm, the uncertainty is 50 MPa, (~ 6.25%) but this reaches 150200MPa for greater depths (~18-25%).
•

Neutron Diffraction

This technique uses a beam a neutrons to measure the change in inter planar spacing,
with a precision of the order of 10-4Å [54]. Neutrons have the advantage that they are
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uncharged particles and, as such, their interference with the electrons of the sample is
very weak. It is for this reason that the penetration of neutrons in metals and ceramics is
much greater than X-rays, approximately several centimetres deep. The technique is
best suited to measurements requiring non-destructive, medium resolution, area strain
mapping. The data collected can then be used to provide reliable data for use to validate
Finite Element Method models and other calculations.
•

Synchrotron X-Ray Diffraction

Synchrotron X-ray sources are generated using magnets to accelerate the electron beam
though curves, producing a medium energy (<40keV) white beam of X-radiation, which
is millions of times more intense than laboratory X-ray sources [53]. This gives the
advantage of substantial penetration with high intensity and spatial resolution resulting
in fast data acquisition rates that permit high strain gradients to be resolved. Although
the penetration depth is not as high as neutron diffraction, the time for data acquisition
is increased by an order of magnitude.
In summary of the diffraction techniques, neutron and synchrotron X-ray, provide
methods of non-destructively analysing sub-surface residual strains, given as a line
scan, area scan or 3D map.

However, due to the type of energies needed, these

techniques are not portable and involve expensive government or academic
installations. Conventional X-ray scanning is a much cheaper, portable system but will
only measure near surface residual strains.
Ultrasonic
This residual stress measurement technique utilises the relationship between the velocity
of an acoustic wave travelling through a test material and the stress field present.
Drewitt [55] researched the use of the Debro ultrasonic test for the assessment of
residual stress in rails. Here the time to travel known distances from signal to sensor
locations was used to give values for longitudinal and transverse acoustic waves. The
effects of stress and the elastic properties of the material could be separated using the
data given from the transverse waves propagating through the sample. The equipment
can be initially set up to adjust itself for temperature and ultrasonic pulse duration, but,
as with diffraction techniques, the measurements must be calibrated using values taken
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from components of a known stress state. This is possible by stress relieving the
component and hence assuming that it is stress-free. The overall cost of the equipment
varies from £20,000 - £100,000, and provides measurements to a depth of up to
approximately 3mm [46]. As with conventional X-ray diffraction and hole-drilling, the
technique is portable giving it industrial importance.
Thermo-elastic Stress Analysis
Dulieu-Barton [56] published an introduction to this technique in 1999. It is a noncontacting technique that produces full field stress data by measuring small temperature
changes which occur in solids that are subjected to elastic cyclic stresses. One of the
problems of this technique is that it provides data that it is only related to the first stress
invariant (the sum of the principal stresses) which is not directly related to failure
criteria. It is also necessary for the specimen surface to have uniform emissivity. This
is usually achieved by painting the surface of the component with a layer of matt black
paint, which can limit its use for certain components.
Moiré Interferometry

Xing et al [57] researched the measurement of near surface residual stresses induced by
ultrasonic shot peening using the optical technique; Moiré interferometry. The method
uses interference fringe patterns produced by two coherent light sources to measure the
in-plane displacement components on the surface of a specimen. The experimental
setup can be seen in Figure 2.1. A specimen grating is first bonded to the surface of the
component. The coherent beams then interfere to produce a virtual reference grating.
During the rotation of the specimen grating, the interaction between the two gratings
gives rise to the Moiré interference pattern, the fringes of which can be interpreted to
yield the in-plane strain automatically via computer software. One of the problems with
this method for residual stress analysis is that it cannot be completed whilst the
component is in situ.
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Figure 2.1: Schematic of the experimental setup for Moiré Interferometry [57].

2.5.2

Destructive Residual Stress Measurement Techniques

This sub-section contains a summary of the destructive techniques that can be used to
assess the residual stress in a manufactured component. The problem with all of these
techniques is that the component cannot be used after the stress measurement has been
made.

For this reason these techniques are not usually applied to high value

components.
Centre Hole-Drilling

The oldest and most established residual strain measuring technique is centre holedrilling, which involves measuring the change in strain on the surface of the material as
a hole is drilled in the middle of a set of strain gauges. The general acceptance of the
hole-drilling method has led to the creation of an industrial ASTM standard (American
Society for the Testing of Materials), E-837-85 [58], although the ASTM does not
specify the precision and accuracy of the method. The method involves the drilling of a
small hole into the component, and subsequently the residual stress surrounding the hole
relaxes very slightly.

With accurate strain gauges, it is possible to measure this

relaxation, and back calculate the residual stress present. It should be noted that this
relaxation will only be applicable for holes of depth up to 1.2 times the diameter of the
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hole drilled (~2mm), and hence this is very much a near surface technique. One use of
the hole-drilling method is to validate Finite Element Method modelling of a
component. The strain gauge generally used is a rosette of three strain gauges arranged
around a centre point where the hole is drilled. For the rosette to be attached to the
component, the surface has to be clean and degreased. It may be necessary to abrade
the surface prior to attachment, which can introduce stress into the system, hence
producing an inaccurate result. Although cheaper than diffraction methods, the costs
are not insignificant (~£5,000-£25,000); the benefit is that it provides a portable system
for measuring near surface residual stresses [46].
There are new systems available, which monitor the change in strain of the material
optically. The optical system is known as digital speckle pattern interferometry (DSPI).
The experimental setup and theory is detailed by Viotti et al [59].

The in-plane

displacement is calculated from the optical phase distribution. This can be achieved by
measuring a phase shift, then using an iterative phase unwrapping algorithm. Once the
sample is loaded, a set of four phase-shifted speckle interferograms are recorded. A
small hole is then drilled and, once the sample has relaxed, four more phase-shifted
speckle interferograms are recorded. Each pixel is then analysed and the diameter of
the hole is accurately measured. The data is collated and analysed resulting in a noncontact method of optically measuring the strain relaxation when the hole is drilled.
This method has only recently been published.

However, systems based on this

technique are already becoming commercially available.
Deep Hole-Drilling
George et al [60] have developed a new destructive technique that is capable of
measuring residual stresses to depths up to 490mm. The method comprises five steps as
shown in Figure 2.2.
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Figure 2.2: Detailing the experimental process of deep hole-drilling [60].
First, reference blocks are attached to the component to ensure correct alignment
throughout the procedure. Second, a gun drill is used to drill a small hole (~3mm
diameter) through the sample. The gun drill ensures that the hole has a good surface
finish and is perpendicular to the surface of the component. The third stage is to
measure accurately the diameter of the reference hole that has just been drilled, using an
air probe. The fourth stage produces a 20mm diameter core by trepanning around the
reference hole drilled. The purpose of this is to release the residual stress of the core,
which distorts the reference hole. Finally, with the trepanning tool still in place, the air
probe is used once more to measure the reference hole.
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The two air probe

measurements are compared, from which a quantitative assessment of the residual stress
can be made using elastic analysis, to an accuracy of ± 30MPa for a material with a
Young’s Modulus of 200GPa. Although this is a new technique, it has the advantages
of being portable whilst giving bulk residual stress data.
Crack Compliance Method
The crack compliance method is a form of destructive testing also known as the slitting
method. A strain gauge is placed on the surface of the sample, and, at a nearby location,
a slit is gradually cut into the surface using a wire electrical discharge technique [61] as
shown in Figure 2.3. The near slit strain is measured by the strain gauge as a function
of the slit depth, and the data is used to build a stress profile of the sample.

Figure 2.3: Image showing the relative position of the strain gauge with reference to the
slit machining into the surface [61].
Block Removal and Layering Technique

To determine the residual stress using this destructive technique, small strain-gauged
blocks are first removed from the specimen. From the strain relaxation measured, the
linear components of the residual stress, parallel and perpendicular to the surface are
determined [62]. In particular, the perpendicular components that represent the depth
are obtained.

To estimate the non-linear components of the through thickness

distribution of residual stress, the blocks can be layered. This involves removing
material from one side of the block with a milling machine, whilst measuring changes in
strain on the other side of the block. The sectioning techniques described, while having
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the disadvantage of being destructive, are portable, relatively inexpensive (<£10,000)
and capable of measuring residual stresses to depths greater than 1mm [46].

Contour Method
The final destructive testing method to be discussed here involves a simple process of
sectioning the sample in one straight cut in the plane of interest and subsequently
measuring the surface contour produced from the relaxation of the pre-existing stress
field [63]. The method enables a two-dimensional stress map to be built up on a plane
of interest.

The technique involves specimen cutting, contour measurement, data

reduction and finally, stress analysis. Generally, the specimen is cut using wire electric
discharge machining (EDM), as this provides a single flat cut of constant width. The
contour surface is then measured using a co-ordinate measuring machine (CMM), which
typically uses a ruby-tipped stylus as a surface detecting sensor. Finite Element Method
modelling and analysis can then be used to calculate the original stresses. It has been
shown by Zhang et al [63] that this technique gives a deviation of <10% when
compared to residual stress measurements taken using neutron or X-ray synchrotron
methods.
From the literature available it is clear that there is a wide range of techniques that can
be used to assess the residual stress of a component. It is also clear that there are no
techniques which are non-destructive, non-contact, small enough and portable for use in
situ. This research hopes to contribute toward finding a solution that assesses the
residual stress of turned components whilst meeting these criteria.

2.5.3

Residual Stress Modelling

It is clear that a complete understanding of residual stress is needed for improvements in
reliability and lifetime of industrially manufactured components. Within industry today,
there is a greater demand for a more model-based approach, worked in conjunction with
manufacturing processes. Key work on the stresses in metal cutting was completed over
45 years ago when Oxley published his parallel sided shear zone model [65]. This
theory still underpins modern day residual stress models. Over the past decade, the
rapid expansion of the use of computer aided design (CAD) combined with improved
computer processing performance, have led to an increased accessibility of computer
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modelling tools. Subsequently, much work has been carried out in the field of complex
systems modelling.
Finite Element Method (FEM) has become widely used as a means of accurately
modelling engineering situations. Indeed, over the last decade, FEM of the residual
stresses generated from orthogonal metal cutting has been widely reported including
work done by Shet et al [64], Soo and Aspinwall [66], Salio et al [67], and Outeiro et al
[68]. The research presented all utilises very similar models to predict residual stresses.
Shet et al showed how FEM can be used to calculate the theoretical residual stress.
FEM was chosen as it is versatile enough to include large deformations, tool-chip
contact and friction, strain rate effects, local heating and other boundary conditions.
The calculated profiles can be subsequently validated by experimental observations
contained in the literature. During orthogonal metal cutting, large strains and high
strain rates in the primary shear zone, combined with the friction created from the toolsurface interaction in the secondary shear zone, produce a complex system that is
difficult to model. There is also heat generated as the chip is formed and additional
friction between the tool and chip. These factors all have an effect on the residual stress
induced into the component.
Shet et al focused on the issues of surface integrity of machined parts, including
residual strain distributions, the effect of tool rake angle, and the level of contribution
from each stage of the cutting and cooling process.

They focused on tool-chip

interfacial friction, the tool rake angle, and separated the cutting-cooling process into
four stages: making the cut, removing the tool, removing the boundary conditions,
allowing the material to cool.
The generally accepted schematic diagram for orthogonal cutting is shown in Figure
2.4. The diagram shows the cutting tool moving with a continuous velocity relative to
the component. The diagram also shows the formation of a chip, which is being
removed from the workpiece. The dots along the cutting line (contact pair 1) show how
the FEM model works, and represent contact nodes, one on each surface. As the tool
moves through the material, the contact nodes are split, enabling the tool to move to the
next set of contact nodes. The node on the newly formed chip now becomes in contact
with a node on the tool surface (contact pair 2), and the node on the newly formed
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surface exits behind the tool (contact pair 3). Plane strain conditions are assumed, as
the removed layer is very much thinner than the out of plane dimension of the
workpiece.

Figure 2.4: Diagram showing a simple model of the orthogonal machining process [64].
In addition to this framework, calculations were carried out and the model was
improved to include interfacial friction, local heating and chip separation. Interfacial
heating was modelled using the Modified Coulomb Friction Law, which states that
“relative motion at a contact point will occur if the applied shear stress τ, tangent to the
contact interface, reaches the critical frictional shear stress, τc” [64]. During cutting, the
energy is dissipated due to the friction work at the tool chip interface and due to the
plastic work in the chip and component. At high speeds, there is insufficient time for
the heat to conduct significantly into the surroundings and so heating is considered to be
a highly localised process. Shet et al formulated relations describing this process for
inclusion into the model. Of the total heat generated, it was assumed that half goes into
the chip and the other half goes into the tool. In their study, Shet et al used a criterion
under which chip separation occurs when the stress state reaches a critical condition at a
specified distance ahead of the tool.

The workpiece material and other boundary

conditions were then included and the FEM mesh of the system created, as can be seen
in Figure 2.5.
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Figure 2.5: FEM mesh of the machining process [64].
Shet et al used differing rake angles and coefficients of friction to produce theoretical
residual stress data. Figure 2.6 shows some of their results compared with published
experimental data, and, as can be seen, there is a high correlation between the two sets
of data. The authors concluded that the dominant calculated residual stress is the
normal stress in the cutting direction and also that the friction coefficient, tool rake
angle and local temperature effects can all have an effect on the residual stress induced
into the surface, depending on the precise cutting conditions.

Figure 2.6: Residual stresses calculated using FEM compared with experimental data
[64].
Another example of the use of FEM to model the residual stresses in metal cutting was
published by Jacobus et al [69, 70], who modified the Oxley shear zone model and
derived a model describing full biaxial surface and sub-surface residual stress profiles
from turning. The model used experimentally determined flow fields to calculate the
deformation field for material points passing beneath the cutting tool. Based on these
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deformation fields the total strains were calculated from which stresses are determined.
The thermo-elasto-plastic model is given as:

⎧
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3
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(2.7)

3

The temperature was assumed initially to be uniform and the workpiece free from
residual stress. The analysis begins at the surface of the component far away from the
cutting tip.

Using the top half of Equation (2.7) the thermo-elastic stresses are

calculated and the von Mises yield criterion checked. If the von Mises yield criterion is
not satisfied, the total stress is taken to be the thermo-elastic stress and the value of x is
incremented to be closer to the cutting tip. This is repeated until the von Mises yield
criterion is satisfied and subsequently the bottom half of Equation (2.7) is used to
determine the thermo-elasto-plastic stress increment based on the total strain increment
and the temperature increment. This is repeated until the position of x reaches the
cutting tip. At this point the value for x is reset, the depth value increments into the
workpiece and the process repeats until a terminal value for the depth is reached. The
incremental plastic work values from the analysis and the boundary conditions are then
used to calculate the workpiece temperature using Equation (2.8):

pC

⎛ ∂ 2 t ∂ 2T ∂ 2T ⎞
DT
= K T ⎜ 2 + 2 + 2 ⎟ + βW P
⎜ ∂x
Dt
∂y
∂z ⎟⎠
⎝

(2.8)

where β is the Taylor Quinney coefficient, p is the density, C is the specific heat
capacity and KT is the thermal conductivity of the workpiece. The temperature fields
are submitted back into Equation (2.7) and the process is iterated until an acceptable
convergence of the stress and temperature fields is reached.
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In solving Equation (2.7) for the thermo-elastic stresses the following deformation fields
are required:
u x = −C1 sec h(C 2 x)e ( C3 z )

(2.9)

u z = −C 4 sec h(C 2 x) tan h(C 2 x)e ( C3 z )

where x and z represent the distance in front of the cutting point and distance from the
surface respectively, and the constants C1, C2, C3 and C4 are constants that determine
the magnitude of the deformation. Using experimental residual stress data from X-ray
diffraction the constants are determined using a non-linear optimisation algorithm.
Once these constants are determined, it is possible to model the deformation fields, and
use the information to solve Equations (2.7 and 2.8). The crucial part of this analysis is
the determination of the constants and it is not clear from the work published by
Jacobus et al exactly what function the non-linear optimisation algorithm uses. The two
deformation field equations consist of four unknown constants, and hence more
information is required to achieve convergence. Work is presented in Chapter 5 to
apply the deformation field Equations (2.9) to experimental data from this research and
subsequently solve the equations for the deformation constants.
Wallwork et al [71] have also published FEM and semi-analytical calculations to model
the temperature profile produced during orthogonal machining.

The calculated

temperatures are then used to determine the thermally induced residual stress. The
temperature at a given depth, z, below the surface of the material is given as:

T ( z) =

k cos α
e − zU work sin φ /(κ cos φ )
pJ sin φ cos(α − φ )

(2.10)

where p is the density, J is the specific heat capacity, k is the shear stress, φ is the shear
plane angle, α is the tool rake angle, Uwork is the workpiece velocity, κ is the diffusivity
(KT/pJ), and KT is the thermal conductivity of the workpiece.
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Once T(z) has been determined, the strain is obtained from AT(z) where A is the
coefficient of thermal expansion. The plastic strain, εp, is then determined by removing
the elastic strain, σY(1-υ)/E, where σY is the yield stress, υ is Poisson’s Ratio and E is
Young’s modulus. The plastic strain is taken to be zero if AT(z) is less than the elastic
strain. Assuming the material to be elastic-perfectly plastic, then the residual stress
from cooling, σres is:

σ res = Eε p /(1 − ν ) or σY if this is less

(2.11)

The difficulty with using this semi-analytical model to calculate theoretical values,
which can be compared to experimental data, is that the model assumes that the surface
temperature does not change. Furthermore, the model assumes that there is no work
hardening of the component surface. With FEM both of these additions can be made to
enable the calculation of theoretical data. For this reason, the semi-analytical model
presented by Wallwork et al has not been used in this thesis.
El-Axir [72] investigated a method of modelling the residual stress distribution from
turning using tensile strength, feed rate and cutting speed as input parameters to an
experimentally determined polynomial function.

The proposed model fitted the

experimental data with a high degree of accuracy. Of particular interest in this paper
were the experimentally determined residual stress values for 304 grade stainless steel.
It is possible to use values and compare them with experimental residual stress values
detailed in Chapter 5.
The literature review highlights the numerous attempts to model the complexities of
residual stress generation during single point turning. Most methodologies involve
complex FEM, although methods of modelling using polynomial functions determined
using experimental data have also been published. In the view of the author, a FEM
approach that has the ability to iteratively simulate the metal removal process and
incorporate calculations that include mechanical and thermal effects offer the highest
fidelity. The literature review has shown that this area has been thoroughly studied in
the past ten years.
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2.6

Identification of Key Papers

The work by Rangwala and Dornfeld [35, 36] that details the link between AE and
process parameters is a key paper to this study. In particular, it is important to have data
that relates the cutting speed and depth of cut to the frequency content of the AE signal
generated. Papers by M’Saoubi [20] and El-Axir [72] will also be used later in the
study as they provide residual stress data from austenitic stainless steel components that
have been machined using a similar turning operation to the process used in this thesis.
They present valuable sources of data that can be directly compared to experimental
measurements. Other key papers describe the work completed by Jacobus et al [69, 70]
that detail the deformation field Equations (2.9), from which it is hoped the deformation
constants can be determined and theoretical strain data calculated.

Of additional

significance is the research conducted by Van Bohemen et al [1]. Their paper
established a connection between martensitic phase transformations and an associated
burst of acoustic emission.

2.7

Summary

From the literature presented it is clear that there is scope for research to be completed
that has not yet been investigated. Research of a technique to assess component quality
in situ as defined by the residual stress and surface finish following single point turning
has not yet been published.

It is clear that acoustic emission shows promise in

addressing this problem as piezoelectric transducers are small enough to be attached to
the cutting tool during machining. The literature confirms that varying single point
turning process parameters, such as feed rate, changes the residual stress and surface
finish of the final component.

Research has shown that AE generated in the primary cutting zone contains information
concerning plastic deformation and dislocation activity. It has also been demonstrated
that martensitic phase transformations can be detected within an AE signal. To the
knowledge of the author, there have been no studies that report a link between the
residual stress and the AE signal recorded. The literature has highlighted examples of
research that has related cutting force and temperature to the residual stress; however
this has not been completed at the same time as measuring the AE. Research has also
shown that the AE generated can provide information concerning surface features of a
46

machined component. To date, all of the research that has investigated AE during
machining has recorded short snap shots of the AE signal. It is hoped that the recording
of the entire AE signal in this research will enable a thorough analysis of the AE in both
the time and frequency domains and provide evidence that relates the AE with the
residual stress and surface finish of the machined component.
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Chapter 3

Experimental Apparatus and Procedure
This chapter describes the overall experimental procedure, as well as the machinery,
equipment and processes that were used to capture data for on-line monitoring of
machining operations.

It also describes the experiments that were conducted to

characterise the components following machining and initial ancillary experiments used
to calibrate the sensors.
The overall experimental approach was to carry out an instrumented series of machining
trials on a material susceptible to residual stress generation, using cutting conditions
known to produce good and poor quality components. During the trials, key on-line
monitoring tools were used; force, AE and tool insert temperature.

Following

machining, the component surface was assessed for quality by measuring the hardness,
surface profile, examining metallographic sections of the cut material, and assessing the
residual stress using a hole-drilling technique.
Following the literature review it was apparent that there has been no research published
that links the component residual stress or surface roughness to AE generated during
single point turning. To address the use of AE as a monitoring tool for component
quality, a series of machining trials that consisted of single point turning using a Dean
Smith and Grace lathe were devised.

Single point turning was chosen as it is a

geometrically simple, continuous, widely-used industrial process and can produce
residual stresses in manufactured components. Finishing cuts were predominantly used
as they represent the levels of residual stresses present in finished engineering
components. To satisfy the need to carry out fully instrumented machining operations
and to limit the operation to research rather than production requirements, the author
operated the CNC lathe. The AE was recorded using piezoelectric transducers attached
to the cutting insert and tool holder. In addition, the cutting forces acting on the tool tip
were measured using a dynamometer and the cutting insert temperature was estimated
using an infrared pyrometer. After machining, the hardness and surface finish of the
components were recorded. The components were then destructively tested to quantify
the residual stress present using the hole-drilling technique.
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The specimens were

subsequently sectioned, mounted, polished and etched to reveal their microstructure.
Finally electron back scattered detection (EBSD) microscopy of the metallographic
specimens was completed to investigate the various phases present.

Figure 3.1

summarises the experimental rationale detailed above.

Figure 3.1: A flow diagram illustrating the experimental rationale.

3.1

Sample Preparation and Machining Trials

This section describes the machining experimental apparatus, the instrumentation used
and the consumables.

3.1.1

Machine Tool

All of the machining was carried out on a Dean Smith and Grace CNC MT4210 “Pony”
lathe using a facing operation on cylindrical discs. Although fitted with a tool post
capable of holding four independent tools, the tool post was removed from the machine
and replaced with a custom-built aluminium mounting bracket. This was to enable the
fixing of the dynamometer and tool holder onto the machine. The spindle is belt driven
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to a Pratt and Whitney three jaw chuck, and capable of spindle speeds in the range 12300 rev/min. The machine tool has a maximum feed rate of 5m/min in both the
parallel and transverse directions to the lead screw, and the errors in the positional
accuracy of the linear axes do not exceed 0.02mm when the machine tool is properly
calibrated. The DS&G lathe, experimental setup and tool orientation can be seen in
Figures 3.2 and 3.3 and 3.4. In addition, a video monitoring system was used to enable
easier tool setting and to record the machining operations in case of any unusual event
occurring, e.g. tool tip breakage.

Figure 3.2: The DS&G lathe
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Figure 3.3: The machine tool setup

= Tangential Tool Force (Vertical)
= Normal Tool Force (Feed)
= Axial Tool Force

Figure 3.4: The tool orientation and force measurement axes
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3.1.2

The Cutting Inserts

The cutting inserts used in the experiments were Sandvik VBMT 160404MF, which are
coated carbide turning tips. For each cut, a new insert was used to ensure that tool wear
from a previous cut did not affect the results. The inserts were 35° rhombic, had a nose
radius of 0.8mm, a 5° clearance angle, a 5°30` rake angle and integrated chip breaker.
The inserts were used in conjunction with a Sandvik SVVBN 2020K 16 tool holder that
did not alter the rake angle. Each tip had a 4μm PVD (Plasma Vapour Deposition)
multilayer of TiAlN-TiN, which provides a tough, wear resistant coating. This coating
was selected for use as it is recommended for turning stainless steel components [73],
and would be the type generally used in industry.

3.1.3

Test Materials

The grade of stainless steel used in this research was AISI 304L. This is a low carbon,
18/8 austenitic stainless steel where the austenite is metastable.

The range of

composition of grade 304L is shown in Table 3.1 alongside the increased carbon
versions (304) and a free-machining 18/8 (303). The 304L grade was chosen because it
undergoes martensitic transformations more readily than regular 304 and other more
highly alloyed grades [49] such as 321S31 or 316 grades, and also contains no freemachining additions.

Alloy

C

Mn

P

S

Si

Cr

Ni

N

304 [74]

0.08

2.00

0.045

0.03

0.75

18-20

8-10.5

0.1

304L [74]

0.030

2.00

0.045

0.03

0.75

18-20

8-12

0.1

303 [75]

0.15

2.00

0.2

>0.15

1

17-19

8-10

Table 3.1: Composition of 304L stainless steel alongside 304 and 303 grades. All
values are maximum weight percent unless minimum specified.

3.1.4

Specimen Preparation

All of the material was supplied by Smiths Metals plc. Originally the material was cast
into a cylindrical billet of diameter 50mm that was then sliced into 25mm thick discs.
To ensure uniformity in all the specimens, a turning operation was performed on each
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disc to remove their top and bottom surfaces. This orthogonal cutting is known as a
“facing” operation and used a feed rate of 50mm/min, a spindle speed of 500rpm and a
cut depth of 0.25mm. Upon completion it produced a metal disc approximately 25mm
thick with parallel top and bottom rough-machined surfaces.

3.1.5

Heat Treatment

Once the physical dimensions of the discs were uniform it was then necessary to ensure
that they had the same austenitic microstructure and residual stress characteristics. Heat
treatment of the specimens was completed in a Torvac Series 24 vacuum furnace.
Before vacuum heat treatment, it was necessary to chemically clean the specimens by
vapour degreasing them as contamination could give problems with the vacuum, and
lead to oxidation and/or carburising of the samples. After degreasing, the samples were
loaded into the Torvac furnace, and heated under a vacuum of 10-4 Torr to a temperature
of 1050°C. They were held at this temperature for 1 hour, before cooling at a rate
slower than 100°C per hour.

This ensured that each specimen had a uniform

microstructure and acted to stress relieve the specimens. With each batch of specimens
heat treated, one specimen was kept aside to act as a control.

3.1.6

Machining

On inception of the project, thought was given as to what would be the best way to
machine residual stresses into the component. To prove the concept and not introduce
unwanted variables only simple machining operations were considered; these were
either face cutting or turning down the diameter. Both operations have their advantages
and disadvantages. Turning down a diameter uses a constant feed rate and material
removal rate, which produces a more constant source of AE. However, the complexity
of post-machining analysis is much greater. The machined surface will be cylindrical
which makes strain gauge application, residual stress analysis and also metallography
much harder. Face cutting produces a changing material removal rate as the tool passes
towards the centre of the component. This is because the lathe uses a constant feed rate
and spindle speed. When the tool approaches the centre of the component less material
is being removed than when the tool was at the outer edge. To counter this problem the
DS&G lathe is capable of varying the spindle speed, to ensure a constant cutting speed
is employed. The difficulty is that due to the specific cutting conditions needed to
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machine austenitic stainless steel, the machine reaches its maximum upper spindle
speed limit in the first few millimetres of the cut. Hence variable material removal rate
still occurs for the majority of the machining operation. It should be noted, however,
that this variation in the material removal rate will produce a variation in the strain rate
induced into the component. This variation in the strain rate should mean that at some
point during each cut the required conditions necessary for mechanically induced
martensitic phase transformations will be promoted. A spindle speed of 500rpm was
selected so that the cutting speed varied between 0 – 160,000 mm/min for each cut as
determined by Equation (3.1). This was to enable comparison of the results with those
published by Rangwala and Dornfeld who used similar cutting speeds [36]. Face
cutting does have significant advantages for post-machining assessment of quality as the
surface of the component is flat, and so strain gauge application, residual stress analysis,
profilometery and metallography are all simplified. For the reasons outlined above, face
cutting was chosen for the machining operations. A simple CNC programme was
written and tested, a copy of which can be seen in Appendix A.
Vc = π .d .s

(3.1)

Where Vc is the cutting speed, d is the diameter of the component and s is the spindle
speed. The cutting tool starts at the outer edge of the component and moves across the
face, removing material, until it reaches the centre. Thus the diameter used in Equation
3.1 reduces and cutting speeds varies between 160,000mm/min at the edge to 0mm/min
at the centre. Equation 3.2 shows the calculation to determine the material removal rate.
MRR = Vc .F .z

(3.2)

Where MRR is the material removal rate, F is the feed rate and z is the depth of cut. As
the cutting speed reduces so does the material removal rate. For some measurements,
e.g. residual stress, the position of the hole drilled on the component is known and so
the precise material removal rate can be calculated. For averaged measurements, e.g.
cutting forces and tool temperature, a cutting speed corresponding to the edge of the
component has been used to calculate the material removal rate. For consistency the
same cutting speed has been used in all calculations where a single value has been
required. This enables the comparison of different data sets to be possible. The
machining conditions chosen for the cutting trials can be seen in Table 3.2. The values
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of material removal rate are calculated using the cutting speed at the edge of the
component.

Depth of
Cut

Feed
Rate

(mm)

(mm/min)

0.05
0.15
0.25
0.35
0.45
0.70
0.90
1.10
1.30
1.50
0.05
0.10
0.15
0.25
0.35
0.45
0.50
0.70
0.90
1.00
1.10
1.30
1.50
2.00
0.05
0.10
0.20
0.30
0.05
0.15
0.25
0.35
0.45
0.70
0.90
1.10
1.30
1.50

25
25
25
25
25
25
25
25
25
25
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
100
100
100
100
100
100
100
100
100
100

Material
Removal
Rate
(mm3/min)
393
1,178
1,963
2,749
3,534
5,498
7,069
8,639
10,210
11,781

Comments

Trial Repeated
Trial Repeated

785
1,571
2,356
3,927
5,498
7,069
7,854
10,996
14,137
15,708
17,279
20,420
23,562
31,416

For each of these 4 trials, three
identical cuts were made in
series (multi-pass), subsequently
the components were analysed

785
1,571
3,142
4,712
1,571
4,712
7,854
10,996
14,137
21,991
28,274
34,558
40,841
47,124

Trial Repeated
Trial Repeated
Trial Repeated

Table 3.2: Machining conditions chosen for cutting trials
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Several of the cutting trials were repeated that involved machining a heat treated
component with the exact same cutting conditions. These five repeated experiments
were completed at the end of the machining trials straight after the original component
to investigate the variability of the process. In addition to these repeated experiments,
four other experiments were completed to investigate the effect that multiple cuts made
on the final component quality. In these experiments three identical cuts were made in
succession on a heat treated component and the same process monitoring was conducted
throughout.

3.2

On-line Process Monitoring

This section details the equipment and methods used to measure, simultaneously, the
forces acting on the cutting tip, the AE generated and the tool insert temperature during
the machining process.

3.2.1

Tool Force Measurement

Tool force measurements were made using a Kistler three axis dynamometer (9257BA)
that can be seen in Figure 3.3. A custom-made tool post had to be manufactured to
mount the dynamometer onto the DS&G lathe. It is essentially an angle plate made
from 15mm thick aluminium plate welded together.

The dynamometer had to be

mounted in this way to ensure that the tool passed across the centre of the machine tool
spindle. A specially purchased Kistler tool holder (Model 9430) was modified and used
to fix the tool holder to the dynamometer. The dynamometer has four quartz, three-axis
force sensors, fitted under high preload between a base plate and a face plate. The
dynamometer was then connected to a charge amplifier that amplifies the very small
charge changes in the quartz sensors and converts them into an amplified voltage. A
simple National Instruments data acquisition card (M series with a 250kS/s sampling
rate) was used to collect the data from the charge amplifier. A labVIEW programme
was written to collect the force data at a rate of 20S/s and display the three separate
orthogonal axes on three independent real time graphs. After machining, the data
recorded was saved to a Microsoft Excel spreadsheet for off-line analysis. At the
inception of the project, the decision was taken to use a low sampling rate of 20S/s as it
was thought to be sufficient to measure the cutting forces and it meant that computer
memory resources could be maximised for the collection of the AE signal. With
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hindsight it would have been beneficial to use a much higher sampling rate to enable the
comparison between the power spectrum density of the cutting forces and surface finish
data.

Figure 3.5 shows the labVIEW programme front screen and a copy of the

programming can be seen in Appendix B.

Figure 3.5: The tool force acquisition programme

3.2.2

Tool Tip Temperature Measurement

An Omega OS550 infrared pyrometer was employed to try to estimate the temperatures
that the tool tip was enduring. The pyrometer works by measuring the infrared radiation
emitted over a 2mm radius window from the surface of the tool tip as illustrated in
Figure 3.6. The window that is monitored by the pyrometer varies in size depending on
the distance the pyrometer is away from the tip, and so it is vital that the sensor is
placed at an exact distance away from the cutting insert. The distance-window size
relationship can be seen in Appendix C. To measure the distance between the sensor
and cutting insert, a thin metal bar of fixed length (152mm) was placed between the
sensor and the cutting insert. Once the pyrometer was in the correct position it was
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clamped in place.

Data acquisition was completed using Tempsoft software by

connecting the controller to a PC via the serial port. This data was then imported to
Microsoft Excel for analysis.

Figure 3.6: The infrared pyrometer and location of IR window location

3.2.3

Recording of Acoustic Emission Generated

Two different piezoelectric transducers were used to record the AE. Both transducers
were supplied by Physical Acoustics and both are capable of monitoring the AE over
the range 0.1-1MHz. The first type of sensor used was the Wideband sensor (WD).
This has an 18mm diameter and as such the closest location to the cutting point that the
WD sensor could be placed was on the tool holder. The other type of sensor used was
the miniature PICO sensor. As the diameter of this sensor is only 5mm, it was possible
to attach it directly onto the side of the cutting insert. This location for AE collection
has the advantage that it is closer to the cutting point, and hence closer to the AE source.
Additionally, there will only be the workpiece/cutting insert interface for the AE to
transfer through, whereas AE also has to pass through the cutting insert/tool holder
interface to reach the WD sensor. The disadvantage of the PICO sensor is that it is not
as sensitive as the WD sensor (peak sensitivity is -68dB for the PICO and -62.5dB for
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the WD [76]). This is especially true within the frequency bands 100-200kHz and 7501000kHz. As both sensors have their own advantages, it was decided to record the AE
simultaneously using one of each sensor. The positions of each sensor can be seen in
Figure 3.2.
Prior to sensor attachment, the surface of the tool tip/tool holder was prepared. This
involved simple abrasion with SiC paper and cleaning with acetone. The PICO sensors
were directly attached to the cutting insert using cyanoacrylate.

Using the same

technique the larger WD sensors were bonded to the tool holder, but the larger surface
area meant that it was difficult to remove the first sensor after use. For this reason,
subsequent sensors were bonded to the tool shank using a small amount of
cyanoacrylate on the base of the sensor, surrounded by silicone sealant.

Both

compounds are suitable for the transmission of AE through the interface and tests were
conducted to ensure that the silicone did not affect how the AE was recorded by the WD
sensor. These tests are described in sub-section 3.4.4. The use of a layer of silicone
made the removal of the WD sensors much easier.
Both sensors were connected to Physical Acoustics 2/4/6C pre-amplifiers to amplify the
very small recorded voltages to measurable signals. These pre-amplifiers have a 20kHz
high-pass analogue filter, were operated with 40dB gain selected and required an
external 28V power source at 0.3A. The signal from the pre-amplifiers was collected
using a National Instruments S Series data acquisition card, capable of 2 million
samples per second (Ms/s). This sampling rate was required to satisfy the Nyquist
criterion, which states that the sampling rate must be at least twice the frequency of the
signal being sampled. As the AE being recorded contains frequencies up to 1MHz, the
sampling rate had to be at least 2Ms/s. To acquire this much data on two channels
simultaneously a high specification PC (P4 processor, 4GB RAM, 500GB HDD) was
required capable of large amounts of data storage.

A labVIEW programme was

provided from the National Instruments database of open source code to convert the
data into binary form, and continuously write the binary data straight to the hard disk,
enabling continuous data acquisition. A copy of the programme and its code can be
seen in Appendix D.
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3.3

Workpiece Quality Assessment

This section describes the experimental procedure and equipment used to assess the
workpiece quality following machining. Hardness, surface finish and residual stress
measurements were taken and the component microstructure was examined using
metallography and EBSD techniques.

3.3.1

Surface Finish Measurement

After machining the first assessment of the component quality was to inspect the surface
finish using a Form Talysurf stylus profilometer. This process was completed first as
the other techniques all affect the surface finish. A small amount of degreaser was
applied to an applicator and the path over which the stylus was to pass was cleaned.
Each sample was placed on the stage and the stylus was moved into position at the
centre of the disc. The stylus then measured three regions of the surface 10-15mm, 3035mm and 44-50mm radially from the centre of the disc. These measurements were all
made using a two dimensional line scan. As the component should exhibit radial
symmetry, a simple two dimensional line scan should characterise the surface of the
component to the required precision. Some three dimensional measurements were made
using the same profilometer on a selection of specimens for analysis with their
corresponding AE measurement. The surface profiles were analysed using Talymap
software which calculates the surface finish after subtracting any tilt present in the
component. The surface finish was calculated as roughness average (Ra) and peak to
peak (Rt) values.

3.3.2

Hardness Testing

Hardness measurements were taken on the surface of the component following
machining using a Vickers hardness indenter. The Vickers machine had a 16.9mm
objective lens, a pyramidal diamond indenter, and used a 49N load.

Hardness

measurements were taken at the edge, at a mid point and at the centre of the sample to
coincide with the locations of surface finish measurements.

The Hardness

measurements were averaged and compared with values for austenitic and martensitic
steel found in the literature [46].
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3.3.3

Residual Stress Measurement

This section describes the experimental procedure to apply strain gauges to the surface
of a machined component and then subsequently analyse the residual stress using the
hole-drilling method.
Strain Gauge Application
Strain gauges were applied using the technique recommended by the British Society for
Strain Measurement (BSSM). Firstly, the specimens were cleaned using a standard
degreaser and then the surface of the specimen was abraded using SiC paper and an
acidic surface conditioner. Once any oxide layer had been removed, medical gauze was
used to wipe away surface liquid and contaminant. During this, and subsequent gauze
stages, care was taken to ensure that the gauze was used to wipe from the centre of the
preparation area outwards. This reduced the likelihood of contamination. The next step
was to scrub the surface with a cotton wool bud using a surface neutralising chemical.
This was repeated until the surface was chemically and physically clean. Once again,
gauze was used to wipe away any surface liquid. A strain gauge was placed on an
interim chemically clean surface and a piece of cellophane tape was attached over its
top surface. The gauge was then lifted off the interim surface and positioned onto the
clean area of the specimen. The gauges were positioned in one of two places, near the
edge, or a mid point on the specimen again coinciding with the regions characterised by
the Form Talysurf. The gauge was then lifted off the surface once more and a catalyst
was applied to its underside. After one minute, a drop of cyanoacrylate was placed on
the specimen surface and the gauge was re-laid onto the surface directly on top of the
cyanoacrylate. Thumb pressure was applied to the back of the gauge and a hairdryer
was used to increase the temperature and make the catalyst more efficient. Pressure and
heat were applied for a further three minutes. Once complete, the tape was left covering
the top of the gauge to protect it until the strain gauge was ready to be drilled.
Hole-Drilling Technique
Once the strain gauges (type CEA-06-062UM-120) had been applied to the surface, a
Sint MTS 3000 hole-drilling system was used to measure the residual stress. First, the
drill was moved to its side position and a new drill was inserted and locked in place.
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For each hole machined a fresh drill was used. The protective tape covering the gauge
was removed by pulling it off at an acute angle, leaving the gauge bonded to the surface.
The component was then placed under the column of the equipment and, using the
microscope, the gauge was lined up with the crosshairs. Once the specimen was in
place, it was clamped to the bench to prevent it moving during drilling. The drill was
then positioned under the column and lowered to a point just over the surface. The
strain gauge leads were connected to a P3 strain indicator and balanced so that they all
read zero. Using the computer control the drill incrementally machined through the
gauge surface. When it reached the surface of the component an electrical contact was
made and the drill stopped. This ensured that the drill was at the surface of the
component and the initial settings were recorded in the computer so that the test could
begin.

The drill machined a 1.2mm deep hole in 15 stages, each stage being

progressively longer than the last, which meant that more readings were made during
the early stages of the test. After each stage, the sample was left for 3-5 minutes to let
the surface of the component settle. This was done to obtain a more accurate strain
reading. The strain values were recorded by the computer and the next stage was
performed. Once the 1.2mm hole was complete the drill was withdrawn from the hole
and the diameter was measured using the microscope, crosshairs and stage. The hole
diameter was fed into the computer and the software calculated the residual stress data.
After the test was completed, the gauge was removed from under the residual stress rig
and detached from the P3 recorder. The wires were then pulled off the gauge to see
how strong the gauge/surface bond was.

Ideally the gauge should remain on the

surface. Following this the gauge was removed from the surface with a scalpel and the
surface was visually examined. Ideally the surface should have a 100% matt finish
denoting a good gauge/surface bond. These two steps were completed to ensure quality
control and the results were recorded. This process was repeated for different samples.

3.3.4

Component Microstructure Analysis

Metallography and electron back scattered detection (EBSD) techniques were both used
to analyse the microstructure of the machined components. The experimental procedure
is described in the following sections.
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Metallography
All metallography during the project was completed at AWE plc. A radial cross section
was taken from each specimen and mounted in either Bakelite or a thermoplastic. The
samples were then ground using incrementally finer SiC paper up to 1200 grade and
then polished starting with 6μm diamond paste and finishing with 1μm diamond paste.
The samples were subsequently etched using Marble’s reagent (CuSO4 mixed with HCL
and water). Highly alloyed steels such as 304L have a high resistance to corrosion and
require a highly corrosive etch such as Marbles reagent.

The samples were then

examined under an optical microscope and images of sub-surface deformation across
the radial cross section were taken. An example micrograph can be seen in Figure 5.16.
EBSD Analysis
To supplement the findings of the metallographic analysis, EBSD analysis was carried
out on several specimens. All EBSD analysis was conducted on a Zeiss Supra 40VP
instrument that used TSL orientation imaging microscopy 4.6 analysis software. Before
being placed in the electron microscope each specimen had to be polished to ensure the
surface was a mirror finish. Initially the process was exactly the same as the preparation
route for metallography. Once the specimens were polished using a 1μm diamond
paste, a further polishing step was completed using a 0.3μm diamond paste. A final
polish was completed using a vibratory polisher and 0.05μm colloidal silica. Once
prepared, the specimens were, in turn, imaged using the electron microscope using a
20keV accelerating voltage. As the microscope scans the surface of the specimen the
software calculates the lattice reflections based on expected lattice parameters that the
user inputs. From the lattice reflections, diffraction patterns are created that show the
crystal orientation. Of interest in this research was the detection of martensite and
austenite. The unit cell parameters for martensite (tetragonal) were inputted as a =
2.84å and c = 3.018å, and for austenite (cubic) the unit cell parameter a = 3.65å was
used. Using these parameters the software was capable of determining whether any
austenite or martensite was present.

63

3.4

Ancillary Experimentation

The following section describes the method and results of ancillary experiments that
were completed to calibrate the infrared pyrometer and the AE piezoelectric sensors.

3.4.1

Determination of the Thermal Emissivity of the Cutting Inserts

To calibrate the infrared pyrometer, the thermal emissivity of the cutting inserts had to
be determined. A cutting insert was mounted on a stand, put inside a furnace and heated
to a known temperature. Once equilibrium was established within the furnace, the
doors were opened and the pyrometer took an instant reading. The emissivity was
altered on the pyrometer so that the temperatures matched and the experiment was
repeated. Over the temperature range 25-500°C the emissivity of the cutting insert
varied between 0.25 and 0.3. The emissivity value that best described the temperature
over that range was 0.25 and was chosen to be the value for use during machining
operations.

3.4.2

Acoustic Emission Transmission Tests

AE recorded by the PICO sensor has to travel through the cutting insert – tool holder
interface. To try to determine what the effect this interface has on the AE recorded,
transmission tests were carried out. This involved using superglue to put one PICO
sensor on the cutting insert, one PICO sensor on the tool holder, and recording the AE
generated from three pencil lead break tests. Each PICO sensor has an individual
frequency response; however it should be possible to compare the waveforms generated.
The results of one of the transmission tests are shown in Figures 3.7 and 3.8.
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Figure 3.7: Transmission test showing the AE recorded by the PICO sensor on the
cutting insert, frequency spectrum and calculated AE energy.

Figure 3.8: Transmission test showing the AE recorded by the PICO sensor on the tool
shank, frequency spectrum and calculated AE energy.
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The results show that both sensors have captured the same AE event. The effect of the
AE having to travel further through the cutting insert, tool shank and also across the
insert-tool interface is to reduce the recorded AE energy. This energy loss is roughly
1% and should not affect the results of AE recorded during machining operations. The
frequency content of each record shows similar peaks, although the spectra are not
identical. This is expected as the sensors each have individual frequency responses.
The other transmission tests are included in Appendix E, but show very similar results.

3.4.3

WD Vs PICO Sensor Comparison

Another calibration experiment was needed to investigate the differences between the
AE recorded by the WD and PICO sensors. To investigate this, the two sensors were
attached with superglue on equatorially opposite sides of a copper hemisphere. AE was
subsequently recorded from 15 pencil lead breaks on the pole of the hemisphere.
Examples of AE from one of the pencil lead break tests on the copper sphere recorded
by the PICO and WD sensor can be seen in Figures 3.9 and 3.10 respectively.

Figure 3.9: Power spectrum density of AE from pencil lead break on a copper
hemisphere recorded using the PICO sensor
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Figure 3.10: Power spectrum density of AE from pencil lead break on a copper
hemisphere recorded using the WD sensor
The results show that the AE waveform that is recorded by both sensors has the same
arrival time, as expected. The initial amplitude recorded by the two sensors looks very
similar, but the AE waveform recorded by the WD sensor is of longer duration than the
PICO sensor after the initial burst. The frequency spectra measured by the two sensors
also show differences, the main difference being that the WD sensor is more sensitive at
frequencies below 100 kHz. A selection of the other pencil lead records are shown in
Appendix E. Each test shows a unique signal as expected, but the general pattern of the
PICO and WD waveforms is consistent. The AE energy for each test recorded by the
PICO and WD sensor is plotted in Figure 3.11 along with the percentage difference
between the two which can be seen to be relatively stable at around 50% with a
variation of ± 3.5%.
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Figure 3.11: AE energy of pencil lead break tests of copper hemisphere for the PICO
and WD sensors.

3.4.4

Couplant Tests

The final calibration test was conducted to check whether the addition of silicone
sealant as a surrounding couplant to the cyanoacrylate affected the AE recorded. A
PICO sensor and a WD sensor were attached to the underside of a tool holder with
cyanoacrylate and six pencil lead breaks were recorded. The WD sensor was removed
and reattached with additional silicone sealant, and the experiment was repeated. The
experimental setup can be seen in Figure 3.12.
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Figure 3.12: The couplant test experimental setup.
The results of tests to investigate the effect of the couplant used to bond the sensors can
be seen in Figure 3.13. The experimental conditions that were varied included using
superglue and using superglue surrounded by silicone that had had different amounts of
time to set.
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Figure 3.13 Effect of coupling on AE energy recorded by the PICO and WD sensors.
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Figure 3.13 shows that, as with the previous tests, when only superglue is used as a
couplant the percentage difference in AE between the PICO and WD sensor is roughly
50%. When silicone is introduced the AE energy recorded is lower and the percentage
difference reduces to 25%. This is attributed to the silicone acting as a damper for AE.
The results show that there is consistency between all of the silicone results, with little
difference observed with the various drying time within the experimental error in
percentage observed in sub-section 3.4.3. The differences in the frequency spectrum
that are observed are similar to the differences that are observed in sub-section 3.4.3,
which is to be expected as the same sensors are used. In general, the WD sensor records
more frequency content below 100 kHz. These spectra can be seen in Appendix E.
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Chapter 4

On-line Process Monitoring Results
This chapter details the results measured and subsequently analysed from on-line
monitoring of the machining process. All of the results were recorded simultaneously
during the metal cutting process. As detailed earlier, the on-line measurements recorded
were cutting forces, tool insert temperature and AE. The analysis of cutting forces and
tool insert temperature is relatively straight forward. The analysis of the AE is more
complex. The complete AE record of the machining process was recorded, details of
which can be found in Chapter 3. Due to the advances in computational processing
power and availability of large data storage devices it was decided that the entire AE
data set was recorded for both piezoelectric transducers covering the machining process
from start to finish. This 2-channel AE record was processed in numerous ways to fully
determine if there are any links to post-machining component quality. Comparisons of
the on-line processing data with workpiece quality assessments are made in Chapter 6.

4.1

Cutting Forces

An example of the three axis cutting force data recorded during machining can be seen
in Figure 4.1. Machining operations start roughly 27 seconds into the data acquisition.
Prior to this there is some background noise in the signal due to vibrations of the
machine tool. The commencement of machining coincides with a sharp increase in the
cutting force on all three axes followed by a plateau where cutting forces oscillate
around an average value. This oscillation is most likely due to brief periods of cutting
force relaxation as the swarf breaks and chips are formed. The last 15 seconds of the
machining operation show a slight variation in the cutting force near the centre of the
component when the material removal rate is at its lowest. This trace is typical of
experiments with small depths of cut. An average cutting force value over the plateau
region is simple to calculate. When the depth of cut is larger than 0.7mm, however, the
cutting forces become more complex. An example can be seen in Figure 4.2.
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Figure 4.1: An example of the cutting force data collected during machining using a
0.45mm depth of cut and a feed rate of 50mm/min.
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Figure 4.2: An example of the cutting force data collected during machining using a
1.3mm depth of cut and a feed rate of 50mm/min.
It can immediately be seen that the higher depth of cut has led to increased cutting
forces with a higher amplitude of oscillation. It can also be observed that the cutting
forces increase as the tool moves towards the centre of the component. The last 10
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seconds of the cut show decreasing cutting forces until the very centre of the component
is reached and forces increase again to remove the pip generated at the centre of the
component.
To compare the cutting forces generated as the depth of cut and feed rate are varied, an
average force reading on each axis is taken from the measured data. To get an estimate
of the error in this measurement a standard deviation is calculated. For the results
shown in Figures 4.1 and 4.2, the standard deviation of the tangential, normal and axial
cutting forces all vary between 21-26% of the average. This result shows that there is a
large oscillation of the cutting forces during machining that is independent of the
machining parameters. The correlations between average cutting force and material
removal rate for 25, 50 and 100mm/min feed rates are shown in Figures 4.3, 4.4 and 4.5
respectively.
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Figure 4.3: Average tool force vs material removal rate with a 25mm/min feed rate.
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Figure 4.4: Average tool force vs material removal rate with a 50mm/min feed rate
employed.
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Figure 4.5: Average tool force vs depth of cut with a 100mm/min feed rate employed.
The results illustrate that there is a linear relationship between the cutting forces on each
axis and the material removal rate employed. As the feed rate is increased, the material
removal rate increases and the gradient of the linear relationships decrease slightly
across all three axes. The raw data also shows that, when the depth of cut is below
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~0.4mm, the cutting force in the axial direction is greater than the force in the normal
direction. As expected, the cutting forces that act tangentially onto the tool tip are the
largest of the three axes. The slope of axial force against material removal rate shown
in Figures 4.3 to 4.5 seems to be a little steeper at low removal rates whereas the normal
forces seem to show the opposite curvature. The best-fit lines for the tangential forces
seem to extrapolate to zero, although it is possible that all three components have a
small offset error.

4.2

Tool Tip Temperature

A typical series of temperature measurements can be seen in Figure 4.6. Machining
operations begin after approximately 10 seconds and are accompanied by a rise in
temperature. The temperature generally plateaus after 30 to 40 seconds. The cut
finishes after 70 seconds and the insert temperature drops back towards ambient.
During the early stages of the cut, small swarf chips are generated that do not block the
optical path of the pyrometer. Towards the end of the cut the swarf is generated in a
ribbon configuration that can tend to bundle near the cutting insert, blocking the optical
path. The pyrometer must be a precise distance away from the cutting insert, and so any
swarf blocking the sensor will shorten this distance and this is manifest by apparent
rapid changes in temperature, which have been disregarded in the analysis.
Figure 4.7 shows the average temperature calculated from the plateau region of each
temperature trace. The difficulty in acquiring data with the pyrometer is that it has to be
a very precise distance away from the target and aimed at a precise area of the cutting
insert. Whilst every attempt was made to minimise movement of the sensor, vibrations
of the machine tool made this difficult to accomplish. The standard deviation of the
averages in Figure 4.7 ranges between 2 and 6 degrees. To reflect this, an error bar of
±6oC has been added to the results.
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Figure 4.6: Cutting insert temperature estimation measurements during machining with
a feed rate of 50mm/min for various depths of cut.
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Figure 4.7: Relationship between cutting insert temperature and material removal rate
for various feed rates.
The results show that, in general, increasing the material removal rate increases the
cutting insert temperature for a given feed rate, although the slope decreases with
increasing feed rate, suggesting that the feed rate has less effect than the depth of cut or
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cutting speed in generation of heat in the insert. The slightly lower normal cutting
forces compared with tangential force measurements are not enough to explain the
magnitude of the difference, so it must be related to the way that heat is transferred from
the cutting site. Both feed rate and depth of cut affect the contact area between tool and
workpiece, whereas the cutting speed only affects the rate at which the contact area is
fed by new material. Thus, the removal rate is made up of a speed multiplied by a
contact area, and isolating one dimension of the contact area does not reveal the true
effect. The slope is probably also steeper at lower material removal rates because, as
the material removal rate increases, the temperature at the cutting site increases and so
the yield stress decreases, reducing the amount of heat generated. Also, the continued
attachment of the swarf at higher feed rates allows more heat to be transferred to it by
conduction before it is removed from the workpiece.

4.3

Acoustic Emission Data Processing and Results

As previously discussed, the entire AE data set was recorded for both piezoelectric
transducers covering the machining process from start to finish.

This machining

process lasted between thirty seconds and two minutes depending on the feed rate
employed. Recording at a sample rate of 2MS/sec thus produced data sets that had up
to 240 million data points per transducer taking up gigabytes of disk space. Whilst
streaming these data sets to a hard disk drive is possible, providing the computer
memory is high enough, the real challenge surrounds the subsequent processing of the
data to interrogate it for frequency and energy content.

Simple data analysis

programmes such as Microsoft Excel will only allow some 65,000 data points to be
analysed on any one data sheet and therefore is unusable. As LabVIEW had been
employed to record the data, the decision was made to write specific LabVIEW
programmes to analyse the large data sets. The treatment of the analysis of the AE data
has therefore been split into sections that include; LabVIEW programming, Joint TimeFrequency analysis, RMS voltage results, AE energy analysis of unprocessed and
averaged data, demodulated resonance analysis and mean frequency analysis.

4.3.1

LabVIEW Programming

Several LabVIEW programmes have been designed to analyse the AE data sets, and
although they all produce different outputs, they all are based around a very similar
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architecture. The problem that had to be addressed was that the hardware and software
was not sufficiently powerful to analyse each unprocessed data set. One way of solving
this was to split the data set into a number of equally sized parts, perform the necessary
analysis and “stitch” the resulting analysed segments back together. For other required
outputs it was necessary to extract selected segments from the unprocessed data (vastly
reducing the number of data points) before analysing the data segment. This generally
meant that only relatively small segments could be analysed. If longer data segments
were required, then it was possible to average the unprocessed data, effectively resampling the data. This was done by taking a specific number of points, averaging
them, and replacing a number of points with one point before moving on to the next set
of unprocessed data points. Although this enabled the analysis of much larger segments
of the unprocessed data, this re-sampling reduces the observable frequency range.
All of the programmes work in a similar manner. First, the file name, file size and
number of parts that the unprocessed data is to be split into are specified.

The

programme then reads the binary data header and uses the information stored to convert
the binary data back to the original waveform data. From this point on each analysis
programme is different and will be described in more detail in the relevant section.

4.3.2

Joint Time-Frequency Analysis

The Joint Time-Frequency (JTF) analysis approach was used to visualise the acoustic
emission generated as the machining operation progressed. The LabVIEW programme
passed the data segments, described in sub-section 4.3.1, through a Short-Time Fourier
Transform (STFT) in turn. The programme then attached each data segment in turn
onto the last to build a complete spectrogram of the entire machining operation. A copy
of the LabVIEW code for this and the other programmes can be found in Appendix F.
The spectrogram plots time on the x-axis, frequency on the y-axis and amplitude
(indicated by colour) on the z-axis. Examples of JTF spectrograms can be seen in
Figures 4.8 and 4.9.
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Figure 4.8: JTF spectrogram showing the evolution of acoustic emission during a
machining operation using a feed rate of 50mm/min and a 0.25mm depth of cut.

Figure 4.9: JTF spectrogram showing the evolution of acoustic emission during a
machining operation using a feed rate of 50mm/min and a 1.1mm depth of cut.
The creation of spectrograms for each machining operation was valuable as it provides a
visual ‛fingerprint’ of the acoustic emission generated. Differences can be observed and
qualitative judgements can be made. For example, as time increases, the tool moves
closer to the centre of the component thus reducing the cutting speed. The reduction in
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cutting speed results in a reduction in the material removal rate which in turn leads to
less AE being generated. Figures 4.8 and 4.9 also show that the amplitude of the AE
that is generated decreases with a reduction of cutting speed. The reduction of AE
generated and also AE amplitude results in a reduction of AErms (root mean squared)
with a reduction in cutting speed. This observation is seen in all spectrograms and is in
agreement with the findings of Deniz et al [32] as detailed in the literature review.
The major advantage of the JTF technique is that the entire spectrum of AE generated
can be viewed at once without having to re-sample the data. The downside of this
approach is that the spectrogram is difficult to quantifiably interrogate. To obtain
quantitative data the programme was modified to include a Butterworth band-pass filter
and a sub-programme to calculate the RMS value.

4.3.3

RMS Voltage Results

Figures 4.8 and 4.9 both show the modified programme that not only displayed the JTF
spectrogram but also the result of the RMS calculation. At the beginning and end of
each spectrogram there is a 2-3 second period where there is no AE recorded. This will
introduce a numerical error into the RMS calculation. As this period is small with
respect to the total waveform, and affects all of the AE waveforms and subsequent RMS
calculations; this error has been considered negligible. In addition, high and low cut-off
controls were included to be able to use software to filter the data to specific frequency
bands. An example of a filtered spectrogram can be seen in Figure 4.10.
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Figure 4.10: JTF spectrogram showing the filtered acoustic emission between 0.3 0.5MHz during a machining operation using a feed rate of 50mm/min and a 0.25mm
depth of cut.
Figures 4.11 and 4.12 show the RMS results calculated for the unfiltered PICO and WD
sensor data plotted against material removal rate, again sorted for each of the feed rates.
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Figure 4.11: AE RMS measured using the PICO sensor versus material removal rate for
each feed rate.
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Figure 4.12: AE RMS measured using the WD sensor versus material removal rate for
each feed rate.
The results show a general increase in AE RMS with increasing material removal rate.
It is clear that increased energy is required to remove the material and hence the
amplitude of the AE signal generated is higher. The reducing gradient is probably
associated with the increasing temperature at the cutting site which reduces the energy
required to deform a given volume of material. As with the tool temperature, the curve
for the highest feed rate is somewhat lower than for the other two feed rates, a fact that
can again be explained by a higher cutting temperature and this is reflected in the
reducing slopes of the tangential cutting force with material removal rate shown in
Figure 4.3 to 4.5.
The AE signals were also filtered into a series of bands and the variation of the RMS
values with the material removal rate within these bands was investigated.

The

frequency bands chosen were 0.1-0.3MHz, 0.3-0.5MHz, 0.5-0.7MHz, 0.7-1MHz and
0.1-1MHZ. An example of the band filter results is shown in Figures 4.13 and 4.14.
The remaining graphs are included in Appendix G.
The filtered graphs all show a similar trend to the unprocessed data; increased RMS
with increased material removal rate. The filtered RMS results presented here and in
Appendix G show that the RMS of the AE increases at a slower rate when a high feed
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rate is employed, a similar trend to that shown in Figures 4.11 and 4.12. All of the data
points in Figure 4.13, recorded using the WD sensor, have a lower RMS value than the
data points in Figure 4.14 recorded by the PICO sensor. This is to be expected due to
the transmission attenuation of the AE as it passes through the tool tip and tool shank to
the WD sensor.
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Figure 4.13: AE RMS vs material removal rate for various feed rates measured using
the WD sensor filtered to only allow data between 0.7 and 1MHz.
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Figure 4.14: AE RMS vs material removal rate for various feed rates measured using
the PICO sensor filtered to only allow data between 0.7 and 1MHz.
The R2 values in Figures 4.13 and 4.14 again show good correlations apart from the
25mm/min data set measured using the WD sensor. This was also seen in Figure 4.12
and is probably associated with the transmission of the AE across the interface and the
frequency response of the WD sensor. Despite the reduced correlation values, visual
inspection of the data shown in Figures 4.12 and 4.13 reveals that a similar trend is
occurring with all of the data sets.

4.3.4

Acoustic Emission Energy Analysis

This section contains the AE energy analysis for both the unprocessed AE signal, and
the demodulated signal.
Energy of Unprocessed AE
To try to obtain more quantitative analysis that did not reduce the large amount of AE
data to a single RMS figure, it was decided to look at the power spectrum density of
selected parts of the acoustic emission in greater detail. Using a power spectrum
density Fourier transform programme it was only possible to process 1-2 seconds of
data (approximately four million samples) at any one time. Using the basic programme
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described in sub-section 4.3.1, each data segment was processed in turn until the
programme reached the portion of the waveform that had been specified. Any data
before and after this portion was removed to free up memory before the selected portion
was analysed using an FFT. This produced the power spectrum density for the selected
portion of the signal over the entire 0-1MHz range. Using this data the energy of the
power spectrum density was calculated. In an attempt to compare the AE with the
measured residual stress measurements in general, portions of the AE trace were
analysed that corresponded to the area on the sample where the residual stress
measurement was taken. An example of the full power spectrum density analysis output
can be seen in Figure 4.14.

Figure 4.14: Image of the power spectrum density analysis programme used to calculate
AE energy.
The results of the AE energy (integral of the power spectrum density) plotted against
material removal rate as recorded by the PICO and WD sensors can be seen in Figures
4.15 and 4.16 respectively.
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Figure 4.15: AE energy of the unprocessed data vs material removal rate for various
feed rates measured using the PICO sensor.
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Figure 4.16: AE energy of the unprocessed data vs material removal rate for various
feed rates measured using the WD sensor.
Figures 4.15 and 4.16 both show similar trends, in that the AE energy of the power
spectrum density increases as the material removal rate increases. The rate at which the
AE increases with material removal rate changes depending on the feed rate. This
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effect is very similar to effects seen with AE RMS, shown in Figures 4.11 and 4.12, and
is explained in sub-section 4.3.3. This is to be expected as generally the RMS of a time
domain signal should be the same as the energy of a frequency domain signal. The R2
values displayed in Figures 4.15 and 4.16 show good correlations. In general, the
correlation is slightly worse when the WD sensor is used. This is due to the increased
transmission distance and interfaces that the signal has to pass through.
Energy of Demodulated AE
As previously described, the high AE sampling rate means that only a 1 to 2 second
snapshot of unprocessed AE data can be analysed at any one time. Whilst this is useful
for some aspects of the signal, it is also desirable to be able to investigate the signal over
a longer time period. To enable this, the LabVIEW programme described in Section 5.1
was modified to take ten data points, average them, and replace the ten data points with
the one averaged point. This was then repeated for the remainder of the signal, thus resampling the data and reducing the number of data points by a factor of ten. This
demodulation process enables around 15 seconds of averaged AE data to be analysed,
however as the sampling rate is lower, the frequency range is correspondingly reduced
to 0-0.1MHz. The averaged AE power spectrum density energy is calculated and then
the energy is normalised before the waveform graph is plotted. This process can be
carried out for different averaging times. An example of the averaged AE power
spectrum density analysis output can be seen in Figure 4.17.
When the scale of Figure 4.14 is expanded to only view the region of 0-0.1MHz, the
unprocessed AE power spectrum density closely matches the averaged AE power
spectrum density shown in Figure 4.17. This can be seen in Figure 4.18

87

Figure 4.17: Image of the averaged AE power spectrum density analysis programme
used to calculate AE energy.

Figure 4.18: Image of power spectrum density produced from 1 sec of raw data shown
in Figure 4.14. The frequency axis has been scaled to show 0-100kHz.
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From the analysis of averaged data it was possible to plot graphs to investigate how the
averaged AE energy varied with material removal rate as recorded by the PICO and WD
sensor, shown in Figures 4.19 and 4.20.
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Figure 4.19: AE Energy of the averaged data v material removal rate for various feed
rates measured using the PICO sensor.
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Figure 4.20: AE Energy of the averaged data v material removal rate for various feed
rates measured using the WD sensor.
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The results are similar to those observed with the unprocessed data. There is a general
increase of AE energy with material removal rate. The gradient of the increase is
depended on the feed rate used.

R2 values shown in the graphs suggest good

correlations between the AE energy and the material removal rate. It was surprising
that the correlation of the results using the PICO sensor is lower than the WD sensor. It
is thought that this is an effect from the averaging process.

4.3.5

Demodulated Resonance Analysis

The main value in demodulating the AE signal is that it can reveal frequencies not
visible in the raw FFT, including those below the analogue pre-amplifier filter cut-off
frequency, 20kHz and the frequency response of the sensors, 0.1-1MHz. In machining
operations, important frequencies associated, for example, with chip departures or
vibrations of the tool holder may have an effect on the AE. Additional analysis was
therefore carried out on the demodulated AE data to try to identify any trends in
particular frequencies within the power spectrum density. For each specimen, the
power spectrum density was examined and the frequency and amplitude of any
significant peak was recorded.

A significant peak was defined as one that was

observable above the background noise. From this data a spreadsheet was created
indexing the peak position and amplitude height for all the specimens. Graphs showing
peak amplitude verses material removal rate for a particular frequency as recorded by
either the PICO or WD sensor were created. These graphs are all shown in Appendix
H. The covariance of the data was calculated for each graph. Those data sets with a
high covariance were highlighted to see if there was an underlying reason for the
observed correlation. Correlations were observed at frequencies of 4.5kHz, 14kHz and
52kHz measured using the WD sensor and can be seen in Figures 4.21, 4.22 and 4.23.
The R2 values displayed on Figures 4.21-4.23 show the correlation of AE peak
amplitude with material removal rate regardless of the feed rate used. The correlations
are all strong and all are over 0.75. At high material removal rates, peaks at these
frequencies were observed with the PICO sensor, but at much lower amplitudes than the
WD sensor. At lower material removal rates the PICO sensor recorded no visible peaks
above the background signal at these frequencies; hence further analysis was pursued on
the WD signal only.
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To try to investigate this content below 20kHz further, the WD signal was demodulated
using a higher averaging constant: 50. When the high averaging factor was employed,
the same peaks (i.e. 4.5kHz, 14kHz and 19kHz) remained with roughly the same
relative amplitude as observed when an averaging factor of 10 was used. This can be
seen in Figures 4.24 and 4.25.
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Figure 4.21: Graph illustrating the relationship between the amplitude of AE peaks at
4.5kHz with material removal rate as measured using the WD sensor.
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Figure 4.22: Graph illustrating the relationship between the amplitude of AE peaks at
14kHz with material removal rate as measured using the WD sensor.
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Figure 4.23: Graph illustrating the relationship between the amplitude of AE peaks at
52kHz with material removal rate as measured using the WD sensor.
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Figure 4.24: Image of AE averaged with a factor of 10.

Figure 4.25: The same AE as in Figure 4.24 but has been averaged with a factor of 50.
Note the same position and amplitude of peaks at 4.5kHz and 14kHz.
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It was noticed that altering the level of averaging by small amounts in the demodulated
signal resulted in the appearance of some peaks which moved in the spectrum and could
not therefore be real indicators of the data. This is highlighted in Figures 4.26, 4.27 and
4.28 where the same AE signal is averaged with a factor of 51, 50 and 49.

Figure 4.26: Demodulated power spectrum density signal averaged with a factor of 51.
Stationary peaks are marked with an arrow, peaks that evolve through Figures 4.27 and
4.28 are circled.
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Figure 4.27: Demodulated power spectrum density signal averaged with a factor of 50.
Stationary peaks are marked with an arrow, peaks that evolve are circled.

Figure 4.28: Demodulated power spectrum density signal averaged with a factor of 49.
Stationary peaks are marked with an arrow, peaks that evolve are circled.
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To eliminate these moving frequencies, a low-pass filter was employed before the
averaging process occurred.

The results can be seen in Figure 4.29.

This result

confirms that the moving peaks were artefacts created from rolling over the analogue
frequency cut-off. For this reason, the artefact peaks were ignored and further analysis
was continued on the interesting results shown in Figures 4.21-23.
It should also be noted that when analysing the peak height amplitudes in relation to the
material removal rate, several of the graphs showed interesting trends. These are shown
in Figures 4.30 and 4.31.

Figure 4.29: Demodulated power spectrum density signal averaged with a factor of 50.
Artefact peaks removed using a low-pass filter at 20kHz.
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Figure 4.30: Graph illustrating the variation of averaged AE peak (78kHz) amplitude
with material removal rate measured using the PICO sensor.
Figures 4.30 and 4.31 show a similar trend that has been seen before, namely that the
AE peak height amplitude increases with material removal rate, but this increase is
different for various feed rates. The slower feed rates both possess a much higher
gradient than the faster 100mm/min feed rate.
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Figure 4.31: Graph illustrating the variation of averaged AE peak (78kHz) amplitude
with material removal rate measured using the WD sensor.
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It should be noted that whilst there appears to be a visually similar pattern emerging to
those displayed in Figures 4.12 and 4.14, the R2 coefficients illustrate that the
correlation is not as strong as some of the other relationships detailed in this chapter.

4.3.6

Mean Frequency Analysis

As discussed in Section 2.2 of the literature review, analysis of the mean frequency has
previously led to links between cutting conditions and the AE signal. Rangwala et al
[36] published data where changes in AE mean frequency were recorded as a function
of cutting speed. The experimental setup that has been used in this research is such that
the cutting speed varies as the tool passes across the workpiece. To collect data to
compare with existing literature, AE snapshots of approximately 1 second in duration
taken from various points during the machining operation have been analysed.
Knowing the feed rate and the time when the AE was recorded, it is possible to
calculate the cutting speed at that point. To calculate the mean frequency of the AE
snapshot the LabVIEW programme detailed in sub-section 4.3.1 was amended. The
mean frequency, f , was calculated using the following relationship:
n

f =

∑a

i

⋅ fi
(4.1)

i

n

∑a

i

i

Using data from the power spectrum density, the programme takes the frequencies, f,
between i and n (0 – 1MHz), and uses the corresponding amplitudes, a, to calculate the
weighted mean frequency.

A copy of the LabVIEW programme can be seen in

Appendix F. Figure 4.32 shows the LabVIEW programme selecting an AE snapshot,
performing an FFT to show the power spectrum density, and finally calculating the
mean frequency. In addition to the mean frequency, the standard deviation and AE
energy was also calculated and displayed for each AE snapshot. To calculate the
standard deviation, σ , of the mean frequency, the following relationship was used:

∑ a ⋅ (f
n

σ=

i

i

−f

)

2

(4.2)

i

n

∑a

i

i
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Figure 4.32: Image of the LabVIEW programme that was used to calculate the mean
frequency of the AE signal.
The AE generated from 5 different depths of cut was analysed in this way to produce
data showing the variation of mean frequency with cutting speed for the three different
feed rates as measured by the PICO and WD sensors. Figures 4.33 – 4.37 show the
corresponding results measured using the PICO sensor and Figures 4.38 – 4.42 those
using the WD sensor. On each graph the black line plots the averaged experimental
data produced by Rangwala et al. It should be reminded that Rangwala et al used a
different material and geometry; tubular 6061-T6 aluminium alloy components.
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Figure 4.33: Variation of mean frequency with cutting speed using 0.05mm depth of cut
for the three different feed rates as measured by the PICO sensor.
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Figure 4.34: Variation of mean frequency with cutting speed using 0.25mm depth of cut
for the three different feed rates as measured by the PICO sensor.
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Figure 4.35: Variation of mean frequency with cutting speed using 0.7mm depth of cut
for the three different feed rates as measured by the PICO sensor.
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Figure 4.36: Variation of mean frequency with cutting speed using 1.1mm depth of cut
for the three different feed rates as measured by the PICO sensor.
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Figure 4.37: Variation of mean frequency with cutting speed using 1.5mm depth of cut
for the three different feed rates as measured by the PICO sensor.
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Figure 4.38: Variation of mean frequency with cutting speed using 0.05mm depth of cut
for the three different feed rates as measured by the WD sensor.
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Figure 4.39: Variation of mean frequency with cutting speed using 0.25mm depth of cut
for the three different feed rates as measured by the WD sensor.
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Figure 4.40: Variation of mean frequency with cutting speed using 0.7mm depth of cut
for the three different feed rates as measured by the WD sensor.
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Figure 4.41: Variation of mean frequency with cutting speed using 1.1mm depth of cut
for the three different feed rates as measured by the WD sensor.
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Figure 4.42: Variation of mean frequency with cutting speed using 1.5mm depth of cut
for the three different feed rates as measured by the WD sensor.
The above graphs highlight a similar trend in that the peak observed by Rangwala et al
occurs at a much lower cutting speed for the experimental system used in this research.
On the graphs where a peak is not visible, there is nearly always a sharp rise in the mean
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frequency at the lowest cutting speed. In general, the results show either a steady
decrease or plateau in mean frequency at higher cutting speeds.
As can be seen in Figure 4.32, whilst calculating the mean frequency of each AE signal,
the standard deviation was also calculated. The broadband nature of the AE signal
dictates that the standard deviation will be high and it is fairly consistent at around
34kHz.

Visual inspection of the above graphs shows that measuring the mean

frequency can be quite variable, and that all of the curves do not mimic the exact shape
of the results published by Rangwala et al. The results do however; suggest that with
this material, there is a definite peak in the mean frequency when a cutting speed of
15,000 – 20,000 mm/min is used. The significance of these results will be discussed in
more detail in Chapter 6.
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Chapter 5

Post-Machining Workpiece Quality Assessment
This chapter describes the assessment of the quality of the machined components. Of
primary interest is the surface finish and residual stress.

Additional tests were

conducted to determine the component hardness and microstructure to further
understand any transformations that have occurred from the machining process. After
machining, the surface finish was first recorded followed by hardness measurements.
Next, the components were assessed for residual stress and then finally sectioned for
metallography and EBSD analysis.
The results are grouped by the three different feed rates used during manufacture; 25, 50
and 100mm/minute. As specified in Chapter 3, measurements were also taken for a
small number of components where three successive cuts of the same depth were made
using a feed rate of 50mm/min instead of just one cut. This small study was carried out
to investigate whether there was any effect of multiple passes of the cutting tool on the
final component quality.

5.1

Surface Finish Measurement

The surface finish of each machined specimen was measured using a Form Talysurf
stylus profilometer. Two dimensional (2D) trace profiles were initially recorded. The
average surface roughness values for all of the specimens can be seen in Figure 5.1.
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Figure 5.1: Variation of theoretical and experimental average surface roughness with
material removal rate.
With the exception of two data points the results clearly show that increasing the feed
rate has a strong effect on the resultant surface. The data also shows that increasing the
depth of cut has a negligible effect. This confirms machining theory that states that, in
general, a slower feed rate is required to improve the surface finish of a component. A
theoretical value for the surface finish (Ra) can be determined by considering only the
geometric contribution from the feed rate (f) and cutting nose radius (r) [32].

Ra =

f2
31.3r

(5.1)

As can be seen in Figure 5.1, the theoretical values for the surface finish are lower than
those actually measured. This is to be expected since other factors, including machine
tool vibrations, tool wear and chip deformation result in the expected surface finish
being rougher than the theoretically calculated value using Equation (5.1). In fact, it is
rather surprising that one experimental value shown in Figure 5.1 is marginally below
the theoretically calculated value for surface finish, although this data point falls within
the inherent measurement uncertainty in determining the surface finish and tool nose
radius. An estimate of the error surrounding the surface finish measurement has been
made by calculating the standard deviation of each set of results.
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The surfaces

machined using the slowest feed rate showed the largest standard deviation. When
machined surface finishes become very smooth (sub-micron) it becomes increasingly
difficult to ensure that external factors, that the machinist may not even be aware of, do
not influence the process by altering the vibration characteristics of the machine tool.
An example of this would be slight variations in the fixturing of the component or
tooling.
Three dimensional (3D) profiles were taken from a selection of components to try to
link surface variations directly with the AE generated.

An example of such a

measurement can been seen in Figure 5.2:

Figure 5.2: A three dimensional surface measurement on a specimen that was
manufactured with a feed rate of 100mm/min and a 0.05mm depth of cut.
The red areas indicate the highest points on the surface, and thus represent the parts of
the specimen that are not machined by the nose of the cutting tip. It is possible to see by
inspection that, within each groove, there is some surface profile height variation and
that each groove is not uniform. Within the surface profilometry software (Talymap), it
was possible to extract the groove in Figure 5.2 highlighted with a black line at the mark
labelled 2. This can be seen in Figure 5.3.
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Figure 5.3: Area of the 3D surface shown in Figure 5.2 extracted for further analysis.
Figure 5.3 shows the striations of the grooves more clearly. The tool tip has passed
down the blue track on the surface map and it is clear to see that there is variation in the
profile caused by vibration of the cutting tip. Using the Talymap software it was
possible to analyse this vibration by extracting curved 2D lines from the data set,
illustrated by the black lines drawn over Figure 5.3. Using the machining parameters,
the spatial data measured by the Form Talysurf was transformed to a time based data
set. This data was then analysed for the frequency content so that it could be compared
to the AE recorded during machining.

This was achieved by writing a custom

LabVIEW programme to read the extracted time based data set and calculate the power
spectrum density. An example of an extracted time based data set and corresponding
power spectrum density is shown in Figure 5.4. A copy of the LabVIEW programme
used to analyse the data is shown in Appendix F. This was repeated for different
specimens with different feed rates and depths of cut. Once the frequency spectra of the
samples were generated, each power spectrum density was analysed to index the peaks
that were present for their frequency and amplitude. Graphs were then plotted showing
how the amplitude of the frequency peaks varied with material removal rate. These
graphs can be seen in Appendix I. The covariance of each graph was calculated to
identify correlation.

The amplitudes of peaks at approximately 4.5kHz showed a

positive correlation with material removal rate. This relationship can be seen in Figure
5.5. It should be noted that the R2 values illustrate that the correlation is variable. This
is attributed to the variable nature of the process used to take 2D measurement profiles
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along a cutting path from a 3D image. From the limited data set available, it is clear
that there is a relationship present. The relevance of how this relationship compares
with the AE recorded during machining will be discussed further in Chapter 6.

Figure 5.4: Image of LabVIEW programme to investigate the extracted profile from the
3D surface map and calculate the power spectrum density.
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Figure 5.5: Graph highlighting the correlation between peak amplitude at 4.5kHz of the
extracted surface profiles with material removal rate.
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5.2

Hardness Testing

Average hardness measurements for each specimen were taken using a Vickers
hardness indenter.

The results can be seen in Figure 5.6.

The pink and orange

horizontal lines represent literature values for the hardness of austenitic and martensitic
stainless steel [46]. The blue horizontal line represents the literature value of austenitic
stainless steel that has been work hardened [46]. The first observation that can be made
is that the three control specimens, which were heat treated and not machined, all had
hardness values close to the annealed austenitic value. From this it is clear that the heat
treatment was successful in producing specimens that were in the annealed austenitic
state prior to machining. From Figure 5.6 it is also clear that as a result of every
machining operation, regardless of the machining parameters, the hardness of the
specimens rose to the work hardened level and in most cases exceeded it. No specimens
exceeded the martensitic hardness value. This data set contains two variables that
change the material removal rate; the feed rate and depth and cut. Therefore, when data
sets of a particular feed rate are examined in isolation, the only variable is the depth of
cut.

From Figure 5.6 it is possible to deduce that the 25mm/min feed rate and

100mm/min feed rate did not show any clear trend of hardness with depth of cut. As the
regression lines suggest, hardness appears to be independent of depth of cut for these
feed rates.

The 50mm/min feed rate values do, however, suggest that there is a

relationship between the depth of cut and the hardness of the surface created from the
machining operation.

When two heat-treated samples are machined with identical

cutting conditions they should, in theory, have very similar properties. To test the
validity of this, some combinations of depth of cut and feed rate were repeated on nonmachined, heat treated specimens, for example the samples with a material removal rate
of approximately 41,000mm3/min.

As can be seen in Figure 5.6 this experiment

resulted in a large variation in the hardness that was observed, 280HV as against
247HV.

This result illustrates the variability of the final component, as both

components had a very similar starting condition and were machined with identical
parameters yet produced vastly different surface hardness measurements. Experimental
errors in the hardness measurements displayed in Figure 5.6 have been determined by
comparing the standard deviation of the control, non-machined specimens to the
literature value for austenitic stainless steel grade 304L. The average deviation from the
mean hardness values of these components was ±4.61HV.
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In addition the R2 values show that there is no correlation between component hardness
and depth of cut when either a 100mm/min or 25mm/min feed rate is employed. There
is however a weak correlation when 50mm/min feed rate is used.
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Figure 5.6: Variation of surface hardness with material removal rate for various
different feed rates.

5.3

Residual Stress Measurement

This section details the experimental residual stress results measured using the holedrilling technique and also the use of a semi-analytical approach to calculate residual
stress data.
5.3.1

Experimental Residual Stress Data

Figure 5.7 depicts a typical residual stress profile generated from the hole-drilling
technique for a machined surface compared with a freshly annealed surface. As can be
seen, the initial annealing heat treatment process does not remove all of the residual
stresses and testing of the non-machined components showed that the starting residual
stress was between 0 and 50MPa. The residual stress profiles of all the specimens
followed a similar pattern; tensile residual stresses close to the surface reduced with the
depth of the hole drilled towards a value typical of the initial annealed residual stress.
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To compare values for the different specimens with each other and with literature
values, an average residual stress for the first 0.35mm below the surface of the
component was taken.

500
450
400

Residual Stress (MPa)

350
300
1mm Depth of Cut
Non-Machined

250
200
150
100
50
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Depth Below Component Surface (mm)

Figure 5.7: Typical variation of residual stress with depth below component surface.
Figures 5.8, 5.9 and 5.10 illustrate the variation of residual stress with material removal
rate for the 25, 50 and 100mm/min feed rates. In addition, each graph is also plotted
with cutting insert temperature on the secondary vertical axis. Data points labelled
“edge” refer to residual stress measurements taken towards the edge of the component,
and those labelled “mid” refer to measurements taken approximately half way between
the edge and the centre of the specimen. Repeated data points are those experiments in
which a non-machined, heat treated component was taken and machined using the same
cutting conditions as a previous specimen to investigate the repeatability. In each
figure, pink data points refer to the cutting temperature, and brown data points indicate
the control specimens that have not been machined. In Figure 5.9 there are some data
points referring to the multi-pass cuts. In addition, the “1st run” data points refer to the
data that was recorded at the inception of the project to briefly investigate the validity of
the theory. These data points suggested an increase of residual stress with material
removal rate. Based on this result, a full testing program varying the depth of cut using
different feed rates commenced.
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Figure 5.8: Graph showing residual stress and cutting insert temperature variation with
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Figure 5.9: Graph showing residual stress and cutting insert temperature variation with
material removal rate when a 50mm/min feed rate is employed.
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Figure 5.10: Graph showing residual stress and cutting insert temperature variation with
material removal rate when a 100 mm/min feed rate is employed.
The first observation that can be made is that the residual stress of all components that
have undergone a machining operation is significantly higher than the control
specimens, where residual stresses were below 50MPa. It can also be observed that the
residual stress of specimens machined with either a 25 or 100mm/min feed rate does not
vary significantly as the material removal rate is increased. Generally, the residual
stress of components machined with a feed rate of 25mm/min is between 75 and
125MPa, and the residual stress of components machined with a feed rate of
100mm/min is between 140 and 180MPa. The outlying data points are attributed to the
fact that the hole-drilling method requires there to be an excellent bond between the
surface of the component and the strain gauge. Whilst every care was taken to ensure
that the strain gauge was bonded well, it is possible that the bond may weaken during
drilling processes. In addition to this source of error, selecting locations to drill a 2mm
diameter hole is very subjective and it is quite possible that the residual stress state of
the component varies circumferentially on the component. Where seemingly spurious
results occurred, repeated residual stress measurements were taken at the same radial
point, but at a different circumferential location. The values of the repeated tests tend to
agree with the initial data results taken for that particular set of cutting conditions. The
average variation in repeated residual stress measurements from the initial
measurements was ± 29MPa.
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It was surprising that there was little observable change in the residual stress with
increased material removal rate for the 25 and 100 mm/min feed rates, especially when
the results recorded for the components manufactured with a 50mm/min feed rate do
tend to increase with material removal rate. Again readings are present that do not fit
with the general trend, and repeated residual stress measurements taken at different
circumferential points suggest that these results are spurious. Generally, the residual
stress of components machined with a material removal rate below 7500mm3/min is
somewhere between 100 to 150MPa. Heavier depths of cut and feed rates result in
increased material removal rates and show increased residual stress. As the feed rate is
increased from 25 to 50 to 100mm/min, the resulting residual stress of the components
increases from approximately 100 to 125 to 150MPa. Thus there appears to be a link
between increased residual stresses and increased feed rate. This is in agreement with
data from the literature published by Capello [12], Jang [14], and Outeiro [17]. The
estimated cutting insert temperatures have also been plotted on the residual stress
graphs. Although the R2 values for cutting insert temperatures are higher than the
residual stress values, it is interesting to note that the estimated temperatures show very
similar behaviour in their variation with material removal rate. This will be explored in
more detail in Chapter 6.
5.3.2

Semi-Analytical Residual Stress Calculations

As discussed in Chapter 2, Jacobus et al [69, 70] published a predictive model for subsurface residual stress generated during turning shown by Equation (2.7). To permit the
use of experimental data generated from this research in Equation (2.7) the orientation
of the workpiece, insert and cutting directions must be considered. This can be seen in
Figure 5.11. It is important to note that Jacobus et al conducted machining trials using a
different orthogonal turning operation to the face machining process that has been used
in this thesis, the difference being the direction in which the tool travels relative to the
(common) orientation of the machining axes.
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Figure 5.11: Schematic of cutting orientation and strain gauge placement.
Jacobus et al [69] treated the tool as a rigid body; the workpiece is assumed to be semiinfinite, homogenous and isotropic and to deform in a plane strain manner (ε33 = 0). The
assumptions of plane deformation in the workpiece, continuous and steady deformation
beneath the tool, and the traction-free nature of the newly machined surface result in the
following permissible residual strain and stress states:
⎡0
[ε ij ] = ⎢ε xz
⎢
⎢⎣ 0

⎡σ xx
⎢
[σ ij ] = ⎢ 0
⎢⎣ 0

ε zx
ε zz
0

0⎤
0⎥
⎥
0⎥⎦

(5.2)

0 0 ⎤
⎥
0 0 ⎥
0 σ yy ⎥⎦

(5.3)

From the strain gauge data determined experimentally ε2 = εzz, ε1 is taken from the strain
value at +45o and ε3 is taken from the strain value at -45o.
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Thus, using the general formula from Mohr’s Circle, γxy can be determined:
1
2

1
2

ε θ = (ε x + ε y ) + (ε x − ε y ) cos 2θ +

γ xy
2

sin 2θ

(5.4)

Hence at θ = -45o, εθ = ε3 :
1
2

ε 3 = (ε x + ε y ) −

γ xy

(5.5)

2

And at θ = 45o, εθ = ε1 :
1
2

ε 1 = (ε x + ε y ) +

γ xy

(5.6)

2

Subtracting Equation (5.5) from Equation (5.6):

γ xy = ε 1 − ε 3

where γxy = εxz

(5.7)

Jacobus et al postulated the following deformation flow fields for material points
passing beneath the cutting tool [69]:
u x = −C1 sec h(C 2 x)e ( C3 z )

(5.8)

u z = −C 4 sec h(C 2 x) tan h(C 2 x)e ( C3 z )

where x and z represent points in the coordinate system described in Figure 5.11 and C1,
C2, C3 and C4 are numerical constants greater than or equal to 0. C1 and C4 determine

the magnitudes of the deformations in the x and z directions. C2 determines the extent
of deformation fields in front of and behind the tool. C3 determines the depth of
penetration of the deformation field into the workpiece. Therefore, for this thesis, C3 is
a key parameter.
Using Equations (5.8), the total strains can be calculated based on small strain theory:

ε ij =

1 ⎡ ∂u i ∂u j ⎤
+
⎢
⎥
2 ⎣⎢ ∂x j ∂xi ⎥⎦

(5.9)

where xz = z and xx = x.
Hence:
1 ⎛ ∂u x ∂u z ⎞
+
⎟
∂x ⎠
2 ⎝ ∂z

ε xz = −ε zx = ⎜

and

ε zz =
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∂u z
∂z

(5.10)

Starting with εzz:

∂u z
= −C4 ⋅ C3 ⋅ sec h(C2 x) ⋅ tan h(C2 x) ⋅ e (C3 z )
∂z

ε zz =

(5.11)

To calculate εxz, the partial derivatives first have to be determined:

[

∂u x
= [− C1 sec h(C2 x)] ⋅ C3e (C3 z )
∂z

[

][

[

][

]

(5.12)

]

∂u z
= − C4 e ( C3 z ) ⋅ − C2 sec h(C2 x) ⋅ tan h(C2 x) ⋅ tan h(C2 x) + C2 sec h 2 (C2 x) ⋅ sec h(C2 x)
∂x
(5.13)
∂u z
(5.14)
= − C4 e ( C3 z ) ⋅ − C2 sec h(C2 x) ⋅ tan h 2 (C2 x) + C2 sec h 3 (C2 x)
∂x

]

Hence:
1
2

[

]

ε xz = − C1C3 sech(C2 x)e(C z) + C4C2e(C z) sech(C2 x) tanh2 (C2 x) − C2C4e(C z) sech3 (C2 x)
=

3

3

3

[

1
sec h(C 2 x)e (C3 z ) − C1C3 + C 4C 2 tan h 2 (C2 x) − C4 C2 sec h 2 (C2 x)
2

]

(5.15)

(5.16)

Since sech2x = 1 – tanh2x:

ε xz = sec h(C2 x)e (C z ) [− C1C3 + C4C2 tan h 2 (C2 x) − C4C2 − C4C2 tan h 2 (C2 x)]
1
2

=

3

[

1
sec h(C 2 x)e (C3 z ) 2C 4C 2 tan h 2 (C2 x) − C1C3 − C4C2
2

]

(5.17)

(5.18)

Jacobus et al used a non-linear optimisation algorithm to calculate values of the
deformation coefficients, C1, C2, C3 and C4 using experimentally determined values of
εzz and εxz, measured using X-ray diffraction, and Equations (5.11) and (5.18). The

determination of the deformation coefficients allows the calibration of the thermoelasto-plastic constitutive relationship; Equation (2.7).
It was recognised that calculating the deformation coefficients was a critical step in
calculating residual stress data using a semi-analytical approach.
From the data collected in sub-section 5.3.1, for every hole drilled there are 10
measurements, each one comprising three strain readings recorded by the strain gauges,
ε1, ε2, ε3. An example data set is shown in Table 5.1.
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Depth [mm]

Cumulative Strain (ε1)
[x10-6]

Cumulative Strain (ε2)
[x10-6]

Cumulative Strain (ε3)
[x10-6]

0.05
0.15
0.25
0.349
0.449
0.549
0.649
0.749
0.848
0.948

28.103
14.689
7.831
5.161
3.777
2.145
0.358
-0.701
-0.54
0.15

26.766
13.814
7.197
3.894
2.207
1.275
0.703
0.283
-0.119
-0.57

3.751
4.452
-0.019
-1.219
-0.36
0.191
-0.254
-0.818
-0.593
-0.027

Table 5.1 Cumulative residual strain data for a specimen machined with a 0.05mm
depth of cut and a 50mm/min feed rate.
Using the cumulative strains that are recorded above, the strain components can be
calculated using:
εzz = ε2

and

εxz = ε3 - ε1

Table 5.2 shows the calculated experimental strain components:
Depth [mm]

(εzz) [x10-6]

(εxz) [x10-6]

0.05
0.15
0.25
0.349
0.449
0.549
0.649
0.749
0.848
0.948

26.766
13.814
7.197
3.894
2.207
1.275
0.703
0.283
-0.119
-0.57

24.352
10.237
7.85
6.38
4.137
1.954
0.612
0.117
0.053
0.177

Table 5.2 Calculated experimental strain components.
Using the approach employed by Jacobus et al, a LabVIEW programme was written to
analyse the experimental strain components and calculate the deformation coefficients
using a non-linear optimisation algorithm to solve Equations (5.11) and (5.18). A
typical output of this programme can be seen in Figure 5.12.
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Values

Figure 5.12: Image of the programme used to calculate the strain constants C1, C2, C3,
and C4.
The programme first takes εzz strain data and plots a graph of cumulative strain vs depth
of hole. The programme applies this strain data to Equation (5.11) first as it contains
fewer unknown deformation constants. A value of x is also specified that represents the
distance in front of the cutting point, or, in this case, the position of the drilled hole.
Varying x affects the values of all of the deformation coefficients with the exception of
C3, which describes the exponential decay of strain with hole depth. This is because the

residual stress data available from the hole-drilling technique only provides information
concerning one location where the hole is drilled. Initial values for the deformation
coefficients are specified for the programme to use as a starting point for the
optimisation. The non-linear optimisation algorithm is repeated and the initial value is
updated until there is convergence on three of the deformation coefficients. The process
is then repeated using εxz strain data and the three deformation coefficients to determine,
through convergence, the final deformation coefficient. It was at this stage that a
problem with the use of the model was discovered. Equations (5.11) and (5.18) have
four unknowns that the non-linear optimisation algorithm solves finding convergence on
a solution.

It was found that by changing the initial values that the non-linear
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optimisation programme uses for any particular value of x, it was possible to converge
on other acceptable solutions for the deformation coefficients that had the same best-fit
to the experimental data. This can be seen in Figures 5.13 and 5.14.

Figure 5.13: Image showing the difference in calculated strain constants C1, C2, C3, and
C4 using one set of data.
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Figure 5.14: Image showing the difference in calculated strain constants C1, C2, C3, and
C4 using one set of data.

It is not clear from the paper by Jacobus et al how this problem can be addressed. Since
Jacobus et al recorded multiple measurements of residual stress at various angles, using
the X-ray diffraction technique, it may be that more data is available that allows the
deformation coefficients to converge on a single set of values. It is clear that the
deformation coefficients play a crucial role in modelling the residual stress of the
material and that achieving convergence on a single set of values for C1, C2 and C4 is
not possible with the data produced using the hole-drilling technique alone. Therefore
thermo-elasto-plastic constitutive relationship can not be used to model the residual
stresses in relation to the experimental data presented in this research. Instead, to
corroborate experimental residual stress values, comparisons with previously published
residual stress data for similar machining processes and material will be used. This is
discussed further in Chapter 6.
Despite this problem, it was observed that C3 does converge to a single value for each
data set and defines the depth of penetration of the deformation field in the workpiece as
shown in Figures 5.12, 5.13 and 5.14.

Figure 5.15 shows the variation of the

deformation constant C3 with material removal rate using experimental residual stress
123

data measured via the hole-drilling technique. The data points shown are all positive
and it should be noted that they refer to values that define exponential decay rates.
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Figure 5.15: The variation of the deformation constant C3 with material removal rate.
As can be seen in Figure 5.15, there appears to be very little correlation between the
deformation coefficient C3 and the material removal rate. In general, at lower material
removal rates, the deformation coefficient C3 is greater and thus the depth at which the
deformation field penetrates the workpiece is reduced. This indicates that at lower
material removal rates the residual stresses are closer to the component surface.

5.4

Microstructure Characterisation

The following section presents the results from the microstructural characterisation.
They are displayed in two sub-sections, covering metallographic examination and
EBSD analysis, respectively.
5.4.1

Metallographic Examination

As discussed in Chapter 3, a cross section of each sample was taken, polished and
etched to reveal the sub-surface deformation and microstructure. Typical images can be
seen in Figures 5.16 and 5.17.
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Figure 5.16: Metallographic image of machined specimen highlighting sub-surface
deformation and bulk austenitic microstructure.

Figure 5.17: Metallographic image of non-machined specimen highlighting
austenitic microstructure.
As can be seen in Figure 5.17, the non-machined control specimen shows a typical
annealed austenitic structure. Both control specimens showed similar microstructures
with little evidence of sub-surface deformation. These results suggest that the annealing
heat treatment process was successful in generating specimens for experimentation that
were fully austenitic with no sub-surface deformation. These results also prove that the
slitting, grinding and polishing operations do not change the microstructure or the sub125

surface deformation. As previously mentioned, the alloying of steel with Cr and Ni
creates a material that is highly resistant to corrosion. Literature suggests that Marble’s
reagent is one of the few etchants that will successfully image the microstructure as well
as highlighting any martensite that has formed [77]. When Figure 5.17 is compared
with Figure 5.16, the influence of machining on the sub-surface of the component is
immediately visible. The evidence of machining in the sub-surface generally extends to
the first 150μm below the surface, although deformation has been observed in some
sections up to a depth of 350μm. Upon first inspection of the metallographic results, it
was thought that the fine cross hatching that can be seen in Figure 5.16 was an acicular
martensitic phase that had been strain induced during the turning operation.

To

corroborate this view some microhardness testing was carried on a selection of the cross
sections of the specimens. As the area being analysed was close to the surface of the
component, the diamond indent created was distorted and, as such, it was not possible to
obtain a reliable microhardness value. To categorically determine the phases present a
selection of samples underwent electron back scattered detection (EBSD) microscopy
that is discussed further in sub-section 5.4.2. From the EBSD results shown later in this
chapter it became clear that no strain induced martensitic phase transformations had
occurred and that the metallographic results exhibited sub-surface deformation. This
deformation observed is most likely due to the reagent highlighting slip lines, from the
plastic shear deformation that has occurred during the turning operation. It was evident
that the amount of plastic strain deformation varied from specimen to specimen and was
therefore important to quantify. To this end, a grid of approximately 300 squares was
laid over each image and the number of squares that contained sub-surface deformation
was counted. The number of squares was then converted to represent a percentage of
sub-surface deformation within the first 350μm. For each specimen approximately 20
images were taken, and an average sub-surface deformation for each specimen was
calculated. The results of this analysis can be seen in Figure 5.18.
For each specimen the standard deviation on the sub-surface deformation was
calculated, and, from the standard deviations of all the specimens an average standard
deviation was determined to be ±3%. This percentage produces very large error bars
and confuses the graph; hence they have not been shown in the figure.
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Figure 5.18: Variation of average sub-surface deformation with material removal rate
for various feed rates.
For each specimen, approximately 20 data points of percentage sub-surface deformation
and their associated material removal rate could be determined by locating the sections
in the machining sequence. These results are shown in Figures 5.19 – 5.22.
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Figure 5.19: Variation of percentage sub-surface deformation with material removal rate
when a 25mm/min feed rate is used.
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Figure 5.20: Variation of percentage sub-surface deformation with material removal rate
when a 50mm/min feed rate is used.
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Figure 5.21: Variation of percentage sub-surface deformation with material removal rate
when a 25mm/min feed rate is used.
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Figure 5.22: Variation of percentage sub-surface deformation with material removal rate
for all three feed rates.
From Figures 5.19-5.22 it can be seen that there is no clear trend between the material
removal rate and the resulting sub-surface deformation. The majority of data points lie
below 10%, hence the standard deviation of around 4.5% is a high proportion of the
measured value. This again indicates the variability in the cross sectional structure of
the specimens. There are many data points across the range of material removal rates
that exhibit the same level of sub-surface deformation as the control non-machined
specimens i.e. less than 4% deformation. In addition, there are many data points across
the range of material removal rates that exhibit 5-15% sub-surface deformation. Of
interest is that the data suggests that it is only at low material removal rates, below
15,000mm3/min, that conditions are favourable to induce the highest sub-surface
deformations. The data presented in Figure 5.15 suggests that residual stresses are
confined closer to the surface at material removal rates below 15,000mm3/min. The
same trend is observed in Figure 5.22. It seems that confining the residual stresses
closer to the surface has resulted in increased sub-surface deformation.
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5.4.2

EBSD Analysis

As mentioned in sub-section 5.4.1 it was important to determine any phase changes that
had been brought about from the machining process. EBSD was conducted on three
specimens, two that showed high levels of deformation and one non-machined specimen
to act as a control.

A metallographic image and EBSD results from the control

specimen are shown in Figures 5.23 and 5.24.

Figure 5.23: Metallographic image of control specimen. Image shows austentic
structure and no visible sub-surface deformation.
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Figure 5.24: EBSD analysis of control specimen. Images show greyscale structure
(top), crystal orientation (middle), composition (bottom). The crystal structure and
composition scales are also shown.
Both the EBSD greyscale image of the structure and the metallographic image show
similar microstructure. The crystal orientation shows the large austenitic crystals and
the composition image confirms that very little (if any) martensite exists. Single green
points that the software calls martensite are likely to occur from crystal discontinuities
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at grain boundaries. Figures 5.25 and 5.26 show the metallographic and EBSD results
from a specimen showing sub-surface deformation.

Figure 5.25: Metallographic image of specimen with sub-surface deformation within
austenitic grains.
Both the metallographic and EBSD images show the sub-surface deformation that was
believed to be acicular martensite. These areas have been circled in red. The EBSD
composition image confirms that these areas are austenitic and that no martensite is
present. The crystal orientation image illustrates the large austenitic grains that are
present in the structure. The grains near the machined surface, including the grains that
are circled in red, show a colour differential within each grain. This colour differential
is representative of a residual strain that is present in the material that has deformed the
crystal structure. The analysis suggests that the circled areas show strain lines caused
from plastic shear deformation that has occurred during the turning operation. To
confirm these findings a further sample was analysed. The resulting images can be seen
in Figures 5.27 and 5.28.
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Figure 5.26: EBSD analysis of specimen with sub-surface deformation. Images show
greyscale structure (top), crystal orientation (middle), composition (bottom). The
crystal structure and composition scales are also shown.
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Figure 5.27: Metallographic image of specimen with sub-surface deformation within
austenitic grains.
The third specimen that was analysed showed similar results to those described
previously. Metallographic analysis, Figure 5.27, shows an austenitic structure with
sub-surface deformation supported by greyscale EBSD results, shown in Figure 5.28.
The composition image confirms that the phase present within the sub-surface
deformation near the edge of the component is austenitic and no martensite is present.
The composition image shows large austenitic grains, some of which have a colour
differential indicating residual strain present in the crystal structure. Outeiro et al
studied the microstructure of 316L stainless bar that had undergone diameter turning
using very similar cutting conditions to those presented in this research (50-125mm/min
cutting speed, 0.1-0.4mm/rev feed rate and 0.5-2mm depth of cut). They also found no
evidence to suggest phase changes had occurred [17].
Further areas of the three specimens were analysed using EBSD. The results are all
very similar to those presented in this section. The auxiliary results can be found in
Appendix J.
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Figure 5.28: EBSD analysis of specimen with sub-surface deformation. Images show
greyscale structure (top), crystal orientation (middle), composition (bottom). The
crystal structure and composition scales are also shown.
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Chapter 6

Discussion

The purpose of this chapter is to examine the results that were presented in Chapters 4
and 5 and discuss the relationships that exist between the various process monitoring
features and workpiece quality indicators. This discussion will also be informed by
work that has previously been published in the literature relating to this topic, as
detailed in Chapter 2. The chapter will focus on key relationships that have been
observed.

The first relationship that will be explored is the variation of mean frequency with
cutting speed. Following this, there will be a discussion on the trends that are observed
with cutting insert temperature, residual stress and hardness; as the material removal
rate (MRR) is varied. The discussion will then move on to focus on the connection
between acoustic emission energy and cutting forces as the material removal rate
changes. Finally, the correlation between acoustic emission recorded during machining
operations and spatial frequency content of the cut surface of the final component will
be investigated.

6.1

Mean Frequency Variation with Cutting Speed

This section of the discussion will focus on the findings of this work in relation to those
published by Rangwala et al [36] and also Carolan et al [37]. As detailed in Chapter 2,
these authors have concentrated on calculating the mean frequency of the raw AE and
correlating this to the cutting speed. Rangwala et al looked at the AE generated during
orthogonal turning whilst Carolan et al monitored AE arising from milling operations
and were primarily interested in the effect of tool geometry and tool wear. It might also
be noted that Carolan et al used both a piezoelectric transducer (with a specific
frequency response) as well as a relatively flat response interferometric sensor. Due to
the similar experimental conditions with this research, the paper by Rangwala et al has
been used for comparison. To enable this, at each cutting speed an average of the data
points published by Rangwala et al was taken. In sub-section 4.3.6, the mean frequency
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at various cutting speeds for 5 specimens with different depths of cut were presented
(Figures 4.33 - 4.42), an example of which is shown in Figure 6.1:
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Figure 6.1: Variation of mean frequency with cutting speed using 0.05mm depth of cut
for the three different feed rates as measured by the WD sensor.

Rangwala et al suggested that higher strain rates and strain hardening would produce
higher frequency AE as is seen for their data in Figure 6.1 up to a cutting speed of about
70,000mm/min. They suggested that at a certain cutting speed, the heat generated
would raise the temperature at the cutting site to the extent that the additional thermal
softening would be sufficient to overcome the strain hardening as the cutting speed
increases. This explains the declining frequency with a lower gradient, as is seen for
their data in Figure 6.1, beyond the cutting speed of about 70mmin-1. The results
obtained by Rangwala et al were with orthogonally turned aluminium 6061 that has a
number of differences from stainless steel, most notably a lower thermal softening
temperature and a higher thermal conductivity. Interestingly, Carolan et al determined
the mean frequency for both a stainless steel and an aluminium alloy and found the
trends with tool wear to be opposite, which they attributed to them being on either side
of a curve which has a minimum in it.

Figure 6.1 also shows the result of cutting trials on three stainless steel discs from the
current work all using the same depth of cut but with different feed rates. As the cutting
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insert progressed across the face of the specimen towards the centre, the constant
spindle speed led to a reduction in the cutting speed thus allowing each data set to be
plotted on a scale of cutting speed. As can be seen, the three feed rates all demonstrate
a very similar trend, the mean frequency rising initially until a critical cutting speed is
reached when the thermal softening effects begin to dominate and a reduction in mean
frequency is observed. Although this critical cutting speed appears to increase slightly
with feed rate in Figure 6.1, Figures 4.33 - 4.42 show that it occurs in roughly the same
location, around 20,000mm/min cutting speed, and is independent of depth of cut or
feed rate. The difference between this peak and that the peak at roughly 60,000mm/min
observed by Rangwala et al can be explained by the lower work hardening rate of
aluminium alloys (affecting the mean cutting stress at a given temperature) and the
greater thermal conductivity of aluminium (leading to faster heat dissipation for a given
heat input). These must have sufficient effect to overcome the higher rate of thermal
softening with temperature for aluminium and its alloys.

The above effects could also explain why the peak mean frequency is lower in stainless
steels than it is in aluminium and account for a similar difference in peak frequencies
which was observed by Carolan et al. The cutting speed of 20,000mm/min occurred
when the insert was very close to the centre of the component after 95% of the
machining operation had been completed. Thus, for the vast majority of the machining
operation, the data suggests that thermal effects were dominating over mechanical
effects and hence all of the residual stress and hardness measurements were taken in
areas of the specimen that were thermally driven. It is not surprising, then, that the
EBSD results showed no martensitic phase transformations. The dominance of thermal
effects is in agreement with conclusions made by Sharman et al [48] when machining
Inconel. It is also interesting to note that Outeiro et al did not observe martensitic phase
changes with a similar machining operation on a similar material [17].

6.2

Residual Stress, Temperature and Hardness Variation with Material
Removal Rate

As discussed in Section 6.1, the relationship between cutting speed and mean frequency
have suggested that the experimental cutting conditions were such that thermal effects
dominated. The results for cutting temperature, hardness and residual stress plotted
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against material removal rate (MRR) can be seen in Figures 6.2, 6.3 and 6.4. The errors
for Figures 6.2, 6.3 and 6.4 have already been discussed in Chapters 4 and 5.
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Figure 6.2: Cutting insert temperature variation with material removal rate.

300.00

280.00

260.00

Hardness (V)

240.00

25mm/min
50mm/min
50mm/min x3
100mm/min
Non-Machined
Austenite Hardness
Martensite Hardness
Work Hardened Austenite

220.00

200.00

180.00

160.00

140.00

120.00

100.00
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

Material Removal Rate (mm3/min)

Figure 6.3: Post-machining specimen hardness variation with material removal rate.

139

400

350

Residual Stress (MPa)

300
R2 = 0.2962
250

25mm/min
50mm/min
50mm/min Triple Cut
100mm/min
Non-Machined
Literature El-Axir

R2 = 0.0353

200

150
R2 = 0.0001
100

50

0
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

Material Removal Rate (mm3/min)

Figure 6.4: Post-machining specimen residual stress variation with material removal
rate.

The cutting insert temperature shown in Figure 6.2 generally increases with material
removal rate. However when the fast feed rate is used the insert temperature does not
increase as rapidly with MRR as at lower feed rates. M’Saoubi et al [20] also observed
that increasing the cutting speed increased the chip speed flow and consequently led to
greater heat dissipation through the chips although it is not clear why this would be
proportionately greater than any other dissipation mechanism. Since increased cutting
speed increases the strain rate whereas the other two cutting conditions only increase the
volume strained, it seems more likely that the data is suggesting that strain rate has a
larger effect on the energy input to the workpiece and tool than the depth of cut or feed
rate.

The variation of hardness with material removal rate (Figure 6.3) shows a similar trend
in that the lower feed rates seem to show a stronger increase with material removal rate
than higher feed rates. Comparable trends are also observed for the variation between
residual stress and material removal rate (Figure 6.4) where an increase in the residual
stress is evident when a 50mm/min feed rate is used, whereas the residual stress of the
component varies little with material removal rate when a 100mm/min feed rate is
employed. When a 25mm/min feed rate is used, there is a weak increase in residual
stress and hardness with material removal rate although a small number of anomalous
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data points skew the correlation. Whilst the correlation of the trend with the 50mm/min
feed rate is low, it is significantly higher than the null relationship with the other two
feed rates. The fact that the correlation of the 50mm/min results is not greater is
attributed to the subjective placement of strain gauges and variability in experimental
procedure. Interestingly, there is some debate in the literature as to the effect of depth
of cut on the final component residual stress. Jang et al [14] reported that increasing the
depth of cut acts to increase the residual stress of the final component, but Outeiro et al
[17] observed that any increase in depth of cut acts to reduce the final residual stress.
This probably means that residual stress varies with a combination of factors. The work
being put into the cutting process is the product of cutting force and cutting speed. The
cutting force will increase with the cross sectional area of the undeformed chip
(proportional to product of depth of cut and feed rate), but will also decrease with
temperature at the cutting site.

To help illustrate the remarkable similarity between the relationships involving residual
stress and cutting temperature, Figure 6.5 shows the data plotted on the same graph
along with some data gleaned from the literature.
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Figure 6.5: Post-machining specimen residual stress and cutting insert temperature
variation with material removal rate.
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Figure 6.5 adds further evidence that thermal effects are dominating the machining
process or at least that both evolutions are driven by the same factors. Putting aside the
argument of M’Saoubi et al [20] mentioned above, the cutting insert temperature
provides a reasonably direct measure of the thermal energy introduced into the material.
Since the residual stress of the component follows the cutting insert temperature, it can
therefore be inferred that the thermal energy introduced into the component is the
primary cause of the final residual stress state, rather than the degree of plastic
deformation at the surface, which would increase with material removal rate in an
approximately linear fashion. The thermal energy that is put into the component softens
the plastic zone that surrounds the cutting point and reduces the amount of sub-surface
work hardening.

This has been confirmed by hardness measurements and also

metallography.

As detailed in Chapters 3 and 5, the process for obtaining residual stress data using the
hole-drilling technique has many sources of error. These include local strain variations
on the surface of the material and the bond between strain gauge and specimen surface.
To assess this variability several of the specimens have had multiple readings taken, and
in an attempt to mitigate this variability a large number of specimens have been
machined producing a large data set. As detailed in Chapter 2, El-Axir [72] conducted
some research to measure the residual stress of 304 stainless steel components after
turning and compared the results to his predicted values. From the experimental data it
was possible to calculate the material removal rate from the cutting conditions that he
employed. Figure 6.5 shows these data points plotted next to the data reported in this
thesis. It is encouraging to see that they all possess similar values to the data presented
in this thesis and that they also show a similar variation.

M’Saoubi et al [20] have also presented residual stress measurements for orthogonally
machined 316L stainless steel. Analysis of their cutting conditions has made it possible
to plot their residual stress data alongside the current work (including the control nonmachined samples) and that of El-Axir, shown in Figure 6.6.

This presentation

highlights the very high material removal rate in the research conducted by M’Saoubi et
al compared with this work and El-Axir. The combined data are reasonably consistent
showing a monotonic relationship and illustrate that low material removal rates (those
of most interest in finishing operations) generally produce lower and more scattered
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patterns of residual stress, perhaps allowing more variation in thermal conditions as a
result of erratic chip departures.
Whether or not the scatter in residual stress within the cutting conditions investigated
here is real or is an artefact of the measurement, it is more fruitful to seek a relationship
between the on-line measurements and material removal rate than directly with
measured residual stress.
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Figure 6.6: Experimental residual stress results and literature values plotted against
material removal rate.

6.3

Cutting Forces and Acoustic Emission Energy Variation with
Material Removal Rate.

Results showing the relationship between cutting forces and depth of cut were detailed
in Chapter 4, and are collected in Figures 6.7, 6.8 and 6.9. In addition, Figure 6.10
shows the variation of the resultant cutting force with material removal rate. The
cutting forces in both the axial and tangential directions as well as the resultant cutting
force (Figures 6.8, 6.9 and 6.10 respectively) show a similar relationship with material
removal rate. In general, the cutting force in these directions increases with material
removal rate, and the gradient reduces somewhat at higher material removal rates,
probably due to thermal softening. The normal direction cutting force, shown in Figure
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6.7, increases with material removal rate and also shows a more pronounced effect from
variations with feed rate than the other two components.
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Figure 6.7: Variation of tool force in the normal direction with material removal rate
using different feed speeds.
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Figure 6.8: Variation of tool force in the axial direction with material removal rate using
different feed speeds.
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Figure 6.9: Variation of tool force in the tangential direction with material removal rate
using different feed speeds.
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Figure 6.10: Variation of the resultant tool force with material removal rate.

The slope of the cutting force, particularly the normal force, against MRR (Figure 6.7)
decreases with higher feed rates, an observation that is reflected in the evolutions of all
of the quality indicators (hardness, residual stress and tool temperature). It seems that
thermal softening effects have a much bigger impact in the normal direction than they
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do in the tangential and axial directions.

This relationship is also evident in the

variation of energy from unprocessed AE with material removal rate as detailed in sub-
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section 4.3.4 and summarised in Figures 6.11 and 6.12.
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Figure 6.11: Demonstrating the similar relationship of AE energy and normal tool force
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with material removal rate using different feed speeds (WD Sensor).
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Figure 6.12: Demonstrating the similar relationship of AE energy and normal tool force
with material removal rate using different feed speeds (PICO Sensor).
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Figures 6.11 and 6.12 demonstrate that there is a link between AE energy of the raw
signal and cutting forces in the normal direction. As the material removal rate is
increased more work is required. The increased amount of work needed to remove the
material is observed in both the cutting forces generated and also the energy of the AE
signal that is produced. The direct link between AE and normal force, coupled with the
similar evolutions of both on-line parameters and workpiece quality indicators shows
that there is a good prospect of using either on-line measurement to monitor workpiece
quality. Since AE is easier to measure than cutting forces, the prospect looks good for
AE as a monitor for workpiece residual stress, notwithstanding the fact that the
variations in measured residual stress in this work are relatively small and scattered.
6.4

Component Surface Finish Correlation with Acoustic Emission

Results are displayed in Section 5.1 that relate to the surface of machined components
measured using a Form Talysurf profilometer. Three dimensional contour maps of the
specimens were measured and showed that there was spatial frequency content that had
been machined into the component. Surface profiles of the machined groves showing
this spatial frequency content were extracted and analysed using a power spectrum
density calculation. The spectra illustrated a relationship between material removal rate
and the spectral peak height at 4.5kHz that can be seen in Figure 6.13.
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Figure 6.13 Graph highlighting the correlation between peak amplitude at 4.5kHz of the
extracted surface profiles with material removal rate.

Separate analysis of the demodulated AE recorded during machining highlighted a
similar relationship. The averaged AE signal was passed through a power spectrum
density programme and the resultant heights of major frequency peaks were recorded.
This relationship can be seen in Figure 6.14. In addition, similar relationships were
observed in the power spectrum density of averaged AE signals at 14 and 52kHz. This
can be seen in Figures 4.22 and 4.23.
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Figure 6.14: Graph illustrating the relationship between the amplitude of AE peaks at
4.5kHz with material removal rate as measured using the WD sensor.

To try to understand the significance of the peaks at 4.5, 14 and 52kHz, the shape of the
spectra were further examined to try to find out what the fundamental harmonics of
these frequencies were. A typical demodulated power spectrum density recorded by the
WD sensor can be seen in Figure 6.15.
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Figure 6.15: Typical demodulated AE power spectrum density recorded using the WD
sensor.

Figure 6.15 does not appear to show any relationship between the peaks over the range
0-100kHz. It was noted however, that at high feed rates and depths of cut, the power
spectrum density took on a different form, an example of which can be seen in Figure
6.16.
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Figure 6.16: Demodulated AE power spectrum density generated with a high material
removal rate recorded using the WD sensor.

In Figure 6.16 the peaks appear to be separated by a constant amount and with a clear
decrease in amplitude after 20kHz (the pre-amplifier high-pass filter). Any frequency
content below 20kHz is attenuated, and the attenuation increases the further the
frequency is below 20kHz. Thus, for there to be a visible peak at 4.5kHz, the peak
height in the absence of the filter must be significantly larger.

Figure 6.17 reproduces Figure 6.16, annotated to show the presence of the analogue
filter and an estimation of what the fully demodulated power spectrum density might
look like.
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Figure 6.17: Annotated power spectrum density shown in Figure 6.16.

The pink line in Figure 6.17 shows schematically the attenuation of the signal caused by
the filter. The yellow peaks reconstitute the height of the peaks before the filter (in
reality they are likely to be higher than this) from which it is clear that the peak at
4.5kHz is the fundamental frequency and that the subsequent marked peaks are
harmonics of it, separated by about 9kHz and including the peaks at 14 and 52kHz. It is
therefore no wonder that there are similar relationships between the heights of the
4.5kHz, 14kHZ and 52kHz with material removal rate. Even within the filter bandpass, the harmonic sequence is not simple. Most notably, every second harmonic is
weak, indicating that the harmonic series corresponds to a pulse train (for example, a
square wave would have only odd harmonics present with peak height falling off as
1/ n ). Analysis of the averaged AE peak heights at the other harmonic frequencies (23,

31, 42.5kHz) did not show the same relationship with material removal rate, which is
attributed to an uneven pulse train that perhaps would show a correlation with other
aspects of the surface spatial spectrum.

The results discussed above show that there is a relationship between the frequency
imprinted into the surface of the component and the frequency of the demodulated AE
recorded during machining with material removal rate. During machining, the tool
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shank, tool post and lathe cross slide and bed will not be absolutely rigid and they will
have a resonant frequency of vibration. The ultimate effect of the vibration of the
machine tool is that the cutting insert will also exhibit the same vibrations. It is possible
to calculate the natural vibration of tool shank, tool post, lathe cross slide and bed,
although this would require modelling using the Finite Element Method.
The evidence from the surface finish results detailed in this thesis suggests that 4.5kHz
is the combined resonant frequency of the machine tool used in the cutting operations.
As the material removal rate is increased the forces placed on the components of the
machine tool increase to much higher values. These higher machining forces amplify
the resonant frequency causing the vibrations on the cutting insert to magnify. These
vibrations in the axial direction imprint the changing surface finish content that is
observed in Figure 5.3. The vibrations also act as sources of AE and are recorded along
with the other many sources of AE from machining. It should be noted that the
fundamental frequency around 4.5kHz is observed on the WD sensor regardless of the
material removal rate. A peak at 4.5kHz was recorded by the PICO sensor, but only
when a high feed rate was used. This can be seen in Figures 6.18 and 6.19. It is thought
that this could be simply due to the lower sensitivity of the PICO sensor.

Figure 6.18: Demodulated AE power spectrum density showing no observable peak at
4.5kHz, generated with a low material removal rate recorded using the PICO sensor.
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Figure 6.19: Demodulated AE power spectrum density showing a definite peak at
4.5kHz, generated with a high material removal rate recorded using the PICO sensor.

Wilkinson et al [44] have previously described a link between tool wear, features
observed in the frequency domain of acoustic emission and the resultant surface finish
during milling operations. Whilst not directly applicable to turning operations detailed
in this thesis, it is a further example of successful application of AE to determine
features within the machined surface finish.
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Chapter 7

Conclusions

This chapter states the conclusions drawn from the research presented in this thesis.
Firstly, the conclusions relating to the determination of workpiece quality and its
relationship to the machining conditions investigated will be outlined. Following this,
conclusions will be drawn about on-line monitoring and then the extent to which this
research contributes to machining process control using on-line measurements to assess
final component quality. There will subsequently be brief sections summarising the
industrial relevance of the conclusions and areas for future research.

7.1

Component Quality

The main measures used to define component quality in this thesis are the residual stress
and the surface finish of the machined specimens, although secondary assessment of
quality, including tool temperature, hardness and metallography also contribute to the
conclusions stated below.

7.1.1

Residual Stress Determination

Residual stress distributions were fairly scattered, although, referring to the literature,
this would appear not to be unusual for finishing cuts where the levels are low.

Despite the scatter, there is a tendency for the average residual stress to increase with
material removal rate, and this is consistent with the literature (El-Axir [72] and
M’Souabi [20]) at low and high material removal rates, respectively.

Metallography and EBSD showed that there were no mechanically induced martensitic
phase transformations under the cutting conditions used, but that the specimens had
undergone some work hardening.
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The surface hardness, insert temperature and residual stress showed similar variations
with material removal rate, highlighting the fact that the thermo-mechanical conditions
are governing this aspect of component quality.

7.1.2

Surface Finish Determination

The measured values of Ra are higher than the theoretical value indicated by a trace of a
rigid cutting tool against a rigid surface, and that the deviation is larger at lower feed
rates. This suggests that surface profile is affected by vibrations; particularly at the
lowest feed rates and that these vibrations that determine the ultimate surface finish can
be obtained.

The surface finish of the component was investigated at the micro-level by using
advanced profilometry along the groove produced by the cutting insert, an approach
which has not yet been previously published. By analysing the power spectrum density
of this profile, it was possible to obtain spectral characteristics of the tool vibrating
while in contact with the workpiece which can be compared with on-line measurements.

7.2

On-line Measurements

The on-line measures used in this thesis were cutting force and acoustic emission,
although the cutting force measurements were secondary and not part of the objectives
of the work, which were to investigate the use of AE for monitoring workpiece quality
as reflected in the conclusions below.

7.2.1

Force Measurement

Cutting forces were found to increase with material removal rate, the gradient
decreasing with increasing feed rate. Since the product of cutting force and cutting
speed is a measure of the rate of mechanical work, this is consistent with the
observations about residual stress and thermal softening.

Likewise, the gradient of cutting force with material removal rate gradually decreases
with increasing material removal rate, again indicative of thermal softening at higher
material removal rates.
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7.2.2

Acoustic Emission

The mean frequency of the raw AE showed a variation with cutting speed similar to that
observed by Rangwala et al [35, 36]. The peak indicative of the threshold between
strain rate driven changes in frequency and thermally driven changes, occurs in the
current work at the lowest cutting speeds (towards the centre of the workpiece). This
indicates that all of the quality measurements were made in the thermally driven regime.

The average AE energy generally increased with material removal rate, with a slope
which decreased both with material removal rate and with feed rate, indicating that the
AE energy is also influenced by the rate of mechanical energy input, but being
somewhat more sensitive to temperature. The variations of AE energy and normal force
with material removal rate are remarkably similar.

7.3

Process Control of Final Component Quality

Demodulated resonance analysis of the AE signal shows excellent promise as a means
of assessing the degree to which tool vibration affects the finished surface profile. It
appears that vibration of the tool relative to the workpiece modulates the steady AE
generated during the continuous process of cutting. Frequencies corresponding to the
waves within the tool groove are clearly present in the demodulated AE spectra giving
harmonic series similar to those generated by pulse trains. With some development of
the techniques and appropriate calibration the demodulated AE ought to be able to
predict the deviation from the theoretical Ra generated by an imprint of a rigid tool.
Similarities between the AE energy and cutting forces experienced during machining
suggest that AE energy is a useful surrogate for cutting force. This, supplemented with
the information on mean frequency, could yield information on the thermo-mechanical
conditions at the cutting tip.

Whilst it was possible to link the cutting forces and the AE to material removal rate and
mechanical energy input rate, it did not prove possible to demonstrate that AE could be
used to monitor residual stress. The reason for this lies partly in the degree to which
this aspect of quality could be measured in this work, and partly in the generally low
levels of residual stress encountered in these finishing operations. Scattered, low levels
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of residual stress have also been reported by other workers using the same material
under finishing conditions (El-Axir [72]).

7.4

Industrial Relevance of Findings

Many industries have requirements for components to exhibit acceptable surface
finishes and a few have very precise requirements. As discussed in the literature
review, white light interferometry and stylus equipment have traditionally been used
and, recently, machine tools have been fitted with optical laser probes to scan profiles to
measure two dimensional surface finish traces whilst the component is still fixed to the
machine tool. The benefit of recording the AE is that it provides in-process evidence of
vibrations occurring during machining that may be affecting the finished surface along
the path of the cutting tool. This is especially useful for large scale production as a
measure of quality control to be used in conjunction with a sample of components that
have undergone full metrology.

There has also been an increase in the use of fast tool servos on high accuracy lathes.
These fast tool servos are capable of oscillating the cutting tool at high frequencies to
create interesting perturbations on the surface of the component e.g. the same effect as
dimples on a golf ball. To achieve some of these effects, high frequency oscillations are
required that could be monitored using acoustic emission as an in-process measurement
that ensures the surface of the component is correct before it is removed from the
machine tool.

As the expected lifetime of manufactured components increases, the characterisation of
residual stresses that are present becomes more important. The generation of residual
stresses depends on many factors; for example two components that are produced with
the same cutting parameters may have significantly different residual stresses that vary
locally, most likely due to the profile that is already present as a result of, say, cold
working. Non-destructive techniques such as X-ray and neutron diffraction provide
excellent ways of characterising the component but the equipment required can be
prohibitively expensive and/or unwieldy. Destructive techniques are much cheaper but
only representative samples of components produced would be assessed. Measuring AE
generated by machining has given a valuable insight into the mechanisms that operate
during machining. Once the mechanism has been recognised, further development
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work can then be conducted to mitigate the issue. In this research, measurement of AE
mean frequency has demonstrated that the thermal energy produced during machining
dominated

the

dislocation

interactions

and

that

no

mechanically

induced

transformations occurred. Within industry this could be remedied with the use of flood
coolant, however there are sometime processes where this is not possible. In such
instances alternative tool geometries or cutting conditions could be used to help
maximise the heat flow away from the component. In this study, the tool geometry was
constrained and cutting conditions varied to produce components with different residual
stresses. By measuring the temperature of the cutting insert during manufacture it was
possible to make a comparative assessment of the average residual stress of the final
component. This process was achieved using inexpensive and non-intrusive equipment
combined with a process that could be completed whilst the component was still fixed
to the machine tool.

In summary, monitoring the AE generated during machining is a low cost, non-intrusive
method of collecting data and providing knowledge that corresponds to a variety of
cutting parameters and interactions. Understanding of the underlying mechanisms is
essential in continual development work to control the processes involved in turning and
indeed all areas of manufacture.

7.5

Future Work

The completion of this research project has demonstrated the usefulness of acoustic
emission monitoring during turning and highlighted several interesting areas for future
work. During this study it was not possible to monitor the AE generated using a novel
fibre optic sensor (based on a SAGNAC interferometer) that was developed at HeriotWatt University [39]. Future work using this sensor could potentially yield a more
direct, non-contact method of monitoring the AE generated in the component during
machining. It would be interesting to measure the AE with such a sensor and compare
the results with more traditional PZT sensors.

Recent advances in computer hardware and software could be used to develop the
research presented in this thesis further. This study has demonstrated that the entire AE
signal that is generated during machining can be recorded on high capacity hard disk
drives.

This method of machining AE data collection has not previously been
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attempted. When analysing the results, it became apparent that only a small portion of
the AE signal could be analysed at any one time. The memory of the analysing
computer was the limiting factor that determined the length of the raw AE signal that
could be analysed. Recent releases in 64-bit software and new multi-core processors
mean that the maximum amount of memory that a computer can address is much larger
than the 4GB that was used in this research. With this improvement in computational
power and memory it may be possible to analyse the entire AE signal generated by
turning or indeed any other type of manufacturing process. This would enable greater
flexibility in the AE data processing and subsequent analysis over any desired time
window.

As mentioned in the industrial relevance section above, fast tool servos are being
installed onto precision turning centres to enable the manufacture of much more
complex shapes. A future research study that monitors the AE generated on machine
tools that utilise fast tool servos may lead to improved knowledge surrounding the
quality of the component’s surface that is produced.

Upon analysis of the results recorded in this research, it became clear that all of the
cutting conditions that had been used in this study promoted thermally driven
interactions.

From the results generated, the cutting conditions required to enable

mechanical effects to dominate are now known for this material.

It would very

interesting to continue this research using cutting conditions that promote these
mechanically driven interactions. Comparison of the cutting insert temperatures, cutting
forces and acoustic emission spectra could lead to a method of predicting the residual
stress state of the component when mechanical interactions dominate. This, combined
with the prediction of residual stress using an infra red pyrometer for thermally driven
situations, could produce a method for estimating residual stresses for any particular set
of cutting conditions.
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Appendices

Appendix A

The CNC machining programme that was used to orthogonally machine the components
is detailed below:

N9001
N1

G97

S500 T13

M3

N2

G94

N3

G0

X55

N4

G0

Z - (Depth of Cut)

N5

G1

X52

N6

G1

X-0.1 F (Feed Rate)

N7

G1

Z3

N8

G0

Z20

N9

G0

X55

N10

M0

F50
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Appendix B

A copy of the LabVIEW data acquisition programme written to record cutting force
data can be seen below:
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Appendix C

When using the optical pyrometer to measure the temperature of the cutting insert care
had to be taken to ensure that the lens measured the thermal emission of the insert as
close to the cutting tip as possible. The spot size of the area measured varies with
distance between the lens and object. Due to the small dimensions of the cutting insert,
the area measured by the pyrometer must be minimised. The function detailing how the
spot size of the optical pyrometer window varied with distance from the lens can be
seen below:

The diagram shows that the minimum diameter of the pyrometer measurement area was
3.9mm, and it occurred when the lens was 152mm away from the cutting insert.
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Appendix D

A copy of the LabVIEW data acquisition programme used to record AE generated
during machining can be seen below:
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Appendix E

Appendix E contains the power spectrum density results from the pencil lead break tests
that were not included in Chapter 4. The file name specifies the type of test and test
number. The toggle switch specifies which sensor the AE was recorded with. All
traces were analysed without the use of software filtering. The raw waveform shows
the AE trace generated from the pencil lead breaking, and the power spectrum density
window shows the frequency spectrum of the AE signal. The AE energy window
presents the calculated energy of the signal. Depending on the position and type of AE
sensor, the tests show that there are differences in the raw AE waveform recorded and
frequency content of the signal.

This is to be expected due to the difference in

transmission path and sensor frequency response.
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Appendix F

Appendix F contains the source code for the LabVIEW AE data analysis programmes.
In order to capture images of the code, the programmes had to be split into two halves.

Joint time frequency analysis programme.

177

Full spectrum power spectrum density analysis programme.

178

Averaged AE spectrum power spectrum density analysis programme.
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Power spectrum density programme to analyse the surface finish data recorded using the
Form Talysurf.
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Appendix G

Appendix G contains the results of AE RMS plotted against material removal rate after
filtering the AE signal into various frequency bands using the PICO and WD sensors.
The frequency range and sensor used to analyse the results in shown in the title of each
graph.
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AE RMS (Filtered 0.3-0.5MHz PICO) Vs Material Removal Rate
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AE RMS (Filtered 0.1-1MHz WD) Vs Material Removal Rate
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AE RMS (Filtered 0.3-0.5MHz WD) Vs Material Removal Rate
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Appendix H

This appendix contains graphs showing the AE power spectrum density amplitudes of
specific frequency peaks plotted against material removal rate for the PICO and WD
sensors. The specific frequency analysed is detailed in the graph title.

PICO Sensor Results
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AE Amplitude of 24KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 29KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 33KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 37KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 48KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 67KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 78KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 90KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 95KHz Peaks V Material Removal Rate for Various Feed
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WD Sensor Results
AE Amplitude of 4.5KHz Peaks V Material Removal Rate for Various Feed Rates
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AE Amplitude of 12KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 18KHz Peaks V Material Removal Rate for Various Feed
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AE Amplitude of 28KHz Peaks V Material Removal Rate for Various Feed
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Appendix I

This appendix contains graphs showing the surface finish power spectrum density
amplitudes of specific frequency peaks plotted against material removal rate results that
were not included in Chapter 5. The specific frequency analysed is given in the graph
title.
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Surface Finish Frequency Peak Height (15KHz) Vs Material Removal Rate for Various
Feed Rates
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Appendix J

Appendix J contains the auxiliary EBSD results that were taken. Each area sampled
contains a greyscale micrograph of the specimen area, a micrograph showing the grain
orientation and a micrograph highlighting phases present. In each case a key is given
directly below the three micrographs.
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