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This work investigated the influence of the material properties and cutting speed on the heat dissipation
in the drilling of carbon fibre reinforced plastic (CFRP) composites using uncoated WC-Co tools. The first
stage of the investigation compared the heat dissipation in drilling three different CFRP systems by mea-
suring the temperatures developed at different distances around the borehole using thermocouples and
an infra-red camera. The second stage studied the influence of cutting speed on the maximum temper-
atures developed in the workpiece in drilling a selected CFRP system in a cutting speed range from 50
to 200 m/min. The cross-linking density of the polymer matrix and the degree of crystallinity and struc-
ture of the carbon fibres exhibited a significant influence on the overall temperature and on the heat
dissipation, whereas 150-200 m/min cutting speeds yielded higher concentration of heat, compared to
50-100 m/min cutting speeds.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The study of temperatures developed in the machining process
of fibre reinforced plastics (FRP) composites has been of interest
since FRPs became extensively used in the aerospace and automo-
tive industries. A number of temperature acquisition methods used
to measure and monitor different machining operations, compris-
ing and combining experimental, numerical and analytical tech-
niques, were studied and reported in the literature. The use of
thermocouples embedded in the tool was the earliest and most
common method used to measure the temperatures and the ther-
mal gradients that occurred on the cutting edges of the selected
tools during the machining process. In this method, thermocouples
are embedded in the tool by machining adequate grooves and
applying highly thermally conductive adhesives. Using small diam-
eter thermocouples allows the temperatures developed along the
cutting edge to be mapped. However, it is not possible to place
thermocouples at the cutting edge, where the highest tempera-
tures develop during the process [1,2]. Embedding thermocouples
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in the rotating part of the system added complexity to the chal-
lenge of transmitting and recording the data.

Earlier studies set the tool as the static part of the drilling set-up
and modified the workpiece to be attached to the spindle [3,4],
however this arrangement allowed only one hole to be drilled at
a time, making it difficult to reach a steady state temperature.

Another solution utilised wireless systems to transmit the data
from the spindle in the machining of metals, alloys and CFRP com-
posites [5,6]. The transmission system consisted of a special tool
holder, which is formed by a radio frequency (RF) transmitter
and an antenna. This system featured a high acquisition frequency
(1 kHz) and a much reduced delay (150 ps). This wireless system
provided good results, however considering that each tool requires
individual preparation for its use in the RF system, the cost of the
wireless tool holder makes this choice an expensive solution.

Other studies reported the choice of the dynamic thermocouple
as an alternative method [1,2,7-9]. This technique utilises the tool
and the workpiece forming a dynamic thermocouple, and requires
previous characterisation and calibration of the system to relate
the electromotive force to the developed temperatures. This
method has been successfully applied in mapping the tempera-
tures along the cutting edge in the drilling of aluminium [8] and
monitoring the temperatures developed in CFRP milling [9].
However, the poor electrical conductivity of FRP composites

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2014.12.033&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.compstruct.2014.12.033
http://creativecommons.org/licenses/by/4.0/
mailto:j.merino@sheffield.ac.uk
mailto:raphael.royer@sandvik.com
mailto:raphael.royer@sandvik.com
mailto:s.ayvar@amrc.co.uk
mailto:eleanor.merson@sandvik.com
mailto:eleanor.merson@sandvik.com
mailto:a.hodzic@sheffield.ac.uk
http://dx.doi.org/10.1016/j.compstruct.2014.12.033
http://www.sciencedirect.com/science/journal/02638223
http://www.elsevier.com/locate/compstruct

162 J.L. Merino-Pérez et al./ Composite Structures 123 (2015) 161-168

complicates the preparation and characterisation of the dynamic
thermocouple. A good number of authors considered the utilisation
of non-contact and infra-red radiation techniques (pyrometers-
optical fibres, optical infra-red radiation) to measure the
temperatures developed in a number of machining operations
[1,2,7,10-12]. These methods are limited to temperature acquisi-
tion and monitoring of uncovered surfaces and require calibration
before their use to determine their emissivity and reflectivity, since
the measurement is very sensitive to these parameters. However,
infra-red cameras represent a fast and very accurate temperature
measurement method.

Reported investigations studied the influence of the cutting
parameters on the tool temperature in the drilling of CFRP lami-
nates by embedding thermocouples in the tool [4,13,14]. Authors
studied the influence of cutting speed in a 35-200 m/min range
and reported an increased flank surface temperature with the
increasing cutting speed. However, the study of the influence of
feed rate (0.05-0.4 mm/rev range) on flank surface temperature
yielded the contradicting results. Chen reported a decreased flank
surface temperature with the increasing feed rate [13], whereas a
more recent study by Weinert and Kempmann reported the con-
trary [4]. The different workpiece thicknesses (2 and 17 mm) and
the experimental arrangement utilised in both investigations
(workpiece as the rotatory element) could have prevented the tool
from reaching a steady state temperature [ 14], thus explaining the
difference in the reported results.

Tian and Cole reported the impact of the material constituents
on the physical properties of CFRP composites. Both fibre volume
fraction and direction exhibited significant influence on the in-
plane and through thickness thermal conductivities of CFRP com-
posites [11].

On the other hand, Knibbs and Morris reported that small mis-
alignment of fibres in the composite showed to have limited influ-
ence on the thermal conductivity and significant impact on
Young’s modulus in the directions parallel to the reinforcement.
However, thermal conductivity was affected to a greater extent
in the transverse direction [15].

The type of fibres also showed to have significant impact on the
thermal and mechanical properties of CFRP composites. Thermal
conductivity and modulus of elasticity of CFRP composites having
high modulus carbon fibre reinforcement exceeded that of high
strength carbon fibres, which was attributed to the higher degree
of crystallinity of the high modulus reinforcement [16,17].

The work presented in this investigation utilised two widely
accepted temperature acquisition methods, data collection using
thermocouples and thermal imaging (infra-red camera), to
assess the impact that the material properties of selected CFRP
systems (having different cross-linking densities and fibres
crystallinity) and the cutting speed have on the maximum
developed temperatures and on the heat dissipation in the
drilling of CFRP composites.

2. Materials and methods
2.1. Composite systems

The CFRP plates used in this investigation were manufactured at
the Composite Centre of the Advanced Manufacturing Research
Centre with Boeing, The University of Sheffield. These plates were
made from woven carbon fibre (CF) and epoxy prepreg plies having
55% fibre volume fraction (Vy), supplied by Cytec Engineered Mate-
rials. Initially, 350 x 350 mm plates were made by vacuum bag
moulding method, laying up 42 prepreg plies (0° orientation lam-
inate) to approximate thickness of 10 mm. Following the lay-up
process, the plates were cured and post-cured in an autoclave, fol-
lowing the specifications provided by the manufacturer to develop

their full mechanical performance and the maximum glass transi-
tion temperature (Tg). Then, the plates were cut down to a size of
310 x 155 mm using a WardJet G-Series 5-axis water-jet CNC
machine.

Three different CFRP systems were considered in this
investigation:

e MTM44-1 and CF0300,
e MTM44-1 and CF2216, and
e MTM28B and CF0300.

MTM44-1 resin is a toughened phenol-formaldehyde (PF)-
based aerospace grade resin, whereas MTM28B is a toughened
epoxy DGEBA-based automotive grade resin. CF0300 is a 2/2 twill
carbon fabric, 3 K high strength (HS) carbon fibre reinforcement,
while CF2216 is a 2/2 twill carbon fabric, 6 K high modulus (HM)
carbon fibre reinforcement, both having density of 199 g/cm>.

Dynamic mechanical analysis (DMA) and thermo-mechanical
analysis (TMA) techniques were utilised to measure the glass tran-
sition temperature (T,) and coefficient of thermal expansion (CET)
of MTM44-1 and MTM28B resins. The DMA device utilised to study
the glass transition temperature of the selected resins was a Metra-
viv VA2000 ViscoAnalyseur using a 3-point bend configuration. The
specimens were tested in a single-frequency mode (10 Hz), apply-
ing static and dynamic displacements of —80pum and 50 pm
respectively and performing temperature sweeps ranging from
room temperature to 160 °C (MTM28B) and 250 °C (MTM44-1) at
a 3°C/min heating rate. Coefficients of thermal expansion were
measured utilising a Perkin Elmer Diamond TMA applying a force
of 10mN and performing temperature sweeps ranging from
35°C to 160 °C (MTM28B) and 250 °C (MTM44-1) at a 5 °C/min
heating rate.

2.2. Drilling tool

The main tool used in this investigation was ¢6.35 mm two flute
double angle WC-10%Co uncoated Sandvik Coromant’s CoroDrill
856 drill bit. The main geometry features of this tool are 120°
and 40° point angles (chamfered geometry), 25° helix angle, 12°
primary clearance angle, 20° secondary clearance angle and
0.64 mm margin width. All the drill bits used in this investigation
were manufactured in the same batch, having a maximum lip
height variation of 25pm, a maximum web eccentricity of
100 pm and a chisel edge centrality of 0.05 mm. The tool utilised
to prepare the plate to embed the thermocouples was ¢1.25 mm
uncoated tungsten carbide Sandvik Coromant’s CoroDrill 840 drill
bit. The CNC machine utilised was a three-axis DMG DMU
60monoBLOCK fitted with Sandvik Coromant’s CoroChuck 930
hydraulic tool holder, having a total measured run-out of 12 pm.
All the machining operations in this work were conducted without
coolant (dry drilling).

2.3. Thermocouples

This investigation utilised Perfluoro Alkoxy Alkene (PFA)-insu-
lated type K fine-gauge (chromel-alumel) thermocouples manu-
factured and supplied by Omega Engineering, having a working
temperature range from -200°C to +1300°C, 1m long,
20.25 mm wire and 80.49 mm bead. According to the specifications
provided by the manufacturer, the utilised thermocouples feature
a response time (defined as the required time for the thermocou-
ples to acquire 63.2% of their final temperature when the bead is
alternately exposed to two different temperatures) of 0.22 s, mea-
sured with exposures between 93 °C and 38 °C in still water. A Pico
Technology’s TC-08 Thermocouples Data Logger, featuring 8-chan-
nels and automatic cold junction compensation, and Pico Log
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Recorder software transmitted and recorded the acquired signals
to a laptop via USB interface.

2.4. Infra-red camera

The infra-red camera utilised in this study was a Micro-Epsilon
thermoIMAGER TIM 160 having 160 x 120 pixels optical resolu-
tion, three measuring ranges (—20°C/100°C, 0°C/200°C and
150 °C/900 °C), spectral range 7.6 to 13 um, thermal sensitivity of
0.08 K and 120 Hz frame rate. TIM Connect software controlled
the camera and helped to process the acquired data.

2.5. The impact of matrix and reinforcement on the heat dissipation in
CFRP drilling

The scope of this part of the study was to assess the impact that
the constituents (matrix and reinforcement) of the selected CFRP
systems have on the heat dissipation in the drilling of CFRP com-
posites. Two standalone experiments, using thermocouples and
infra-red camera, recorded the temperatures developed in the dril-
ling operation at different distances around the hole edge. This
stage considered three CFRP systems with different polymer matri-
ces and types of carbon fibres, as described in 2.1. The selected cut-
ting conditions for both experiments were V.=220m/min
(11,000 rpm) and f; = 0.005 mm/rev. This combination of cutting
inputs was selected for the purpose of this stage of the study only,
and is not representative of the parameters used in the industry to
machine composites (especially the low feed rate). However, it
guaranteed reliable temperature measurements while utilising
thermocouples, considering their low response time.

2.5.1. Thermocouples

In order to measure the temperatures developed around the
borehole using thermocouples, 16 through-holes were drilled on
each CFRP plate, forming a 4 x 4 array. This number of holes
assured to reach a steady state temperature and low tool wear,
as reported in our previous study [18]. The temperatures were
measured by embedding four thermocouples in the workpiece at
different distances around the last drilled hole, in the direction of
the fibres (Fig. 1), according to the orthotropic material properties
of the selected CFRP composites [11].

Fig. 1. View of the drilling array from the exit face. xo and y, indicate the centre of
the first drilled hole. The distance between hole centres was p=10 mm. The
thermocouples were embedded in the workpiece by drilling four 1.25 mm holes
1 mm depth on the exit face of the plate, around the last hole, at different distances:
d;=4.175mm, d, =5.175mm, d3=6.175mm and ds=7.175 mm. In this experi-
ment, the plate was clamped flat on the machine bed.

To embed the thermocouples, four 1 mm depth holes were pre-
viously drilled on the exit face of each plate using #1.25 mm drill
bit, mentioned in Section 2.2. Omega OT-201 conductive paste,
having 2.31 W/(m K) thermal conductivity and 1014 Q cm electri-
cal insulation, was used to fill the holes and remove the air gaps
(0.02-0.05 W/(m K) thermal conductivity), which allowed a better
temperature acquisition. Thermocouples were fixed on the plate
using adhesive tape, impeding their movement. Then, the plate
was clamped on the CNC machine bed and the thermocouples were
connected to the data logger, which recorded the acquired
temperatures.

2.5.2. Infra-red camera

The measurement of the developed temperatures around the
borehole in the drilling of CFRP composites using thermal imaging
was conducted using the same number of holes and hole array as
in Section 2.5.1, for a better comparison of the results. The thermal
camera acquired the maximum developed temperatures at the
hole exit by recording the exit face of CFRP plate. The considered
CFRP composite plates were manufactured to obtain a matte sur-
face finish on the exit face, which minimised the effect of reflectiv-
ity on the measurements. In addition to this, the exit surface of
each plate was sprayed with black paint, providing a high thermal
emissivity (¢ =0.96). Fig. 2 illustrates the experimental set-up.

To obtain reliable measurements, the image of the exit surface
was manually brought into focus. The temperature window uti-
lised during the experiment was 150 °C/900 °C. After recording
the data, these were processed using TIM Connect software by set-
ting four measurement points at different distances (d;-d4) away
from the hole edge, with the same values as explained in Section
2.5.1, for a better comparison using both methods.

2.6. Correlation between cutting speed and heat dissipation in the
drilling of CFRP composites

To study the correlation between the cutting speed and the
maximum temperatures developed in the drilling of CFRP compos-
ites, four selected cutting conditions were considered (Table 1).
The selected CFRP system drilled in this part of the investigation
was MTM44-1 CF0300, described in Section 2.1.

The experimental set-up and workpiece preparation were sim-
ilar to those described in Section 2.5.2, however in this part of the
study the thermal camera was placed 20 mm away from the exit
surface, which increased the resolution of the captured image,
and recorded the temperatures developed at the last drilled hole
only. The data were processed by placing several measurement
points along 2 mm length from the hole centre, as illustrated in
Fig. 3.

Machining direction
_
Spindle
IR camera

Tool and tool holder

Workpiece

2 Fixture —
T Machine bed

y —>X x

Fig. 2. A sketch of the experimental set-up utilised to record the temperatures
developed in drilling CFRP composites using the infra-red camera. Temperatures
were measured at the hole exit. Fixture, workpiece and camera were fixed on the
machine bed and the spindle, tool holder and tool were the moving elements.
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Table 1

Selected cutting conditions to study the correlation between cutting speed and
maximum temperatures developed in the drilling of CFRP composites. To achieve a
steady state temperature, six consecutive holes per condition were drilled and the
temperature was recorded for the last hole.

Spindle Cutting speed Feed rate Feed speed

speed [rpm] [m/min] [mm/rev] [mm/min]
Condition 1 2,500 49.8 0.05 125
Condition 2 5,000 99.6 250
Condition 3 7,500 149.4 375
Condition 4 10,000 199.2 500

50

Fig. 3. Arrangement of the measurement points along 2 mm length from the centre
of the hole. 50 points were utilised to measure the temperatures developed during
the machining operation. The maximum temperature for each measurement point
was recorded.

A Carl Zeiss EVO LS25 scanning electron microscope (SEM) was
utilised to inspect the surface topography of the profiles corre-
sponding to the last drilled hole of each cutting condition. 500x
and 1000x magnifications were utilised in order to capture all
the surface features. This SEM features a variable pressure (VP)
mode that allowed the non-conductive epoxy matrix of the
selected CFRP system to be inspected without coating.

3. Results and discussion

3.1. The impact of matrix and reinforcement on the heat dissipation in
CFRP drilling

Fig. 4 shows the maximum temperatures developed in four dif-
ferent points, recorded using thermocouples and thermal imaging.
The presented results reveal a good agreement in the captured
temperatures using both methods. The two studied measurement
methods indicated similar trends in the thermal gradient around
the borehole.

The results also showed small differences in the measurements
using both methods, however these differences can be attributed
to the thermocouple-workpiece thermal coupling and the low
response time of the thermocouples. Even if the applied thermal
paste improved the thermal conductivity between the workpiece
and the thermocouples, the thermal coupling was not ideal and
had an effect on the measurements. In Fig. 4(c), the developed tem-
perature at d4 using thermal imaging was not registered, since the
temperatures developed at this point were below the lowest
threshold of the selected temperature window (150 °C).

Fig. 5 illustrates the differences in the thermal gradients devel-
oped in the drilling of selected CFRP systems.
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Fig. 4. Maximum temperatures developed in the drilling of selected CFRP systems:
(a) MTM44-1 CF0300, (b) MTM44-1 CF2216 and (c) MTM28B CF0300 at different
distances away from the hole edge, measured using thermocouples and thermal
imaging (IR camera).

The selected CFRP systems developed dissimilar thermal behav-
iours. CFRP composites having resins with higher cross-linking
density (MTM44-1) exhibited higher machining temperatures
and lower thermal gradients than that having lower cross-linking
density (MTM28B). Previous studies reported that the higher ther-
mal conductivity of epoxy networks can be attributed to the den-
sification of the network after cross-linking [19,20] and to
covalent bonds formed during the cross-linking, which had the
ability to transfer thermal energy more efficiently along the poly-
mer chains, ease the heat flow and promote the phonon diffusion
[21,22]. In addition to this, the literature indicated that higher
cross-linking density and closer-packed polymer network enhanced
the thermo mechanical properties of polymer matrices such as
glass transition temperature (T,) and elastic moduli [23-25] as
well as enabling a direct correlation between thermal conductivity
and elastic modulus in fibre reinforced plastic (FRP) composites
[26]. Table 2 shows the glass transition temperature and coefficient
of thermal expansion of the studied polymer matrices.

The higher cross-linking density and closer-packed molecular
network of MTM44-1 resin compared to MTM28B resin, increased
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Fig. 5. Trends of the developed temperatures around the borehole in the drilling of
selected CFRP systems recorded using the thermal camera.

Table 2
Glass transition temperature (Tg) and the coefficient of thermal expansion (CET)
corresponding to MTM28B and MTM44-1 resins.

T, (E’ onset) T, (tand) CET (before Tg) CET (after T,)

[°C] [°C] [10°%/°C] [10°%/°C]
MTM28B 104.8 136.9 ~50-80 ~150
MTM44-1 182.4 2225 ~60 ~60

the T, of the system and enhanced its thermal stability, as showed
by the values of thermal expansion coefficient (CET) in Table 2.
Below T, MTM28B resin exhibited CET that increased linearly with
the increasing temperature and doubled its value above Ty,
whereas MTM44-1 resin showed a constant CET below and above
T,, thus presenting improved thermal stability.

The drilling temperatures depicted in Figs. 4 and 5 also had a
significant influence on the thermal conductivity of the composite,
since in most cases these temperatures were above T, of the poly-
mer matrices of the selected CFRP composites (Table 2). Previous
studies reported that thermal conductivity in amorphous polymers
increased with the increasing temperatures below T, and
decreased with the increasing temperatures above T, [27], how-
ever the type of carbon fibre reinforcement showed to have more
significant impact on the thermal gradients measured in the
machining of the selected CFRP systems.

On the other hand, the type of reinforcement showed a signifi-
cant influence on the heat dissipation in the drilling of the selected
CFRP systems; however other studies reported also to have a
strong influence on the maximum developed temperatures [18].
The composite having high modulus carbon fibres (CF2216) exhib-
ited lower thermal gradient around borehole (thus higher heat dis-
sipation) than those reinforced with high strength carbon fibres
(CF0300). This can be attributed to the high degree of crystallinity
of the high modulus carbon fibres [16,17]. Literature reported a
significant correlation between the atomic structure, the manufac-
turing process and the thermo-mechanical properties of the carbon
fibres. Both thermal conductivity and the degree of graphitisation
increased with the increasing spinning temperature until a maxi-
mum was reached, however further increase in temperature
resulted in a decrease of these properties [28]. Furthermore, rib-
bon-shaped carbon fibres manufactured to achieve both high crys-
talline graphitic structure and the degree of orientation in the
direction of the fibre axis resulted in outstanding mechanical
(>800 GPa Young's modulus) and thermal (>1000 W/m K) proper-
ties [29].

3.2. Correlation between cutting speed and heat dissipation in the
drilling of CFRP composites

Fig. 6 shows the maximum (Max T) and average maximum
(Max Avg T) temperatures developed in the drilling of MTM44-1

300

250 - * . Py
&)
o - _— -
; 200 = - -
é 150
é. 100 ¢ MaxT
£ 50 B MaxAvg T

- -~ Tg of MTM44-1 resin
0
0 50 100 150 200 250

Cutting speed (m/min)

Fig. 6. Maximum and average maximum developed temperatures in the drilling of
MTM44-1 CF0300 composite at the selected cutting speeds.

CF0300 CFRP composite at the set cutting conditions (Table 1).
Each Max T value corresponds to one of the measuring points,
whereas each Max Avg T value corresponds to one of the measur-
ing points having the highest average temperature during the cut-
ting process (Fig. 3).

The results showed similar trends for both maximum and aver-
age maximum temperatures, where the temperature decreased
with the increasing cutting speed. Cutting time is a factor that
can help to explain this trend. Higher cutting speeds yielded lower
cutting times; therefore the tool generated heat during a shorter
time period. 50-100 m/min and 150-200 m/min cutting speed sets
yielded similar maximum and maximum average temperatures,
however a drop in the measured temperatures from 100 m/min
to 150 m/min cutting speeds was observed. 150-200 m/min cut-
ting speeds developed maximum average temperatures that were
slightly below the glass transition temperature of the polymer
matrix of the selected composite (Table 2). Below Tg, the values
of storage and loss moduli were significantly higher and lower
respectively than at T, therefore at these developed maximum
average temperatures the material had the ability to store the
energy from the cutting process [30,31]. These results are in dis-
agreement with the results reported in the literature [4,13] that
indicated a direct correlation between cutting speed and devel-
oped temperatures. However, the experimental arrangement uti-
lised in these studies (workpiece as the rotatory element), could
have prevented the system from reaching a steady state tempera-
ture, as it was reported in other studies [14,18]. Moreover, those
studies assessed the temperatures in the tool instead of the work-
piece; therefore a dissimilar tool-chip-workpiece heat partition at
different cutting conditions can explain the observed difference
in the reported results.

Fig. 7 shows the maximum temperature profiles developed in
the drilling of the studied CFRP laminates for the selected cutting
conditions.

The maximum developed temperatures reached a steady state
inside the hole, which can be interpreted as the highest tempera-
ture point of the cutting edge moved from the centre of the hole
towards the hole edge, as the drill bit exited the material. The max-
imum temperatures showed similar values for 50-100 m/min and
150-200 m/min cutting speeds sets. The first set of cutting condi-
tions developed higher maximum temperatures, what can be
attributed to the increased cutting times at lower cutting speeds.

All the studied cutting conditions exhibited a significant drop of
the maximum temperature developed from the hole edge outward,
however the behaviour was different for each cutting speeds set.
150-200 m/min exhibited a higher thermal gradient and concen-
trated the heat inside the borehole at more than 50-100 m/min
cutting speeds set, which presented a smoother transition even
from inside the borehole. This behaviour can be explained because
lower cutting speeds allowed more time to spread as the drilling
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Fig. 7. Maximum temperatures profiles in the drilling of MTM44-1 CF0300
composite corresponding to the considered cutting conditions.

operation was performed, exerting more influence than the
decreased thermal conductivity at temperatures above T, [27]. It
was reported in our earlier study that the high strength carbon
fibres were more abrasive and produced a brushing effect in con-
tact with the tool due to their lower degree of crystallinity and
higher failure strain compared to the high modulus carbon fibres
[18]. This can explain the higher maximum temperatures devel-
oped by the lower cutting speeds set. This could also explain a
more efficient machining process (more energy going into the cut-
ting process rather than being dissipated in the form of heat) at
higher cutting speeds, however further investigations in the ener-
getics of CFRP drilling, similar to earlier studies in the drilling of
metals [32,33], are required to enable the full explanation of the
phenomena developed during the complex drilling process in
CFRPs.

Figs. 8-10 show the surface topography of the drilled profiles
corresponding to the last drilled hole of each condition at the hole
entry, middle and exit zones respectively.

Fig. 8 shows that surface damage at the hole entry increased
with the increasing cutting and feed speeds. This difference is
especially noticeable between the lowest and the highest cutting
conditions, which produced smooth and catastrophically damaged
surfaces respectively. However, 1000x magnification images
(Fig. 8(e)-(h)) also revealed sub-surface damage, in different

extents, for each cutting condition. Sub-surface damage was devel-
oped in the areas where the cutting forces were perpendicular to
the fibres and where the structural integrity of the composite
depended on the mechanical properties of the matrix. 49.8 m/
min and 99.6 m/min cutting speeds yielded limited matrix
micro-cracking, which increased with the growing cutting speed
and produced significant matrix micro-cracking and crack coupling
(Fig. 8(g)). The highest cutting speed developed further damage,
which resulted in extensive fibre-matrix debonding and surface
splintering (Fig. 8(h)).

Similar surface topography features were observed in the mid-
dle areas of the inspected holes (Fig. 9). High cutting speeds pro-
duced increased matrix cracking, cracking coupling and fibre-
matrix debonding. Cracks formed and coupled in a preferential
direction, parallel to 90° fibres. This can be explained due to the
shear stress produced by the difference in the capacity to bear
the load in this direction by 0° and 90° fibres. On the other hand,
low cutting speeds yielded significant fibre debonding and pull-
out (Fig. 9(e) and (f)) that can be explained by the high tempera-
tures developed at these cutting speeds.

Fig. 10 illustrates the damage in the areas near the hole exit cor-
responding to the selected cutting conditions. No appreciable dam-
age was observed at the exit of the hole machined at the lowest
cutting speed (Fig. 10(a) and (e)). 99.6 m/min cutting speed devel-
oped localised matrix cracking at surface levels under the surface
hole exit. Localised subsurface cracking was also observed at
149.4 m/min cutting speed, however accompanied by further
micro-cracking at surface levels away from the hole exit surface
(Fig. 10(c) and (g)). The highest cutting speed yielded visible matrix
cracking and significant damage on the hole exit surface, as
revealed by the absence of the original hole exit surface (Fig. 10).

In our previous investigations [18], we obtained the material
constants (n, C) for MTM44-1 CF0300 composite at the selected
feed rate to predict the tool life and tool wear, applying Taylor’s
model [34]. Therefore, the predicted flank wear extent in drilling
16 holes at 50 m/min, 100 m/min, 150 m/min and 200 m/min cut-
ting speeds and 0.05 mm/rev feed rate are 10.33 um, 15.66 pm,
17.44 pm and 18.33 pum respectively. These predicted low values
of tool wear indicate that the contribution of tool wear on the tem-
peratures developed and machined surface damage can be consid-
ered negligible.

e f

Fig. 8. SEM images at the hole entry corresponding to 49.8 m/min (a, e), 99.6 m/min (b, f), 149.4 m/min (c, g) and 199.2 m/min (d, h) cutting speeds; at 500x (a-d) and 1000 x
(e-h) magnifications. Machining direction: left to right. The images show fibres in 90° orientation, perpendicular to the machining direction.
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Fig. 9. SEM images of the hole middle areas corresponding to 49.8 m/min (a, e), 99.6 m/min (b, f), 149.4 m/min (c, g) and 199.2 m/min (d, h) cutting speeds; at 500x (a-d) and
1000x (e-h) magnifications. Machining direction: left to right. The images show fibres in 0° and 90° orientations, perpendicular to the machining direction.

g h

Fig. 10. SEM images at the hole exit corresponding to 49.8 m/min (a, e), 99.6 m/min (b, f), 149.4 m/min (c, g) and 199.2 m/min (d, h) cutting speeds; at 500x (a-d) and 1000x
(e-h) magnifications. Machining direction: left to right. The images show fibres in 0° and 90° orientations, perpendicular to the machining direction.

4. Conclusions

This investigation presented the influence of the material prop-
erties and the effect of the cutting speed variation on the heat dis-
sipation in the drilling of the studied CFRP composites. Based on
the obtained experimental results, the conclusions can be summa-
rised as follows:

e Maximum temperatures developed in the workpiece in CFRP
drilling, measured at the hole exit, can be reliably measured
using the thermocouples and thermal imaging techniques. Both
techniques measured close values of temperatures and thermal
gradients during the machining process. However, thermocou-
ples presented some limitations due to their low response times
and more complicated set-up compared to the thermal imaging.
Therefore, the thermal imaging showed to be a better method
for this application.

The type of polymer matrix showed to have an important influ-
ence on the maximum developed temperatures. Resins having
higher cross-linking density and closer-packed molecular net-
works exhibited higher heat dissipation, glass transition tem-
perature and thermal stability compared to those having
lower cross-linking density.

The type of carbon fibre reinforcement exhibited a significant
influence on the heat dissipation. CFRP composites having high
modulus CF reinforcement yielded lower thermal gradients
than those having high strength CF reinforcement. The observed
differences in the thermal conductivity of the considered CFRP
composites can be explained by the increased crystalline struc-
ture and higher orientation parallel to the fibre axis of the high
modulus CF, compared to the high strength CF.

High cutting speeds yielded higher thermal gradients outside
the hole edge than low cutting speeds. This suggests that the
cutting process would be more efficient in the range of high



168 J.L. Merino-Pérez et al./ Composite Structures 123 (2015) 161-168

cutting speeds, where the cutting energy is used in the cutting
process rather than being transformed into heat. However, fur-
ther investigation of the energetics in CFRP composites drilling
is necessary to clarify this point.

e SEM inspection showed that high cutting speeds caused more
severe matrix cracking and hole entry/exit splintering than
low cutting speeds. However, no damage that suggested matrix
burnout or pyrolysis was observed. This indicates that the tem-
peratures developed did not exceed the decomposition temper-
ature of the matrix within the machining time.
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