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Abstract: Carbon fibre reinforced resin matrix composite (CFRP) exhibits 
anisotropy and low thermal conductivity, which facilitates the accumulation of 
heat produced during drilling. At the hole outlet, the temperature is even higher 
than the glass transition temperature (Tg) of the resin matrix, which is very easy 
to produce processing damage. In this research, the drilling temperature field 
model of unidirectional CFRP was established using ABAQUS, and its 
accuracy was confirmed experimentally. The model is used to examine the 
temperature fluctuation of the hole wall during drilling. The effect of the high 
temperature (greater than Tg) on the delamination damage, as well as the 
influence of the processing parameters on the region where the outlet 
temperature is higher than Tg. The findings indicate that the temperature of the 
hole wall is directly linked to the fibre cutting angle. The delamination damage 
is aggravated in the area where the temperature at the hole outlet is higher than 
Tg. The region where the outlet plane temperature is greater than Tg increases as 
spindle speed increases, whereas it decreases as feed speed increases. 

Keywords: CFRP; drilling; temperature field; hole wall temperature; glass 
transition temperature. 
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1 Introduction 

Carbon fibre reinforced resin matrix composites (CFRP) have the performance 
advantages of high strength, high modulus and light weight, and are widely used in 
automotive, aerospace and other fields (Geier et al., 2019; Ning et al., 2021). Drilling is 
often required to meet the requirements of CFRP member connection and assembly. 
CFRP has the characteristics of low thermal conductivity and temperature sensitivity of 
resin matrix, which leads to the formation of heat accumulation and high temperature 
gradient during the drilling process, resulting in processing defects such as thermal 
damage and tearing of the workpiece material (Davis et al., 2011; Xu et al., 2022). 

Researchers have conducted studies on the effect of temperature on the quality of 
CFRP boreholes. Merino-Perez et al. (2015) investigated the effect of material properties 
and cutting speed on heat dissipation when drilling carbon fibre reinforced plastic 
composites using uncoated WC-Co tools. Weinert and Kempmann (2004) and Sorrentino 
et al. (2017) studied the effect of different cutting parameters on tool temperature and 
workpiece temperature during drilling of CFRP. Fu et al. (2018) studied the temperature 
characteristics at the exit of a unidirectional CFRP borehole using an infrared imaging 
system. Thermomechanical damage such as fibre pullout, burr and peeling was detected 
at the exit hole wall. Hou et al. (2021b) studied the effect of heat accumulation on cutting 
temperature and damage by measuring experimental data of hole wall temperature at 
different fibre cutting angles. Helical milling, ultrasonic assisted machining and other 
methods proposed by Ning et al. (2021) and Helmy et al. (2020) can reduce the heat 
accumulation during hole making. Li et al. (2022) explored the influence of thermal 
damage caused by laser processing on the physical properties of CFRP. The results show 
that the heat affected zone will weaken the mechanical strength of CFRP, and the 
influence on tensile strength is relatively small. The main reason for weakening the 
mechanical properties is that the carbon fibres in the heat affected zone cannot bear the 
load. Wang et al. (2022) studied the effect of cutting temperature on the quality of 
CFRP/titanium laminated holes. The results show that a large amount of cutting heat is 
generated during the cutting process of CFRP and titanium alloy, which leads to a 
significant increase in the temperature at the CFRP hole outlet. The high temperature 
reduces the rigidity and bonding properties of CFRP resin matrix, resulting in serious 
subsurface damage of the fibre layer around the CFRP hole outlet. According to Hancox 
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(1998) and Fiedler et al. (2013), the mechanical properties of the resin vary greatly when 
the temperature is below or above the glass transition temperature (Tg) of the resin 
matrix. When the temperature is above Tg, the modulus and strength will decrease 
significantly. Therefore, the temperature has an important influence on the machining 
quality during the drilling of CFRP (Foreman et al., 2010). Meanwhile, researchers have 
established a temperature field model for drilling CFRP. Chen et al. (2021) used 
COMSOL to establish a numerical model of the temperature field of drilling 
unidirectional CFRP to investigate the heat transfer rule during the drilling process. The 
temperature field model developed by Yang et al. (2019) and Li et al. (2020) equates the 
heat source of drilling CFRP as a circular planar heat source. Bao et al. (2018) proposed a 
tapered heat source to simulate the shaped heat source of the drill tip to establish the 
temperature field model, and the validity of the model was verified by experiments. The 
study described above enhances the development of the study on CFRP drilling heat. 
CFRP drilling, on the other hand, results in a complicated temperature field and heat 
dispersion since the cutting edge is in a semi-closed region and the thermophysical 
properties of CFRP are anisotropic. In the available literature, there is a minimal 
investigation of the internal heat transfer process and the formation of a temperature field 
while drilling unidirectional CFRP. At the same time, we must thoroughly investigate the 
heat transfer mechanism of anisotropic materials. 

This research proposes a uniform heat source model with the same diameter and a 
specified thickness as the drill bit to replicate the drilling heat source, taking into account 
heat transfer from the drilling heat source to the hole wall and from the high-temperature 
drill bit to the workpiece. At the same time, a unidirectional CFRP finite element 
temperature field model is built, and the moving heat source that is employed to replace 
the heat produced in the drilling operation is simulated using the DFLUX user subroutine. 
Experimental results confirm the accuracy of the simulation model. This model is used to 
analyse the temperature changes at different locations of the hole wall during drilling. 
The goal of this study is to investigate the impact of processing parameters on the region 
where the hole outlet surface temperature is greater than Tg, as well as the connection 
between this region and outlet delamination damage. 

2 Drilling temperature field model 

2.1 Determination of thermodynamic parameters 

CFRP is made of carbon fibre and resin curing. Fibre direction is lined up in the same 
direction called unidirectional fibre composite. Due to CFRP anisotropy, the equivalent 
homogeneous orthogonal anisotropic material assumption is used to simulate 
unidirectional CFRP. And the following hypothesis is proposed (Chen et al., 2021): 

1 Close contact between the carbon fibre and the resin matrix, with negligible contact 
impedance. 

2 Uniform distribution of carbon fibres in the resin matrix, with no manufacturing 
defects inside the material. 

3 The thermal characteristic parameters of CFRP are constant and do not change with 
temperature. 
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Equations for calculating the density and specific heat capacity of equivalent 
homogeneous materials (Liu, 2016) as in equations (1) and (2). The thermal conductivity 
in parallel and perpendicular to the direction of fibre orientation was estimated using the 
Wiener model (Mkaddem et al., 2016). 

( )1f f r fρ ρ V ρ V= × + × −  (1) 

( )1f f r fc c V c V= × + × −  (2) 

( )1f f f mλ V λ V λ= + −  (3) 

( )1
f m

f f f m

λ λ
λ

V λ V λ⊥ =
+ −

 (4) 

ρf, cf are the density and specific heat capacity of carbon fibre. ρr, cr are the density and 
specific heat capacity of epoxy resin. ρ, c are the density and specific heat capacity of 
unidirectional CFRP composites. λ|| and λ⊥  are the thermal conductivity of CFRP in 
parallel fibre direction and vertical fibre direction respectively. λf and λm are the thermal 
conductivity of the carbon fibre and the matrix resin, respectively. Vf is the fibre volume 
fraction of CFRP. The thermophysical properties of unidirectional CFRP are shown in 
Table 1. 
Table 1 Thermophysical parameters of unidirectional CFRP 

Properties Value 
λf /(W/ (m·K)) 10,145 
λm/(W/ (m·K)) 0.186 
ρ/(kg/m3) 1,600 
c/(J/(kg·K)) 465 
Vf /% 60 
λ||/(W/ (m·K)) 6,161 
λ⊥ /(W/ (m·K)) 0.282 

Source: Zhao et al. (2018) 

2.2 Heat transfer model 

According to the analysis of the characteristics of twist drill machining, the transverse 
edge and the main cutting edge play a major role in the process of removing materials. 
The heat source generated by drilling is mainly distributed in the contact area between the 
main cutting edge of the tool or the cross edge of the tool and the material. The secondary 
cutting edge is mainly responsible for guiding, so the heat generated by the friction 
between the secondary cutting edge and the hole wall is small. In Figure 1, Q1 represents 
the heat generated by drilling with the main cutting edge and the cross cutting edge, and 
Q2 represents the heat generated by drilling with the secondary cutting edge. The heat 
transferred to the workpiece, Q1 + Q2, comes from the total heat in the drilling process. 
Since Q2 is smaller relative to Q1, it is neglected here. 
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Figure 1 Drilling model boundary conditions 

  

To simplify the model, the heat source generated by drilling is regarded as a uniform 
cylinder heat source, as shown in Figure 2. The moving speed of the heat source is 
consistent with the feed speed. The experimental tool used in this paper is as described in 
Section 2.1: the projection of the main cutting edge on the spindle is 2 mm. The thickness 
of the heat source should be less than the projection height of the main cutting edge on 
the main shaft (Chen et al., 2021), so the thickness of the uniform cylinder heat source is 
one half of the projection height of the main cutting edge. The diameter of the bottom 
surface of the body heat source is equal to the diameter of the drill bit. The upper and 
lower surfaces of the model are also considered as thermal convection boundaries. The 
heat source has very little effect on the front and back left and right four surfaces, so the 
remaining four surfaces are considered as adiabatic surfaces, as shown in Figure 1. 

Figure 2 Heat source model 

  

Most of the work done by the drill is converted into heat transferred to the chip, tool and 
workpiece. The total instantaneous heat generated by drilling is the sum of shear heat 
generation and friction heat generation, expressed by equation (5) (Bono et al., 2002; 
Denkena et al., 2018). It is assumed that the total heat generated by drilling is P. The heat 
transferred to the workpiece is Q0. The percentage of heat transferred to the workpiece in 
relation to the total heat is η. The body heat flow q (Li et al., 2017) transferred to the 
workpiece per unit volume, per unit time can be expressed by equation (6). 

fP Mw Fv= +  (5) 
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where M is the torque, w is the angular velocity, F is the thrust and is the feed rate. V, S, 
d, h are the volume, bottom area, bottom diameter and thickness of the uniform body heat 
source, respectively. 

2.3 Temperature field simulation model 

The finite element simulation model was built using ABAQUS. The overall model size of 
the workpiece is a rectangular body of 50 mm × 50 mm × 4 mm. The fibre laying 
direction of the workpiece is completed by establishing a local coordinate system in the 
finite element method. The directions x, y and z represent fibre direction, perpendicular to 
fibre direction and ply thickness direction respectively. Different fibre direction angles 
are simulated by changing the direction of direction x. Figure 3 illustrates the workpiece 
coordinates with the layout direction of the fibres. The type of cell used for the workpiece 
is a three-dimensional 8-node linear heat transfer cell (DC3D8). A quadrilateral and 
sweeping approach is used to divide the grid. The mesh size in the x–y plane is 0.5 mm. 
Since the model thickness in the z-direction is only 4 mm, the mesh size is 0.2 mm. Also, 
to improve the accuracy of the calculation results, part of the mesh at the heat source 
loading of the workpiece (central location) was refined. The complete grid cell uses 
369,080 cells and 391,776 nodes. The load is applied through a moving heat source 
defined by the DFLUX user subroutine. The flux size of the heat source is calculated by 
equation (6). The initial temperature of the workpiece is set to 13.5℃ at room 
temperature. Other boundary conditions are set as shown in Figure 1. 

Figure 3 Simplified model meshing (see online version for colours) 

     

3 Drilling experiments and temperature field model validation 

3.1 Drilling experiment 

In order to obtain the heat source loading parameters needed for the simulation model, we 
completed the drilling CFRP experiment and obtained the axial force and torque for the 
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drilling process. The experimental procedure is as follows, The drill material used for the 
experiments was high-speed steel. The diameter of the drill bit is 10 mm and the top 
angle is 135°. The projection of the main cutting edge on the spindle is 2 mm. The 
material to be drilled is 4 mm thick T700/epoxy LT03A unidirectional CFRP laminate. 
The fibre volume fraction and the thermophysical parameters of the workpiece are shown 
in Table 1. 

The drilling is done on a CNC machine. The cutting force is checked by a Kistler 
9,272 force measuring instrument. After passing through the Kistler 5080A charge 
amplifier, the collected data is transferred to the 5697A1 data acquisition card and stored 
in the computer. The spike wireless cutting force measurement system, model mobile1.2, 
was used to measure the torque. At the same time, the VarioCAM®hr portable thermal 
imaging camera from Infotec Germany is placed horizontally to record the temperature 
values of the drilling process. In order to obtain the drilling temperature values at specific 
locations in the exit area, this paper adopts a pre-buried K-type thermocouple to record 
the temperature changes during the drilling process. 

Figure 4 Experimental layout and physical map (a) layout (b) physical map (see online version 
for colours) 

    
(a)     (b) 

Figure 5 Experimental thrust and torque of drilling process (see online version for colours) 
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As shown in Figure 4(a) positions 1 and 2 are the thermocouple distribution positions. A 
blind hole with a diameter of 2 mm is machined in the opposite direction in the area 
where the thermocouple is distributed on the workpiece. The position of the pre-buried 
thermocouple is 0.5 mm from the edge of the machined hole. Since defects caused by 
machining are often found at the exit location of the hole, the thermocouple is buried at a 
depth of 0.5 mm from the exit surface. The experimental object is shown in Figure 4(b). 
After the experiment, an industrial microscope was used to observe the exit delamination 
defects. 

3.2 Determine heat source loading conditions 

The machining parameters are as follows: spindle speed 3,000 r/min, feed rate 50 
mm/min. Its drilling axial force and torque variation are shown in Figure 5. From the 
figure, we can know that the average thrust force of drilling is 225 N and the torque is 0.2 
N٠m. Bringing the values of thrust force and torque into equation (5) can determine the 
size of the heat source. Under dry processing, no cooling conditions, the drilling process 
is considered to take place in a natural convection environment. Convective heat transfer 
coefficient h = 20 W/( m2·K). 

The temperature value of the workpiece at the drill tip position, measured by the 
infrared thermography, is brought into the established finite element model when the 
cross-edge of the drill reaches the exit surface. The heat transferred to the workpiece 
under this processing condition is derived from equation (6), and the percentage of heat 
transferred to the workpiece to the total heat, η, is calculated. Calculation results show a 
percentage of 17%. 

Figure 6 Experimental and simulated temperature rise curves (a) vertical fibre direction (b) 
parallel fibre direction (see online version for colours) 
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3.3 Model validation 

Drilling experiments were conducted using the experimental bench shown in Figure 4(b) 
and the machining parameters determined in Section 2.2. The temperature data measured 
by the thermocouple is compared and analysed with the temperature value of the 
corresponding point in the simulation results. Figure 6 shows the experimental and 
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simulated temperature trends with time for the two points on the exit side. In the pre-
drilling stage, the temperature at the hole exit does not change because less heat is 
generated. As the drill moves downward, the cutting heat accumulates and the 
temperature increases until the maximum value, after which the temperature decreases. 
From the trend of both, it can be seen that the experimental and simulation results change 
in the same trend. However, there is a slight difference in the trend between the 
experimental and simulated values at 3 s–6 s. The main reason: the model was built 
assuming that the CFRP thermophysical parameters are homogeneous, while the 
experimental material is likely to have defects. There is a slight difference between the 
actual heat source generated and the heat source that the model reduces to a stable one. 

The maximum relative errors between the experimental and simulated temperature 
profiles at the two measurement points are 12.7 % and 8.2 %, respectively, and the 
experimental phenomena in the literature ‘(Bao et al., 2018)’ for the above results have a 
similar pattern of variation. In summary, the simulation results are in high match with the 
experiments, and the proposed model can be used for the analytical study of 
unidirectional CFRP drilling temperature field. 

4 Results and discussion 

4.1 Hole wall temperature distribution 

Excessive temperatures generated during the drilling process tend to cause subsurface 
damage to the hole wall (Hou et al., 2021b). The high temperature causes the resin matrix 
to melt and bond to the hole walls after cooling, resulting in uneven surfaces and colour 
changes (Bao et al., 2018). It is necessary to use the simulation model to analyse the hole 
wall temperature variation pattern. The fibre cutting angle is the angle between the fibre 
direction and the cutting speed. The fibre cutting angle θ at the entrance of the drill hole 
is shown in Figure 7. In order to study the relationship between hole wall temperature and 
θ, four fibre cutting angles of 0°, 45°, 90° and 135° were selected. Then, one 
measurement point is taken every 0.4 mm along the workpiece thickness direction from 
the exit plane respectively, and a total of 5 measurement points are taken. The 
measurement point close to the hole exit is taken because the semi-enclosed environment 
of drilling makes the heat accumulate, and the closer to the exit position the higher the 
temperature. The measurement position is shown in Figure 8. 

The temperature variation with time at different measurement points is shown in 
Figure 9. Temperature trend at each point of the hole wall: As the drill moves down, the 
temperature gradually increases and reaches its maximum value in turn, and finally 
decreases slightly until the end of drilling. At the same drilling time, compare different θ 
it can be seen that: the measuring point at θ = 0° has the lowest temperature value. The 
temperature value at the θ = 90° measuring point is the highest. The reason is the low 
thermal conductivity in the vertical fibre direction, which makes the heat conduction slow 
and the temperature rise rate low. While the parallel fibre afferents is directly opposite to 
the vertical fibre. The change of temperature with time at the measuring point 
corresponding to the fibre cutting angle of 45° and 135° is similar. This is because the 
heat transfer is the same for these two fibre cutting angles. 
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Figure 7 Fibre cutting angle θ 

 

Figure 8 Measurement location (see online version for colours) 

 

The relationship between the maximum temperature of different fibre cutting angles and 
the measuring position is shown in Figure 10. At the same measuring position of 
workpiece thickness, different θ the highest temperature value of is in the order of 90° > 
45° > 135° > 0°. When the θ is the same, the closer the position is to the exit surface, the 
higher the maximum temperature value. This is due to the fact that the heat accumulation 
is more pronounced the closer you get to the exit surface. At θ = 90°, the highest 
temperature exceeded the Tg of the resin matrix (120°C) (Hou et al., 2021a) in the area 
from position 3 to position 5 with a thickness of 0.8 mm during drilling. Excessive 
temperature will soften the resin matrix in these areas, and the fibre will lose its support, 
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leading to processing damage such as hole wall sub surface damage, matrix cracking, 
debonding, etc. (Hou et al., 2021a, 2021b). 

Figure 9 Variation of temperature at different positions on the hole wall with time (see online 
version for colours) 
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Figure 10 Maximum temperature at different positions on the hole wall (see online version 
for colours) 
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4.2 Effect of hole exit surface temperature above Tg region on delamination 
damage 

When the cross-edge of the drill reaches the exit surface, the local temperature of the exit 
surface is already higher than the Tg of the resin matrix due to the accumulation of cutting 
heat, and the temperature field at the exit is shown in Figure 11. The damage to the exit 
surface of the experimental workpiece under the same conditions is shown in Figure 12. 

In order to compare the region of the hole exit surface temperature above Tg (high 
temperature region) with the exit delamination damage. The distance L1 from the edge of 
the temperature above the Tg region to the centre of the hole is obtained every 10° fibre 
cutting angle along the circumference of the hole in the exit temperature field. The 
distance L2 from the maximum delamination edge to the centre of the hole in the interval 
is obtained at the exit surface of the workpiece along the circumference of the machined 
hole at 10° fibre cutting angle intervals. The obtained values of L1 and L2 are plotted in 
polar coordinates with the variation of fibre cutting angle as shown in Figure 13. 

Figure 11 Outlet surface temperature field (see online version for colours) 

 

The red shaded part (Hereinafter referred to as high temperature area S) consisting of L1 
and R in Figure 13 indicates the high temperature area other than the hole. At the position 
of fibre cutting angle of 90°, the high temperature area is widely distributed, and the 
distribution of adjacent positions gradually decreases. The temperature is lower than Tg 
when the fibre cutting angle is near 0° and 180°. The reason for this is that the heat 
transfer from the unidirectional CFRP workpiece is mainly along the fibre direction, 
which leads to the difference in temperature at different fibre cutting angles. The yellow 
shaded portion consisting of L2 and R indicates the exit maximum stratification region. 
As can be seen from the figure, the delamination damage is more serious at the position 
where the fibre cutting angle is 90°. There is less delamination when the fibre cutting 
angle is near 0° and 180°. 
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Figure 12 Surface damage at hole exit (see online version for colours) 

 

Figure 13 L1, L2 change with θ (see online version for colours) 
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Figure 14 The variation trend of L2 with L1 (see online version for colours) 
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By comparing L1 and L2 in Figure 13, it can be seen that the damage profile of 
delamination at the hole outlet is highly consistent with the high temperature region 
profile of the simulated outlet. Delamination damage was most severe near the fibre 
cutting angle of 90°, while the area of the high-temperature region at this location was the 
largest. This is because temperatures above Tg will soften the substrate. When the 
softened area is cut by the drill, the fibres are more likely to come out and peel off the 
matrix compared to other areas (Hou et al., 2021a), so delamination damage is more 
likely to occur. 

To investigate the pattern of L2 variation with L1, a regression analysis is established, 
as shown in Figure 14, where the correlation coefficient is greater than 0.9. It can be seen 
that the two are linearly correlated and L2 increases with L1. In summary, the 
delamination damage is exacerbated by the region of higher temperature than Tg at the 
hole exit. 

4.3 Influence of machining parameters on high temperature region of hole exit 
surface  

It can be seen from Section 3.2 above that the high-temperature area on the hole outlet 
surface will aggravate the delamination damage. It is necessary to further study the 
influence of processing parameters on the high-temperature region of the outlet surface. 
Selection: spindle speed: 3000 r/min, feed speed: 25 mm/min, 50 mm/min, 75 mm/min 
and feed speed: 50 mm/min, spindle speed: 1,000 r/min, 3,000 r/min, 5,000 r/min, 
respectively, for drilling unidirectional CFRP. The thrust and torque values obtained from 
the corresponding drilling experiments are brought into the model to simulate the 
workpiece temperature field under different processing parameters. The maximum 
temperature value Tmax at the edge of the outlet hole wall and the high temperature area S 
at the outlet plane in the temperature field under different processing parameters are 
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extracted respectively. The variation trend of Tmax and S with spindle speed is plotted in 
Figure 15. The variation trend of Tmax and S with feed speed is plotted in Figure 16. 

Figure 15 shows the influence of spindle speed change on Tmax and high-temperature 
area S. It can be seen from the figure that Tmax and high temperature area S increase with 
the increase of spindle speed. The main reason is that with the increase of spindle speed, 
the number of tool rotations per unit time increases. The number of contact between the 
tool and the workpiece increases, so the friction between the tool and the hole wall 
increases, leading to a significant increase in friction heat. With the increase of drilling 
heat, the workpiece temperature increases, and the high-temperature area S increases. 

Figure 15 Influence of spindle speed on Tmax and S (see online version for colours) 
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Figure 16 Influence of feed speed on Tmax and S (see online version for colours) 
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Figure 16 shows the effect of feed speed change on Tmax and high-temperature area S. 
With the increase of feed speed, Tmax and high-temperature area S decrease. The main 
reason is that although with the increase of feed speed, the heat generated by the drilling 
force is increased. But when the material thickness is constant, the feed speed increases 
and the drilling time decreases, that is, the contact time between the tool and the 
workpiece decreases. The hole wall generates relatively little heat. The reduction of 
friction heat generation is greater than the increase of drilling force work heat generation, 
so the drilling temperature generally shows a downward trend. The drilling temperature 
decreases, resulting in the reduction of workpiece temperature and the reduction of high 
temperature area S. 

5 Conclusions 

In this paper, the CFRP drilling temperature field model is established, and the influence 
of drilling heat on machining quality is explored by using the model. The following 
conclusions can be drawn from this study. 

1 Using ABAQUS, a model of the temperature field during drilling of unidirectional 
CFRP is established. In this case, the simulation model is quite accurate, with a 
relative error of 12.7% or less when compared to the experimental data. It can be used 
to predict and analyse the CFRP drilling temperature field. 

2 The fibre cutting angle has a significant impact on the rate of hole wall temperature 
change while drilling carbon fibre-reinforced plastic. Fibre cutting angle 90° > 45° > 
135° > 0° is the temperature sequence for the same hole wall thickness. 

3 On the surface of the borehole outlet, temperatures above Tg exacerbate delamination 
damage. The region where the temperature exceeds Tg is dispersed around the 90° 
fibre cutting angle, and delamination damage is most severe in this region. 

4 The region at the CFRP drilling outlet where the temperature is greater than Tg 
increases with increasing spindle speeds and decreases with increased feed speeds. 
Selecting low spindle speed and high feed speed within an acceptable range of 
processing parameters is beneficial to minimising the region where the temperature is 
greater than Tg. 
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