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Highlights:

Rubber and silica toughening mechanisms govern the chip formation process

Cutting force evolution is different depending on the particle type and concentration

Strain map contours indicated an extended deformation zone for silica modified samples

Rubber modified samples experienced the lowest level of machining induced damage

Abstract

The epoxy matrix of a carbon fibre reinforced polymer (CFRP) was modified by addition of silica
nanoparticles, rubber microparticles and a combination of both to determine the effect of particle
reinforcements on chip formation and machining induced damage. The effect of epoxy particle
reinforcement on the machinability of CFRPs was studied experimentally under orthogonal cutting
conditions. The results show that the chip formation process is affected by the presence of particulate fillers
regardless of individual ply fibre orientation. Subsequently, the measured cutting forces showed a
representative behaviour for each particle type and concentration. Rubber modified samples showed the
lowest subsurface damage and measured surface metrics, followed by silica and unmodified epoxy samples.
This behaviour was linked with the toughening mechanism of rubber and silica particles, which was found
to take place during the material removal process.
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1. Introduction

Multifunctional and multiphase materials, such as traditional carbon fibre reinforced composites, are

designed to achieve greater functionality compared to their individual constituent materials. Coupling



individual material phases creates new hybrid materials with improved performance by reducing
dimensions, weight, expense and energy consumption, while enhancing safety, design, and manufacturing
versatility. A range of multifunctional and multiphase materials have been created by adding fillers into
polymer composites [1]-[3]. The unique characteristics of micro and nano-fillers such as size, shape,
mechanical properties and low concentrations necessary to create a beneficial change to the polymer matrix,
together with the advancement in polymer characterisation and simulation techniques, have generated a
great deal of interest in the field of modified polymer composites [4]. Nowadays, particle-modified
composites are used in a wide range of industries including, but not limited to, aerospace [5], automotive
[6], medicine [7], microelectronics [8], [9] and wind power [10]. Similar to conventional composite
materials, particle-modified composites require features, such as holes and edges, to be generated via
material removal processes after cure to achieve tight geometric tolerances and ensure edge-of-part
mechanical performance. However, little information is available on their behaviour under such finishing
operations. The complex nature of the interaction between cutting tool and fibre/matrix during machining
of CFRPs and the difference in mechanical properties of fibre and epoxy-based polymer matrix can result
in severe machining induced damage, including poor surface finish, matrix burn, pitting and delamination
[11]-[13]. The ultimate effect of such defects is a potential reduction in the mechanical performance leading

to catastrophic failure events [14].

Koplev et al. [15] studied the chip formation process in orthogonal cutting tests of unidirectional (UD)
Carbon Fibre Reinforced Polymer (CFRP) laminates where the cutting process was considered to be a two-
dimensional problem involving a tool edge perpendicular to the direction of the cut. It was concluded that
the tool does not actually cut into the specimen, but the pressure that is applied into the fibres results in
fibre breakage and matrix cracking leading to the chip formation, which is heavily dependent on the fibre
orientation. Wang et al. [16] reported that chip formation varies with fibre orientation and to some extent
with tool parameters. The same authors [17] concluded that an increase in the rake angle of the cutting tool

results in smaller discontinuous chips resulting in improved surface quality. The general conclusion was



that the influence of cutting characteristics on the chip formation during an orthogonal cutting process is
governed by the following, in descending order: fibre orientation, tool geometry and cutting parameters,

such as cutting feed and speed [17].

Various fracture modes for different cutting tool configurations were identified by Arola and Ramulu [18]
which concluded that rake angle and fibre orientation are key players in the chip formation process. It was
also found that the defects and surfaces generated in multi-directional laminates had the same characteristics
per ply as UD samples, indicating that the surrounding ply orientations had minimal effect on any individual
ply. The “machinability” of UD CFRP laminates was further analysed in orthogonal cutting tests [19]. It
was found that the subsurface damage is related to the depth of cut, fibre orientation and rake angle. An et
al. [20] studied the cutting mechanics using the orthogonal cutting method. As the cutting speed increased,
the main cutting force and thrust force decreased. The overall conclusion was that a suitable high cutting
speed with appropriate cutting depth is helpful for stable machining of CFRP. Another study [21]
investigated the effect of cutting speed on cutting mechanism of CFRPs. Results showed that with
increasing cutting speed, fibre deformation and the affected area before fibre fracture decreased. Although
the chip formation process in CFRPs and its mechanism have been well studied and reported in the
literature, discussion of the effect of matrix properties and/ or particle-modified polymer matrix composites

is limited.

Thakur and Singh [22] published a review on the influence of filler on polymeric composites during
conventional machining, including drilling, milling and turning of composites with modified epoxy matrix
using various fillers such as graphene, nanoclay, multi-walled carbon nanotubes (MWCNT), carbon
nanotubes (CNT) and nano Silicon Carbide (SiC) particles. They reported that these fillers can be used to
optimise machinability in terms of cutting forces, surface roughness and delamination depending on filler
type, mechanical properties and physical characteristics. On the other hand, the reviewed papers lead to the

conclusion that due to 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 to be investigated at a micro-scale.

The literature contains several studies which investigate the toughening mechanism and mechanical
properties of a wide range of industrially available nanoparticles and microparticles, in particular silica and
rubber, mixed in different epoxy blends and their composites [23]-[30]. However, from the machining point

of view the available knowledge is generally limited to unmodified epoxy CFRPs.

The present work investigates the cutting behaviour of silica nanoparticles and carboxyl-terminated
butadiene-acrylonitrile (CTBN) rubber microparticles modified epoxy CFRPs. The effect of fillers, at
different concentrations blended into an epoxy matrix was assessed in relation to cutting force, chip
formation, surface metrics and subsurface damage. This study provides 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 needed to ensure low damage machining processes. Gaining understanding of
chip formation process of modified polymer composites will enable designers and engineers a greater
ability to introduce polymer-fillers during Design for Manufacture (DFM) stages of product design leading

towards damage-free machining of high-value parts.

2. Experimental method

2.1 Resin and fillers

A low viscosity Diglycidyl ether of bis-phenol A (DGEBA) with an epoxide equivalent weight (EEW) of
167 gleq (LY1564, Huntsman, UK) was used as the base epoxy resin together with a cycloaliphatic
polyamine (Aradur 2954, Huntsman, UK) as the curing agent. Nano scale silica (SiO,) were supplied at a
concentration of 40 wt. % in a DGEBA epoxy resin (EEW of 295 g/eq, Nanopox F400, Evonik, Germany).
The reactive liquid carboxyl-terminated butadiene-acrylonitrile (CTBN) rubber was obtained as a CTBN-
epoxy adduct with a rubber concentration of 40 wt. % in a DGEBA epoxy resin (EEW of 330 g/eq, Albipox

1000, Evonik, Germany). The DGEBA epoxy resin was mixed with the epoxy containing silica and/or



rubber particles to give the required concentration of nanoparticles. These blends were thoroughly mixed
for 1 h at 400 RPM using a resin mechanical mixer and degassed in a vacuum oven at 60 °C. Six epoxy

formulations were used as shown in Table 1.

Table 1 - Epoxy formulations

Nanoparticles by weight Name

(%)

Control D (DGEBA)
10 % silica, O % rubber Sil0

20 % silica, 0 % rubber Si20

10 % rubber, 0 % silica R10

20 % rubber, 0 % silica R20

10 % silica, 10 % rubber Si10R10

2.2 CFRP panel manufacture and characterisation

CFRP panels were manufactured using a Hypaject Mk I RTM system. 14 plies of T300, 2x2 twill, 200 gsm,
TC3091000 fibres (Sigmatex, UK) were stacked symmetrically about the mid-plane in a balanced manner
to give [((0,90)/(+45,—45))3/(0,90)]; resulting in a panel of 300 x 300 x 3mm =+ 0.05 mm . This lay-up was
chosen to provide quasi-isotropic strength properties. The EEW of the epoxy blends were calculated and
stoichiometric amounts of curing agent was added, mixed and degassed at 60 °C. The RTM mould was
coated with 227CE release agent (Marbocoat, UK) before mixed resin was drawn into the RTM chamber
and injected at 3 bars for 10 min, 4 bar for 10 min, 5 bar for 20 min and 6 bar for 20 min. Afterwards, the
CFRP panels were cured for 1 h in the mould at 80 °C, removed from the mould and then post cured for 2h

at 160 °C. Heating was at a rate of 2 °C/min.

In order to ensure the consistency of panels during manufacture, the glass transition temperature (T,) and
fibre, resin and void content were all measured. A Perkin Elmer Pyris Diamond thermomechanical analyser
(TMA) was used to measure T, of the epoxy blends using rectangular block samples with dimensions of
12.5 x 3.5 x 3 £ 0.1 mm from cured epoxy sheets. The temperature was equilibrated at 25 °C at the start of

the measurements and specimens were heated to 200 °C at 10 °C/min, while a constant force of 200 mN



was applied. The data was then analysed based on the method outlined in ISO 11359-3: 2019 [31] and the
T, was found as midpoint of the transition range using the first derivative of the dimension change versus
measured temperature. A Perkin Elmer Diamond differential scanning calorimetry (DSC) was used to
calculate the residual enthalpy change values, Ah of each manufactured panel to define degree of cure for
the resin system. This ensures that the same degree of resin/ hardener cross-linking has occurred between

each panel regardless of the concentration and reinforcement particle used.

Two sections from each panel were cut to determine the fibre-volume fraction prior to machining to ensure
a similar content across all panels was achieved. The samples were prepared according to Ashworth et al.
[32] and the ratio of matrix, void and fibres was calculated through analysis of five different pictures using
Imagel software (LOCI, University of Wisconsin, USA). The measured values were averaged and reported

for further investigations.

2.3 Orthogonal cutting tests

The chip formation process was investigated in orthogonal cutting conditions using a specially designed rig
attached to a Tinius Olsen 25ST benchtop tester. Further details about the cutting rig working principles
and dimensions are available in the literature [33]. The enclosed setup of rig allows the observation of the
cutting process under 2D plane strain conditions. The cutting process was recorded using a High Speed 2D
Digital Image Correlation (DIC) system (LaVision, GmbH) paired with a Navitar 12x Zoom Lens system
with the parameters as shown in Table 2. The cutting forces were measured using a Kistler 9257B
dynamometer at an acquisition rate identical to the imaging frequency of 10 kHz. The force and imaging

frequency were synced to correlate the observed phenomena during the cutting process.

A Protomax (Omax, USA) Abrasive water jet (AWJ) machine was used to cut the samples to the required
size of 25 x 25 mm. CFRP panels were submerged 1mm under water during cutting. The water pressure
and feed rate of the nozzle was determined by type and thickness of the material and a level of desired

surface quality. The same water jet and cutting parameters were used in a previous study by Monoranu et



al. [14] where similar material was cut and machining induced damage due to AWJ process was identified.
The machined side of the samples were further polished using P400 grit paper to remove any machining

induced damage.

DIC speckle patterns were applied using a fine coat of white paint and speckle pattern was created by
spraying copier toner powder using a dust atomizer (Goodson, USA). The cutting tests were repeated 8
times for each sample to ensure on the consistency of the results. A cutting speed of 1000 mm/min was
used, which is the maximum speed that the tensile machine can achieve. The depth of cut was set to 200
um to be able to clearly capture the strain developing during the chip formation process. The depth of cut
was measured using a digital micrometer, with a resolution of 1 um, attached at the side of the rig and
further checked via the calibrated imaging system. High-speed steel cutting inserts with a rake angle 0=10°,
clearance angle y=10° and edge radius =10 pm were used. The cutting tools were replaced regularly to
ensure the cutting performance was not affected by the tool wear. 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 Focus SL and 2.7% variation in the cutting edge radius was recorded.

Table 2 — High Speed 2D DIC 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 10 kHz

Spatial resolution 0.11 mm

2.4 Post machining assessment of surface integrity

Areal surface scanning was conducted using an Alicona Infinite Focus SL optical focus variation system at

20x magnification. Exposure was set to 7.25 ms, contrast set to 0.7 with vertical resolution, and lateral



resolution set to 400nm and 1pm. An area with a length of 6 mm on the machined side of the samples was
scanned covering 6 x 3 mm? with 3 mm being the thickness of the sample. A cut off length Ac of 0.8 mm
was applied to the image before spatial and autocorrelation textural parameters were collected from Alicona
IFMeasurement Suite as per ISO 25178 [34]. Profile data was collected and measured according to ISO
4288 [35] and ISO 3274 [36] specifications. For profile measurements, five measurements were taken in
the transverse cutting direction across the full thickness of 5 samples and the average value was used for

analysis purposes.

A FEI Inspect F SEM (Hillsboro, Oregon, USA) was used to assess the machined surface morphology at
high magnifications. Samples were gold sputter-coated prior to the SEM microscopy. SEM micrographs
were taken at 5kV accelerometer voltage and a level 2 spot size to obtain the required resolution for the

imaging features of interest on the surface of the machined samples.

The machining induced subsurface damage was characterised in 3D using a Zeiss Xradia Versa 620 X-ray
Microscope (Pleasanton, Ca, USA) housed within the Sheffield Tomography Centre (STC) at the University
of Sheffield, UK. This method was utilised specifically for non-destructive 3D imaging. The sample was
glued to a cocktail stick and screwed onto one of the Versa sample mounts to ensure it did not move 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 camera. Five samples were scanned under varying
conditions; X-ray tube voltages 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 projection. 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 X-rays was not necessary; however, a filter (LE2) was inserted for some scans. Variable scan
conditions were needed because of variations in sample thickness, meaning X-ray penetration was more
difficult for the thicker samples and required a higher power. For all scans an objective lens was used
giving an optical magnification of 4x, while binning was set to 2 producing an isotropic 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 the reconstructed images were converted to 8bit greyscale 2D .tiff stacks using
Zeiss Scout and Scan Reconstructor software. The Scout and Zoom methodology was used to create
targeted high-resolution 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

specialised tomographic software (Object Research Systems, Montreal, Canada).

3. Results and discussion

3.1 CFRP material characterisation

Table 3 shows the measured fibre, resin and void content by % of volume along with glass transition
temperature and degree of cure. The void content for all panels is low (average of 1.51 %) which is typical
for the RTM process. T, of the panels is 151°C with a panel-to-panel variation of 2.3 °C (~1.5%). The
degree of cure results, which varied by only 0.3% across all specimens, indicate that all CFRP panels were
fully cured regardless of the particle concentration used. Overall, characterisation results show that the
epoxy blends used in the manufacturing process provided panel consistency. This ultimately demonstrates
that experimental variation due to the condition of material have been largely mitigated. It is therefore
unlikely that any results obtained relating to chip formation or surface quality are due, in any significant

part, to such material variations.

Table 3 — Material characterisation results for modified and unmodified epoxy CFRP specimens

Sample name Fibre  content Matrix content Void content (T,) TMA °© Degree of
(%) (%) (%) C cure (%)
DGEBA 64.88 +0.79 33.99 +0.56 1.12+0.24 152.6 99.3
R10 64.36 +1.20 34.09 +1.23 1.56 £0.16 152.1 99.1
R20 63.77£0.84 33.99 £0.59 224 +£0.24 151.1 99.2
Sil0 65.86 +0.82 33.15+0.63 0.99 +0.21 150.2 99.4
Si20 65.42 +0.92 32.51 £0.67 2.07 £0.26 151.3 99.2
Sil0R10 66.04 £ 0.22 32.84 +£0.18 1.13£0.14 150.7 99.3




3.2 Effect of matrix type on cutting force evolution

Figure 1 — a) shows the average values of measured cutting forces for each material together with standard
deviation error bars. Unpaired T-statistical tests were run to compare the difference between the cutting
force magnitudes, and it was found that adding the particulate fillers will result in statistically significant
differences in cutting forces between unmodified (DGEBA) and modified samples. 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 force magnitude, while ‘hybrid’ sample (SilOR10) showed a
decrease of 24.1%. It is noticed that Si10R10 had similar cutting force magnitude to R10 specimens, which

suggests that in a “hybrid’ composite the rubber microparticles are governing the material removal process.

The amount of spring back was measured after each cut using a digital micrometre (resolution < 1 um) and
further checked using the recorded cutting images as shown in Figure 1- b). The brittle-matrix epoxy
represented by unmodified (DGEBA) and silica epoxy (Si10, Si20) experienced the lowest elastic recovery
and highest cutting force. On the other hand, the presence of 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 composites [28],
[37], [38]. Additionally, the decrease in the cutting forces is correlated with a smaller volume of material
removed, despite the large elastic deflection. Wang and Zhang [19] reported that in orthogonal cutting of
UD-CFRPs the magnitude of spring back is related to the cutting edge radius of the tool, when all the other
conditions 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 local mechanical properties of the modified epoxy matrix
indicating that the presence of fillers has a significant effect on spring back. A difference of 16 um was
found between the largest springback distance (R20 sample) and lowest value (Si20 sample) as shown in

Figure 1 —b).
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The evolution of cutting forces as the cut progresses (Figure 2) 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 silica-modified samples (Figure 2 — a)). The cutting
force signal for R10 and Si10R10 samples (Figure 2 — b)) showed a similar pattern. This was previously
observed in orthogonal cutting of rubber and silica modified epoxy polymers [39], where the chip formation
process was mainly influenced by the presence of rubber microparticles, rather than silica nanoparticles in
the ‘hybrid’ sample. It has been previously reported [28] that in a ‘hybrid’ modified CFRP, the rubber
toughening mechanism is the dominant failure mechanism. This aspect and the effect of chip formation

process in relation to particulate fillers and cutting force behaviour is further discussed in Section 3.3.
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Figure I - Cutting force analysis graphs with error bars representing standard deviation of the test samples a) Cutting force
average (only p-values which are statistically significant values are shown) b) Cutting force average vs spring back distance &
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Figure 2 - Cutting force vs displacement for a) DGEBA, R20 and Si20 where D1, D2, D3, D4 indicate the time steps
corresponding the cutting images in Figure 3, and b) Cutting force vs displacement for R10, Sil0 and SilOR10

3.3. Analysis of chip formation in relation to cutting forces and strain evolution

Figure 3 shows the evolution of chip formation from the side view of the samples during cutting as observed

by the High Speed DIC system

force-displacement diagram of Figure 2 — a). As the tool advances into the work piece, the fibres at 0° are
compressed (shown by curved dash line of Figure 3— b)) and by further displacement of the cutting edge a

chip forms on the rake face of the cutting tool (Figure 3 — b)). Relaxation and material recovery occurs at

where the individual frames are correlated to the time steps shown in the
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the flank side of the tool (shown by straight dash-dot line in Figure 3 — 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 the
cutting tool (Figure 3 — 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 twill woven fibre architecture of the samples (carbon
fibre placed in a 0/90° —45/135° 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° fibre orientation,
large cracks (>500 pm) are generated in the matrix between fibres on the top ply (Figure 3 — d)) due to
excessive bending of fibres along their axis. These long cracks are only present on the top ply, as fibres can
readily deform-out of plane and cracks are formed from a combination of bending and debonding from the
matrix. CT-scan images did not show these features on the layers below the surface. This aspect is further
discussed in Section 3.4. No noticeable difference was found between side view images of the particle-

modified samples and DGEBA specimen, the chip formation process shows the same behaviour.

Cracks propagating in
the 90° surface ply

Visual effect of the 1
compression applied f P4
by the cutting tool
into 0° surface ply

Bending of the 0°
fibres in front of
the cutting tool

Material

recovery it y
N\, [

100um

Continuous chip
formation

100um

Figure 3 - Chip formation process images a-d) corresponding to the selected time steps of D1-D4 Figure 2 — a), d) D4 has a false
colour black-green contrast to highlight the surface ply crack propagation for 90° fibre orientation

Strain maps shown in Figure 4 and 5 are linked to the cutting force signal of Figure 6. Maximum normal
strain (MNS) and shear strain (SS) have been calculated for each test condition according to the parameters
given in Table 2 and represent the onset of steady state cutting zone (Figure 4 and 5 — a), ¢), e)) and full
engagement of the cutting tool with the material which starts to build up on the rake face of the cutting tool
(Figure 4 and 5 — b), d), f)). MNS maps of DGEBA (Figure 4 — a)) showed a larger deformation zone
compared to rubber modified samples (Figure 4 — c)) in which strain contours are situated close to the

cutting tool. On the other hand, Si20 sample had the lowest MNS value of 0.11 [S], followed by R20 sample

14



with 0.27 [S] and DGEBA with 0.45 [S]. Si20 sample (Figure 4 — e)) showed a more localised strain map,
which is linked to the stiffness of the silica nanoparticles. As the material is deformed due to further
penetration of the cutting tool, the local strain values increase for all samples, while strain contours are still
localised in front of the cutting tool for R20 and Si20 samples ((Figure 4 — d, f)). DGEBA sample (Figure
4 —b)) shows the highest MNS value of 1.1 [S], 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 MNS 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 place [28], [37], which increased the plastic zone ahead of the cutting tool, hence limiting
the fracture and deformation of material. SS maps (Figure 5) 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 sample (Figure 5 — c), d)) showed the SS contours distributed
close to the cutting tool edge. On the other hand, silica sample (Figure 5 — e), f)) experienced the largest
compression deformation zone. The increased stiffness of the silica particle should make a contribution to
the load carrying capacity of the composite, however, the stress concentration effect due to presence of
silica nanoparticles weakens the material [29]. The effect of particle toughening and failure mechanism

which occurs during the material removal process is further discussed in Section 3.6.
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equivalent strain maps of Figure 4 and 5

3.4 Subsurface damage analysis in relation to chip formation mechanism for

individual plies and fibre orientations
The cutting process was interrupted in the middle of the cut and the sample was analysed with 3D micro-

CT to quantify the subsurface damage both under the machined surface and ahead of the cutting tool during
the chip formation process as shown in Figure 7. 2D slices were extracted for processing from the middle
of the specimen ensuring that the chosen part of material was cut in plane-strain conditions. The subsurface
damage was quantified in terms of maximum damage depth and area of damage. As we cannot discriminate
between damage induced by the cutting edge or damage from compression due to the flank face, then
damage refers to any type of defect which is induced by the orthogonal machining process. Depending on
the fibre orientation, this can include matrix cracks, fibre breakages, fibre bending, matrix/ fibre pull-outs
and uncut fibres. A MATLAB® script [40] was used to calculate the damage area. The volume of
indentations (craters) observed on the 135° plies was calculated using the Dragonfly CT segmentation
software (Figure 7 — b)). These have previously reported during machining of CFRPs [12], [13] and it was
found that they adversely affected the mechanical properties of the samples namely flexural and

compressive strength [14], [41], [42].
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Figure 7 — a) Subsurface damage measurement example of DGEBA sample for chip formation process in an interrupted cutting
b) Subsurface damage assessment

All the machined surfaces showed significant matrix smearing across all fibre orientations. Figure 8 shows
the calculated subsurface damage for the machined materials. For a single material, changing the fibre
orientation from 45° to 135°, shows an increase in the damage area. However, within an individual fibre
orientation, defined by a ply layer, the addition of rubber or silica fillers results in reduced subsurface
damage. The calculated maximum subsurface damage depth (Figure 8 — a)) shows a decrease for all fibre
orientations when silica or rubber was added to the epoxy matrix. Moreover, the R20 sample had the lowest
level of damage, which can be attributed to rubber toughening mechanism which is active during material
removal. Experimental evidence is discussed in Section 3.6. Moreover, damage in front of the cutting tool,
areal damage and crater volume has the lowest values for the R20 samples. An increase in damage in front
of the cutting tool was found for Si20 sample in the 90° fibre orientation, however the measured values are
within the standard deviation of the control. No quantifiable surface intrusion or subsurface damage was

identified for 0° fibres, therefore Figure 8 does not include 0° orientation in damage comparisons.
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The measured subsurface damage is further explained when considering fibre orientation and the fracture
mechanism, based on the 2D interrupted cutting images (Figure 9) and the representative subsurface
damage examples (Figure 10). The cutting mechanism in the multidirectional ply laminate is similar to the
UD laminate, 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 Ramulu [16]. Excessive out-of-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

removal mechanism for each ply and fibre orientation based on analogous UD laminates.

According to [43] the cutting mechanism can be grouped as Type I, III, IV and V chip formation process
depending on the fibre orientation. Type I chip formation describes 0° fibre cut via crack propagation ahead
of the tool where the fibres are peeled from the surface then bend and fracture (Figure 9 — a), b), c¢)). Fibres
on the machined surface fracture perpendicular to their long axis due to the compression from the cutting
tool applied against the front surface. For 0° fibre orientation, the reinforcement particles did not show any

noticeable effect on the chip formation process or subsurface damage.

Type Il is typical for 45° fibre orientation where chip formation consists of fracture from compression-
induced shear across the fibre axis followed by interlaminar shear fracture along the fibre-matrix interface
as the tool advances into the material. The shearing mechanism at the fibre-matrix interface is clearly visible
in Figure 9 — d), e), f). During the compression stage of the material removal mechanism, fibres are
fractured, and cracks are generated below the cutting plane as shown in Figure 10 —d), e), f). The extent of
damage is limited for the R20 sample compared to the other samples which is also shown quantitatively by
graphs of Figure 8 — a), b), c). This is associated with the presence of rubber particles, which makes the
fracture less brittle, therefore, less energy is dissipated in the fracture resulting in a limited damage. This is
also observed in Figure 6, where i) the cutting force in rubber has the smallest value and ii) there are more

constant chips formed (based on the wavelength shape and dips in the force curve).
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As the fibre orientation increases to 90°, interlaminar shear increases, leading to the fracture of the fibre
and fibre and the matrix. The compressive stress within the contact region between cutting tool and fibre
will reach the failure value of fibres at a small deformation or movement of the fibre. This is typical for
Type IV chip formation process. Fibres fracture at the tool tip position for R20 sample (Figure 9 —i)) or a
crack is developed on the cutting plane in front of the cutting tool (Figure 9 — g), h)). The crack propagation
in front of the cutting tool is facilitated by the brittle state and low fracture toughness of silica and
unmodified epoxy compared to the rubber modified sample. Similar to 45° fibre orientation, the presence
of rubber particles reduces the fibre crushing effect. Unmodified epoxy composite showed a continuous
line of subsurface fracture fibres (Figure 10 — g)) which are suspected to fail due to excessive bending as
the cutting tool advances into the material. Crushing-dominated fibre fracture is replaced by bending-
dominated fibre fracture when a large cutting edge radius of the cutting tool is adopted [44]. However, in
this study, the cutting tool edge radius is the same for all machined samples. Moreover, subsurface bending
fracture in the 90° laminate plane is difficult to achieve due to the strong constraining effect of the
neighbouring fibres [44]. Therefore, it is assumed that the matrix-fibre interface starts to debond as the
surface contact pressure is building up with the motion of the tool, which will lead to bending and fracture
of the fibres at subsurface level. The interface failure aspect is further discussed in Section 3.6 where high-

magnification SEM micrographs are used as experimental evidence.

In Type V for 135° fibre orientation, bending is caused by flank face compression — as the tool advances of
the cutting tool into the material. This causes the matrix to crack and fibres to fracture (Figure 9 and 10 —
k), 1), m)). This further results in material becoming detached and allowing material to pull-out, which leads
to the formation of craters below the cut surface. The calculated crater volumes are shown in Figure 8 — d).
A 50.8 % decrease is found between R20 and DGEBA samples, while the subsurface damage area and
maximum damage depth for 135° plies decreased by 63 %, and 25 %, respectively. These results are linked
with the high fracture toughness of the rubber modified epoxy, limiting the crack growth along the matrix

in 135° fibre orientation, thus decreasing the amount of pull-out material and subsurface damage.
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Figure 9 — 2D slice examples of interrupted cutting for DGEBA (a, d, g, k), Si20 (b, e, h, l) and R20 (c, f, i, m) samples showing
machining induced damage
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a) DGEBA 0°

Figure 10 - 2D slice examples of subsurface damage for DGEBA (a, d, g, k), Si20 (b, e, h, ) and R20 (c, f, i, m) samples
3.5 Machined surface characterisation

Figure 11 shows the variation of selected metrics to investigate machined surfaces in the samples. Due to
waviness and twill-weave architecture of the carbon fibre plies of the CFRP material, individual ply surface
topography analysis was not possible; hence, measurements across the full-machined surface were used.
As shown in Figure 10 and previously in the literature [12], [13], [40], fibre orientation has a strong
influence on the generated surface topography after machining. DGEBA samples represent the reference
material in Figure 11. As the rubber content increases (Figure 11 — a)), the S, (average height of scanned
area) parameter decreases. R, parameter (average roughness of profile) shows a similar trend, however it is
reported that S, provides greater reliability of roughness measurement for multidirectional laminates [45].
Adding silica nanoparticles from 10% to 20% wt. causes S to increase. These have been balanced in the
‘hybrid’ Si10R10 sample which contains 10% silica and 10% rubber. A similar trend was found for the S,

(maximum valley depth of scanned area) measurements Figure 11 — b). Interestingly, SilOR10 sample
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showed the lowest S, value (Si10R10: S, - 42), followed by rubber (R20: S, - 61), silica (Sil0: S, - 63, Si20:
S, - 92) and DGEBA sample (DGEBA: S, - 102). CT-scan images (Figure 10 — k), 1), m)) showed that the
maximum depth of damage occurs in the 135° fibre orientation plies and surface metrics are measured on
the entire surface of the specimens, therefore the measured S, values are attributed to the 135° plies.
However, it is noted that maximum depth of subsurface damage (Figure 8 — a)) is 35 — 40 % higher than S,
measurements (Figure 11 — b)). This is accounted for by the fractured fibres and matrix which were not
completely pulled out and remained on the bottom of subsequently generated craters, hence influencing the
topography measurements (example in Figure 10 — k), m)). This highlights the fact that surface metrics

assessment of the machined surfaces is insufficient to characterise machining induced damage.

The variation of surface Kurtosis (Sk.) and surface Skeweness (Sy) parameters (Figure 11 — ¢), d)) show
that DGEBA and silica modified composites (Si20) had the highest value of Kurtosis indicating a surface
with sharp peaks and valleys. A negative Skeweness was found for all samples, which is a characteristic of
a surface with deep cracks and voids. This type of features is typical for 135° plies, as CT results (Figure
10) showed no similar features for the other fibre orientations. Similar to subsurface damage results
discussed in Section 3.4, R20 experienced the lowest Sy value (Figure 11 — d)) which is correlated with
limited material pull-out that is linked with the rubber toughening mechanism, followed by silica and
unmodified epoxy composite. As the fact that the most damage is created in the 135° plies was previously
reported in the literature [46], [47], S« is considered an effective parameter which is able to link the

subsurface damage to surface metrics results for 135° fibre orientation.
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3.6 Surface morphology assessment

Even though the machined surfaces showed significant smearing across all fibre orientations, various
craters and material pull-out regions were used for fractographic analysis. Material pull-out regions and
fibre-matrix debonding are observed for DGEBA and silica sample (Figure 12 — a), b)). Moreover, the
fractured fibres show a clean surface which leads to the conclusion that the composite material failed at the
interface region between the fibre and matrix. On the other hand, fractured material of R20 sample (Figure
12 — ¢)) showed fibres with matrix attached, which indicates that polymer debonding did not occur fully.
The debonding is directly related to the fibre and matrix adhesion and the particle reinforcement of the
epoxy does not have a significant role in the individual fibre toughening mechanism (e.g. fibre debonding,

fibre pull-out). However, the presence of rubber microparticles and their subsequent toughening

26



mechanism, facilitated the fracture energy dissipation, which ultimately limited the fibre debonding and

pull-out.

The principal toughening mechanism of rubber micro-particle and silica nanoparticle were previously
demonstrated in the literature [23], [24], [28], [29], [38] and identified in the machined surface micrographs.
High-resolution FEG SEM images of the rubber machined surface (Figure 13 — a)) shows that the particles
cavitate. This is followed by plastic void growth of the polymer matrix. The original mean diameter of the
rubber micro-particles was 0.54 um [28], while the cavitated areas were measured to be 1.02 = 0.16 pm.
Plastic deformation of the epoxy matrix is visible on the edge of the voids generated on the polymer matrix
surface due to the cavitation process (Figure 13 — b)). It is also noticed that fibres are attached to the
machined surface and are still encased in epoxy matrix, which further highlights the fact that fibre-matrix
interface failure does not occur in rubber-modified samples. The rubber toughening mechanism allows the
fracture energy to be dissipated, this limits the extent of subsurface damage from the compression induced

by the flank face. These are correlated with the low oscillations of cutting force signal shown in Figure 2 —

a).

High-magnification FEG SEM images of Si20 fractured surface (Figure 14 —a)) clearly illustrate the fibre
pull-out and fibre-matrix debonding. The fractured surface of the matrix is relatively smooth, which is
typical for a thermoset polymer. Similar features were found on high-magnification images of unmodified
epoxy composite. Feather markings are observed, which are caused by crack forking due to the high energy
associated with the relatively fast crack growth. Again, this was previously identified and is typical for a
brittle epoxy material [23]. The presence of voids and silica nanoparticles on the high-resolution image
indicates that plastic void growth of the material was initiated by the debonding of silica nanoparticles
(Figure 14 —b)). Even though the samples were gold coated prior to SEM analysis, the voids and silica
nanoparticles were not observed on the coated surfaces of unmodified epoxy composite. This shows that
the identified voids are not an artefact of the applied gold coating. The measured voids have a diameter of

39 +4.53 nm, while the silica nanoparticles are within the range of 20-25 nm. However, it can be seen that
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not all particles initiated the void growth mechanism. Is has been previously reported that only a fraction
of the nanoparticles debond [23], [25], [29] and the considerable difficulty of quantifying the number of
debonded particles. Hsieh et al. [25] discussed the reasons for the incomplete debonding of silica, namely
(i) a purely statistical aspect of the fracture process (ii) that once a silica nanoparticle, or group of such
particles, have debonded and the epoxy polymer undergoes plastic void growth, then the stress which drives
such a mechanism is relieved in the adjacent region. The general conclusion is that if only a fraction of
particles initiate plastic void growth, the toughening mechanism will be affected, thus decreasing the
expected fracture toughness of the silica modified epoxy composite. Thus, the identified silica-toughening
mechanism proved ineffective in the machining of CFRPs in terms of reducing machining induced damage

and reducing cutting forces in comparison to rubber micro-particles.

Fibre-matrix debonding Material pull-out region Fibre-matrix debonding Smeared surface

b) Si20 54
7%

¥ )R20

40 pm

S0um

T . S

& : &
Clean surface fibres Clean surface fibres Material pull-out region Fracture of fibres and resin

Figure 12 — Typical micrographs of machined surface of a) DGEBA b) Si20 and c) R20 samples, where ‘Clean surface fibres’
means the fibres have debonded from the matrix by adhesive failure
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Example of plastic deformation of the epoxy
matrix due to rubber cavitation process

Figure 13 - High-resolution FEG-SEM micrographs of R20 machined surface a) Fibre and rubber cavitation process artefacts b)
High-magnification example of plastic deformation of matrix due to rubber cavitation process, where rectangle shows a fibre
bonded to the surrounding matrix

(3 Voids examples

Figure 14 — High-resolution FEG-SEM micrographs of Si20 machined surface a) Fibre pull-out and fibre-matrix debonding b)
Debonding of silica nanoparticles

4. Conclusions

This paper develops the understanding of the effects of silica nanoparticles and rubber microparticles in the
material removal mechanism and the subsequent machining induced damage during orthogonal cutting of
epoxy modified CFRPs. The addition of these particles has a controlling influence over the subsurface

damage of the machined samples. The main conclusions are listed below:
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The lowest average cutting force was recorded for rubber modified samples, followed by silica and
then by unmodified epoxy CFRPs. Rubber modified samples showed a stable cutting force, with
regular oscillations, compared with the higher, more random oscillations experienced by
unmodified and silica reinforced specimens.

The presence of rubber microparticles increased the elastic recovery of the material, which resulted
in the largest springback measured for all samples. The low magnitude of cutting forces was
correlated with the lower depth of cut measured and reduced subsurface damage for rubber-
modified samples.

Strain map contours illustrate that material deformation in the chip formation zone is characterised
by two zones, one that is extended ahead of the cutting tool for DGEBA and silica samples (> 100
um) and one that penetrates approximately 45° into the subsurface, compared to more localised
contours of rubber-modified samples, in front and below the cutting tool.

The material removal mechanism and subsequent machining induced damage for 45°, 90° and 135°
fibre orientation are affected by the presence of fillers. Rubber modified samples (R20) show the
least subsurface damage (75% decrease for 45°plies, 66% decrease for 90° plies and 21% decrease
for 135° plies) and measured areal damage (77% decrease for 45°plies, 60% decrease for 90° plies
and 64% decrease for 135° plies) compared to DGEBA samples. A 50.8% decrease in surface
craters is found between R20 and DGEBA samples in 135° plies. No notable difference was found
for subsurface damage measurements in 0° plies.

Surface metrics were found to be in good agreement with subsurface damage results, however,
surface metric assessment of the machined surfaces is insufficient to fully characterise damage
occurring during cutting.

All of the above were linked to the particle toughening mechanism. This was found to take place
during cutting, as particle cavitation for rubber microparticles and debonding for silica

nanoparticles.
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Rubber toughening mechanism ensured an efficient energy dissipation mechanism limiting crack
propagation and the extent of subsurface damage. The brittle state of epoxy matrix and the fact that
not all silica nanoparticles debonded in the silica toughening process resulted in fibre pull-out and
matrix-fibre debonding which proved ineffective in reducing the machining induced damage.
Further studies will investigate the effect of reinforcement particles in an industrial machining
process where higher feed rates result in higher strain rates and higher temperatures, which could

lead to different damage and cutting mechanics.
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