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SUMMARY

The concept of a sensor designed to measure the behaviour of a machining process is a
fundamental part of process monitoring and control. The perception of such a sensor is
often underestimated when novel applications are investigated and as a result the value of
the overall monitoring process is lost. One such novel application is the milling of carbon
fibre reinforced polymer (CFRP) composites. There has been a rapid rise to the forefront
in CFRP particularly in the aerospace industry due to rapid transition to such materials that
feature numerous advantages over traditional materials. An exhaustive literature review
has indicated that various sensors have been developed to monitor the machining process
temperature. However, interrupted high speed composite machining processes that
involve complex geometries in rotation, remain without a robust production-friendly and
accurate temperature process monitoring tool. This lack of sensor suitability is also due to
the requirement that such a sensor must not significantly change the process conditions
and must satisfy conditions of robustness and reliability in industrial processes.

The primary goal of this investigation is to characterise a novel integrated telemetric
thermocouple (ITT), sensor for the application of tool temperature measurement in CFRP
peripheral milling.

In order to achieve this goal, a structured methodology was followed. The sequence is

outlined through the following activities:

1) Characterise the steady-state behaviour of the ITT sensor using a highly accurate
controlled temperature calibration unit.

2) Characterise the dynamic behaviour of the ITT sensor. Thermal resistance effects
associated with the embedded tool setup were investigated by developing a finite
element model (FEM). The model was validated using a cutting-analogous heat
delivery experimental setup. The setup employed a known heat flux value, supplied
to the outer surface of the tool to simulate the heat generated in the cutting process.
A second sensor, an infrared thermal imaging camera, was used to determine the
surface temperature during the process.

3) Using the validated model, surface tool temperatures for CFRP edge trimming
experiments were investigated. An iterative process was used to obtain comparable
profiles results to the experimental temperature profiles of both ITT sensor and IR
camera. Tool surface temperatures were then compared with 3D surface roughness
data, obtained via white light interferometry, in order to investigate the effect of

specific cutting parameters on both the surface tool temperature and the workpiece



quality prior to any tool wear. The reason for such an investigation was to determine

whether a relationship could be seen between the parameters.

Initial FEM approximations indicated non-conformance between modelled and
experimental temperature profiles in a cutting scenario. The non-conformance was found
to be due to the restriction of the model to using a constant heat flux shape function as a
boundary condition. In order to accelerate heat flux shape function optimization, the heat
flux boundary for the model replaced the experimentally obtained ITT sensor temperature
profiles. This allowed for the average heat flux at the cutting surface to be determined for
different machining parameters.

In this research, an FEM of the ITT sensor was developed and validated through both
analogous heat flux experiments and cutting experiments. This model validated model
allowed for heat flux shape functions associated with the cutting process to be
characterized. The refinement of the shape function allowed for an enhanced FEM to
represent the behavior of the tool as a thermal system during cutting. Parametric analyses
using the FEM indicated that axial heat source variation along the tool length causes heat
choking at the tool tip. This results in a substantially greater tool surface temperature.
Through CFRP edge trimming investigations, it was observed that such trends were also
found when CFRP cutting experiments were performed using specific machining
parameters. Due to the sensitivity of the epoxy matrix, the heat-choking hypothesis
proved to cause significant damage to the surface quality of the workpiece.

Investigations into the heat flux associated with the CFRP edge trimming process
indicated a general trend throughout all combinations of investigated cutting parameters in
which an initial spike in thermal energy occurs. This is followed by an exponential decay
until an approximately constant heat flux value for the remainder of cutting. Analysis of the
heat flux and force values indicates that the axial location of the cutting interface on the
tool has a minor effect on the process. This is in contrast to the effect of feed rate, which
causes significant changes in the process responses. Such in-process effects are linked

to the workpiece surface quality via the use of surface roughness quantification.
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NOMENCLATURE

Notation Description

ae : Radial depth of cut (mm)

@ : 299 792 458 (m/s) (speed of light in a vacuum)

c : Speed of propagation (m/s)

Cr : Number of flutes

Cp : Specific heat (J/kgK)

d 3 Fibre diameter (mm)

dA : Surface area (m?)

D¢oor : Tool diameter (m)

f : Feed per revolution (mm/rev)

f, : Feed per tooth (mm/tooth)

Fr ; Resultant cutting horizontal force (N)

Fx : Horizontal cutting force in the x-direction (N)

Fy : Horizontal cutting force in the y-direction (N)

Fz : Vertical cutting force (N)

Fo 2 Dimensionless fourier number

h; 3 ith of N small contiguous areas (um?)

h 6.626 176 x 10™* (W s?) (Planck constant)

k 5 Thermal conductivity (W/m K)

k 1.380662 x 10% (W s/K) (Boltzmann constant)

L g Length of cut (m)

Il : Length from the tool tip to the centre of the heat ring (m)
M : Emittance (W/m?)

My (T) ; Radiant exitance of a black body at same temperature (W/m?)
M(T) : Radiant exitance (W/m?)

N : Spindle speed (rpm)

q : Heat flux (W/m?)

Ra 2 Arithmetic mean roughness (um)

R : Characteristic length through which conduction occurs (m)
Rq : Quadratic roughness (um)

Ry or Rmax : Maximum peak-to-valley roughness (um)

ri : Thermal resistance related to diffusivity of a material (m*K/W)
t : Characteristic thickness (mm)



7cec
v
Ve

Vr

Greek letters
Notation

a

o

A

p

0AB

Temperature of a heated body (K)

Temperature of the sensor (K)

Temperature (K)

Time (s)

Temperature of the contact point on the target (K)
Temperature of the contact point on the contact (K)
Temperature derivative (K)

Thermal contact conductance (W/m?K)

Frequency of a wavelength (hz)

Cutting speed (m/s)

Feed rate (mm/min)

Description

Thermal diffusivity (m%/s)
Energy flux (W)
Wavelength (um)

Density (kg/m?)

Seebeck coefficient (V/°C)



ABBREVIATIONS

Notation
ANOVA
AWJ
CBN
CFRP
CMA
CTE
DAQ
DEA
DMA
EDM
EM
EMF
FEA
FRE
FRPs
FTIR
GFRP
IHCT
ITT
KFRP
PCD
PCR
PMC
RMS
RTD
RTDs
SEM
SIM
SFSM
SR
SS
TCC
TCR
TFTs
TGA

Description

Analysis of variance

Abrasive water jet

Cubic boron nitride

Carbon fibre reinforced polymer
Centre for microscopy and analysis
Coefficient of thermal expansion
Data acquisition

Dielectric analysis

Dynamic mechanical analysis
Electro discharge machining
Electromagnetic

Electromotive force

Finite element analysis

Fibre reinforced polymer

Fibre reinforced plastics

Fourier transform infrared

Glass fibre reinforced polymer
Inverse heat conduction technique
Integrated telemetric thermocouple
Kevlar FRP

Polycrystalline diamond
Percentage contribution ratio
Polymer matrix composite

Root mean square

Resistive thermal device
Resistance thermometer detectors
Scanning electron microscope
Simulation

Sequential function specification method

Surface roughness

Sums of squares

Thermal contact conductance
Thermal contact resistance
Thin film thermocouples
Thermogravimetric analysis

Xi



uMT
usv
WP

Ultimate maximum temperature
Ultrasonic-vibration

Workpiece
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1 INTRODUCTION

The utilisation of new materials such as composites and plastics rather than more
traditional materials such as metals has had a tremendous impact on the manner in which
components are machined [1]. However, due to rapid transitions to such materials, driven by
numerous factors including the demands of a globally reaching market, environmental
awareness and the quest for energy efficiency, today’s manufacturing sector is expected to
adapt and respond with the same rapidity as the materials being processed. It is this rapid
need to understand new manufacturing processes and adapt appropriately that has made
process monitoring and control so important in today’s manufacturing industries.

The monitoring process is highly reliant on accurate information supplied by sensors,
which are either directly or indirectly associated with the process. A sensor is defined as a
device that receives and responds to a signal or stimulus [2]. The concept of a sensor
designed to measure some response or behaviour of a machining process is a fundamental
part of process monitoring and control. However, machining processes seldom facilitate
direct sensing due to the impact on the process and hence many sensor systems are based
on aspects of the machine tool or the cutting tool becoming sensorised. This newly
sensorised tool combined with the associated measurement chain can often reduce the
fundamental sensitivity to the measureable phenomena occurring during materials
processing. This is more clearly understood by way of the sequence of events in a process
monitoring and control system as outlined by Teti et al. [3]: Process variables — sensorial
perception — data processing and feature extraction — cognitive decision making — action.

Focusing on sensorial perception defined by Teti et al. [3] as the process of attaining
awareness or understanding of sensory information, the level of understanding associated
with the sensory information should not be underestimated. The theory of active processing
of kinetic intelligence, as described by Gregory [4], is a popular theory in which stored-from-
the-past potential intelligence of knowledge is selected and applied to solve current
perceptual problems by active processing of kinetic intelligence. Relating this form of active
perception to a machining process, one must consider the influence of senses/sensors,
surroundings and the value of the information received into the brain or computer from the
sensor. It is this active perception that will be investigated in the current measurement
application.

Traditional categories of direct and indirect measurement approaches are typically used to
quantify process responses. A key process response of carbon fibre reinforced polymer
(CFRP) machining, which utilises an indirect process measurement sensor, is temperature.

Temperature has long been correlated to deleterious and costly production facets of



traditional metal machining, such as tool wear, and has formed the basis of extensive
research efforts which have been well summarised by Davies et al. [5]. While tool wear has
been thoroughly explored and related to increases in the process temperature [6], polymer-
based materials such as fibre reinforced plastics (FRPs) have introduced a new challenge in
the form of workpiece thermal damage. Such damage can initiate at modest temperatures
beyond the glass transition temperature of the matrix material, which can be as high as
200°C. As plastic and composite machining have become ubiquitous in areas such as the
aerospace, automotive, marine and numerous sporting equipment industries [7], the need for
awareness and monitoring of the process temperature has become critical due to the
sensitivity of such workpiece materials to either visual or incipient thermal damage.

Various sensors have been developed to monitor the machining process temperature [8].
However, interrupted high speed composite machining processes involving complex
geometries in rotation remain without a robust production-friendly and accurate temperature
process monitoring tool. This lack of sensor suitability is also due to the requirement that
such a sensor must not significantly change the process conditions and must satisfy
conditions of robustness and reliability in industrial processes which has been highlighted as
a limitation in many keynote papers on monitoring [3, 9].

This research introduces a novel temperature sensor that has been designed specifically
for the purpose of monitoring temperature in milling and drilling processes. The work
examines in detail the sensor characteristics for temperature monitoring of machining

processes such as milling of composite materials.



1.1 Existing and emerging issues in CFRP composite machining

Current global demand for carbon fibre, of which CFRP composites form a large
proportion, is approximately 46,000 tonnes and rising [10]. By application such materials are
found in aerospace — 17%, industrial, including wind energy and automotive — 67% and
sporting goods — 16% sectors [10]. The rapid growth rate has seen the global CFRP
composite annual spend increase to €11.4 billion in 2012, with an anticipated compound
annual growth rate of 13%, resulting in a rise in annual spend to €28 billion by 2020 [11]. It
is well known that the abundant use of CFRP is due to its superior combination of strength-
weight and modulus-weight ratios in comparison to metals, allowing light weight, robust
construction [12]. However, additional advantages also include longer life, i.e. no corrosion,
tailorable strength and stiffness to load directions, inherent damping and improved thermal
conductivity [13]. The strength-weight advantage has been recognised and capitalised upon
to good effect by the aerospace industry, where composites are becoming more prevalent in

aircraft designs, as illustrated in Figure 1.1.
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Figure 1.1: The material break-down of the Boeing 787 Dreamliner.
(Adapted from Nelson et al. [14])

During the formation of a CFRP composite, a number of processes take place to move
from basic fibre and resin matrix components, through to prepregs and then on to the final
high modulus or high stiffness component. The application for which a CFRP component is

ultimately to be used places a high degree of importance upon the process employed to form



such components. It would be realistic to observe processes such as hot melting of the
prepreg, hand layup of plies, bag-moulding, vacuum consolidation, oven curing, and post-
processing, for example drilling, milling and turning, if the early life-cycle of the composite
were to be tracked. A closer look at some of these processes indicates that there are at
least two stages during which the incomplete composite requires a material removal
process; 1) during the layup of plies, as the individual laminae need to be shaped to the part
requirements and 2) post-curing, in order to trim excess material generated during
consolidation, create features and revise surfaces. In early research, Konig [15] stipulated a
number of cutting processes and their suitability for prepreg and fully-cured component
cutting as reproduced in Figure 1.2. While this model has become outdated due to
advancements in material removal processes, in particular water jet cutting, over the last 27
years, it stood as a basis for a large amount of work, in both industry and academia,

performed previously.
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Figure 1.2: Techniques used in cutting of prepregs and cured laminates.
(Adapted from Konig et al. [15])

It is expressed by Schulze et al. [7] and reiterated here that the ultimate goal in CFRP
component manufacture should be to manufacture parts without any mechanical machining.

However, due to the complexity of processing techniques currently employed during



component manufacture, there is still a need for many subsequent machining operations.
This is particularly important for near-net shape, high value added parts.

Another application of composite machining that has seen rapid growth in recent times is
that of composite mould tools. The use of composites for tooling is due to the fact that they
are light-weight, relatively cheap to manufacture and have the same coefficient of thermal
expansion (CTE) as the component being manufactured. However, their widespread use
has been limited due to the difficulty in achieving the geometric tolerance and surface finish
required of the part. This has led to the use of sacrificial CFRP materials which are created
oversized and machined back down to size, a high accuracy process that requires large
amounts of material removal..

In general machining terms, Walker et al. [17] outlines the cutting process as a controlled
interaction among the workpiece, tool and the machine. These are not the only influences in
the cutting process as illustrated in Figure 1.3. This figure indicates that tool and workpiece
clamping, cutting fluid, machine rigidity and power capabilities, and cutting conditions are
also critical in determining the level of control associated with the process.

A number of damage types unique to composite machining have been identified including
thermal, mechanical and chemical damage. These damage types are described in more
detail in the literature review. Due to the nature of the application of many CFRP
components in the aerospace industry in particular, the potential for component failure as a
result of such damage is unacceptable.

Figure 1.3: Interaction between the workpiece, tool and machine in cutting processes.
(Adapted from Walker et al.[17])



1.2 Research goals and objectives

The goal of this research is to characterise a novel temperature-sensorised cutting tool system

for use in CFRP edge trimming process monitoring. The novel sensor incorporates wireless

telemetry to overcome transmission limitations associated and rotation, using the embedded-

tool thermocouple sensor technique previously developed by Barlier [18-20]. This unique

technology combination is coined the integrated telemetric thermocouple (ITT) sensor.

In order to achieve this goal, a number of research objectives were set out:

i

Characterise the steady state behaviour of the ITT sensor using highly calibrated
calibration equipment.
Characterise the dynamic behaviour of the ITT sensor using:

¢ A numerical parametric analysis tool using a finite element model specifically
tailored to the cutting tool associated with this process.

e A customised dynamic calibration of the ITT sensor using an experimental setup in
which an analogous heat flux is generated to represent the thermal system
associated with an actual cutting process.

Apply the characterised ITT sensor in monitoring the temperature during the machining of

CFRP composites.



2 LITERATURE REVIEW

2.1 Composite material decomposition

Mallick [21] states that fiber-reinforced composite materials consist of fibers of high strength
and modulus embedded in or bonded to a matrix with distinct interfaces between the materials.
In this form both fibers and matrix retains their physical and chemical identities, yet produce a
combination of properties that cannot be achieved with either of the constituents acting alone.

This research is focused within the engineered section of composites, with a specific focus on
PMC and FRP engineered composites. Honing in to a much more specific level, this research
centres on CFRP prepreg laminate composite structures such as those used in aerospace, wind
turbine and automotive industries [22]. It should be noted that CFRP composites appear as a
subset of both PMC and FRP due to the various methods by which composites are classified,
i.e. by reinforcement or matrix material. This is detailed in greater detail in Appendix 1.
Therefore, in order to fully understand the overall CFRP composite, a deeper look into both

reinforcement and matrix subsections of the material must be undertaken.

2.1.1 Reinforcement materials

According to Astrém, [23] the reinforcement is the constituent that primarily carries the
structural loads to which a composite is subjected. As a result of this role, the reinforcement
typically defines the core mechanical properties of the composite, such as stiffness, UTS and
yield strength. Reinforcements may be in the form of fibres, particles or whiskers with fibres
being the predominant choice in most applications [23]. All common fibres are manufactured
using several processes including the use of a drawing process in which liquid raw material is
drawn from an orifice. This drawing process ensures that the molecules of fibres are aligned
and parallel to the direction of drawing. The result of such alignment is to significantly increase
the strength and stiffness of the composite in the axial direction as opposed to the transverse
direction. However, the fibre itself is not the only mechanical property-defining parameter. The
orientation and form, as indicated in Figure 2.1, also contributes significantly to such properties.

The main types of fibre-reinforcements are carbon, glass and amorphous. This research will

focus specifically on carbon fibre-reinforcement material.
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Figure 2.1: lllustration of the various possible reinforcement arrangements [23].

Carbon Fibres

In 1878, Thomas Alva Edison, in his efforts to find a suitable material for lamp filaments, used
cotton fibres, and later bamboo, to produce carbon fibres [23]. Carbon fibre is defined as a fibre
containing at least 92 wt% carbon, while the fibre containing at least 99 wt% carbon is usually
called a graphite [24]. The most impressive feature of this material is that it has the highest
strength and stiffness of any composite-reinforcement candidate. Other properties of carbon
which make it attractive to a wide range of applications are low densities, high thermal and
chemical stabilities in the absence of oxidizing agents, good thermal and electrical conductivities
and high creep resistance [25].

Carbon fibres can be described quantitatively as ultra-high modulus (>500 GPa), high
modulus (>300 GPa), intermediate modulus (>200 GPa), low modulus (100 GPa) and high
strength (>4 GPa) [23, 26].

While unidirectional fibre systems in composites are still in use, it is common for carbon to be
woven into a more practical fabric structure. Fibres running along the length of a roll of fabric are
referred to as the warp fibres, while those across the width are called the weft. There are
several fabric styles that are commonly employed in the composite industry, such as a plain

weave, twill weaves and satin weaves as illustrated in Figure 2.2.
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Figure 2.2: (a) Plain weave provides near unidirectional format - low drapability, (b) 2 X 2
Twill weave create a ‘herringbone’ pattern and are commonly used for complex profiles —
medium to high drapability and (c) Satin weave styles tend to be unbalanced and this
must therefore be designed into the component — high drapability. (Adapted from [27])



2.1.2 Matrix materials

The matrix material in a composite has several functions:
e Binder: Holds the reinforcement in place.
e Load transfer: Transfers external loads to the reinforcements.
e Protection: Provides reinforcement from adverse environmental effects.
e Load redistribution: Crucial when individual fibres fracture.

e Lateral support: Prevents buckling in compression.

There are a number of materials, such as metals, ceramics, polymers and carbon, which
have become highly popular matrix materials depending on their intended application. The
aim in this chapter is to focus more specifically on epoxy matrix materials and identify the

basic polymer science associated with this matrix material.

Epoxy

A polymer is a high molecular-weight compound that is composed of a multitude of
repeated small segments. Polymers are organic compounds primarily based on carbon and
hydrogen atoms bound to each other by primary, or covalent, bonds [23].

The type of polymer focused upon in this research was the thermosetting resin, Epoxy.
Common chemical practice dictates that molecules can be classified by the functional groups
contained within [28]. In the case of epoxide molecules, these can be identified by the

presence of the epoxide group shown in Figure 2.3.

O

PN

C C

Figure 2.3: The basic epoxide group containing 3-member rings of 1 oxygen and 2

carbon atoms.

Within thermosets, epoxy resins are described as a group of cross-linking polymers and are
sometimes known as the oxirane group, which is reactive towards a broad range of curing
agents [29]. In such reactions, the low-weight resins are converted into 3D thermoset
structures exhibiting valuable properties. In simple terms, the epoxy matrix is made up of a
combination of low-molecular-weight organic liquid resins containing a number of epoxide
groups, and a curing agent which initiates the polymerisation reaction, i.e. curing, to

transform the liquid resin to the solid state [12].
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The reaction can be sped up or slowed down with the application or removal of heat from
the system respectively, resulting in a B-stage resin form. B-stage occurs before all of the
molecules are cross-linked, i.e. formed at widely spaced intervals [25]. This process is used
to develop prepreg composites in which an ungelled liquid of very high viscosity, but with the
necessary tack, flexibility and shelf life to facilitate part production is prepared [30].

According to Mallick, [25] the volume and type of curing agent dictates the curing time and
temperature to complete polymerisation. Some agents operate at room temperature while
others require elevated temperatures to extend the B-stage life of the epoxy.

11



2.2 Carbon fibre reinforced polymer (CFRP) composites

There are numerous methods employed in industry to obtain various CFRP composite
shapes and mechanical properties given specific time/throughput constraints. These include
hand layup or bag-moulding, compression moulding, pultrusion, filament winding, liquid
moulding techniques such as resin transfer moulding (RTM) and structural reaction injection
moulding [25, 31]. The method used is also highly dependent on the form of the

reinforcement, i.e. continuous fibres, particulates or whiskers.

2.2.1 Fundamentals of FRP composites manufacture

Samples of woven CFRP laminate are made using stacks of continuous fibre laminae
prepregs formed via vacuum bag-moulding. Important composite manufacturing
fundamentals, as stated by Mallick [25], are:

e Degree of Cure: This is typically described as a percentage between 0% and
100% of a chemical or mechanical property which is achieved by the exposure time
to a specified temperature and pressure during the curing process.

e Viscosity: Viscosity is the measure of a fluid’s resistance to flow under shear
stresses. During the early stages of the curing process, viscosity of the resin is
seen to increase slowly with increasing time and temperature. However, after a
threshold degree of cure is achieved, which occurs at the gel-time, the viscosity of
the resin is seen to increase rapidly [25].

e Resin Flow: Resin flow is important in order to prevent voids occurring in the part
and ensuring good fibre wet-out. In thermoset resins, such as some epoxies, curing
may take place simultaneously with resin flow, and if the resin viscosity rises too
rapidly due to curing, voids may form and the product will experience poor
interlaminar adhesion.

e Consolidation: According to Chung [32], consolidation involves the use of
pressure to bring the fibre layers closer to together and the use of heat to melt the
resin in the prepreg, so that the resin flow will allow the layers to come even closer
together. During this phase of the manufacturing process, just prior to curing, a
portion of resin may be squeezed out. During this consolidation process, the
thickness of the prepreg laminate stack reduces. It is this phase of the
manufacturing process, in conjunction with shrinkage, which causes the component
to require additional or secondary processing, i.e. machining, due to the inexact
nature of the consolidation phase.

e Gel-Time Test (Pot Life): Knowing the length of time that an epoxy resin
formulation will remain fluid is important for manufacturers of composite

components as it allows for the relevant lay-up method to be selected. The gel-time
12



test is designed to determine the curing characteristics of a resin-catalyst
combination. Once the gelation stage is reached in the curing cycle, liquid-like flow
becomes unattainable as the viscosity rises rapidly [28].

e Shrinkage: This is the reduction in volume or linear dimensions caused by curing
and thermal contraction of the component. Thermal shrinkage is found to occur
during the cooling phase following curing while the component is within or outside of
the mould, or both [25]. Interestingly, it is possible to control the degree of
shrinkage to an extent via the use of a tixotropic additive [30].

o Voids: A type of defect produced during the curing stage of a composite laminate.
Voids are a critical factor controlling the mechanical properties of the final composite
component, as stress concentrations can occur around such voids resulting in

premature failure of the laminate [28].

2.2.2 Composite manufacturing — fibre matrix systems

Peters [13] describes the possible steps of processing and fabrication which go into the end
product composite structure seen by the customer in Figure 2.4. The method employed for

the CFRP composites used in this research are outlined in Figure 2.4 via red arrows.

Prepregs

Prepreg sheets are defined as thin sheets of fibres impregnated with predetermined
amounts of uniformly distributed polymer matrix [25]. According to Mallick, [25] epoxy is the
most common matrix material used in prepreg sheets and typical sheet thickness is between
0.13 and 0.25 mm.

13
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Figure 2.4: Various manufacturing steps associated with composite structures.

2.2.3 Vacuum bag moulding process and nomenclature

The bag moulding process is typically used in the aerospace industry due to the lowered
importance placed on high production rates [25]. Such techniques are used to fabricate
complex shapes, double contours and relatively large components. In this process, several
consumable layers are utilised in order to ensure the removal of air and volatiles and

consolidate the lay-up during cure. These are described below and illustrated in Figure 2.5.

Vacuum port Bagging film

Release film Breather

Peel ply Sealant tape

(optional)  Release agent

Prepreg stack
Tool

Figure 2.5: Schematic of a typical vacuum bag.

Release Agent: Allows release of the cured component from the tool.
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Peel Ply: This is an optional light weight fabric applied and moulded onto the component
surface. It protects the surface and can provide a surface for secondary bonding after removal.

Release Film: This allows the removal of vacuum consumables from the laminate. It can be
a solid or perforated with various hole patterns to control resin bleed during cure. Solid release
films do not allow any resins or gases to escape.

Breather: Allows the free passage of air under the vacuum bag over the laminate to ensure
the level of vacuum is equalised over the whole surface.

Bagging Film: Normally nylon film, this forms the bag which is used to remove air and
volatiles.

Sealant Tape: A mastic tape used to seal the vacuum bag to itself or to the surface of the

mould tool.
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2.3 Machining of CFRP composites

2.3.1 Overview of the milling process

The milling process is the focal machining process of this research. This is an interrupted
cutting process in which cutting edges periodically enter and exit the workpiece [17]. As a
result of this periodicity, cyclic thermal and mechanical loads occur on the tool and
workpiece, which lead to fatigue failure mechanisms not encountered in continuous cutting
[8]. However, when machining composites the magnitude of this cyclic effect is reduced to
near-steady state. This is due to uncontrolled intermittent fracture during FRP cutting,
resulting in tool designs which incorporate an increased number of teeth on the cutting tool to
distribute the chip load [31]. There are a number of types of milling, as described in Figure
2.6 [33]. Of these types of milling, the sensor associated with this research will focus on
peripheral milling, also known as edge trimming. Two different types of edge trimming
employed during the machining of CFRP are down or climb milling and up milling. Each of
these alternatives is associated with a different material removal mechanism, with the former
generating a larger initial chip size and the latter generating largest chip size at the end of the
cut [34].

———— — ——— ——————————————————————————————————————— —————
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Figure 2.6: Types of milling [33].

The main machining parameter relationships are shown in Figure 2.7 and

represented mathematically using Equations 2.1 - 2.9.
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Workpiece feed direction

Figure 2.7: Basic cutting geometric factors associated with edge trimming.

Cutting Speed:
Vo=m-N-D 21
Where v, is the cutting speed (m/s)
N is the spindle speed (rpm)

D is the tool diameter (m)

Feed Rate:
ve =fN 2.2

Where vy is the feed rate (mm/min)

f is the feed per revolution (mm/rev)

Feed per tooth defines the translation of the workpiece between the engagements of

successive cutting edges and is expressed as:

CF y N F

N is the spindle speed (rev/min)

Cg is the number of flutes

17



The length of the cutting edge engagement in the workpiece for low feeds compared to

spindle speeds as are used in FRP trimming is estimated by:

D a
= aac—1fs .o €
L. = 5 €0S (1 2 D) 24
Where L. is the length of cut (m)

a, is the radial depth of cut (m)

The minus sign in Equation 2.4 is used to account for down milling and the plus sign is
used for up milling.

The average thickness of the undeformed chip is calculated using:

fa
Agpe = 266 2.5
Where aqve IS the average undeformed chip thickness (m)

In order to determine the full angle of engagement between tool and WP, the following

formula is used:

2a
cosP, =1-— De 2.6
Where @, is the total engagement angle of the trimming process (°)

The opposing tool rotations for up and climb milling cause different lengths of cut, with up
milling producing a longer cut with a smaller average undeformed chip thickness, while climb
milling results in a larger average undeformed chip thickness due to a smaller length of cut
per tooth. This explains the higher cutting forces, and ultimately cutting power required for
down milling.

Due to the nature of this constantly changing theoretical chip thickness during the milling
process, the instantaneous uncut chip thickness, a., at an engagement angle, ®;, is

determined using:

a, = f,sind; 250

The material removal rate in edge trimming is calculated by:
Zy = a.a,vy 2.8

Where a, is the workpiece thickness for trimming operations (m)

The effective chip thickness is determined by:
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Figure 2.8 illustrates the forces associated with orthogonal continuous chip formation, from
which it is possible to derive relationships between the various forces associated with the
cutting process. This model assumes that a continuous chip is formed due to a shearing
action along the shear plane, which relates the uncut chip thickness to the post-machining

chip thickness through the cutting ratio, defined as:
r= :—Z 2.10
Where r is the cutting ratio
a. is the uncut chip thickness (mm)
a, Is the chip thickness after machining (mm)
The shear angle can be determined using the relationship with the cutting angle defined as:

_ rcos(a,) 211
DRy = 1 —rsin(a,) :

Where ¢ is the shear angle (°)

a, is the rake angle (°)

Figure 2.8: 3D representation of orthogonal cutting showing the various forces
including, cutting force, F., thrust force, F;, feed force, F;, normal force, F,, shear force,
Fs, and normal shear force, F,s, which can be determined using some trigonometric

principles.
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2.3.2 Chip formation during CFRP cutting

While similar tools, machinery and basic setup are employed in order to perform material
removal processes on CFRP composite materials as is seen with metals and plastics, the
structure of the workpiece (WP) material itself results in a vastly different chip formation
mechanism to that established for metal cutting. Correspondingly, the heat generation theory
in orthogonal composite machining is significantly different from that of metal and cast epoxy
resins.

In a paper by Jahromi et al. [35], the idea of chip formation in composites is outlined,
whereby in order for the chip to form, both matrix and fibre must be separated from the WP.
Thus the matrix should shear and the fibre should break to achieve chip formation.

Wang et al. [36] dedicated an entire section of their 1995 journal paper to the chip
formation mechanism associated with CFRP composite materials having long fibres. In this
section, they indicate that the type of chip produced when using unidirectional laminates of
fibres is largely dependent on the fibre orientation of the composite to the cutting tool. Their
analysis of the chip formation process for unidirectional fibre arrangements of 0° < 6 < 135°,
utilised a high speed camera. The images obtained from the camera indicated that peel
fracture, emanating from the tool point and propagating along the fibre/matrix, was
predominant in 0° orientations. This resulted in small but distinct fragmented chips. The
ultimate failure of the material to cause the chip was found to be due to advancement of the
chip along the tool face until bending fracture occurred under cantilever loading.

Wang et al. found that as the orientation degree increased the quantity of distinct chips
decreased and were replaced with small discontinuous dust chips. The images of 90°
orientation material during edge trimming indicated not only smaller chips, but also the
presence of cracks on the machined surface and out of plane displacement ahead of the tool.
Wang et al. noted that the combined forward and downward compressive tool load resulted
in a brooming effect in which the initial surface features generated by the tool point are
replaced by an extruded surface due to contact between the clearance face and the
workpiece. Difficulty was found in analysing the chip formation in orientations greater than
90° due to the decreasing chip size. However, out of plane displacement and macro fracture
were also observed for orientations of 105° to 150°. This chip formation mechanism is
described in [37]. Figure 2.9 to Figure 2.12 illustrate the effect of the tool acuity on the
mechanism of failure of 0°, 90°, +45° and -45° oriented fibres respectively. In each of the

below cases, there is a considerably different interaction between workpiece and tool.
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fibre/matrix interface

Figure 2.9: Mechanisms of chip formation during the machining of 0° UDFRP with
high(ieft) and low (right) cutting edge acuity tools. (Adapted from [37])

In Figure 2.9, with fibre orientation parallel to the direction of cut at 0°, it should be noted
that for high tool acuity there is a rupturing effect at the fibre matrix interface with crack
propagation ahead of the tool tip. This causes the chip to separate via brittle fracture at an

angle perpendicular to the initial fibre direction.
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Figure 2.10: Mechanisms of chip formation during the machining of 90° UDFRP with
high or low cutting edge acuity tools. (Adapted from [37])

In Figure 2.10, with fibres perpendicular to the direction of cut at 90°, the cutting
mechanism appears to initiate with a mode | opening, penetrating the material at fibre-matrix
interfaces. This is followed by a secondary rupture at the surface due to the fibres shearing.
This orientation of fibres is therefore capable of resulting in long cracks along the depth of
cut, particularly as tool acuity reduces [37]. As a result, damage such as delamination can
occur due to cutting of this orientation of FRPs.

A tensile deformation of the fibres and a shearing by the cutting edge perpendicular to the

fibres appear to make up the cutting mechanism for fibre orientations of 45°, as illustrated in
21



Figure 2.11. The chip forms by shearing along the fibre/matrix interface to the free surface.
[37]. As the cutter moves along the feed direction, fibres tend to spring back to extend above
the theoretical machined surface and rub along the clearance face of the tool. Subsurface

delamination is also a concern for this orientation, again augmented by low tool acuity [37].

0 =45°

0 =45°

Low r. — high acuity Higher r, — low acuity

Figure 2.11: Mechanisms of chip formation during the machining of +45° UDFRP with
high or low cutting edge acuity tools. (Adapted from [37])

Alternatively, fibre bundle orientations of -45°, shown in Figure 2.12, are pushed by the tool,
bent and broken by bending [37]. Damage associated with this type of orientation and
cutting mechanism is cracking in the thickness of the material at fibre-matrix interfaces.
There is less spring back of the fibres in this orientation than for orientations previously

mentioned.

Tl s 0=-45

: : Higher r. — lower acuity
Low r. — high acuity ik

Figure 2.12: Mechanisms of chip formation during the machining of -45° UDFRP with
high or low cutting edge acuity tools. (Adapted from [37])

In a later paper by Wang et al.[38], it was noted that chip formation in trimming of multi-
directional Gr/Ep laminate produced comparable formations to those previously discussed for
unidirectional material despite the multiple fibre angles present. However, it was found that
plies adjacent to 90° and -45° plies provided support and resulted in less damage to the

finished surface than was found in the unidirectional material case. Another finding was that
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principal cutting force experienced high fluctuations in the multi-directional material which

were accredited to the presence of the 90° laminate plies.
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principal cutting force experienced high fluctuations in the multi-directional material which

were accredited to the presence of the 90° laminate plies.
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2.3.3 Machining parameters used with traditional CFRP cutting
investigations

Much research has been done on the turning of CFRP composites and this is useful to
consider when determining cutting speed. In chip-formation investigations by Soo Kim et al.
[39] the turning of carbon fibre-epoxy composites, cutting speeds of 35 m/min to 134 m/min
were used to determine aspects such as tool wear in relation to fibre winding orientation. In
a more recent paper by Ferreira et al. [40], an optimisation methodology was used in rough
turning to determine the best cutting conditions for a cemented carbide tool. Ferreira et al.
found an optimised cutting speed of v, = 225 m/min.

During the same time period, research was undertaken in Singapore by Sreejith et al. [41]
relating to the use of polycrystalline diamond (PCD) tools during face-turning of carbon-
phenolic ablative composites. In this research, the range of cutting speeds used was 100
m/min to 400 m/min for a range of feed rates of 0.025 mm/rev to 0.1 mm/rev. Later research
by Mata et al. [42] investigated the effect on thermoplastic rather than thermoset polymers
with regards to cutting speed and feed rate during the turning process. Mata et al. used
cutting speeds of 50 m/min to 200 m/min against feed rates over the range 0.05 mm/rev to
0.2 mm/rev.

In the realm of milling, various types such as end milling, edge trimming and face milling
have been investigated for cutting speed influence. Research by Hocheng et al. [43] into
chip formation mechanics and workpiece damage indicated that cutting conditions should be
properly selected to avoid the surface irregularity induced by heat accumulation. Hocheng et
al. used cutting speeds up to 188.4 m/min for a feed rate of 0.0167 mm per tooth. In the
University of Aveiro, Portugal, Davim and Reis [44] presented a study that evaluated the
cutting parameters, i.e. cutting velocity and feed rate, in reference to the surface roughness
and damage in milling laminate plates of carbon fibre-reinforced plastics, as shown in Figure
213t
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Figure 2.13: Testing setup of the Davim and Reis end milling experiment [44].

Using a multiple regression analysis, Davim and Reis used three levels of cutting speeds,
28 m/min, 38 m/min and 47 m/min, with corresponding feed rates of 200 mm/rev, 410
mm/rev and 860 mm/rev. Interestingly, in another study published at approximately the
same time as [44], Davim et al. used the same experimental setup and tooling in order to
determine the effect of cutting parameters during the milling of glass fibre reinforced plastics .
In this instance, cutting speed levels were raised to 47 mm/min, 79 mm/min and 110 mm/min
for corresponding feed rates of 0.04 mm/rev, 0.08 mm/rev and 0.12 mm/rev. The
conclusions made by Davim et al. [44] were again that feed rate is the cutting parameter
which has the greater influence on machining force in the workpiece and delamination factor,
whilst the cutting parameters used produced an Ra value of 1-2.02 um for the two materials
tested. This is a relatively high precision surface finish.

In a thorough review of composite machining practices, Teti [45] determined that as
regards process parameters selection in the milling of FRP composites, due to the multiplicity
of possible composites, recommendations can only be given for specific machining
applications. In most cases, however, a high cutting speed ranging from 800 to 1200 m/min
with a low to moderate feed per tooth proved advantageous. This reference was in relation
to glass fibre reinforced polymer (GFRP) composites using PCD tools, which as seen from
the works previously mentioned, require significantly more cutting speed to achieve the same
surface finish as tungsten carbide tools.

In a paper on high-speed drilling of CFRP composites, Gaitonde et al. [46] investigated the
amount of delamination experienced due to a range of parameters, including cutting speeds.
Using a cemented carbide grade K20 twist drill of 5mm diameter with 25° helix angle and an
aerospace headstock at 40,000rpm by air turbine tools, cutting speeds of 60, 120 and 600
m/min were examined in conjunction with various feed rates and point angle. A key finding in
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this investigation was that high-speed cutting plays a major role in reducing damage at the
entrance of the hole [46]. It also states that the combination of low feed rate and point angle
is essential in minimising delamination during drilling of CFRP composites.

The cutting speed has been shown by Kobayashi [47] to have two opposing effects on the
machining of polymers. Firstly, as the cutting speed increases, the strain rate will increase,
causing the material to fail at a lower strain in the form of brittle chips. Secondly, the heat
generated in the cutting zone will increase the long-range mobility of the FRP’s molecular
chains and therefore increase ductility. The glass transition temperature and polymer

molecular weight would therefore dictate which effect became dominant in the process.
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2.3.4 Health and safety aspects in CFRP machining

In attempting to investigate the phenomenon of CFRP milling, it is important to take into
consideration the potential hazard. According to Sheikh-Ahmad [31], hazard is the potential
that a material, process or equipment will cause an adverse health effect under the

conditions in which it is produced or used.

Sources of Hazards

In relation to polymer-based composites, the sources of such hazard are found during
handling of the material, at prepreg stages, as well as due to dust and gaseous emissions
generated during machining. However, once fully cross-linked, thermoset polymer
composites can be considered inert and skin exposure does not pose a threat. In fact,
according to Ramakrishna et al. [48], due to the high inertness and potential mechanical
properties of carbon fibres, these fibres are currently the most widely used reinforcement
material in the development of biocomposites. However, dust from conventionally cut epoxy
resin was found by Malkusch et al. [49] to result in significant lung cell damage during in-vitro
investigations on target cells from the washed lung fluid of guinea pigs. Sheikh-Ahmad [31]
produced a general list of hazards generated from the machining of composites, shown in
Table 2.1. It is also stated by Sheik-Ahmad that pitch-based fibre dust particles may be
connected with an increased threat of cancer, while the PAN based equivalent does not

produce any risk.

Table 2.1: Hazards and routes of exposure in machining FRPs [31].

Hazard Operation Exposure Route
Inhalation  Skin Eye Injection
contact contact
Exposed protruding Handling - - - X
fibres
Dust Traditional machining X X X -
Fumes Laser machining, EDM, X X X -

traditional machining

It is also widely accepted that while dust is damaging to the human respiratory system, it is
also a serious irritant to skin and eyes. The American Conference of Governmental Industrial
Hygienists (ACGIH) has issued a recommended exposure limit of 3mg/m? for Particles Not
Otherwise Specified (PNOS) — a category that includes composite dust [50].

Another source of hazard, similar although on a smaller scale to dust, is aerosols. These
can occur during excessive heating, in which the polymer matrix begins to decompose. This

results in the production of airborne, potentially toxic substances. The recommended
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exposure limits (RELs) from the National Institute for Occupational Safety and Health

(NIOSH) for such aerosols are shown in Table 2.2 [51].

Table 2.2: NIOSH recommended exposure limits for hazardous agents [51].

Hazardous
Agent
Benzene
Fibrous

glass

Ethyl
benzene

Indene

Naphthalene

Phenol

Styrene

Toluene

M, p-Xylene

NIOSH REL

Ca; 0.1 ppm (0.32mg/m3), 8-h TWA
1 ppm (3.2mg/m3) ceiling (15 min)
3 million fibers/m3 TWA (fibers <
3.5um

in diameter and = 10um long);
5mg/m3 TWA (total fibrous glass)
100 ppm (435mg/m3) TWA

125 ppm (545mg/m3) STEL

10 ppm (45mg/m3) TWA

10 ppm (50mg/m3) TWA 15 ppm
(75mg/m3) STEL

5 ppm (19mg/m3) TWA (skin)
15.6 ppm (60mg/m3) ceiling (15-m)
(skin)

50 ppm (215mg/m3) TWA

100 ppm (425mg/m3) STEL

100 ppm (375mg/m3) TWA
150 ppm (560mg/m3) STEL
100 ppm (435mg/m3) TWA
150 ppm (655mg/m3) STEL

Health Effect
Cancer (leukaemia)

Eye, skin and respiratory
effects

Eye, skin, and upper
respiratory

irritation

Mucous membrane and lung
irritation; in animals, liver and
renal necrosis, spleen injury
Hemolysis and eye irritation
that causes cataracts

Skin, eye, CNS, liver, and
kidney

effects

Nervous system effects, eye
and

respiratory irritation,
reproductive effects

CNS depression

CNS depression, respiratory
and
eye irritation

Research into dust particles produced during milling operations of thermosetting plastics

has shown that mostly coarse, non-respirable particles are produced. Significant factors on

dust particle size are cutting tool geometry, cutting parameters and number of tool cutting

edges [52]. Literature suggests that aerosol emissions are primarily associated with laser

machining due to the heat intensity generated during the process [53].
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2.4 Damage caused during the machining of CFRP

A primary reason for many machining investigations is to develop an understanding of
the process that will allow maximised productivity and throughput, whilst producing a safe
and high quality product. Secondary machining processes in the manufacturing of a
composite component are particularly well studied due to the high level of value already
added to the near-net shaped product to be machined [15]. Damage, of any kind, would
therefore be highly counter-productive and hinder the overall throughput, while using too
cautious a set of machining parameters would hinder the productivity. It is this balance
that has ultimately spurred interests in such investigations. As a result, it is necessary to
understand the types of damage associated with CFRP machining.

Prior to machining, during the initial stages of composite product manufacture, defects
can occur in the form of surface scratches, edge chips and mould marks. The formation of
voids is also possible, caused by trapped volatiles which expand during the early stages of
the curing process [54].

Taking a philosophical perspective, the act of machining in itself is deleterious and
destructive, as the outer layer of material is removed, or destroyed, in a dramatic sense
from the original structure and an alternative, machined outer surface takes its place.
Therefore, as a destructive process, the level of damage inflicted onto either the workpiece
or the tool itself is driven by the manner in which material is removed. The quality of this
revised outer surface is dependent on numerous factors including tool geometry, tool
material, cutting parameters, workpiece material and mechanical properties and material
removal method which results in a specific chips being formed. This was explored initially
by Konig et al. [15] in one of the earliest documented works on FRP machining and has
since been studied extensively.

The primary indicator used for damage quantification in cutting processes is surface
roughness measurement. Yet there are numerous types of damage that are not suitably
characterised by such measurements, referred to as defects. The decisiveness of defects
is typically only qualitatively surmised via inspection or geometric inferences.

In defining the damage caused to workpiece materials during machining processes it is
important to note the difference between what is and is not acceptable to find as part of
the final product. Surface roughness related variations such as the difference in Ra value
between 0° and 90° fibre orientations, or between various lay-up configurations in multi-
directional ply configurations are a necessary iniquity in terms of the final product, whereas
fibre pullout, delamination, linting, cracking, burning and chemical damage are defects
which should either be prevented or removed from the final product before being released

for application.
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Several factors, such as fibre orientation relative to the cutting tool, tool acuity, cutting
speed, feed rate and depth of cut, have been noted in numerous investigations over the
last three decades to cause various types of quantitative and qualitative damage to the
CFRP workpiece when incorrectly selected. Since Konig’s initial investigations, copious
research spanning damage caused by orthogonal cutting and turning, [36, 38-40, 55-76] ,
drilling, [46, 58, 77-96] , milling, [43, 44, 97-100], and alternative methods of machining
such as laser, abrasive water jet (AWJ) and ultrasonic-vibration (USV) machining, [97,
101-106], have been undertaken. These investigations have considered types including
thermal, [39, 43, 46, 58, 62, 65, 70-74, 78, 79, 81, 82, 84, 86, 87, 90, 94, 95, 99-103, 105-
107], mechanical, [36, 38-40, 43, 44, 46, 55-71, 78-93, 97-99, 101-104], and to a small
extent chemical damage, [55, 77, 101, 102], caused during a machining process.

These damage-related research works are categorised by machining method, date and
damage type in Table 1. This table indicates the relatively small number of investigations
which have been performed on the CFRP milling process, and further, the lack of thermal

damage investigations within the realm of milling.
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Table 2.3: Literature review summary of CFRP machining damage works.

Machining Type <— 1990 1990s 2000s 2010 —>

[36, 38-40, 56, 57, 68,
70, 71]

[65] [39, 70, 71] [58, 62, 72-74]

[58, 62, 72-75] [55, 59, 76]

[64, 65, 108]

[64, 65] [58, 62]

Turning/

Orthogonal
[36, 38, 39, 56, 57] [58, 60-63, 67] [55, 59, 66]
[55]
[43] [100, 109, 110]
[43,99] ; [98, 107, 108
Milling [43]
[43, 97] [44, 98]
[78, 79] [58, 80, 84, 85, 87, 96] [82, 88, 90]
[78, 79] [46, 58, 81, 84, 86, 87, 95] [82, 90, 94]
[78] [58]
Drilling ;
[78,79, 91] [46, 58, 80, 81, 83-87, 89, 92, ' [82, 88, 90]
[77]
[101] [103]
[101, 107, 111] [102, 103, 105]
Alternative
Machining
[101, 104]

vl

Linting
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2.4.1 Thermal damage

According to Konig et al. [15], in spite of the high heat resistance of the fibres in CFRP
composites, the temperature level is limited to the melting or decomposition temperature
of the matrix. Burning is enforced by heat chocking due to poor thermal conductivity of
matrix and fibre. Therefore FRPs may only be cut by thermal process of high power
density and short interaction time. Carbon fibres are not suited for thermal cutting [15].

Rahme et al. [86] stated that during drilling investigations into FRP drilling damages a
significant increase in temperature can cause degradation of the matrix resulting in
significant thermal degradation in the thickness of the material. This is as a result of the
heat generated during the cutting process. This type of damage is unique to FRP
composites, due to the range-dependent thermal stability associated with thermosetting
polymers for which significant factors are the glass transition temperature, Tg, prior to
actual burning and molecular structure, type of curing agents and curing schedule for the
duration of pyrolysis [112]. It was stated by Lee [112] that pyrolysis of epoxy composites
occurred at 450°C as low-boiling volatiles including 13.4 mol-% ethane of MNA-cured
epoxy resins were detected. It is noted however, that types and amounts of volatiles, such
as ethane, found at various temperatures are highly dependent of the bisphenol type used
to make the epoxy, curing agents employed and reaction conditions utilised. This point is
illustrated through the results obtained by Chatterjee [113] in which it is stated that during
a degradation analysis the epoxy system was stable up to 270°C after losing only 1% of its
weight. At 353°C, 5% weight loss was observed, and at 523°C, 5% of the weight
remained in the system. A detailed look at the curing conditions indicates that the former
epoxy [112] was mixed with a catalyst at 90°C initially, then cured at 55°C for 16 hours,
125°C for 2 hours and 175°C for 2 hours, while the latter epoxy [113] was mixed and cured
at room temperature for 12 hours and 121°C for 4 hours. This indicates the impact of
curing schedule alone on the resultant thermal degradation of the material.

Typically, the potential extent of heat damage is evaluated using mechanical, destructive
analysis [113]. Chatterjee analysed the thermal degradation in several different ways.
Dynamic Mechanical Analysis (DMA) was used to measure the temperature dependence
of the viscoelastic modulus (E’) and Loss Modulus (E”), Thermogravimetric Analysis (TGA)
was used to identify the thermal degradation patterns under an air environment and
Dielectric Analysis (DEA) was used to evaluate the bulk dielectric properties and infer a
linear relationship with thermo-mechanical properties from DMA and TGA.

During machining, although it is possible to maintain measured process temperatures
below the pyrolytic threshold, there remains the possibility of thermal damage to the epoxy

matrix of the composite for two reasons. Firstly, temperatures from the glass transition
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range up to the point of pyrolysis leads to the formation of a rubbery structure, which
ultimately affects the manner by which such thermoset-based composites undergo chip
formation during machining [65]. Secondly, there is often a difficulty in measuring the
ultimate maximum temperature (UMT) within a cutting process due to positioning of
thermocouples, or infrared sensor emissivity errors. Therefore, the actual temperature to

which a CFRP workpiece is exposed can be underestimated.

A

Milled

Figure 2.14: (A) Comparison of trimmed edge of CFRP composite using milling and
laser ablation and (B) CO, Laser thermal damage to a CFRP workpiece during laser.
(Adapted from [103])

During orthogonal machining investigations on GFRP, Santhanakrishnan et al. [65]
noted that differential expansion and thermal conductivity between the fibres and matrix
was problematic when laser machining such materials, resulting in damage. This was
identified more recently via an image presented by Herzog et al. [103] as seen in Figure
2.14. This led to a general, yet temporary shift in the literature, away from laser machining
techniques and focusing more intently on traditional machining methods of cutting. In later
research by Santhanakrishnan et al. [71], it is stated that the thermal conductivity of CFRP
composites is very much greater than that of the GFRP composites. This statement has
implications for the tool wear associated with the cutting process. It also has implications
for the role of the workpiece in the removal of heat from the cutting process. In works by
Rahman et al. [70], the relationship between cutting speed and temperature in the drilling
of CFRP is briefly mentioned and it is stated that the location of maximum cratering on the
tool and maximum chip-tool interfacial temperature coincide with each other. Thus
cratering of the tool during machining can lead to tool damage, which ultimately reduces
the quality of the workpiece surface.

Palankumar et al. [62] indicate that with increasing cutting velocity, abrasion, diffusion

and deformation due to thermal plasticity effects become pronounced. This statement was
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made in relation to turning of GFRP composites at cutting speeds of 75 m/min and 175
m/min.

Beckwith noted that in the event of workpiece overheating during the drilling or cutting of
composites, damage scenarios could include fibre-resin micro-cracking, delamination at
edges, thermal degradation of the resin mechanical properties and unacceptable colour
changes. Thus, there is a link between the effect of thermal changes to the process and
the mechanical damage resulting in the workpiece. This is due to the variation in
coefficient of thermal expansion between the fibre and matrix material.

Recent works by Pecat et al. [110] investigated the surface integrity and process forces
associated with a slot milling process performed at a variety of temperatures on
unidirectional CFRP. The authors found cracks below the surface up to 200 um in length
associated with temperatures below the glass transition (Tg) region of the epoxy matrix.
When the machining process was elevated to above the T, point, such cracks did not
occur. The authors state that the disappearance of cracking is related to the less brittle
nature of the matrix when above the T,. The authors also discovered thermal damage in

the sub-surface regions when milling at 120°C.
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2.4.2 Mechanical damage

Fibre linting

According to Davim [37], this type of damage is characterised by poor fibre cutting by the
tool and is illustrated in Figure 2.15. Mainly found during the cutting of aramid fibre-based
composites, this type of damage consists of frayed fibres with a flaking of the surface
during drilling and milling. The main cause of such defects is an incorrect definition of the
tool geometry and non-optimal machining conditions. This type of damage was noted
experimentally by Santhanakrishnan et al. [64] in their turning investigations of
machinability characteristics of various FRP composites. Santhanakrishnan et al. state in
their conclusions that Kevlar FRP machined surfaces exhibit poor surface finish due to the
fussiness caused by delaminated, dislocated and strain ruptured tough kevlar fibres.

It is stated by Beckwith, [58] that an effective method of reducing or preventing this

method of damage is by ensuring high acuity of the cutting edge of the tool.

Inadequate tool geometry Adequate tool geometry

Figure 2.15: Examples of fibre linting of aramid fibres due to inadequate tool

geometry. (Adapted from [37])

Fibre pullout & matrix decohesion

The former occurs when the unbroken fibres detach from the matrix. This type of
damage is caused by flexion of fibres under cutting edge influence which leads to a
relative displacement of fibres relative to the matrix. The angle range at which pullout is
seen to occur is -15° to -75° for fibre orientation with respect to tool displacement [37].

Shyha [114] demonstrated the effects of variable drilling parameters on matrix
decohesion and compared these to pre-existing voids in the workpiece material.
Examples of the types of damage mechanisms focused on by Shyha are shown in Figure
2.16.
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Internal damage
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Figure 2.16: Internal hole damage determined by Shyha due to porosity and layer
separation [114].

Delamination

Defined as the separation of plies in the thickness of the composite and the formation of
interlaminar cracks in the material [37] delamination is mentioned as early as 1983 by
Koplev et al. [108] as a major difficulty and primary reason for what many consider to be
the earliest research into the CFRP cutting process and chip formation. As stated by
Abrate et al. [78], delaminations cause severe reductions in the load carrying capabilities
of the part and must be avoided.

This type of damage is typically seen in drilling at the initial entry and exit surfaces as
shown in Figure 2.17, and in milling due to certain tool geometries which can cause
separation of superficial plies of the central layers. As well as this between-ply separation,
intralaminar cracks can also occur due to the effect of fibre orientation with respect to tool

displacement during machining.
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i

Figure 2.17: (Left) Entrance or peel delamination and (Right) exit or push-out

delamination [78].

Shayha [114] found that similar results in delamination occur for both UD and woven
laminates, even when using new tools during drilling of CFRP composites. However, a

difference was noted by the author between entry and exit delamination as shown in

Figure 2.18.
MTM44-1HTS 977-2/HTS | [8552/A54 AC|[MTM44-1HTS
uD

977-2/HTS | [8552/AS4 AC |
" .
1 mm 1mm

Figure 2.18: Delamination for: (a) hole entry and (b) hole exit at 0.2 mm/rev feed rate

for first drilled hole. (Adapted from [114])

In milling investigations on CFRP composite damage, Davim et al. [98] used a
delamination factor, illustrated in Figure 2.19, in order to determine the effect of machining
parameters on the resulting damage caused by delamination to the workpiece. It was
concluded by the authors that the feed rate was the highest statistical and physical

influence on the delamination factor, and that the use of a two-flute end mill produced less
damage than a six-flute end mill.
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Figure 2.19: (left) Setup used for end milling and (right) delamination factor.
(Adapted from [98])

Sheikh-Ahmad et al. [109], describe the various types of mechanical and visible damage
associated with the edge trimming of CFRP. The authors determined that surface
roughness increased with increasing effective chip thickness in the longitudinal direction
but could not predict a trend in the traverse direction when using the R, metric as
recommended by Ramulu. [99] Other findings included the presence of Type I/ll and |
delamination in the surface plies and that average delamination depth increased with

increasing effective chip thickness.

2.4.3 Chemical damage

As described in [37], chemical damage can occur when lubrication is used. This type of
damage is proportional to the type, i.e. water or oil based, pH characteristics and contact
time, when using water due to water recovery by the composite which can result in the
destruction of molecular bonds between fibre and matrix.

The typical result of such damage is to cause decohesion at the matrix/fibre interface
that can produce cracks or delamination. Solutions employed in order to prevent such
damage are dry machining, gas cooling and micro-lubrication systems. In research by
Konig et al. [15] it is stated that limited force implications result from the addition of

lubrication.
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2.5 Edge trimming of CFRP composites

Figure 2.20 illustrates the effect of trimming operations to a high value add component in

moving from post-mould status to a ready-to-fit, finished component.

Figure 2.20: A CFRP cushion support typically found on-board commercial aircraft.

(Left) Post-cured component and (Right) finished component post-trim.

2.5.1 Competing technologies and state-of-the-art

A number of different process technologies appear to produce reasonable results when
trimming CFRP. The two main competitors are abrasive water jet (AWJ) machining and
traditional milling incorporating CFRP-customised tools. While AWJ is found to produce
reliable two dimensional parts [115], particularly for large laminate thickness, the use of
cutting technologies such as milling and drilling are state-of-the-art in nearly every
application for CFRP processing [116], but particularly in 3D milling. Such machining

techniques provide the potential to allow the use of a single machine for part completion.

2.5.2 Tool design and selection for CFRP milling

According to Teti et al. [45] a key factor in selecting the material for CFRP machining
tools is the hardness of the carbon fibres within the workpiece material, which results in
rapid wear in the form of rounding of the cutting edge. Therefore the cutting edge should
be resistant to both abrasion and chipping. Teti et al therefore recommended that fine
grade K10 carbide or polycrystalline diamond (PCD) are appropriate tool materials. Only
solid carbide offers the flexibility of different cutter geometries, accompanied by
reasonable cost [117]. In addition to preservation requirements for the tool itself, with
regards to the removal of imperfections and damage to the workpiece, Chatelain and
Zaghbani also indicated the following key geometric characteristics of the tool [117]:

e Rake angle: Increased rake angle improves the overall quality of the machined
edge.

e Clearance angle: Controls the bouncing of fibres on the clearance face.
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e Tool nose radius: May be large for high strength operations needed during
roughing parts.

e Helix angle: Generate lower in-plane cutting forces and higher axial forces,
resulting in delamination and fuzzing during FRP machining. Introducing a second,
opposing helix generates an opposing axial force causing compression from both

sides of the laminate, thus preventing delamination.

Solid carbide router burr tools, such as that depicted in Figure 2.21, incorporate opposing
helices ground into the green-state tool to generate pyramidal flutes. The orientation of
the flutes to the workpiece delivers a shearing action, while the opposing helical flutes
cause the fibres to be pulled in tension, ensuring no fibre pull-out [6]. While such deburring
tools are prevalent in industry, few studies have been conducted on the use of such tools
in CFRP machining [117]. Sheihk-Ahmad et al. [109] performed investigations on a range
of tool designs, including that depicted in Figure 2.21, concluding that best machined
surface was achieved for smallest effective chip thickness used, i.e. lowest feed rate and
highest cutting speed. The range of cutting speeds and feed rates used in this

investigation were 100 — 300 m/min and 2.54 — 10.16 m/min.

Figure 2.21: Deburring Router cutting tool.

An alternative tool design was studied by Leung Soo et al. [118] in which single layer
electroplated diamond and cubic boron nitride (CBN) grinding points on an edge routing
tool replaced traditional cutting edges. This tool design treated the trimming process more
as a grinding process than a milling process, using a variety of grit sizes directly brazed
onto the fluted/grooved cutter body and using significantly higher cutting speeds. The
conclusions of this work indicated that the CBN version experienced greater levels of tool
wear than the diamond abrasive, while the workpiece experienced no obvious

delamination, minor edge cracking and limited voids in roughing investigations.
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2.6 Heat transfer in CFRP machining processes

2.6.1 AEQUAT CAUSA EFFECTUM

Ever since the famous Mechanical Equivalent of Heat experiments performed by James
Prescott Joule and Robert Mayer simultaneously in the mid-nineteenth century, the law of
conservation of energy has indicated that there is a relationship between mechanical
energy and thermal energy [119]. Indeed, in experimental investigations performed as
early as 1798 by Count Rumford, aka Benjamin Thompson, it was noted that the
mechanical action of a bore driving down a gun barrel could cause water to boil as a result
of the heat produced by friction. Interestingly, before this time, it was thought by all
scientists that heat was an invisible, weightless liquid called caloric [120].

In 1953, Bever et al. published works [121] exploring the energy stored in a gold-silver
alloy chip formed by orthogonal cutting. This paper is one of the earliest journal references
to state that a significant amount of the mechanical work in a cutting process is changed
into heat. Since Bever's article this theory has been stated in a number of works [122-125].

It was the development of The Moving Heat Source Theory, by Rosenthal [126], which
became a significant driving force in machining temperature investigations. This theory
relates to the relative static effect of a constant heat flux moving at a uniform velocity and

an observer moving at the same speed and is examined in detail in [127].

2.6.2 Heat generation in composite cutting

According to Grzesik, Four main sources of heat in traditional cutting have been
identified, as outlined in Figure 2.22 [128]:
e Heat sources due to intensive plastic deformation (Q; on the shear plane 1-2-3-4)
e Frictional heat sources (Q) localised at the tool/chip interface (1-2-5-6)
e Heat (Q;) at the contact between the workpiece and the flank (1-2-7-8)

e Heat from interface (Q4) which transfers to sub-layers of the workpiece
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Figure 2.22: Machining sources of heat generation (Q) in metal cutting; (a) Q; due to
intensive plastic deformation on the shear plane, 1-2-3-4, (b) Q, and Q; due to
frictional heat at tool/chip interface, 1-2-5-6 and WP/tool flank, 1-2-7-8, respectively,
(c) Q4 due to interface heat transferred into WP. (Adapted from [128])

Usually, Q; only becomes important when the tool is worn and Qg is such a small heat
source that it is often neglected in metal cutting.

CFRP composite orthogonal cutting have the additional complexity to metals of being
affected by the thermal properties and orientation of the fibres [31].

Koplev et al. [108] in 1983, was the first to state that the primary material removal
mechanism, during machining of CFRP composites, is via brittle fracture of the fibre.
Therefore, very little heat is generated as a result of plastic deformation in the shear zone.
Sasahara et al. [100] state that carbon fibre hardly deforms plastically and the amount of
heat generation is smaller than the case of conventional metal cutting.

It was again Koplev who determined that the effect of the tool downward pressure on the
composite below is the production of cracks approximately 0.1 — 0.3 mm deep into the
specimen [108]. This is noted particularly during machining perpendicular to the CFRP
fibres as occurs in edge trimming process. Koplev also found that smaller cutting depths
usually produce fewer and shorter cracks. The implication of having the matrix material of
the composite create a higher plane of surface than the carbon fibre reinforcement is that
extrusion is potentially taking place only at the polymer matrix-tool flank face interface.
This interaction would produce significant friction and heat along this interface, potentially
resulting in matrix smearing in such areas and increased wear along the flank face.

While the mechanisms of heat generation would seem to be substantial, particularly

when considered in high speed machining applications, it is important to note that edge
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trimming is an intermittent machining process. In an intermittent process, short tool/WWP
contact times and chip lengths are expected due to the nature of the cutting tool, e.g.
multiple flutes, rotational effects and rake angle [129]. A result of short contact times is the
cooling of the tool as it is exposed to the ambient air between contacts with the WP. It was
determined by Kitagawa et al. [129] that as a result of these process characteristics, the
intermittent cutting process has an inherent time associated with heat generation
mechanisms when compared to continuous processes. Armendia et al. [8] determined
that in metal intermittent cutting processes the temperature amplitude variations are
significantly larger than in continuous cutting. However, in cutting of FRP composites,
particularly carbon with chip formation by fracture, the increased speeds and reduced
feeds needed to obtain the requisite surface finish are hypothesised to reduce this

amplitude variation.

2.6.3 Heat dissipation in composite cutting

The following methods of heat dissipation exist during traditional cutting processes, as
illustrated in Figure 2.23 [124]:

e The discarded chip carrying the heat away from plastic shear plane, qi., and
frictional at the tool rake/chip interface, q... Temperature is found to decay along
the length of the chip. In addition, natural convection and radiation at the outer
surface cause a temperature gradient across the thickness of the chip that is
greater than that along the chip length. [37]

e The WP acts as a heat sink for heat generated by both plastic shear, g4, and
frictional heat at the tool flank/WP interface, qay.

e The cutting tool acts as a heat sink for heat generated by friction at both the tool
rake/WP interface q,, and the tool flank/WP interface, qa;.

Workpiece
100 |- £

Total heat, %

100 200 300
Cutting speed, m/min

Figure 2.23: Heat flow scheme (left) and percentage of the heat generated going into

the workpiece, tool and chip, as a function of cutting speed. (Adapted from [128])
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Coolant, where used, will help to draw away heat from all areas. This is not relevant for
composites due to the damaging effect of water-based fluids on interlaminar bonds in
CFRP materials and abrasive wear in the tool, and the potentially carcinogenic nature and
detrimental machine tool effect of carbon dust particles dissipated by air-based cooling
methods.

It is widely recognized that the vast majority of mechanical energy is converted into heat
by friction and plastic deformation. Grzesik [128] states that the amount of heat transmitted
to the tool and the WP depends on the condition of the tool as well as the thermal
properties of the workpiece material. A sharp tool will incur less friction on the flank face
than a worn tool where the flank face rubs along the WP.

Of the numerous differences between CFRP composite materials and metals as
workpiece materials, Palankumar and Davim [62] stress that the thermal conductivity
variation between matrix and fibre and differential thermal expansion coefficient are both
important factors in relating to the dissipation of heat during the machining of CFRP
composites.

Typical thermal conductivity values for carbon fibres, epoxy, steel and carbon-epoxy
composite are shown in Table 2.4. As can be seen from this table, the longitudinal
conductivity of the carbon fibres is substantially higher than steel and even Tungsten
Carbide. As a result, the possibility for heat to travel away from the cutting zone is
increased via the presence of such highly conductive fibres, which potentially run in
numerous directions away from the cutting interface. Simultaneously, the highly insulating
properties of the epoxy polymer cause a thermal constriction in the matrix material

surrounding the fibres.

Table 2.4: Comparisons of thermal conductivities of various materials

Material Thermal Conductivity (W/m K)
Longitudinal Transverse
Carbon Fibre (10um) (PAN) 250 - 300 50 - 100
Epoxy 0.346
Steel 15.57 - 46.71
Tungsten Carbide 84
PCD [111] 120 — 560

Carbon-Epoxy Composite High modulus 48.44 - 60.55 0.865

In metal cutting, Fleischer et al. [130] performed an extensive review of heat partition

ratios in the literature.
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Table 2.5: Comparison of heat partition ratios in machining processes [130].

Component  Drilling (%)  Turning (%)  Milling (%)

Tool 5-15 21-18 53-10
Workpiece 10-35 1.1-20 1.3-25
Chip 55-75 746-96.3 65-746

The results of their investigation are presented in Table 2.5. This table shows the
substantial variation in results, particularly in drilling and turning investigations. The
majority of uncertainty in any of the material removal processes studied is found in
detecting the thermal energy released into the WP, as shown in Figure 2.24. This research
also indicates that it is not possible to determine the WP heat input from the cutting
energy. This is in agreement with the later findings by Courbon et al. [131], in which the
discrepancy was found to relate to the presence of a thermal contact resistance at the
interface which is highly application specific.
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Figure 2.24: Range of variations associated with results from Table 2.5.

Abrate and Walton [78], stated in a review of FRP drilling that there is a substantially
different dissipation ratio to that experienced in metal drilling. In CFRP cutting, the authors
state that the ratio is approximately 50% to tool and the rest dissipated equally between
the workpiece and chip. Since there is a similarity between the partition ratios of drilling
and milling in metal cutting, it seems plausible that other CFRP machining ratios should be
similar to CFRP drilling ratios. The comparison is enhanced when the radial depth of cut is
maximised as in roughing edge trimming operations. Through such a large addition of
heat energy potentially entering the workpiece during roughing operations, the importance

of temperature awareness during CFRP machining therefore cannot be underestimated.
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Recent works into modeling the milling process as a transient thermal system were
performed by Pabst et al. [132]. The authors identified a general lack of information regarding
the heat fluxes on the WP side of a grey cast iron face-milling operation. Experimental
temperature data was obtained using thermocouples in the workpiece. The results showed the
effects of the intermittent nature and axial depth of cut on the heat dissipation mechanisms
associated with the milling of metal. As illustrated in Figure 2.25, heat generated at the bottom
of the tool is able to conduct downwards and outwards into the WP. However, heat generated
at the top of the tool requires more time to conduct into the surrounding workpiece. The radial
zone of increased temperature close to the cutting interface is then removed, causing a large
majority of the heat to be removed with the chip. Additionally, the authors found that greater

energy densities were found in greater radial depths of cut.

Workpiece
Figure 2.25: Heat dissipation routes for different depths of cut [Adapted from [132]].
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2.7 Temperature measurement techniques used in machining

Temperature measurement has been a focus during material removal processes since
approximately 1798, when Count Rumford completed and documented a set of calorimetric
experiments during a stint as a superintendent in a horse-driven, boring factory for brass
carnons in Munich [5]. Since then, a significant amount of research has been done on
temperature analysis within metal cutting machining processes. Temperature is known to
critically influence machining aspects. These include accelerating tool wear thus shortening tool
life, causing thermal deformation of the workpiece, cutting tool and machine tool thus lowering
the overall accuracy, affecting the subsurface of machined parts through phase transformation,
thermally induced residual stresses and increased thermally activated defects [123].

The existing methods for measuring temperature during machining are shown in Figure 2.26.

Temperature Measurements in Machining

Conduction Techniques Radiation Techniques

e

|
Compositional ey T Field
Effects urement | Measurement

Metallurgical
changesin Infrared

workpiece/cutting Pyrometer
tool material

Infrared

Thermography

Thermocouples

| P R—

Figure 2.26: Existing measurement methods in temperature monitoring of machining

processes. (Adapted from [128])

However, as mention by Davies et al. [5], the main barrier to the understanding of thermal
behaviour in material removal is the inability to measure temperatures accurately, consistently,
and with high resolution and high band-width. Also mentioned by Davies et al. are the types of
measurement methods that have historically been utilised for temperature measurement during

the machining process, which are shown in Figure 2.27. According to Davies et al., as we move
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further into the 21 century the most popular methods include Thermophysical (1943), Dynamic
TC (1924), Thermocouple (1920), Micro-Resistance Thermometer (2001), Spectral Radiance
Thermometry (1986) and Ratio Thermometry with optical fibres (1995).

Interestingly, of the 234 references reviewed by Davies et al. only 11 citings refer exclusively

to temperature measurement during the milling process, which is the focus of this research.
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Figure 2.27: Historical outline of important work in the field of thermal measurement
techniques in material processes as generated in Davies ef al. review [5]. The diagram is

categorised by material removal process, temperature measurement method and date.

According to Childs [133], the main factors which should affect the choice of temperature
measurement method selected for any application are; temperature range, sensor robustness,
temperature field disturbances by the sensor, signal type/sensitivity to noise, response time, and
uncertainty.

These factors should be weighed against ease of calibration, availability, cost and size in
order to determine the most realistic and accurate method for thermal analysis.

In machining, referring back to Figure 2.26 and Figure 2.27, the main types of temperature

measurement applied currently can be divided into conduction and radiation techniques. An
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alternative means of grouping measurement methods, as indicated in Figure 2.28 is contact and

non-contact methods.
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Figure 2.28: Classification of the (top) contacting and (bottom) non-contacting methods

used in temperature measurement [134].
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2.7.1 Conduction techniques

In order to understand a sensor based on conduction temperature measurement, it is
necessary to understand the basic idea of conduction.

Conduction relates to the concepts of atomic and molecular activity, and can be considered as
the transfer of energy from the more energetic to the less energetic particles of a substance
when interaction takes place between the particles. [135] A means of quantifying heat transfer
processes is in the form of a rate equation, i.e. the amount of energy transferred per time unit.

Equation 2.12 represents Joseph Fourier's statement: [135]

“The heat flux, q (W/m?), resulting from thermal conduction is proportional to the magnitude
of the temperature gradient and opposite to it in sign.” [136] Using the constant of
proportionality, k, then in one-dimensional form gives:

dT
B e ol 2.12
q kdx

In Equation 2.12, k is the thermal conductivity, in W/m-K, of the material through which
conduction is taking place. Equation 2.12 indicates that if temperature, T, decreases with
distance, x, then the heat flux, g, will be positive, i.e. it will flow in the x-direction. As a result, g
will always flow from areas of high temperature to areas of low temperature.

In machining, conduction takes place between the tool, workpiece and chip at multiple
locations during the process. Thus, when setting out to measure the temperature of a process,
it is necessary to specify which of these temperatures is intended to be measured. There are a
number of thermoelectric conduction based methods; thermocouples, resistance thermometers
and thermistors; which are used in the literature to measure the temperature during machining,
which will be outlined below.

When two wires composed of dissimilar metals are connected at both ends and one end is
heated there is a continuous current, which flows in the thermoelectric circuit. This is known as
the Seebeck effect. Once this circuit is broken at the centre, the net open circuit voltage is a
function of the junction temperature and the composition of the two metals. [137]

In a thermocouple, a pair of thermoelectrically dissimilar metals is joined together at one end
and a voltage measuring instrument is connected to the other two ends. The response signal of
the thermocouple is due to the temperature difference from one end of the pair of metals to the
other, as shown in Figure 2.29. In order to accurately determine the temperature at the end of

interest from the voltage, the temperature at the ‘reference junction’ end must be known.
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Different material combinations are used in a thermocouple for varying temperature range
applications, as described in Table 2.6. Thermocouple signals are DC voltages in the ranges

from microvolts to tens of microvolts per degree Celsius.

5 Metal A
Vseebeck
==

Metal B

Figure 2.29: Seebeck Voltage effect with dissimilar metals [138]

Micro-thermocouples have recently been used for high sensitivity analyses in temperature
measurement. [139] This unit consists of a sensing element assembly of two wires of dissimilar
metal, a protecting tube and termination points to get the signal from the sensor. A non-ceramic
insulation is used to protect and insulate the sensing assembly from the external atmosphere.
In order to obtain the measurement junction of the thermocouple, wires are attached to a bank
of condensers. The two wires approach each other at the same time and the beaded junction is
made by the sparking method. The energy releases produced by the couple voltage-
capacitance is sufficient to weld the wires together. An advantage of this technique of
manufacturing is the junction diameter is of the order of the wire diameter and as a result the
wire diameter can be used to calculate time constants.

Measurements within a volume are generally much easier to obtain than on surfaces and
errors are usually smaller. However, their analysis is more difficult to carry out due to 1) the
interaction between the connection wire and the medium and 2) a cavity must potentially be
created within the medium that will change the conduction paths of heat travelling through it. As
well as this, it is almost impossible to generate a perfect match between sensor and cavity walls
resulting in thermal resistances due to residual space filled with air, glue, grease, etc. The error
of such resistances is of the same order as errors associated with surface measurements. [139]

A summary of thermocouple types used in machining processes was presented by Garnier et
al. [139] and is shown in Table 2.6.
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Table 2.6: Examples of Thermocouple Types. [139]

Type

W3

W5

Metal A (+)

Platinum-
30%
Rhodium

Nickel
10%
Chromium

Iron

Nickel-
Chromium
alloy
(Chromel)

Nickel-
Chromium-
Silicium
alloy
(Nicrosil)

Platinum-
13%
Rhodium

Platinum-
10%
Rhodium
Copper

Tungsten

Tungsten-
3%
Rhenium
Tungsten-
5%
Rhenium

Metal B (-)

Platinum-
6% Platinum

Copper-Nickel
alloy
(Constantan)

Copper-Nickel
alloy
(Constantan)

Nickel-
luminium
alloy (Alumel)

Nickel-
Silicium alloy
(Nisil)

Platinum

Platinum

Copper-Nickel
alloy
(Constantan)

Tungsten-
26% Rhenium

Tungsten-
25% Rhenium

Tungsten-
26% Rhenium

Temperature

Range (°C)

(0 - 1820)

(-270 - 1000)

(-210 - 1200)

(-270 - 1372)

(-270 - 1300)

(-50 - 1768)

(-50 - 1768)

(-270 - 400)

(20 - 2300)

(20 - 2000)

(20 - 2300)

Seebeck
Coefficient
o (uv/°C) at
e

596 pV at
600°C

58.67 uV at
0°C

50.38 pV at
0°C

39.45 pV at
0°C

25.93 pV at
0°C

11.36 pV at
600°C

10.21 pV at
600°C

38.75 pV at

58.67 pV at
0°C

58.67 uV at
0°C

58.67 pV at
0°C

Standard
error (%)

0.5

1.7-05

22-0.75

22-0.75

22-0.75

1.5-0.25

1.5-0.25

1-0.75

Minimal
error
(%)

0.25

1-04

11-04

1.1-0.2

11-04

0.6-0.1

0.6-0.1

05-04

Comments

Idem R type
(glass industry)

Interesting
sensitivity

For reduced
atmosphere
(plastic industry)

The most widely
used because of
its wide
temperature
range, supports
an oxidising
atmosphere
New
combination

very
stable

High
temperature
applications,
resists oxidation

Idem R type

Cryogenic
applications

Sensitive to
oxidising
atmospheres,
linear response
and good
performance in
high
temperatures
Idem W type

Idem W type
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Embedded thermocouples

These are stated as a regularly used method [124] and one of the earliest thermocouples
used [140] in cutting temperature measurement. In this method, the thermocouple is placed in a
hole drilled typically in the static part of the process, i.e. the tool for turning and the workpiece
for milling and drilling. [124] An example of such a workpiece-embedded thermocouple was
used by Richardson et al. [141] during experiments to validate a temperature model for the
milling process. However, Garnier indicates that there is significant importance on the position
and direction in which the thermocouple is embedded. The thermocouples should always be

mounted along isothermal lines, as shown in Figure 2.30 [139].
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Figure 2.30: Effect of thermocouple placement on temperature. (Adapted from [139])

Additionally, Arriola et al. [142] placed the temperature sensitive tips of such embedded
thermocouples approximately at the tool-chip contact zone in an orthogonal steel cutting
experiment to take advantage of smaller gradients in the direction perpendicular to chip flow and
ensure precise, repeatable locations for the thermocouples. The authors also stated in this
research that while both thermal camera and embedded thermocouple provided similar
temperatures for the process, thermocouples provided a cheaper and less sophisticated option
than the thermal camera alternative.

A more complex method of embedding thermocouples comes from placing them into the
rotating part of the cutting process. Hillery and Shuaib, [143], placed thermocouples into human
and bovine bone and stainless steel drills as shown in Figure 2.31, in order to investigate the

temperatures experienced by the bone during drilling. Kusters [144] used the EDM technique to
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drill thermocouple holes into a cemented carbide tool in order to assess the temperature
distributions in the tool to a distance of 0.2mm from the surface of the tool.

Kitagawa et al. [129] went a step further than Kusters, embedding a tungsten wire, of 20 pm
diameter, into a Si3Ni,4 tool during a pre-sintering process, which was then sintered with the tool
matrix before an edge of the wire was exposed on the rake face by grinding. This was done in

order to obtain local temperatures on the rake face of the tool.
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Figure 2.31 Experimental setup and results using thermocouple embedded in drill [143].

These techniques introduce additional technologies to the embedded thermocouple
measurement method. Hillery and Shuaib used a slip ring mechanism to overcome the issue of
obtaining a signal from a rotating tool. This mechanism has been employed by other
researchers, [145] although alternative methods of wireless temperature data have also been
employed [146].

The accuracy obtained during the placement of embedded thermocouples from the cutting
interface is known to be limited [139]. The use of various methods ranging from basic
extrapolation to inverse problem techniques must be incorporated into such temperature

measurement solutions in order to achieve accurate results of tool surface temperature [139].
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Methods such as the inverse heat transfer technique [147] have been applied in machining
applications to estimate the temperature at the cutting interface based on measurements taken
from sensors within the cutting tool [148, 149]. Numerical solutions of the heat equation are
typically employed, in conjunction with the inverse technique as a tool to supply the heat flux
boundary input to the model. In cutting tool temperature modelling works, Samadi et al [150]
solved the theoretical inverse problem for the finite element method using the sequential
function specification method (SFSM). In this case, cutting face temperatures were solved for
using simulated sensory information was based on modelled temperatures at an embedded
position within the tool model. The simulated embedded temperature information was obtained
through a direct numerical analysis using a known temperature at the surface. The inverse
problem was solved by obtaining an approximation of the heat flux input boundary through a 7-
step procedure [150]:

o Make a guess at the heat flux, q'

o Call the direct solver (ANSYS APDL was used) to calculate temperature at the sensor

location using q.

e Calculate the step sensitivity coefficient for " for r future time steps.

e Estimate the m" heat flux component as the new q" using an estimator formula.

e Compare the estimated heat flux with the old " using convergence criteria

- If the convergence criteria are not satisfied, return to step 2.
- Otherwise, accept the estimated heat flux at that time step as qu.
o Perform a single time step temperature calculation to determine the initial condition for
the following time step.

e Increase M by one and go back to step one.

The use of such methods to solve for a surface temperature in the tool from an embedded
thermocouple sensor allows for an accurate approximation of the tool surface temperature to be
achieved. However, Courbon et al. [131] state that more attention should be paid to thermal
contact resistance if accurate temperature fields in the tool are sought after. Thermal contact
resistance, TCR, occurs when there is an imperfect contact between the tool and a continuous
chip in metal cutting. Due to the very small chip size in CFRP machining [108], and the revised
multi-point tool design to cope with such chip formations [6], further investigations are required

to determine the influence of TCR on the CFRP partition ratio.
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Dynamic thermocouple

One version of this type of sensor is the tool-work/chip thermocouple. This was developed by
Gottwein, Shore and Herbert [151] in the 1920’s and is still used as a viable measurement
method. In this method, the contacting tool and workpiece materials are used to generate the
EMF, which is translated into temperature as illustrated in Figure 2.32. Stephenson et al. [151]
indicated that tool-work thermocouple methods were the most promising of all techniques for
measuring temperature during cutting. The critical requirement of this method, therefore, is

electrical conductivity of the tool and workpiece.

Hot Junction

L Machine Tool Spindle ]

N
W l Work piece q
| Slip Ring | Tool
Insulation
Amplifier,
Voltmeter

Figure 2.32: Conventional tool-work thermocouple circuit. (Adapted from [151])

As a result of this requirement, Narutaki [152] state that the tool-work thermocouple method
cannot be applied with the natural diamond tool to measure the cutting temperature.
Uncertainty remains regarding what the temperature recorded represents. Stephenson states
that for tungsten carbide tools, the difference between the EMF generated in the tool-work
thermocouple and the average interface cutting temperature are small [151]. In addition, another
limitation of this tool is the requirement for insulation of the tool and work from surroundings and
therefore no cutting fluid can be used during investigations with this sensor [153], although this
issue can be solved by grounding the workpiece to the machine. [151] According to Stephenson
et al., the electrical isolation of the chuck and tailstock greatly reduces the stiffness of the
workpiece/machine system and increases the likelihood of chatter during heavy cuts [151]. This
insulation is also often difficult to achieve with a high chip volume which leads to chip shorting
noise [154]. The necessity for an accurate calibration of the thermocouple pair is also an
essential part of this type of thermocouple [124].

Sasahara et al. [100] investigated CFRP temperatures using the tool-work thermocouple

technique, by incorporating a carbide rod, shown in Figure 2.33 and using electro-conductive
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grease, contacting the rotating carbide tool during machining, while the hot junction was formed

at the cutting interface. The CFRP end of the thermocouple was insulated from the machine

table using epoxy sheet.
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Figure 2.33: Tool-workpiece method used by Sasahara et al. [100]

In works by Babic et al. [155] during grinding investigations, a dynamic method known as the
single pole thermocouple technique was employed to measure grinding temperature during dry
and mist jet cooled versions of the process. This technique, set up as shown in Figure 2.34,
utilises the material removal process to smear a thin constantan wire over a steel workpiece,

thereby forming a hot junction, which is highly precise and highly responsive.

Mica: ~0.01 mm thick

Workpiece Workpiece

Constantan: ~0.05 mm Slot to suit micalconstantan
thick assembly

Figure 2.34: Single pole thermocouple technique used by Babic et al. [155]
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Thin film thermocouples (TFTs)

These are small sized, fast response, low cost and flexible design thermocouple sensors. The
concept of such sensors is to get right into the cutting interface in order to measure the exact
temperature during tool-workpiece interaction. However, such devices must succumb to trade-
offs between durability, sensitivity and realistic machining [5].

Choi and Li fabricated and applied such a thermocouple to the laser machining process in
order to measure the transient surface temperature in nanosecond pulsed laser
micromachining, shown in Figure 2.35 [156]. It was determined from these experiments that
TFTs could produce a response time of 28 ns which is significantly superior to other

conventional thermocouples [156].
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Figure 2.35: (a) Laser spot mark in close proximity to the TFTs and (b) the effect of

proximity of the sensors to recorded temperatures [156].

In another experiment, Basti et al. [123] used a cutting tool insert with a built-in TFT, as shown
in Figure 2.36. It is stated that there were some stability issues in obtaining measurements due
to built-up edges right up at the cutting edge. However, with sensors outside of this zone
measurements relating to the cutting force were generated. It is not stated to what degree of

accuracy or resolution these measurements were made.
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Figure 2.36: (Left) Experimental setup of the sensored insert and workpiece and (Right)
the concept of tool with built in TFT. (Adapted from [123])

In a grinding process by Brinksmeier et al. [157], a TFT was compared to two other designs of
K-type thermocouples. The results indicated that the TFT provided a much shorter response
due to the extremely small volume of material to be heated, yet failed to match the other
sensors in durability.

Brinksmeier et al. [157] state that a major difficulty in temperature measurement is the
realisation of the signal transfer from the rotating tool to a data acquisition system (DAQ).
However, this problem was overcome by Le Coz et al. [158], using a wireless data transmission

system for drilling and milling applications.

Resistance thermometers

In general, resistance thermometers are devices that change their electrical resistance with
temperature. Also known as thermo-resistors and resistance thermometer detectors, these
sensors require the supply of energy to sustain the flow of acquired temperature data [134]. The
physical principle of these devices is based on the behaviour of conductive bodies, typically
metals, under temperature. In this scenario, as the temperature increases the amplitude of the
excited atomic nuclei vibrations increases. This also results in an increase in the probability of
collisions between free electrons and bound ions. Therefore, due to the interruption of the
motion of free electrons caused by crystalline collisions, the electrical resistance of the material

increases [134].

Resistance thermometer detectors

Also known as RTDs, these sensors consist of a resistance thermometer conductor on an
insulating support. The nominal resistance, R, in industrial applications is commonly between
50 O and 100 Q. [134] The resistance of an RTD is measured by passing a current through the
detector. These devices are used extensively in calibrations of other temperature measurement

sensors due to low cost and high accuracy. However, errors associated with submersion
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requirements have restricted the use of such sensors in machining monitoring [5]. It is
recommended by Davies et al. that such sensors be used in conjunction with simulation and

alternative measurement techniques to fully quantify measurement uncertainties.

2.7.2 Radiation techniques

Like other energy forms, such as sound and light, heat propagates away from its source in
waves. Heat is omitted from an object as a type of infrared radiation. Heat radiation can be
described as an electromagnetic (EM) wave of periodic wavelength through space as a function
of time. The wavelength, A, represents the spatial periodicity and the period of oscillation
represents the transient periodicity — its reciprocal is the frequency, v. The wavelength and
frequency of a wave are connected by the speed of propagation, ¢, of the wave as shown in
Equation 2.13.

ci=w 2 213

EM waves, such as infrared heat waves, travel at the speed of light (299 792 458 m/s) in a
vacuum and close to this in air — depending on the index of refraction. Via a process called
polarisation, a process whereby disturbances from the source oscillate in many different
directions, EM wave disturbances are in the form of electrical and magnetic fields. These fields

are perpendicular to each other and the direction of propagation as shown in Figure 2.37.

Figure 2.37: Electric fields (E) and magnetic induction fields (B) perpendicular to each

other and the direction of propagation [159].

EM waves are typically classified according to their wavelength in the electromagnetic
spectrum (EMS). As shown in Figure 2.38, the visible light spectrum accounts for a small

portion of this EMS, from 380 nm to 780nm [159]. Relating to infrared imaging, long-wave (7 —
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14 pm), mid-wave (3 — 5 um) and short-wave (0.9 — 1.7 um) ranges have been defined and
commercial cameras have been developed for all three. An important idea for the measurement
of such devices is that EM thermal radiation is emitted by all bodies at a temperature > 0 K (-
273.15 °C). The amount of radiation and how it is distributed as a function of wavelength

depend on temperature and material properties.
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Figure 2.38: Infrared and adjacent spectral regions. (Adapted from [159])

Plank’s law

Considering an element of surface area dA, as shown in Figure 2.39, the total energy flux, d®,
from this element into the hemisphere is called radiant power or flux, measured in watts (W). It
is only possible to measure this quantity directly if the detector is able to collect radiation from
the hemisphere completely, which is not normally possible. Therefore, using a relationship
between the emitting surface area and the power, the emittance or exitance, M, in W/m? is
determined using Equation 2.14. This characterises the total radiant power within the
hemisphere. lIrradiance is measured by the same units as emittance, but refers to the energy

received by the element.
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Figure 2.39: Total energy flux [159].

do
= — 2.14
M dA

Considering the wavelength of the emitted energy for the same element, the spectral density

is defined as:

do
P1=a

2.15

Wavelength (um)
Figure 2.40: Relation between radiant power, @, and its spectral density [159].

The spectral radiant exitance, i.e. for the full spectrum of wavelengths, for a black body is

defined by Plank’s law, represented in Equation 2.16 [160].

2mhc?

2[e (37) -1

My(AT) = 2.16
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Where ¢ = 299 792 458 m/s the speed of light in a vacuum, h = 6.626 176 x 10 W s? the
Planck constant and k = 1.380662 x 10?* W s/K the Boltzmann constant.

Emissivity

According to Minkina et al., [160] the most important feature of a surface that affects the
amount of energy radiating from it in stationary thermal conditions is its emissivity. Detailed
research into the application of radiation thermometry in machining temperature measurements
by Pujana et al. [161] determined that emissivity of the tool during machining is a function of
temperature, wavelength, surface roughness and metal oxidation, over the time span of a
cutting process measurement. The authors determined behaviours for P10 and P20 grades of
WC in terms of each of these factors. It is interesting to note that over relatively small scales, as
are necessary in CFRP machining, i.e. 0 - 200°C, the effect of such factors is relatively low in
comparison to the effect associated with higher temperature metal cutting processes.

Minkina et al. go on to state that total emissivity of a body, i.e. over the full radiation range is
defined as the ratio of full-range radiant exitance M(T) of that body to full-range radiant exitance
M,(T) of a black body at the same temperature:

. M(T)
15 My

2.17

Although there are numerous methods described by Minkina [160] for evaluating the
emissivity of an object, the following are options which, when combined, are suitable for the
evaluation of the emissivity of a cutting tool.

e Use a sticker or paint of high and accurately known emissivity, e.g. € =0.95, and
measure the temperature of this section of the surface. Then focus the camera on the
original surface and adjust the emissivity until the temperature readings are the same
- steady state conditions must be used for this.

e Using an alternative measurement device calibrated previously, such as a

thermocouple, in order to determine the temperature of the point [162].

Thermal imaging cameras

The basic idea of a thermal imaging camera is that an object emits radiation in the direction of
the camera where it is focussed onto the detector. The detector system then acts as a
transducer, converting radiation into electrical signals that can be measured quantitatively [159].

Detectors are divided into [139]:
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e Photon detectors: Absorption of photons of infrared radiation by the detector element
leads to changes in charge that can be detected by the system.

o Thermal detectors: First, incident radiation is absorbed to change the temperature of
the material. Next, the electrical output of the thermal sensor is produced by a change
in the physical properties of a material — temperature-dependent electrical resistance

in a microbolometer shown in Figure 2.41.

IR RADIATION

MICROBRIDGE

Figure 2.41: Schematic overview of a microbolometer detector [163].

An alternative method of characterising such cameras is:
e Single point detectors: The image is generated point-by-point at consecutive time
instances [160].
e Linear and array detectors — Focal Plane Array (FPA): These devices are built up

as matrices consisting of individual detectors.

There are two other ways in which to divide thermal cameras: 1) by wavelength scale and 2)
by the presence of cooling.

Thermography has been used in a number of works in order to measure the temperature
during material removal processes. Muller-Hummel et al. [162] presented a measurement
system, shown in Figure 2.42, for measuring the rake face of diamond-coated inserts during dry
turning. This allowed for a correlation between temperature and wear to be determined. The

authors state that this method could be translated to interrupted cutting.
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Figure 2.42: Model of thermographic measurement system with a tool face borehole and
resuits obtained from system [163].

Investigations by Dewes et al. [153] into milling of hardened steel incorporated an Agema

Thermovision 900 IR camera as shown in Figure 2.43. In this research it is not stated how the
emissivity value was determined nor what orientation the camera was set to the measurements.

Figure 2.43: IR camera setup used by Dewes et al. [153].
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The maximum chip temperature was obtained from this method and it was found to be lower
than that obtained by thermocouple method. The reasons cited for the lower IR value are a
combination of too small a target hot zone of the process and software issues. It is also stated
by the authors that the thermocouple is considered to be intrinsically superior for milling
applications [153].

Sugita et al. [164] investigated the cutting temperature in end milling of cadaver bones using
thermography to investigate the damage caused to osteocytes during cutting. The authors
compensated the emissivity of the cutting tool by painting it black to give it an emissivity of 0.98
and took temperate results immediately after the end of the cutting process. However, only
approximate values were obtained in this research.

Del Campo et al. [165] developed a new devise for IR spectral directional emissivity
measurement for temperatures up to 1050 K. A fourier transform infrared (FTIR) spectrometer
was used for signal detection. Results were obtained as a function of temperature, emission
angle and surface state. Their experimental results, shown in Figure 2.44 indicate a very good

fit with theoretical values.
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Figure 2.44: Good fit between experimental & theoretical emissivity values at various

wavelengths [165].

The device developed by Del Campo et al. [165] was utilised by Armendia et al. [8], in a study

in which the high speed milling process was monitored using a micro-thermal imaging system to

66



determine interrupted cutting temperatures of Ti6AI4V and AISI 4140 steel. In order to emulate
the milling process, teeth were machined into the end of cylindrical tubes which was placed into
a specially adapted tool holder section. This allow the workpiece, rather than the cutting tool, to
rotate. The setup for this experiment is illustrated in Figure 2.45. The measurements were
taken using a high bandwidth, 40 Mpixels/s, infrared microscopic imaging system focused on
the edge of the cutting tool. Thermal radiation in the narrow range of 3.97 — 4.01 uym was
measured by a cooled FPA with germanium lens for protection. The emissivity of the workpiece
and tool materials as a function of wavelength and temperature were measured with an FTIR

spectrometer, however the narrow range of accepted radiation removed the need for the

wavelength function. Each pixel in the array was assigned a unique emissivity value in the
range 0.2 to 0.3.

Tool

- X 300 pm
Camera + Microscope _ i PR o § foild

Figure 2.45: Milling process simulation with different configurations. (Adapted from [8])

The conclusions of this research indicate that interrupted cutting results in lower temperatures

due to the effect of cooling periods between engagements as depicted in Figure 2.46.
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Figure 2.46: Comparison of continuous and intermittent cutting. (Adapted from [8])

In terms of machining composites, Sasahara et al. [100] used a thermal imaging camera as a
validation tool for a tool-work thermocouple investigation of CFRP milling. This investigation
used a basic estimation of the emissivity using the paint method. The results indicate that the
camera produced variable validation that was highly dependent on temperatures with values up

to 30% lower than those obtained via the tool-work thermocouple method.

Pyrometers

These devices work on the same principle of measuring the emitted thermal radiation of a
body. In recent works, Brinksmeier et al. [94] used a pyrometer in order to measure the direct
workpiece temperature close to the tool-workpiece contact area in the drilling of C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>