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Abstract

The utilization of carbon fiber-reinforced polymer/plastic (CFRP) components is primarily limited due to the lack of high-
quality and least damage-based hole constructing technology. In this study, the delamination defect is investigated at the
exit of CFRP drilling by a novel three-dimensional simulation model considering heat accumulation effect. The validity
of the model is confirmed through experimental data of CFRP boreholes: surface temperature distribution at the borehole
outlet, drilling axial force, and delamination factor at the outlet. The model exhibited high accuracy in theoretical analysis of
CFRP 3D drilling with/without temperature. Additionally, the variation in temperature field and corresponding delamination
damage is analyzed through simulation of CFRP drilling process at the exit plane of a hole. Results indicate that delamina-
tion damage occurs during unsupported dry drilling when half of the length of the main cutting edge impale the workpiece
after reaching its exit plane. The changes in axial force caused delamination under different processing parameters, and a
quantitative relationship is established through multiple regression analysis. The appropriate processing parameters can
effectively reduce delamination during CFRP drilling. Specifically, accurate measures can ensure sufficient heat conduction
and minimize heat accumulation during the formation stages of exit-related delamination.

Keywords CFRP drilling - Delamination damage - Heat accumulation effect - Simulation model

1 Introduction holes can affect the strength, stiffness, and reliability of the

components. The delamination, tearing, burrs, and other

The carbon fiber-reinforced polymer (CFRP) refers to a
novel class of composite materials. Carbon fibers embed-
ded in an epoxy matrix enable a lightweight nature with high
strength, corrosion resistance, and fatigue endurance [1].
Diverse industrial sectors including aerospace, shipbuilding,
and automotive use CFRP components, which are integrated
and manufactured through laying and curing processes. For
component connection and assembly, the connection holes
are required. However, the processing quality of connection
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damages caused by CFRP drilling can compromise the
load-bearing capacity, as per statistical data. Importantly,
the delamination can reduce 10-70% of bearing capacity [2,
3]. At present, traditional spiral milling and drilling in addi-
tion to water jet, laser, and electric spark can create CFRP
hole [4-7]. The CFRP components require minimum-loss
and high-quality connection holes applicability in aerospace.
It demands traditional drilling with good universality and
strong controllability [8].

The research focus of CFRP drilling holes is the inhi-
bition of processing damage such as tearing, burr, and
delamination [9]. Dipaol et al. [10] conducted an experi-
mental study on tear propagation during unidirectional
CFRP drilling. They believed that the initial crack of
the workpiece was not necessarily within the hole radius
due to the influence of processing technology and hole-
forming geometry and proposed that the root cause of
delamination diffusion was the expansion of laminates,
opening spalling, and opening tearing/torsion. Jain et al.
studied the drilling process of CFRP with a twist drill and
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proposed that the axial force caused by the transverse edge
accounted for 40-60% of the total axial force [2]. Zhang
pointed out that the axial cutting force is mainly generated
by the horizontal edge and main cutting edge of the drill
bit, and its value is affected by many factors such as the
geometric size of the tool, processing parameters and pro-
cessing environment [11]. Hou et al. conducted a hole wall
temperature measurement experiment under different fiber
cutting angles and different measuring distances and stud-
ied the effect of heat accumulation on cutting temperature
and damage [12]. Wang et al. analyzed the cutting quality
of CFRP unidirectional plates at different temperatures
and proved that the high-temperature softening and low-
temperature embrittlement characteristics of resin had a
direct impact on the cutting performance of CFRP [13].
Xu et al. studied the influence of thermal effects on the
material removal mechanism in composite processing and
found that the cutting temperature had a great influence
on the material removal process [14]. Wang et al. used the
reverse cooling process to effectively improve the drill-
ing accuracy by controlling the temperature and support
force in the CFRP drilling area [15]. Zhang et al. used
the VUMAT subroutine to compile the three-dimensional
Hashin failure criterion and material stiffness degrada-
tion model and revealed the material removal mechanism
in the CFRP high-speed milling process [16]. Chen et al.
used COMSOL to establish a numerical model of drilling
a unidirectional CFRP temperature field and explored the
heat transfer law in the drilling process [17]. The results
showed that the temperature field at the outlet had an oval
distribution, and the long axis of the ellipse was paral-
lel to the fiber direction. Yang and Li equivalent the heat
source of drilling CFRP to a circular plane heat source
and established a temperature field model [18, 19]. Bao
established a temperature field model by using the conical
heat source to simulate the shape of the heat source of the
drill tip and verified the effectiveness of the model through
experiments [20].

To sum up, experts and scholars have applied numerical
models and empirical evidence of change in heat transfer
through temperature fields and damage mechanisms in
CFRP drilling. Reports confirmed that the thermal pat-
terns influence the CFRP drilling process. To date, a 3D
drilling model considering the heat accumulation effect
has not been established yet. The damage caused by heat
accumulation in CFRP drilling has been lacking. Herein,
a simulation model of CFRP drilling considering the heat
accumulation effect is established. Considering the nor-
mal temperature model and heat accumulation model, the
simulation results of drilling axial force and delamination
damage are analyzed. The effectiveness of the model is
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verified by empirical data. The applied model can establish
the relationship between machining parameters, drilling
axial force, and delamination damage.

2 Three-dimensional drilling simulation
model of CFRP considering heat
accumulation effect

2.1 Numerical model of temperature field in CFRP
drilling

2.1.1 Thermal conductivity of CFRP

The heat conduction characteristics of CFRP show obvious
differences in the horizontal and vertical directions, so the
homogenization assumption is made in this paper [21]: The
fiber and resin are closely bonded, and the contact imped-
ance is ignored. Carbon fibers are uniformly distributed in
the resin, and there are no impurities, delamination, or other
defects in the preparation. The bonding between layers is
tight, and the contact impedance between layers is ignored.
Each physical quantity of heat conduction does not change
with the change in temperature. Equations (1) and (2) are
used to describe the thermal conductivity parameters [21]
in the direction perpendicular to the fiber, and the Wiener
model [22] is used to estimate the thermal conductivity, as
shown in Egs. (3) and (4).

p=pVi+p,(1-V) M

c=¢Vit+c,(1-V) @)

Ap=V, A+(1-V)) Ay, 3)
ApAy,

TR AT @

where ¢, and p,represent the heat capacity and density of
carbon fiber respectively; c, and p, are the heat capacity and
density of epoxy resin respectively; ¢ and p represent the
heat capacity and density of the composite respectively;
Apand 4,, are the thermal conductivity of carbon fiber and
epoxy resin respectively; 4, represents the thermal conduc-
tivity of the composite material in the direction parallel
to the fiber; A, represents the thermal conductivity of the
composite in the direction perpendicular to the fiber; and V,
is the volume content of carbon fiber. The thermophysical
parameters of unidirectional CFRP are shown in Table 1.
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Table 1 Thermophysical

. Parameter Value

parameters of unidirectional

CFRP [23] A/(WI(m-K)) 10.145
Al (W/(m-K)) 0.186
pl(kg/m?) 1600
c/(J/(kg-K)) 465
V% 60
2/(W/(m-K)) 6.161
A/ (W/(m-K)) 0.282

2.1.2 Heat source model for CFRP drilling

During the drilling process of a twist drill, the main cut-
ting edge and transverse edge are mainly used to remove the
material, while the auxiliary cutting edge is mainly used as
a guide. Therefore, the cutting heat during CFRP drilling is
mainly generated by the friction between the main cutting
edge and the transverse edge with the CFRP, as shown in Q,
in Fig. 2. The moving speed of the heat source is consistent
with the feed speed of the tool. The thickness of the heat
source should be less than the projection of the main cutting
edge on the spindle [17]. Therefore, the heat source model
established in this paper ignores the heat source Q, gener-
ated by the auxiliary cutting edge and regards Q; as a uni-
form cylinder heat source, as shown in Fig. 1. The thickness
of the heat source is taken as half of the projection height
of the main cutting edge of the twist drill on the spindle,
which is 1 mm. The diameter of the heat source is equal
to the diameter of the drill bit, which is 10 mm. Because
the heat source only has a great influence on the upper and
lower surfaces. Therefore, the upper and lower surfaces of
the model are defined as thermal convection boundaries, and
the other surfaces are defined as adiabatic surfaces (Fig. 2) .

The instantaneous total heat flow generated by drilling is
the sum of shear heat and friction heat, which is expressed

Convective heat
transfer boundary

Adiabatic Adiabatic

boundary _— boundary
— Adiabatic
boundary

Convective heat
transfer boundary

Fig. 1 Boundary conditions of the drilling model

/
/ 50mm

4mm

50mm

Fig.2 The model of heat source

by Eq. (5) [24, 25]. It is assumed that the total heat flow
generated during drilling is P, the heat flow input to the
workpiece is O, and the percentage of heat transferred to
the workpiece in the total heat is #. Then, the volume heat
flow g [26] transferred to the workpiece per unit volume and
unit time can be expressed by the formula:

P=Mw+ Ff Q)

% _ n_P _ n(Mw + Ff)
vV  Sh ”(g)zb

Q)

where M is torque; w is angular velocity, F is axial force,
and fis feed rate; V, S, d, and b are the volume, bottom area,
bottom diameter, and thickness of the uniform body heat
source, respectively.

2.2 Three-dimensional temperature field
simulation model for CFRP drilling

We import the geometric model established above into
ABAQUS. The model is meshed by quadrilateral and

Fig.3 The diagram of model meshing
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Table2 CFRP material parameters [ 1 - vy 0 0 0 T
- 1| B E E r
298 K (25°C) Tg 393 K (120 °C) €1 P 0o o o |l°n
.. 120%) £, £y 3 (oD%
Modulus of elasticity/GPa E;; 116 110.69 s s Lo oo 0
&3 || B B E 033
E, 85 4.11 = S @)
712 0 0 0 — 0 O T12
E; 85 4.11 , Go .
Poisson ratio V), 0.02 0.02 y” 05,0 113
V,; 0.02 0.02 L /23 0 0 GL | 723
Vy; 0.28 0.19 L =
Modulus of shearing/GPa  G,;, 3.26 2.01

where ¢;; is positive strain; y;; is shear strain; ¢;; is normal

Gy 326 2.01 stress; 7;; 18 shear stress; E; is the elastic modulus; G;; is the
Gy 212 1.73 shear mbdulus; and Vi is Poisson’s ratio. '

Tensile strength/MPa X; 1500 1442.64
Y, 27 12.18

Compressive strength/ Xe 900 875.86 2.3.2 Failure criteria for CFRP

MPa Yo 200 141.81

Shear strength/MPa 512 80 6525 The CFRP failure criterion adopts the widely recognized
S5 80 65.25 Hashin criterion, which proposes four failure forms [28, 29],
Sas 80 65.25 namely fiber tensile failure, fiber compression failure, matrix

Density/(kg*m™3) p 1580 1580

tensile failure, and matrix compression failure.

1) Fiber tensile failure (o;; > 0):
sweeping, and the DC3D8 element is used as the linear heat
transfer element. The grid seeding size is 0.5 mm in the Fo- <ﬂ>2 N <2>2 N <m>2 ®
X-Y plane and 0.2 mm in the Z direction. At the same time, fr= X7 Sy S5
in order to improve the calculation accuracy, the grid at the

heat source loading position is refined, as shown in Fig. 3. 2) Fiber compression failure (¢}, < 0):

The heat source load is applied by the moving heat source 5

defined by the DFLUX user subroutine, and the flux of the Fp = <ﬂ> )
heat source is calculated by Eq. (6). The initial temperature Xc

of the workpiece is set at room temperature (13.5 °C), and

.. T 3) Tensile failure of the matrix (o,, + 65, > 0):
other boundary conditions are set as shown in Fig. 1. ) (022 + 033 2 0)

2 2 2 _ 2
o= <‘722+‘733 ) + <T1_2> _(o2Xxos ) (2"
=
) ) e ) U

2.3 Numerical model of CFRP drilling (10)

23.1 Constitutive model of CFRP 4) Compression failure of the matrix (o, + 033 < 0)):

) ) ) ) ) F. = (on+os)X¥e _ optoy + <522+533 >2
Carbon fiber-reinforced resin matrix composites are ani- me 4XZS§3 Yo . 283 (11
sotropic [27]. When constructing the constitutive model +723_(‘7§2><633) (712"2"[13)
of materials, it is often simplified as orthotropic materials. 5 Sz
Therefore, the stress—strain relationship of CFRP orthotropic
material is as follows: In the equation, o; and 7;; refer to normal stress and shear

stress, respectively; X, and Y represent the tensile strength

Table 3 Tool material

parameters Density 14,500 kgem ™3 Specific heat 220
Je(kge°C)~!
Modulus of elasticity 640 GPa Thermal conductivity 75.4
We(me°C)™!
Poisson ratio 0.22
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along and perpendicular to the fiber direction; X and Y- rep-
resent the compressive strength along and perpendicular to
the fiber direction; and S;; is the in-plane shear strength.

2.4 CFRP drilling simulation model considering
heat accumulation

2.4.1 Physical properties of CFRP based on temperature
effect

From the variation of CFRP physical parameters with tem-
perature [14], it can be seen that the physical properties
of CFRP components undergo sudden changes within a
small temperature range of Tg (120 °C) [12], but as the
temperature rise above Tg and continues to rise, the physi-
cal parameters of CFRP components tend to stabilize.

Therefore, this article simplifies the physical param-
eters of CFRP into two types, with specific values shown
in Table 2.

2.4.2 Three-dimensional simulation model for CFRP drilling
considering temperature effect

In the CFRP drilling model, the same carbide twists drill is
selected as the tool model. The drilling apex angle is 130°,
the helix angle is 30°, and the diameter is 10 mm. The mate-
rial properties of the drill bit are shown in Table 3. This
article only captures the drill bits involved in drilling for
grid division, with the grid unit being C3D4 (as shown in
Fig. 4), ignoring tool wear and deformation during the simu-
lation process and establishing RP points on the tool model
and couple all grid elements of the tool to the RP reference
points through rigid body coupling.

Based on the CFRP three-dimensional drilling temperature
field model established above, the workpiece model in the

Fig.4 The diagram of the tool grid division

Fig.5 The model of the workpiece

macro-drilling model is divided into heat accumulation zone
1 and room temperature zone 2, as shown in Fig. 5. Assign
zone 1 to the material parameters at temperatures higher than
Tg, and assign the remaining parts to the material parameters
at room temperature. In order to facilitate the analysis of the
effectiveness of the 3D drilling model considering heat accu-
mulation, a room temperature 3D drilling model with identi-
cal geometric parameters was established, and the material
parameters at room temperature were assigned.

The unidirectional carbon fiber board has 20 layers with
a thickness of 0.2 mm. The fiber-laying direction is com-
pleted by establishing a local coordinate system. Direc-
tion 1 is the fiber direction; direction 2 is perpendicular
to the fiber direction; and direction 3 is the ply thickness
direction. Different fiber direction angles can be simulated
by changing the direction of direction 1 [30]. In order to
improve the accuracy of the simulation, the mesh of the
machining area is refined during the meshing of the work-
piece. The grid cell of the workpiece is set to C3D8R. The
stress is transferred between layers through the cohesive
element [31], and the specific parameters are described
in the literature [32]. The tangent attributes between the
contact surfaces are simulated by the penny model, and
the normal attributes of the contact are defined by the hard
contact model. The friction coefficient between the drill
bit and CFRP is 0.15 [33]. Boundary conditions and load
settings are shown in Fig. 6.

30mm

30mm

Fig.6 The model of the drilling simulation
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thermocouple®

)3 &fra.red thermal

Fig.7 Schematic diagram of the experimental platform

The above material parameters are substituted into the
material failure criterion and damage factor calculation
formula, and the VUMAT subroutine written in FOR-
TRAN language is used to realize the three-dimensional
drilling damage analysis of CFRP materials.

3 Experimental
3.1 CFRP drilling experiment

In order to accurately obtain the relevant parameters of
CFRP drilling, a CFRP dry, unsupported drilling test bed

350 . 40.5
----- Axial force
300 —— Torque doa
250 F
})L'\ 40.3
7~
200 | g
402 2
é 150 f 5
40.1 E
100 .
Iy
df !“ {0.0
." 'f.':‘ | : _01
i Py
1
_;0 L 1 L L L L _0 2
0 2 4 6 8 10 12 14
tls

Fig.8 Axial force and torque in the drilling experiment
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g 2 %
Dynamometel

Fig.9 Thermal image distribution when the transverse edge reaches
the exit surface of the workpiece

is built in this paper, as shown in Fig. 7. The machine tool
used in the experiment is the XK714D CNC vertical mill-
ing machine tool of Hanchuan Machine Tool Co., Ltd. The
experimental material is unidirectional CFRP made by a
molding process; its model is T700/7202 K, and the resin
content is 60%. The drilling tool is YG10, and the param-
eters are as follows: The diameter is 10 mm, the drilling apex
angle is 130°, and the helix angle is 30°.

The experimental processing parameters are spindle
speed 3000 r/min, feed rate 50 mm/min; the experiment is
in the room with natural air flow, h=20 W/(m2-K). The
drilling axial force and torque are measured by a Kistler
9272 dynamometer, as shown in Fig. 8. Drilling tempera-
ture is measured by the hand-held infrared thermal imager
VarioCAM® hr, as shown in Fig. 9. The Ut325 dual-channel
K-type thermocouple instrument is used to measure the tem-
perature at the point 1 and 2 (Fig. 10). The measured point
is 0.5 mm away from the edge of the machining hole and
0.5 mm away from the exit plane.

3.2 Validation of the temperature field model
for CFRP drilling

The value of axial force and torque obtained by empiri-
cal data can determine the value of heat source by using
Eq. (5). The temperature model was established based on the
temperature at the drill tip. It was collected by the thermal
imager when the cross edge of the drill bit touched the exit
surface of the workpiece. The ratio of the heat transferred
into the workpiece to the total heat was 17% under the men-
tioned processing parameter (Eq. 6). The heat source loading
conditions of the CFRP drilling temperature field are listed
in Table 4. The drilling temperature field distribution was
obtained under the processing parameters.
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Fig. 10 a, b Comparison diagram of temperature curve between
experiment and simulation

The outcomes of thermocouples were compared with the
simulation results of the CFRP temperature field, as shown
in Fig. 10. The CFRP temperature field simulation results

Table 4 Parameters of the temperature field model

Parameter Value
Axial force F/N 225
Torque M/N*m 0.2
Feed rate f/(mm *min~") 50
Angular velocity w/(r+min!) 3000
Convective heat transfer coefficient h/W/(m?-K) 20
Heat source diameter d/(mm) 10

nearly followed the trend as measured by thermocouple.
Particularly, perpendicular to the fiber direction, the maxi-
mum simulated temperature is 77.2 °C and the temperature
obtained by thermocouple is 88.4 °C. Parallel to the fiber
direction, the maximum temperature measured through
simulation is 112.7 °C, and the temperature measured by
thermocouple is 112.7 °C, i.e., 8.2% error. It confirms that
the theoretical approach is consistent with the experiment.
The proposed temperature field model can analyze the tem-
perature field of unidirectional CFRP drilling.

From analysis, a slight difference between the simulation
and the experimental values is ascribed to the homogeniza-
tion assumption of the model. The temperature measured
by the thermal imager deviates from the real temperature,
resulting in altered heat source loading conditions of the
temperature field and the real situation. Besides, the tem-
perature measured through thermocouple is slightly high.

3.3 Validation of CFRP 3D drilling simulation model
considering heat accumulation effect

The mentioned experiments were simulated by using the
CFRP 3D drilling model considering heat accumulation and
normal temperature effects, and the variation in axial force
is shown in Fig. 11. Both applied models show a similar
trend in the variation in the axial force as compared to the
experimental results. The maximum error between the axial
force of heat accumulation model and experimental results is
8.2%. However, the maximum error between the axial force
of the normal temperature model and experimental results is
12.9%. Thus, the CFRP 3D drilling simulation model con-
sidering heat accumulation effect can precisely analyze and
study the impact of axial force in CFRP drilling.

—  Experimental result
—— Heat accumulation model
— Normal temperature model

350

300

250

200

F/N

150
100

50

A 1 N
0 2 4 6 8 10 12
Fig. 11 Comparison of axial force
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Fig. 12 Delamination damage
diagram of CFRP outlet

Under heat

accumulation

The high accuracy of the heat accumulation model is attrib-
uted to the fact that the heat accumulation model takes into
account the changes in material properties caused by heat
accumulation during CFRP drilling. At the same time, due to
the appropriate simplification of the temperature field model in
this paper, there are still some differences between the simula-
tion results and the experimental results of the heat accumula-
tion model.

3.4 Delamination damage verification of the CFRP
3D drilling simulation model considering heat
accumulation effect

The water immersion ultrasonic scanning microscope ZS400D
was used to detect CFRP outlet, and the images of delami-
nation damage are shown in Fig. 12. Considering the two-
dimensional delamination factor [41], the error values of the
heat accumulation model and the normal temperature model
to the experimental results are 4.6% and 9.8%, respectively.
Therefore, the heat accumulation model accurately simulates
the delamination damage at the borehole outlet.

The established three-dimensional drilling model of CFRP
considering the heat accumulation effect is verified from the
aspects of axial force and delamination factor. The specific
errors are obtained within the acceptable range. The heat accu-
mulation model precisely depicts the impact and can analyze
the drilling characteristics of CFRP than the normal tempera-
ture model.

Position I

Position II

DN

Stage 2

Posmon 11T Position IV

x wn

Stage 3

%
//////,

Stage 1

Fig. 13 Schematic diagram of the drilling stage
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4 Results and discussion

4.1 Variation law of temperature field at the outlet
of CFRP drilling

Combined with the temperature field variation in CFRP
drilling process, the process is simplified into three stages,
as shown in Fig. 13. Stage 1 is the period from the bit
touches the workpiece (position I) to the fully entered
main cutting edge of the bit to the workpiece (position
II). Stage 2 starts from position II to the period when the
transverse edge of the bit just reaches the exit plane of the
hole (position III). Stage 3 defines the period when the bit
moves from position III to the main cutting edge of the bit
leaves the workpiece (position IV).

From the analysis of the above drilling stages, the heat
accumulation at stage 1 is the weakest. Stage 2 is semi-
enclosed drilling, where heat accumulation continues to
increase as the bit penetrates deep, and heat accumulation
strengthens as the bit reaches position III. The hole center
temperature is 227.5 °C, as shown in Fig. 14 a. In stage 3,
as the workpiece is drilled through, the airflow continues
to increase, which gradually weakens heat accumulation
effect. At position IV, the outlet temperature cloud map is
shown in Fig. 14 b, and the heat accumulation effect declines
obviously.

The thermal conductivity of carbon fiber bundles along
vertical direction is quite different from the parallel direc-
tion. The surface temperature of borehole outlet is ellipti-
cal at different times. In the drilling process, heat is mainly
transmitted by the tool and the workpiece due to the least
air circulation in stage 2, resulting in a continuous rise in
heat accumulation.

4.2 Evolution of delamination damage at CFRP
outlet

For in-depth analysis of the evolution process of delamina-
tion damage at the CFRP outlet, drilling stage 3 is divided
into two stages: A and B. From Fig. 15, stage A starts when
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bit leaves the workpiece from position III to half-length pen-
etration of the bit’s main cutting edge (position a). Stage B
refers to the drill bit at position “a” to position I'V.

As shown in Fig. 15, the bit reaches position III, initiat-
ing layer-by-layer damage at the hole outlet, and the dam-
aged area is not completely located in the hole area. This
phenomenon is consistent with the reported tear expansion
experiment of unidirectional CFRP drilling: the initial crack
of the workpiece is not necessarily located in the hole region
[10]. By comparing the stratified damage at the exit of the
drill bit at position “a” and position IV, the stratified damage
range is basically formed when the drill bit reaches position
“a,” prior to the full penetration of the drill hole. As the bit
continues to drill, the bit cuts through excessive material at
the exit. The analysis shows that the growth in delamination
damage at borehole outlet is consistent with the variation
in temperature field at borehole outlet. At position III, the
heat accumulation effect is strongest and stratified damage
begins to appear. The range of delamination loss is formed
during drilling under the effect of heat accumulation and
axial force.

- 7/°C

2275
209.6
191.8
174.0
156.1
138.3
120.5
102.7
84.8
67.0
492
31.3
13.5

Length/mm

S

Length/mm
(a) Outlet temperature nephogram at position II

30
17/C
1733
120.0
111.1
102.3
93.4
84.5
75.6
66.8
57.9
49.0
40.1
312
224
13.5

Length/mm

S

0 10 30

20
Length/mm

(b) Outlet temperature nephogram at position III

Fig. 14 a, b Outlet surface temperature distribution

300 -
Position III

250

a

N

Z 2w} Stage

S Position a A

2 150

=

= .

< 10 Position IV St;ge

50

Time/s

Fig. 15 Axial force and outlet delamination damage in different drill-
ing stages

4.3 Relationship between surface heat
accumulation effect and delamination damage
in CFRP drilling

To investigate the relationship between the temperature
field at the borehole outlet and delamination damage,
measure the distance L, from the edge of the area (whose
temperature is higher than Tg) to the hole center on the
outlet temperature nephogram (drill bit at position IV).
The whole circumference was measured from 0° fiber cut-
ting angle with a step of 10°. Furthermore, the distance
from the layered edge of the workpiece outlet to the hole
center (L,) was measured under the same experimental
conditions (Fig. 16). The obtained values of L; and L,
with varying fiber cutting angles are plotted in polar coor-
dinates, as shown in Fig. 17.

Fig. 16 Delamination damage diagram of CFRP outlet
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Fig. 17 Changes of L1 and L2 with fiber cutting angle

The layered damage profile of the exit is highly consist-
ent with the profile shape of the simulated high-tempera-
ture area of the exit surface (Fig. 17). The serious damage
occurs around 90° cutting Angle. The outline values of L,
and L, are not exactly consistent. The analysis shows that
there are some differences between the temperature model
and the actual temperature distribution. Importantly, the
edge outline of the CFRP outlet temperature, i.e., outline
of L, is higher than Tg region (bit at position III). This
region exhibits serious heat accumulation, and temperature
is higher than Tg for a period in this area.

Considering temperature growth with fiber cutting
angle analysis, the delamination damage process of CFRP
borehole is closely related to the heat accumulation pat-
tern at the borehole outlet. During the phase of the bit
from position III to position “a” (phase—heat accumula-
tion on the surface of the hole outlet is strongest), CFRP
hole delamination damage occurred. The damage severity
at the hole outlet is positively correlated with the heat
accumulation effect and axial force during the drilling bit
from position III to position “a.”

4.4 Numerical relationship between processing
parameters and export delamination damage

Using the established model, the drilling axial force and

outlet delamination defects are studied and analyzed under
different processing parameters (Table 5). The variation

Table 5 Processing parameters

Spindle speed (r/min) Feed rate (mm/min)

1000/2000/3000/4000/5000 75/150/225
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Fig. 18 Variation trend of axial force under different processing
parameters

trend of the axial force and delamination factor are shown
in Figs. 18 and 19.

Combined with the mentioned analysis, the delamination
defect occurs in the phase of the bit from position III to
position “a.” This stage possesses a high heat accumulation
effect, as well as strong drilling axial force. Under certain
conditions of machining environment, the axial force and
heat accumulation during drilling also depend on machin-
ing parameters. The role of machining parameters can cause
delamination defects, which can be explained by the impact
of machining parameters on the drilling axial force.
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Fig. 19 Variation law of delamination factor of different processing
parameters
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From previous work [34], an exponential formula is
developed to perform multiple regression analysis on the
average axial force during the drilling phase. The axial force
fitting formula of twist drill for CFRP drilling is expressed
as follows:

F = 1391 % n—0.7991 Xf0.623 (12)

where F is the axial force, N; n is the spindle speed, r/min;
and fis the feed rate, mm/min.

At significance level @ =0.05, the calculated correlation
coefficient R=0.901. F=162 N corresponding probability
P=0.02<0.05. The regression model was established. At
5000r/min of spindle speed and 150 mm/min of feed rate,
the axial force prediction formula shows an error of 10.1%.
Thus, the fitting formula can predict the axial force.

The relationship between processing parameters and
delamination factor F is given as:

Fy = 17807071 x 0623 4 1115 (13)

Through the above analysis and research, the quantitative
relationship between processing parameters and delamina-
tion damage can be explained in a certain processing envi-
ronment. The quantitative relationship can provide guidance
to select processing parameters reasonably during the CFRP
drilling process.

5 Conclusions

In summary, a 3D simulation model of CFRP drilling was
established to disclose the heat accumulation effect. A CFRP
dry drilling experimental platform was built, which vali-
dated the model in terms of the surface temperature field
distribution of the borehole outlet, the axial force of drilling,
and the layering damage of the borehole outlet. The accu-
racy of the model was proved through comparative analysis
of the CFRP 3D drilling simulation model at normal tem-
perature and with heat effect. The surface temperature field
and delamination damage of the hole outlet were analyzed
during CFRP drilling. The model confirmed that the delami-
nation damage of CFRP unsupported dry drilling occurred
when the transverse edge of the bit touched the exit plane of
the drilling hole and half of the length of the main cutting
edge of the bit penetrated the workpiece. Finally, the model
disclosed the variation law of axial force and layering fac-
tor under different machining parameters. The quantitative
relationship is established between machining parameters
and layering factor by multiple regression.
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