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A B S T R A C T   

Dry drilling of thick carbon fiber reinforced polymer (CFRP) laminates requires careful selection of process 
parameters in order to obtain acceptable borehole surface quality. Complex contact conditions between the drill 
margin and the borehole surface determine the integrity of the borehole surface depending on the process pa-
rameters and temperature-dependent viscoelastic material properties. Temperature rise during dry drilling re-
duces the elastic modulus of the CFRP and causes thermal expansion of the drill, resulting in considerable contact 
length at the drill margin and borehole surface interface. Manufacturers need a better understanding of the 
interaction among contact pressure, sliding velocity, temperature at the interface, and temperature-dependent 
material properties to develop predictive models for drilling CFRPs. To examine this complex interaction, this 
study develops a novel, hybrid model that combines a time-based analytical modeling of drilling process with a 
finite element-based modeling of temperature rise. Drilling experiments were performed in which thrust force, 
torque, and temperature were measured as a function of feed, and these measurements were used to identify 
unknown hybrid model parameters. The results revealed that a significant change in friction conditions occurs 
when increased temperatures at the margin and borehole surface interface approach and exceed the glass 
transition temperature of the CFRP laminate at a large feed rate. These findings show the benefit of increasing 
feed during dry drilling, which is nonetheless limited by the temperature-dependent material properties of the 
work material.   

1. Introduction 

Carbon fiber reinforced plastic (CFRP) laminates offer high strength 
and stiffness for manufacturing the lightweight structures required in 
the aerospace industry [1]. When manufacturing such components, 
drilling many holes is required, preferably under dry conditions. The 
borehole quality problems caused by drilling increase the overall cost of 
manufacturing, as drilling is performed on readily manufactured but 
expensive CFRP. Therefore, the ability to predict and control process 
outputs during drilling of CFRPs helps to reduce component costs and 
improve part quality. 

In dry drilling of CFRPs, its low thermal conductivity means that heat 
quickly accumulates at the cutting zone, which may lead to damage on 
the borehole surface. It is important to develop analytical and 

computational models for the drilling of CFRP laminates to understand 
and eliminate the adverse effects of dry drilling on the machined surface. 
The influence of cutting temperatures on the machinability of CFRP 
laminates emphasizes the importance of maintaining heat balance dur-
ing drilling [2]. Sadek et al. [3] developed a hybrid force and temper-
ature model to investigate the drilling-induced delamination problem. 
Hintze et al. [4] showed the correlation between temperature and tor-
que, which periodically changes depending on the fiber direction. 
Merino-Perez et al. [5] reported the influence of machining time on the 
temperature development during drilling and its possible effects on the 
surface quality. Wang et al. [6] showed that delamination can be 
reduced by controlling the temperature of the drilling environment. Fu 
et al. [7] investigated the drill exit temperatures while drilling UD and 
MD-CFRP laminates using advanced microscopy infrared thermography. 
They showed the close interaction between drill and CFRP work 
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material and showed that maximum temperature is reached towards the 
borehole exit, which hinders borehole exit quality. They also observed 
temperatures at the borehole exit to be larger than glass transition 
temperature of the CFRP. Loja et al. [8] investigated the influence of 
different drill types and stated that drill geometry influences tempera-
tures, and increasing temperatures can induce damage on the work-
piece. Sorentino et al. [9] measured the drill temperatures during dry 
drilling of both CFRP and GFRP materials. According to their results, the 
maximum temperature measured increased with the cutting speed and 
decreased with increasing feed rate. They observed decreasing temper-
atures in the workpiece with increasing feed rate. In a recent study, Xu 
and Zhang [10] investigated the heat effect on the material removal 
during orthogonal machining of fiber-reinforced composites using a 
finite element modeling technique. They focused on the influence of 
glass transition temperature of the FRP on the chip formation process, 
observing that the matrix and fibers fracture in brittle mode when the 
temperature is below the glass transition threshold. The material 
deformation behavior switches to ductile mode when the temperature 
exceeds glass transition temperature. They suggested that ultrasonic 
vibration of the drill can control the increase in temperature rise and 
heat accumulation. 

While drilling CFRPs, it is important to keep thrust forces low to 
reduce likelihood of delamination at the hole exit and to control tem-
perature rise, especially when drilling thick laminates. Turki et al. [11] 
showed that feed has a greater effect than cutting speed on the damage 
of the composite. Jia et al. [12] proposed a step drill geometry that 
minimizes the damage and burr formation on the workpiece for Ti/CFRP 
stack drilling. Kuo et al. [13] proposed a single step drilling technology 
for multilayer metallic-composite stacks using uncoated and coated 
carbide tools. Geng et al. [14] proposed using a diamond core drill 
rather than a twist drill to perform the drilling process. Polycrystalline 
diamond or diamond-coated drills are usually used in dry drilling of 
CFRPs due to their high thermal conductivity and wear resistance. Sharp 
cutting edges are recommended for easier shearing of the material. In 
terms of drill geometry, web thinning is usually applied to decrease the 
length of the drills’ chisel edge in order to reduce thrust forces. The 
design of the drill margins is also important to reduce rubbing during 
drilling. Kwong et al. [15] considered the influence of the minor cutting 
edge of the drill on the surface integrity of drilling nickel-based super-
alloys. They showed that the thickness of material drag in the direction 
of cutting (hoop) due to ploughing increases along with increasing 

interaction time between the minor cutting edge and the workpiece. 
They pointed out that significantly high temperatures can be generated 
as a combination of plastic deformation of the workpiece and friction at 
the tool–workpiece interface. In a subsequent study, Herbert et al. [16] 
showed that surface anomalies due to high feed rate drilling of 
nickel-based superalloys can be removed with subsequent machining 
processes. Such an approach may not be applicable in CFRP laminates 
due to their low elastic modulus. A back taper angle is common in drill 
designs to reduce the contact between the drill and the work material. 
Bonnet et al. [17] pointed out the influence of back taper angle used in 
drill designs on the torque measurements. Seeholzer et al. [18] reported 
material springback heights of 10–50 μm depending on the machining 
condition in their experiments. In a recent study, the margin of the drill 
is modified with notches so that total contact conditions and possible 
heat buildup on the margin are altered [19] to improve drilling per-
formance. In addition, helical and ultrasonic drilling have also been used 
[20] to alleviate the problems in dry drilling. Low frequency sinusoidal 
movement of the drill in feed direction may also help to alter contact 
conditions during drilling of thick CFRP laminates [21]. 

The contact conditions between the drill margin and hole surface are 
important in terms of heat generated during drilling. The margin of the 
drill rubs the machined surface over many rotations and hence creates a 
complex tribosystem [22,23]. Rech et al. [24] reported such a condition 
as a closed tribological system and stated that the coefficient of friction 
may change with the movement of the tool due to a thermally activated 
phenomenon based on material properties. In early studies on tribo-
logical behavior of polymers, Grosch [25] demonstrated the strong 
relationship between the viscoelastic properties of rubber and its friction 
against a hard substrate. Grosch found that the variation of friction with 
temperature correlates with the changes in rubber’s material properties 
due to temperature. Friction was considered to have components such as 
adhesion and deformation. Formation and breakage of adhesion bonds 
and the deformation of work material at the contact spots generates heat 
at this interface, and the viscoelastic material properties of CFRP lami-
nates change as a function of temperature and time [26]. Persson [27] 
developed a theory of rubber friction and modeled the coefficient of 
friction as a function of the power spectral density of a randomly rough 
surface, the loss modulus of rubber, its temperature, normal pressure 
and sliding speed. Lafaye et al. [28] investigated the apparent friction 
(the ratio between the tangential force and the normal load) on poly-
meric surfaces, showing that apparent friction calculations presented 

Nomenclature 

Cp Specific heat (J/kg.�C) 
D Drill diameter (mm) 
f Feed (mm/rev) 
fr Feed rate (mm/min) 
Fz Thrust Force (N) 
H Total drill tip height (mm) 
i Drill point location index 
j Time index 
k11,k22,k33 Thermal conductivity (W/mK) 
Kc Force coefficient (Torque) (N/mm2) 
Kch Chisel edge force coefficient (N/mm2) 
Kch-e Chisel edge coefficient (N/mm) 
Kp Contact force coefficient (N/mm) 
Kz Force coefficient (Thrust force) (N/mm2) 
L Laminate thickness (mm) 
Lc Equivalent drill margin contact length (mm) 
LAB Length of region AB on the drill (mm) 
LBC Length of region BC on the drill (mm) 
LCD Length of region CD on the drill (deg) 

LOA Length of region OA on the drill (deg) 
m Number of rotation increments 
N Spindle rotational speed (rpm) 
P Total power (W) 
r Drill radius (mm) 
rch Chisel edge radius (mm) 
t Time (s) 
tdrill Total drilling time (s) 
w Web thickness (mm) 
x, y, z Drill point coordinates 
T Temperature (�C) 
Tg Glass transition temperature (�C) 
Tg0 Initial glass transition temperature (�C) 
Tr Torque (Nm) 
β Drill angle 
η Heat partition to workpiece 
μ Coefficient of friction at the drill margin 
θ Drill tip angle 
γ1, γ2 Drill angles 
φ Drill rotation angle  
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peaks correlated with the peak loss factor (the ratio of loss to storage 
modulus of a viscoelastic material, which occurs at glass transition 
temperature of the material). Yoshizawa and Israelachvili [29] investi-
gated adhesion friction at the molecular scale and showed that friction 
depends on the sliding speed due to the interpenetration of the macro-
molecular chains. 

To model such complex relationships, analytical and finite element 
based models are usually employed. A hybrid model was used in 
Ref. [30] to analyze surface integrity in three-dimensional turning, and a 
different variation was used in Ref. [31] to model the workpiece thermal 
distortion in the deep drilling process. Yue et al. [32] used a similar 
approach for the thermal modeling of electric discharge machining of 
CFRP. In terms of analytical modeling of drilling, mechanistic modeling 
is commonly used to predict thrust forces and torques as a function of 
drill geometry and process parameters [33,34] and it has been suc-
cessfully employed in CFRP drilling as well [35,36]. In this study, a 
synergistic approach between mechanistic modeling and finite element 
modeling of temperature rise will be used to investigate the influence of 
contact conditions at the drill margin. 

The focus of this study is on the interaction of the drill margin and 
the borehole surface due to the temperature rise and its effect on ma-
terial properties. The intimate relationship between the drill margin and 
the borehole surface contact of CFRP has not been studied in detail in the 
literature. A time-based mechanistic model of drilling was developed to 
analyze the contact forces at the drill margin. A finite element model of 
temperature rise on the borehole surface is used to study the relationship 
between contact forces and the temperature-based material properties of 
CFRP. 

The paper is organized as follows: Section 2 explains the experi-
mental setup. In Section 3, an analytical model for drilling is presented, 
and experimental thrust force and torque measurements were used to 
identify the contact forces. Section 4 develops a finite element model to 
predict the temperature rise during drilling, and the temperature- 
dependent material behavior of CFRP is analyzed based on experi-
mental observations. The model and the experimental findings are 
combined to investigate the contact conditions at the drill margin 
borehole surface. 

2. Experimental setup 

In order to investigate the drill-margin contact experimentally, 

intermediate modulus UD-CFRP (CYCOM 977-2-IM7) laminates were 
produced for this study. The toughened epoxy resin unidirectional tape 
(with added rubber compounds to counteract brittleness) used in this 
study has 59% fiber volume with 2690 MPa tensile strength. CFRP 
laminate specimens of 75 mm dimeter and 15 mm thickness were pre-
pared for drilling tests. UD-CFRP laminates have 0.19 mm ply thickness 
and consist of 78 layers with equal fiber directions repeating in a 
sequence of 0/45/90/135� with two layers of 45 and 135 laminates on 
the top and bottom surfaces. The CFRP plate was placed on a Kistler 
9275 table type dynamometer for simultaneous measurement of tem-
perature, thrust force, and torque. Four thermocouples (K-type, -200- 
1200 �C range) were integrated in the CFRP laminate specimens for 
temperature measurements. Holes with 1 mm diameter with equal dis-
tance from the hole center were drilled and thermocouples were inserted 
in these holes at depths of 5 mm and 10 mm from the top surface of the 
laminate 90� apart from each other as shown in Fig. 1. The reason for 
this placement is to observe the temperature distributions on different 
fiber directions as well as to repeat temperature measurements. IR 
thermography method was used to measure temperatures at the hole 
exit. Another test setup was used, where the drill was attached to a ro-
botic drilling arm and the CFRP specimen was attached to a fixture. The 
temperature measurements (FLIR A325SC, 0–350 �C range, 60 Hz 
framerate, 320x240 resolution) were conducted at various feeds. The 
emissivity coefficient was determined as approximately 0.85 by placing 
the sample into an oven as its surface temperature was monitored using 
both a thermocouple and an infrared camera [37]. This study used a 
diamond coated carbide drill (Walter Titex AF1D) with 6.96 mm 
diameter and a tip angle of 86�. 

3. Analysis of contact forces at the drill-margin workpiece 
interface 

3.1. Mechanistic modeling of drilling including contact forces at the drill- 
margin 

Fig. 2(a) represents the stages of drilling from the point where the 
drill tip touches the work material (t ¼ 0) until it leaves the drilled hole 
(t ¼ t5). Fig. 2(b) represent the three dimensional model of the drill and 
the forces acting on it. The contact between the drill margin and work 
material initiates between time points t1 and t2 and continues until the 
end of drilling at time point t5. The thermal expansion of the drill and the 

Fig. 1. CFRP specimen and placement of thermocouples at different depths (5 and 10 mm) from the top surface. The thermocouples are located 90� apart to observe 
the influence of fiber direction on temperature measurements. 
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decreasing elastic modulus of the material with increasing temperature 
both affect the contact conditions between the hole wall and the drill 
margin. A significant decrease in the modulus of elasticity (storage 
modulus) of the CFRP material with increasing temperature results in 
increased contact area between the drill and the material. 

Mechanistic modeling of drilling process is adapted from Ref. [33, 
34] and the details of the time based formulation can be found in Ap-
pendix 1. The drill geometry is discretized into small elements and thrust 
force and torque acting on each increment (dl) between two successive 
points along the cutting edge can be calculated using a mechanistic 
model as in Eqs. (1) and (2). The total thrust force (Fz) and torque (Tr) 
acting on the drill can be calculated by summing incremental elements 
using Eq. (3) and Eq. (4), respectively. 

Fz¼

8
>><
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Fzch ¼ Kchf þ Kch e OA
Fzi;j ¼

�
dli
�
Kzj f sinðθÞ
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�
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The contribution of the chisel edge Fzch on the thrust force is defined 
as a function feed in Eq. (1). Force coefficients (Kch, Kp, Kz, Kc) represent 
the materials’ resistance to the machining process. The force coefficient 
Kp represents the influence of the drill margin workpiece interface on 
the torque. The contribution of drill margin region on thrust force (Fz) 
depends on the friction conditions between the margin and the hole 
surface through an unknown apparent coefficient of friction (μ) [24]. 
The force coefficient Kz represents the influence of the main cutting edge 
on the direction of the tool movement. The force coefficient Kc repre-
sents the resistance of the material in the direction of tool rotation. In 

Fig. 2. (a) Drilling stages as a function of time (0-t5) with drill margin-hole surface contact conditions emphasized, (b) The forces acting on a drill body are shown in 
the figure. The contact between the drill margin and work material initiates after time point t1. 
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Fig. 3. Thrust force and torque measurements for different feeds: a) 0.01 mm/rev, b) 0.05 mm/rev, c) 0.06 mm/rev. The figures show characteristic drilling stages 
(0-t5) for each feed. 
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order to calculate thrust force and torques for a given feed (f) value, 
unknown cutting force coefficients (Kch, Kp, Kz, Kc) must be determined 
through drilling tests. For that purpose, drilling experiments were per-
formed at a constant 87 m/min cutting speed (N ¼ 4000 rpm) and 
various feeds of (f ¼ 0.01, 0.03, 0.04, 0.05, and 0.06 mm/rev). Feed was 
increased from low to high in order to investigate the influence of sliding 
velocity and its influence on the temperature rise at the drill margin 
workpiece interface. Fig. 3(a) represents the thrust force and torque 
measurements for the drilling at feed of 0.01 mm/rev (feed rate of 40 
mm/min). This feed was selected to be quite low, which results in 
increased drilling time of around 30 s. In Fig. 3(a), characteristic time 
points due to drill geometry during drilling can be identified as t1-t5. 
From 0-t1, the drill tip enters the workpiece and the thrust force reaches 
its peak value at t1. Between t1-t2, torque continues to increase due to 
contact between the margin of the drill and the hole surface of the 
workpiece while thrust force decreases at low feed and stays stable at 
high feed. A similar effect can also be seen between t4 and t5 as the tool 
tip leaves the hole, but the contact between the margin and the hole still 
exists. 

At t3, the drill tip reaches the end of the hole and at t4 the drill tip 
leaves the hole, corresponding to zero thrust force. Between t2 and t3, 
torque is stable. Stable torque measurements have been linked to the 
balance between temperature rise and heat removal during drilling [2]. 
Fig. 3(b) shows the drilling condition at 0.05 mm/rev feed. With 
increasing feed, both thrust force and torque increase, as expected. 
Thrust force has a decreasing trend towards the end of the hole. The 
torque slightly increases towards the end of the hole. When the feed is 
increased to 0.06 mm/rev, while thrust force presents a similar, 
decreasing trend between t1 and t3, torque measurement switched its 
behavior, first rapidly increasing and then starting to decrease as shown 
in Fig. 3(c). Decreasing torque between t2 and t3 indicates a significant 
change in the contact conditions at the margin at this drilling condition. 
It is clear from the thrust force and torque measurements that increasing 
temperature during drilling changes both the material behavior and the 
contact conditions between the drill and work material and these 
changes affect the thrust force and torque measurements. The total 
contact length between the drill margin and the workpiece can be esti-
mated from the torque data in the figure based on Δt (Δt ¼ t2-t1) and 
feed rate. When the time difference between t2 and t1 is divided by the 
feed rate, the margin contact distance of around 1.8 mm for 0.01 
mm/rev, 2.2 mm for 0.03 mm/rev, and 2.4 mm for 0.05 mm/rev can be 
calculated. These distances are significantly larger than the feed values, 
and therefore justify the focus of this study. 

3.2. Identifying force coefficients through mechanistic modeling of thrust 
force and torque 

Initial values for cutting coefficients (Kch, Kz and Kc) can be identified 
considering thrust force and torque measurements at time t1 for drilling 
experiments performed under different feeds as reported in Ref. [36]. 
Identifying initial force and edge coefficients requires minimizing the 
difference between mechanistic model predictions and thrust force and 
torque measurements at time t1. Identified force coefficients are shown 
in Fig. 4 as a function of feed, and they indicate the size effect while 
drilling CFRP laminates considering the cutting edge radius (around 10 
μm) of the drill. The linear relationship for the chisel edge force is 
identified as Fzch ¼ 220f þ 11:6 and its effect is kept constant in calcu-
lations. The relationship between feed and force coefficients can be 
defined using a power law as. 

Kc ¼ 176:3f � 0:452 and Kz ¼ 112:23f � 0:71. 
At t1, the influence of Kp is not yet in effect. Since Kc was identified at 

t1, where no contact exists at the drill margin, considering the small tip 
angle of the drill and low thermal conductivity of the material, it is 
assumed that temperature rise at the drill’s main cutting edge has 
already increased to a certain level, and its influence is already reflected 
on the measured thrust force and torque. Therefore, Kc and Kz will be 
kept constant at their calculated values at t1 and it is assumed that the 
temperature rise due to contact at the drill margin during t1 and t2 will 
mainly affect the contact force coefficient Kp. A line contact between the 
margin and the hole surface is assumed for simplicity to calculate Kp in 
N/mm. Maegawa et al. [38] identified the coefficient of friction (μ) at 
tool workpiece interface around 0.25–0.3 during milling of CFRP lami-
nates. Identifying an instantaneous contact force coefficient requires 
minimizing the difference between measurements and predictions at 
each time instance. Fig. 5 shows the variation of contact force coefficient 
Kp as a function of time for different feeds. Since the values of Kp were 
calculated at each time point, a piecewise linear graph was used to 
represent the variation with respect to time. The actual change of Kp 
follows a continuous function. 

According to Fig. 5, contact force coefficients Kp tend to change their 
characteristic at different feeds. It has been shown that increasing 
temperature with increasing sliding velocity decreases the coefficient of 
friction, which is dependent on material properties [25]. The next sec-
tion presents a finite element model based calculation of temperature 
rise and investigates temperature-dependent material properties. 

Fig. 4. Variation of force coefficients Kc and Kz calculated at time point t1 as a 
function of feed. Power-law equations represent a good fit for each 
force coefficient. 

Fig. 5. Time variation of contact force coefficient Kp between t1 and t5 as a 
function of feed and time. 
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Fig. 6. a) Parameter identification procedure used in FE model, b) Comparison of thermocouple temperature measurements and FE model temperature predictions 
for feed 0.03 mm/rev, c) Variation of peak temperature measurements as a function of feed including error bars representing 10% measurement uncertainty. 
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4. Model based investigation of drill margin-borehole surface 
interface contact conditions 

4.1. Finite element modeling of temperature rise on the hole surface 
during drilling 

The temperatures of CFRP laminate during the drilling process can 
be modeled by considering a moving heat source that translates along 
the z-axis to represent the drill’s advances (feed rate) through the hole. 
The heat flux generated at the tool-workpiece interface can be calculated 
from experimentally measured thrust force Fz(t) and torque Tr(t) as a 
function of time which can be used to calculate the total drilling power P 
(t). Drilling power is used to fracture and shear the fibers, and to over-
come friction at the tool-chip and tool-workpiece interfaces and to 
create chips (powder) while drilling CFRP. While a portion of the power 
is consumed to overcome friction, it will be converted into heat and 
removed with the chip, while the remaining portion will be transferred 
into the drill and to the workpiece. The percentage of the power trans-
ferred to workpiece is defined as the heat partition to workpiece (η). 
Heat partition is known to be a function of contact conditions between 
the drill and the work material depending on the cutting speed, feed, 
underformed chip thickness, and thermal diffusivity of the materials 
[39,40]. However, heat partition between workpiece, chip, and drill is 
not known, and it may also be time-dependent as material properties of 
the workpiece change with increasing temperature. Unknown average 
heat partition to workpiece and the equivalent contact length can be 
identified by matching measured and simulated workpiece temperatures 
in reverse fashion. An average heat partition value (η) and an equivalent 
contact length (Lc) are estimated at the beginning and their values are 
adjusted iteratively until the temperature rise profiles at depths of 5 mm 
and 10 mm were matched experimental measurements. Temperature 
measurement at the hole exit obtained with an IR camera was also used 
to check the FE models’ predicted temperature. The details of the finite 
element model and temperature measurements are given in Appendix 2. 
Fig. 6(a) explains the parameter identification procedure. Fig. 6(b) 
shows the measured and predicted temperatures, which shows a good 
agreement for feed value of 0.03 mm/rev. Fig. 6(c) shows a decreasing 
trend in measured average peak temperatures with increasing feed, It 
must be noted that drilling time shortens as feed increases for a constant 
laminate thickness, which limits the maximum temperature rise [41]. A 
simulation takes around 60 min on a PC with Intel Core7 2.8 GHz with 
16 GB RAM. 

Average heat partition to workpiece (η) and the equivalent contact 
length (Lc) were identified as shown in Table 1. Identified heat partition 
to workpiece values are in good agreement with findings from the 
literature [24]. Heat partition to workpiece decreases with increasing 
feed, which indicates the positive influence of increasing feed. It also 
suggests that with increasing feed, the temperature gradient does not 
penetrate deeper into the workpiece and high temperatures are observed 
at the surface layer [37]. 

4.2. Influence of time and temperature on viscoelastic material properties 

In order to understand the influence of temperature rise on the 
thermomechanical properties of the viscoelastic CFRP material consid-
ered in this study, dynamic mechanical analysis (DMA) (Mettler 

Toledo–Single cantilever clamp bending test, 10-μm amplitude, 1 Hz, 
from 20 to 300 �C, CFRP sample sizes of 10x15 � 3 mm, and repeated 
twice) was used. Fig. 7 shows the variation of storage and loss modulus 
as a function of temperature, and the temperature where loss modulus 
reaches its maximum value is named glass transition temperature (Tg) 
(ASTM D4065). 

According to Fig. 7, the response of material changes significantly 
after 150–160 �C, which is labeled as initial glass transition temperature 
(Tg0) on the figure. For a semi-crystalline polymer, thermal activation 
with increasing temperature leads to free volume between chain mole-
cules, allowing for large-scale motions of chains that cause loss modulus 
to increase around glass transition temperature [42]. After this, the 
storage modulus starts decreasing at a higher rate, and the loss modulus 
starts to increase drastically before reaching its peak value at Tg, which 
was measured to be around 190–200 �C. The glass transition tempera-
ture is known to increase with increasing heating rate [43]. According to 
manufacturer’s data, glass transition temperature for this epoxy resin at 
10 �C/min is 212 �C. 

4.3. Investigation of contact forces as a function of temperature at the 
drill margin 

We can investigate the changing material behavior due to 

Table 1 
Results of heat partition analysis.  

Feed (mm/ 
rev) 

Heat Partition to Workpiece (η, 
%) 

Equivalent Contact Length (Lc, 
mm) 

0.01 0.43 2 
0.03 0.36 2.4 
0.05 0.3 2.6 
0.06 0.29 2.8  

Fig. 7. Variation of storage and loss modulus as a function of temperature 
obtained via dynamic mechanical analysis performed at 1 and 3 �C/min heat-
ing rates. 

Fig. 8. Variation of contact force coefficient Kp as a function of feed and 
temperature. 
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temperature rise and its influence on the contact force coefficient by 
combining time-based identified contact force coefficients with tem-
perature rise data obtained from the finite element model. In Fig. 8, 
variation of contact force coefficient Kp (as shown Fig. 6 as a function of 
time) is shown as a function of temperature for feed values of 0.01, 0.03, 
and 0.05 mm/rev. At low feed of 0.01 mm/rev, the contact force coef-
ficient is stable and decreases with increasing temperature. Contact 
force coefficients at 0.03 and 0.05 mm/rev were calculated to be close. 
The variation in contact force coefficients resembles the loss modulus of 
the material shown in Fig. 7. These findings agree with the results in 
Grosh, where the master curve of coefficient of friction for rubber ma-
terial was correlated with the loss modulus of the material [25]. Persson 

[44] showed that friction can be significantly lower with increasing 
temperature because of the formation of localized hot junctions at the 
interface between macroscopic asperities of the hard surface and the 
material. With increasing feed rate, the peak value of the contact force 
coefficient seem to shift to the right, which is also in agreement with the 
master curve data shown in Fig. 7. According to finite element simula-
tion of temperature rise, heating rate (dT/dt) can be calculated between 
t1 and t2, as full contact is obtained at the margin. Between t1 and t2, at 
10 μm/rev the heating rate was calculated as 24 �C/s and 70 �C/s at 50 
μm/rev. These heating rates are considerably higher than those heating 
rates (3, 10 �C/min) used in DMA; therefore, higher Tg0 and Tg values 
may be expected at high feed cases compared to those measured at lower 

Fig. 9. (a) Hole surface temperature rise simulation during drilling at 0.06 mm/rev feed, (b) Variation of contact force coefficient as a function of temperature. 
Temperature variations are also mapped onto the loss modulus curve for visualization. 
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heating rates. 
Increasing loss modulus with increasing temperature result in a 

larger coefficient of friction at the interface [24,25]. If the temperature 
at the interface exceeds the glass transition temperature, changes in the 
crystalline structure (degree of crystallinity due to cross-linking) of the 
material produce the opposite effect, which leads to changing friction 
conditions and a decrease in contact pressure [44]. 

At 0.06 mm/rev feed, a situation different from those in other dril-
ling cases occurs, where the contact force coefficient first increases and 
then decreases then slightly increase again as first shown in Fig. 5. Fig. 9 
(a) shows the variation of temperatures obtained from FE model for 0.06 
mm/rev feed. 

A decrease in temperature towards the end indicates a reverse trend 
that was not observed in other feeds. After reaching its peak value 
around 260 �C (indicated as Tmax in Fig. 9(a)) the temperature signifi-
cantly drops. This lowering temperature is due to a significant decrease 
in measured torque during drilling (Fig. 3(c)) since it is an input to FE 
model. This may be due to changing frictional conditions at the drill 
margin interface; since a larger chip load is considered at this feed 
together with larger sliding velocity and higher temperature, it is 
possible that chips in the form of powder may have accumulated at the 
drill margin. Changing contact conditions would decrease the amount of 
heat transferred into the workpiece, resulting in lower temperatures, 
which in turn may end up increasing the contact forces described in 
Fig. 9(b). In a recent study, Waddad et al. [45] showed that debris at the 
interface significantly affects the heat transfer conditions and heat 
partition ratio during sliding contact of rough surfaces. 

The mechanisms of friction are due to interfacial adhesion and 
ploughing or deformation. Adhesion usually originates at smooth sur-
faces, while deformation is due to the contact of asperities on rough or 
deformed surfaces [25]. In drilling, the drill margin rubs the same 
borehole surface over and over. Therefore, it is possible that de-
formations on the surface may affect the friction mechanism. The next 
section investigates the hole wall surfaces. 

4.4. Investigating the drill margin-borehole surface integrity 

Fig. 10 shows the borehole surface investigation performed inside 
the hole for the CFRP specimens for 0.01 mm/rev. The microscope was 
tilted 30� and a series of surface images were collected along the hole. 
Fig. 10(a) shows the entry region of the hole with no defects. Fig. 10(b) 
shows the hole exit surface where smearing of the matrix is visible. The 

detrimental effect of slow feed drilling can therefore be seen towards the 
hole exit corresponding to high temperatures at that region. The surface 
of the hole wall is in good condition until the end of the drilled hole. This 
may also explain the variation of steady contact force at the interface as 
shown in Fig. 8. 

Fig. 11(a) shows the hole surface corresponding to peak temperature 
location at the highest feed of 0.06 mm/rev (feed rate of 240 mm/min). 
Smearing of matrix and fiber pull-out defects are visible where the 
matrix was exposed to high temperatures. Fig. 11(b) shows the same 
area at the hole exit where only debris and deposited materials are 
visible on the drilled surface. While some defects are visible, they are not 
severe due to lower temperature and lower contact forces. Fig. 11 (c) 
shows the material adhesion on the flank of the drill margin. Debris 
accumulated at the drill margin may be due to loose particles at the 
interface or cut powdered chips smeared on the drill surface as shown in 
the figure. Their influence increases the complexity of the contact con-
ditions. The deformed surface on the wall indicates the influence of large 
contact forces as discussed in the previous section. 

While peak temperatures were observed to be larger than Tg, no sign 
of pyrolysis was observed, which is in line with the observations in 
Ref. [46]. The increase in feed is limited by the thrust forces at the hole 
exit, which may lead to delamination at the hole exit. No hole exit 
delamination problems were observed after drilling experiments. The 
hole diameter, which is another quality consideration, is also affected by 
temperature variations during drilling. 

5. Conclusions 

This paper has analyzed the problem of complex contact at the drill 
margin-borehole surface interface during dry drilling of CFRP laminates 
by considering its temperature-dependent material properties. The rise 
in temperature during dry drilling reduces the elastic modulus of the 
CFRP and causes thermal expansion of the drill, resulting in considerable 
contact length at the drill margin and borehole surface interface. The 
borehole surface integrity depends on the contact conditions at the 
interface. This study proposes an instantaneous mechanistic model 
coupled with a finite element model that predicts temperature rise on 
the borehole surface in order to investigate the time and temperature- 
dependent variation of the contact force coefficient. The results sug-
gest that the viscoelastic properties of the work material influence its 
frictional behavior. 

Fig. 10. a) Hole surface at the entry and b) exit corresponding to 0.01 mm/rev. Hole quality deteriorates from hole entry to hole exit.  
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� Temperature-dependent material properties play a key role in 
determining contact conditions at the drill margin and hole surface 
interface. Selection of feed affects the heating rate as well as the total 
contact time between the drill margin and the hole wall surface. 
Glass transition temperature range (Tg0 and Tg) shifts depending on 
the heating rate. If the rise in temperature at the interface exceeds 
peak glass transition temperature and is accompanied by high con-
tact forces, surface damage is likely to appear.  
� The heating rate and consequent temperature rise seem to govern the 

development of thrust force and torque during dry drilling. There-
fore, monitoring of thrust force and torque can be used to identify the 
influence of temperature rise on the hole wall surface integrity 
considering temperature-dependent material properties.  
� These findings suggest that using low feed is not beneficial in dry 

drilling of thick laminates. While low feed helps to decrease thrust 
forces at the hole exit, the temperature rise due to inefficient cutting 
of the material becomes significant. Increasing feed relative to the 
cutting edge radius helps decrease force coefficients and transfer 
more heat to the chip and the drill. Meanwhile, the upper limit of the 
feed rate depends on chip evacuation conditions and contact condi-
tions at the drill margin.  

� It is desirable to keep temperatures lower than 160 �C to better 
predict process outputs by considering advanced drilling techniques 
such as ultrasonic drilling or low frequency sinusoidal movement of 
the drill. These techniques would change the contact length and limit 
temperature rise at the interface during drilling. 
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Appendix 1 

Fig. A1(a) shows the geometry of the drill used in this study, where OA represents the chisel edge region (rch ¼ 0.175 mm and γ1 ¼ 55�), AB shows 
the web thinned region (LAB ¼ 1 mm, γ2 ¼ 15�), and BC shows the primary drilling region (LBC ¼ 2.25 mm). Fig. A1(b) shows the drill margin contact 
region CD. Let us assume that the index i represents a point on the drill while the index j represents the rotation increment (φj) of the drill around its 
center point O as shown in Fig. A2. In Eq (A1), m represents the number of rotation increments and i depends on the number of vertical elements (n) 
and the total height (H) of the tool tip (H––HOC þ HCD); and j depends on the thickness of the laminate (L) and feed (f, μm/rev). Tip height of the drill 
(HOC) can be calculated from the tip angle (2θ ¼ 86�) and the diameter (D) of the drill. Total drilling (tdrill) time for a given laminate thickness (L) can 
also be calculated based on this information. The three-dimensional position of any point along the drill edge (O to C) based on drill angles can be 
calculated using the equations given in Table A1.

Fig. A1. (a) Schematic model of the drill design, b) Drill margin contact zone CD indicated on the drill. Forces acting on the drill.  

i¼H=n  

j¼
ðLþ HÞ:m

f
(A1) 
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Table A1 
Location calculation of points on the drill edge.  

Chisel Edge (OA) Web Thinned Edge (AB) Primary Drilling Edge (BC) 

x ¼ rch cos γ1
y ¼ rch sin γ1
z ¼ 0
βi ¼ γ1  

xi ¼ ðzi � zi� 1Þtan θþ xi� 1 

yi ¼ ððzi � zi� 1Þtan θÞtan γ2 þ yi� 1 

zi ¼ zi 

βi ¼ a tan
�

yi

xi

�

xi ¼ ðzi � zi� 1Þtan θþ xi� 1 

yi ¼ rch sin γ1 þ LAB sin γ2 
zi ¼ zi 

βi ¼ a sin
�

w
ri

�

The trajectory of each point on the drill edge (xi, yi, zi) at a given time increment during drill’s rotational movement can be calculated with Eq (A2) 
[33]. 

xi;j ¼ ri cos
�
βi þ∅j

�

yi;j ¼ ri sin
�
βi þ∅j

�

zi;j ¼ zi �

�
Lþ H

Δ∅

�

j (A2) 

The positive direction of z is defined as the direction of drill movement, and the workpiece top surface is defined as the origin. At each point on the 
drill geometry, effective rake and clearance angles can be calculated [34]. By tracking a point on the drill with its x, y, z coordinates, it is possible to 
identify whether that point on the drill is in the cut or not. As a result, entry and exit transition zones can be obtained as a function of time. 

Appendix 2. Finite Element Model and Temperature Measurements 

The heat flux generated at the tool-workpiece interface can be calculated from experimentally measured thrust force Fz(t) and torque Tr(t) as a 
function of time which can be used to calculate the total drilling power P(t) as shown in Eq. A2. 

PðtÞ¼FzðtÞfN þ TrðtÞN
2π
60

(A2) 

The contact area between the drill margin and the hole surface can be calculated considering the periphery of the drill and contact length of the 
heat source. The lumped effect of workpiece heating q(t) based on these measurements of thrust force and torque as a function of time together with 
contact length can be calculated as W/m2. In FE model, a moving heat source represents the equivalent thermal loading of both tool and chip on the 
workpiece. The layered structure of the CFRP laminate, which consists of repeating 0�, 45�, 90�, and 135� layers is modeled in Comsol Multiphysics 
software. The temperature-dependent heat capacity Cp (CpðTÞ ¼ 0:0029T � 0:0817ðJ =kg  CÞ) and thermal conductivities (k) in different fiber di-
rections (k11ðTÞ ¼ 0:013Tþ 2:95k22ðTÞ ¼ 0:07Tþ 1:5k33ðTÞ ¼ 0:0007Tþ 0:5744W=mK) were adapted from the literature [47]. Fig. A2(a) shows the 
thermocouple temperature measurements obtained at 30 μm/rev feed case. While there are some slight differences between sensors, temperature 
measurements were consistent within 10% error margin. Fig. A2(b) shows the thermocouple measurements for 60 μm/rev feed drilling. Fig. A2(c) 
shows that temperatures measured with the IR camera at the hole exit correspond to time points t3-t5 when the drill tip is out of cut. Each temperature 
measurement experiment was repeated twice. Temperature measurements are dependent on thermocouple placement with respect to fiber directions, 
which is a characteristic of unidirectional CFRP drilling as also observed in Refs. [4,7]. 
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Fig. A2. Thermocouple temperature measurements for: (a) 0.03 mm/rev feed, b) 0.06 mm/rev feed, c) IR camera measurements for 0.06 mm/rev at the hole exit,  
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