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ABSTRACT

Multifunctional and multiphase materials, such as traditional carlfitme reinforced
polymers (CFRRsare designed to achieve greater functionality compared to their
individual constituent materials. Couplimgdividual material phases creates new hybrid
materials with improved performance by reducing dimensions, weight, expense and
energy consumption, while enhancing safety, design, and manufacturing versatilgy.
unique characteristics gfarticulate reinbrcementssuchassize, shape;oncentration and
mechanical propertiesecessary to create a beneficial change to the polymer métex

by increasing the fracture toughness of a brittle polymesgether with the advancement

in polymer characterisatn and simulation techniques, have generated a great deal of
interest in the field ofCFRPs with modified epoxy matrices manufacturing of epoxy
based composite materials, machining operations are often required to achieve tight
geometric tolerances omrensure edgeof-part mechanical performance. Even though
cutting process parameters are controlled to minimise machining induced damage, an in
depth assessment of the relation between material removal mechanisraterial

propertiesand machining induced dagage is required.

The aim of this project t® alter the mechanical properties of the epoxy resin through the
introduction of particle reinforcement, to better characterise the subsequehip
formation process and machining induced damage in cutting okgpnodified carbon

fibre reinforced polymers. This is completed through a series of experimental studies
which will facilitate the irsitu observations of material removal mechanism in cutting of
silica and rubber modifie@poxy CFRP#\ manufacturing telenique is developed to
includesilica nanoparticles and rubber microparticles in the epoxy matrix of CF&#sle

and fracture toughness tests were conducted to quantify the effect of partic
reinforcementsandresults arefurther used in the discussioof the machining results. A
novel orthogonal cutting rig coupled with a 2D High Speed Digital Image Correlation (DIC)
system was developed to study the material removal mechanism of polymer and CFRP
samples at a micro scale level. Current staft¢he-art 3D areal metrics are used to
guantify machining induced damagehile microscopyis used to provide qualitative data

of the machined surface. The extent of subsurface damage is assessedrisiog;



Computed TomographyC{l) scanning. Finally, to addreite industrial application of this
research,the machining performance of epoxy modified CFRPs under edge trimming

conditions is analysed.

It has been found thahe addition of rubber microparticles and silica nanopartiefects

the material removal rachanism in both orthogonal cutting and edge trimming conditions
as such the cutting forces and machining induced damage tend to decrease with the
addition of rubber particleDesign of experiment (DoE) and analysis of variance (ANOVA)
methods employed ithe edge trimming study showed a statistical correlation between
particle concentrations, machining variables, cutting forces and surface metrics.
Experimental evidence gathered by whlight and Scanning Electron Microscopy (SEM)
showed that rubber toughening mechanism ensured an efficient energy dissipation
mechanism limiting crack propagation and extent of subsurface danTdgebrittle state

of silica and unmodified epoxy proved ineffective in reducing machining induced damage.

This thesis provide fundamental work in the addition of particle reinforcements in the
epoxy matrix of a CFRP material, with ardépth assessment of the optimum cutting
parameters and material properties needed to ensure low damage machining processes.
Gaining understandg of the physics of chip formation process of particle modified epoxy
composites will enable designers and engineers a greater ability to intropadele
reinforcementsduring Design for Manufacture (DFM) stages of product design leading

towards damagédree machining of higlvalue composite parts.
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1.INTRODUCTION

The recent advances in composite materials sciencewatlifacturing technologshave
made composites a good alternative to commonly used materials in aerospace,
automotive, shipbuilding, railway, sporter wind energy industry. A relevant example
from the aerospace industry is the Airbus A3S6GRRontentis more than 50% by weight
CFRP&ave a high strength and good stiffness to weight ratio, which drives the weight

reduction and increase fuel efficiency of the airciait

Highperformance polymer matrix congsites typically use epoxy resins as the matrix for
continuous fibres[2] as they have high strengttgood chemical resistance, provide
excellent adhesion to various substrates and have a low cost compared to their
competitors. However, due to their high crelasked density, epoxy polymers have a poor
resistance to crack initiation and growth. The additiaf a second phase, which consists
of welldispersed nantmicroparticles, can significantly increase the toughness and
mechanical properties of the epoxy matif]¢[5] with well documentedtoughening
mechanism for a wide range of nanoparticles and epoX&s[12]. The mechanical
properties such as tensile & compressive strength and modulus, flexural stiffness, scratch
resistance, toughnessf a composite materiatan be improved by controlling variables of
the particulate fillers €.g.filler type, size, volume, concentration, dispersi¢h3]¢[15].
Currently, @rticleemodified composites are used in a wide range of industries including,
but not limited to, aerospacgl6], automotive[17], medicine[18], microelectronicg19],

[20] and wind powel21].

Even though composite components are often made relr shape, maching
operations are often unavoidable. For examplethia Airbus A350 1.2 millioholeshave

to be introduced and CFRP edge trimming operations are required to achieve high
tolerances of the component®2]. Due to the anisotropic and inhomogeneous state of
CFRPs given by a matrix and a reinforcement with different orientations relativesto t
cutting edge, traditional metal machining techniques cannot be transferred directly to
composite machining. Incorrect application of machining operations lead to creation of
machining induced damage, including delamination, intralaminar cracking, ragating

and burns, fibre pullouts which affect the structural integrity of the machined 2}
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Similar to conventional composite materials, partiodedified compositesrequire
features, such as holes and net edges, to be generated via material removal processes after
production to achieve tight geometric tolerances and ensure edfpart mechanical
performance. However, little information is available on their behaviour under such
finishing operations.The ultimate effect of such defects is a potential reduction in

mechanical performance leading tatastrophic failure event23].

The fundamental interaction between cutting tool and workpiece is studredhe
literature via orthogonal cutting, where the tool edge engages with the material
perpendicular to the direction of the cut. This simplified teionension cutting problem
avoids the complexity of other machining operations where multiple cutting edges
engaged with the material at the same time and it allows to study the mechanics of chip
formation, cutting forces evolution, friction conditions and temperature generated during
cutting[22]. This process is affected by a wide range of factors including fibre orientation,
tool configurations and cutting parameters, which are all docurednn the literature.
Thee are several studies investigatinbe toughening mechanissnand mechanical
properties of a wide range of industrially available nanoparticles and microparticles, in
particular silica and rubber, mixed in different epoxy blendd their composite$2], [4]g

[8], [10], [11] However, from the machining point of view theadlable knowledge is only
limited to unmodified epoxy CFRPs. In order to fill this gap in the knowl&ugeffect of
particulate fillers on material removal mechanism and machining induced damage of
epoxy modified CFRPs were investigat&étis will proide fundamental work in the
incorporation of micro and nano fillers in the epoxy matrix of a CFRP material, with an

insight to the optimum cutting parameters to ensure low damage machining processes.

1.1 Aim and objectives of the research
This research project aims to analyse the effectpaiticlemodified epoxyCFRP#n
relation tocutting mechanism includingutting forces, chip formation, surface metrics and

subsurface damage. To achieve the aim, the following objectives are set:

1 Undettake a literature review on the machining of composite materials covering
the fundamentalof orthogonal machining of CFRPs and machining operations in

different engineering applications. This will highlight the current state of the art in
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nanoparticlemodified epoxies, the main factors involved in the chip formation
process in conventional machining of CFRPs and machining induced damage.

1 Identify the optimum CFRP material architecture/ type and manufacturing
technique where theparticle reinforcementgan ke included in the matrix phase
and their characteristics (i.e., particulate type, size, concentration) can be
controlled.

1 Provide a methodmgicalframework to manufacture, characteationand analys
of individual material phases arttle mechanical proprties of the manufactured
CFRP.

1 Evaluate the effect of CFRP material variables., (fibre orientation, fibre
architecture, layup configuration, matrix mechanical properties, nanoparticle type
and volume, composite mechanical properties) on machinalmtyormance in a
series of consecutive studies:

1 Effect of nanoparticles in orthogonal machining of toughened epoxy
polymers by considering cutting forces, chip formation process, fracture
mechanism;

1 Effect of nanoparticlenodified epoxy matrix on chip foration process,
cutting forces and subsurface damage in CFRP samples having a UD and
woven fibre architecture;

1 A study of effect oparticulatemodified epoxymatrix in edge trimming of
CFRPs.

1.2 Novelty statement
The novelty of this project consisté understandingthe effect ofsilica nanoparticles and
rubber microparticleson machining mechanias well as machining induced damage of
modified epoxy CFRP%he analysis of material removal mechanism of particulate
modified CFRPs at a micro scale level imirove the fundamental knowledge of chip
formation and machining induced damageCFRPs. This will ultimately result in a better
understanding of industrial level CFRP machining operations leading towards déemge
machining of higkvalue partsin orde to fulfil the novelty statement aligned with aim and

objectives of this research project, the following actiovexe planned:
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1 In order to investigate the fundamentals of cutting, an experimentaluget
orthogonal cutting rig will be designed and manufaetd, which will allow irsitu
observations of the cutting mechanism and chip formation process at a 1sozie
level.

1 Assess and provide a statistical correlation of the effect of matrix variables on chip
formation process in machining of CFRPs;

1 Identify and correlate machining induce damage with chip formation process by
consideringCFRP material and machining variables;

1 The creation of a link between fundamentals of orthogonal cutting and edge
trimming in terms of material removal mechanism, machininduced damage,
cutting forces and surface integrity. SEM observations of machined surface in
orthogonal cutting vs edge trimming trials will be compared to assefises
outcome of particulate reinforcements in both cutting conditions. Cutting force
trendsfor one tool rotation in edge trimming trials will be correlated with cutting
force behaviour identified in orthogonal cutting trials. Material removal
mechanism detailed in orthogonal cutting trials will be uskdracterize machining
induced damage andusface integrity ofCFRP samples machinecdge trimming

trials.

1.3 Thesis outline

This thesis contains eight chapters including:

1 Chapter 1. Introductio This chapter states the aim and objectives of the research
highlighting the knowledge gap imachining of modified epoxy CFRPs and the
actions which are planned to fulfil the stated novelty statement.

1 Chapter 2. Literature reviegThis chapter contains an introduction into composite
materials focusing on manufacturing and machining of CFRi&smportance of
the matrix properties is analysed along with methods of improving mechanical
properties of the composite by enhancing the properties of the matrix system. The
relation between machining and mechanical properties of the composite material

is dscussed to put the research into conteXthe history and fundamentals of
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machining of CFRPs is presented and current state of the art is acknowledged.
Finally, the main research question is formulated.

Chapter 3. Project MethodologyThe methods used to amufacture, characterise

and test the CFRP samples used in machinialg#iie presented in Chapter. Ihe
carbon fibres, epoxy resin and particulate reinforcement used to manufacture
CFRP panels are introduced. The development ah-aitu orthogonal cutting rig
coupled with a Digital Image Correlation (DIC) systamd desdption of the
machine, cutting tools, and jig design used in an edge trimming machining trial are
presented. The poghachining analysis techniques used to characterise machining
induced damage are detailed.

Chapter 4Characterisatiomf mechanical proertiesof polymer and CFRP samples

¢ This chapter presents the results of the characterisation and mechanical tests
done in order to ensure that samples provide consistedye effect of partile
reinforcementson mechanical properties of CFRP samples #ad individual
toughening mechanism were analysed and discussed.

Chapter 5Cutting mechanicsf particulatemodified epoxymatricesg This chapter
presents the results and discussion of the orthogonal cutting trial waialyses

the effect ofparticle reinforcementson machinability of epoxy modified samples.
The measured cutting forces are correlated with machined surface features
material removal mechanismand DIC strain evolution mapg&inally,a link is
establishedetweenthe particulate reinforcenent failure mechanism anithe chip
formation process.

Chapter 6. Cutting mechanicef modified epoxyCFRPg This chapter provides a
study into machining of epoxy modified CFRP samples under orthogonal cutting
conditions. The effects gdarticle reinforcenentson the recorded cutting forces,
chip formationprocessand machining induced damage of the epoxy modified CFRP
samples are analyseBEMand microg¢ CT analysis are used to provide qualitatively
and quantitively results on the extent of subsurface @daya.Finally, a correlation

is establishedbetweenthe reinforcement type andits concentration andhe chip

formation process, surface metrics and machining induced damage.
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1 Chapter 7.Cutting mechanics in an industrial level machining operatonhis
chapter provides the results of a DoE and ANOVA methods empinyededge
trimming study providing a statistical correlation between particle concentrations
of the samples, machining vables, cutting forces and surface metrics.

1 Chapter 8Conclusions & future work This chapter presents the conclusions from
the experiments presented in this thesis. Future work recommendations are done

based on the findings of this thesis.
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2 LITERATURE REVIEW

This chapter contains an introduction into composite materials focusingC6RRs
manufacturing methods and machining of composites. The importance of the matrix
properties is analysed along with methods of improving mechanical properties of the
composite by enhancing the properties of the matrix system. The relation between
machiningand mechanical properties of the composite material is discussed to put the
research into context. Finally, the main research question is formulated along with a
comprehensive set dtey process variabldsst for composite manufacture, testing and

machinng.

2.1 Composite materials

A composite material is made from two or more physically distinct and mechanically
separable constituentnaterial§24]. The combination of the phases results into a material
with characteristics superior from the individual components. Historically, composite
materials existed on Earth in a natural foqmwood and bonesHowever, wer the last

forty years, plastics and ceramibased composite materialsave been the dominant
emerging material25]. Composite materials have several advantages when compared to
traditional engineering materials including taés and alloys. This includes good
mechanical properties (tensile strength, flexural modulus and temperature resistance) and
a high strength to weight ratif?6]. As it is shown ifrigurel, composite materials have a

high modulus and relatively low density when compared to metals and alloyshwhic
represents a good choice for a wide range of applications and industries such as machine
tools, sports goods, automotive industry, wind power energy and biomedical products
[26]¢[28]. Due tothese advantages, the annual production of composite materials is
increasing year by year (15%) due to the developments in the manufacturing process and
the low cost of productiof26]. However they have several disadvantages compared to
traditional materials including costs, highly specialised manufacturing procedures

required, brittleness and low fracture toughness.

Composits can be categorized in many ways based on their phase and reinforcement

type, individual phase distribution, orientation or form, fabrication process or phase
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properties.Figure2 shows a classification based on the matrix types, which can be metal,
ceramic or polymer, and the continuous fibre materials which could be carbon, glass,
aramid, or natural fibresThefocus of this thesis is on Carbon Fibre Reinforced Polymers

that is discussed in Secti@n2.
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Figure2 - Composite classification based on the matrix and reinforcement (continuous fif22] [30], [31]

2.2 Carbon Fibre Reinforced Polymers (CFRPS)

In a CFRP composite, where the matrix is made out of a polgngeepoxy, polyester, or
nylon, carbon fibres act as reinforcement element bearing the tensile loads, while the
matrix transfers the load between the fibres and protects the reinforcementnfr
mechanical damage and outside chemical attf2f]. The contact region between the
fibre and matrix is called the interfacEigure3 shows a typical fibre reinforced composite
material at which the combination between the two phases results into a laniihe.
fibres are generally organised iheets of parallel fibres put side by side or weaved in
fabric, known as a pland final laminate or bulk materials are obtained by stacking
unidirectional (UD) plies together, often with different angle of fibres and connected with
the matrix as it showmiFigure X b. Laminates with UD plies stacked in only one direction
are often used to achieve maximum mechanical performance in the direction the CFRP

component is loaded.

31



a)

3
OO
i TS
-45°
/ 3 = 45 \ T
-45°
1 2 v
00
FIBRE: MATRIX: LAMINA: v

Figure3 ¢ a) Example ofibre reinforced composite marial [5] b) Example of UD Laminate where plies are stacked

over each other in different directions

CFRPs dominate the aerospace industry due to the high strength, stiffness and low

weighf32].Figure4 illustrates the percentage of fibneinforced polymers (FRPs) used in

FANONI Fda& LINRPRdzOSR o6& fSIFRAY3 g2NIR YIydzFtI O

had only 27% of FRPs, whitirrentlythe percentage increased to 50%. This increase in
usage and demand happened due to a seaés$actors including FRPs mechanical and
structural properties, relative low cost of production, high strength to weight ratio,
corrosion and electrical properties of FRPs. Overall, polymer matrices are the most used in
composite industry due to the wideange of properties that result from different

molecular configurations that they can achiq22].
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2.2.1 Carborfibres
Carbon fibres are almost universally manufactured from PAN (polyacrylon@2e)with

limited manufacture through synthetic method83]. Carbon fibres arehosen as a
reinforcement based on individual properties such as tensile strength and modulus,
thermal and electrical properties, fatigue strength, density, volume and Gedtlel lists

a classification based on mechanical properties of the fibres. The variation of strength and
stiffness is obtained by changing variables in the carbon fibre manufacturing pi@egss

as illustrated schematically Figureb. In the stallization stage the fibres are chemically
altered at 200- 300°C to improve atomic structure. In carbonization the fibres are inserted
into a furnace at 1000- 2000 C where the norcarbon atoms are lost, therefore the
remaining structure has strong bonded carbon atoms. Carbon fibres can be graphitized at
an even higher temperature, 200Q 300C° C to achieve higher carbon content, therefore
higher mechanical perforance in the fibre directiofi34]. HM and UHM fibres require
higher emperature and longer dwell times in the furnace, which results in a higher cost.
The next steps, surface treatment and sizing are critical to fibre performance as adhesion
between fibre and matrix is crucial in carbon fibre reinforced composites. Ustiailys

are coated with a thin layer of material which increase the surface area available for
bonding of matrix and fabric. Each fibre manufacturer has its own unigue material sizing
formulation and it can include plasticizers, astatic agents, antifoms or rheology
modifiers [35]. Fibres are then groupeihto towns or yarns consisting of 2 to 12,0000
individual fibreq22].

Tablel - Classification of carbon fibres based on tensile proper{22], [36]

Properties Fibre type
General | HS(High | SHS (Supe IM HM UHM
purpose | Strength High (Intermedia| (High (Ultra
grade type) Strength & | te Modulus)| Modulus High
High strain ) Modulus)
type)
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Tensile 500-1200 | 2400-4500| 5000- 6000 | 3000-5500| 2000- 2000-

Strength 2500 2500

(MPa)

Tensile 50-100 | 200-250 | 200-250 | 265-320 320- > 440
modulus 440

(GPa)

Strain to| 0.5-2 1-2 > 2 1-2 0.5-1 <0.5

failure (%)

Stabilization Carbonization (Graphitization) Carbon
QO

(Oxidization) Surface treatment fiber
(in N2) Sizing

(in Air) ( 1 O/O@
(200~300°C) (1000~~2000°C) (2000~3000°C) U\O@

Figure5 ¢ Heat-treatment process for PAN carbon fibre producti¢edapted from[34])

In a CFRP laminate with continuous fibre reinforcement, each ply of carbon fibre tows can
have a different arrangement; it may include unidirectional tows, woven orwowven
fabrics (bidimensional or bdirectional) and multidimensional fabriegth fibres oriented

along several directions. A fabric is defined as an assembly of continuous fibres which
produces a sheet of one or more layers of fibf83]. Figure6 shows various fibre
architectureoptions available on the market. A suitable fibre architecture is chosen at the
design stage based on the load that CFRP component is subjected to, i.e., if the component
has to resist to torsion loads, a 2D fabric is recommended, while in the case of one
directional load, the user should choose UD plies. In UD fatirecgbres are held together
using an adhesive strip or fine weft or in the case of 0/f@brics, 0 and 90 fibres can be
stitched on the same ply. Woven fabrics are the most used daewme range of pattern
which can be create using warp’(@p and down orientation) and weft (9deft and right
orientation) fibre tows. In a plain wave, the tows are following an over/ under pattern

giving the fabric stability as fibres are maintamitme orientation and weave angle. Plain
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weaves are mostly used in flat sheets and geometries which are simple and do not have
complex contours. Twill weave is the most recognized carbon fibre fabric. Either in a 2x2
or 4x4 pattern, it can be used in coraglgeometries and at the same time the stability of
the fabric is maintained37]. Satin weaves are fundamentally twill weaves modified to
produce fewer intersections of warp and weft, while basked weave is the same as plain
weave except that two or more warp fibres alternately interlace vitlo or more weft
fibres[37]. Fabris in leno weave are normally used in conjunction with other weave styles

due to their gaps between fibres, which cannot produce a viable composite material.

Fabric types as reinforcement in CFRP J

l ‘. ‘ ‘ l

Unidirectional 3D fabric ) . . .
o (non-crimp) J Knitted fabric J Braided fabric J

Unidirectional
construction

‘ 0/ 90° fabrics ’ ‘

Woven fabric J

Figure6 ¢ Fabric types as reinforcement in CFRP (adapted f{8¥) and [38])

2.2.2 Matrix system
The principal functions of a matrix are to keep the fibres in place in the structure, help to

transfer the load between fibres and to protect the filaments from external environment
and handlind39]. Polymer matrices are the most used one in composite industry due to
the wide range of properties that result from thdfferent molecular configuration that
they can achiev§2?2]. Figure7 shows a classification of existent polymer matricehile

their mechanical properties are shownTiable2.

Thermosets consists of long hydrocarbon molecules with primary bonds holding the atoms
in the molecule togethef22]. Thermosets undergo chemical reactions with a hardener

that crosslink the atomic polymer chains and thus connect the entire matrix together in a
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three-dimensional network. This process is called curing. Thermdsetsto have high
dimensional stability, higtemperature resistance, and good resistance to solvents,
because of their threglimensionalcrosslinked structure[40]. Unlike the curing process

of thermosetting resins, the processing of thermoplastics is reversible, and, by simply
reheating to the process temperature, the resin can be formed into another shape if
desired[26]. Thermoplastics can be melted, while thermosets when heated enough start
disintegrating and they may ignite. The curing process for thernsoastially takes a
couple of hours at an increased temperature, while for thermoplastics the curing can finish

in couple of seconds.

Polymer matrices J

|
{ Y

Thermoplastic J Thermoset J

v !

[ Polyether ether ketone ] [ Polyesters ]
[ Polyphenylene sulphide ] [ Vinylesters ]
[ Polyesters ] [ Epoxies ]
[ Polyamide-imide ] [ Polyamides ]
[ Polyetherimide ] [ Phenolic ]

Figure7 ¢ Types of polymer matriceq40]

Table2 - Mechanical properties of polymer matrimaterials at room temperaturg22]

Density , 2dzy 3 Qa| Tensile Strain to failure
(mg/md) modulus (GPa)| strength (MPa)| (%)
Thermoplastic
Polyether ether 1.26¢1.32 | 3.2 93 50
ketone
Polyphenylene | 1.36 3.3 84 4.0
sulphide
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Polyetherimide | 1.27 3.0 105 60
Polyamideimide | 1.4 3.7¢4.8 93¢ 147 12.17
Thermosets

Polyesters 1.10¢1.23 |3.1¢4.6 50¢ 75 1.0¢6.5
Vinylesters 1.12¢1.13 |3.1¢3.3 70-81 3.0¢ 8.0
Epoxies 1.10¢1.20 |2.6¢3.8 50¢ 75 1.5¢8.0
Phenolics 1.00¢1.25 |3.0¢4.0 60¢ 80 1.8

Epoxy thermoset resins are important industrial polymarsl first used in aerospace
industry in secondary aircraft structures, butrrentlyare used in primary structures, such

as wings and fuselagegll]. Theseprovide an attractive combination of hdhng
characteristics, processing, flexibility, composite mechanical properties, ease of
manufacture, acceptable cd89]. As shown ifrigure8, there is a large number of epoxy
combinations, which include different curing agenti#iers, diluents, accelerators and
fillers for an epoxy resin. The user will mainly choose the right epoxy matrix system based
on desired composite properties and manufacturing methdthe glass transition
temperature, T, is generally defined as the tgrarature at which a material alters state
going from rigid to a more flexible, rubber compound amdepoxy cured with an aliphatic
amine tend to have a lowgTand it cannot be used in a high temperature environment,
while an aromatic amine require elated curing temperatures which produce a high T
which is suitable for composites used in high temperature environrfdjt Acceleréors

are mostly used to speed up the curing reaction. In some cases, some hardeihans
percent per weight are used as accelerators to speed up the curing reaction. On the other
hand, to control the viscosity of the polymer, diluents are added to thdure that have

an important role where the manufacturing method is based on impregnation of fibres
with resin.Fillers also known as patrticle reinforcemerdse usually combined with the
epoxy matrix to improve the properties of composite system. Paetelfillers are further

detailed insection2.2.3
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The work in this thesis focuses on epoxy resins used frequently in aerospace composites
coupled with a cycloalipgtic polyamine hardener. This system of epgXyardener was
chosen to comply with CFRP manufacture requirements, which involves impregnation of

carbon fibres with different fibre architectures.

[ Epoxy matrix variables ]

l

[ Hardeners ] l Accelerators ] I Diluents l Fillers ]
bisphenol A (DGEBA)
Non-reactive
Diglycidyl ether of
bisphenol F (DGEBF) Alyphatic | Anhydrides
lyp
[ DGEB A/F ] [ Cycloalyphatic ] ~—>[ Catalysts ]
[Tnglycidy\ p-ammnphsno\J [ Aromatics ] _..[ Polyamides ]
N, N, N N - Tetrglycidyl [ Dicyandiamide ] —-—[Carboxylu: acid pnlyester]
methylenedianili

Polyglycidyl ether of
o-cresol formaldehyde
Novolac

Polyglycidyl ether of o
phenol-formaldehyde
Novolac

Figure8 ¢ Epoxy matrixvariables[14], [42]

2.2.3 Patrticulateiflers
There is a wide range of fillgrwhich can be used to modify the properties and

characteristics D epoxies.Figure9 shows the main filler variables and typical epoxy
properties which can be modified. As would be expected, incorporation of filler, invariably
produaes a substantial increase in mechanical and physical properties, the magnifude
which being dependent orthe filler type andits characteristic§14]. Other benefits may
include greater thermal conductivity given by mineral fillers, reduction of shrinkage during
curing of thermoset polymers which redes the warpage or cracking of the moulded
parts, increased electrical conductivity for electronic and electrical applicatigts[43]
However, addig filler has several disadvantages including increased weight and viscosity
which is likely to influence the processing behaviour of the epoxy system. Another major
disadvantage is that incorporation of fillers create machining difficulties as the comditi

of material is changinfd4]. This aspect iurther elaborated in sectio2.4.5
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[ Filler variables

|
{ { y

Filler type [ Filler characteristics Epoxy property modification

[ Mineral ] [ Size ] [Mechanical properties] [ Dimensional stability ]

[ Natural ] [ Distribution ] [ Abrasion resistance ] [ Electrical properties ]

[ Syntethic ] [ Concentration ] [ Flame retardation ] [ Density reduction ]

[ Organic ] [ Volume fraction ] [ Viscosity reduction ] [ Toughness ]

[ Inorganic ] [ Surface chemistry ] [ Shrinkage ] [ Lubricity ]
[ Density ] [ Chemical resistance ] [ Friction properties ]
Particulate mechanical Impact resistance/ Thermal conductivity/

properties strenght resistance

Figure9 ¢ Filler variableq43]

Thermoset epoxy polymers are rigid and brittle due to their high degree of crossl[aking
This brittleness and lack of crack growth resistance limit their structagglicationas
engineering materials. Thereforeyughening of epoxies has become a necessity to ensure
the feasibility of these materials for practical applicatig8s Toughening refers to the
improvement of fracture resistance of a materidahe addition of a second phase, either
rigid or soft, can be a solutioto improve the resistance of the pgher matrix against
crack initiation and subsequently increasing tiacture toughness of brittle epoxies
Fracture toughness measured in either the enerdnased terms of G, the energglease

rate (the sum of the energy release as new surfaces armddr and by plasticity
processes) at which fracture occurs, or as a stress intensity facfkop#ssible change in

the values of either of these parameters is related to the application of particulate fillers.

Rubber particles are the most commonly usead generally effective, modifiers for
toughening epoxy polymergt]. Even though there is an incs&ain toughness, rubber
particles can lower the strength and modulus of the epoxy. On the other hand, the rubber
particles can increase the viscosity of the polymer during manufacture, which is a

disadvantage in composite manufacturing procgg. In the past 20 years, commercial
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grade surfacanodified silica nanoparticles were introduced in the market and proved to
improve properties such as temsi strength & modulus, flexural stiffness, scratch
resistance and toughneg41]. Due to their small size, usually 20nm in diameter, silica
particles increase the resin viscosity only slightly and can pendbettgeenfibres easily

during composite manufacturing procedd].

2.2.4 Rubber and silica toughening mechanism
Figurel0shows the toughening mechanism due to the presence of both rubber and silica

fillers in a polymer matrix. B mechanisms that could occur due to the presence of a
secondary phase in the matrix include shear band formation near particles, fracture of the
particles, debonding and tearing of particles, crack deflection, crazing, developing of a
plastic zone at cee tip, crack pinning or shear yielding of the particles. These failure
modes may occur individually or simultaneously in a toughened polymer depending on the
loading and particle type. Each mechanism contributes to the energy absorption and have

an impacton the crack growth resistance.

Material removal mechanism in machining of composite materials is a series of
intermittent fractures occurring in front of the cutting to¢22], therefore toughening
mechanism of particulate reinforcements of modified epoxy CFPRs could modify chip
formation process. This could result in a reduction in maokinnduced damage, which

needs further investigation.
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Figure10¢ Crack toughening mechanism in rubber/hard particle modified polymers: (1) Shear band formation near
rubber particles; (2) Fracture of rubber particles after cavitation; (3) Stretching; (4) Debonding and (5) Tearing of
rubber particles; (6) Transparticlgacture; (7) Debonding of hard particles; (8) Crack deflection by hard particles; (9)
Voided/ cavitated rubber particles; (10) Crazing; (11) Plastic zone at craze tip; (12) Diffuse shear yielding; (13) Shear
band/ craze interaction; (14) Crack pinningdapted from [45], [46])

The toughening mechanism of rubber particles in epoxy thermoset polymseansll
analysed in the literaturg?], [3], [44], [47§[49]. Yee and Pearsda8] and Kinloch et al.
[49] reportedthat crack growth resistance in the rubberodified epoxyis due tothe large
energydissipating deformation occurring in the vicinity of the créigk [45]. This
toughening mechanism is backeg by micrographic evidence and sevemabdelling
studies which supports the theorg], [47], [50], [51] The deformation processf a
polymer toughened by addition of rubber microparticlesnsists of (a) plastic shear
banding in the epoxy polymeFigurel0¢ (1)) and (b) particle cavitation arsdibsequent
plastic void growth of the epoxy polymd¥igurel0c¢ (9))[4], [48], [49] Plastic void growth

of the epoxy matrix occurs after particle cavitated and represent the mairrggne
dissipation method7]. Figurell shows an example of fractured surface containing voids
in the observed surface generated due to rubber cavitation mechanismmevolution of
crack growth andracture process ahead of the crack tip is showfRigurel2 where the
cavitation of rubber particles results in voids initiation that leads to the shear bands

formation ahead of the crack tiplhe stress concentratiozones around the particles
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initiate shear sites for plastic shear deformation to occur. This zone blunts thetbetck
results in plastic deformation in the material below and above the surface of the.crack
The creation of this plastic zone through ahegielding is considered the major source of
energy dissipatiofd5], [51] The crack propagates further through the terdal when the

link between the voids can no longer support the applied stress. There is a general
agreement that the cavitation itself has negligible contribution to fracture energy,

however, rubber cavitation is a prerequisite to plastic deformatiothefmatrix[3].
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Figurell ¢ SEM image of the fracture surface of an epoxy polymer with 5.5% rubber micropatrticles
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Figure12 ¢ A schematic representation of the deformation processes ahead of the crack tip in a rubelified

epoxy polymer (adaptedrbm [48])
With respect to harder particles such as silica hanopatrticles, it is reportedhihatotable
difference is that silica particles debond at the silica/ epoxy interface, while rubber
particles undergo internal edtation [4]¢[6], [8], [L1] The toughening mechanism of silica
nanoparticles consists of (a) localized plasihearband yielding initiated by the stress
concentration acting around the periphery of the silicanoparticlesand (b) the
debonding of silica particles from the epoxy polymer and subsequent plastic void growth.
High-magnification fractography of silica modified epoxy are showRigurel3, where
not all silica particles debond and initiate void growth in the epoxy m&tixThis led to

the conclusion that if only a fraction of particlase involved in the void initiatigrthen
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the predicted fracture toughness will be lower than if @lrticles will debond. Thus, the
improvement of the epoxy resin may not be fully translated into the composite system

[11]. This is further discussed in tfalowingsection.

Figurel3¢ SEM of the fracture surface of epoxy polymer containing 9.6 vol % silica nanopartidés(with

nanoparticles are circled in white)
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2.2.5 The effect of particle modified epoxy on fracture performance of

composites
It is reported that properties of modified epoxies do not always transfer well into

composites[11][52]. However, mode and mode Il fracture energy of modified epoxy
composites have been found to increase compared to conventional epoxy syi&8ns
Kim et al.[54] compiled data from a variety of researchers to show thensition from
toughened epoxies and carbon fibre composites. The values presenfaglirel4 are for
mode | steadystate crack growth than for crack initiation. Itneted that as the resin
toughness, @", increases over 0.5 kJfnthe incremental increase in the composite
fracture toughness, (&, is much smaller than the resindG and there may be little gain

to the composite toughness forid8 value above XJ/n?.

Sprenger[55] compiled available data in the literature for toughened epoxy resimd
showed,Figurel5, that Gcof laminates increases by improvemenftGeof the bulk resin

when a modified epoxy resin was used. The nature of the epoxy resin, hardener and fibre
reinforcement was not considered, which might affect the toughening mechanism of the
particulate fillers, hence the measured fracture toughness values. The fitted line does not
go through origin, meaning that a minimal improvement af & the composite exists. It

is noted that a 100% improvement of resir,@esults in a 18% increase foetbomposite
laminate[55]. Several studieR], [4], [8], [56L[58] reported an increase afesin Gc90-

1100 % when silica or rubber fillers were used in different concentrations in an epoxy resin,

which further led to a 250% improvement of the ;©of the composge.
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Figurel5 ¢ Relative improvemats of Gcof bulk resins versus laminates; data from various studjgs]
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2.3 Manufacturing methods of Carbon Fibre Reinforced

Polymers

Figurel6shows the main CFRP manufacturing methods available in industry. The final goal
of a manufacturing method is to produce a good quality fibre reinforced panel with a void
free continuous phase ensuring the resin is evenly distributed and fully curedr eiie
defines an ideatomposite manufacturing process as having high productivity, minimum
material cost, maximum geometrical flexibility, and minimum finishing requiremené

use of preimpregnated resin (prepreg) plies a widely available manufacturing method
These consis of plies of material which have been impregnated with resin and then
stored in a frozen environment to delay the curing process. The plies are then stacked into
a laminate and cured at either room temperature (RT) or oven or in an autoclave under
both heat and pressure. The consistency of the resin which is impregnated into the plies
and the ease of use of this manufacturing process can be an advantage. On the other hand,

the main disadvantage is that the information on the constituent phases is limited

Another basic composite manufacturing method is the wetdpymethodin whichdry
fabrics are laid out and are then wetted either by brushing or spraying. The laminate
quality are dependent on the skills of the laminators and parts usually have a high

percentage of voids with neaniform fibre-resin distribution[62].

Infusion processes, such as Resin Transfeulding (RTM) or Vacuum Assisted Resin
Transfer Moulding (VARTM) overcome the disadvantages of weiplaethod and high
fibre volume laminates with a low void content can be obtairjéd]. Moreover, the
laminate thickness can be controlled along with the properties of the polymer matrix and
fibres. For the purpose of this work where the matrix and filler concentration need to be
controlled, RTM and VARTM were selectegptoduce CFRP samples.
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CFRP laminates manufacturing methods ’

|
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Prepeg Hand lay-up ] [ &:jz]irgigﬁa’) ] [Automatedtape Iaying] [ Tube rolling ] [ Filament winding ] [ Pultrusion ]

Spray lay-u Resin Injection Automated fibre
prey fayup Moulding (RIM) placement

Wet lay-u Vacuum Assisted
P Transfer Moulding

(VARTM)

Resin Film Infusion

Figure16 ¢ CFRP laminates manufacturing methof3], [61], [62], [64]

2.3.1 Resin Transfer Moulding (RTM)
RTM is an emerging process for cost effective manufactwir@FRPES5]. The process

involves the injection of resin into the reinforcement whiis enclosed into a sealed
mould. The resin flows through the fibres arranged in the sealed mould and polymerizes.
The resulted composite panel is cured to complete the crosslinking between the resin and
the matrix. A schematic of the process is showedrigurel7. The advantage of the
process is that it can be used with different types of fabrics and resins and the strength
and stiffness of the component can be cmited by resin injection parameterslowever,

high pressurésrequired to inject the resin through the dry fabric. In this case, usually steel
mould tools are used to prevent any kind of deformation of the injected fabric and support

mould.

Resin out — to Resin in under pressure

vacuum pump via

Mould seal
catch pot ,

Dry (or lightly bound) fibre preform

Figurel? - Resin Transfer Moulding (RTM) schemdtd]
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2.3.2 Vacuum Assisted Resin Transfer Moulding (VARTM)
VARTM differs from RTM in the pressure conditions under which the resin is injected into

the dry fibre. In VARTM, the pressure is applied by the atmosphere against an evacuated
system[62]. A typical VARTM seip is shown irFigue 18. The process draws resin into

dry reinforement on a vacuum bag tool. A spiral tubing and distribution medium is used
on top of the fabric to ensure the full distribution and penetration of the resin. A hot plate

is used to decrease the viscosity of the remma achievea smooth flow of the resias the
viscosity drops by increased temperature. Although the fgghlity surface finish is
obtained on only one side of the composites manufactured by VARTM, it is significantly
cost effective compared with the RTM method where custom made moulds a@ us
VARTM is used to manufactured large parts, while RTM is limited to-smdilm size

parts[62].

Distribution Media Spiral Tubing

Tool Plate

Preform Release Cloth

Vacuum Tubing

Thermocouple Inlet Tubing

Figure 18- lllustration of a typical VARTM seip [66]

2.4 Machining and chip formation process in composites
Machining is an important manufacturing process and the growth of the manufact
based economies of the world can be traced largely to the development of various
machining operation§7]. Machining is mainly used in metal products, but it is also used
for wood, plastics, ceramics and compesi67]. The predominant cutting action in
machining metals involves shear deformation of the work material to form a ahap

generate a new surfacéHowever, machining of composites differs significantly in many
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aspecs from machining of conventional metals and their all®3. Due to the anisotropic

and inhomogeneos state of CFRPs given by a matrix and a reinforcement with different
orientations relative to the cutting edge, traditional metal machining techniques cannot
be transferred directly to composite machining. Incorrect application of machining
operations led to creation of machining induced damage, including delamination,
intralaminar cracking, matrix shearing and burns, fibre pullouts which affect the structural
integrity of the machined parf22]. Due to these complexities associated with machining

of composites, there is a need to understand the effect of individual constituents in the
material on the machining and subsequent machining induced damage. Thus, for any
newly developed material, thorough understanding of the chip formatioprocessand

material removamechanisnis required.

2.4.1 Machinability of composite materials
Machinability is not a single measurable characteristic, but it is generally defined as the

ease with which the material is miaioed [69]. The assessment of machinability of a
material involvesa series of factors including cutting tool performance, machining
parameters, cutting forces and temperature, surface integrity assessment and chip
formation analysig70]. Figurel9 shows the main factors affecting machinability of CFRP
in conventional machining operations with definedge geometry. These machining
processes are complex having multiple cutting edges engaged with the material at the
same time Typical conventionalompositemachining processes include milling, drilling,
turning, while ABWJ is a popular naonventional mahining choice. However, slot milling

or edge trimming are most frequently used in machining of composites to the existing

knowledge from metal or wood machining indusfad].
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Figurel9 ¢ Factors affecting machinability of FRP composites (adapted fi@81, [42], [70)

2.4.2 Orthogonal cutting
Orthogonal machining is represented by a tdionensional cutting problem where the

tool edge is perpendicular to the direction of the cut. A schematic of the process is shown
in Figure20. A shear plane AB is formed in front of the cutting tool when the tool is pushed
into the material. This shear zone ahead of the cutting tool is mainly responsible for
generation of the chip. In case of ductile materials, such as aluminium or mild tsieel,
material undergoes plastic shear deformation which pushes the chip upward on the rake
face of the tool. For brittle materials, such as most thermoset polymers, chips are formed
by brittle fracture due to initiation and propagation in the shear zoneaahef the cutting

tool [22].
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Figure20 ¢ Schematic represeation of orthogonal cutting (adapted from([72])

2.4.2.1 Material removal mechanism during avtional cutting of FRPs
Koplev et al[73] were thefirst to study the chip formation process in orthogonal cutting

tests of UD laminates and concluded that the tool does not actually cut into the specimen,
but a pressure is applied into the fibres which results in fibre breakage. This further leads
to the chip formation which is dependent on the fibre orientation. The effects of tool
geometry and operating conditions have been investigated by Wang d74il.who
reported that the chip formatiomprocessvaries with fibre orientation and to some extent
with tool parametersFigure21 shows a schematic of material removal manfsm, which

is dependent on cutting speed, tool parameters and change of matrix and fibre properties.
In a Type | chip formatiorrigure21 ¢ a, O° fibre orientation), a crack is formed in front of

the tool which propagates along the fibreatrix interface. The peeled layer advances on
top of the rake face causing a bending in the fibres followed by their fracture forming small
chips and the procesepeat itself again. Type Figure21 ¢ b, O° fibre orientation), also
called fibre buckling, occurs due to the compressive loading along the direction of the
fibreswhere a tool with negative rake angle is used. The advancement of the tool causes
sliding or in plane shearing and fracture of the fionatrix interface[22]. Type Il chip
formation Figure21¢ c and d, positive and negative raking andl® fibre oriertation) is

governed by implane shear proprieties of the UD composite material. The chip type is
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continuous; the fracture is formed by the smooth flow of the chip up the tool face. In Type
IV Figure2l ¢ e, 90 fibre orientation) the chip formed is discontinuousie fracture is
almost perpendicular to the fibre length. Relief angle had a more significant importance
on the 90° fibre orientation than in 0°, due to thedarspringback of fibres on the flank
face of the cutting toolThis phenomenon happens due to the elastic bending of fibres
when a part of the material in the cutting path is pushed down during the cutting but
sprang back partially after the tool passedawmthat is commonly used in machining of
FRPsType VKigure21¢ f, 135 fibre orientation) is governed by compressive stress which

causes the matrix and fibres to cka@nd a discontinuous chip is created.
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Figure21 ¢ Cutting mechanism in orthogonal machining of UD FRPs (adapted {221 [75)

The chip formation process during orthogonal cutting process of FRPs is influenced by the
following in descending order: fibre orientation, tool geometry and cutting parameters
[76]. In the analysisfahe machinability of UD CFRP laminates during orthogonal cutting
tests[77], it was found that the subsurface damage is related to the depth of cut, fibre
orientation and rake angle. An et §I8] reported that by increasing the cutting speed in

orthogonal cutting of CFRPS, the forces adluced as such a suitable high cutting speed
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with appropriate large cutting depth is helpful for stable machining of CFRP. Additionally,
the increasing of cutting speed was also found to reduce the fibre deformation and the

affected area before fibre fraate [79].

The presented studies along with their machining parameteeshaiefly listed inTable3

that shows chip formation process in machining of CFRP is influenced by fibre orientation,
tool geometry and cutting paramets. However, the individual effect of matrix and fibre
properties on the material removal mechanisnwas not taken into consideration.
Moreover, each study had a CFRP material with a different system of fibres and matrix
which gave different magnitudes elitting forces and machining induced damagee

tool type, geometry and conditions are chosen based on the orthogonal cutting literature

summarised irmable3.

Table3 ¢ Orthogonal cutting of CFRP studies containing tool geometry and cutting conditions

Author Year Tool type Tool geometry Cutting conditions
Koplev et al. 1983 HighSpeed Rake ° =0, 5, Cutting depth (mm):
[73] steel, Relief =5, 10, 15 0.05¢0.2
Cemented Cuttingfeed
Carbide (mm/min): 14- 48
Kaneeda and 1989 - Rake ° =10, 0, 10, 20 Cutting depth (mm):
Takahashi 30 0.03¢0.25
[80] Relief = 10 Cuttingfeed
(mm/min): 5¢ 21.5
Wang et al. 1995 PCD Rake ° =7, 17 Cutting depth (mm):
[75] Relief =0, 5, 10 0.127, 0.254, 0.381
Cuttingfeed
(m/min): 4,9, 14
Arola et al.| 1996 PCD Rake ° =7, 17 Cutting depth (mm):
[76] Relief°=0, 7 0.127, 0.254, 0.381

Edge radius (um): 1( Cuttingfeed
15,20, 25 (m/min): 4,9, 14
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Wang and 2003
Zhang[77]

Q An et al.| 2015
[78]

Agarwal etal.| 2015
[81]

Lietal.[82] @ 2017
Suetal[83] 2017
Su Y[84] 2019

Tungsten

carbide

CVvD C
diamond

coated carbide

PCD tool

Tungsten

carbide

Cemented

carbide

PCD

Rake ° =20, 0, 20, 40

Relief =7

Rake® = 25
Relief ° =15
Edge radius (m): 15

Rake ° =10
Relief ° =15
Edge radius (m): 20

Rake ° =15
Relief ° = 20
Edge radius (m): 5

Rake ° =25
Relief°=5
Edge radius (um): 5

Rake°=0
Relief°=5

Cutting depth (mm):

0.001¢ 0.25
Cuttingfeed

(m/min): 1

Cutting depth (mm):

0.005¢ 0.025
Cuttingfeed
(m/min): 100- 300

Cutting depth (mm):

0.1¢0.2
Cuttingfeed
(m/min): 0.3¢ 0.5

Cutting depth (mm):

0.1¢0.2
Cuttingfeed
(m/min): 0.5

Cutting depth (mm):

0.01¢0.05
Cuttingfeed
(m/min): 0.5
Cutting depth (um):
20¢ 100
Cuttingfeed
(m/min): 05-180

2.4.2.2 Influence of tool geometry in orthogonal cutting of UD CFRP
Arola and Ramuly75] determined different fracture modes for their CFRP studied

material

based on the applied tool

configuration.
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Figure22 where: Mode I delamination, Mode It fibre buckling, Mode Hffibre cutting
continuous chip, Mode MMibre cutting discontinuous chip, Mode & macro fracture
discontinuous chip. Cuttingarallel to the fibres with a high positive rake angle produces
chips by delamination and brittle fracture (peel fracture), while cutting with zero and
negative rake tools produces chips by buckling of fibres perpendicular to fibre orientation
by compressin. An et al[85] investigated the effects of tool parameter on cutting force
develgpment during orthogonal cutting of UD CFRPs. It was reported that rake angle
influenced the cutting forces for all fibre orientations by affecting the material removal
modes. Large angle was found to improve the chip separation, hence reducing the cutting
forces. Similar results were reported by Ahmg2], where an increase in the rake aegl

the cutting and thrust forces decrease with an improvement of the machined edge. On the
other hand, the relief angle had a more significant effect on cutting forces fibi@
orientation than 90 due to large springback on the flank face of cuttinglf85]. It is
reported that[77] the relief angle slightly affects the chip formation process. e\mv, a

large clearance angle improves machined surface quality as it avoids the sliding of the tool

with material during cutting.
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Figure22 ¢ Fracture mode in function of rake angle and fibre orientation in orthogonal cutting id FRPE2]
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2.4.2.3 Influence of tool material in machining of CFRP
Machining of CFRP is diffit due to the abrasive nature of the carbon fibres of the

component and the load which is generated by the fracture during the machining.
Depending on the application and composite material proprieties, the tool materials can
be divided in several categes as shown ifrigure23, where hardness is a measure of
abrasive wear resistance and toughness is a measure of fracture resistance of the tool
material. The resistarcof the cutting edge to abrasion wear is important as the loss of
acuity can cause significant damage in the composite ma{@el An ideal tool material

for machining of CFRPs will have a high hardness andnesglat the same time.

| A3K &aLISSR adasSSta ol {{0v KIS aitdkrNISR G2 oS
high toughness and a low hardness. As the fibres have an abrasive surface, these tools with
low hardness are normally unsuitable for CFRP machif@mgthe other hand, ceramic

tools have a lowoughness, and they suffer from failure by chipping when used in heavy
cuts or under interrupted loadsThe advantages of ceramic tooling in machinFigPs

could not be realized because of their tendency td i chipping and the inability to
produce them in sharp edg¢®2]. Therefore, the majority of CFRP machining is done with
carbides or Polycrystalline Diamond (PCD) tools. Furthermore, tool life is higher if the tool
is used in the right condition. Diamond can also be used as a coating for carbides but is
difficult to buld a sharp edge on the tool due to low adhesion properties of diamond.
Several studies were completed in the literatié8], [87], [88]recommended the use of
carbide or PCD tools. PCD tools are preferred for their better resistance to wear, while

carbide tools are chosen for their lower c§86] .
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Figure23- Tool material gaph [22]

2.4.3 Milling
Milling is defined as a conventional machining operation that usesgéacally defined

cutting edges which are engaged with the workpiece in order to mechanically remove the
material. The types of milling operations that are most common in machining of FRPs are
peripheral milling or edge trimming and end millif22]. In edge trimming the axial
engagement encompasses the entire thickness of the workpiecéde whend milling the

axial engagement may be less than the thickness of the machined part. These operations
are further classified into up milling (or conventional milling) and down (or climb milling)
as shown irFigure24. Up/ conventional milling is the process where the cutter rotation
opposes the feed direction of the material and results in high material removal rate. On
the other hand, down/ climb milling occurshere cutter and feed direction is the same

and results in better surface finishing. The cutting forces are high for down milling and

result in pushing the workpiece against the work holding surface.
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Up milling Down milling

Figure24 ¢ Example of up and down milling operation (adaptétbm [22])
2.4.3.1 Cuttingmechanics of CFRPs milling

The geometry and cutting mechanics of up and down milling have been thoroughly
investigatedn the literature[89], [90]. However, the chip formatioprocessand material
removal of CFRPs is different compared metals. The main difference is that when cutting
with a rotating tool in a millingperation, the fibre orientation anglée,, is not constant,

but is constantly changing with the cutting edge position relative to cutting axis as shown
in Figure25. This will result in cutting force fluctuations, interrupted chip size, which
continuously vary with tool edge rotation. To overcome these difficulties, orthogonal
cutting is used to gather information about mechanics of chip formation, chip type and
size, atting forces, friction conditions and cutting temperatur@?]. Orthogonal cutting

isdiscussed in depth in secti@4.2

In relation to multidirectional ply laminates, the overall cutting mechanism is identical to
the UD laminate, with a slight diffence in the 90 and 135° fibre orientation as the result

of the influence from adjacent plies as previously discussed by Amd Ramuld74].
Excessive oubf-plane damage in multidirectional occurs at 90° or greater in UD laminates,
while the damage in multidirectional laminates, at these angles, is limited due the support

of adjacent plies. The damage aspect is further detailest@tion2.4.4
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2.4.3.2 Milling tools geometry

Milling tool geometries can range from straigth one flute, upcut/ downcut helical tool to
more complex shapes involving multiple cutting edges such as burr or flutte figls€

26). Each individual geometrical feature has its own advantage and disadvtange. For
example, the straight flute has a versatile geometry provindg a clean cut and a good
surface finish, however, it has poor ability of chip dispesal tends to clog very shortly
after use[22]. Helical tools are used to reduce fatigue on the tool as force are transmitted
in the axial direction of the tool. The greater the helix angle of the tool (the angle between
the helix and axial line) the more force can be transmitted axially. More concplting

tools such as doubiepiral compression tool, burr or flutted are reported to reduce cutting
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forces and machining induced damage and are a preffered choise for CFRP edge trimming

operations[23], [92], [93]

|| A,

(@) (b) () (d) (e) (f)

Figure26 - Geonetry tools for milling composite materials (a) Straight flute (b) upcut helical tool (c) downcut helical

tool (d) double spiral compression tool (e) burr tool (f) flutted biadapted from[22])

2.4.4 Machining induced damage
Machining induced damage is an artefact of machining processes and deformation

conditions of the material. The severity 6fn composite machining could be linked to an
inappropriate selection of cutting parameters in relation to fibre orientation, fibre to
volume ratio and material properties. In CFRP materials, machining induced damage can
be categorized in mechanical, tmeal and chemical damag87]. Representative
mechanical damagfor CFRP include fibre pull otligure27 ¢ a), fibre breakageHigure
27¢b)and delaminationKigure27 ¢ d). Matrix smearingKigure27¢c) is a type of thermal
damage where the heat generated during the machining process exceeds the matrix
degradation temperature. Chemical damage typically occurs when water ingress into the

resin and damage the interface region between carbon fibreraattix.

The delamination defect is characterized by the separation of plies in the thickness of the
composite and by the formation of interlaminar cracks in the mat¢&d]. Delamination

was also split in three distinct phases as showirigure28 [22]. Type | occurs when
surface plies are delaminated from thesteof the laminate inwards from the trimmed

edge. This is typical for 490°fibre orientation. Type Il occurs when uncut fibres protrude
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from the trimmed edge. Type lll takes place when long fragments of fibres cracks parallel

to the machined edge. This typical for 0and 90 laminates.

The above observations were successfully completed in machining of UD laminates in
terms of machining induced damage type, machining operation and fibre orientation.

However, there is a significant gap in the knovgedregarding the effect of matrix

d) .

properties on machining induced damage.

Fiber pull out Fiber breakage Matrix smearing Delamination

Figure27 - Representation of machining induced damage in composite materja®y
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Type I/l Type Il

Figure28 ¢ Delamination types in machining of CFRRg]

2.4.5 The effect of CFRP material constituent phases properties on

machining performance
The thermoset matx of CFRP materials has a lower strength and stiffness compared to

the fibres, butits low thermal conductivity affects the heat builth zone in the cutting
process. Heating up the matrix over the glass transition temperatujenll result in the
thermal softening of the matrix makes it unable to support the adjacent fibres, which let
the creation of subsurface pits, cracks and fibre pull§®®], [94] The mechanical
properties of carbon fibres are stable up to 100(95], thereforethey are not affected
thermally by the interaction of cutting tool and material. To avoid machining induced
thermal damage such as matrix smiegr or burning, the machining process should take

place below the glass transition temperature of the matrix.

There are limited studiesoveringin-depth analysis ofthe effect of CFRP constituent

phases properties in relation to machining performance.ng/and Zhang77] used a
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MTM56 prepreg system cured under different conditions in order to alter the mechanical
properties of the resin. Tensile strength and modulus of the samples was changed by
altering the curing condition of the resin. Results proved that cure dedienot influence

the machined surface quality but contributed slightly to the change of the cutting forces.
Wang. et aJ96] studied the cutting mechanism of epoxies with different crosslink densities
to modify epoxies propertiesThe T, tensile modulus and strgith and toughness were
altered by the use of two different amideased hardeners. The crosslink density was
found to affect the chip formation behaviour as it controls the pgisid deformabilityand
material mechanical propertie®ased on the depth ofut and material crosslink density,
three types of chips were reported: (i) elastic brittle chips; (ii) elpdastic discontinuous
chips; and (iii) rigigblastic continuous chipsPerez et al[97] studied the infuence of
workpiece constituent®f different carbon fibre architecture and resin formulations with
different Tgon cutting forces developed in conventional drilling of CFRP composites. It was
reported that the matrix has a significant impact on the recaddaaximum thrust force,
whereas the type of carbon fibre fabric and cutting speed were found neglidibie.
authors explained the contribution of resin by the dominance of their thermomechanical
properties of the resin, which is higher for resins withhieig degrees of crosiénking

(improved elastic modulus and)T97].

Thakur and Singiil3] published a review on the influence gfarticulate fillers on
polymeric composites during conventional machining process including drilling, milling
and turning of composites with modified epoxy matrix uswarious fillers such as
graphene, nanoclay, mutialled carbon nanotubes (MWCNT), carbon nanotubes (CNT)
and nano Silicon Carbide (SiC) particles. It is reported that these types of fillers can be used
to optimise machinability in terms of cutting forcesyrface roughness and delamination
depending on filler type, mechanical properties and physical characterisfics
comprehensive list of the studies investigating the effect of fillers on the machinability
during a milling process is shownTiable4. Sharma et. §98] conducted an experimental
milling studyon MWCNT modified GFRP (Glass Fibre Reinforced Polymers). Experimental
results showed that the inclusion of MWCNT in GFRP lead to a better surface finish
compared to GFRP laminates. Arora €98] studied the effect of graphene platelet (GPL)

on the machinability of modified epoxy in a miaralling experiment. Cutting forces were
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observed to increase with GPL concentration, which was attributed to the wepment in
YSOKIFIYyAOIf LINPLISNIASA o60SyairtsS adNBy3IdkKzZ FN
content of the modified epoxy was found to a have a ssignificant effect on the surface

roughness measurementsSu et al[100]investigated the effect of graphene nano platelet

(GNP) on the machinability of GNP modified epoxy in a mmgHong process. It is reported

that GNP modified epoxy experienced different crack trends compared with the plain

epoxy, which is attributed to the change in fracture toughness properties due to addition

of GNP. The effect of graphene fillers on milling of epoxy based GFRPs/CFRPs was studied

in [101]¢[103]. Experimental resultshow a decrease in surface roughness in graphene

dominated materials, whilANOVAesults showed the graphene % had a significant effect.

Shyha et al[104]produced two different matrix nanocomposites, one made of graphene/
epoxy and the other made of nanoclay/ polyester, for curving out restotting to
investigate atting forces and surface roughness. The study reported that higher cutting
forces are required for materials reinforced with nanofillers. The nanoclay/ polyester
composite had an average surface roughness of 6.21 while the graphene/ epoxy
composite ha a surface roughness of 0.27Y While in the above mentioned studied the
machinability behaviour was changed by the addition of particulate fillers, the
complications which emerged in the material removal process were not discusked.
detailed explanabn of chip formation with the application of fillers on polymer composite
materials needs to be investigated at a mis@ale level. Moreover, the aboveentioned
studies mainly focused the machinability of particulate modified epoxy matrices during
milling processes, while machining studies involving CFPRs with different fibre architecture

and particulate modified matrices are limited.

Table4 ¢ Research studies covering milling of particulate modified epdsased compositegadapted from[13])

Author Fibre Filler type Matrix Machinability indicator

Sharma et. g98] | Glass MWCNT Epoxy Surface roughness

Arora el. a[99] - Graphene Epoxy Cutting forces, chif
morphology, tool wear
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Fu et al[100] - Graphene Epoxy Cutting forces, chif

morphology, tool wear
EtGhaoui et al| Glass Graphene Epoxy Cutting force &
[101] temperature, surfacs

roughness
Thakur et al[105] | - Graphene Epoxy Surface roughness
Thakur et al[102] | Glass Graphene Epoxy Surface roughness
Thakur et al[103] | Carbon | Graphene Epoxy Surface roughness
Shyha et al[104] | - Graphene Epoxy and Surface roughness arn

and nanoclay| polyester cutting force

In the abovementioned studies, the thermomechanical changes of the matrix where the
crosslink density, gTand the addition of fillers in polymericomposites influenced the
machining behaviourtdowever,the complications in material removal process occurring
during milling and turning, the detailed explanation of chip formation with the application

of fillers on polymer composite materials needs toilveestigated at a micrscale level.

2.4.6 Surface integrity characterisation
Leach106]defines surface as a feature which interacts with the environment in which the

component is housed or in which the device optes. Machining processes influence
surface integrity, which in turn may significantly affect the way the component functions
in service. It was previously shown that 90% of engineering components fail through a
surface initiated defecf107], [108] Therefore, the measurement of machined surfaces
quality is important for quality control and identification of potential machining induced
damage defects. In this respect, there are several methodgiémtify machining induced
damage at both surface and subsurface level.

2.4.6.1 Surface finish assessment

Machining processes generate a wide variety of surface textures, generally referred to as
surface finish109]. Figure29 shows the main components of surface texture whish
made from surface roughness, waviness, errors of form and flaws. Lay is used to designate
the direction of the predominant surface texture. Roughness refers to the finely spaced

surface irregularities and it is measured by the height of the irregidarnwvith respect to

66



an average lingL09]. Waviness is surface irregularity of greater spacing thaoughness.
Waviness it may be the result of warping, vibration, or the work being deflected during
machining. Cut off length refers to the sampling length used for the calculation of the
roughness height. As per ISO 42880], for composite machined surfaces, a cut off length

of 0.8 mm is used.

Waviness height

Profile

Waviness

g
% ~ Roughness profile

T (see below)

Roughness height

Figure29 ¢ Surface profile adapted fronfil09]

Surface roughness is evaluated by different roughness parameters such as arithmetic
average height (i and maximumpeak to valley distance of the profile ;{YROther
parameters are also used to represent a mored@pth image of the surface, including
Skewness g and Kurtosis (@. These are dimensionless unit parameters: Skewness is a
measure of symmetry of therpfile about the mean line, while Kurtosis measures the
sharpness of a profile. Hochefyl1] stated that in composite industry the most used
parameter is Ra. Teicher et fl12] reported that Ra, as an assessment parameter for a
machined fibre composite isoh perfectly suitable because surface defects due to
machining such as delamination and fibre pullout are displayed insufficiently. The usage of
2D (profile) roughness parameters will give an incomplete representation of the real
surface topography, therefe it is suggested the usage of areal (3D) parameters for a
better characterisation of the surface topograpf}06]. This is attributed to a better
repeatability and a more substantial surface being measuteds reported that $
(arithmetical mean height of the surface), the extension gfcBuld provide a better

representation of the surface roughne§sl13], [114] Profile methods provides useful
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information about the manufacturing process change, but more functional information

about the surface can be gained from an analysis of the areal surface topodidiiy

Stylus instuments are commonly used to measure surface roughness. The stylus contacts
the surface of work piece, and its vertical and horizontal movement is converted into an
electrical signal. Commercial stylus usually has a diamond tip with a radius of curvature
between 2 to 1Qum. The limitations of the stylus instrument can be given by its tip shape
which is unable to penetrate into the valleys of the surface resulting into distorted areal
surface. The main disadvantages associated with stylus instruments arelgisurface
deformation, finite stylus dimensions, lateral deflection, quantisation, sampling and

dynamic effect§115].

Several studies used optical instruments on the assessment of CFRP machined surfaces.
Duboust @ al. [114] compared an optical system with a stylus profilometer in assessing
the surface characteristics of a milled CFRP material. The results proved that the optical
tool is a useful research tool for measuring surface roughness of machined composites.
The man disadvantage of the system is given by the size of the parts, which should be
relatively small due to the distance between the optical lens and work piece. A similar
study used a focus variation instrument in characterising surface roughness of a egachin
multi-directional composite which proved useful in extracting the areal surface
parameters of the CFRP matelfthl6]. Davila et al[117]used a higkspeed phaseshifting
interferometry to detect the suksurface delamination defects in carbon fibre specimens.
Dhieb et al[118]analysed the surface damage of unidirectional CFRP under reciprocating
sliding in ambient air. The wear in the sliding tests were investigated using coherence
scanning interferomety (CSI), commonly known as white light interferomeBynkers et

al. [119] did a comparison study between optical coherence tomography and confocal
microscopy results from an impact test orglass composite.He confocal microscopy
provided high contrast images which made visible the failure mechanism of the material.
The limitations of optical coherence tomography were that the fibre architecture is not

imaged clearly along the entire thickness of the specimen
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2.4.6.2 Surface and subsurface morphology assessment
In order to have a good understanding ofetleffects of machining on the surface of

materials an adequate imagining resolution is needed to be able to visualize the matrix
defects, fibres and particulate Bils. This is barely possible using conventional light
microscopy due tohe limited resolution and depth of focus, therefore, Scanning Electron
Microscopy (SEMjre widelybe used120].

Delamination morphology and surface artefacts of material removal mechanism in AWJ
machining of CFRP samples were investigated using [$EM Moreover, fracture
mechanism inslot-milled UDCFRP laminates was investigated using $E22]. In
addition, CFRP manufacturing defects and machining induced damage artefacts were
identified using SENL123]. Typical microstructures showing different type of damages are
shown inFigure30. Moreover, toughening mechanism of particulate fillers was identified
using high magnification (>20k) SHB], [10], [49], which proves SEM as a reliable

technique to analyse the behaviour of epoxy modified matrix and to characterise

machining induced damage.

Figure30 - Microstructure of CFRP samples a) Manufacturing defects due to nectidegree of curing b) Cracks and

damages due to machining c) Matrix smearifig7]
Other nondestructive techniques such asra§ computerized tomography (CT) and
ultrasonic Gscan technique were implemented to assess machining induced damage at a
subsurface level. @® and Hochenfll24] used those techniques to measure the extent of
delamination in drilling of composiseGarcea et al[125] described in a comprehensive
review the capability of CT to provide important information across applicatranging
from manufacturing process, tensile and compression tests, fatigue and impact damage.
In recent years the spatial resolution of CT scans improved significantly, which allowed the
detection of fibrematrix debonding, matrix cracks, resin rich aear voids.GScan

technigue is mostly used to detect defects and damage in composite structures caused
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during manufacture and iservice conditions A disadvantage of a CT scan system is the
temporal resolutionwherea single scan may take a few hodisigh resolution is required
(i.e. less thari >m) [125]. As fibre has a diameter of>m, high resolution CT scans will be

needed to capture individual machining defegtdibre reinforced compositenaterials.

In order to get a full picture of machining induced damage, a combination of surface
topography, surface and subsurface morphology techniques will be used to characterize
the machined surfaces. This will provide both quantitative and qualitagsgelts, which

will be linked to failure mechanism, material properties and machining parameters.

2.5 Full-field optical techniques to study the material

removal mechanism at a micro scale level

In order to have an hdepth understanding of the cutting mechigs of composite
samples, an adequate situ fultfield optical deformation technique needs to be
implemented in order to have both qualitatively and quantitively data of the chip
formation process. A fufield measurement technique will offer informati about the
deformation zones forming in the chip formation zone ahead of the cutting tool as the
material is removed. The resulted data will be linked with cutting force values and it will
provide a full picture of the material deformation behaviouFable 5 shows a
comprehensive list of available optical methods listing their advantages/ disadvantages.
Digital Image Correlation (DIC) was chosen as the main technigueototor chip
formation process due to a series of advantages including high data acquisition availability,
high-resolution images, capability of measuring high strain levels, ease of use and current
applications in composite materials analysis. DIC tephmiis further discussed in the

following chapter.
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Table5 ¢ Fullield strain measurement techniqugd.26]¢[129]

Method Advantages Disadvantages
Thermoelastic [ Non-contacting measurements 1 Cyclic loading neede
Stress Analysisﬂ FulHield anglysis . (migh_t be advantage
 Can be applied to most materials eg fatigue)
T Smilar to strain gauges 1 High capital cost
f Range ofpplications ($90K to $160K)
1 Fast stress visualisation 1 Edge data may be
poor
1 Liquid Nitrogen
required (for some
models)
Digital Image|f Relatively simple to use undboth | Calibration is really
Correlation Iaboratory. and field conditions . important qnd is hard
In-plane displacements and strain to do for micro scale
levels over 2000% have been without a certified
successfully measured with calibration plate
measurement resolution as low as | Can bdess accurate
10 microstrain possible. than traditional
1 Successfully used to make testing
measurements on a range of 1 The cost can be high
specimen sizes fro microns to
several metres
71 Data processing speed up to 135,0
data points/sec
7 Accuracy unaffected by large-in

plane rotations or translations

Photoelasticity |1 Full field technique 1 Notin situ
71 Provides stress directions 1 Needs a transparent
{ Static and dynamic loadings birefringent body
1 Low cost 1 Time consuming
f Can be used in the interior of a when shifted to 3D
specimen
Reflection 1 In-situ, real components 9 Difficult detailed
Photoelasticity T FP'”ie'd i a_na_lysis
1 Simple equipment to use 91 Limited temp range
1 Surface preparation
9 Limited to flat
surfaces
Moire 1 Best for high strain, high temp, lond] Can be only used for
. term stability in-plane
interfenometry

High resolution, high sensitivity
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2.5.1 Digital Image Correlation
DIC is a fullield, noncontact and nordestructive experimental analysis technique used

to measure thein-plane displacements and strains on the surface of a specimen. The
working principle involves tracking the movement of a speckle pattern appliechen t
surface of the material. The system uses video cameras to record images which are stored
and analysed to produce full field shapes, deformation and strain fi&84. A schematic

of DIC process is shownkigure31. The recorded images are subdivided into an array of
interrogation cells, or subsets, that provide the fiilkd data map over the specimen
surface. A correlation function is used to track speckle changes between images. The
function can be relativea the first reference image, or to the incremental variations
during the deformation[131]. The calculated displacement fields are then used to

generate the fullfield strain maps.

DIC systems are classed based on the recording rate (frames per second) as low speed, HS
(highrspeed) and UHGlltra-high speed). HS and UHS DIC have started to be used both in
industry and academia as it provides a series of advantages when compared to other non
destructive test methods. A disadvantage can be represented by the high processing time

due to the lage amount of data acquired using a HS DIC system.
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Figure31 - DIC schematic pross[132] (viewers are advised to use a colour version of the Figure)
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2.5.2 DIC Fulfield deformation analysia machining
The literature contains several studig$21], [130], [133¢[136] characterizing the

deformation of composites using DIC, however the knowledge on the deformation
evolution during machining of CFRPs is limited to schematic analyses and generic
assumptions. Tekieseli et §l.36] successfully used DI€providing strain maps in tensile
tests of composite specimens. The crack propagation of the specimens was also
investigated providing location, distancand width of the cracks. Pollock et §.34]
analysed the elastic properties of woven glass/ epoxy composites under tensile loading.
The method preed useful in extracting both iplane normal strains and shear strain
fields. Koohbor et al[133] investigated the fracture response of a woven carbon fibre
reinforced composite using a DIC method. Initial observations revealed that crack initiation
occurred before the failure load was achiev&aalici et al[135]used DIC to estimate the
effect of fibre orientation on failure behaviour of comptesthick beams in a & point

bend flexural test. The failure mechanism and the interaction between composite layers
was explained using DIC method. Aparna €tl80]reported that a high speed DIC system

is well suited for characterisation of flexural material proprieties due to the fast data

acqusition.

However, there are limited studies available where the deformation of material during the
chip formation process is quantitatively measur@giarwal et al[81] proposed a study of
cutting mechanism and strain daimation process in orthogonal cutting of CFRPs. The
change in the strain fields was identified for a certain fibre orientation, however due to
the low image acquisition rate and the quality of speckle pattern did not result in any solid
conclusions. Baizel et al[137]employed an orthogonal cutting setup for monitoring chip
formation process of aluminium samples using DIC. The authors successfully generated
displacement fills of the material removal process, which were further used to validate
a cutting model. In another stud$38], DIC was used to measure deformation, strain fields
and strain rate during orthogonal cutting of aluminium. Following the mentioned
literature, DIC can be successfully employed as asitunoptical technique to study the
materid removal mechanism, however a high imaging acquisition rate and a quality

speckle pattern is needed to generate strain field at a micro scale level.
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2.5.3 Quality of speckle pattern and error assessment in DIC
The specimen preparation involves the creation péckle pattern which can be done by

spray paint, etching, printed, lithography, spin coating, scratching and abrftizj.
According to several studig¢$40]c[142] a good patten will allow the correlation to be
made with high confidence and produce low noise in the measurements. The literature
contains a series of parameters used to investigate the quality of the speckles. These
parameters are best used as comparative assesstoehto inform application methods

and inform error analysis of DIC measuremgi#3]. Parameters such as sum of square

of subset intensity (SSS[G44]and subset entropjl45] are local parameters which were
developed based on the sum of squared differences used in the correlation algorithm. It is
noted that SSSIG method was considered the nedfgctive and widely adopted local
parameter for quantitative assessment of speckle pattdtd89]. However, SSSIG is only
limited to analyse the local speckle pattern within an individual subset. A global parameter,
Mean intensity gradient (MIG) was developed by Pan efld6] using SSSIG theory. A
good speckle pattern should have a large MIG as it proved that it produces less bias error
and standard dviation error[139]. Liu et al][147] proposed Shannon entropy to assess
the pattern quality through measures of the information content of the speckle and it was
concluded that a good quality speckle should have a large Shannon entropy. To the
contrary, Crammond et dl143]reportedthat global pattern quality parameters, ilugling
Shannon entropy, are not sufficient to assess the quality and properties of a speckle

pattern. A summary of the existing local and global parameters is shohabie6.

There are two types of errors associated with DIC measurements, i.e. variance errors and
bias errors. The source of the variance errors are the camera noise, and matching errors
during the correlation process. Bias errors include lens distortinogrrect camera
calibration, out of plane movements of the test specimens in 2D DIC. In most of the cases,
bias is not known, and variance error can be calculated from static images recorded prior
to test[131]. The variance error can be quantified based on the images taken before the
test in the same condition as the actual test. There is a trade off between variance and bias
error. Large subset sizes, low step sizes can reduce noise measurements, but it can

introduce bias errors in the measurement.
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Table6 - Quality assessment parameters of DIC speckle pattfr43]

Pattern Assessmen Global | Remarks Reference

Criteria or local

Sum of square ol Local Capable of detecting the prope Pan et al[144]

subset intensity subset size

gradients (SSSIG)

Subset entropy Local Anindication of the fluctuation or Sun et al[145]
WN} YR2YYy S&aaQ

Mean intensity Global | Intensity gradients used in th Pan et al[146]
gradient sum of squared difference
procedure
Shannon entropy | Global @ Large number preferred Liu et al[147]
Speckle radius Global '@ Easy to implement Lecompte et al
distribution [148]
Speckle size Global | Optimal speckle should b Zhou et al[149]
between 2 to 5 pixels
Average speckle Global @ Easy to implement Hung et al[150]
size

In this thesis, a igh Spee®IC systenis used to monitor the strain deformation during
cutting of composite materials. A new technigweas developed to obtain a speckle
pattern suitable for micrescale DIC analysis. A combination of local and global parameters
isimplemented in order to quantifthe quality of created speckle pattern. Variance error

will be calculated to ensure the validity of the results.

2.6 Summary

The mechanical properties and various production methods of composite materials are
already covered in the literature for unmodifiedRPs where no fillers are used in their

production. Moreover, the effect of fillers on mechanical properties such as toughness,
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tensile and compressive strength is thoroughly investigated for modified epoxy

composites.

However, having known that the presee of fillers would significantly affect mechanical,
thermal, and structural integrity afnodified epoxycomposite systemand the need for
finishing operations in the produced composite structures that is mostly done through
mechanical cutting, the mechi&s of interaction between cutting tools and modified
epoxy CFRPs requires further understanding. Machining induced damage can be
guantitatively characterised in relation to the reinforcement properties and machining
parameters in order to develop aeBigh for Manufacture (DFM}¥trategy for epoxy
modified CFRPs. Therefore, this research will focus on the effect of particntatified
epoxy matrix in machining of CFRPs, wtikeseffect of particulate fillers will be quantified

in relation tomechanical poperties of modified epoxy CFR@ilure mechanisng chip
formation ¢ machining induced damage in conventional machining of CRRRshe

ultimate goal of damage free machining.
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3 PROJECT METHODOLOGY

This chapter introduces the selected mas#s and manufacturing methods within the
course of this research to produce the required CFRP sanigldsrial characterisation
and mechanical testing methodolieg are explained in detail together with the machining
induced damage characterisation tegfues. The developed-situ orthogonal cutting rig,

and the rig designed and implemented for higireed edge trimming are also explained in
this chapter. Additionally, the cutting tools and jig design used in an edge trimming
machining trial are presented Mechanical testing and characterisation of the
manufactured samples was implemented to determine the effect of particulate fillers on

manufactured samples.

3.1 Material selection

This section describes the matrix and fibres used to manufacture CFRP samples. The
selection of the base epoxy system, the particulate reinforcement, fibre type and

architecture arediscussed

3.1.1 Epoxy resins
The base epoxy resin and hardener system waseashbased on a set criterion which will

allow the mixing with available particulate fillers from the market and to be used in
composite manufacturing methods which are based on an infusion process. Therefore, the
ideal epoxy system will have a low viscasitieal for RTM or VARTM, will not use extra
unknown compounds such as diluents, tougheners or accelerators which might interact
with the particulate fillers. Additionally, the selected system should have an extended pot
life to ease the handling during mafacturing of CFRP samples. Diglyeadlier-of-
bisphenolA (DGEBA) was chosenthis context andits applicatiors in the automotive

and aerospace induséas[151]and the availability in the markeEigure32 shows different
DGEBA and hardener systems based on their viscositsar&us temperatures that
improves the handling anfiow of the resin during an infusion proce$3GEBA MY790, LY
1564 and LY 1564 have a low viscosity (P < 0.1)°af @dd are designed for composite
injection manufacturing processes such\&RTMand RTM Based on the availability on

the market and furher discussion with epoxy manufacturer representative (Huntsman,

UK),DGEBAY 1564 and Aradur 29%dycloaliphatic polyamine) were chosen as the epoxy
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system. This combines low viscosity with long pot life (> 100 mins) at elevated

temperatures being suitdb for RTM and VARTM.

22 1 ® Low viscosity DGEBA MY790 + HY1102
20 4 ® ® Generic DGEBA + TETA
—
o ] DGEBA (LY1564) + Aradur 2954
— 181 A DGEBA (LY1556)+ Aradur 917
2161 117
N 14 4 ]
8 - ] 1.0 _ o
- 0.9-
S 10 0.8
O 8- 0.7 - A
g 4 . 05 T
5 . . / 60.0
1 . ; o
O _ .
L \
[ ! I ! | 4 1 ! I 4 [ ! I ! | L 1
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Temperature °C

Figure32 ¢ Dynamic viscosity of epoxy resin systems based on their operating temperature (basetliotsman
data sheef152])

3.1.2 Particulate reinforced epoxy resin
The particle reinforcement consists of silica nanoparticles{Sa@d liquid carboxyl

terminated butadieneacrylonitrile (CBTN) rubber. These particular fllgere chosen as

their toughening mechanism and their effects on mechanical propertiesoofified epoxy
compositesare well documented in the literature as discussedection2.2.3 The silica
nanoparticles (Si€) were supplied at a concentration of 40 wt% in a DGEBA epoxy resin
(EEW of 295 g/eq, Nanopox F400, Evonik, Germany). The CTBN rubber was obtained as a
CTBNepoxy adduct with a rubber concentration of 40 wt% in a DGEBA epsky (EEW

of 330 g/eq, Albipox 1000, Evonik, Germany). The base epoxy resin consists of a low
gradz2arie 5D9.! GHAGK |y SLREARS Sljdaagdlt Syl
by Huntsman, UK. Technical data for the chosen epoxy resins and hardshemis in

Table7 andTable8, respectively.
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Table7 - Technical data of the selected epoxy resifissed on manufacturer data sheets)

Albipox 1000 & Nanopox F400 (SO LY 1564 low

(rubber nanoparticles) Vviscosity epoxy
nanoparticles) resin
Nanopatrticles 40 40 0
content (%)
Base resin Bisphenol A Bisphenol A epoxy Bisphenol A epoxy
epoxyresin resin resin
Viscosity at 25 °C 2000 60 12
(P)
Epoxy equivalent 330 295 167
weight (g/eq)

Table8 - Technical data of the hardener (Aradur 295@gsed on manufacturer data sheet)

Aradur 2954
Description Cycloaliphatic polyamine
H+ equivalent (g/eq) 60
Viscosity at 25 °C (P) 1
Typical mixing ratio with 35

LY 1564 (g/100g)

3.1.3 Carbon fibres
Carbon fibre fabrics were chosen to béle to investigate and compare the effect of

particulatemodified epoxy matrices on chip formation mechanics of CFRPs. There is a
wealth of knowledge about machining of IFRP materials compared with materials
basedon woven fabrics as discussed in s&@et2.2.1 Woven fabrics are mostly used in
industrial applications due to their superior mudtirectional load bearing capabilities.
Therefore a combination of both UD and woven fabrics were seletbeithivestigatethe
fundamental physics of chip formation and to conduct machining trlsndustrial

conditions.The fibre type and properties are shownTable9. The UD non crimfibre
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(NCF) is made of T700 carbon fibres, while the twill weave fabric is made of T300 carbon
fibres (Sigmatex, UKJhose fabrics were selected based on the availability on the market,
compatibility with the epoxy resimeing the standard modulus indtrial fibre used in

various automotive and aerospace applications.

Table9 - Carbon fibre propertie$153], [154]

FIBRE PROPERTIES T700 T300

Fibre architecture UD¢ Non Crimp Twill weave 2x2
Fabric

Tensile StrengtfMPa) 4900 3530

Tensile Modulus (GPa) 230 230

Density (g/cm”3) 1.8 1.76

Filament Diameter (um) 7 7

Tow 12K 3k

Fabric densityGsm 294 +£ 5% 200+/-5%

3.2 Composite panels manufacture

The selected epoxies and carbon fibres were usednémufacture the required CFRP
panels of which quality was assessed after the production using the specified techniques
detailed in sectior8.3. The manufacturing procedures used for the UD and woven samples

and the critical factors affecting the quality of the parts are described in this section.

3.2.1 Epoxy filler ¢ hardener mixture calculation
The base epoxy resin, LY1564 was mixed with given amounts of Albipox 1000 and Nanopox

F400 as per

Tablel0. This results in a mixture with 10 and 20% wt. concentration of silica and rubber
particles.These concentrations were selected based on previous literature discussed in
section2.2.4 where a significant change in fracture toughness and tensile modulus was
reported for modified epoxy blends and their composites, whilst the failure mechanism of
the particulate fillers at these concentrations was thoroughly analySée: correct

amounts by weight to combine are determined by calculating the weight of curing agent

80



that contains one chemical equivalent of amine hydrogens (Amine H eq wt in Eq. 2) and
matching that with the equivalent of epoxide that contains one chemicalivalent of
epoxide groups (Epoxy Equivalent of mixtgEeEW in Eq. 1 and [23]. The produced EEW
value of the blend was calculated using Eq. 1, while the (phrts per hundred resin)

needed in each case were calculated using Eg. 2. The resulted calculations are shown in

TablelO.
000 "YE OO QA Qo 61 Q
W % G7Y P
OO0 0O0@
0 & QAN dwp T T
n'Q q

O0w
Table10 - Mixing calculations for the epoxy and nanoparticles blends

Nanoparticles  Name | LY1564 Albipox 1000 Nanopox EEW of Phr
by weight% in | (resultant (9) (Rubber 40%  F400 resin hardener

resultant blend | matrix wt.) (9) (SiQat  mixture (per
name 40% wt.) hundred
based on (9) parts of
% and epoxy)(9)
type of
particles)
Unmodified DGEBA 100 0 0 167.00 35.93
epoxy
Rubber 20% R20 50 50 0 221.77 27.05
Silica 20% Si20 50 0 50 213.27 28.13
10% silica, 0%  Sil10 75 0 25 187.32 32.03
rubber
10% rubber, 0% R10 75 25 0 190.53 31.49
silica
10% silica, 10% Si10R10 50 25 25 217.44 27.59
rubber
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3.2.2 Mixing procedures
Due to the high viscosity of Albipox 1000 and Nanopox F400 at room temperature, the

resins were heated up to 80Cfor 2 hours and then mixed with the base DGEBA resin,
LY1564, as recommended by the resin manufacturer. The epoxy blends were mixed using
a mechanical stirrer running at 600 RPM for 1 hour to obtain a homogenous mixture. These
mixing parameters were selected based on availétdeature [5]. At the endof the mixing
process, the resultant epoxy blends were degassed in a vacuum oven for 30 minutes to
remove any trapped bubble®rior to composite infusion process, the prepared degassed

resins were heated to 68Cand mixed with the hardeneaiccording to

TablelO, followed by an additional degassing step for further 10 minutes in a vacuum oven
at 60°C

3.2.3 Manufacturing of UD carbon fibre panels using VacAasisted Resin

Transfer Moulding
VARTM techniques illustratedin Figure33was used to manufacture UD CFRP santples

characterise mechanical properties of the produced composite panels and study the chip
formation mechanics in machining trigl€hapter 5)A prelimnhary study was conducted

to determine the limits of the designed process with respect to the maximum number of
UD NCF carbon fibre layers and it was found out that the full impregnation can be achieved
for up to four layers due to the viscosity of resirddibre architecture. The arrangement

of VARTM layers is illustratedigure34 and can be described as follows:

1 Carbon fibre layup sits between two layers of peel pAeroGrade Nylon 66,
EasyComposites, UK) which should cover the entire surface of the carbon fibres
(300 x 250 mm). In this case, the peel ply was cut slightly laRgel ply was
removed after curing of the panels;

1 The infusion mesh (FM105 EasyFlowttEdipolypropylene, EasyComposites, UK)
is larger than the carbon fibre layup. Two layers of mesh where used to have a
better infusion across the whole thickness of the layup;

1 Vacuum bag film which covers the whole layup of different layers;

9 Silicone resimutlet ports (EasyComposites, UK) which are temperature resistant.
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Figure33- Vacuum Assisted Resin Transfer Moulding setup

Resin inlet Resin outlet
Vacuum bag

Infusion mesh |

Peel ply

Carbon fibre layup
Peel ply |

:
.......... i Infusion mesh

Aluminium hot plate

Figure34 - Schematic of VARTM layers

Prior to resin injection, debulking process was done to allow a better compaction of the
fibres by compression the vacuum bag and then releasing it. This was done by applying 2
cycles with a full vacuum for 10 minutes and then a release of air trappect itigidbag.

The injection of the epoxy and hardener mixed as discuss8dadtion3.2.2 was done at a
pressure of 0.95bar and a temperature of €Cin order to keep a low viscosity to help the
resin flow through the carbon fibresAll the pipelines, infusn spiral, vacuum bag and
sealant were selected to be capable of withstanding temperatures higher thac&dd

the resinflow wasadjusted using the resiime clamps showed ikigure33. Once the layup

is fully impregnated and resin flow reaches the outlet port, the inlet port is clamped off
The outlet port is left open for 10 minutes more to let any bubbles trapped inayned to

bleed out and then is clamped off. No dry spots or regions were noticed after the injection.
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The composite panel is then cured for one hour af80n the aluminium hot plate. The
laminate was then postured in the oven for 2 hours at 14Cwith a 2°Cramping cycle.
This curing cycle was selected based on manufacturer data glt#gt The resulted cured

laminates had a thickness of 1.2 + 0.05 mm measured using a digital Vernier calliper.

-

Resin pot

Resin outlet

/

1 Aluminium hot plate with infused
carbon fibres

Figure35- Fully impregnated panel and temperature controller

3.2.4 Manufacturing of CFRP panaixl epoxy sheetsy ResiiTransfer
Moulding
A Hypaject Mkl RTM machibtagetherwith a steel mould and resin catch pot were used

to manufacture 300 x 300 mm of epoxy resin sheasswell as3JD and woven CFRP panels

for machining trial{Chapter 5 and 6)he steel mould has twajection flow gaps on the

sides and a vacuum port in the middle as showRigure36. A layer of release agent (Easy
Lease, Easy Composites, UK) was applied on the surface of the mould and to pipefittings
prior to injection. The mould was placed int@@ton press, so that th resulted panel will

have a uniform thickness. A total of 460g of mixture of resin and hardener were injected
into the steel mouldhat was heated in a vacuum ovaha temperature of 60 °® reduce

the viscosity of the resin mixture and facilitate a teetimpregnation and resin flow. The
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CFRP panelwere madeof 14 woven plies or 10 UD NCF layers to prevent fibre washout

or marcellingg a process where fibres slide on top of each other as resin is injected into

the mould due to a lack of compression der[156]. The woven plies were stacked
symmetrically about the miglane in a balanced manner to give
WOONIpnukoObnpIbnpoOvokOnNIpnvueas gKAES |5 LI A
same direction acrosickness.The uncurd woven ply thickness is 0.28mm which gives

a nominal laminate thickness of 3.92 mithe RTM injection process was done in steps

starting at a pressure of 2 bars to a maximum of 7 bars using a Hypaject pump (Magnum

Venus Products, UK) as shown in

Tabk 11. CFRP panels were cured as per curing cycle defirEabiel2.

Formanufacturingepoxy sheets, a constant injection of 1 bar was used and the process
was completedin less than 1 minute. Panels were cured at a maximum temperature of
140°Cas defined imablel2. The resulted cured laminates had a thickness of 3 £ 0.03 mm

measured using a digital Vernier calliper.

ﬁesin outlet/vacuum |

\

Carbon fibre

-— </\ layup location

Figure36 - Schematic of Resin Transfer Mould assembly
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Tablke 11- RTM resin infusion steps

Infusion steps | Duration (minutes) Pressure (Bars)
1 5 Vacuum

2 10 2

3 20 3

4 20 5

5 20 7

Tablel12- RTM panel curing cycle

Curing cycle

80°C dwell for 6aminutes
Remove panel from CFRP mould
Ramp at 2C/min to 140°C

140°C for 120 minutes

Ramp a2 °C to room temperature

3.2.5 Manufacturing of tensile tesind tabs
Preimpregnated carbon fibre (prepreg) MTM86%12KHTS4@50-300 (Solvay, UK)

wereused to manufacture specimens used as-¢gias for composite tensile test samples.
This solution was adapted based on material availability in the university composite
laboratory. Seven layers of material were used in a (0,90) sequémcansure on the
thickness required as per ASTM039157]. The prepreg stack was placed on a glass plate
and it was covered on top and bottom with a nylon peel pher6Grade Nylon 66,
EasyComposites, UKlhis generated aough surface which facilitates a better adhesion
with the composite tensile samples. A layer of breather (Air Wea%8,N'ygavac, UK) was

used to provide a path for removal of air and other gases during curing. The layup was then
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sealed in a vacuum bag@placed in the autoclave (Premier Autoclave Solutions, UK) and

the curing cycle shown ihablel3was applied.

Table13- Autoclave curing cyel

Cycle Temperature| Temperature| Pressure Pressure Dwell
segment target °C) ramp rate (bar) ramp rate time
(°C/min) (bar/min) | (minutess)
1 120 2 6.2 0.2 60
2 180 2 6.2 - 60
3 20 3 0 0.5 -

3.3 CFRP material characterisation

Fibrevolume fraction analysisvas performed to ensure that the resulted composite
panels have a low void volume and high fibre fraction regardless of the resin and particle
reinforcement used. Digital scanning calorimetry (DSC) and thermomechanicali@nalys
(TMA)were used to determine the material glass transition temperaturg) @hd degree

of cure. T is important for thermoset epoxy composites, as above this temperature, the
material enters aubber-like state and fibres are not fully supported by tepoxy matrix.

This will ultimately affect the cutting behaviour of CFRPSs, therefore is important to have a
constant ffor all manufactured panels, so that the machining behaviour between samples

with different concentration of reinforcement particles che compared.

3.3.1 Fibrevolume fraction
To ensure the consistency of manufactured panels, the fibrel resin content was

measured. Two random sections from each panel were cut to determine thevidduene
fraction prior to machining to ensurand assess theoasistency of the panel qualityhe
samples were mounted using Epocolor resin (Buehler, UK) and polished using a Buehler
Automet 250. The polishing parameters used adapted fronj42] and are shown iffable
14. Five images were taken from each polished sample using a bjgtmal microscope.

These were analysed using A& software (USA) which calculated the ratio of matrix,
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voids and fibres through contrast analysis of the pictures. A set of final values was

calculated based on the averaged result$haf measurement®f each image.

Table1l4 ¢ CFRP polishing steps

Step Abrasive | Lubricant Force Time Platen Head | Relative
(N) speed | speed Rotation
(RPM) | (RPM)
1 P600 Water 22 Until 175 60 Contra
plane
2 P1200 Water 22 00:50 175 60 Contra
3 15pum 15um 22 00:50 175 60 Contra
diamond Polycrystalline
Diamond
Suspension
4 6 um 6 um 22 04:00 100 60 Contra
diamond Polycrystalline
Diamond
Suspension
5 0.05um 0.05um 18 01:30 75 60 Contra
diamond Suspension
6 0.05pum 0.05um 18 01:30 75 60 Comp
diamond Suspension

3.3.2 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DS@as used to characteris¢hermal properties of

YFGSNAFEaAad LG t221a 2F K2g YFGSNAILIEQa KSI
material is heated, the heat flow of the material is measuréde mas®f materialwas

measured and placed within a pan, which is heated againstrapty pan so that the

amount of heat flow running in and out of the material placed on the pan can be
calculated As well as measuring thg df material, the degree of cure can be measured by

observing the transition in the heat flow diagram which appasan exothermic reaction
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when the energy is expelled by the material, i.e. crystallisation or endothermic reaction,
when the energy is absorbed by the material, i.e. mel{ib§8]. If the polymer is fully
cured, no exothermic reaction will be shown on the resulted graph. The degree of cure is
calculated using E®, wheren Ks known as the enthalpy value. DSC is used to provide a
Tqy estimate, while other techniques such as DMA (Dynamic Mechanical Analsysis) or TMA
(Thermomechanical Analysis) are used to calculate a referepealde.DSC, TMA and
DMAmeasuredifferent processes and therefore, thgvary and scientists have agik®
accept a single temperature as the indicator per certain standgrsia].

bohoi QO —uym (’)7‘1 Qu%llbn o

Y & woli

A PerkinElmer DSC6 was used to calculate the degree of cure. Sampléskerodf from
polymer sheets cured using the same curing cycle as the CFRPs pan2lsgléf material

per pan were used and the following thermal cycle was applied:

Hold for 1 minute at 25 °C

Heat from25 to 250 °C at 10 °C/min
Hold at 250 °C for 10 min

Cool from250 to 25°C at 10 °C/min
Hold 1 minute aR5°C

Repeat cycle

= =4 4 -8 -8 A

The repeatd cycle was used to ensure that the polymer sample is fully clfrtrek sample

gl a y2a FdzZ t & OdzNBrRauld beka8deditdthedirst, hdwer thisSvas2 y R
not the case for the polymer materials used in this thesis. The maximum temperafture

250 °C was chosen based on polymer data sheets in which the maxigwes T80 185

°C and as previously noted that temperatures above 250 °C makes the DGEBA and
cycloaliphatic polyamine hardener unsuitable for scanning and potentially damaging the

DSC machine.

3.3.3 Thermomechanical Analysis
The basis of thermomechanical analysis is the change in dimension of a sample as a

function of temperature. For polymer samples, the change in the free volume is recorded.
This is associated with the absorption or redeaof heat, the loss of stiffness or by the

change in relaxation timgL60]. APerkin EImer Pyris Diamond thermomechanical analyser
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(TMA) was used to recoff of the epoxy blendsRectanglar samples with a dimension

of 12.5 x 3.5 x & 0.1 mm werecut from the manufactued epoxy sheetsAt the start of

the test, the temperature was equilibrated at 25 °C. Specimens were then heated to 200
°C at 10 °C/min, while a constant force of 200 mN was apfhiedigh a probe on the
polymer sampleas shown irFigure37. As the temperature increases, the sample expands
and the change in dimension is recorded via the glass probe. The change in dimension
relative to temperature known as coefficient tifermal expansion (CTE), can be observed
at the Ty point as §in a polymer corresponds to the point in the expansion curve where
the free volume begins to allow greater chain mobility usually seen as an inflection or bend
in the thermal expansion curvégwas found as midpoint of the transition range using the
first derivative of the dimension clnge versus measured temperature by following the
analysis method outlined in ISO 113592019[161]. Further details and interpretation of

the data are given in the results sectighl.3

Static load
applied via
glass probe

Polymer
) | sample

cn O

Figure37 ¢ Perkin Elmer Thermomechanical analyser

3.4 Mechanical testing

Tensile and fracture toughness testere conductedo determine the effect of silica and
rubber particle reinforcement on the mechanical performance of polymer modified epoxy
and modified CFRP materi#i.was already reported and discussed in secRai5that

nanosilica and rubber microparticles are improving the mechanical properties of polymers
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such as strengtltand fracture toughness& energy Toughening mechanism effect was
discussed in studies where polymer s#ie and fracture toughness tests were udegl
[4]¢[8], [47]. The translation of modified epoxy matrix to the CFRP composite was tested
through transverse tensile tests and mode | fracture toughness teststhiothesis, a
combination of tensile and fracture toughness tests of modified polymer and the
subsequent composite was used to cleadgntify the effect of particle reinforcement on

the mechanical performance of CFRPs.

3.4.1 Tensile tests of polymer samples
Uniaxial tensile tests were conductedaccordance with ASTM-&88[162]. Tensilédog

boneQ ¢ & kafples wereAWJImachinedaccording to ASTM-B38 standard[162]
(Figure38) from epoxy sheets manufactured using the RTM technique describ®edtion
3.2.3 The tests were carried out using a Tinius Olesen-Hg&neral test frame at a
displacement rate of 5 mm/mims per standard recommendatios. KS G Sy aAit S
a2RdzZ dzA X 9 %3 @IA\BR Ra (& NINIBKE ethidednt dvéraipNdd Srepeats

were used to report the measured values.

— 154050

Figure38¢ Type IV sample as per ASTMEB8 sandard (units are in mm)162]

3.4.2 Fracture toughness test of polymer samples
Compact tension (CT) samples were usedlétermine the fracture toughness of the

produced samplesn accordance with ASTBD45[163] to study theeffect of particle
reinforcements on the modified epoXxytends Meso-scale CT samples warenufactured
accordingto 1SG13586[164]. Samplesshownin Figure39, were cut from epoxy sheets
manufactured by RTM as described Section3.2.3 using the AWJ machine and the
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gripping system was designed and manufactusedording tg165]. The thickness of the
samples was defined by the limits of the RTMuhd, and it was 4£0.15 mm. A sufficiently

thick specimen, i.e., where the thickness is larger than the fracture process zone radius,
can be assumed to be in a state of plane strain and it is reported that the plastic zone
radius for brittle polymers sidrcas the epoxies used in this thesis is smaller than 1 mm
[165], therefore the selectedimensions should fulfil the plane strain conditions required

by the ASTMb045 standard. The validity of the applied assumptions is reported in section

4.2.2.1andshows that plane strain conditions are successfully accomplished.

The initial crack was generated by tapping a fresh siadtged razor blade into the notch
using a toolmakers clamp and the crack length was measured using a DinoLite USB
microscope. As pestandard, 5 tests were carried out at a speed of 1 mm/min using a
Tinius Olsen H25K tensile machine to determine fractenergy, G, and fracture

toughness, kK

""""""""_@f 20,0
18.0 1.0 *u-:-u_hﬂ:j— ----------- 5. 40,0

S

32,0

Figure39 ¢ Fracture toughness test specimen dimensi@txordingto [166] (units are in mm)
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3.4.3 Tensile tests of CFRP samples
Tensile tests were carried out in such a way that the loading direction was aligned (UD

0°) and normal (UD90°, transverse) to the fibres of the CFRP samples according to ASTM
D3039[157]. The UD samples were used to investigate the effect of epoxy resin on the
tensile properties and fracture mechanism of the produced parts, which is known to be
dominated by the fibre orientationSpecimen width, thickres and length along with end
tabs dimensions are shown irablel5. Five tests for each batch of samples were carried
out at room temperature with a crosshead displacatheate of 2 mm/min. The
deformation of the samples within the gauge section was recorded with a mechanical
extensometer,Figure 40, from which the % elongation and ain at failure,: were
calculated alongwithk S (G Sy aAf S | 2ameAGE Ra RRABERHS 9 >

Table15¢ CFRP tensile sample size

ub o UuD 90 End Tabs UD°0 End Tabs UD
90°
Thickness 1.2 1.2 15 1.5
(mm)
Width (mm) 15 25 15 25
Length (mm) 250 175 55 25
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Tensile force

Clip gauge
extensometer

Figure40¢ Tensile test of CFRP samjme0° UD direction

3.5 Investigation of chip formation process

This section presents the methodology developed to studycthip formationprocessof
polymerand CFRP samples at a micro scale level including the design and manufacture of
an orthogonal cutting rig coupled with a 2D High Speed Digital Image Corre(&lQ)

system. The working principles of the DIC system and the methodology used are discussed.

3.5.1 Preparation of samples
The same AWJ machine that was used to cut other samples was used with set settings to

achieve the maximum surface quality as showhablel6. The cut samples were manually
removed after the machined panel was taken out from the machine tool bed and
measured with a Digital Vernier Calliper within a talece of + 0.05 mm after AWJ

machining.

AWJ machining was chosen due to several advantages compared to other common CFRP

machining operations used in industicluding milling otrimming. The ease of use of
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AWJ, flexibility and no need for complex tooling, no need for complex extraction unit, as
well as quantified machining induced damdg8], made AWJ a good solution for cutting
CFRPsThis damage was removed by polishing the surface of the specimen across the
thickness, so that the results of the orthogonal cutting trials wdt be affected. An

example of machined polymer samples is showRigure41.

Table16 - Abrasive Water jet cutting parameters

Pressure | Nozzle | Stand of | Feed rate| Abrasive | Abrasive
(MPa) orifice distance | (mm/min) | mesh size| type
(mm) (mm)
204 0.2 1.3 310 80 Garnet

Figure41 ¢ Epoxy samples manufactured for orthogonal cutting tests

3.5.2 Cutting rig assembbnd force measurement
The insitu orthogonal cutting rig consists of a rectangular block workpiece sliding

throughout a vertical channel of a fixed assembly under plane st@mditions as shown

in Figure42. The main body of the rig is made out of steel with-gh@iped cross sectiom
horizontal channel for the cutting insert anértical channel for sliding the sampleigure

42 ¢ b)). The workpiece (25 x 25 x 3mm) is pusaed speed of 1 m/mifcorresponds to
1m/min feed in cuttingoperationg throughout the vertical channelith a plunger
attached to the cross head of the tensile machffaius Olsen 25ST)he depth of cut can

be set (in this case range of 30 to 200§ with a digital micrometre with a resolution of 1
micron, attached to tk lefthand side of the cutting rig assemblyiqure42 ¢ a)). To
restrict out of plane deformation and ensure plane strain deformation status, a sapphire

glass is plaad against the cutting insert where the cutting tool engages with the workpiece
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(Figure42 ¢ c)). This provides the required viewing window for the kegleed image
acqusition and facilitates the alignment of the cutting insert and workpiece. The cover
plate is painted in black matt and secured by 4 screws as shokigune42 ¢ a),while the

rig is fixed on a Kistler Dynamometer to measure cutting forces. Further details about the

cutting rig working principles and dimensions are available in the literdfié].

Kistler dynamometers operate using gaadedforce piezo electric sensors for X, y and z
force components which sit within 4 sensors located in the dynamometer pl&@]. A

Kistler 9257B dynamometer, calibrated annually, was used to measure the cutting force
due to the high acquisition rate compared to the load cell of the tensile machine. The
dynamometer was connected to a 4 channel charge amplifier (Kistler39p@éA12100)

which was connected to a NI DAQ acquisition card. A LabView programme was used to
collect the raw data and a Matlab script was used for gostcessing. The dynamometer

was fixed on the tensile machine bed using a steel bed and four screw. @iannel
sensitivity and ranges were set as paablel7. A sampling rate of 10 kHz was set and
synced with the imaging frequency to have a better understandinigeoaterial removal

mechanism

Prior beginning the machiningxperiment force measurement accuracy was checked
using dead weights and digital loadllse A set weight was used to check the forces-in z
direction Figure43). Force in x and-glirection were checked by applying a compression
force measured with a poinbad cell and compared with the recorded value of the
dynamometer. However, due to the restricted movement of the sample inside the
provided slot, the measuredforce is deemed to be not accurate enough to interpret the

required forces.
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Figure42 ¢ Orthogonal cutting rig setup a) General setup including DIC cameras and machine grip b) Steel wedge

block, cutting insert and sample ¢) Top plate containing the sapphire glass window

Tablel7 ¢ Dynamometer channel sensitivity and ranges

Direction Channels Sensitivity Measuring
(pCIN) range (kN)

Fx 1 0.389 0¢l

K 2 0.347 0g1

F 3 0.452 0¢l
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Figure43 ¢ Dynamometer force axis system

3.5.3 Cutting inserts

Higha LISSR &aGSSftf OdzidAy3a AyaSNIia gAOGK | NFX{1S |
radius r=10 um were usefFigue 44 ¢ a)). The cutting tools were manufactured using
precision grindings and geometrical features of all the tools were measured using an
optical focus variation system, Alicona Infinite Focuar®l2.7% variation was recorded
which deemed to be negligible. An example of cutting edge radius measurements is shown
in Figue 44 ¢ b). The cutting tools were repladeregularly to ensure the cutting
performance was not affected by the tool wedhe plastic deformation of the inserts was
visible after each cut on the images recorded using the DIC system. Once this was spotted,
the insert was changed with a fresh oesingle set of cutting tool geometry was used in

this research project, as the aim is not determine the effect of various cutting tool
geometries, but to better understand the mechanics of cutting in this newly developed

epoxymodified samples.
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Figure 44 ¢ High-speed cutting insert example a) Side view of cutting insert b) Measurement example of cutting edge

radius

3.5.4 High'Speed 2D Digital Image Correlation (DIC) set up
A 2D High Speed (HS) DIC (LaVision, GmbH) system was umastigate the material

removal mechanism. HS DIC system is composed from a HS Phantom V410L camera,
Navitar 12x zoom lenses, NI DAQ acquisition card, HS light system, (FB8dgfammable

timing unit)and a dedicated laptop with LaVision Davis softwesed for image acquisition

with the parameters shown ifiable1l8. The chosen subset size and step size was found to
produce acceptable noise levels as discusseseicton 3.6.4. The correlation mode was

set relative to the first image, which represent the undeformed specimen before the tool

workpiece interaction.

Table18- High Speed 2D Digital Image Correlation parameters

Parameter Value

Technique 2D High Speed DIC

Software Davis 10.1

Subset size 29 x 29 pixels

Step size 9 pixels

Camera Phantom V410L

Lens Navitar 12x Zoom Lens system
Image resolution 796 x 1277 pixels

Field of view 1.025 x 1.644 mm

Frame rate 1to 10 kHz
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Spatial resolution 0.11mm

3.5.5 Application of speckle pattern for DIC
The DIGpeckle patters wereapplied using a fine coat of white paitdgether with the

speckle patterrcreated by spraying copier toner powder using a dust atomizer (Goodson,
USA)An examp of the created speckle pattern is shownFigure45. ImageJ software

was used to determine the subset and step size. It was found that the average speckle size
was 58 + 4 px¥ by observing an image of 350 x 350 pixels. If it is assumed that each
individual speckle is circular, the individual diameter of the speckl&®p8els.According

to Sutton, Orteu and Schrei¢t26], a subset should contain at least three speckles, this
result in a subset size of 25.77 pixd&lsenthough 25.77 is the exact sizeg larger subset

size should be chosen as not také speckles are circular. ImageJ analysis stieaved a

speckle density of 47.766.5% (black)where 10 set of speckle images were analysed

Figure45 ¢ ImageJ processing images for calculating the average speckle size showing a) Speckle pattern b) Binary

image of speckle pattern c) The result of image processing
The variance error was calculated using static images recorded prior tq183} By
analysing 100 static images prior to the interaction of cutting tool and workpiece, the rigid
body motion error and the optimum step value were foukture46 shows the results of

the analysis where a subset size of 27 and 29 pixels, with three different step simes w
used. The lowest variation in the data42 %, was found for a step size of 29 pixels and

step size of 9 pixels. The average rigid body magioor can be usedsstandard deviation

for any presented strain results.
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Figure46 - Rigid body motion error calculated in function of subset and step pixel sizes

Standard calibration proceduif@70]was followed using & um graticule (MP1 LaVision
calibration plate)to ensure the images are calibrated and the possible image rotation

correction is applied on all the irgas prior to the start of the experiments.

3.6 Edge trimming of CFRP samples

This section details the edge trimming trial which was done in an industrial level machining
environment. Machining trials took place in a CNC machine equipped with a specially
designed milling fixture and carbon fibre dust extractor, where the cuttingef®mwere

measured using a Dynamometer.

3.6.1 Milling fixture selup
A XYZ 1060HS VM&uxds milling machine was used to trim the produced CFRP samples.

These were attached to a specially designed milling fixture as showigume47. The
fixture allows the cut of 3 samples of 25 x 25 x 3 mm in one linear movement of the CNC
tool bed. The cutting forces were measured using a Kistler 9275 Dynamometer mounted
on the tool bed. Th dynamometer was connected todechannelcharge amplifier (Kistler

type 5070A12100) which was connected to a NI DAQ acquisition card. A LabView

programme was used to collect the raw data and a Matlab script was used for post
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processing. Channel sensitiviand ranges were set as p&ablel7. A sampling rate of
50kHz was set to have enough data points of material removal during the cutting process.
Prior beginning the edge trimming study, the dynamometer was further checked for
correct force measurements. A set weight was used to check the forcedirection.

Force in x and-direction were checked by applying a compression force measured with a

point load cell and compared with the recorded value of the dynamometer.

|
Edge trimming
— tool

b
z

; Y AR

Figure47 - CFRP edge trimming fixture

3.6.2 Specific cutting power calculation
Typically cutting and tangential cutting forces can be calculated by applying a méichanis

force modelling approachsing Eq4 and 522], [91}
O 0 WQe 0 O T
O 0 WQe 0 O U

Where0 h) h) h) are cutting shear force coefficients and edge force coefficients for
radial and tangential direction, is tool rotation angle, h is instantaneous chip thickness

and a is depth of cut.
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For the woven carbon fibre composites combined witle thouble helix angle used in
researchresults inmore complex as the specific cutting energy coefficientsch needs

to be calculated for each ply orientations and mechanistic models needs to applied to
summate these force§22]. Additionally, the use of radial tangential forces does not
include the z force components (along the length o thol) which are also a significant
factor when using tools with helix angles which direct forces into the tool[&Xi5. An
alternative is to calculate the specific total powehich will be used to compare the
machining behavioubetween the different materials and cutting feeds used in this
experiment As the cutting forces are cycling depending on feed and speed of the cutter,
the sum of integral of the cutting forces for one tool rotation is calculated (Nm) as shown
in Figure48. This is divided by the total volume of material removed @ntm provide
(N/mm?), specific total poweras shown in Ed. Uris defined by the specific algebraims

of forces (Nm) divided by the total volume of material removed &nm

020, 0Q6 00
®

¢
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Figure48 ¢ Example of cutting force behaviour for 2 full tool rotations for R10 sample

3.6.3 Cutting tool parameters
As detailed in the literature revievgection2.4.3.2 various milling tools geometries and

diameters are available for milling CFRP. For this particular edge trimming operation, a
diamond coated fine nicked router designed for CFRP trimming is used. The patented nick
and flute form shown irrigure49is designed to eliminate uncut fibres and delamination.
The tool geometric properties are listedTiablel9. This particular tool was recommended

and supplied by the tool manufacturer, OSG Corporation.

@ '
f

Figure49- DIA BNC edge trimming cutt¢t72]
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Table19- Edge trimming tool geometry features

Overall : Helix | Relief| Rake Recommended
No. Helix Suggested
Tool | length o angle| angle | angle feed rate
Flutes| Direction | 5 . . RPM
(mm) ) 6106 (mm/rev)
DIA
- | 68 8 | Double | 15 | 18 | 8 553235 0.1¢0.12
BNC '

Cutting parameters are given ifable20. The cutting speed recommended by the tool
manufacturer range from 5300 to 9500 RPM, while the feed rate range from 0.1 to 012
mm/rev or 1140 mm/min and 1900 mm/minA fixed cutting speed of7® m/min (9500
RPM) was selected for this edge trimming trial. Two feed rates were selected, 0.12 mm/rev
and 0.20 mm/rev, the last one being outside the recommended parameters. This high feed
was selected in order to elicit detrimental change in the maetiisurface of the material

and to further check if the presence of fillers have a significant effect on the cutting forces
and machining induced damage compared to bulk composites. An initial clean cut with a
depth of cut of 0.3 mm was done to ensure eadmple is aligned and any form of
machining induced damage from AWJ machining is remoiethis low depth of cut the
machining induced damage created shall not affect the results generated at the larger
depth of cut.Even the samples were polished to reve any form of damage as previously
done in the orthogonal cutting tests, a clean cut is necessary to thiggthree specimens

on the rigmaking sure the depth of cut is constafibe depth of cut was set to 1 mm based

on existing edge trimming of comptes literature [88], [94], [173], [174]

Table20 ¢ Edge trimming parameters

Tool @ | Flutes | Vc RPM FPT Vf Feed Rate | Feed Rate
(m/min) (mm/min) (mm/rev)

B 8 179 9500 0.025 1500 0.200

6 g 179 9500 0.015 1140 0.120

The parameers listed inTable20were calculated using the following formulas:

w

0 WO
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Wherew is the feed rate describing the linear velocity of the workpiece (mm/niiig,
the spindle speed (mm)Q is the feed per revolution (mm/revdy is the cutting speed in
m/min, D is the diameter of the cutting tool (mm{is the feed per tooth (mm/tooth) and

n is the number of flutes on the tool.

3.6.4 Design of experiments setup
A full factorial DOE matrix is implemented for the edge trimming experiment to link the

physics of chip formatioprocessdiscussed on the orthamal cutting tests tdhe results

from the edge trimming experiment. The DoE information is givehainle21. 9 repeats

for each case were chosen to provide enoughadéd create a statistical response
comparison based on the factors and levels u®atsed on this DoE, ANOVA is conducted
to create a statistical link between particle type, concentration, and feed and cutting force

behaviour and machining induced damageeifyg quantified by surface metrics

parameters.
Table21 ¢ DoE Factor information
Factor Levels | Values
% Rubber | 5 0, 5, 10, 15, 20
% Silica |5 0, 5, 10, 15, 20
Feed 2 Low Feed (LF = 1140 mm/min), High Feed (HF = 1900 mm/
Number of repeats for each case: 9

3.7 Post machining analysis

3.7.1 ArealQurfaceMeasurements
Areal surface scanning was conducted using an Alicona Infinite Focus SL optical focus
variation system using 20x magnification. The working principle of a focus eariati

microscope consists of taking images at different focal lengths and stitching them together
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to create a surface topography used for areal surface measurements as previously

discussed ihiterature Reviewsection2.4.6.1

Samples were put in a 3D printed sample holder in order to scan the machined surface
(Figureh50). This holdeallowed the use of an automated script which decreased user error
in location of the samples. Exposure was set to m85nd contrast set to 0.7, in order to
create the necessary contrast to be able to distinguish different surface features without
altering the surface topography measurements. A vertical resolution of 200 nm and a
lateral resolution of > Ywere set to meet the requirement criteria described in BS EN ISO
4288[110] and Alicona recommendatiorfd75]. An area of 5 x 3 mm (thickness of the
sample) wascanned and the image was cropped to remove edge defects which can create
extrapolation and extensions of the profileigure51). After surface levellings filter was
applied before spatial and autocorrelation textural parameters were collected from
Alicona IFMeasurement Suite software in accordance with ISO Z8¥8]. <cis a cut off

ratio which separates roughness from the form and waviness of the measured item.
Alicona guidancfl75]recommend a cut of value 5 times greater than th@&ue in order

to completely remove the effects of waviness. iR defined as the average of a set of
individual measurements of a surface peaks and valleysan Ra value of 0.1 and 0.2 um
and bagd on BS EN ISO 428896[110], a cutoff value<; of 0.8 mm was applied. This
alsoY S G KS NI lptdde BineSgyedter than REiveline measurements were
taken in the transverse direction of the fibres covering the full thickness of the specimen

as shown irFigure51. The full list ofeasured parameters is shownAppendix A
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CFRP sample

Figure51 ¢ Alicona surface measurement image showing cropping area to remove minor edge defects

3.7.2 ScanninddectronMicroscopy
In order to assess the morphology of the machined surface, SEM was used to collect

images at high magnificationSEM uses an electron gun to fire a focused beam of
electrons onto a material under vacuum. A detector then receives the reflected electrons,

and the signals are used to produce an image of the surface. Conductive surfaces are
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needed to prevent the electin beam from charging the scanned surface which can cause

thermal damage of the sample.

In this thesis, samples were mounted on aluminium stubs using Electrodag 1415 silver
conducting adhesive. This was also used on the side of samples to the mountacg sfr

the stub to allow an earth path around the sample to avoid any sort of thermal damage to
occur. Samples mounted on the stubs were then coated with 5 nm of gold using a Quorum
Q150R Plus(London, UKsputter coater. An FEI InspectHllsboro,Oegon, USAand a
TM3030Plus tabletop SEMitachi Europe, London, Utgre used at a 5kV accelerator
voltage and a level 2 post size to obtain the required resolution for the imaging features

of interest on the surface of the machined samples.

3.7.3 Micro-CT scaning
Micro-CT scanning is a method which usesy§ to penetrate carbon fibre sample and a

detector is used to capture the rays which passed through the sarfdeire52). The
sample is rotated 360wvhile the detector collects images which are then stitched together

to provide a 3D imagd.he machining induced subsurface damage was characterised using
a Zeiss Xradia Versa 620ay Microscope (Pleasanton, Ca, USA) kdusithin Sheffield
Tomography Centre (STC) at the University of Sheffield, UK. This method was utilised
specifically for nordestructive 3D imaging. The sample was glued to a cocktail stick and
screwed onto one of the Versa sample mounts to ensure indidnove during the scan.
X-rays were generated from a tungsten transmission target and collected on a CCD (charge
coupled device) 16bit 2000 x 2000 pixel detector camienze sampleDGEBA, R20, Si20)
were scanned under varying conditionstay tube wltages ranged between 50 and 60 kV,
tube currents between 90 and 108 pA, source power between 4.5 and 6.5 W, and exposure
times between 2 and 3 seconds per projecti@he number of samples were limited based

on the associated costs and equipment avalili&pi 1601 projections were collected for
each scan over a scan time of 2 hours. On the whole, inserting a filter to filter out low
energy Xrays was notecessaryhowever a filter (LE2) was inserted for some scans.
Variable scan conditions were needed becaofeariations in sample thickness, meaning
X-ray penetration was more difficult for the thicker samplexlaneeded a higher power.

For all scans an objective lens was used giving an optical magnification of 4x, while binning
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was set to 2 producing an igopic voxel (3D pixel) size of 2.5 um at a field of view of 2.5

x 2.5 mm for each scan. A filtered back projection method was used to reconstruct the
data, and reconstructed .txm files were converted to 8bit greyscale 2D .tiff stacks using
Zeiss Scout an8can Reconstructor softwar®etails about parameters used for each
batch of samples are given Appendix B¢ CT Scan parameter§he Scout and Zoom
methodologywere used to create targeted higresolution regions of interest (ROIs) from
lower resolution scans (at ~10 um voxel size), which were also collected. 3D volume
information was segmented and visualized in Dragonfly, a spalaliomographic

software (Object Resrch Systems, Montreal, Canada).

Detector

Sample
Source
0 - B
_#/_.-—/”’—__— Optical
___— Geometric magpnification
— magnification

Figure52 ¢ Working principle of a Versa CT scanij&r7]

3.8 Health and safety aspects

In the presented machining trials methodology, it was ensured that extraction of carbon
fibre dusts was present. The peigenerated during machining of CFPRs remain in the air
after machining and are a potential hazard to the machine operator as analy$&dah

The possible infection areas based on the size of the generated chiph@sm inFigure

53. To further minimise risk during machining, the cutting of CFRPs and polymers has
always been done in an enclosed space. A waiting period of 2 minutes following each cut
was taken, in order to let the dust to settle on the bed of machine prior to cleasitig

the vacuum system. A Karcher 001 NT 35/1 Tact Te H was used to filter the particles
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generated in the machining trials. Respiratory disposable masks, Boole eye protection and

nitrile gloves were used to ensure the adequate protection against dust wimmting/

unmounting samples.
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Figure53 ¢ Inhalation and penetration of particles in human lungs (a) Classification of particles in 3 categories b)

Areas of action of each category (Figure reproduced fr{i#i8])

3.9 Methodology summary

Table22 summarises the applied experimental investigations to manufacture, analyse,

characterise and assess machinability feé modified CFRP samples and determine the

role of implemented particulatdillers on the chip formation mechanics and machining

induced damage. The results of the designed and conducted experiments are presented

and discussed accordingly in Chapters?®
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Table22 ¢ Experimental methods demonstrated in Chapterg 3

Chapter 5 Chapter 6 Chapter 7

Chip formation Cutting mechanics| Edge trimming oépoxy

processn modified = of epoxy modified  modified CFRP samples

epoxies CFRP samples
Material Epoxy modified Woven CFRP Woven CFRP samples
samples samples
Manufacturing Enclosed mould RTM RTM
technique
Machining Orthogonal cutting rig coupled with H3C CNC machine
platform system and Dynamometer for cutting forc
measurements
Cutting Depth of cut: 30, 50 Depth of cut: 200 Depth of cut: 1 mm
parameters and 100> Y >Y Cutting speed9500 RPM
Cuttingfeed: 1m/min Cuttingfeed: Cutting Feed1140,1900
1m/min mm/min

Toolmaterials Tool rake andelief: 10, Cutting edge OSG Compositeuter

radius: 10> Y tool
Sample DSC, TMA, Tensile DSC, TMA, Void DSC, TMA, Void conten
characterisation and fracture content analysis analysis

toughness tests,
SEM, whitdight
microscopy
Post machining Strain analysis, SEM DIC Strain analysis SEM, surface metrics,
assessmen | cutting force analysic SEM, CT scans, cutting force analysis
surface metrics
cutting force

analysis
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4 CHARACTERISATION OF MECHANICAL
PROPERTIES OF MODIFIED EPOXY CFRP
SAMPLES

Characterisation of the manufactured samples was done to ensure that samples provide
consistency This way the behaviour of the samples which undergo machining operations
will be linked toparticulatereinforcementseffect and not to any manufacturing inded
damage, i.e., increased void content, incomplete curing cgdeédiscrepancy in the glass
transition temperature. Mechanical testing results are used to quantify the effect of

particulate fillers and further used in the discussion of the machinisglte.

4.1 Material characterisation

This section presents the material characterisation results covering therfilatex-void

content analysis, degree of cure anglof the manufactured samples.

4.1.1 CFRP fibrenatrix-void content analysis
A representative UD configuration of the produced panels is showigure54 with fibres

in 0° and 90 orientation. Figure55 shows the average voids, matrix and fibre content (%)
for all manufactured panels taken from 5 specimens for VARTM and RTM manufactured
panels using the method described in sect®f The void content is low with an average

of 1.51+ 0.2 % and 0.5& 0.15 % for all 30 analysed samples for VARTM and RTM,
respectively.The lower void percentage of RTM vs VARTM is expeutddpreviously
reported in the literature[171]. It is noticed that void content (%) in VARTM samples
increases with rubber content as shownHigure55 ¢ a). The increase of void content is
related to the increase of viscosity of the modified epoxy resin with the increase
concentration of rubber, which lowers the impregnation quality during the VARTM
process. Sil0 and SilOR10 sammpiad a void content (% the standard deviation of
DGEBA, while Si20 showed an increase which is attributed to increased viscosity of the
resin mixture as discussed in Section 28n increasing trend in void content (%) with

increasing particle concentration, however the maximum void content for RTM samples is
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0.8+0.18 % for R20 sample. Overall, panels have an acceptable quality, with a maximum
void content of 2.24: 0.24% for RO sample

Figure54 ¢ Example of optical microscopy micrograph for UD CFRP VARTM manufactured sammglesleft

samples have UD 9®rientation, while right samples are UD°0
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4.1.2 Degree of cure measuresgsessment
Degree of cure (%) was calculated using DSC following the method outlssetiom 3.3.2

using Perkin Elmer analysis software and results are showitalle 23. Almost
consistently, all the anelswere cured within > 99 % range, which highlights the fact that
rubber microparticles and silica nanoparticles are not affecting the crosslinking présess.
the samples are almost fully cured, theat generated during machining will naffect
further the degee of cure therefore surface metrics and damage generated during

machining will be independent of degree of cure.

Table23 ¢ Measured degree of cure for CFRP samples

Sample name Degree of cure (%)
DGEBA 99.3
R10 99.1
R20 99.2
Sil10 99.4
Si20 99.2
S10R10 99.3

4.1.3 Glass transition temperaturegT
Following the method outlined irsection3.3.3 the raw data from Perkin Elmer analysis

software was processed using Origin softwailee Tirst derivative of theexpansion curve

is plotted inFigure56 and Tg was taken as the midpoint of the transition regiohVoigt

peak was fitted to identify thdower peak of each curve.gTesults for all samples are
shown inFigure57, where standard deviation is the standard error from Voigt peak fitting.
The average measurefy of the samplesis 151.7 °C with a pan@d-panel variation ot

2.3 °C (~1.5%) which is deemed to be negligible. The low standard deviation indicates that
the panel manufacturing process is repeatable and the rubber microparticles and silica

nanoparticles are not significantly affecting thgof the manufactured paels.
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4.2 Mechanical test results

The results of tensile and fracture toughness tests are presented in this section together
with the discussion on the effects of the appli@articulate reinforcementson the

measured properties of the tested samples.

4.2.1 Polymer tensile test results
The elastic modulusof the epoxy polymers modified witthe silica nanoparticleand

rubber microparticles are shown Figure58. An elasticmodulus of 1.92:0.27 GPa was
measura for the unmodified epoxy polymethat was found to increase with nanosilica
content. As the silica content increases from 10% to 20% wt., thera iscease 08%

and 22% in the measured elastic properties of the material compared with the DGEBA
epoxy as a reference. On the other hand, the presence of rubber microparticles decreases
the elastic modulus from reference epoxy, DGEBA 1.92 GPa to 1.62 GPa for R, poly
and 1.29 GPa for R20his behaviour is linked to the rubber toughening mechanism
namely the cavitation of rubber microparticles and plastic deformation of the epoxy matrix
ahead of the cracip. Thisallows a greater extent of energy to be dissgxhin the plastic
deformation of the epoxy matrix, hence increasing the fracture toughness and decreasing
the elastic modulusThe addition of 10% wt. of silica to ti#10R1IVK & 6 NA RQ S L2 E @

restored the modulus to 1.73 GPa.

The strain at failure icreased for rubbemodified epoxies and decreased for epoxies
containing silica nanoparticles. Tluguld be linked to theubber toughening mechanism
where the debonding of rubber microparticles reduces theess$rat the crack tip and
allows the epoxy taleform plastically via a voigrowth mechanisnj8]. The toughening
mechanism is further discussed in tliterature review section2.2.4 Figure59 shows the
stress vsstrain graph of epoxy samples where the effect of toughening mechanism of
rubber microparticles is noticed on R10, R20 ad@F8.0 curves The large strain to failure

of those samples iattributed to the rubber microparticles which cavitate and experience

a large strain to failure followed by th@astic deformation of epoxy nt@x. The modulus
increase of Si20 samples is also visible in the stress vs strain graph, which highlights the
fact that both toughening mechanisms for silica and rubber reinforcement were present

in the failure process during the tensile tests.
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Figure60 shows SEM micrographs of the fracture surfaces for Si20 and R20 sample. The
fractured surfaces of silica aRiGEBAepoxy are both brittle in appearanc€&igure60 ¢

a). The observedfeather markingsillustrate that crack forking took place. This
phenomenon occurs when energy is absorbed fast in a brittle material and it was
previously reported in the literate in fracture toughness results of silica modified
polymers[6]. The fractured surface of rubber modified epo¥ygure60 ¢ b) shows ridges

due to crack tilting and river lines formed during fracture. Moreover, the voids formed in

the cavitation process are waelispersed throughout the materiaivhich highlights that

rubber tougtening mechanism was present in the epoxy failure mechani$ns.is similar
to results reported in the literatur§?], [8], [44], [47], [49], [179]

Rubber '
cavitations \

1203 NLUD6.0 x800 100 um TM3030Plus3965 14:36 NLUDS.0 x4.0k 20 um

TM3030PIus4000

Figure60 ¢ SEM micrographs of fractured surfaces of epoxy sampleSiapb) R20

4.2.2 Fracture toughness test results

4.2.2.1 Validation of the fracture toughnesalculations
Following the ISO 135&Bandard[164], K valuegstress intensity factorsyere calculated

at applied failure load, wher® 0, where failure load Q represents the highest load
vaue before unstable fracture occurred. For the stress intensity factor at failgite, lbe

admissible as a plain strain fracture toughnegsdeveral criterianustbe met, as follows:

Kqiscalculatedby Eq 7:

w O
o ag

v Q
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The term’Q — is a geometrical function of crack length (a), w (specimen width) and h

(specimen thickness) which is listed in ISO 135&hdard [164] The function was
calculated for each sample and results are briefly showhaible24, while Appendix C

contains the full calculation procedure.

Table24 ¢ Kq calculation based on geometrical function f (a/w)

Sample name | Crack length a (mm) Failure load F (N} Ko (MPa ni/2)
D2 10.79 100.20 0.89
D3 10.97 90.62 0.81
D1 10.99 95.32 0.85
R10 7 10.53 145.20 1.26
R10 8 10.33 135.30 1.15
R109 10.58 120.10 1.05
R20 1 10.72 160.20 1.35
R20 2 10.82 159.17 1.40
R20 6 10.78 158.12 1.26
Sil0 6 11.80 92.32 0.88
Si10 10 10.89 93.12 0.83
Sil0 11 10.50 97.60 0.85
Si20 6 10.85 103.00 0.92
Si20 7 11.72 95.10 0.91
Si20 8 11.25 98.20 0.93
S10R101 10.20 145.37 1.23
S10R102 9.80 145.98 1.19
S10R103 10.15 142.65 1.18

The size of the process zone (the area in which plasticity or similar energy absorption

mechanisms such as shear yielding occurs) is required to be suitably small compared to
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the length and specimen thicknef65]. The characteristic process zone radiian be

estimatedby Eq8, where,, is the Yield stress.

e — W

In order to satisfy plane strain conditions according to BS ISO 1368 2.5 xNghould
be significantly smédr than thickness, crack length and width of the tested samples. As
this condition is satisfied for each individual sampuletéiled in Appendix C kg can be

regarded as K

4.2.2.2 Fracture toughness results
An average fracture energy,d®f 314 J/n? was measured for the unmodified epoxy

polymer as shown iRigure61. Standard deviation for bothéand Kcare calculated based

on 5 samples which passed the validation steps discussed in section 4hefiacture
energyincreaseswith the addition of pariculatefillers with a maximum G of 478 J/n3

and 1429 J/rimeasured for polymers reinforced with ti%20 and R20 particulate fillers,
respectively¢ KS T NJ OG dzZNB Sy S NH &0RE,Fincréakes to 94 8/Mm NA R Q
This value is higher than R10 and S10, which emphasizes that both rubber and silica
toughening mechanisms were present as previousfng reported [8] using high
resolution SEM imaginglhe higher fracture energy of rubber modified epoxy was
expected and is related to the individual toughening mechanism of rubber micropayticles
cavitation of rubber microparticles and plastic deformation of epoxy matrix in front of the
crack tip Similarincreasing trend was found for the fracture toughness, Similarto
polymer tensile tests resultsicrographs Eigure60), both toughening mechanisms for
silica aml rubber reinforcement were presenluring the fracture testas shown by trends
identified in the fracture toughness resulfBhere are already several repofty, [4], [7],

[8], [11], [47]showing the micrographs of fracture mechanism of silica and rubber particles
in fracture toughness testwhich indicated that individual toughening mechanism took

place therefore no SEM imaging was done on the fraaiusarfaces at this stage.
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4.2.3 UD CFRP tensile test results
Figure62 shows the tensile results for samplesGh orientation An average modulus of

120+ 3.21 GPa was recorded for all samples and stafailure of 1.52+ 0.15 %, which
suggests that sample pture is dominated by the fibre failure mechanism and patrticle

reinforcements do not have a significant effect on tHidibre orientation samples.
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The transverse tensil@JD 90) test results of UD CFRP laminates are present&dgiare

63; linear elastic stregstrain curves untifracture were observed for all CFRP laminates.
The transverse tensile modulus is decreasing with rubber content{BI®GPa and R20

¢ 5.7 GPa) and increasing for silica modified samples 310 GPa and Si207.5 GPa).

On the other hand, the strain to failure is increasing for rubber modified samples¢(R10
0.47 %, R2Q 0.6 %) and decreasing for silica modified samples (0142 %, Si2Q 0.25

%). The failure of transverse samples (UD)%re dominated by the matrix behaviour,
hence by the toughening mechanism of particulate fillers which is found to be active in
fractured surface of both epoxy and UD CFRP transverse (UITB8 effect of toughening
mechanism on the mechanical propesievas thoroughly discussed in secti@r2.4
Moreover, smilar trend in modulus and strain at failure (%) was found for the bulk epoxy

polymers Figure58).
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Figure63 ¢ Tensile test results for UD CFRP composite in transverse (90°) orientatiere keft Y-column is the

Hastic Modulus (GPajcolumn barsyand right Y-column is the strain at failure (%4points)

SEM micrographs of thifeacturedsurfacefor transverse tensile samples show artefacts of

matrix rupture for silica modified samples, which correlates with the increased transverse
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tensile properties of the laminatesigure64 ¢ a). On the other hand, cavitations in the
matrix between the fibres is observed for rubber modified samplagure 64 ¢ b).
However, all samples stwed fibres with a clean surfacehich suggest that failure also
occurred at interfacial levelbetween matrix and fibreindependent of particle

reinforcement typeand concentration.

Rubber cavitation

NMUD57 x25k 30 um NMUD5.4 x1.5k 50 pm

Figure64 ¢ SEM micrographs of theomposite tensile transvers&JD90°) orientation fractured surfaces &i20b)
R20

4.3 Summary

Characterisation results show thathe developed manufacturing processes were
consistent and repeatabl& his ultimately demonstrates that experimental variatioredu
to the manufacturing of samplefegree of cure, glass transition temperature, void
content) have been largely mitigated. It is therefore unlikely that any resaltged to
material removal mechanisrare due, in significant part, to such material végas, but
more likely toparticle reinforcement type and concentratioNoreover, it was found that

epoxy mechanical properties are translated into the composite material properties
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5 CUTTING MECHANISM IN ORTHOGONAL
CUTTING OF PARTICULATE MODIFIED
EPOXIES

In this chapter,the results of orthogonal ctinhg trial which analyses the effect of
particulatereinforcementson machinability omodified epoxysamplesvhichare used as

the main matrix in CFRP sampéees presentedEpoxy samples were manufactured using
the technique described in secti@?2.4and characterisation results of the produced parts
showedthat experimental variatiomlue to condition of supj¢d material (degree of cure,
glass transition temperature, void content) have been largely mitigated as discussed in
Chapter4. The insitu orthogonal cutting rig described section3.5wasused to study the
effects of particulate fillers on the recorded cutting forces, chip formapoocessand
machning induced damage of the epoxy modified polynsamples Machined sirface
features identified using SEM micrographs and optical imagese used to quantify
machining induced damage and furtheorrelated to chip formation processand
measured cutting drces. The cutting parameters used in this machining trial are
summarised infable22 and the DIC parameters used for image acquisition and analysis

are listed inTablel8.

5.1 Cutting force evolution

Figure65 shows the average cutting force for the epoxy polymers machatea cutting

RS LJi K 2vhereenror bargepresent the standard deviatiofor the population of

each reinforcement type and concentratioBue to limitations of the experimental setup
discussed in sectioB.5.2 only cutting force ( is used tanvestigate the chip formation
process. This depth of cut was chosen as it provides reliable comparison data, while for the
large depth of cuts (50 and 109 Yy the material is removed by a brittle process of
Wiy 201 A Y 3[180]deNdidproddodzling@hly unstable cutting forces. Experimental
evidence and further discussion on this aspect is described in sest®mA gradual
increase in cutting force is noticed for rubber modified epoxies with respect tOGEBA
polymer. DGEBASI10 and5i20 samples had an unstable cutting force with predominant

W akiaAf @RalJarce traces as shown iRigure66 and Figure67. Furthermore,Si10 and
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Si20 sbwed larger force fluctuations compared with the other samples. By contrd<,

andR20 exhibitedess variations in the measured cutting forces.

Satistical analysis of theresults (T-tests) shows that there is a significantifference in

cutting force between rubber an@GEBA&poxy (p value < .05), whigeich a trend was not

observed forsilica andDGEBApoxy(p value > .05 were not listed dtigure6b).
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As shown irFigure66 and Figure67, higher cutting forces the steady state zoneere

measured for the rubbe 2 RATASR SLIZE&

02 YLJ NBR Her

art Ao

steady state zone refers to the full engagement of the cutting tool with the workpiece (i.e.

Figure66 ¢ a displacement higher than 0.25 mm correlated wrigure67 ¢ D 2, Si20 2,
R20 2).This can be correlatetb the factthat more energy is required to produce the
fracture phenomena in rubber epoxgs reportedby fracture toughness resultshown in

Figure61. The toughening mehanism of the rubber particles initiate as the material

fractures at the crack tip, which involves the cavitation of rubber particles, which generates

the plastic deformation of the polymer epoxXytence, more energy is needed to plastically

deform the maerial, therefore higher cutting forces measured for the rubbewsdified

epoxy.This is shown by the fracture toughness results, secfi@ where the fracture
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energy is higher for rubber sampledowever, these findings contradict the results of

Wang et al[181] where the authorsused DGEBA epoxy modified with 10 % wt. silica
nanoparticles and rubber {@N\) microparticles in orthogonal cutting tests with depth of
Odzia @FNEBAY3I FTNRBY on (G2 w™MH A whend Bigher culingd G A y 3
forces are reported for silicdkhan rubber epoxy and no relationship was found between

epoxy blends cutting force behaviour and their fracture properties. Moreover, the authors
attributed the higher cutting force to the higher tensile properties of silicadified

material, which could potentiallieadto difficulties in the chip formation process due to

incorporation of rigid silica nanoparticles. This aspect is further discussedtion5.2.
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the frame locations for D, rectangles for Si20 and triangles for R20 correspondiigdges ofFigure68
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5.2 Chip formation analysis and deformation evolution

Figure68 shows the chip formation evolution from the initial contact of the cutting tool
with the sample corresponding to the data points showrigure66 for all the tested
YFEGSNREFE A G |, whene 4%fame Riialis re tharkedBigiire66 and
corresponds as follows: circles for DGEBA, rectangles for Si20 and triangles for R20
samples At the early stages of the chip formation process, the material pifesn the

rake face of he tool Figure68¢ D1, Si20 1, R20 1). The amount of pilgd material is
equal to the volume of material displaced by the tool since no crack is yet formed at the
tip of the tool. An initial peak in the cutting force is found at this stage for the R20 sample,
while DGEBA and Si20 samples experienced a much lower initigl dgrskown irfrigure

66. This isupportedby the larger strain magnitude measured for the R20 sanfplgufe

69 ¢ c)), which shows that the material experiences a large plas@formation at the

vicinity of the tool tip within the chip formation zondés the tool advances into the
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material, microcracks are generated ahead of the cutting tBigre68 ¢ D2, Si20 2). The
strain fields generated for DGEBA and silica samplgsie69 ¢ a)and b))shows adrge
localised strain magnitude at certain direction with respect to the cutting force which could
indicate the failure initiation, hence the crack propagation within the material. This is
further explained byFigure68 where the cracks are observed at the initiation point and
grow in a similar manner. As the cutting tool engages with the workpiece and the forces
increase, the tool wedge effect results in further cracikiation and growth Figure68 ¢

D2, D3)As the friction force between the rake face and material starts gaining importance,
the resultant force starts pointing towds the undeformed region of the materigl82].

As the material has shown a brittle fracture behaviour with very low fracture toughness,
the initiated crack will grow rapidly with very small strain to failure in DGEBA and silica
modified epoxy. The generated cracks within the deformation zone ahetitedbol tip

are then deflected towards the free surface of the workpi¢€gure68 ¢ D3, D4, Si20 4)

as this is the minimum resistance path given that theress force and material to resist
the crack growthThe cyclic crack initiation and generation results in discontinuous chip
formation (Figure68 ¢ D3, Si20 2, Si20 a8hd the process will not reach a steady state as

it is reported in most of metal machinij@83]. This effect can be seen in the cutting force
oscillations inFigure66 and Figure67 (DGEBA and silica samples). The forces start from
zero where there is no contact between the cutting tool and material and increase
gradually as a result of a stress builpl before the onset of crack initiation reached
(Figure68¢ Si20 2 and Si20 3 correlated with the cutting force graph showigure66).

A discontinuous chip is formed when brittle fracture occurs in front of the cutting tool
(Figure68 ¢ Si20 4) and the force furthelrops,and thecyclic crack initiation process will
start again Sil0 sample experienced a brittle chipping behaviour, similar to Si20 and
DGEBA sampl®ubbermodified samples formed a curly chipigure68 ¢ R20 4)due to
toughening mechanism which stops the crack propagation ahead of the tool tip, limiting
the machining indced damage. This is correlated with the steady state zone of the cutting
force graph Figure66 ¢ R20 sample). The plastic zone is also highlighted by the localised
strain distribution around the cutting tool as shownRigure69¢ c).Similar behaviour was
20a3SNWSR F2NJ wmn | YR fo{f Whicin ¢hen nubbéb KoigheéhhdR Q  a | Y

mechanism governs the failure mechanism as previously discussed in se2tidand4.2.
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5.3 Analysis of the machined surface morphology

G fFNBSN) RSLIGK 27F QunkgieEe separatibnypbehavedima brtté> G K S
fashion for DGEBA aisdica modifiecepoxies. This phenomenon was explained previously
by Atking184]using cubesquare scaling principles and successfully applied in orthogonal
cutting of polymers by96]. The cubesquare scaling principle states that the energy stored

in a cracked body depends on its volume, but the energy required to separate the body
depends orthe area of the cracked surface. Therefore, it is expected that at larger depths
of cut, the fracture will be brittle with larger cracks. Experimental evidence shadksgd
cracks length is increasing with depth of .clihe cracks are observed after machgiook

place (see red rectangles mgure70) and also took place during machining as shown in
Figure68¢D4,Si204¢ KS YIF GSNALFE A& NBY2OSR o0& | oNRARGG
[180]. This phenomenon resultdd highly unstable cutting forces, which cannot be used
for comparison with the other epoxy blends. Similar behaviour was found in the literature
in orthogonal cutting of other epoxy polyme[86], [180} On the other hand, rubber
modified epoxy samples produced a continuous chip at larger depth of cuts. This is
correlated with the previously explained void growth mechanism and the large strain to
failure of the rubber material. Adddnally, the cracks are also constrained due to the
plastic deformation of the material within the chip formation zorExe microcracks
occurring in front of the cutting tool were deflected towards the free surface, which
facilitated the formation of a cdmuous chip. R10 and SilOR10 sarsplghich have
rubber microparticles in a lower concentration, showed features similar to the R20

machined surface.
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D, Depth of cut: 100 um R20, Depth of cut: 100 um || Si20, Depth of cut: 100 pm

Figure70 ¢ Optical images of the side of DGEBA, R20 and Si20 sampekined at a depth of cut of 30, 50 and 100

>Y gKSNBE NBR NBOGFIy3IfSa akKz2g G(KS adzwadaNFIF OS
The start of the subsurface cradksdentified on the SEM micrographs of the machined
surface Figure71 ¢ a, b)). A zone with a smooth and glassy surface is pointed, which is
typical for a brittle epoxy polymei6]. Steps and changes the level of the crack are
observed in the smooth crack growth region. These featureseathér markings, which
shows that crack forking took place. This phenomenon occurs when energy is absorbed
fast in a brittle material and it was previously reportéd the literature in fracture
toughness results of silica modified polym&s Similar micrographs were identified for

Sil0 samples.

SEM micrographs of tHR20macdined surfacesHigure71¢ c)) showed the evidence of the
cavitation process enabling the subsequent toughening mechaqibm higher diameter

of the created voids copared to the microparticles indicated that plastic void growth of
the polymer has taken placés previously discussed section4.2.2 this toughening

mechanism is typical for rubbenodified epoxies and indicate a greater exteftenergy
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required to fracture. This is correlated with the higher cutting force measured fuyau
modified epoxies. The plastic deformation of the polymer ahead of the cutting tool within
the chip formation zone constrained the initiation of subsurface cracks limiting the
machining induced damagehis resukdin an increase plastic zone aheadlo# crack tip

within the polymer and the energy is dissipated creating the toughening effect.

@ smooth and
glassy region

Feather "
+  markings )

>

Example of
p_article
cavitations

Figure71 ¢ SEM micrographs of the machined surfaces for a) Si20 b) DGEBA c) R20 sample
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5.4 Summary

In the orthogonal cutting of epoxy mdad samples it was discovered that rubber
modified epoxies experienced the highest cutting fofige values < 0.05 when compared

with DGEBA samples), while due to high variation of forces experienced by DGEBA and
silica samples the difference was nagraficant.Experimental evidence showed that chip
formationprocesss governed by a series of intermittent fractures occurring in front of the
cutting tool. Chip formation in bulk and silicaodified polymer produced discontinuous
chips with large crackat the machined surface level and subsurface within the chip
formation zone. This was linked with the low fracture toughneOGEBA and silica
modified epoxies compared to rubber modified epoxi€n the other hand, rubber
modified material produced a edinuous curly chip due to large plastic deformation of
material as the toughening mechanism of rubber microparticles was present. At the same
GAYSZ GKS YAONRBONIOla 6SNB O2yaiNIAYSR oAl
Sil0R10 epoxy experienced gan chip formation process as rubber samples, while the

mechanical properties were close to the bulk epoxy.

SEM micrographs of machined surfaces of DGEBA, Sil10 and Si20 samples showed a smooth
and glassy surface, which is typical for a brittle polymeathe markings were observed,

which occur when energy is absorbed fast in a brittle material. On the other HRf@i,
samples showed the evidence of the cavitation process, which is the rubber fracture

toughening mechanism where a great extent of ener@pbsorbed in the fracture process.

In this chapter it was concluded that chip formation process of particle modified epoxy
samples is governed by theffect of particlereinforcement failure mechanisron the

epoxy matrix The material removal mechanism dfica and rubber modified epoxy
samples was studied and discussed at a micro scale level and experimental evidence was
used to characterise machining induced damage. However, equakiesare mostly often

used as a matrix in high performance compositescivhindergo a series of machining
operations to achieve required features and tight geometric tolerances. Therefore, the
chip formation process and subsequent machining induced damage of particle modified
epoxy CFRPs needs to be investigaldte particle ndified epoxy matrices used in this

chapter will be used as base matrices in manufacturing of CFRP samples, which will be cut
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in orthogonal cutting conditions to further analyse the material removal mechanism of

epoxy modified CFRPs in Chagfier

135



6 CUTTING MECHANICS OF MODIFIED
EPOXY CFRPs

In this chapterthe results of an orthogonal machining trial on epoxy modified CFRPs are
presented and discussed in order to investigate the effegpanticle reinforcement on

chip formation process and subsequent machining induced damage. The observed
behaviour is invagated and linked to the underlying mechanism of failure by adding the
rubber and silicgparticulate reinforcements A correlation is done between particulate
reinforcementfailure mechanism, chip formation process, surface metrics and machining

induced é&image.

6.1 Orthogonal cutting of CFRP samples T preliminary
study

CFRP samples were manufactured using RTM and VARTM technique having different fibre
architecture and thickness akescribed in sectio.2. Due to experimental limitations of
each manufacturing method, three difference fibre architecture and thicknesses were
used as peffable25. The three sample types were tested in the orthogonal cutting rig to
check the cutting force behaviour and the possible-otiplane displacement which might
occur and obstruct the camera view of the chip formation proc€ggure72 shows the

onset of the cutting process when the tool is fully engaged with the materiafs (
penetration is larger tharl mm).Woven samplesHigure72 ¢ a)) showed limited out of
plane displacement and the chip formation process is visible. The UD sample
manufactured by VARTM showed excessive out of plasglatiement Figure72 ¢ b))
regardless of the fibre orientation used and material removal mechanism is not visible.
Due to the low thickness and oof-plane displacemat, the plane strain condition of the
orthogonal cutting rig is not fulfilled for low thickness UD samples. To overcome this issue,
UD samples with a thickness identical to woven samples were tested along with a sapphire
glass pressed into the sample, dgsed to restrict the out of plane displacement of the
fibres. Even though this solution proved feasible and successfully restricted the fibre
movement, the cutting insert fails prematurely under the compression force of the UD

material at higher fibre orietations (> 48). Here tool failure refers to the plastic
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deformation of the cutting tool at the tool tip, which results in a change in the rake and
relief angle and increased cutting edge radius. A possible solution to overcome this issue
was the manufaitring of tool inserts from a higher hardness material as discussed in
section2.4.2.3 howeversuch observations at such a high magnification were made for the

first time and adjustments will be made for future experiments.

Even though the study of chip formation procé&sdone in the literature using UD samples,

the cuttingin the multidirectional ply laminate is similar to the UD lamin@tethisthesis
woven samples manufactured by RTiIsection 3.2.4, with a slight difference in the 90°

and 135° fibre orientation as the result of the influence from adjacent plies as previously
discussed by Arola and Ramyi#]. Excessive owbf-plane damage in multidirectional
occurs at 90° or greater in UD laminates, while the damage in multidirectional laminates,
at these angles, is limited due the support of adjacent plies. This facilitates the analysis of
the material removamechanism for each ply and fibre orientation based on analogous UD
plies As out of plane displacement of the fibres does not obstruct the view of the removal
processon the surface plieghe plane strain conditionsere fulfilled, the tool did not fail
during the cutting process, woven CFRP samples were used in this orthogonal cutting trial.
The cutting conditions used in this chapter including depth of cut and cutting speed are

detailed inTable22.

Table25 ¢ Orthogonal CFRP sample assessment

Sample type Manufacturing | No of plies | Thickness
method (mm)

Woven (multidirectional laminate) RTM 14 3

ub VARTM 4 1.2

Thick UD_RTM RTM 10 3
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» Thick
' , i UD CFRP
i material

Figure72- CFRP samples in orthogonal cutting rig a) Woenly the top 0g 90° ply is visible in this figurep) UD c)
Thick UD_RTM sample showing tool failure

6.2 Effect of matrix type on cutting force evolution

Figure73 ¢ a) shows the average values of measured cutting forces for each material
together with standard deviation error bars. Unpaireestatistical tests were run to

compare the difference between the cutting force magnitudes, and it was found that
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adding the particulateeinforcementswill result in statistically significant differences in

cutting forces between unmodified (DGEBA) and modified sasnfi®10, R20, Si20,

Si1l0R1Q)A 20.2% decrease was found for R10, followed by a further 42.4% for R20
samples compared to DGEBA. The Si20 samples showed a decrease of 14.2% in cutting
F2NOS YI3IyAddzRSE KA S WKeoNRROQ%.AtIsNotidgedS 6 { A m
that Si1lOR10 had similar cutting force magnitude to R10 specimens, which suggests that in

I WKEBONARQ O2YLR2aAdS (GKS NIzoO6SNI YAONRLI NI A
processThis is linked to the rubber toughening mechanism ans #spect together with

experimental evidence is discussedbib.

The amount of spring back was measured after each cut using a digital micrometre
6 NB a 2 f dzn)Aagdyfurtmer chiecked using the recorded cutting images as shown in
Figure73 ¢ b). The brittlematrix epoxy represented by unmodified (DGEBA) and silica
epoxy (Sil10, Si20) experienced the lowest elastic recovery and highest cutting force. On
the other hand, the preserecof rubber microparticles (R20) increased the elastic recovery
and the lowest cutting forces were recorded. The increased elastic recovery due to rubber
particles is related to toughening mechanism and large strain to failure of rubber modified
composite48], [48], [49] Additionally, the decrease in the cutting ées is correlated with

a smaller volume of material removed, despite the large elastic deflection. Wang and
Zhang[77] reported that in orthogonal cutting of UBFRPs the magnitude of spring back

is related to the cutting edge radius of the tool, when all the other conk are the same.
Considering that all the cutting parameters in this study, including the tool geometry and
cutting conditions are identical between the investigated samples, the observed trend in
the measured spring back could only be due to the losathanical properties of the
modified epoxy matrix indicating that the presencerefnforcementshas a significant
STFSOUO 2y aLINAYy3I o001 ! RAFFSNBYOS 2F wmc
distance (R20 sample) and lowest value (Si20 saraplshown irFigure73¢ b).

The evolution of cutting forcesF(gure74) indicates that there is less variation in the
cutting force when cutting rubber modified samples, while a large oscillation was observed

in the graphs related to the reference material (DGEBA) and the-sitichfied samples

(Figure74 ¢ a)). The cutting force signal for R10 and Si1lO0R10 sanfitps€ 74 ¢ b))
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showed a similar pattern. This was previoudigcussedn orthogonal cutting of rubber

and silica modified epoxy polymeirssection5.1, where the chip formation process was

mainly influenced by the presence of rubber microparticles, rather than silica
YIEy2Ll NOGAOE Sa A yihas Beén preworisty KodReB] (3K | YALIEASYD | WK & ¢
modified CFRP, the rubber toughening mechanism is the dominant failure mechanism. This
aspect and the effect of chip formatigerocess in relation to particulateeinforcements

and cutting force behaviour is further discussedha section 6.4.

The aitting force is increasing with rubber ciemt for polymer samplesHigure65), while

in the case of epoxy modified CFRPs is decreabiggré73). This difference in cutting
force trend is attributed to amount of material removed and large strain to failure of
rubber particles which governs the failure mechanism of rubber modified epoxy
compostes. Even the rubber toughening mechanism is present in both polymer and
composite sample, the chip formation and material removal mechanism are different for
each sample typeln a composite sample, the overall failure mechanism is governed by
the fibrefailure and its subsequent orientation with respect to the cutting tool. However,
rubber toughening mechanism alters the fibre failure mechanism, as it will be discussed in

section6.4.
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Figure73 - Cutting force analysis graphs with error bars representing standard deviation of the test samples a)
Cutting force average (onlypalues which are stastically significant values are shown) b) Cutting force average vs

spring back distance & actual depth of cut
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6.3 Effect of matrix modification on strain evolution and

deformation mechanics

Figure75shows the evolution of chip formation as observed by the High Speed DIC system
where the individual frames are correlated to the time steps shawnthe force
displacement diagram dfigure74 ¢ a). As the tool advances into the work piece, the fibres

at 0° are compressed (shown by curved dash lind=ighire75 ¢ b)) and by further
displacement of the cuttingdge a chip forms on the rake face of the cutting tégag(re

75¢ b)). Relaxation and material recovery occurs at the flank side of the tool (shown by
straight dashkdot line inFigure75 ¢ b)). The material pile on the rake face of the tool and

a continuous chip is formed, while 0° fibres are bending and fracture in front of thiegutt
tool (Figure75¢ c)). This is primarily due to the low cutting speed and high bending limit
of the 0° fibres used for this experiment. Considering the 2x2 twillemndibre architecture

of the samples (carbon fibre placed in a 0/2045/135° configuration with 0/90° on the

top/ bottom plies), the tool will encounter 0° and 90° fibres on the top plane as the sample
is cut. As the tool enters a region with 90° fil#eNA Sy G F GA2y X fF NHS ONJ C
generated in the matrix between fibres on the top phigure75 ¢ d)) due to excessive
bending of fibres along their axis. Thdsag cracks are only present on the top ply, as
fibres can readily deforrout of plane and cracks are formed from a combination of
bending and debonding from the matrix. €dan images did not show these features on
the layers below the surface. This aspis further discussed isection 6.4. No noticeable
difference was found between side view images of the parictadified samples and

DGEBA specimen, the chiprf@tion process shows the same behaviour.
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Figure75- Chip formation process imagesd) corresponding to the selected time steps of-D4 Figure 2; a), d) D4
has a false colour blacigreen contrast to highlight thesurface ply crack propagation for 90° fibre orientatiavhere

h is the fibre orientation angle

Strain maps shown iRigure77 andFigure78are linked to the cutting force signal Bigure

76. Maximumnormal strain (MNS) and shear strain (SS) have been calculated for each test

condition according to the parameters givenliablel8and represent thenset of steady

state cutting zoneKigure77 andFigure78 ¢ a), c), e)) and full engagement of the cutting

tool with the material which starts to build up on the rake face of the cutting tbaure
77 and Figure78 ¢ b), d), f)). MNS maps of DGEBAg(re77 ¢ a)) showed a larger

deformation zone compared to rubber modified samplEgy(ire77 ¢ ¢)) in which strain

contours are situated close to the cutting tool. On the other hand, Si20 sample had the
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lowest MNS value of 0.11, followed by R20 sample with 0.27 and DGEBA with 0.45. Si20
sample Figure77 ¢ e)) showed a more localised strain map, whaduld potentially
illustrate a crack initiation pointAs the material is deformed due to further penetration of

the cutting tool, the locaétrain values increase for all samples, while strain contours are
still localisedaroundthe cutting tool for R20 and Si20 sampldsig(re77 ¢ d, f)). DGEBA
sample Figure77 ¢ b)) shows the highest MNS value of 1.1, however the strain contours
are dispersed around the cutting tool in two zones: (i) one that is extended ahead of the

cutting tool (ii) on that penetrates approximately 45° into the subsurface.

The high value of MS of DGEBA sample and the strain contours dispersion is attributed
to the deformation and fracture of the material. In the case of rubber modified sample,
toughening mechanism took pla¢®], [48], which increased the plastic zone ahead of the
cutting tool, hence limiting the fracture and deformation of materighe shear strain

maps Figure78) show a compression area (negative value of SS) formed across the relief
face of the tool, while a tensile area (positive value of SS) is formed on the rake face. Similar
to MNS contours, R20 samplkdure78¢ c), d)) showed the SS contours distributed close

to the cutting tool edge.The increased stiffness of the s#di particle should make a
contribution to the load carrying capacity of the composite, however, the stress
concentration effect due tehe presence of silica nanoparticles weakens the maté¢4ial

This aspect coupled with experimental evidence is discussed in sécfion
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to equivalent strain maps ofFigure77 and Figure78

146



Initial touch of the tool Engagement of the tool

a) DGEBA-MNS b) DGEBA-MNS

115 [P0 WNWI X}y

|5

0.10 3
Z
0.05= !

[8] wies3s [ewsou wnwixey

c) R20-MNS

o @ o9
o N @

135 [PWIOU WNWIXEy
[8] wieJ3s [ewiou wnwixe|

%4

0.10 3
n
0.05—

© o 90 0 o o
- N W s Wnm

15 [EWLIOU WNWIXey

12

0.10 3

S

Figure77 - Maximum normal strain [S] (MNS) maps for-&) DGBA c- d) R20 e f) Si20 corresponding to the time

force points marked af on Figure76
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Figure78 - Maximum shear strain [S] (SS) maps forla) DGEBA €d) R20 e f) Si20 corresponding to the time force
points marked a f on Figure76, with negative values corresponding to compression force due to the flank face

compression
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