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Abstract

Use of carbon fibre composites has been increasing in the aerospace industry.
However, there is still a need for finishing operations by conventional machining in the
manufacturing of composite parts. Composites have a very different machinability to
metals and can suffer from a number of surface defects during machining. The fibres
are also highly abrasive and cancauserapid tool wear which in turn leads to increased
likelihood of machining defects. This project has focussed on the machined surface
guality developed during machining using new surface inspection techniques and
additional surface roughness parameters. It is important to be able to accurately
measure the surface roughness in order to ensure the integrity of in service
components and quantify surface damage from machining. The aim of this project is
to develop new numerical modelling techniques for the edge trimming of carbon fibre
reinforced plastic (CFRP, and develop methods for the prediction of surface
roughness. Different experimental techniques have been used to analyse post-
machining damage, including scanning electron microscopy GEM, computed
tomography scanning (CT) and a focus variation system for measuring surface
roughness. CFRPspecimens havebeen edge trimmed using a poly crystalline diamond
(PCD) cutting tool, and compared for different machining parameters, tool wear and
material fibre orientations. Cutting forces were recorded and the surface quality was
inspected using the optical focus variation method. Regression models from
experimental data have been combined with finite element (FE models to create a
surface roughness prediction tool which includes the effects of tool wear. Areal surface
roughness S measurements weae taken using the optical system and the advantages
of the system have been compared with conventional stylus roughness measurement
methods. Experimentl data was used to validate 3D and 2D FEmilling models using
MSC Marc. New FE models were developed ugg adaptive re-meshing, and user
subroutine to control the cutting tool movement and simulation idle time. Progressive

levels of tool wear have been mplemented in the 2D model by using cutting edge



radius measurements from experiment. FE and experimentalresults show that tool

wear and material fibre orientation have a significant effect on the cutting forces and
surface roughness. Regression models showed that the surface roughres was most
affected by tool wear, feed rate and cutting speed. A reasonable comparison has been
found between FE and experiment and the FE models were capable of predicting the
effects of tool wear due to cutting edge rounding . 3D models were found to better

predict thrust forces than 2D FEmodel. The optical system was found to be useful
technique for measuring surface roughnessof machined fibrous composite surfaces
and is more reliable than conventional roughness measurements.New strategies for

roughness measurement have been recommended.
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Chapter 1

Introduction

1.1 Engineering Context

Carbon fibre reinforced polymers (CFRPs) havehigh strength-weight properties
and a great potential for weight saving and efficiency improvements in the
aerospace industry. As well as weight savingFRP also have desirable properties
including superior corrosion resistance, fatigue resistance and a high stiffnessAs
a result there has been a growing use of fibre composites in the aerospace

industry in recent yearsand drive for development of manufacturing processes.

Although in industry near-net shape production of composite components is
desirable, the conventional machining of composites such as drilling, milling and
trimming is still often necessary for joining parts and finish machining. During
machining, carbon fibres have been shown to be highly abrasive and can cause
rapid cutting tool wear [1][2]. Cutting tool wear can cause an increased
prevalence of surface defects and canpotentially lead to the damage of the
machined workpiece, or a decrease in the material mechanical properties.In
machining CFRP it has been shown tha surface damage defects during
machining can occur, including delamination, fibre pull-out, un-cut fibres, matrix
cracking and matrix burning [3]. There has been shown to be a correlation
between surface profile and mechanical performance [4]. The strength and
fatigue life of in-service components in the aerospace industryis critical to
component performance. Therefore understanding the surface topography and
defects caused during machning is essential for manufacturing these
components. In the aerospace industry there are tight tolerances and a strict
control of surface damage caused during machining is a requirement for

component manufacture. Also, in industry it is expensive and wasteful to scap



damaged material from the manufacturing process and efforts should be made

to avoid this.

Due to the increased usage of carbon fibre in industry there is a necessity to
understand the fundamental aspeds of FRPmachining, chip mechanisms and
the surface damage types caused during machining. It has been shown in the
literature review that standard methods for measuring roughness using a stylus
have a number of problems [5]. The accurate measurementof surface damage
is important in machining and is an area which requires further research for
composite surfaces. This project will assess defecs from machining on a
composite edge trimmed surface and assesscharacterisation methods and

metrics of machined composite surfaces

This project is sponsored by RollsRoyce which is currently developing new
composite carbon fibre components for their aircraft engines. During their
manufacturing processes an edge trimming machining process is required after
curing to obt ain the correct geometry and allow part assembly. However, due to
the non-homogeneous structure and anisotropic material properties of fibre
composites- (which are made up of an epoxy matrix and fibre), they have a very
different machinability to metals. Carbon fibre machining is a complex process
and it has been found by industry that tool wear and surface quality are a
problematic issue during the edge trimming process. It has also been found that
there are problems with accurately assessing surface roughess on a machined
composite surface. RollsRoyce is therefore interested in understanding how
different process parameters will affect the surface damage caused during
machining and improving roughness measurement methods. A greater
knowledge of the machining process, and how the machining process
parameters will affect the surface quality generated during machining, is
therefore of interest to both industry and academia Machining process

parameters including feed rate and cutting speed, tool geometry and tool weatr,
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material type and material fibre orientation, can have an effect on machining
forces and the generated surface quality. Understanding how these parameters
affect the machining process will lead to more consistent manufacturing of
composite comparts, ultimately making components both safer and cheaper to
produce. Being able to accurately measure and predict surface roughness and
understand or reduce the damage from machining is consequently the research

topic of this project.

The literature review has shown problems with standard stylus methods for
characterising surface profile of machined composite surfaces. It has also been
found in the published literature that there is a need for more research into FE
methods for the milling of composite ma terials and surface damage prediction
during machining. Currently the large majority of research using FEhas focussed
on orthogonal and 2D machining simulations, with some recent research using
3D models for the drilling CFRP[6]. However, it has been found there is a need
for development of more advanced FE models for the milling process. An
important development, which will be introduced in this research,is to use FE to
predict the effects of tool wear and changing cutting edge radius on a CFRP
edge trimming process. Hence, from the literature review and requirements
from industry the main aims of this research will be to develop surface
characterisation methods and predictive tools for quantifying surface profile and
machining damage on a machined composite surface. Expemental methods
including optical focus variation, CT scanning and SEM will be use to
characterise surface damage on different fibre orientations. Developments in
surface characterisation methods will then be applied to create a tool for
predicting surface roughness using a combination of novel FE models and
regression equations obtained from experiment. This research will therefore
improve surface roughness characterisation and measurement method,

especially of a non-homogeneous multidirectional laminate, and develop



predictive tools to assess the effects of machining parameters on machined
surface quality. These developments will be useful to industrial manufacturers of

composite components and researchers alike.

1.2 Project Overview

Due to the requirement from industry and associated findings from the
literature review, this project has focussed on an edge trimming process of
Carbon Fibre Reinforced Plastiausing industrially appropriate PCD cutting tools.
Initially, surface profile of machined composite surfaces will be assessed using
experimental techniques on different fibre orientations. Optical focus variation
tool will be used to implement new roughness measurement strategy and better
surface characterisation. Then, the improved roughness measurement
guantification strategy will be implemented with novel FE methods for a CFRP
edge trimming process, and consequently will be used to predict roughness and

assess the effects of tool wear onmachined surface quality.

The first section of work stems from the findings in the literature that there are
problems with current surface roughness measurement methodsfor machined
composite surfaces.As a result,new optical surface characterisation techniques
will be evaluated for roughness measurementin this reseach using an optical
non-contact Alicona focus variation system The implementation of improved
techniques for surface roughness calculation in this project will be used to
guantify machining damage and increase the accuracy of measurements also
allowing realisation of the effects of increased tool wear on the surface quality.
Additionally, thorough assessment of damage mechanisms and surface damage
will be made using additional roughness parameters, SEM imaging and CT
scanning. The aims of the current research project will increase the
understanding of the complex cutting mechanisms, and surface quality, which is
caused during CFRP machiningwith the use of new surface analysis techniques

on different fibre orientations. Consequently, an improvement in the
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understanding of the failure mechanisms and machining damage in a composite
edge trimming process will allow improved characterisation of surfaces and will

be required to develop further predictive tools and FE models.

Experimental edge trimming tests will be conducted using a 3-flute zero helix
PCD milling tool. An edge trimming process has been chosen over an end
milling process due to having a consistent chip thickness and therefore being
more appropriate for comparing with FE models than an end miling, while still
being applied for use in industry. Cutting forces will be measured from
experiments using a dynamometer, while machining multidirectional and
unidirectional laminates at different fibre orientations, cutting speed, feed rate
and various degrees of tool wear. An assessment of different machining
parameter effects on surface quality will be quantified and the experimental
machining tests will then be compared with novel 2D and 3D FE simulations to
validate modelling methods, to assess the efécts of tool wear and predict

surface roughness.

In the Experimental tests surface analysis techniques will be used to assesket
cutting mechanism and surface quality depending upon material fibre
orientation. SEM micrographs and CT scans will be appliedipon different layers
of a machined multidirectional surface, which has different fibre orientation
plies, to analyse cutting mechanism and surface and subsurface damage
respectively. The suitability and advantages of the optical system for roughness
measurements for machined composite surfaces will be evaluated along with
applying additional roughness parameters, including S, skewness and krtosis.
Additional roughness parameters have been applied to give a more thorough
characterisation of surface damag types on each of the different laminate

layers of a multidirectional laminate.



New FE (Finite Element)modelling methods will be developed for a composite
edge trimming process using implicit finite element software MSC Marc
Numerical modelling is a useful tool which can be used to reduce the need for
costly and time consuming experimental trialsand has been applied by previous
researchers to machining problems([7],[8][9]. The object of these models is to be
able to accurately predict the machining process which can be used to analyse
effects of changes in machining parameters, workpiece properties, predict
surface damage,and changesdue to tool geometry and wear. The prediction of
roughness in a composite machining process ha been found to be limited in

the literature. Methods which make use of numerical modelling tools to predict
roughness and the effects of tool wear on composite machining are in need of
development. Development of new methods to predict roughness using

numerical modelling can increase the understanding of the damage

mechanisms in composite machining.

In this research, neasured surface roughness from experimental testswill be
used to generate regression equations to calculate the effects of input
machining parameters on surface quality. The regression equations and FE
simulations will then be applied in combination to make predictions of the
surface roughness The aim of the developed models is to allow the assessment
of the effects of changes in tool wear by cutting edge rounding and other

machining process parameters on the cutting forces and hence make a
prediction for the changes in surface roughness These models wil be useful to

industry because they will allow abetter prediction of the effects of machining

on surface quality and damage while reducing the need for many experimental

tests and trials.






1.3 Layout of Sections.
A brief overview of the work in each of the sections is described:
Chapter lintroduction

An introduction to the CFRP machining problem is presented. The need for
research into surface roughness measurement techniques and development of
Finite Element modelling methods for an edge trimming process has been
emphasised. An overview of thethesis experimental work and developments in
FE modelling is described and additionally the problems of cutting tool wear

which can extend machining induce damage.
Chapter 2 Literature Review

The literature review firstly outlines fibre composite properties and their failure
mechanisms. Secondly,the machining process for carbon fibre is described
with the milling process and some current work in the literature of composite
machining. The surface roughness measurement methods and theory is
outlined. Then the current difficulties found in the literature with standard
methods for measuring roughness of machined composite surfaces are
highlighted. Finally the current literature on FE modelling for machining of
composites isassessedand the need for more research into the milling process
is emphasised. The novelty ofthe new FE models for roughness prediction and

the calculating the effects of tool wear on cutting forces is highlighted.

Chapter 3 Preliminary Assessment of Surface Roughness Measurement

Methods

A preliminary set of experiments have been completed which focus on surface
roughness measurement method, analysing machining damage and surface
topography of machined composites. The optical focus variation system is

applied for the roughness measurement of a multidirectional laminate
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machined composite surface. New procedures for roughness measurement
have been introduced and recommended methods are described for future
researchers. The suitability of the optical method over conventional stylus
measurements has been evaluated. Roughness parameters for composite
surface damage characterisationhave been assessedincluding R,, S, skewness
and kurtosis. Histograms have been shown to characterise the surface profile
distribution, defects and surface quality across the machined surface of

different fibre orientations.

Section 3.3takes a detailedlook at the cutting mechanisms and damage types
on individual fibre orientations using scanning electron microscopy (SEM
imaging. This has been compared withexperimental roughness measurements
and has also highlighted the advantages of using areal roughness parameters
to measure surface roughness of a multidirectional composite. Visual
assessment of the camage and cutting mechanism is detailed for each fibre
orientation- the 135 degree fibre orientation has been found to show the

highest surface damage, including pitting and fibre pull-out.
Chapter 4 Main Experiment Edge Trimming Trials Experimental Procedure

The methodology of the first experimental trial, which is an edge trimming
process on a unidirectional laminate, is outlined. Novel surface roughness
measurement methods have been applied using the optical focus variation
system to measure machined surface damag. A poly crystalline diamond
(PCD) edge trimming tool has been used to make cuts at different levels of tool
wear which will be used to compare and validate novel 2D and 3D FE models.
Cutting edge rounding, resulting from tool wear, has been measured
experimentally using optical system. A new method has been applied usinga
zero helix PCD cutting tool, (which has a consistent chip size through the

workpiece thicknesg, to allow comparison with plane strain FE models Cutting



forces have been recorded usirg a dynamometer over different fibre

orientations.

The second experimental trial is outlined which is an edge trimming trial on a
multidirectional laminate. The test has been created using design of
experiments and ANOVA to create a regression model whichwill show the
effects of different parameters on the output surface roughness. The effects of
tool cutting edge radius, feed rate and cutting speed have been assessed and
the regression model will be used as a new prediction tool for surface
roughness using 3D FE models. Assessment of additional surface roughness
parameters including areal parameter S, and skewnessand kurtosis, have been
applied to characterise surface damage. CT scanning has beemised to assess
the different damage types present on the surface and look for sub-surface
delamination. The chip removal mechanism and surface appearance hsbeen

assessed on different fibre orientations.
Chapter 5 Edge Trimming Experimental Results

The experimental results from multidirectional and unidirectional edge
trimming tests are shown. This includesthe roughness measured on different
fibre orientations and an analysis of the effect of fibre orientation on surface
guality. The resulting effects of different machining parameters are presented
using main effects plots. Cutting edge rounding has been measured using the
optical system to calculate edge radius which will be used as an input for FE
models. The roughness of different fibre orientations has been assessed using
the optical system. Surface roughness and surface topography have been
found to be significantly affected by the fibre orientation. Areal roughness
parameters have been applied, and t is found that measurements made using
the optical system will give a more accurate representation of the machining

induced surface damage. It was therefore reasoned that optical methods of
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surface roughness characterisation is more reliable than using standard

profilometer methods.
Section 5.4 Results CT Scanning of Machined Samples

Sub-surface damage inter-laminar delamination, and maximum damage
depth resulting from machining were assessed usingmicro CT scanning The
potential sub-surface damage due to inter-laminar delamination and crack
propagation of existing voids is assessed. Edge trimmed sampleswere
compared with un-machined samples, to find if damage is due to existing
manufacturing defects, or is due to propagation of cracks from forces and
damage caused during the cutting process. The presence of some internal
delamination and cracks has beenfound in unidirectional machined samples. It
is concluded that roughness measurements are adequate as a defect
characterisation method where there is no apparent sub-surface damage and

defects present from manufacturing in the multidirectional laminate.
Chapter 6 Multiple Linear Regression Modelling

Multiple linear regression modelling has been used to create § roughness
predictive equations for unidirectional and multidirectional machined
laminates. Statistical methods have been applied to assess the contribtion of
different predictor terms, including interaction terms. Stepwise method has
been used to add or remove predictors, and the R-Sqg, R-Sq(Adj) and histogram
of residual checkswas applied to check for suitability of the fit of regression
eguations to model data. Cutting edge radius, measured experimentally, has
been included as a parameter insurface roughness predictions to calculate the

contribution of tool wear on machined profile.

Chapter 7 FE Modelling of Machining
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The FE modelsand modelling methods are outlined in this section. New 2D
and 3D models, for the edge trimming process of carbon fibre machining, have
been created. Models have been applied using orthotropic equivalent
homogeneous material properties and a Hashin damage model for progressive
composite material failure. Progressing levels of tool wear due to changes in
the surface geometry and measured cutting edge radius, have been assessed
by looking at the corresponding output effect on machining forces. A user
subroutine has been applied to control the cutter movement , tool-workpiece
contact and the size of the time-step. Adaptive meshing is used on the
workpiece and cutting tool to control element size. The elastic properties of
PCD have been applied to ctter tip- while the main cutter body has rigid body
constraints. Finally, output machining forces have been recorded while varying
machining parameters and compared with experimental data to validate FE

results.
Chapter 8 Results FE Modelling of Composite Machining

First the resultsare presented for unidirectional edge trimming which has been
compared with 2D and 3D FE models.2D models have been able to show the
changes in cutting forces as a consequence oftool wear. The cutting forces
calculated using FEhave been validated by previously obtained experimental
values. The damage mechanisrs calculated by the Hashin damage model have

been compared on different fibre orientations.

In this section, results from 3D FE multidirectional models are presented next.
Predicted values of S, surface roughness using novel method, have been
compared with experimental measurements. Theeffect of increasing feed rate
and cutting speed on FE calculated cutting forces has been combined with
experimentally obtained regression models to make a predicton of surface

roughness. The predicted change in surface roughness has been presented
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due to changes in model parameters. Increasing feed and anincreasing cutting
edge radius have both been found to have a significant increasing effect on the
S, surface rmughness. Feed rate and CERhave shown an interacting effect on
the roughness, whereby a combined increaseof both parameters will have a
significantly higher effect on resulting surface damage than changes in one
parameter alone. Predicted roughness has leen compared with experimentally
measured roughness at additional feed rates and cutting speeds, which were
outside of model limits, to find the accuracy of predictions lying outside of
model range. Is it shown that accurate predictions of surface roughnes have
been obtained using predictor terms which are located within regression model

training limits.
Chapter 9 Discussion & Outputs

An analysis of the thesis results has been presented,with a comparison of
findings in the literature. The novelty, limitations and the importance to

industry of current work has been discussed.
Chapter 10.0 Conclusions

A bullet summary of the findings with quantification of the results is shown. In
Section 10.1the future work is presented: improvements upon on the current
work is discussed,along with proposals for new research projects into carbon

fibre machining processes.
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Chapter 2

Literature Review

2.1 Carbon Fibre Introduction

To understand the machining of composites, the different failure mechanisms
and material properties of carbon fibre composites must be understood. Fibre
reinforced polymers (FRB) are made up of a reinforcing fibre like glass or
carbon and a binding polymeric matrix material. A typical fibre volume fraction
can be around 60 %. The matrix material acts & a binder for the reinforcing

fibres, distributes loads and protects the fibres from external damage. The
carbon fibres are generally made from a PAN (polyacrynitryl) precursor by
oxidizing and carbonizing at high temperatures. The fibres have a small
diameter of around 5-10 um which are then grouped together to make a tow.

These tows can then be pre-impregnated with the epoxy matrix material in

order to make pre-preg sheets or used in filament winding processes. Carbon
fibores have a superior stiffness ad strength compared to glass fibres, which
makes them the preferred choice for demanding mechanical applications. For
the matrix constituent, thermoset and thermoplastic are the two main categories
of polymeric plastic used. Usually in high grade aerospace application epoxy

resins are generallypreferred.

To make the composite material, pre-preg sheets can be manufactured by
wetting the sheet carbon fibre in a resin bath, and they must then be stored in
refrigeration until use. In standard manufacturing methods, the pre-preg sheets
can then be layered up and cut to shape on a mould surface before being
vacuum bagged and autoclave cured at high temperature and pressure The
pre-preg vacuum bagging process is shown inFigure 2-1(a). Firstly, the pre-preg
sheets are cut to shape layered up on a mould surfacewhich is coated with a

release agent. The prepreg sheets are then covered with a release film and

15



breather layer before being covered by the vacuum bagging which is sealed
around the edge with sealant tape. Finally the air is removed by vacuum pump
and then the whole pre-preg layup is autoclave cured. The vacum bagging
process ensures minimal voids and consistent curing of the resin in the finished
composite material. A graphical representation of a laminate is shown in Figure
2-1(b) which hasfour unidirectional plys layered up in different fibre orientations.
The fibre orientations are 0,45;45(135) and 90 which will be the fibre
orientations used in this project. These different fibre orientations are used to
give the composite stable mechanical properties in all directions and inhibit
crack propagation. Generally the laminate will be layered up in a balanced or
symmetric lay-up where the plys will be symmetric through the centre line. This
ensures balanced mechanical properties and prevents warping of the laminate

during cooling and curing due to different thermal expansion coefficients.

To Vacuum Pump To Vacuum Gauge
A A
Breather Fabric

Vacuum Bagging /
Film _ J | I 74

Sealant
Tape

Peel Ply

Release Film /’
Mould Surface CFRP Pre-Preg
Laminate

(Release Coated)

(a)

Figure 2-1- (a) Pre preg layup and vacuum bagging.

(b) Graphic representation of a laminate with different layers and fibre
orientations.

2.2 Carbon Fibre Mechanical Behaviour
This project is focusing on long chain fibrous composites, as opmsed to short
chain or woven composite materials. Long chain unidirectional carbon fibre

composites are non-homogeneous and exhibit anisotropic material properties,

this means they have directional mechanical properties. They have a different
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modulus and strength in the fibre principle direction compared to the transverse
fibre direction. There isa different failure mechanism compared to metals and in
FRPghere is the possible accumulation of several damage modes until failure.In
Figure 2-2 a number of the different modes of failure are shown. The fibres can
fail in tension and in compression due to brittle fracture, the matrix can crak
and be crushed and fibre pull-out and fibre-matrix de-bonding will occur at the
weak interface. The damage in composites can be a sudden or progressive
failure and there can be a number of different possible damage types in both
the fibres and matrix. The magnitudes and types of damage will be dependent
upon loading conditions and material properties. Cracks canform along the
laminate boundaries in the form of inter-laminar delamination which is in the
plane between the layers by de-bonding, asshown in Figure 2-3. These defects
can occur quite readily due to voids between the layers during manufacture or
excess resin which can lead to stress concentrations due to load transfer
between different layers. Translaminar cracks shown in Figure 2-3, are less
common because the cracks do not tend to propagate through adjacent
laminae due to a preferred direction for crack growth. There are different
fracture characteristics of the energy for crack propagation, between the
adjacent laminate boundaries, shown in Figure 2-3, and the energy is dissipated

or tends to propagate along the weaker laminae boundaries[10]
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Fiber Pull-Out.

Fiber Bridging.
Fiber/Matrix Debonding
Fiber Failure.

Matrix Cracking.

YR W -

Figure 2-2 - Different failure mechanisms of laminate fibre composites.Adapted
from REHA10]

Interlaminar

Translaminar

Transfibrous

Figure 2-3 - Failuredefinition types [11]

In most homogeneous engineering materials cracks are geneally formed due
to the material, loads, geometry and boundary conditions. However in
composites the interface between the fibres and matrix material can also
separate by de-bonding or de-cohesion. Therefore due to the material fibre
direction and the weak fibre-matrix interface there is a preferred direction for
crack growth [12] Unidirectional carbon fibre material is described as

orthotropic because the elastic modulus and strength are different in fibre

18



tensile direction and transverse direction. This is due to the higher fibre strength
and stiffness thanthat of the matrix and interface. Laminate theory is generally
used to predict the elastic modulus of a combination of stacked layers on the
macro level, by taking into account the stiffness of individual layers based on the

modulus in each of the principle directions.

The tensile strength of a composite is mainly determined by the fibre strength,
volume fraction, and amount and size of flaws which make up the fibre. This is
because in reality the brittle fibre strength is dependent on thickness, and
length. A longer or thicker fibre will have a higher probability of flaws and
therefore a lower strength. In tension during a fibre dominated failure mode the
material will have the greatest strength, which is why it is also important to have
a high fibre volume fraction. The carbon fibres behave approximately elastically

in tension up to their fracture strength [12]

CFRP is made up of arepoxy resin matrix,of which the properties can generally
be assumed to be isotropic and of having a higher modulus and strength than
thermosetting resins [3]. When a unidirectional composite is loaded in tension in
the transverse fibre direction, there is a matrix dominated falure mode. The
orthotropic properties of the composite mean that, in this instance it will fail at a
much lower strength than in fibre dominated failure mode . During transverse
loading the fibres will remain intact or unbroken and the matrix will fail due to
void nucleation and crack propagation [12] There will also be fibre-matrix de-
bonding at the interface. The matrix failure will begin at weak defect points in
the interface such as voids in the matrix or small fibresresin gaps [13] Then,
from these defects, cracks will propagate along the weaker fibre-matrix
interface. During matrix dominated failure such as in transverse loading,the
interface fails nearly immediately after any crack begins. The transverse strength
is determined mostly by the resin, but in a fibore composite transverse strength is

generally slightly lower than the resin only strength.
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In machining of carbon fibres there are factors which can affect the material
machinability. These include the mechanical properties of the fibre and resin, the
fibore volume fraction and the ply orientation. Also, other factors include the
matrix glass transition temperature and the thermal conductivity of the matrix
and fibres. The material failure and stiffnesswill be determined by the strength,
stiffness of the matrix and fibre phases and also the bonding strength at the
interface of the fibre-matrix. The manufacturing process and any manufacturing
defects can affect the composite mechanical properties due to residual stresses,
resin voids, fibre waviness and variation in fibre and matrix distribution.
Therefore the lay-up, pressure and curing process is important to maintain

consistent material properties.

The polymer matrix has less strength and stiffness than the reinforcement but it

still plays a part in the cutting process. It has a low thermal conductivity which

can affect heat build-up in the cutting zone. It also holds the fibres together and

the elastic recovery or bounce back of the material can cause friction and

heating in the cutting area. Heating of the polymer during machining can take it

above its glass transition temperature which will affect the machining forces and

surface quality. Burning of the matrix should definitely be avoided in the cutting

zone. The matrix will soften or burn at temperatures during machining if the

localised temperature at the tool workpiece interface becomes too high.

However, carbon fibres have mechanical properties which are fairly stable up to

high temperatures. The stress strain relationship of the fibres is essentially linear

or stabl e Uylg][15] dhe 1ibdeb dnly éxkibit a temperature dependant
youngls modull@®0allowher e alastic &nd dsoconpasic vi s c o
above around 1600°C. This is below the te
machining. So the temperature dependant properties of the matrix, which will

cause softening,only need be taken into account at or above the glass transition

temperature.
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2.3 Composite Machining Introduction

Carbon fibre composites bring new challenges to machining and

manufacturing. CFRP material, especially with a high fibre content and tough
resin system, is highly abrasive and can cause intensive wear on cutting tools.
Additionally, researchers have shown that there are a number of problems

which can be found during composite machining [3]:

Surface quality issues:
Delamination.

Fibre pull-out.

Matrix Burning.

Matrix Cracking

Edge Burring

Un-cut Fibres

Tool wear:

Edge Chipping.
Abrasive Wear.

Edge Rounding.

= =A =2 A A4 A4 -4 A -5 -5 - -2

Coating Delamination.

Early researchers investigated the machining of compoges and found that
unlike during metal machining a continuous chip is not produced. While
machining thermoset FRPsthere are dust-like or small fragmented chips
produced [16] The carbon fibres are brittle and abrasive and will have a low
strain to breakage. The matrix orthermosetting plastic (usually epoxy resin) also
exhibits very small plastic deformation before failure. This means that in
machining carbon fibre the material is generally crushed and fractures sharply
[17] The cutting mechanism is dctated mainly by fibre fracture, de-bonding of
fibre-matrix interface, and fibre cutting angle. There is very little plastic
deformation [18] Standard metal cutting tools and coatings have been shown to
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produce a surface with poor quality and have a low resistance to wear when
machining composites. They also have a different wear mechanismTherefore
there must be new practises and research into machining of fibore composites in
order to understand the cutting mechanisms and improve surface qudlity as the

machining differs extremely from metal cutting.

In the machining of fibre composites delamination has been found to be a
problem. There are three main different types of delamination which have been
characterised and are shown inFigure 2-4 and Figure 2-5. Type | and type |
delamination which is shown in Figure 2-4. Type | delamination is where the
fibres on the top surface have been broken and removed inwards from the
machined edge [3]. Whereas in Type Il delamination the fibres protrude over
the machined edge and there are fibres which have sprung back after the tool
has passed without being cut. Type I/ll are a combination of | and Il whee there
is some damage inwards of the machined edge and fibres which protrude
outwards [3]. Type lll delaminations occur when there are cracks or debonded
fibres which are partially attached lying parallel to the machined edge, as shown
in Figure 2-5. The fibre orientation and machining parameters will affect the

magnitude and type of delamination which occur during machining.
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Machined
edge

Type Il

Figure 2-4- Type | and Type lldelamination. Adapted from REH3],[19]

Type I/II Typelll

Type Il

Figure 2-5- Type I/ll and Typelll delamination. Adapted from REH3],[19]

It has also been found in the research that the fibre orientation in relation to the
cutting direction will play a critical factor in the chip removal mechanism and
surface damage [3],[20],[21] The definition for the fibre orientations direction
which will be used in this document is shown inFigure 2-6. As it can be seen the

cutting mechanism varies according to the different fibre orientations. Likewise
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the machining damage, surface qualityand cutting forces have also been shown

to vary due to the fibre orientation.

Cutting

direction
—//“‘_

Cutting
direction

(a) Typel: 8=0°(180° (b) Type ll: 8 = 0o, negative rake angle

i Chip flow )
Cutting direction Cutting
direction direction
‘.—
(c) Typelll: & =45° (d) Type lll: 6=45° negative rake angle

Cutting (di_uttirt}g

direction : irection

¢ Cutting

tool
(e) TypelV: 8=290° (f) TypeV: 8=135°

Figure 2-6 - Cutting mechanisms atdifferent fibre orientations. Adapted from
REF3],[21}

In the O degree orientation the fibres are pushed upwards and then fracture
on their cross section due to bending and micro buckling- Figure 2-6(a). First
the fibre is debonded by de-cohesion from the fibres-matrix interface, and
then the fibres are bent up like a cantilever beam [2]. A crack will propagate
along the interface until eventually the small rectangular chip is removed when
the fibres finally fracture. D.H. Wang et d. [21] found that the machining forces

fluctuate as the fibres go through a cycle of bending in a peel fracture effect,
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and this will repeat after a small rectangular fragment is removed The de
bonding or de -cohesion will occur when the stress is greater than he physical
bonding strength between the fibres and matrix interface. M. Ramulu et al. [5],
found that the machined surface was left covered in clean fibreslying parallel

to the surface, and the fibre orientation could be seen on SEM images.

In the 90 degree fibre orientation, the fibres are first compressed by the tool
which causes them to fracture perpendicular to the fibre length. Then in order
for a small particle to release there is a secondary fracture by inter-laminar
shear along the fibre matrix boundary [21] Small fractured particles are
produced and some out of plane displacement may be seen on the surface in
the cutting direction. Early research by Koplev et al[16] found that irregular
sized chips were produced as opposed to small rectangular chips in the O
degree fibre orientation. A larger overall cutting force was found while
machiningthe 90 ° d e gr erei efnitbartei oon compared to the
the fact that all the fibres must be sheared and compressed rather than in

bending in the O degree fibre orientation.

In the 45 degree orientation the fibres are predominantly sheared by the tip of
the cutting tool and then a small dust-like chip is removed when the fibres de-
bond from the matrix [3]. It is also possible for individual fibres to pull out from
below the machined surface [2]. The fluctuation in cutting forces was found to

be |l ess in the 45° d @& degreedibreoriantatiort. at i on t han

The 135 orientation, where the fibres ae facing into the path of the cutting

tool has a different cutting mechanism. Here there is a combination of
bending, crushing and fibre shearing. The fibres are bent and then a crack
begins to propagate below the surface along the fibre-matrix boundary where
there is de-bonding [20]. The fibre matrix interface is fairly weak due to the

interfacial bonding strength between them. The crack will propagate and finally
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the fibres will be crushed and break, leaving a damaged surface Generally the
surface roughness d the 135 degree orientation has been found to be worse

than of those below 90 [16][20].

Figure 2-7 shows cutting for a small and larger depth of cut in fibre
orientatonsgr eat er t han 90 720] fowa thgt at€the Zrhaflen g
depth of cut which is less than the fibre diameter, the end of the fibre is
compressed and the surrounding matrix is fractured- Figure 2-7a. However the
fibres will not always break and small protrudng or un-cut fibres can be left on
the material surface. Ina greater depth of cut, the fibre is pushed by F1 in a
direction outwards from the workpiece and the tool tries to bend the fibres.
This can cause ibre matrix de-bonding and micro cracks below the machined

surface, parallel to F2.

Figure 2-7 - Cutting mechanism at positive fibres orientation at small and large
depth of cut. Adapted from REF[18].

2.3-1 Milling of Composite Materials
Milling is a machining process which is used heavily in industry ands used in
composite manufacturing. It can be used for creating many different flat or

shaped surfaces including slots, pockets and contours [22]. In milling the
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spindle rotates the tool about an axisand is fed into the workpiece. The milling
tool usually has multiple cutting edges and the spindle axis of rotation can
either be horizontal or vertical [23]. The tool has a rotational speed and a feed
speed which combine to make up the feed- which is the distance the tool
advances in one evolution. The cutting tool will have an axial depth of cut (ap)
and radial depth of cut (a¢). The three main types of milling are plain, face and
end milling. In plain milling the cutting edge is parallel to the spindle axis and
can be either parallel or inclined to the workpiece feed direction. The sides of
the cutting tool are used to make the cut on the periphery of the tool . In face
milling the face and sides at the bottom of the tool are used for cutting and in

end milling the sides the base of the tool are used for cutting [22].

In milling the cutting mechanism will differ to that shown previously in turning.
Due to the rotation of the cutting edge, a variable depth of cut is taken from
the workpiece. The change in chip thickness in conventional milling is shown in
Figure 2-8(a). In conventional milling the tool rotation is against, or opposite,
the feed direction and the machining forces will cause the tool and workpiece
to push away from each other. Whereas, in down or climb milling the tool
rotation will be with the feed direction. In conventional face milling for each
rotation of a single cutting edge, the un-deformed chip thickness increases to a
maximum before a chip is removed, whereupon a new cutting edge will cut
into the material [24],[25]. When machining fibre composites the cutting tool
edge in relation to the fibre orientation will change as the tool rotates through
the material shown in Figure 2-8(b). Unlike with orthogonal turning, the fibre
orientation in relation to the cutting edge is not constant - Figure 2-8(b)-, and
also, the chip thickness is not constant, so the machining forces will be
fluctuating within each cycle of a tool cutting edge rotation. Cutting forces will
increase as the chip thickness increases and thermdrop once the chip is

removed. The depth of cut will determine the area and number of fibres being
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cut, while the feed rate, cutting speed and tool geometry will determine the

) Qg
chip
(b)

Figure 2-8 [ (a) Change in chip dimensions duringconventional milling [3],

chip thickness[26].

(b) Rotation of the cutting edge will vary against fibre orientation [26].

Karpat et al [18] created a mechanistic model using cutting force coefficients

obtained from milling tests for slot milling of a CFRP laminate The authors

showed that in slot milling the tool cutting edge will vary against the material

fibre orientation as the tool rotates which is adapted and shown in Figure

2-8(b) and Figure 2-9. Cutting force -coefficients represent a materials

resistance to machining in the radial and tangential directions. The authors

found that the radial cutting forces were higher when cutting laminates at a O

and 90 degree fibre orientation, compared to machining laminates with a 45

and 135 degree fibre orientation. However the highest tangential cutting forces

were found when machining at the 135 degree fibre orientation. It was

explained that the cutting forces are 4y due t o t he c ofnei ned ef
instantaneous fibre cutting angl €l8land t he
Delamination or un-cut fibres was found to be a product of both cutting tool

wear and material fibre orientation and the delamination was found to occur

most where there were maximum tangential forces.
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Figure 2-9- Slot milling, cutting tool edge to fibre orientation. Adapted from
REH18]
A number of researchers have performed experiments on milling of
composites. Azmi et al. [26], used Taguchi analysis to find the machimbility of
GFRP with respect tosurface roughness, tool life and machining forces. A
unidirectional glassepoxy fibre with 16 layers was end milled and 3
measurements were taken to get an average surface roughness. Flankvear
was the most dominant wear mechanism by mechanical abrasion. The feed
rate was found to be more dominant on roughness than cutting speed. The
resultant cutting force was most significantly influenced by feed and depth of
cut. Tool wear, fibre orientation, cutting forces and machining parameters will

all therefore have an effect on surface quality.

Davim et al. [27], looked at the machining forces, surface roughnessand
delamination during end milling. The machining force was found to increase
with feed rate and decrease with cutting velocity. The feed rate had the most
statistical influence on the delamination factor to the workpiece and surface
roughness was found to increase with feed rate and decrease with cutting
speed. Mathivanan et al. [28], have also analysed the machining forces in end
milling of CFRP and GFRP using ANOVA factorial design. Machining forces
were found to increase approximately linearly with feed and also increased with
cutting speed. The machining forces were found to be higher when macdhining

CFRP than GFRP due to itkigher stiffness and strength.

Hintze et al. [29], looked at delamination on a woven plain weave CFRP falic

with 0 and 90 degree fibres direction. They found that the woven yarn which
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causes crimp or undulation in the fabric causes variation in delamination on
different areas of the woven composite surface when machined. The
undulation of the woven yarn was found to be more critical to the extent of
delamination than changes in the different tool geometry which the authors
applied. Figure 2-10shows the different delamination found on the woven yarn
with different possible delamination types. Type /Il was found to be the most

dominant type of delamination.

Type 11 Delamination (x; = 1.3 mm) Type /Il Delamination (x; = 3.0 mm) | Type I/Il Delamination (x,; = 4.8 mm) Type I Delamination (x, = 5.3 mm)

Figure 2-10 Different delamination on a machined edge of woven composite
[29].

Research byHaddad et al. [4] have used three different machining processes
water jet, abrasive diamond cutter and standard burr tool. The machined
surfaces were compared by using contact and non-contact roughness
measurement methods. The fatigue life and mechanical properties were
investigated in response to surface quality.Importantly, it was found that the
type of machining process and the suface roughness after machining had an
effect on mechanical performance. The interlaminar shear strength and
compressive strength decreased with an average increase in surface roughness.
Therefore; minimising surface roughness and damageis of importance in the
machining processes because it can affect the strength and integrity of

components.
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Ahmad et al. [19], looked at the machining damage in edge trimming of CFRP.
They investigated surface roughness and edge delamination whilemachining
with a burr style router. Surface roughness measurements were made by
Mitutoyo profilometer. Delamination frequency and depth were found to
increase with an increase in chip effective thickness. The equation for chip
effective thickness is shownin Equation 1, where & is the radial depth of cut V;
the feed rate and V. is the cutting speed. An increase in feed and a decrease in

cutting speed will increasethe chip effective thickness.

Flwlllbe <<k

A Equation 1

1L
Tar

The surface roughnessmeasured in the longitudinal direction was found to
increase with chip effective thickness. Delaminations were recorded along the
machined edge and it was found that type I/ll were the most dominant type.
Figure 2-11shows some high levels of delamination in surface plies seen by the
authors when machining with a large chip effective thickness. Ahmad et al. [30],
has again reported similar findings of the effects of chip effective thickness on

surface roughness.
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Figure 2-11 SEM image of type I/l delamination on edge machined at extreme
cutting conditions [19]

2.3-2 Other Machining Processes

Drilling is a process which is widely used in composite industry to allow
assembly or joining of components. However, there are strict requirements for

holes in order to meet surface integrity and geometry requirements. In order to

allow easy assembly, tle position and diameter of the holes must be within

tolerance, and also the holes must be mechanically safeOne alternative to

drilled holes in composites is to adhesively bond joints. This can be
advantageous because the cost and weight associated with disteners is
reduced. Bonded joints can also act as a stress distributeras the load will be
applied over a larger area and the stiffness of an epoxy adhesive could be
tailored to be closer to that of the bonded materials. However bonded joints
are permanen t and canlt be disassembl ed.
inspected or replaced this would be problematic. Additionally, the lifetime of

the adhesively bonded joints may be uncertain. Another potential is creating of
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holes during the lay-up and curing. However, due to the distortion when
cooling, the accuracy of these holes is poor[31] For these reasons drilling of
composite materials is still widely used in the aerospace industrylt has been
found that there is a significant amount of research in the literature into
composite drilling, and delamination at the top and bottom ply has been found
to be a significant problem. Thiswill lead to large costs in production if material
must be scrapped. The thrust force has been shown to be one of the main
factors contributing to delamination [3]. There can be two types of

delamination:

1 Peelup which occurs on the when the top laminate plies are pulled up by the
flutes and causes them to bend andseparate- Figure 2-12.

1 Push-down delamination occurs as the tool approaches the ext- Figure
2-12a. The bottom layers are pushed by the vertical thrust force which causes
them to bend. The inter-laminar interface is relatively weak and this bending

can cause a crack to propagate along the interface and de-cohesion [3].

(a) Push-out (b) Peel-up

Figure 2-12 Two types of delamination while drilling composites.
(a) Pushout, (b) Peelup. Adapted from REF[3].

The thrust force is correlated with the feed rate: if the feed rate rises there is

increase in the uncut chip thickness and a corresponding increase in the thrust

33



force [3]. Therefore the increase in feed rate has shown to be critical cause of
delamination. This effect ismainly contributing to the push-out delamination
on the bottom ply. Tool wear and chisel edge size has also been shown to
contribute to the thrust force which will in turn contribute to delamination [32].
One method to reduce the delamination from the thrust force is to reduce the

feed rate near to the hole exit.

Wen-chou Chen [33] drilled composite holes and used X-ray to find the size of
the damage by delamination. The holes were coated with tetrabiomethane
before x-ray was applied. Torque and thrust force were investigated with a
dynamometer to see how the onset of delamination is affected. Tool geometry,
tool wear and drilling parameters effects on the delamination were also

investigated. Important findings from this study were:

Delamination is most prominent when there is a high thrust force, and
|l owering the feed rate wil/l reduce the t«
improve the hole quality at the exit, the feed rate at the exit needs to be

decreased during [B3e drilling processu

gThe del amination becomes serious as ¢t he
t he dr i | | |33].delgminaticnensreases with increasing tool flank wear
as does the thrust force. The drill wear also causes delamination to be more

serious at high spindle speeds.

Shyha et al.[31] used a stepped drill and twist drill with different coatings,
point and helix angle. The effects of tools on delamination were discussed The
step drill was found to reduce the thrust force in the 2" stage of drilling
significantly by creating a pilot hole effect. This is because there is less chisel
edge contact with the workpiece during the 2"? stage. They found that stepped
drill had a longer tool life than the convention al, and that the uncoated twist

drill had a longer tool life than the TiN coated. The dominant wearing
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mechanism was found on the flank and chisel edge of the tools by chipping.
Increasing the feed rate increased the thrust force, but it also lengthenedthe

tool life.

Other problems that may occur during drilling are burning of the matrix and
fibre pull out. Temperature build-up can be high while drilling due to the low
thermal conductivity of the matrix. This can cause shrinkage of the hole orce
the tool is removed which means dimensional accuracy would not be achieved
[3]. It has been found that there is a significant amount of research into drilling
of FRPsmaterials, most of which has not been presented here. There has been
significant experimental research into causes afand strategies for, reduction in
delamination, and the effects of machining parameters on tool life and
delamination. It has been found that there is less research conducted into the
milling process and into the surface generated during edge trimming and

therefore this has been chosenas focus area

2.4 Surface Roughness Measurement for Composite Machining

In order to assessthe quality of the machined surface of components, surface
roughness parameters are often calculated [5]. It is important, too, for the
composite manufacturing industry be able to accurately quantify surface
roughness and assess thesurface damage induced by machining. This will
ensure the integrity of components and reduce costs in the machinng process.
It is also important from an academic research point of view to be able to
characterise chip formation and understand how surface damage may be
affected by changing machining parameters, i.e. tool condition, tool geometry

or feed rate and cutting speed.

Typically in industry, a stylus profilometer is often used to measure surface
roughness. However there have been problems found in the literature with

using this method for machined fibrous composites. Difficulties have been
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found by Ramulu et al. [5], it was found that when measuring roughness
parallel to the fibre direction, the stylus passes over multiple plies or span over
multiple fibre orientations. Azmi et al. [34], have also reported that the Ra may
not always reflect the machining damage or surface quality of machined
fibrous composites. They pointed out two specific prob lems with roughness
measurement carried out by profilometer: i) protruding fibres on the machined
surface can affect the movement of the stylusor stick to the stylus tip, and ii)
that the deviations in the roughness reading is very dependent upon
measurementdirection and position due to material non-homogeneity. Ahmad
et al. [19] found that the surface roughness increased with chip effective
thickness when measured in the longitudinal direction, however no clear trend
was found when measuring in the transverse direction, which may have been
due to the problems of using a profilometer roughness measurement method

on non-homogenous composite surfaces

The profilometer works by trailing a small radius diamond tipped stylus in a
straight line along the specimen, as shown inFigure 2-13 A transducer then
detects small deviations in profile height which can be used to calculate
roughness parameters The sample is measured with anoverall evaluation
length, which is split into a number of sampling lengths, which is to be
performed according to British standard ISO 4288:1998. fie R, parameter isthe
most commonly used surface roughness parameter and is defined asthe
arithmetic mean roughness of the profile. First the profile must be filtered to
remove the long wavelength or low frequency component, so that the high
frequency roughness component is maintained. This low frequency profile
waviness is removed from the profile deviation according to the British
standard I1SO 11562:1997 and is shown irfrigure 2-14. In Figure 2-14(a) three
profiles are shown, one which is the un-filtered profile measured by stylus, the

second shows the profile waviness, and has the high frequency component
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removed, the third is the profile roughness and has only the high frequency
component. Figure 2-14b) shows how the profile waviness is removed
according to the standard, where a higher percentage of the profile with a low

frequency component is removed from the measurement.

The R, roughness parameter is then calculated as thecentre line average
which isthe deviation of the surface profile from the centre line. The centre line
is calculatedto lie where the sum of the area contained (by the profile), above
and below the centre line is equal The absolute value of the peak or valley is
used in the R, parameter, so it does not distinguish between peaks or troughs
but only the deviation from the centre line. Similarly, the S, parameter is
described as the arithmetic mean of the absolute of the ordinary values overa

definition area, rather than along a profile line.

In measurements made using a stylus lhe lateral and vertical resolution of the
profile measurement is determined upon the stylus edge radius. The stylus tip
will never be able to get fully to the bottom of surface valleys and therefore the
profile measurement will be different depending upon the size of the stylus
edge radius, as shown inFigure 2-13 The lateral resolution is measured in the
horizontal stylus traversing direction, and the vertical resolution is in theprofile

height direction.
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Figure 2-14 Removal of low frequency component in roughness measurement,
(a) Measuredprofile with waviness and roughness shown,

(b) Removal of profile waviness.

Ghidossi et al.[35], researched the effect of machining parameters on failure
stressesand roughness. It was found that increasing the cutting speed reduced
the surface roughnessduring edge trimming of GFRP and CFRPA surprising
result was found, that the surfaces with the highest R did not necessarily have

the lowest failure stresses and therefore the R, parameter did not give a full
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indication of damage. Slamani et al.[36], has found problems using R, to show
the extent of machining surface damage due to increasing tool wear, which
they found was because of matrix burning and sticking when using a worn

cutting tool.

Some recent research by Gara and Tsomarev, [37] has created a roughness
prediction equation for transverse and longitudinal roughness measurements
using a theoretical equation and regression equation from experimental test.
They have found that feed rate was the strongest contributing parameter to
the roughness and that up milling gave a better surface finish than down
milling. However, their longitudinal ro ughness measurements were takenusing
a stylus profilometer and there was little detail given of the method used to
take measurements effect of fibre orientation on roughness, or of the standard
deviation in these measurements. Their regression equation vok into account
the effects of cutting speed and feed rate but does not include any effects of
tool wear. Their tests were performed using an uncoated knurled cutting tool,
which will have a very high tool wear rate when machining a composite

surface,and is probable to be a contributing factor to the roughness.

Wern et al. [38], studied the surface roughness of composite drilled holes
using two PCD drillsand with varying feed rates. SEM was used to look at the
surface and varying roughness parameters were investigated. They saw a
variation in surface roughness at different points on the drilled hole due to
fibre orientation shown in Figure 2-15 In the negative fibres orientation to
cutting direction they observed fibres pull out which caused pitting and a
rough surface. In the other directions the surface was smooth with smeared
matrix and sheared fibres. They found R and R, more effective than R, at
guantifying the depth of the valleys and machining damage for composite
materials. The feed rate also increased the surface roughness once it went

beyond 0.1778 mm/rev.
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Figure 2-15- Variation in roughness at different points on hole surface due to

fibres orientation [38].

Colak and Sunar[39], have performed milling experiments on a unidirectional
CFRP laminate with a PCD cutting tool to create a mechanistic model using
cutting force coefficients. They have measured surface roughness using a
Nanovea optical profilometer. The surface roughness wa found to be highest
when machining with high feed rate and low cutting speed. They, however, did
not investigate the use of different roughness parameters or discuss the
difficulties of measuring surface roughness of a multidirectional machined
composite surface because the measurements were made on aunidirectional
laminate. It has been shown by aher researchers thatthe feed rate followed by
cutting speed has the strongest dependence on surface roughness, and that
increasing feed and decreasing cuttingspeed will generally increase roughness

[40]f [42].

Nurhaniza et al. [41] have also used statistical methods and design of
experiments to show the contribution of feed rate, cutting speed and depth of
cut on the surface roughness but not the effects of tool wear. They have used a
profilometer to mea sure R, surface roughness and yet have not fully discussed
the effect of fibre orientation on the surface roughness or described the
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uncertainty in measuring surface roughness of a multidirectional laminate with
this method. Other researchers havemade useful contributions to the literature
using design of experiments to analyse the effects of the feed rate and cutting
speed on surface roughness, yet the effect of tool wear and fibre orientation

has not been included [40],[42].

Kumaran et al. [43] have predicted surface roughness of water jet machined
CFRP material using regression analysis. Linear surface roughness
measurements (R) have been taken using a profilometer and visual surface
profile measurement was madeusing a non-contact 3D surface measurement
NV-2000. An assessment of the contribution of each of the test variables on
surface roughness was made and regression analysis was able to show the
effect of water jet parameters on surface roughness within a 95% confidence

level.

Ismail et al. [44] have drilled hemp fibre reinforced composite (HFRP)
composite and used design of experiments to analyse the effects of drilling
parameters, fibre aspect ratio, and drill diameter. Delamination and surface
roughness were found to increase with greater fibre aspect ratio which
correlated to longer length fibres. The delamination damage was lower in the
HFRP than CFRP sample and surfaceoughness measurements were taken

using mitoyoto profilometer along the drilling direction, through ply thickness.

Ismail et al. [45] have assessed surface roughness, delamination factor and
chip morphology when drilling CFRP andHFRP They have sectioned the holes
and used SEM images to analyse surface quality. The SEM images showed
some internal propagation of cracks, delamination and burnt epoxy resin in the
CFRP material. Delamination was found to be higher in the 20mm diameter tool
compared to the 5mm tool and at higher feed rates. Chip morphology showed

that the CFRP chips were discontinous but not fully dust-like, whereas the
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HFRP chips were more continuouswith brown ribbon like chips. This was
becausethe CFRP has dirittle thermoset epoxy resin while there was a ductile

thermoplastic polycaprolactone (PCL) resirfor the HFRP.

2.4-1 Poughness Parameters

Due to the non-homogeneous structure of fibore composites, the use of §
areal roughness parameters may be useful when applied toa machined
surface In a study by U.C Nwaogu et al.[46], the use of a commercial optical
system manufactured by Alicona was applied for surface roughness
measurement. They ompared tactile profilometer and Alicona optical device
for the roughness measurement of casting surfaces.Areal and profile surface
roughness parameters were used and it was found that the areal (S,)
comparators had less variation in measurement than the profile parameters
(R). They compared conventional R, from profilometer measurement with the
S, parameter from Alicona focus variation systemand found an agreement. It
was recommended that the areal parameters (§) were more useful in
measuring the surface of castings due to giving a better representation of a
non-homogeneous surface and were also found to have a better repeatability.
The use of the S parameter has good potential for application in composite
surface roughness measurement due to the nonrhomogeneous structure and
described unreliability of stylus measurements. The non-homogeneous
structure of a fibrous composite machined surface is variable due to the
different fibre orientations and cutting mechanisms on each layer. Therefore

roughness measurement must be able to accurately represent this.

A relevant issue to machined surface damage detectionis whether the R,
parameter (arithmetic mean roughness) can give enough information to
guantify the surface quality alone. Herring et al. [47] studied different
roughness parameters to assess surface finish of a CFRP mould surface

manufactured by different methods. The maximum peak to valley height (R),
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skewness (Ry) and kurtosis (R«) were studied. The authors stated that a
minimum of R, Ry and R should be calcuated to give a thorough
understanding of a composite surface. All of the parameters used were capable
of distinguishing between the surfaces manufactured by different methods, but
the Rt parameter was shown to be most sensitive to individual scratches or

particles on the surface.

Recent research, by Rimpault et al[48], has used fractal analysis of cutting
force signals whenCFRP trimming by end milling using a diamond coated tool.
They have performed machining experiments at increasing levels of tool wear
using 3 different levels of feed rate and cutting speed. Tool flank wear was
measured by optical microscope according to ISO 8688 2. It was observed that
there was some burning of the matrix at tool flank wear above 0.3mm,
although they stated that cutting edge rounding may be a better indicator.
They found that with the cutting force signal fluctuated more at lower levels of
tool wear when there was asharper milling tool due to cutting small groups of

fibres, as shown inFigure 2-16
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Figure 2-16- The total cutting force at different levels of tool wear, with 3 tool

rotations shown [48].

Importantly they stated that- ¢4 Rvas found to be inadequate to evaluate the
surface finish of fibre reinforced plastic
use tool wear as their comparative factor vs the signal forces and did not
include roughness measurements in their analysis Although, little detail was
given as ther reason for R, being inadequate to evaluate surface quality, it may
have been because of the problems of using standard stylus method. In any
case, this paper again highlights the need for further research into surface
analysis usingdifferent measuremen techniques and possible use of additional
roughness parameters to better represent surface quality of FRPsmachined

surface.

The skewnessand kurtosis roughness parameters are explainel in Figure 2-17.
The skewness indicates whether a surface is characterised by peaks or valleys

and is a statisticalmeasure of the profile symmetry or height distribution. The
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kurtosis, shown in Figure 2-17, highlights whether the surface profile has peaks
and valleys which are either sharp or rounded. A profile which has a negative
or low skewnesswill have more valleys than peaks while a positive skewness
will describe one which has more peaks. A profile which has a highkurtosis will
have sharp peaks, while one with a lowkurtosis will have rounded peaks. The
kurtosis and skewnessare not represented in the R, parameter, and it has been
shown that two unequal surfaces can have the same R[49]. Therefore these
parameters will be investigated to see if they can give more information about

a machined composite surface quality.

It has been found that the large majority of research in the literature on
roughness measurement has foussed on R, measurements made by stylus
measurements. It has been shown that there are issues with this method and
that additional parameters may further improve measurement accuracy and
information on surface structure. A number of researchers have used sign of
experiments and linear regressionin order to analyse the composite machining
process and effects of parameters on surface roughness[37],[40],[42],[50]. It
has been found that the majority of research into parameters affecting the
surface roughness have focussed on the effects of feed ratecutting speed and
depth of cut. The effects of tool wear have generally not been included as a

statistical contribution in regression equations for the surface roughness
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2.4-2 Surface Roughness Measurement Mthods

A brief look at some of the different methods which can be used to measure
surface roughness are described.A detailed explanation of surface texture
measurements methods is described by R. Leach [51][52]. The standard
methods being contact profilo meters which work by trailing a stylus tip and
measuring the profile deviations. The stylus tip is usuallydiamond tipped and
carefully manufactured with a small radius often in the region of 2-10 um [51]
To measure surface roughness, daransducer is used to detectprofile deviations
on the surface and then subsequent amplification of the signal is introduced,
this is followed by filtering of long wave profile spatial frequency components
[51] There are a number of errors which can be associatd with stylus tip
measurements including deformation of the material by the stylus tip and
skidding of the stylus tip. Additionally, the dimensions of the stylus will
introduce filtering and levelling errors, and the calculation method which is
applied to sample and filter the profile information will affect the obtained
results. A number of these issuesare detailed by R. leach [51] In roughness
measurement, stylus devicesare often used to make profile line measurements

of the sample, however, it has become increasingly important in to be able to
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take areal form and roughness measurementsAs a result of being able to take
areal measurements there is more capability to fully characterise surface
structure and to make informed decisions about how profile form may affect
in-service performance and the function of components and materials.
Although it is possible to take areal roughness measurements with specialised
profilometer devices scanning times can take several hoursdecause they must
take multiple line measurements. Therefore, optical devices can become
advantageous when taking areal topography and roughness measurements

because the scanning time can be significantly reduced.

Other methods exist for example non-contact methods like coherence
scanning interferometry (CSI) and focus variation devicesvhich can be used to
take areal texture measurements and create surface imagesCSI devices work
by using white light and the localisation of interference fringes, the devices can
determine topography and optical properties of the surface. This method can
also be called vertical scanning white light interferometry. CSI uses wo beams
of light, which can interfere constructively or out of phase to give destructive
interference. A low coherence light source is used which has ashort coherence
length and determines the ease at which a light source can interfere with itself
[52]. A beam splitter is used at the objective lens to split the light, where one is
directed at a reference mirror and the other light beam at the measured
sample. The reflected beams from mirror and sample are recombined and the
optical path length of the two beams must be very nearly identical for
interference to be seen at the detector. The detector measures the light
intensity at different vertical distances to the sampleand the light intensity will
vary due to the interference. The light intensity can be used to find the
interference maximum and therefore the sample profile heights at each pixel
can be determined [52]. Surface heights are determined by finding where

interference effects are most strong and the intensity data for each pixel point
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is determined over successive camera framesCommercial coherence scanning
interferometers are available from a number of different manufacturers. This
method has a high vertical resolution and can be used for roughness
measurements of very smooth surfaces and steep flanked or rough surfaces. It
is also a noncontact method which means that it will not scratch the surface
and is not dictated by the edge radius of the profilometer to get into sharp

grooves like with a stylus.

Chromatic confocal microscopy is another optical method which can be used
to find sample profile information. The principle works by using two pinhole
apertures in front of the detector and light source. The optical path length from
the detector to the specimen is the same as that from the emitted light source.
Then, the vertical height to the specimen can be varied and when the profile
height is not in focus then the reflected light does not pass through the
detector pin hole and there is zero intensity. On the other hand, when the
height of the profile is in focus, then the light does pass through the detector
pin hole. The system is on a vertial scanning system and therefore image
intensity can be compared with profile height at different points on the surface.
The disadvantage of this system is that it requireslonger scanning times than
other optical methods because the co-ordinate values of each point must be
obtained with the moving of the instrument mechanism. The accuracy of the

instrument will depend upon the spot size of the light source.

Another method is focus variation devices which work by using the small
depth of focus of an optic to take multiple images at different vertical distances
from the sample. A full high resolution 3D image can be constructed which can
be used to make high accuracy form and roughness measurements and can
also capture colour information. The method works by searchng for the best
focus position of an optical element which then has a certain dstance value

from the sample, this process is carried out a number of times and a depth
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map of the sample is created. By moving the distance of the sample to the
objective lens, then the image will be in varying degrees of focus from low, to
high and then to low again. Lenses with a narrow depth of field are used
because they have a limited focus range[51] A CCD sersor is used to detect
image focus by using contrast information at isolated points on the image. The
standard deviation of the contrast between pixels can be used to detect image
focus. Thecontrast between grey values of pixels in an isolated region will have
a low standard deviation when the focus is very low.In reverse when there is
focussed image then there will be a high standard deviation of the contrast
between neighbouring pixels [51] The position of maximum focus must then

be calculated by finding the peak point in the focus curve.

Focus variation can capture information from very rough surfaces and steep
flanks with a high vertical resolution. However, it does have difficulty measuring
on very smooth or highly reflective surfaces.Some of its main applications are
topographical measurements and form and roughness measurements of
machined surfaces and cutting tools. A focus variation method has been
applied in the current study using commercial system manufactured by
Alicona. This method has been used because of its ability to perform high
accuracy areal roughness measurement&nd give colour information. It can be
used to take areal scans of relatively large dimensions, whictwill be tested to
see if it proves advantageous when applied on a non-homogeneous composite
surface. It has also been applied to perform cutting edge radius measurements

to quantify tool wear.

2.5 Cutting Tools for Composite Machining

The challenges of machining composites havealso lead to the development of
new cutting tools. During machining the cutting tools are under intense
localised pressure, high temperatures and friction. Due to thestrong abrasive
wear of carbon fibres early researchersof machining found insufficient wear
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resistance of standard cutting tools such as high speed steel, cemented
carbide and existing nitrogen and carbon based coatings [2],[53]. These tools
were also shown to leave a surface with a poor surface qulty [54],[55]. It has
been shown that the initial tool geometry and tool wear will play a critical role
in surface roughness, edge delamination and burring[3]. It is necessary to have
a sharp cutting edge to be able to cleanly shear and cut fibres and reduce
delamination or un-cut fibres. Tool wear will lead to a decreasein the surface
quality, therefore tools with a good wear resistance arerequired. The superior
qualities of PCD and diamond coated tools, plus an improvement in their
manufacturing methods has led to these becoming increasingly used in
composite machining. These tools have very high hardness andhave an

increasedtool life over more standard tooling.

Initial tool geometry and tool wear have been shown in the literature to play a
critical role in surface roughness, edge delamination and burring.J. zhang et al.
[54], looked at the performance of CVD coated tools compared to standard
WC-CO tools, (tungsten-carbide with cobalt binder), and they found that the
CVD tools had a superior wear resistance and produced more holes with a
higher hole quality. The first diamond coated tools were researched yet these
had insufficient layer adhesion and suffered from coating delamination [53].
However an improvement in the adhesion of the diamond coating by new
manufacturing methods has led to these tools becoming increasinglyviable for
high quality carbon fibre machining. The benefits include tool life in excess of
10 times that of uncoated tools [56]. Diamond coating is deposited onto the
base tool geometry in a thin layer by chemical vapour deposition (CVD) or
physical vapour deposition (PVD. This is done in a vacuum chamber at high
temperature and pressure, where carbon gas is introduced to form a pure
crystalline diamond structure on the tool surface. High concentrations of

hydrogen gas are used in the chamber in order to stabilise the bonding of
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diamond and prevent the generation of unwanted graphite films [57]. Typically
diamond coating of thickness of around 5 microns is formed on the surface
[55]. The diamond coating has the advantage that it can be deposited onto
complex base tool geometry, but the coating will still increase the cutting edge
radius on the tool. The cutting edge radius and the roughness of the diamond
coating will generally be higher than that of PCD tools which have been

ground to a smooth finish [58].

PCD tools are another alternative to diamond coated tools for composite
machining and they utilise the superior material properties of diamond. PCD
tools have a measurable increased tool life to that of standard grain size
diamond coated tools [58]. Thesetools can also be manufactured with a sharp
cutting edge by grinding or laser cutting, and the PCD edge is resistant to
abrasive wear The PCD is manufactured by sintering together diamond
powder at high temperature and pressure to create a disordered diamond
crystal. Usually it manufactured by sintering the powder with cobalt binder
onto a backing disk or stud with a cobalt binder to create a thin layer [59]. The
disks can be around 60mm diameter and 1.74.6mm thickness [60]. The
diamond crystal can then be cut by electro discharge machining into segments,
and then must be ground or laser cut in order to create the required geometry
which can be used for a cutting tool edge. The segments are generally
soldered or brazed onto the cutting tool basein order to create a cutting edge.
Figure 2-18 shows a PCD disk on a tungsten carbide backing which is then cut

into segments and can form part of the tool [61]
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Figure 2-18] PCD disk whichis then cut into segments before brazing onto tool
[61}

P.S Sreejith et al.[62] evaluated PCD tool peaformance while machining of
carbon composites. They looked at machining temperatures and cutting
pressure. It was found that during machining the tool will experience thermal
and mechanical stressesand that the matrix and fibre exhibit quite different
mechanical and thermal properties. During composite machining there is a
non-continuous chip produced, and because the material has non-
homogeneous directional properties, there will be a variation in dynamic
loading during the machining process. They found that the PCD edge will wear
due to abrasion but also there is low cycle fatigue due to dynamic load
fluctuation and edge chipping. As well as abrasion some of the wear was
attributed to spalling by the mechanical load fluctuation and fatigue. In
spalling, small flakes or chunks of material will be broken off by crack

propagation.

Faraz et al.[63], have assessed the cutting ege rounding (CER) as a wear
indicator in machining of CFRPsusing drilling. They stated that the tool wear is
due to an evenly distributed abrasive wear along the length of the cutting edge
in the machining of CFRPs Fibre abrasion was given as the dominat wear
mechanism and the cutting edge rounding is a useful indication of tool

bluntness or sharpness due to wear. Hole delamination was quantitatively

52



assessed along with drilling forces. A strong correlation was seen between
thrust forces and hole exit/entry delamination with measured cutting edge
rounding. Linear regresson equations were used to show the effect of CER and
thrust force on delamination. CER is also explained to be a useful analysis
parameter to use for tool wear analysis because at new t@l condition with
zero wear there will be a non-zero edge radius. Therefore cutting edge
rounding is a purely quantitative parameter intrinsic of current tool geometry

unlike with flank wear (Ms) measurement, which measures loss of material.

Diamond coated and PCD tools have a low coefficient of friction, and in
addition they also have good chemical and thermal stability at high
temperatures. PCD tools have a relatively stable hardness at high cutting
pressure and temperature, which is due to the superior properties of the
diamond [62]. Generally PCD tools havean increased tool life compared to that
of standard grain size diamond coated tools [58]. However PCD can cost as
much as 35 times that of diamond coated tools and 6-10 times that of
uncoated carbide [56]. In this research the use of PCD and diamond coated
tools has therefore been applied and the effects of tool wear have been

realised as having an important effect on surface quality.

2.6 CT Scanning for Sub-Surface Damage Inspection

As well as surface damage in the form of delamination and surface roughness,
it is also possible that there is damage below the machined subsurface.
Therefore experimental methods and non-destructive techniques are required
which can show the machining damage or manufacturing defects which may lie
below the surface of fibre composites. For example many damage types like
delamination, micro-cracks and fibre breaks could be present or
manufacturing defects like excessive voids, fibre waviness and inclusionsSub-
surface damage caused by machining could adversely affect the material

strength and integrity of components or give rise to unexpected failures.
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Therefore there is a need for techniques which can show the machining
damage or manufacturing defects below the surface of fibre composites which

will not be seen by optical microscope or SEM images.

X-Ray micro tomography or (micro- CT) is a technique which has beerused in
order to assess fibre compositesusing specialist equipment. The specimen is
radiographed many times around a rotated axis which allows a 3 dimensional
internal image of the component to be generated [64]. The variation in the
intensity of unabsorbed radiation is seen as shades of grey on the radiograph.
The rotation of the axis must be used because cracks which do not have a
significant depth in the beam direction will not be seen in the image. High
resolution images of the specimen sub-surface damage can be seen giving full
through thickness damage indication. The matrix and carbon fibre have low
absorption of the X-ray therefore good contrast could be difficult to obtain. In
some instances penetrant liquids with high absorption have been used to
increase contrastand crack definition, but the cracks must pass through the
surface. The penetrant liquid is applied onto the surface to look for cracks

which propagate into the material.

P. Shilling et Al [65] used a SkyScan 1072 degkp X-ray micro scanner to
analyse damage in graphite and glass five composites with and without
penetration dye. It was found that the size of voids could be determined in the
glass fibre without dye. However in the carbon fibre the micro cracks could not
be resolved well without the use of dye penetrant which increasedthe visibility.
The use of the dye was found to give good resolution to the cracks but it was
reliant on the connectivity of the cracks. Figure 2-19 shows the comparison
between images from CT with and without dye penetrant and an optical

microscope image taken of a crosssection.
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Figure 2-19 Comparison of images takenof a carbon fibre specimen by Micro-
CT scan (with and without dye penetrant) and optical microsope.
(@) CT image section without dye penetrant,
(b) CT image section with dye penetrant, (c) Optical microscope. Adapted from
REH65].

P. Wright et al. [66] used the synchrotron radiation computed tomography

(SRCT) which can achieve very high ol uti on down to 0.3 pun
damage in CFRP material. Amultidirectional notched laminate was loaded in

tension and the inter-laminar cracks and delamination and also fibre breakage

can be analysed. The intensity spectrum of the absorption of the diferent

phases of the material including cracks can be used to create a greyscale

image. Figure 2-20 and Figure 2-21 show two different image cross-sections

taken from the SRCT images.A high resolution image is shown which shows

inter-laminar cracks and fibre breakage present in the material. The authors

reported that this was the first study to look in such detail at a fibore composite

using SRCT image but it was not appliedto machined specimens.
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(b) Intra-laminarg
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Inter-laminar
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125 um

Figure 2-20- Two cross section images taken by SRCa&head of crack notch.
Showing Inter-laminar delamination and intra-laminar cracks[66].

S () e

0° fiber breaks follow —4:
intra-laminar crack path

Figure 2-21- Cross sections taken by SRCihrough 45 and 0 degree ply.
Showing crack paths through the material [66].

V.A Phadnis et AL.[6] used a CT scan to find drill erry and exit delamination
to validate a 3D drilling FE model. The 3D Micre CT scan had the advantage of
being able to see the delamination area at the entry and exit. A code was
developed in Matlab in order to quantify the delamination size from the 3D

scans, using the delamination factor which is based on the delamination area.
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The 3D CT scan is shown irFigure 2-22 which shows the different grey scale
for the hole delaminated areas however the damage must be correctly

distinguished from the hole delamination and undamaged areas.

Laminate
4 thickness

Cut-out laminate volume for analysis of 2D
delamination envelopes

Clamped faces
3mm

4 Drillentry 3
delamination

. F ’
Drill-exit 3
delamination

XuCT image of drilled T300/L.TM-45EL laminate

Figure 2-22 - CT scan of drll entry and exit delamination [6].

Some other researchers have used CT scan to analyse drilling delaminatign
including Tsao & Hocheng. [67], who used CG-Scan and CT scan to analyse the
delamination due to drilling from various drill bits. They found the C-Scan and
CT scan both performed similarly for this application and were able to image
the delamination area. There is however a reed for application and research of
CT scanning technique to the milling process, which will be useful to
understand how the milling process may affect the subsurface which cannot be
seen by standard technique. The milling process differs significantly fram
drilling and the damage may be more difficult to observe if it is not contained
mainly to the top and bottom laminate layers as delamination. CT scanning can
be applied to look for subsurface damage, includinginter-laminar delamination
and matrix cracking. CT scanning may also be able to exposemanufacturing
defects, or damage which is caused bymachining, that would not be revealed

by using surface imaging methods.
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2.7 Finite Element Modelling for Composite Machining

The use of finite element or numerical modelling to analyse the machining
process has growing interest because it canreduce costs during expensive
machining trials. There has therefore been progression of FE methods from
initial machining of metallic materials and then developing of models to be
applied for the machining of fibre composites. Early researchers into FE
modelling for composite machining have developed 2D methods for
orthogonal turning. A number of models currently contained in the literature
have used orthogonal machining, and two different methods have generally
been used in this approach. The first is the Equivalent Homogeneous Material
(EHM) approach: the composite material is modelled as an orthotropic material
in a single phase [9],[8],[68]. Here the material will have modulus and failure
properties in the two principle directions depending upon the matrix and fibre
properties, and plane stress or plane strain conditions The second approach is
a micro-mechanics approach where the fibres are modelled in separate phases,
with an interface or cohesive elements between them to replicate the fibre-
matrix bonding and de-cohesion [69],[70],[71] Here, the elastic properties and
separate failure modes of the two parts must be modelled with a separation
criterion at the fibre-matrix interface, cohesive elementshave often been used
to allow separation. It can then be possible to see stress, strain and damage
variation throughout the two phases of the material- matrix and fibre. Figure
2-23 shows a multiphase approach looking at the effects of using different rake

angle tools.
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Figure 2-23 - Finite element model of composite machining to simulate use of a

new high rake angle tool [71]

Some authors have also looked at 3D approaches to modelling: Santiuste et al.
[72] compared a 2D and 3D orthogonal cutting model for machining of carbon
long fibre composite with an EHM model [ Figure 2-24. The 3D model can be
used to model both unidirectional and quaskisotropic laminates with variations
in stacking sequence or fibre orientation, and look at out of plane effects on
machining. In contrast, 2D models can only be used to model unidirectional

laminates and use plain strain or plane stress assumptions.

Laminate width (0.1- 0.8)

Figure 2-24 [ 3D EHM model of orthogonal turning [72].
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Some recent orthogonal machining research by Xu and Mansori[73],[74] has
looked into machining of CFRP/Titanium stack. Cutting Speed feed rate,
friction coefficient, and material fibre orientations have been selected as input
parameters for the model. They achieved a good comparison between FE
model and experiment and they found differe nt chip morphologies between
titanium and the CFRPIn the CFRP there vas small dust-like chips, while in the
titanium there were continuous and serrated chips. They also looked into a
simulated R, by selecting 100 sampling nodesalong the cutting length of Imm.
The machined surfaceR, of the titanium was found to be lower than that of the
CFRP. The CFRP surface was found to be more influencely friction factor
than titanium. However, the R, value was dictated by the mesh size and
therefore it is an estimated value. They also analysed the interface damage

between the composite titanium bond interface using cohesive elements.

Gao et al. [75] have performed experimental milling test and orthogonal FE
simulation of multidirectional CFRP laminates at four different fibre
orientations. Diamond coated and cemented carbide tool were used for
machining, with SEM and stylus measurements to assess surface quality and
roughness respectively. Theyused a 3D micro mechanical model with
ABAQUS/Explicit where the matrix and fibre have been modekd as separate
phases. Theg introduced a thermomechanical model based on heat production
produced by coulomb frictional law, where a different friction coefficient has
been applied at different fibre orientations. In this model they have compared
orthogonal FE model with experimental milling model where there is not
orthogonal cutting in machining by milling. They have analysed cutting forces
versus fibre orientation angle and surface roughness versus fibre orientations.
The different cutting mechanism found in their simulations acoording to fibre
orientation is shown in Figure 2-25. They have also analysed the contribution of

different machining parameters on the surface roughness using ANOVA and
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found that fibre orientation, cutting speed and depth of cut had the most
significant effects on roughness. A slight decrease in roughness was found with
increasing cutting speed, while an increased depth of cut lead to a higher

roughness.

)

‘X Fibér pull-out

(c) 6=90° (d) 6=135°

‘ Bending Mﬁr‘e Sub-surface damage

Figure 2-25- Cutting mechanism on different fibre orientations in micro -
mechanical orthogonal cutting model. Adapted from REH75].

These methods have developed FE methods for the composite machining
process although they are limited to orthogonal machining process which
cannot be applied to the milling or drilling process. As milling and drilling are
extensively used in industry both in composites and metallic manufacturing, it
is therefore of high importance to improve finite element capabilities in this

area.
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Some more recent research into the drilling of composites has been
performed by V.A Phadnis et al.[6]. The authorsanalysed drilling of CFRP s8ing
a 3D finite element model, and t he Ha s hi nslused to model dibra a
failure in compression or tension, wh i | e Hteriorkid used ¢or the matrix
failure. The model is shown in Figure 2-26. The model used to predict the
torque and thrust forces as a method to optimize drilling parameters in order
to reduce delamination. A recommendation of low feed rates and high cutting
speed was recommended to reduce drilling delamination. They used Abaqus
Explicit with user subroutine in order to create material failure models.
, | 0% ply
25 mm B oo oy ——
I cohesive elements
e

1

12 mm

Jobber carbide twist
drill(¢ 3 mm)

11 (Front view) 2‘_l 3 I

2 mm

T300/LTM45-EL

cross-ply laminate Zoomed view

<+— of cross —ply
___interface

Backing plate (25 x 25 mm)

Figure 2-26- Drilling CFRP &minate 3D model [6].

From the literature review it has been found that there is a lack of research
contained in the literature to date for the simulation of milling fibre composite
materials. A 2015 review by Kahwash et al[76], focussed on different processes
for modelling of fibrous composite machining did not show any current
literature for the milling of FRPcomposites. As milling is a commonly used
process in industry it is therefore of importance to further research into FE

methods for predicting the milling of composite materia Is.
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2.8 Discussion- Literature Review

From the findings in the literature review and the proposed direction
supported by Rolls-Royce, it was decided to focus on the experimental milling
process. Although drilling has been found to be a commonly used process in
industry, RollsRoyce uses an edge trimming process during ther
manufacturing and was therefore interested in furthering research into the
surface damage caused during machining. It has also been found that the
experimental research contained in the literature into drilling is more
comprehensive than milling and therefore research into the complex milling
process of fibrous composites is a requirement. Consequently, his project has
focussed machining surface damage, roughness measurements methods rad
improving the capabilities of modelling for edge trimming using novel 3D and

2D FEsimulations.

From the literature review, it has been found that it is important to be able to
predict and accurately measure surface roughness during a machining process
It is a requirement to be able to accurately measure roughness to ensure the
in-service integrity of components, understand and quantify machining
induced surface defects, and ensure an efficient and cost effective machining
process for industrial applications. Therefore in this project new methods to
improve surface damage characterisation will be developed. he use of the
Alicona focus variation optical system will be investigated to improve the
accuracy of machined composite surface roughness measuremets. New
roughness measurement strategies will be applied to expansively quantify
damage and cutting mechanism of a machined surface at different fibre
orientations. Additional roughness parameters including areal roughness
parameter S,, will be studied to give a more thorough and accurate description
of machining damage of a multidirectional laminate. Skewness (R), and

kurtosis (Rw) roughness parameters will be also be applied to a machined
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composite surface to assess surface defects and characterise Hace

topography across different fibre orientations.

It has been found in the literature that methods for the prediction of surface
roughness in composite machining are few. Also that predicting the effects of
tool wear using finite element simulation in an edge trimming process has not
been thoroughly researched for a carbon fibre composite. The literature has
shown that tool wear will have a critical effect on surface quality and
delamination, and that there is a requirement for development of new cutting
tools for composite machining. The effects of tool wear on machined surface
quality will be assessed in this work using cutting edge rounding to quantify

edge condition from experiment.

A flow diagram of the issues which have been found from the literature are
shown in Figure 2-27. The diagram also shows theproposed project outline.
The project has started with the initial question of assessing damage from a
composite machining process. From this, the diagram odulines the initial
generation of improved characterisation methods for surface roughness
measurement with additional roughness parameter assessment. The research
flow diagram requires an improved characterisation method for roughness
evaluation which will then be applied in experiments to develop a new
roughness prediction strategy. The strategy will combine FE and regression
equations which will be validated by machining experiment. The regression
equations will be trained and developed using experimental data including the
effects of tool wear, feed rate, cutting speed and cutting forces and further

show how they will affect the generated surface roughness.
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Figure 2-27- Flow diagram of project requirements.
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The project will be split initially into a development section where a baseline
set of initial experimental tests will be performed to assess machining damage
and improve upon experimental methods for roughness measurement. The
findings from this test will be used in the following experimental tests, and
following this, roughness measurement methods will be applied to generate
new roughness prediction tools. Experimental milling tests usinga PCD tool will
be performed to generate different roughness samples, these will then be
measured using a new optical measurement strategy, and the samples used to
generate regression equations for the surface roughness. Consequently, a
combination of regression equations and FE methods will be used to generate
new prediction tools and allow assessment of how the surface roughness will
be affected by changes in machining parameters and tool wear. Novel finite
element models will be developed using a user subroutine to control the
cutting tool movement and adaptive meshing of the CFRP workpiece is
applied. The experimentally obtained regression equations for the surface
roughness and the developed FE models, will be used to generate a new
method for predicting surface roughness in a CFRP edge trimming process.
The projects aim is to generate a method for predicting surface roughness and
this method will be able to assess the effects of increasing tool wear and
different machining parameters on the surface quality. Combined with the
developed new roughness measurement srategies this project will improve the
understanding of damage and defects in a composite machining process and
can be applied to improve the efficiency of machining and the integrity of

machined components.

Finally, he literature has also shown thatCT scanning can be successfully used
for damage detection in fibore composites, including carbon fibre. However,

most CT scanning in the composite machining literature has been applied to
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look at the exit delamination of drilled holes. CT scanswill hence be applied to
look at defects in a machined subsurfacefrom milling and to see if there is
internal damage which is not apparent from optical images, surface roughness
measurementsand SEM scansThe occurrence of subsurface delamination and
matrix cracking will be assessed using a CT scanner. It will also be a useful
assessment because it will indicate if roughness measurement alone can make
an evaluation of machining damage or if other measurement strategies need
to be applied to ensure safe in-service components. SEM images and CT
scanning will be applied to multidirectional and unidirectional laminates to
assess the effects of fibre orientation on the machined surface quality, the
cutting mechanism and the damage depth. Therefore this research project
aims to take a comprehensive look at the machined surface and surface
roughness generated in an edge trimming process with the use of new

predictive methods and optical surface assessment.
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Chapter 3

Preliminary Assessment of Surface Roughness Measurement
Methods

3.1 Evaluation of Optical Based Alicona Technique

From the literature review it has been highlighted that there are problems with
the current stylus methods for characterising surface roughness. Therefore it
was decided that the first part of this project would make a thorough
assessment of surface quality, surface damage and surface roughness
measurement methodology. The following section will assess roughness
measurement methods and make a detailed characterisation of surface
damage on unidirectional and multidirectional composites at different fibre
orientations and machining parameters, using the optical focus variation

systemand SEM imaging

An initial set of experiments have been performed to focus on machined
surface characterisation and techniques for the surface roughness
measurement of a machined multidirectional laminate. This is used as a
benchmarking study to assess roughness measurement methodology and
characterise machined surface quality using different roughness parametersit
has been shown in the literature review that there are reliability issues with
current standard roughness measurement technique usingthe stylus method.
Therefore the Alicona focusvariation optical system has been evaluatedin
order to measure surface roughness and the ptential advantages of this
system have been discussed. The use of areal roughness parameters ($and
other roughness parameters including skewness and kurtosis have been
assessed to give a more thorough description of the surface damage and
machining defects. The skewness and kurtosis has been analysed on the

machined surface of different fibre orientations to give a thorough analysis of
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cutting mechanism and surface quality on each fibre orientation and therefore
guantify surface damage acrossa non-homogeneous surface structure. SEM
micrographs of machined surface have been applied to investigate cutting
mechanism and damage types acrosseach different fibre orientations. The
effects of cutting parameters feed rate and cutting speed have been assessed
on surface quality. The suitability of using the Alicona focus variation system for
roughness measurement over conventional stylus measurement hagshen been

discussed.

3.:k1Experimental Set Up

Machining was performed on CMS Ares 5axis Machine Tool. The CFRP
machined laminate has a 0/-45/90/ 45 stacking sequence with a full thickness
of 4.1 mm and 22 plies, shown inFigure 3-1b. The fibre orientation definition is
shown previously in Figure 2-6. The composite is acommercially available CFRP
with epoxy resinas matrix binder, and is manufactured by pre-preg lay-up and
autoclave curing. The cuts were performed with full tool holder diameter width
of cut, i.e. a.= 25 mm, and an axid depth of cut of a,= 4.1 mm, shown in Table
3-1 A 52 mm length of cut was applied. A poly crystalline diamond (PCD
tipped insert manufactured by Sandvik was usedand it was held using a 25

mm diameter tool holde r which is described in

Table 3-2. The cutting tool is shown in Figure 3-1a. A single insert was used
with one cutting edge on the tool. Four levels of feed per tooth and cutting

speed were applied as shown inTable 3-1
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Table 3-1- Cutting test parameters.

Feed per Feed %ut'g dg
Tooth (mm) (mm/min) (mrFr)1/min)

0.025 17.75 85 4.1 25
0.04 28.41 175 - -
0.06 42.61 225 - -

0.075 53.26 285 - -

Table 3-2- Insert and tool holder p roperties

Make Sandvik Coromant

Serial no. SC6320156

Helix Angle 0°

No. of Flutes 4

Tool Diameter 25 mm

Material Solid Carbide

Cutting Direction Right Hand

Make Sandvik Coromant

Serial no. R390-11T304EP4-NL
CD10

Clearance Angle] AN 21°

Rake Angle 21°-°

Insert Width [ W1 6.8 mm

Cutting Edge Effectve Length [ 11 mm

LE

Major Cutting Edge Angle 90°

No. of Inserts 1

Cutting Material

PCD brazed to WC

Corner Radius| RE

0.4 mm
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Fibre Orientation

Ee——=—==xm o

(b)

Figure 3-1- (a) PCD insert and 25 mm diameter tool holder,
(b) CFRP material fibre orientation lay-up and stacking sequence.

The workpiece and fixture used in the setup is shown inFigure 3-2. The
workpiece is clamped by holesonto the fixture and there is a full-slot machined

through the workpiece.

CFRP
Workpiece

Machined
Slot

Fixture

Figure 3-2-Experimental setup of machined slot, workpiece and fixture.

3.1-2 Roughness Measurements
Surfaceprofile measurements have been taken inthis study using optical scans
with a commercial optical system which is manufactured by Alicona. The

system can be used to create three dimensional surface images which capture
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colour and topographical information. The system works by focus-variation,
using the limited depth of field of an optic and optical sharpness to take
multiple images at progressing vertical distancesfrom the sample. A full high
resolution 3D image is created and the profile height information can be used
to calculate form or roughness parameters. An image of the Alicona
gl nf i ni tsgstem s shevlingigure 3-3(a), with a schematic diagram in
Figure 3-3(b). The optical system allows the analysis of different roughness
parameters including areal surface roughness parameters like § The system
operation is detailed by R. Danzl et d. [77] and [78]. The capability of the
system to attain comparable roughness measurements with a calibrated stylus
device is described. Roughness measurements are madeusing a standard

roughness specimen.

As shown previously in the literature there are reliability issues with using
conventional stylus measurements for the measurement of machined
composite surfaces. It has been found that the use of surface areal parameters
can be useful for composite surfaces due to the non-homogeneous structure
and variation in damage across the surface This will be discussed.The author
has published journal paper on the application of this system for the machining
of composite materials and detailed the advantages of this system over
standard profilometer measurements The use of alternative roughness
parameters like S, skewness(Rs) and kurtosis (Rq,) are also described[79]. The

results of this paper are summarised in this experimental section.

73



array detector

polariser

lenses
light beam

white light

lenses
analyser

Ring light and
Magnification lens s

beam splitter
objective
Composite fing light
sample A
— | vertical
; curve !
Motorised 1 scan
stage i
specimen

v

(a) (b)
Figure 3-3- (a) Alicona system and composite sample,
(b) Schematic diagram of system.

3.23 Measurement Method

Surface exture measurements were taken using the optical system from the
side of the slot in conventional or climb milling. It is known that conventional or
climb milling on either side of the slot result in a different cutting mechanism
and therefore surface qualities. All of the texture measurements were taken
from the side of the slot which is in conventional milling and is the intended
machined surface to be left on the part. Also, to be consigent, all of the
measurements were taken from the sameside and in the same position. The
focus variation surface scans for roughness measurements were taken in the
centre of the machined sample surfacein the through thickness and machined
length directions. A scan size of 2mm by 2mm was appliedas shown in Figure
3-4. Subsequent roughness measurements ofthe individual layers of the
laminate and of different fibre orientations have been calculated. The suitability
of using transverse or longitudinal roughness measurements will be assessed
where transverse measurements lie perpendicular to the machining feed

direction and through the laminate thickness. R, skewness and kurtosis
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roughness parameters have been calclated for individual fibre orientations to

assess variability in surface structure and cutting mechanism on each layer.

Figure 3-4- Position of optical scans for roughness measurements on sample.

3.2 Surface Damage Characterisation

An optical scan taken using the foas variation system is shown inFigure 3-5
of the multidirectional laminate. The surface texture can be visualised from the
optical image. In Figure 3-5 is showna close up of the profile where some pitts
and smooth layers can be seen The image shows that there is a variation in
profile texture on different layers of the laminate. The surface scas are a three
dimensional high resolution surface image which contains profile height
information and can subsequently be used to calculate surface roughness
parameters. The aurface roughness parameters R, skewnessand kurtosis are

calculated.
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Rougt;r;gs; Longi;u:inal _metaf_urement Torn Fibre Chunks
( egree fibre orientation) (135 Degree Fibre Orientation)
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2D Planar Surface Image  (a) 3D Surface Image (b)

Figure 3-5- Optical focus variation surface scan of machined surface
(a) 2D planar view of machined surface(2mm by 2mm). (Position shown in
Figure 3-4).
(b) 3D Profile Texturelmage.
The optical systemallows the measurement of roughness along a defined path
on the material, and therefore individual fibre orientations or ply layers can be
measured- which is shown in Figure 3-6. The system was used to take
roughness measurements across each of the 4 different fibre orientations O,
45, 90 and 135 degrees. As can be seen inFigure 3-6 there is a large difference
in maximum profile height when the 0 degree- Figure 3-6b is compared with
the transverse measurement Figure 3-6c¢. This means that the position and
direction of travel when taking roughness measurements must be consistent

and accurate in order to achieve reliable measurements.
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Figure 3-6-

(a) 3D surface structure images of multidirectional laminate measured by optical
system. Red line shows the user selected roughness measurement patimi
transverse direction and a 0 degree laminate.

(b) Profile path for O degree fibre orientation,
(c) Profile path for transverse direction.

The optical systemhas been applied to take surface roughnessmeasurements
parallel to the fibre orientation. This is because of the significant difficulty in
measuring by the stylus when measuring parallel to the fibre depending upon
the position or angle of the stylus, as reported in the literature [5], [34].
Consequently, t very difficult to know which individual laminate layer or fibre
orientation is being measured because theycannot be seen by naked eye and
importantly they each have a slightly varying ply thickness, due to variation in
material consolidation and thermoplastic matrix dense regions The literature
has shown, that the stylus path may not lie in parallel with the fibres or pass
over multiple orientations, and therefore gives a variable and unreliable reault

[34]. Ramulu et Al. [5] has reported that stylus measurements made in the
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l ongi tudinal direction of a multidi

Importantly, their work has presented that it was possible to achieve accurate
roughness measurements parallel to the fibre direction in a unidirectional

laminate but not for a multidirectional laminate. Their roughness measurement
results, of the multidir ectional laminate, in the longitudinal direction were not

deemed acceptable to present for this reason. Subsequently, it has been
decided that the optical device is more suitable for measuring individual ply
layers of a multidirectional laminate, and therefore the results for the surface
roughness were obtained using the optical method to select individual plys. In
addition it was rationalised that the stylus is not fully dependable to make
roughness measurements of a multidirectional laminate in the longitudinal

direction due to material non-homogeneity and fibre orientation effects.

Figure 3-7 shows an optical focus variation image of multidirectional machined
surface which highlights the different surface damage o each of the fibre
orientations. The position of the scan is a 2 by 2 mm image, which is
perpendicular to the machined surface in the centre of the sample, as shownin
Figure 3-7. The optical profile scan shows that on the machined surface the
fibres lie parallel to the surface inthe 0 degree fibre orientation. The surface is
quite reflective and appears light in colour, and the O degree orientation
surface is dominated by predominantly fibres. The chips are remowed by fibre
bending and de-cohesion between the matrix and fibre boundary. The fibres
which lie on the surface appear to show little matrix material adhering to their
exterior. In the 45 and 90 degree fibre orientation sheared fibre ends and
epoxy matrix can be seen the surface is relatively smooth.On the other hand,
the profile of the 135 degree fibre orientation is significantly more damaged
then the other three and is characterised by torn fibres and removed chunks of
material. Fibres have been crushedand fractured and lie out of plane from

their original orientation. The bending and crushing cutting mechanism causes
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a significantly worse surface damage on this fibre orientation compared to the
others. Furthering from the assessments made in these images, roughness
measurements will be compared across each of the fibre orientations and a
detailed analysis of cutting mechanism on each fibre orientation will be

assessed usingoptical SEM images.

Multidirectional Laminate
= Optical Scan Position

T 4.1 mm

Machined
Surface

“«——> 2mm

(Machined Sample)

4135 Degree Fibre orientation

0 Degree Fibre orientation

& 45 Degree Fibre orientation

¥l 90 Degree Fibre orientation

Machined
Surface

Figure 3-7- Optical surface measurement highlighting different surface damage
on each fibre orientation. The image shows the edge machined surface profile.

Average R, roughness was measured usingthe optical system and selected for
each individual fibre orientation which is shown in Figure 3-8. A large variation
in calculated roughness of the machined surface on each fibre orientation
across one laminate was found, and the 135 degree fibre orientation had the
significantly highest roughness. The 135 degree fibre orientation wascritically
found to have a roughness which is near to a factor of 10 times higher than the
45 degree. This effect can only be explained by the different cutting
mechanism which isa product of the fibre orientation in relation to machining

direction, asthe laminate layers have the same material makeup, and because
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the whole surface is machined with the same parameters A detailed close up
of the different surface structure is shown next to the graph in Figure 3-8 for
each of the fibre orientations taken by SEM image. It is therefore realised that
all of the fibre orientations should be included in order to take reliable
roughness measurements and that the 135 degree orientation will be critical in
determining the highest surface roughness and machining defects. The
standard deviation in the measurements was also highest on the 135 degree
fibre orientation, as shown in Figure 3-8, due to the larger variation in surface
structure and damage. The difference in profile across different fibre
orientations means that changing the stacking sequences or laminate layup
will cause a completely different machined surface profile.Therefore roughness
measurements must be representative of the whole laminate layers in order to
achieve an accurate measurementConsequently, it was found that when using
the stylus there is a high likelihood of the surface roughness being under
represented if the 135 orientation is not proportionally included in the overall
roughness measurements Therefore a potential uncertainty in using stylus
method for measurement of a multidirectional surface is a consequence of this

result.
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Figure 3-8- Average roughness vs fibre orientation on multidirectional laminate,
with error bars shown as standard deviation using optical technique.SEM

images of fibre orientation machined surface are shownfor reference.

3.2-1 Parameter Effects of Feed rate and Cutting Speed on Surface Roughness
The cutting tests were performed at different cutting speeds and feed rates,
and the significance of these effects of these parameters was assesseraphs
and statistical methods have been applied to find the effect on the surface

roughness.

In Figure 3-9-Figure 3-12 the roughness across the 0, 45, 90 and 135 degree
fibre orientation is shown versus ircreasing feed rate for each of the 4 different
applied cutting speeds. A fairly similar trend was seen across the data for the 0,
45 and 90 degree orientations in each of the applied feed rates and cutting
speeds. However, the 135 degree fibre orientation showed some slightly
different trends with cutting speed, there was also a higher scatter or standard
deviation in the measured values along with a higher magnitude in roughness.

The higher standard deviation can be explained by the different cutting
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mechanism and a surface profile which has more variation in structure due to
pits and torn fibre chunks. The 0, 45 and 90 all showed a highest roughness
with a cutting speed of 225 m/s and a generally increasing roughness with feed

per tooth.

It can be confirmed that increasing the feed rate caused an increase in surface
roughness across all of the cutting speeds applied.The main effects plot for
feed rate and cutting speed across all fibre orientations is shown inFigure 3-13
Minitab software was used to calculate and display he main effects plot [80]. A
main effects shows the mean response from the input factors on the output
response In this case the two factors were cutting speed and feed rate and
their corresponding output effect on R, Figure 3-13hows that there was a
mean increase in the surface roughness due to a higher feed rate In
machining, there is an increase in effective chip thicknes when the feed rate is
increased with larger chips and torn fibres being removed. This effect can
explain the increase in roughness. Ahmad and Shahid[30] have shown that
decreasing the equivalent chip thicknessis strongly correlated with lowering
surface roughness The chip effective thicknessis a geometric function of the
feed speed and cutting speed, and therefore in order to get the best surface
guality, the feed rate and cutting speed parameters will both have a jointly
contributing effect. Also, a component of the increase in roughness with
increasing feed can always be attributed due to the ideal roughness which is a

function of the square of the feed and tool nose radius.

Statistics was applied to test data using regression modelling and showed that
feed rate had a stronger contribution on increasing the roughness than the
cutting speed did. A P value of 0.03 was found for the feed rate which
indicated that the parameter has a statistically significant effect on the
roughness. An interesting result was found which wasthat the feed rate had a

most significant effect on the 135 degree fibre orientation. This result tells us
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that increased levels of machining damage from an increased feedrate will be
most likely have the strongest effect of increasing machining damage on the

135 fibre orientation compared to the others.

In Figure 3-131it is illustrated that increasing the cutting speed from 85 to 225
(m/s) caused a mean increase in Rsurface roughness, but at the highest
cutting speed of 285 (m/s), there was a mean decrease. Increasing the cutting
speed will cause a decrease in uncut chip thickness and it has been reported
that the cutting mechanism may changetoad mec hani cal [BWArenchi ng
increase in cutting speed can also affect the temperature at thetool workpiece
interface. There will be less time for energy dissipation for each rotation of the
cutting tool and therefore an increase in tool workpiece temperature as it heats
due to friction. This will cause a thermal softening of the matrix and a redution
in its stiffness. The matrix would then hold the fibres together less strongly and
there can be a corresponding change in cutting forces. There can also be
smearing of the matrix on the surface which can affect the subsequent surface

roughness measuements.
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Figure 3-10 Mean R, surface roughness for 45 degree fibre orientation, against

feed rate grouped by cutting speed.
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feed rate grouped at each cutting speed.
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Figure 3-13 Main Effects for mean roughnessfor 90 degree fibre orientation,
against feed rate and each cutting speed. Shown for multidirectional laminate
and optical technique.

3.2-2 Profile Histograms, Skewness& Kurtosis Measurements

Skewnessand kurtosis parameters have beencalculated to assess the surface
damage and see if they can give more thorough information of surface
structure and machining defects than only using the R, or S, parameters. The
outputs of these parameters are not represented in the R, mean roughness
parameter, and it is also possible for two different surfaces profiles to have the
same R, value [49]. The parameters were calculated from the same positions as
the R, measurements. Histograms of each of the different fibre orientations
have also beenrepresented graphically. The histogramsare used to show the
percentage of height values of the surface profile above or below the mean
profile line. They areuseful to give information about the height dis tribution of
a profile and thus can give more information about the surface texture. The
aim was to see if the additional parameters and histograms can give more

guantitative information about surface defects and surface profile of a
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machined composite surface. The surface structure was also assessed on each

different fibre orientation.

The average skewness and kurtosis for the 0, 45, 90 and 135 degree fibre
orientations are shown in Table 3-3. It was found that the skewness was
positive in all fibre orientations except the 135, which had a negativeskewness
In the histogram shown in Figure 3-14, there is a large tail in the negative
direction. This negative skewnesscharacterises a surface with more valleys than
hills and tells us that the surface is full of deep cracks and voids of removed
material. The cutting mechanism causes fibre puHout and chunks of torn or
bent fibres to be removed from the surface. The 45 and 90 degree fibre
orientations had a positive skewnessand therefore have more hills than valleys.
This can be explained by the smoother surface which has less cracks protruding
below the machined layer, there are sheared fibres protruding from the
surface. The zer degree fibre orientation also has a positive skewnessdue a
lack of deep cracks or voids. The surface is characterised by fibres which lie
parallel to the surface and some which have been bent and fractured. The
histogram in Figure 3-16 for the 45 degree fibre orientation shows a lack of
tails in the negative direction, which indicates that there are minimal cracks
propagating into the surface, or sub-surface damage. The skewness was
therefore found to be a useful indicator in giving information about the
machining damage on a surface. It can indicate whether the surface is made up
of protruding fibres (positive skewnesg, which was found to be typical of the
90 and 45 degree fibre orientations, or made of torn fib res, pits and fibre-pull
out (negative skewness, which was found to be typical of the 135 degree fibre
orientation. The 135 degree orientation was therefore found to have a higher
degree of machining damage and sub-surface machining damage which

correlates with the higher roughness seen and negativeskewness
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Table 3-3- Skewness and kurtosisat each fibre orientation within multidirectional

laminate.
0 1.55 13.73 0.4 4.7
45 1.68 13.01 0.3 2.9
90 148 15 0.5 4.9
135 (-)1.25 9.25 2.7 38.4
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Figure 3-14 The 135 degree fibre orientation histogram on multidirectional

laminate using optical system.

The kurtosis was also analysed tofurther indicate surface damage. The kurtosis
is a measure of the peak sharpness. It was found that the 90 degree fibre
orientation had the highest kurtosis. This tells us that the 90 degree fibre
orientation had the sharpest peaks and it is hypothesised that thisis due to
sharp protruding fibre ends and un-cut fibres which have been sheared at
different lengths. The histogram for the 90 degree fibre orientation has a lack

of tails in the negative or positive direction- Figure 3-15 This indicates that the
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surface is fairly regulatr however there are a small number of points in the
positive direction lying away from the mean which were caused by protruding
un-cut fibres. Some of the fibres will be sheared at different lengths and
therefore protrude from the surface. All of the fibre orientations have a
relatively high kurtosis, suggesting that there is a profile made up of quite
sharp peaks and valleys of either deep cracks or protruding fibres. Thesurface
which has the lowest kurtosis is the 135 degree fibre orientation, as shown in
Table 3-3.This is explained due to this profile having more surface machining
damage with large rounded pits and valleys caused by chunks of torn material
whereas, the other fibre orientations have sharper protruding fibres- (above

the machined surface)
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Figure 3-15 The 90 degree fibre orientation histogram on multidirectional
laminate using optical system.

The skewness was found to be a useful parameter, due to its ability to
distinguish between surfaces with mostly cracks and void or having protruding
and un-cut fibres. The optical system was used to analyse these parameters

due to its ability to measure one layer of the mutli-directional laminate and
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therefore accurately quantify roughness parameters of different fibre
orientations. This would not have been posible to accurately measure using a

standard stylus measurement.
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Figure 3-16- The 45 degree fibre orientation histogram on multidirectional

laminate using optical system.

3.2-3 Summary of Surface Roughness Measurements

The stylus system has been compared against measurements made using
Alicona focus variation based optical system. The focus variation system was
found to give more reliable measurements and was capable of accurately
extracting surface profile information of an individual ply layer. The stylus
method has been shown in literature to find a wide variation in calculated
surface roughnessv al ue of a « rwhem dppliedsto measguremeat
path lying parallel to the fibre orientation in a multidirectional laminate [5].
Therefore the optical based systemwas applied and was shown to be a useful
technology for measuring different individual surface plys. The surface
roughness was found to be highest on the 135 degree fibre orientation which

was characterised by pitsand torn fibres and it is concluded that this will have a
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consequence for applying accurate and representative measurements of the
whole surface profile of a multidirectional laminate. It has been shown by other
researchers that the R parameter alone may not sufficient to characterise
machining damage of non-homogeneous surface [46]. Therefore, kewness
and kurtosis parameters were used effectively to characterise additional
information of surface machining damage on different fibre orientations. The
skewness parameter was able to indicate the presence of larger torn chunks,
pits and a surface characterised by large valleys. Theéurtosis parameter was
able to indicate the presence of un-cut fibres protruding from the surface,
especially on the 90 degree fibre orientation. The aim of this section was to
assess and develop methods forsurface roughness of a composite surface. The
new methods for measuring roughness of a machined composite surface have
been applied using the optical system and shown improvements upon
standard stylus methods. This method has been applied using additional
parameters and on individual fibre orientations. The optical based system will
consequently be applied to the next section of work to further characterise
machined composite surfaces and in conjunction with developing a new
method for accurately predicting surface roughness.In the next section S areal
roughness parameters will be applied on a multidirectional surface due to the
inherently found fluctuation variation in surface structure and machining

defects on different fibre orientations.
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3.3 Surface Analysis using SEM Micrographs

3.31 Analysis of Cutting Mechanism and Surface Damage on Fibre
Orientations

Micrographs of the surface of the machined samples were taken using

scanning electron microscope (SEM) imagesfrom the previous test. The SEM

micrographs have been taken of a machined multidirectional composite in

order to understand the cutting mechanism and characterise the surface

damage types due to machining. Thorough characterisation of surface

topography and damage mechanisms have been identifed in relation to the

different material fibre orientations. SEM micrographs are shown from Figure

3-17to Figure 3-23 of different machined surfaces and fibre orientations. The

aim of these SEM micrographs is to assess how machining damage is related to
material fibre orientation and to find if these images correlate with the

previously measured surface roughness.

Figure 3-17 shows the variation in surface structure and machining damage of
different laminate layers on a multidirectional laminate. The 0, 90 and 135
degree fibre orientations are shown and it can be seen that there is a
significant variation in the quality and appearance of the surface structure
acrosseach of the different layers, (even though they have been machined with
the same machining conditions and have the same material propertieg. The
fibre orientation therefore has a significantly strong effect on surface ard sub-
surface quality, machining damage and cutting mechanism as confirmed

previously by roughness measurementsand literature.
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Figure 3-17 SEM image of 90 and 135 degree ply.
(These tests were performedat a cutting speed of 175mm/min and feed of

0.075 mm/rev on multidirectional laminate.)

In Figure 3-19 and Figure 3-21, the 0 and 45 degree fibre orientations have
been found to be relatively smooth, unlike the 135 degree which has large
chunks of material removed and torn fibres. The visual appearance of the
surfaces and damage which can be seen on each of the fibre orientations
correlates with the magnitude of the roughness measurements made
previously in Figure 3-8. That isthe 135 degree fibre orientation has the highest

roughness measured roughness andmost visual damage.

The cutting mechanism in the 135 degree fibre orientation is caused by
bending of the fibres leading to a primary fracture and this will propagate
below the machined surface along the interface of matrix and fibre. The tool
will push through the material causing the fibres to break in a combination of
bending fibre shearing and fracture [9]. The matrix material is crushed and
cracked causing decohesion from the fibres and cracks in the material. There
are torn fibres below the machined surface, and the surface profile shows a

greater damage depth than seen in the other fibre orientations. The deep
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valleys and torn-fibores were described by the negative skewness which was
measured on the 135 degree fibre orientation. The SEM micrographs of the 135
degree fibre orientation show fibres which have been bent out of plane and
fractured left lying on the surface- Figure 3-17, Figure 3-18 and Figure 3-20. A
bouncing back effect, (where the fibres spring back after the tool has passed,
was suggested in the literature for composite machining by Wang and Zang
[20]. It would be expected that this effect would be exaggerated in the
machining of the 135 degree fibre orientation due to the large amount of
bending and buckling of fibres which can be seen The un-cut and bent fibres
will spring back after the cutting tool has pushed past leaving a damaged ard

uneven surface.
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135 & 0 Degree Fibre Orientations

Figure 3-18 SEM image of 135and O degree ply.
(These tests were performed at a cutting speed of 175nm/min and feed of

0.075 mm/rev on multidirectional laminate.)

Looking at Figure 3-18 and Figure 3-19 for machining of the O degree fibre
orientation there is a bending and fracture cutting mechanism causing chip
removal. Depicted in the SEM micrographs there is little visible damage which

propagates below the surface. The fibres are bent and crushed causing them to
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de-bond along the interface, followed by fibre fracture. This finding is in
agreement with work by Wang and Zang. [20], and Wang et al. [21] Fibres can
be seen lying on the surface in their original orientation, with little damage, and
some fractured fibre ends can be seen.Most of the matrix appears to have
been removed from the fibre surface by de-cohesion. In Figure 3-23, the
beginnings of a fibre being bent and one being fractured can be clearly seen,
depicting the fibre bending and fracture cutting mechanism. Some dust, and
cut fragments of matrix and fibre can also be seen lying on the surface.The
surface appeared shinier than in the other fibre orientations, especially in the
optical focus variation images, due to reflection of the light from the fibre side

surface.

Fibre
Fracture

Figure 3-19 The 0 Degree fibre orientation SEM image.
(These tests were performed at a cuttirg speed of 175mm/min and feed of

0.075 mm/rev on multidirectional laminate.)

The 90 degree fibre orientation is presented in Figure 3-17 On this fibre
orientation the surface is visually smoother than the 135 degree fibre
orientation. The roughness of the 90 degree fibre orientation was found to be

slightly higher than measured on the 0 and 45 fibre orientations. The surface
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appears smoother than the 135 degree fibre orientation and a fibre shearing
and cutting mechanism is proposed in accordance with findings in the
literature [3]. Cut fibre ends can be seen lying perpendicular to the surface and
some of the surface appears to be covered in smeared matrix. The variation in
profile height is caused by fibres sheared at different lengths, causing
protruding fibre ends. These protruding fibre ends explain why the 90 degree

fibre orientation had the highest kurtosis and sharp peaks.

Pits & torn
Fibre fibre chunks
pull-out §
Eib ¢ Cracked
ibre .
Matrix
Bending £

Figure 3-20- The 135Degree fibre orientation SEM image.
(These tests were performed at a cutting speed of 175nm/min and feed of
0.075 mm/rev on multidirectional laminate.)

The 45 degree fibre orientation surface is in appearance, most similar to the

90 degree fibre orientation. It is covered in sheared fibre ends and smeared
matrix as shown inFigure 3-21 The surface looks very smooth and it is hard to
distinguish any individual fibres, unlike on the other fibre orientations. This
surface was found to have the lowestroughness and no cracks can be seen
propagating below the machined surface. It is suggested that most of the
fibres are being sheared and cut cleanly on their cross section without being
bent. A strong fibre tension dominated failure mode has been found along

with a high resultant cutting force [82]. The authors contrasted this to a weaker
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matrix dominated failure mode in the 135 degree fibre orientation and lower

cutting forces.

In Figure 3-22 it can be seen that the different fibre orientations have a
different profile height across the machined surface. These micrographs are
taken from experimental test on the multidirectional laminate machined with
the tool manufactured by SGS. The material i& The 90 degree fibre orientation
had a profile which sits higher than the 0 degree and 135 degree. This suggests
that where there is a bending type cutting mechanism, (found in the 135 and 0
degree fibre orientation), then the profile height will be lower than when there
is a shearing cutting mechanism, asin the 90 and 45 degree fibre orientations.
In Figure 3-17, it can clearly be seen that there is more subsurface damage in

the 135 degree fibre orientation, and there are large chunks of fibres removed.
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Figure 3-21- The 45 Degree fibre orientation SEM image.
(These tests were performed at a cutting speed of 175nm/min and feed of 0.075

mm/rev on multidirectional laminate.)
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Figure 3-22- Multidirectional laminate, experimental test 2, worn cutting tool.
(These tests are on multidirectional laminate, SGS tool, Feed 1200 mm/min,
7000RPM)
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Figure 3-23- A 0 Degree fibre orientation, multidirectional laminate, experimental
test 2. (These tests are on nultidirectional laminate, SGS tool, Feed 1200 mm/min,
7000RPM)
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3.3-2 Summary of Surface Characterisation Using SEM

Thorough assessment of surface profile usingSEM micrographs have been
applied to analyse surface damage and cutting mechanism of the machined
multidirectional surfaces. The cutting mechanism on each of the different fibre
orientations has been described in detal and also agrees with previous work
shown in the literature [20],[21] The visually described magnitude of damage
also correlated with reported roughness measurements in this researchFirstly,
the surface profile of the 0 degree fibre orientation appeared reasonably
smooth with bent fibres which had been fractured in a bending and crushing
mechanism. Secondly,the 45 degree fibre orientation appeared the smoothest,
which agreed with calculated roughness measurements, and it was hard to
distinguish any individual fibres. There was smeared matrix and cut fibre ends
which represented most of the surface profile. Thirdly, on the 90 degree fibre
orientation the surface profile was characterised with sheared fibre ends and
some un-cut fibres which protruded above the majority of the machined
surface. Finally, he 135 degree fibre orientation was characterised by bent and
torn fibres and large pits in the surface. Importantly, it was this fibre orientation
which was characterised by the greatest magnitude of machining damage and
damage depth. The machining process appears to have the most detrimental
effect on this surface orientation ply and cause the highest levels of surface
damage. This finding was confirmed by roughness measurements and in the
literature [3]. These results are useful because the present the extreme
variation in surface structure and profile variation on machined which is purely
due to the effect of fibre orientation. They showthat the most extreme damage
and greatest pitts will be located on the 135 degree fibre orientation. Also, that
this will have consequence on reliably characterising surface profiles of
machined composite surfaces and making accurate and representative surface
roughness measurements.Surface roughness measurements must either make

an assessment based upon he relative ratio of different fibre orientations
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comprising an overall surface profile or take into account the different

damages on each layer.
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Chapter 4

Main Experiments- Edge Trimming Trials Experimental
Procedure

4.1 Experimental Introduction- Carbon Fibre Edge Trimming.

Following from the previous experiments two different edge trimming trials
have been performed on CFRP laminatesusing a three flute PCD milling tool.
The PCD tool has been used in these tests because it is closer to the industrial
highest standard tooling used for this application. As was stated in the
literature review PCD cutting tools have an excellent resistance to wear and can
hold a sharp cutting edge, and will therefore cut with superior surface quality
for fibrous composite machining. These tests will be further used to compare
and validate FEnumerical models and create a roughness prediction method
which will include the effects of tool wear. The experimental test results will be
used to generate regression equations for the effectsof machining parameters

on surface roughness.

The firsttest was performed on a unidirectional laminate at two different levels
of tool wear, in a worn and un-worn tool condition. The second test is
conducted on a multidirectional CFRPlaminate with increasingly progressive
levels of tool wear. Firstly, the unidirectional tests are performed with two
different tool wear conditions, and additionally the machining parameters feed
rate and cutting speed have been varied at two levels Surface roughness
measurements have been applied usng optical measurement system. The
experimental results will be used to create roughness equationsusing multiple
linear regression. Further, measured cutting forced will be used to validate
numerical FE models The FE models wil include the effects of tool wear,
(cutting edge radius), on the cutting forces using a new 2D and 3D numerical

model.
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The second nultidirectional tests have been performed to assess the surface
roughness and machining forces during machining at progressive levels of tool
wear. Design of experiments has been employed so that twodifferent feed and
cutting speeds have been applied with increasing levels of tool cutting edge
radius which will be tracked through the test. Therefore the contribution of
feed rate and cutting speed has been assessedndependently with sufficient
number of repeats, while also not allowing the effects of tool wear to
compromise the results. The design of experiments has been applied using
statistical software Mini Tab in order to be able to accurately and
independently assess the effects of eachparameter. P values have been
assessed for each parameterused in the test in order to find their statistical
contribution to the surface roughness. The RSqg and histogram of residuals
have also been goplied in the results section to find the quality of the model fit
and suitability of parameters inclusion in the regression model. The
multidirectional tests were then used to create regressionequations and show
the level of statistical contribution for each experimental parameter on the
surface roughness, including S, skewness and kurtosis. The optical surface
roughness methodology for machined composite surfaces hasbeen applied
along with areal surface roughness parameters Additionally, SEM images have
been used to assess surface quality and cutting mechanisms acres the
different fibre orientations. CT scars have been used to look for sub-surface
damage, including delamination which cannot be seen by surface

measurement methods.

4.1-1Edge Trimming Experiments Unidirectional Test
An edge trimming trial has been undertaken on unidirectional CFRP materiaht
two different fibre orientations- 90 and 45 degrees fibre orientation. The fibre

and matrix properties are shown in Table 4- 1
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The composite samples weremanufactured by lay-up, vacuum bagging and
autoclave cured. Machining tests were performed on a 5-axis CNC machine
tool manufactured by Cincinnati FTV, asshown in Figure 4-1(a) and Figure
4-1(b). The composite multidirectional sampleswere 65 mm width by 160 mm
in length and 6 mm thick. A SGS 3 flute PCD tool was useghown in Figure 4-2
and with dimensions shown in Table 4-2. A PCD tool was chosen due to its
high hardness and resistance to wearand is thus suitable for machining of
abrasive carbon fibres. The cutting edge was manufactured by laser cutting
and is very sharp, it can therefore shear fibres very cleanly and produce a high
surface quality. The average edge radius was measured of the cutting tools
using optical focus variation Alicona device. The chosen PCD tool has three
flutes which have a zero helix angle. This tool was specially selected because it
has a zero-helix angle. This means there will be a constant chip sizethrough -
thicknessin the material going in the z-direction and simplifies the geometry of
the cutting tool mesh. It also means that the experimental comparison with
finite element model will be suitable for the unidirectional laminate in both a
3D and 2D machining model using plane stress elements However, this cutter
is still very suitable to composite machining because it has asharp lasercut
PCD cutting edge and it is able to produce high quality machined surfaces The
aim of these experiments was to capture cutting forces and surface roughness
at different levels of tool wear. The cutting forces will then be used to validate
FE models Cutting edge rounding measurements have been applied to
guantify tool wear, as identified to be a useful parameter to assesstool wear in
machining of FRPs[63]. The cutting edge rounding has then been used an
input for FE models and therefore gives a quantitative indication of the current
tool condition. This is because it quantifiesthe initial experimental edge radius
at zero tool wear unlike with flank wear measurements Further predictions of
roughness at different magnitudes of tool wear will then be made using FE

models.
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Table 4-1- Fibre and matrix properties [83].

Reinforcement Fibre Properties Matrix Properties
Fibre Type Carbon Matrix Type Epoxy
No of Filaments 1200 Glass Transition Temp (°C) 185
Tensile Strength (Mpa) 4900 Density (g/cm3) 1.28
Tensile Modulus (Gpa) 240 Elongation at yield 5%
Elongation at yield 2.10% Flexural Yield Strength (Mpa) 147
Density (g/cm3) 1.8 Flexural Yield Modulus (Mpa) 35

Figure 4-1- (a) Cincinnati 5-axis machine tool body,

(b) Cincinnati 5-axis spindle head.
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Table 4-2- Tool properties.

Tool Feature Value
No. of Flutes 3
Diameter 10mm
Helix Angle o°
Average Edge
) 9 g 3.7y m
Radius(Unworn)
Average Edge
) 9 g 10 m
Radius(Worn)
Cutting Edge
9=cd PCD

Material

Figure 4-2- SGS cutting tool Poly
Crystalline Diamond (PCD.

4.1-2 Cutting Parameters- Unidirectional test

Edge trimming trials were performed using the parameters shown in Table
4-3. Two levels of feed rate and cutting speed were used a feed of 800 and
1200 mm/min and a cutting speed of 6000 and 8000 RPM.Two material fibre
orientations of 45 and 90 degrees were applied. The axial depth of cut (g) was
kept constant at 6 mm and the radial depth of cut (ac) at 2 mm. The length of
cut was 160 mm for each test, which wasthe full sample length. A fixture was
used to clamp the workpiece and is shown in Figure 4-3. It was bolted to the
dynamometer and machine tool bed. Each test was repeated once andthe

mean Fand F, cutting force were recorded using a dynamometer. There were
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16 tests separate with each of the experimental parameters applied shown in

Table 4-3. Consequently with one repeat of each test, this gave a total of 32

tests.
Table 4-3- Unidirectional test parameters
Feed Rate %l;tggg Axial depth of Radial depth Fibre
(mm/min) (RPM) cut- a, of cut -a. Orientation
800 6000 6 mm 2mm 45
1200 8000 - - 90

The effects of tool wear were assessed by performing tests with worn and un
worn tool conditions. The cutting edge was measurel using the optical system
and the un-worn (new) tool had an average cutting edge radius measured at
3. m,gndt he worn tool had an averageAedge
Kistler Dynamometer was used in order to measure the cutting forces. The
Kistler dynamometer works by using piezoelectric material which generates an
electrical charge when it is deformed. A voltage signal is generated using a
charge amplifier which can be used to accurately measure a change in forces.
A DAQ box and charge amplifier are shown in Figure 4-4(b) which are
connected to a laptop to digitally record cutting forces from an analogue
signal. The X,Y and Z machining forces were recordedand the directions are
shown in Figure 4-5. The Fx cutting force is in the direction parallel to the tool
feed or travel. The Fy force is into the workpiece and is perpendicular to feed
direction. A sample time of 20 Seconds was takenand using a sampling
frequency of 20,000 Hz This gives a sampling rate of 133 data points per
rotation of the cutting tool , at the maximum cutting speed of 9000 RPM and
was considered suitable for high speed machining. Cutting forces were

recorded using Dynoware software and the softwae was used to find the
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minimum, maximum and mean cutting forces in the x, y and z directions over

the sampling time.

Fixture
Clamp

CFRP
Workpiece

Dynamometer
Plate

FTV Machine
Tool

Figure 4-3- Experimentalset up
(a) CAD model of fixture, workpiece and dynamometer,
(b) Clamp, fixture, dyno and machine tool.
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Figure 4-4- Experimental setup,
(a) Composite sample and clamp fixture,

(b) Kistler charge amplifier and A/D converter for dyno.

Fixture

Cutting

Tool Workpiece

Figure 4-5- Machining forces orientation: Fx and Fy.
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4.2 Edge Trimming Experiments- Multidirectional Test

The second edge trimming test has been undertaken on a multidirectional
CFRP laminatewhich will then be compared with numerical models. Regression
models will be calculated to find the statistical effect of the different machining
parameters and tool condition, and how they will affect the machining forces
and surface roughness. The composite is a typically commercially available
CHRP material with epoxy resin matrix. It is a high performance aerospace
grade composite with high toughness epoxy resin matrix system. The
composite fibre and matrix properties are shown in Table 4-4 and Table 4-5.
The stacking sequence of the 10mm thick multidirectional laminate is shown in
Table 4-6. The composite was manufactured by prepreg layup, vacuum

bagging and then auto clave cured.

Table 4-4- Multidirectional laminate properties.

Reinforcement Fibre Properties
No of Filaments 1200
Tensile Strength (Mpa) 4900
Tensile Modulus (Gpa) 240
Elongation at yield 2.10%
Density (g/cm?) 1.8

Table 4-5- Epoxy resin properties.

Matrix Properties
Glass Transition Temp 185
(°C) 190
Density (g/cm?®) 1.28
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Table 4-6- Multidirectional laminate stacking sequence.

Material ) )
Lay-up stacking sequence Ply Thickness
Type
(0/+45/0/ -45/0/ -45/90/+45/0/ -
45/90/+45/0/0/+45/0/ -45/0/ -45/90/+45/0/ -
Unidirectional 45/90/+45/0//0/+45/90/ -45/0/+45/90/ -45/0/ - 0.185 mm
45/0/+45/0/0/+45/90/ -45/0/+45/90/ -45/0/ -
45/0/+45/0)

The cutting parameters used in the multidirectional test are shown in Table
4-7. A varying feed rate was applied at 2 levels of 1000 mm/min and 1200
mm/min and a cutting speed of 7000 and 9000 RPM.A full workpiece thickness
axial depth of cut (ap), of 10 mm was applied, and a constant width of cut (ag),
of 2 mm. The length of cut was 80mm for the multidirectional laminate test. In
this test the cutting began with two new tools which were then progressively
worn. Then, n order to analyse the effects of increasingcutting edge radius on
the machining process the tests were repeated with increasing levels of tool
wear. Two new tools were used so that the effects of cutting speed and feed
rate could be independently analysed without introducing the effects of tool
wear for each of the set of cutting parameters. A total of 40 tests were
performed with the two tools, and this gave a total of 10 repeats ofeach of the
4 independent test conditions but included the effect of increasing tool wear
which was measured throughout the test. A test matrix was created as shownin
Table 4-8 and the same test matrix wasrepeated again for a second set of 20
tests, using the same two tools but with increased levels of tool wear. The tests
were performed in this order so that effects of the tool wear would not bias the
results, and so that the effects of cutting speed and feed rate would be fairly
and independently compared between the two tools. Statistical software

Minitab was used to create the test matrix and then the test results will be
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used for the basis to create regression equations realising the effects of cutting

parameters on the S, surface roughness. The tool wear was tracked throughout

the test by quantifying cutting edge radius using the Alicona optical system

The same fixture and dynamometer setup was used as applied in the previous

test as shown in Figure 4-3-Figure 4-5.

Table 4-7- Cutting parameters used in tests.

Cutting Axial _
Feed Tool Length Width of
) Speed Depth of
(mm/min) Number of Cut cut (&)
(RPM) cut (a,)
1000 7000 New
1000 9000 Tool 1
80 mm 10 mm 2 mm
1200 7000 New
1200 9000 Tool 2
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Table 4-8- Testmatrix (repeated for tests 2:40)

Test Feed (mm/min) Cutt}g%hs/l?eed Millllijnrr?b-lc—a?m Millllijnrr?b-lc—a?m
1 1000 7000 1
2 1000 9000 1
3 1200 7000 2
4 1200 9000 2
5 1000 7000 2
6 1000 9000 2
7 1200 7000 1
8 1200 9000 1
9 1000 7000 1
10 1000 9000 1
11 1200 7000 2
12 1200 9000 2
13 1000 7000 1
14 1000 9000 1
15 1200 7000 2
16 1200 9000 2
17 1000 7000 2
18 1000 9000 2
19 1200 7000 1
20 1200 9000 1

Cutting fluid, which was an oil-water based emulsion was used in these
experiments. In machining it is typical to use a coolant with lubricant
properties, becausethis will decrease friction, remove heat and reducethe chip
thickness.Flood coolant was introduced into the cutting area from the spindle
head during machining. During composite machining the coolant will also have
the role of removing the abrasive chips from the cutting region, and this is
desirable because otherwise repeated cutting of chips or fibre fragments could
accelerate tool wear, and reduce surface quality. Another advantage of using
the coolant is that there will be more heat dissipation and therefore less
temperature build-up in the cutting area. This means that matrix burning or
softening will be prevented or reduced. Cutting fluid was also used because of
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the health concerns due to the inhalation of dust and particles from the
machining of fibre composites. The use of coolant will prevent these particles

from becoming airborne.

4.2-1Cutting Tool Edge Radius Measurements

Cutting edge scans were taken of the cutting tool using the edge master
software of the Alicona optical system. An optical scan of the cutting edge is
used to create a 3D image and then the built-in software takes a number of
cross sectionsover the scan length in order to calculate a mean result. The
system can be used to calculatedifferent cutting edge parameters. Figure 4-7
shows how the scan is taken perpendicular to the cutting edge and edge
parameters are calculated through the edge cross-section. Figure 4-7(a) and
Figure 4-7(b) show an optical focus variation scan for anew tool condition. A
scan length of 2 mm is used across the cutting edge, over which, the mean
edge radius is calculated over 150 cross sectionsEach of the three cutting
edges was measured and the mean cutting edge radius (CER)was calculated
for each edge. To locate the cutting tool edge under the optical scanning
system, a tool holder fixture was used shown inFigure 4-6. The tool holder sits
inside the fixture and the tool can be rotated about its axis within the tool
holder. A reference mark wasused to locate the tool holder on the tool fixture
so that each measurement can berepeated in same position for each cutting

edge.
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Cutting Tool

Tool Holder

Tool Holder
Fixture

Adjustable
Stage

Figure 4-6- Tool holder fixture for CERmeasurements

The optical scans weretaken throughout the test to track the tool wear and to
guantify the cutting edge radius. Some optical microscope images were also
used as a gqualitative assessment of the tool wear. This was t@nsure that the
cutting edge was not damaged or has any extreme tool wear, and to look for

any edge damage or chips on the cutting edge.
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Chipping surface %
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(b)

(@)

Figure 4-7- Cross section tool cutting edge mean parameters calculation

optical device (new tool).

4.2-2 Surface RoughnesdMeasurement Method

The length of cut was 180mm in the unidirectional test. To take the

measurements scans were taken in three different msitions through thickness

of the sample- Figure 4-8 and Figure 4-9. Scans were takenin three positions

at the beginning, middle and end of the cut. Roughness parameters vere

calculated and mean roughness and standard deviation can be calculated for
each sample. Areal roughness parameters(S) were calculated and applied
over the whole scan area.Areal roughness parameters (§ was applied due to

the previously shown variaion in surface profile on different fibre orientations

and necessary requirement to characterise the whole surface profile in a
representative manner. The § parameter will include surface profile
information including all of the fibre orientations across the full laminate stack
thickness and this will minimise any effects of sampling position.The scans
were taken in different positions towards the beginning and end of cut to

minimise any effects of machining on the sampling position, which may include
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dynamic effects at the beginning and end of the tool entering and leaving the
workpiece respectively. Also the size of the scan of 2mm wide along the
sample length in the machining direction, and full workpiece thickness,
corresponds to capturing a very large data point cloud of profile information. A
2 mm wide scan corresponds to around 200 individual profilometer path
profiles with a stylus head diameter of 10um. Therefore a large sampling area
is included in each scan of which an average is then taken fromthe total

number of scans.

To take the optical scansa vertical resolution of 100 nm was used along with a
lateral r e s ol ut i o nTheocut off wayelength to calculate roughness
parameters was L, =800 p mand was used across all samples in accordance
with ISO 4288.The cut off wavelength determines the amount of filtering of the

profile waviness which is removed.

(Start of cut) (Middle of cut) (End of cut)
Measurement Measurement Measurement
Position 1 Position 2 Position 3

40 mm ‘1'
e 30mm \ 40 mm
< : : ‘

Figure 4-8 [ Optical scan positions, (unidirectional sample).
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160mm

63mm

Machined Edge from Left to Right (top view)
80mm
<€ >
110mm
€ ‘\ >  (side view)
D E— ) / Scan 120mm
40mm Machined Positions

Surface
Figure 4-9- Three optical scan positions on sample for roughness calculation
(unidirectional sample).

In the multidirectional laminate the length of cut was 80 mm and the sample
length is 160mm. Optical scans were applied intwo positions shown in Figure
4-10 Each 160mm long sample was used for two tests. There were scans at20
mm and 60 mm from the edge which was also repeated on the second sample
as shown in Figure 4-10 S, skewnessand kurtosis parameters were calculated

for each of the scan positions and a mean roughness is calculated for each

sample from the two scan positions.
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80 mm

160mm

AA

Sample 1 Sample 2 63mm

(side view)
80mm
& -
Scan 1 Scan 2 -
i
<> <> ] Sample2 10 mm
2mm Zmm :
<€ 1 — (top view)
€ > Machined 120mm
> 60mm Surface
20mm

Figure 4-10 Roughness measurement positions, (multidirectional laminate).

Figure 4-11a) and Figure 4-11b) show an example of an Aliconaoptical focus
variation scan which is taken of two machined surfacesof a multidirectional
carbon fibre laminate with PCD cutting tool. The scans represent the machined
surface, where the CFRP multidirectional laminate is cut going from left to right
across the page.These samples show the machined surfacgrofile through the
whole thickness of the laminate from top to bottom and each of the laminate
layers are shown progressing down through the laminate. These scans will then
be used to calculate S roughness parameters which are characterised over the
whole scan area.The variation in surface structure and damage can be seen on
the different fibre orientations. It can also be seenthat the surface structure in
Figure 4-11b) appears rougher in comparison to Figure 4-11a) due to use of a
worn cutting tool. The suitability of the Alicona optical system will later be

assessed for roughness measurements of a machined composite surface.
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Machined Surface
(New Tool)

10mm

Laminate
Centre Line

' 135° Fibre
Orientation

Machined Surface
(Worn Tool)

(a)

Figure 4-11 ExampleAlicona optical scans from a CFRPmultidirectional
laminate:
(a) Multidirectional CFRP laminate new tool condition,
(b) Multidirectional CFRP laminate worn tool condition.

4.2-3 CT ScanningMethod

As was highlighted in the literature review, CT scans can be used successfully

to look for subsurface damage in fiborous composite materials. CT scans have

been performed using Nikon Metrology XTH machine, shown in Figure 4-12.

This machine wses a microfocus X-Ray source which allows accurate inspection

at high resolution and 225 or 320 kV source. Machined smples were prepared

by cutting into 10 mm wide strips using a band saw, where one edge was
already previously machined by edge trimming. Ten millimetre wide samples

were required sothata 3 di mensi onal aoouwdshe dchigveddfn o f
the samples are too thick then the resolution which can be achieved is reduced

because the section which the xrays must pass through is wider A high
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resolution is required in order to be able to see down to the fibre level and
look for subsurface micro-cracking, voids, de cohesion or delamination from
machining damage. Unidirectional and multidirectional samples from both tests
were assessed using he CT scanner.CT scans were performedon machined
samples and also on samples which had not been machined. The non-
machined samples weretaken from the centre of test the material specimens
away from the cutting edge. Un-machined samples were usedto compare if
damage in the material was actuallypresent due to machining, or if there was

already defects present in the material from the manufacturing process

-= T 1.
|&

"

Figure 4-12 Nikon Metrology XTH Micro-CT scanner.
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Chapter 5

Edge Trimming Experimental Results

5.1 Experimental Results- Unidirectional Laminate

5.k 1Machining Force Results

The first set of results from the unidirectional edge trimming test are

presented. Cutting forces were recorded from the unidirectional edge trimming

test. The mean autting forces in the Fx and Fy directionsare shown in Table 5-1
and Table 5-2 for the 90 degree fibre orientation laminate in unworn and wo rn

tool condition respectively. Table Table 5-3 and Table 5-4 show the mean
cutting forces from unidirectional test in the 45 degree fibre orientation

laminate. The mean cutting force is calculated from the raw data extracted by
the dynamometer as shown in Figure 5-1. The three colours inFigure 5-1 show
the Fx, Fy and Fz machining forces in hle, red and green respectively. The
mean cutting force is calculated between the two dotted line sections as

shown, and is selected where the cutting reaches steadystate conditions.

Figure 5-2 shows the cutting force variation for the Fx and Fy cutting forces
over a 0.5 second time period. There is acyclic pattern to the cutting forces as
each tooth of the cutting tool engages the workpiece. Each tool will engage
the workpiece and cause a removal of small and dust-like CFRP chips in a
fracture type cutting mechanism. Then the rotating cutting edge will pass the
workpiece before the next tooth becomes engaged. Thus there is a cyclic
fluctuation of cutting forces, due to intermittent cutting tool engage ment, and
the fracture of CFRP chipsShown in Figure 5-2, over a 0.5 second time period,
the Fx and Fycutting forces fluctuate between an upper and lower bound. As a
steady state fluctuation of the cutting forces is reached and it was therefore

deemed acceptable to take the mean cutting forces.
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Cutting forces were recorded for the tool in worn and new tool conditions and
will be later compared with 2D and 3D finite element models. The full test data
and calculated average autting forces from the experimental tests, are shown in

the Appendix Part A, and the standard deviation is also calculated for each test

repeat.
800 mm/min 6000 RPM (New Tool)

500 ; .

: Cutting Forces- Dynamometer

‘e % Fx [N]
400 = g
300 3 L Fy[N]
200
100

03 16
Time [s]

-100
-200 ;

: Fx [N] Mean = 79.85, Min Fx=-234.6 Max Fx= 331.5
-300 Fy [N] Mean = -54.97, Min Fy = -217.0 Max Fy = 58.51 |
400 5 Fz [N]Mean=0.12, MinFz=63.9 MaxFz=7564

Figure 5-1- Dynamometer output for machining forces at 800 mm/min, 6000
RPM with new tool. Calculation of mean cutting forces.
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Table 5-2- Fx and Fy cutting forces 90 degree fibre orientation (worn tool).

Fibre Orientation Feed Rate (mm/min) RPM Mean Fx (N) Mean Fy (N)
90 800 6000 107.1 131.2
90 1200 6000 120.2 151.5
90 800 8000 92.75 109.9
90 1200 8000 109.1 154.4

Table 5-3- Fx and Fy cutting forces 45 degree fibre orientation (new tool).

Fibre Orientation Feed Rate (mm/min) RPM Mean Fx (N) Mean Fy (N)
45 800 6000 74.0 58.3
45 1200 6000 79.4 76.2
45 800 8000 75.0 66.6
45 1200 8000 82.3 85.4

Table 5-4- Fx and Fy cutting forces 45 degree fibre orientation (worn tool).

Fibre Orientation Feed Rate (mm/min) RPM Mean Fx (N) Mean Fy (N)
45 800 6000 112.9 112.1
45 1200 6000 128.2 129.2
45 800 8000 101.3 104
45 1200 8000 124.7 129
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Shown in Figure 5-3 to Figure 5-6 are graphs of the machining forces against
increasing feed- from experiment on the unidirectional laminate. The columns
are grouped by the two applied cutting speeds (6000 and 8000RPM), and by
tool wear- in new and worn condition. The graphs are shown for the 45 degree
fibre orientation laminate in Figure 5-3 and Figure 5-4 for Fx and Fy
respectively. Whereas inFigure 5-5 and Figure 5-6 graphs are shown for the 90
degree fibre orientation laminate. The green and red columns show the
machining forces in the un-worn tool condition at 6000 and 8000 RPM
respectively. The blue and purple show the samecutting speeds for the worn
tool conditions. The error bars show the standard deviation between the
experiment repeats. One repeat of each test was taken in order to assess the
repeatability of the experiment which was a total of 32 tests. It was found that a
maximum standard deviation of 12 N between a set of repeats which was equal
to a force difference of 17.7N or a maximum percentage difference of 12.2%.
The repeatability of the tests was therefore found to be reasonable and the
main discrepancy between two sets of tests rasults could be attributed to a

slight increase in tool wear in the repeat test.

The experimental cutting forces were found to be significantly higher with the
worn than the unworn tool, and the tool wear was found to have a more
significant effect on cutting forces than either fibre orientation or cutting

parameters. Shown in Figure 5-3-Figure 5-6 there is a significant increase in
machining forces with worn tool in comparison to unworn tool. The Fx cutting
forces were on average 32% higher with the worn than unworn tool, while Fy
forces were 64 % higher. Cutting forces will increase with tool wear due to
blunting of the sharp cutting edge, leading to higher friction and more tool
contact area with the workpiece during machining. There will be change in the

cutting mechanism to ploughing and tearing rather than fibre cutting , and this
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will also negatively affect the surface quality generated. The effects of increased

tool wear on the surface quality generated will be further analysed

It can also be seen acrossthe majority of the graphs in Figure 5-3-Figure 5-6

that there is an increase in bah Fx and Fy machining forces with feed.

Increasing feed means there will be a larger chip thickness and therefore more

material removed for each pass of the cutting tool. The statistical contribution

of each of the parameters,; tool wear, feed rate, cutting speed and fibre

orientations, and their effects on the measured cutting forces, and surface

roughness,- will be evaluated using main effects plots and regressionequations

in the following sections.
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Figure 5-3- Fx cutting force vs fed rate, with worn and un-worn tool. (45
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Figure 5-4- Fy thrust force vs feed rate, with worn and un-worn tool. (45 degree
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Figure 5-5- Fx cutting force vs fed rate, with worn and un-worn tool. (90

degree fibre orientation).
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Figure 5-6- Fythrust force vsfeed rate, with worn and un-worn tool. (90 degree
fibre orientation).

5.%22 Cutting Tool Images

Optical microscope images were taken of the tool cutting edge before
machining in worn and un-worn conditions. Optical microscope images were

taken to qualitatively assess tool condition and wear. The microscope scans

were taken of all three cutting edges in the same position for each scan. A

fixture was used in order to hold and locate the tool under the microscope.

Figure 5-7 shows the SGS PCD tooin new condition, while shows the same

tool in worn conditions after experimental wear. It can be seen that there is

wear on the cutting edge, which is shown by higher reflectivity and worn spots

in Figure 5-8 compared to Figure 5-7. In Figure 5-8 the tool edge appears to

show some small chipping and abrasive wear causing cutting edge rounding.

Whereas, n Figure 5-7 the cutting edge still appears sharpand t heane i sn}
noticeable worn patches or chips. In composite machining the chips are
removed by dcompr es s i oandsmaledast-likenchipsamre d f r act
removed, the predominant tool wear mechanism is by edge chipping and

abrasion of the cutting edge [3]. In standard metal machining where there is a
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continuous chip formation, and the predominant removal of material is by
plastic deformation, there is commonly flank wear on the cutting tool, which is
caused by adhesion and abrasion In metal machining, the friction on the
cutting tool and heat generation can cause a built up edge at the tool -chip
interface. These conditions lead to adhesion and crater wear. Howevey in
composite machining crater wear is rot as prevalent due to the discontinuous
chips and brittle fracture during chip formation which causes less adhesionAs
seen in Figure 5-7 the predominant wear of the tool is by chipping and

abrasion of the sharp cutting edge causing the edge to become blunted.

Figure 5-7 shows the tool in an unworn state, whereas inFigure 5-8 it can be
seen that there has been chipping and edge runding of the worn cutting tool

due to abrasive carbon fibres. It can be seen that the cutting edge is more
reflective than the unworn tool in Figure 5-7 because the cutting edge has
been chipped to give a larger radius. The pre-worn tool was used in the

experiment to see the effects of the degree of wear on the cutting forces

compared to the unworn tool.

x Optical Magnificatio

(a) (b)

Figure 5-7- Optical microscope images of new unworn PCD tool.
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al Magnificatiof
(@) (b)

Figure 5-8- Optical microscope images of worn PCDtool.

5.1-3 Cutting Edge Radius Focus VariationMeasurements

The optical system was used to take ans of the tool in worn and un-worn
conditions- Figure 5-9(a) and Figure 5-9(b). The cutting edge radius was
analysedto track the increasein wear. The PCD tool has a sharp cutting edge
which is gradually chipped due to abrasive wear by the fibres.Figure 5-9 shows
the unworn tool with a sharp 3.7y m a v ecuting edge radius and Figure
5-9b shows the worn tool with 1 0 pu m cedge tisedhirgthe experiments.
This PCD tool was manufactured by laser cutting and therefore the new tool
has a very sharp edge.The change in geometry can be seen due to wear by
chipping and abrasion of the cutting edge. It was therefore found that the
cutting edge radius will increase quite significantly with tool wear, and this will

therefore have an effect on the cutting forces and surface quality.
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Figure 5-9- Tool cutting edge rounding Alicona scans,
(&) Unworn PCD tool,
(b) Worn PCDtool.

Table 5-5 shows the Alicona edge radius measurementsof the worn and un-

worn tool from each of the three flutes to find the average edge radius. The

standard deviation of the three measurements is also shown, which represents

the error in the difference between the three cutting edges. The cutting edge

radius (CERWwas then used as an input for finite element models.

Table 5-5- Cutting edge radius (CER)rom Alicona scans

» CEREdge CER Eadge CEREdge Standard
Tool Condlition Average -
I( um) 2( L m) 3(um) Deviation
Unworn Tool 4.45 3.56 3.15 3.7 0.66
Worn Tool 10.34 10.41 9.30 10.0 0.62

5.1-4 Surface Roughness Scans by Optical Syem

Optical scans were takenof the machined surface using the Alicona focus

variation system Images can be used to qualitatively assess surface damage

and then roughness parameters were calculatedover the scan areain order to

guantify the profile deviations due to machining.
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