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Abstract—Carbon fiber reinforced polymer (CFRP) composites
are extensively used in aerospace applications due to their light weight
and special strength. Drilling of holes is the most frequently used
machining operation for CFRP composites. In the drilling process,
heat conduction with the anisotropic thermal properties of CFRPs is a
complex process that requires special considerations. In this study, a
3D finite element (FE) model is developed to predict the temperature
fields in drilling of laminated composites, considering the unique
features of CFRPs, i.e., the multi-ply structures and anisotropic
thermal properties. The thermal energy is determined from the cutting
forces and the cutting parameters. A novel methodology is proposed to
determine the heat partition ratio between the CFRP and the drilling
tool. It considers the tool speed and geometry, the material properties,
as well as the tool coating. The predicted temperature and thermal
damage are validated experimentally, which are in good agreement
with the measurements.
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. INTRODUCTION

IN recent years, carbon fiber-reinforced polymer (CFRP)
composites are extensively used in aerospace applications
due to their light weight and special strength. Drilling of holes
is the most frequently used machining operation for
composites. One of the major defects in drilling of CFRP
composites is thermal damage, which has significant effect on
the mechanical properties of composite structures. The special
feature of CFRPs, such as multi-ply structures and anisotropic
material properties, causes the heat conduction process during
the drilling of CFRPs to be very complex. Due to lack of an
analytical solution, many studies have been conducted on
modelling of machining of composites using FE analysis.
These studies, however, focused on mechanical aspect, such as
predictions of forces, torques, and delamination [1]-[5]. The
study on modelling of thermal process during machining of
CFRP is very limited. Diaz-Alvarezet et al [6] developed an
axisymmetric 2D FE model to simulate the thermal process in
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drilling of CFRPs, which neglected the anisotropic thermal
properties of CFRPs. Although it was a reasonable assumption
for the woven carbon fiber laminated composite due to its
semi-isotropic configuration, this 2D model cannot be applied
in laminated composites with anisotropic configurations, such
as uni-directional laminates. The objective of this study is to
develop a generalized 3D FE thermal model for drilling of
CFRPs, considering the process nonlinearity and the material
removal by complex tool geometries. The multi-ply structures
and anisotropic thermal properties of laminated composites
were used in the model for temperature and thermal damage
predictions. To validate the developed FE model, drilling tests
were carried out using different types of drills under different
drilling conditions. The predicted temperature and thermal
damage were compared with the experimental measurements.

1. THERMAL LOAD IN DRILLING OF CFRP COMPOSITES

In drilling of CFRPs, the total work by torque (Ws) and
thrust force (Wg) are converted to the heat generated at the
tool-workpiece interface due to friction (Q), the energy
required for breaking composites (Ey), and the Kinetic energy of
the chip (E;). Therefore, the energy equilibrium equation is
expressed by,

WT+WF=Q+EC+EI) (1)

Since the energy consumed by E, and E; is relatively small,
all the work by Wt and W is assumed to be converted into heat
Q [7]. Then, the average heat generation rate per area (heat
flux), g, is written by,

dQ Mw+F,V,
1S5 =

where M and F, are the torque and the axial force, respectively;
 and V, are the angular velocity and the axial velocity of the
drill, respectively; S is the swept area of the cutting edges in one
revolution. The values of M and F, can be predicted using an
analytical model [8]. In drilling of CFRP composites, the
majority of heat generated in the process is transferred to the
tool and the workpiece through the contact area between the
tool and the workpiece. A very small portion of the heat is
dissipated into the particle-like chip and the surrounding
environment, which can be neglected [7]. If a heat partition
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ratio, », is defined as the percentage of the cutting energy that
flows into the workpiece, then the heat flux applied on the
workpiece, gy, can be represented by,

qw =N X%Xq 3)

The heat partition ratio depends on the tool speed and
geometry, as well as the thermal properties of the tool and the
workpiece. In this study, a methodology is proposed to
determine the heat partition ratio using a steady state FE
thermal analysis. Figure 1 shows the geometrical models of a
tool and a workpiece. The heat flux q, is applied on the
workpiece surface contacted with the tool tip (Figure 1 (b)),
while the heat flux g is applied on the drill tip surface (Figure 1
(@). In the two steady state FE models, heat convection
boundary conditions are applied on the surfaces of the drill and
the workpiece, respectively. Since the workpiece is stationary,
the convective heat transfer coefficient of 20.0 W/m*K was
used [9]. Convective heat transfer around a rotating object is a
complex nonlinear process, which has been studied
experimentally by several investigators [10]-[12]. To determine
the convective heat transfer coefficient, it requires
measurements of the surface temperature of the rotating body
and the heat flux or the temperature gradient at its surface.
However, it is very difficult to be determined experimentally
because of the need for measuring the position and time
dependent temperature field in a rotating part [13]. A simplified
empirical model of the convective heat transfer coefficient is
used in this study, which is a function of the surface speed of
the rotating part [14],

h, = 10.45 — V + 1012 @)

where h, [W/m?K] is the convective heat transfer coefficient
and V [m/s] is the surface speed of the drill. This empirical
equation is applicable to the speed range of 2.0 to 20.0 m/s,
which is equivalent to n=3,000 to 60,000 rpm for a tool
diameter of D=6.0 to 12.0 mm.

(a) Drill
Figure 1 Geometrical models used in the steady state FE analysis

(b) Workpiece

Since the average temperatures of the contact surfaces on
the tool and the workpiece should equal to each other when the
drilling process reaches a thermal equilibrium state [15], the
heat partition ratio # can be determined using the heat fluxes g
and q,, that produce the same contact surface temperatures,
_Aw (5)

n= qwtat
In the steady thermal analysis, carbide drills with diameters
D=6.0, 9.0, and 12.0 mm and CFRP laminates with a

configuration of [0, 90],; were used. The thermal conductivities

of lamina along fiber, through-thickness, and transverse
directions are k;3=5.0 (W/m/K), k»,=0.42 (W/m/K), and ks3=
0.42 (WIm/K), respectively. Figure 2 plots the dependence of
the average surface temperatures on the applied heat fluxes for
the CFRP (right side in Figure 2) and for the tool with a
diameter D=6.0 mm and speed n= 6,000 rpm (left side in Figure
2). As shown in the figure, the average surface temperatures on
the workpiece and the tool have linear relationships with the
applied heat fluxes. Using Equation (5) the heat partition ratio
was calculated to be 42%. Following the same approach, the
heat partition ratios for different speeds were obtained.

Figure 3 shows the correlation of the heat partition ratio
with the drill speed for D=6.0, 9.0 and 12.0 mm. It is shown that
the heat partition ratio decreases with the speed increase. This is
attributed to that high speed leads to more heat dissipating to
the air through the tool and less heat flowing to the workpiece.
The figure also shows that the heat partition ratio decreases
with the tool diameter. This is due to that the larger tool has
larger surface speed and contact area with the air, which results
in more heat flowing to the tool side. It was found that the heat
partition ratios for the speeds between 6,000 and 12,000 rpm
are around 40% for D=6.0 mm, 37% for D=9.0 mm, and 30%
for D=12.0 mm, which are within the range of 20-50% reported
in [6]. For carbide tools and CFRP composites, an empirical
model of the heat partition ratio # with the drill diameter D
(mm) and speed n (rpm) is obtained,

n = 0451 —1.26 x 1073D2 + 6.79 x 107D + 1.08 X
107112 — 4.96 x 10 °n (6)
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Figure 2: Dependence of the surface temperature on the heat flux
(D=6.0mm, n=6000rpm)
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Figure 3: Heat partition ratio vs. rotating speed of carbide drills
with diameter of 6.0mm (coated and uncoated), 9.0 mm
(uncoated), and 12.0 mm (uncoated)



The effects of tool coating on the heat partition ratio were
also investigated. Figure 3 shows the results for the drill
diameter of D=6.0 mm with two types of coating, PCD
(thickness 1.0 mm) and Al,O; (thickness 0.2 mm). As shown in
the figure, the effect of the coating on the heat partition ratio is
insignificant and can be neglected.

I1l. 3D FINITE ELEMENT THERMAL MODEL

A 3D FE thermal model was developed to analyse the
transient heat transfer process in drilling of CFRP composites.
The 3D heat transfer process is governed by,

0%T o%T 0%T ta= aT ;
*gxz Ty gz TRa gz TAT POy @
where, ki, ky, k, are the thermal conductivities of CFRP
composites in the three directions, respectively; T, p and ¢ are
temperature rise, density and specific heat capacity of CFRP
composites, respectively.

+k +k

To reduce computation time by two orders of magnitude,
the drill is not physically modelled in the FE analysis. A
continuous layer removal approach is used to simulate the
drilling process, as shown in Figure 4. The geometries of
removed layers are determined by the profile and the location
of the drill tip. The ply of CFRP laminates is also modelled. The
anisotropic thermal properties for each ply are defined using its
local coordinate system, whose orientation is determined by the
CFRP configuration. The local (1-2-3) and the global (x-y-z)
coordinate systems used in the model are shown in Figure 4.
The numbers of 1, 2, and 3 of the local coordinate system
represent the fiber, the through-thickness and the transverse
directions, respectively. Figure 4 (a) shows an example of the
local coordinates of Ply 1 and Ply 2, which indicates the fiber
directions of the two plies have a 90° difference. This agrees
with the CFRP configuration of [0, 90],;.

Removed layers

Plies

L\

B,

(a) Ply
Figure 4: CFRP laminates geometry with plies and removed
layers

(b) 3D geometry c) Removed layer

The thermal load defined in Section 2 is applied on the top
surface of each removed layers until the current layer is
removed. Then the thermal load is applied on the next removed
layer. After one layer is removed, the temperature field in the
rest of the workpiece is retained as an initial thermal condition
for the next analyses step. The convection boundary condition
is also applied in the model, where it is exposed to the air. The
convection coefficient of 20 W/m?/K was used in the model.
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IV. EXPERIMENTAL VALIDATION AND DISCUSSION

To validate the developed 3D FE thermal model, drilling
experiments were carried out on a 5-axis machining center. An
infrared camera (FLIR A20) was used to record the temperature
field on the bottom surface of the CFRP plate through an
inclined mirror (TECHSPEC® gold plated mirror), as shown in
Figure 5. The drilling force and torque signals were measured
using a Kistler 9272 piezoelectric dynamometer.

Drill

CFRP
IR Camera

: 0 S j
Dynamometer.

\.

S
Ay
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.agi\\\\\\\\\ &
f

Figure 5 Experimental setup

Three types of drill (twist, multi-facet and candle stick)
were used in the tests. The profiles and geometrical parameters
of the drills are shown in Figure 6 and Table 1. The tool
overhang and runout were 42 mm and 0.0127mm, respectively.
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(b) Multi-facet  (c) Candle stick
Figure 6 Profiles of the drills

(a) Twist

TABLE 1 GEOMETRICAL PARAMETERS OF THE DRILLS

Parameters Twist Multi-facet Candle stick
Do (mm) 6 6 6
di/Dy N/A 0.5 0.5
L.(mm) 0.3 0.3 0.3
¥ (deg) 90 120 80
v, (deg) N/A 90 105

A. Temperature

Figure 7 (a) shows the comparison between the measured
and predicted temperature fields when the twist drill tip just
broke through the bottom of the CFRP plate. The cutting speed
n=6,000 rpm and the feed f =0.08 mm/rev were used in this
case. Figure 7 (b) shows the temperature distributions along a
defined path indicated in Figure 7 (a). The results show that the
predicted temperature distribution is in good agreement with
the experimental measurement. The prediction error in the
central portion is due to the effect of the chisel edge. However,
this central portion will be removed in the drilling process. The
error around in this portion does not affect significantly the
prediction accuracy of thermal damage, which usually occurs
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on the hole edge (shadowed area in Figure 7 (b)) when the
temperature approaches the matrix deterioration temperature.
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(b) Temperature distribution

Figure 7 Temperature field and distribution on the exit plane as
the twist drill tip breaks through the plate under the condition of
n=6,000 rpm, f=0.08 mm/rev

The temperature at the exit hole edge was also investigated,
where the maximum temperature usually happens in drilling of
CFRP, as shown in Figure 8. Table 2 shows the comparison of
the predicted and measured temperatures at the exit hole edge at
different speeds of 5,000, 8,000 and 10,000 rpm (feed 0.08
mm/rev). The results show that the prediction errors are less
than 10%.

TEMP

(Avg: 75%)
+1.520e+02
+1.410=2+02
+1.300e+02
+1.190=+02
+1.080=+02
+9.698e+01
+8.5992+01
+7.499e+01
+6.3992+01
+5.2992+01
+4.200=+01
+3.100=2+01
+2.000e+01

exit hole edge

Figure 8 Temperature field at the exit hole edge (twist drill ,
n=5,000 rpm, f=0.08 mm/rev)

TABLE 2 COMPARISON OF THE PREDICTED AND MEASURED
TEMPERATURES AT THE EXIT HOLE EDGE (TWIST DRILL)

Speed Feed Predicted Measured Prediction
[rom] [mm/rev] T [°C] T [°C] error
5,000 0.08 148 140 -5.7%
8,000 0.08 128 125 -2.4%
10,000 0.08 110 120 8.1%
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Case 4: n=9,000 rpm and f=0.075 mm/rev

Figure 9 Predicted thermal damage and experimental
observation for the twist drill. (a) Microscopic image; (b)
Predicted temperature field at exit plane

B. Thermal damage

To demonstrate the validity of the model for prediction of
thermal damage, four drilling cases using a twist drill with
different speeds (6,000 and 9,000 rpm) and feeds (0.025 and
0.075 mm/rev) were investigated. Thermogravimetric analysis
of the material used in this research showed that matrix
deterioration temperature started at around 180°C. Above this
critical temperature, matrix burnout will happen. The
temperature of 180°C was used for predicting the occurrence of
thermal damage. Figure 9 shows the comparison between the
measured and the predicted thermal damage for the four cases.
As shown in Case 1 (n=6,000 rpm and f=0.025 mm/rev), the
predicted maximum temperature (peak temperature) of 282 °C
is greater than the thermal damage temperature of 180 °C. The
predicted thermal damage areas (the grey regions between 180
and 282 °C) are along the fiber direction, where the higher
conductivity of the fibers allows faster heat flow. This strongly




agrees with the locations of the thermally damaged areas (the
blackened region) from the experimental result. Case 2 has the
same speed n=6,000 rpm, but larger feed f=0.075 mm/rev. In
this case, the lower predicted peak temperature of 202 °C led to
smaller thermal damage areas, compared to Case 1. This
prediction is also in good agreement with the microscopic
image given in the Figure 9, Case 2 (a). The larger feed has two
different effects on the peak temperature. On one hand, it
produced larger force and torque, which increases the thermal
load. On the other hand, it led to less contact time between the
tool and the workpiece, and then less heat dissipated to the
workpiece. In Case 2, the latter effect dominated the heat
conducting process that caused lower peak temperature. Case 3
has higher cutting speed n=9,000 rpm. A higher peak
temperature of 291 °C was predicted. The predicted thermal
damage areas also agree well with the experimental result. For
Case 4 with n=9,000 rpm and f=0.075 mm/rev, the predicted
peak temperature is 143 °C, which is lower than the thermal
damage temperature of 180 °C. The thermal damage was not
predicted for this case. The microscopic image also verified the
validity of the prediction. The results of the four cases show
that higher feeds lead to less thermal damage.

The developed 3D FE thermal model was also used to
predict the thermal damages in drilling of CFRP when using a
multi-facet and candle stick drills. Figure 10 shows the
comparison of the thermal damage predicted by the FE model
and observed experimentally when using a multi-facet drill
with D=6.0 mm, n=12,000 rpm and f =0.050 mm/rev. The
prediction in Figure 10 (b) shows that the thermally damaged
areas on the hole edge at exit are along the fiber direction with
higher conductivity. This agrees very well with the locations in
the experimental observation, as shown in Figure 10 (a).
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Figure 10 Predicted thermal damage and experimental
observation for the multi-facet drill, n=12,000 rpm and f=0.050
mm/rev. (a) Microscopic image; (b) Predicted temperature field at
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Figure 11 Predicted thermal damage and experimental
observation for the candle stick drill D=6.0 mm, n=9,000 rpm and
f=0.10 mm/rev. (a) Microscopic image; (b) Predicted temperature

field at exit plane
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Figure 11 shows a drilling case when using the candle stick
drill with D=6.0 mm. The cutting condition for this case is the
speed n=9,000 rpm and the feed f =0.10 mm/rev. As shown in
Figure 11 (b), the maximum predicted temperature at the exit
surface is around 100 °C. This temperature is much less than
the thermal damage temperature of 180 °C, indicating no
thermal damage at exit for this case. This prediction agrees well
with the experimental result given in Figure 11 (a).

V. CONCLUSIONS

A novel 3D FE thermal model was developed in this paper
to predict temperature fields in drilling of laminated
composites. This model considers the multi-ply structures and
anisotropic thermal properties of the CFRP composites. The
drilling process was simulated using continuous layer removal
of material. The thermal load applied on the workpiece was
calculated based on the cutting energy and the heat partition
ratio. A methodology was firstly proposed to determine the heat
partition ratio between the CFRP workpiece and the drill,
considering the tool speed, the material properties, tool coating,
as well as the tool and workpiece geometries. An empirical
model of the heat partition ratio # with the drill diameter D
(mm) and speed n (rpm) for carbide tools and CFRP composites
is propose. The heat partition ratio decreases with the tool
diameter and speed increase. It was found that the heat partition
ratios for the speeds between 6,000 and 12,000 rpm are around
40% for D=6.0 mm, 37% for D=9.0 mm, and 30% for D=12.0
mm. The effect of the tool coating on the partition ratio can be
neglected. The predicted temperature fields and thermal
damage areas were validated experimentally. The predictions
were in good agreement with the experimental measurements.
The results show that higher feeds lead to less thermal damage.
The proposed model provides reliable predictive capability for
process optimization and tool design in drilling of CFRP
composites.
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