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Abstract

Burrs generated in the drilling process of carbon fiber-reinforced polymers (CFRPs) can cause delamination, therefore signifi-
cantly reduce the bearing capacity of the components during service. In order to address this issue, the multiscale finite element
(FE) modeling was developed in this work to analyze the burrs formation mechanism. The proposed model combined the
microscopic fiber and matrix phases with the macroscopic equivalent homogeneous material (EHM). Meanwhile, 3D Hashin-
type damage initiation criteria were proposed to characterize the differences between the tensile and compressive strength of the
EHM and fiber and their anisotropy feature. The cutting of the fiber and matrix phases under all cutting angles were divided into
two simulation processes to improve the computational efficiency. With the help of this model, the thrust force was accurately
predicted where the distribution of burrs was successfully simulated compared with the experimental measurements. In addition,
the evolution process from the failure of the fiber and matrix phases towards formation of the burrs was clarified. It could be seen
that in the drilling of the CFRPs at the hole exit, the matrix was removed while the fibers deformed out-of-plane under the push of
the drill firstly rather than got removed and then bent with the rotation of the drill. Specifically, the fibers under acute cutting
angles bent outward the hole radially, which made them more difficult to be removed and hence resulted in the burrs eventually.
The revealed formation mechanisms would be the crucial contribution and guidance for helping to suppress the burrs.

Keywords CFRPs - Drilling - Burrs - Finite element modeling - Multiscale simulation - Cutting angle - Formation mechanism

1 Introduction

Carbon fiber-einforced polymers (CFRPs) exhibit extraordinary
mechanical properties such as high specific strength, high specif-
ic modulus, and excellent impact and fatigue resistance. These
properties make them a favorable material in aerospace, trans-
portation, and energy sectors where the requirement of light-
weight for the structural components is always priority [1-8]. In
assembly of CFRP components, the drilling process is usually
operated for joining purpose [9-11] and therefore the high stan-
dard quality holes are crucial to ensure the safe and reliable
performance. However, CFRP is one of the typical difficult-to-
cut material [12]. The difference in mechanical properties of the
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material composition results in a very unique cutting perfor-
mance of the CFRPs, e.g., the fiber is difficult to cut due to high
strength, whereas the matrix is relatively easier to be failed and
completely removed [3, 13-15]. In this situation, the serious
damages such as burr, fiber-matrix debonding, fiber pull-out,
and delamination are difficult to avoid during the drilling of
CFRPs [2, 16-21]. Such damages could significantly reduce the
load-bearing capacity and shorten the service life of the compo-
nents [22-24]. Therefore, it is a main task for composite engi-
neers to minimize or vanish these drilling damages based on the
full understanding of the damage initiation and growth
mechanisms.

However, due to drilling is a rapid processing, the drilling
induced damage is rarely capable to be observed through the
experimental approach. It is time and cost consuming while
the cutting chips of CFRPs are harmful to experimenters
[25-27]. Moreover, although great efforts based on high-
speed [28, 29] or thermal camera [30] have been recently
reported to measure the drilling damage formation, the obser-
vations are still not clear enough and the cutting conditions of
inside layers are barely visible and identified. Therefore, finite
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element (FE) simulation is a cost-saving method to analyze
the multi-damage modes and their interactions within the
CFRPs during drilling. With an accurate model, it is reliable
to figure out the drilling process at different scales and posi-
tions and analyze the various damages produced within the
composite laminates. FE model is thus helpful to explain the
complicated damage initiation and evolution, but also
avoiding the influences of experimental conditions (e.g., tool
wear and material inherent defects) on the results [31, 32].
Therefore, FE simulation is preferred to study the formation
mechanisms of the damages due to drill the CFRPs.

It could be found the most CFRP drilling simulation focused
on the study of the delamination. Isbilir et al. [33, 34] developed a
3D FE model based on the theory of Hashin and the cohesive
element and studied the effects of stage ratios of step drill on
delamination. Phadnis et al. [35, 36] researched the effects of
drilling parameters on the initiation and propagation of delami-
nation by simulation. Feito et al. [37, 38] studied the influences of
thrust force, stacking sequence, and tool geometry on delamina-
tion through the CFRP drilling simulation. However, the burrs,
which is another main damage mode occurred during drilling
process, have been rarely reported. Missing such damage by
the FE modeling would fail to accurately predict the mechanical
behavior of drilled composite as the burrs might accelerate the
delamination initiation and propagation, and fiber pull-out under
the continuous scratch of the cutting tool edges. Meanwhile,
although burrs could be removed by post process, it will increase
the circle time. Therefore, the formation mechanism of burrs
should be figured out to help the improvement of the drilling
quality and efficiency.

In recent years, most FE models for the simulation of
CFRP drilling were developed based on the equivalent homo-
geneous material (EHM) assumption where the individual
layer of the composite laminate was defined to be equivalently
homogeneous [33-39]. However, it has to be pointed out the
burr formation process is related to the local removal of fibers
and matrix at the microscopic level. EHM without consider-
ation of the effects of cutting tool on fibers and matrix is
obviously no longer appropriate for the investigation on the
burrs [40]. In this case, a FE model involving both fiber and
matrix phases has become a main challenge to study the burrs
induced by drilling process. Considering that the fiber and
matrix have drastically different mechanical properties and
complex interactions existed between these two phases during
drilling, different constitutive laws as well as damage initia-
tion and evolution criteria need to be specifically defined to
reflect their material behaviors. In particular, more attention
should be paid to the anisotropy behavior and difference be-
tween tensile and compressive strengths of the fibers, as well
as their damage accumulation prior to failure [41-44].

Besides, another main obstacle for the CFRP drilling sim-
ulation is the extremely low calculating efficiency. Although
the computing power has advanced greatly in recent years, the
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simulation of the CFRP drilling still takes a very long time. In
fact, the element quantity and mesh size of the model have
great effects on the computational efficiency [45]. An increase
in the element quantity or a decrease in the mesh size will
result in an exponential increase in simulation time. That
means, if the model is developed only at the microscopic level
and the workpiece consists entirely of fiber and matrix phases,
the model will be too fine and the simulation time will be
unlimited, which will result in the failure of the analysis of
the burr. Therefore, it is necessary to develop effective
methods to improve the computational efficiency.

In this paper, a three-dimensional FE model with multiscale
modeling was proposed and applied for the first time to ana-
lyze the formation mechanism of the burrs generated during
the drilling of CFRPs. The proposed FE model combined both
the microscopic fiber and matrix phases and the macroscopic
EHM together, with the specific damage initiation criteria and
damage evolution laws to reflect their material behaviors. In
particular, strain-based three-dimensional Hashin-type dam-
age initiation criteria were proposed to characterize the anisot-
ropy and difference between tensile and compressive strength
of the EHM and fiber phase while the exponential continuum
damage mechanics based evolution laws were applied to mod-
el the damage growth until complete failure. In addition, sev-
eral methods were developed to improve the computational
efficiency, such as dividing the cutting of fiber and matrix
phases under different cutting angles into two simulation pro-
cesses for parallel computation and optimizing the geometri-
cal distribution of the EHM as well as the fiber and matrix
phases. Then, the experimental measurements of drilling of
composites were performed to validate the FE model devel-
oped in this work to help identify the reliability of the pro-
posed FE model. Through the analysis of the simulation re-
sults, the evolution process from the failure of the fiber and
matrix phases to the burr formation was obtained, and the burr
formation mechanism was revealed. Finally, the computation-
al efficiency of this model and the possible solutions for sup-
pressing burrs were discussed.

2 Finite element modeling

For the study, the main challenge is to successfully predict the
burrs, a FE model was therefore initially developed to simu-
late the drilling based on the combination of multiscale CFRPs
simulation. The geometry and elements, boundary conditions,
and material behaviors of the model are specified in details by
this section.

2.1 Geometrical model

The model was developed using the commercial software
Abaqus/Explicit. Dynamic explicit analysis was selected due
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Fig. 1 Details of the geometrical
model

Fiber-matrix
combined part

to the complex contact between the drill and the workpiece
during drilling. Details of the geometrical model are shown in
Fig. 1.

2.1.1 Geometry and elements of the drill bit and composite
workpiece

Twist drill bit with a diameter of 4 mm and a point angle of 90°
was modeled in the commercial modeling software UG and
then imported into the Abaqus. 4-node linear tetrahedron ele-
ments without element deletion (C3D4 [46]) were defined for
the drill bit.

In order to improve the computational efficiency of the
model under a reliable accuracy, several strategies were devel-
oped for the geometric model of the workpiece. Firstly, the
outer diameter of the workpiece was set about 6 mm, and the
workpiece was simplified to two plies with different fiber
orientations. These two plies were defined as top layer and
bottom layer according to the processing sequence. Secondly,
a pre-drilled hole was set in the laminates to minimize the
quantity of integration points involved in the computation.
Thirdly, a multiscale modeling was applied in the simulation.
As illustrated by Fig. 1, a fiber-matrix combined part that
consists of fiber and matrix phases was defined in the bottom
of each layer of the laminate, and the other part of the work-
piece was assumed to be EHM. The meshes in the fiber-matrix
combined part were particularly refined to accurately describe
the effects of the tool onto the fiber and matrix phases while
the relatively coarse meshes were given in the EHM area to

Fiber orientation
Fig.2 A schematic of definition of the cutting angle in the CFRP drilling

/
Reference
point(U=0)

-

improve the computational efficiency [47]. Last but not least,
the cutting of fiber and matrix phases under different cutting
angles were divided into two simulation processes named
simulation-I and simulation-II for parallel computation, and
the geometrical distribution of both the EHM and the fiber
and matrix phases in these two simulations was optimized as
described below. In this paper, the cutting angle is defined
from the bottom view of the workpiece, and measured coun-
terclockwise from the cutting direction of the cutting edge to
the fiber orientation, as seen in Fig. 2. In this case, according
to the fiber orientations illustrated in Fig. 3, the cutting angle
of the fiber-matrix combined part in the top layer covered
from 0° to 90° where the bottom layer covered from 45° to
135° in simulation-1. Simultaneously, in simulation-II, the fi-
ber orientations were changed, and the cutting angle of the
fiber-matrix combined part in the top layer covered from 90°
to 180° and in the bottom layer covered from 0° to 45° and
135° to 180° (shown in Fig. 4). With the help of these two
simulations, the interactions between the tool and the fiber and
matrix phases in each layer at all cutting angles were studied.
The cutting angles for the fiber-matrix combined part in dif-
ferent simulations and different layers are listed in Table 1.
The workpiece was defined by the 8-node linear brick ele-
ment with reduced integration (C3D8R [46]) method [34,
36-38]. However, since the reduced integration elements use
the lower-order integration to form the element stiffness, the
hourglassing problem occurs frequently during the simulation.
This problem would result in large distortions of the elements
and therefore have to reduce the time increment of the proce-
dure, eventually greatly extend the computational time and
even terminate the simulation. Therefore, the enhanced hour-
glass control approach was used to minimize the hourglassing:

0 = sKq (1)

where Q is the resistance force, s is the scaling factor, K is the
linear stiffness, and ¢ is the hourglass mode magnitude. In
addition, the distortion control was used to control the element
distortion. The aspect ratio of the meshes around the drill was
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Fig.3 The fiber-matrix combined
part in simulation-I: a top layer, b
bottom layer

(a) Top layer

set as one to ensure that the meshes would not distort during
the calculation, and that away from the drill was set about two
to reduce the computational time.

2.1.2 Boundary conditions and interactions

The rotational and translational velocities in Z direction were
applied to the drill body as spindle speed and feed rate, re-
spectively. The feed rate and spindle speed adopted common-
ly used values, which are 150 mm/min and 3000 rpm, respec-
tively [36, 48]. Meanwhile, all nodes on the outer diameter of
the laminates were coupled with a reference point through the
kinematic coupling, and all degrees of freedom of the refer-
ence point were limited to prevent the workpiece from
moving.

Surface-to-surface kinematic contact algorithm was used to
simulate the interactions between the tool and workpiece [34,
49]. The contact forces were calculated based on the penalty
contact method, and the friction coefficient was set as 0.3
based on the previous study [50]. Meanwhile, in order to
avoid penetration, a general contact was defined between each
ply of the workpiece.

Fig.4 The fiber-matrix combined
part in simulation-II: a top layer, b
bottom layer

(a) Top layer
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Fiber phase

Matrix phase

(b) Bottom layer

2.2 Material modeling

In this model, the deformation and abrasion of the tool were
not considered and it was assumed to be rigid body. The den-
sity and elastic modulus of the drill were defined, while the
damage initiation criteria and damage evolution laws were
not.

For the workpiece, its material was defined via material
modeling of both the EHM and fiber and matrix phases. In
most recent researches reported on the drilling simulation of
CFRPs, a degradation parameter was most popular way to
express the damage growth until complete failure [36-38].
This approach would result in missing the progressive damage
evolution. In addition, fibers in orthogonal cutting simulation
models were usually assumed to be brittle, and the difference
between tensile and compressive strength and the damage
accumulation was not considered [51-54], which could further
affect the accuracy of the damage prediction. In this research,
the material behavior of the EHM and fiber phase represented
by the typical anisotropy and difference between tensile and
compressive strength as well as damage accumulation were
considered. The material behavior of the matrix phase was
assumed to be isotropic.

Fiber phase

Matrix phase

(b) Bottom layer
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Table 1 Cutting angles in different simulations and different layers
Layer Simulation-I Simulation-II

Top layer 0°-90° 90°-180°

Bottom layer 45°-135° 0°-45° and 135°-180°

2.2.1 Material behavior of the EHM and fiber phase

Considering the orthotropic material properties of the fiber
phase and EHM, their material behavior in the longitudinal
direction (direction 1), transverse direction (direction 2) and
through-thickness direction (direction 3) were defined. Linear
elastic material behavior was applied to them until failure:

oi=Cje; (2)

The damage initiation criteria including different failure
modes were developed based on the theory of Hashin. When
implementing the stress-based Hashin criteria, the dramatically
varying stresses due to the degradation of material properties
may cause numerical instability. To solve this problem, Yang
et al. [55] applied strain-based Hashin criteria. However, the
criteria they used contain the failure of the materials in longitu-
dinal and transverse directions except for that in through-
thickness direction. Therefore, new damage initiation criteria
were proposed in this paper, and the material failure in the
through-thickness direction was considered to characterize the
intralaminar failure of the CFRP. The damage initiation criteria
are shown in Table 2. When the failure index F reaches one, the
corresponding mode of failure initiates and the damage occurs.

Subscripts f, m, and d in Table 2 denote the longitudinal,
transverse, and through-thickness directions, respectively, the
subscript ¢ and ¢ stand for tensile and compressive failure
respectively, € and -y are the normal strain and shear strain,

Table 2 The strain-based 3D damage initiation criteria

and the term with a superscript f'is the corresponding failure

strain. The failure strains 5‘{ o E{C, a{,, e{c, and 7{} can be cal-

culated according to the previous study [55]. Moreover, the
tensile failure strain in the through-thickness direction can be
obtained from the following equation.

el =7,/E; (3)

Wherein Z; and E3 are the tensile strength and the elastic
modulus in the through-thickness direction respectively.

If damage is detected, the element stiffness begins to de-
grade according to the exponential damage evolution laws, as
shown in Fig. 5. That is, when the damage initiation criterion
is satisfied (point B), the damage variable d in the correspond-
ing direction starts to increase according to Eq. (4) from zero.
When d reaches one, the stiffness of the element degrades to
zero and the material fails completely.

ds = l—e_XiE{,(Fti‘l)U/Gﬁ/Fﬁ
i = 1—¢ V(P DL/ G/ (4)
dg = l—e’zifsf;'(Fdfl)L“/Gdi/Fdi

In Eq. (4), L¢ is the characteristic length of the element, Gy,
Gni, and Gg; are the fracture energies corresponding to the
failure in the longitudinal, transversal, and through-thickness
directions, and i equals ¢ or ¢ representing tensile or compres-
sive failure respectively. The fracture energy and characteristic
length were introduced into the applied damage evolution
laws to guarantee the damage evolutions are progressive and
reduce the mesh dependence of the simulation results.

The material behavior of the EHM and fiber phase was
implemented into Abaqus/Explicit through a user-defined
subroutine (VUMAT), and the element deletion during the
simulation was controlled by a state variable defined in the
VUMAT. The material properties of the EHM and fiber phase

Failure mode Failure criterion

2 2 2
Tensile failure in the longitudinal direction Fi = (E—}) + (A—‘f) + (A—'/)
1

Compressive failure in the longitudinal
direction

Tensile failure in the transverse direction

Compressive failure in the transverse direction F2_= (kzta)) |:< 2

mc E"L
2 2
Tensile failure in the through-thickness Fi = F—?) + (W%)
direction o T
Compressive failure in the through-thickness F2 = (m) 4y (=
direction de 7 7%

2 2 2
6 )
T2 T3 3

2 2 2
1 2 i 2 _ iR} I
+ (2%,3) (e2+e3)" + (Wé) (’}/23 822533) + (w{;) + (%’3)
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Fig. 5 Material behavior of the EHM and fiber phase

€

obtained through consulting manufacturers and referring to
[56] are shown in Table 3, in which v;; is the Poisson’s ratio
and p is the density.

2.2.2 Material behavior of the matrix phase

In this research, elasto-plastic material behavior was assigned
to the matrix until failure, and isotropic plastic hardening was
used as shown in Fig. 6. The material properties of the matrix
are shown in Table 3.

The damage initiation criterion used for the matrix is the
shear damage criterion:

e
Wws = I ﬁ =1 (5 )
e (9S, 2 )

Table3  Material properties of the EHM and the fiber and matrix phases

[56]

Material Properties

EHM p=1.53(g/em’)
E,=178(GPa), E, = E3=9.5(GPa)
G12=G13=6.33(GPa), G5 =4.21(GPa)
v12=v13=0.29, 1,3=0.37
X1r=2980(MPa), Xc = 1450(MPa)
Yr=110(MPa), Yc =350(MPa)
Zr=100(MPa), S =90(MPa)
Fiber p=18(g/em’)

E| =294(GPa), E, = E3 = 15(GPa)
G2 = G3=103(GPa), G;3 =89(GPa)
v, =v13=0.25, 1,3=0.28
X1=5880(MPa), Xc =3850(MPa)

Matrix p=0.98(g/cm3)
E =3.4(GPa)
v=04

oyo=85(MPa)
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Fig. 6 Material behavior of the matrix phase

Once the damage initiation criterion is met, the damage
variable d increases according to Eq. (6). The model ensures
that the energy dissipation during the damage evolution pro-
cess is equal to the fracture energy per unit area.

Lc»,pl Pl

: 9 u

d=—=r =% (©)
uy uy

Wherein the equivalent plastic displacement at failure ﬁl}l is
computed as

=" (7)

0,0 1s the stress at the time when the failure criterion is reached
and Gy is the fracture energy per unit area.

3 Experimental work

For the validation of the simulation, drilling experiments were
performed in this study. Details of the drill bit and CFRPs,
processing parameters, etc. were determined entirely based on
the simulation. According to the workpiece in the FE model,
pre-drilled holes were set in the laminates during the experi-
ments. Meanwhile, the experiments were repeated to reduce
the impact of experimental errors.

3.1 Experimental setup

Figure 7 shows the experimental setup. The CFRP drilling
experiments were carried out on a GONA 5-axis machine
center with the maximum spindle speed of 8000 rpm. A
Kistler 9257B three-component dynamometer was used to
record the cutting forces. A PHOTRON SAS high-speed cam-
era helped to record the drilling process at the hole exit. A
KEYENCE VH-Z50L microscope helped to photograph the
induced damage. The workpiece was clamped to the dyna-
mometer through a designed fixture and the dynamometer
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Fig. 7 Setup of the drilling
experiment

was fixed to ensure the drilling is stable enough. Since the
support for the hole exit would affect the quality of the drilled
holes, the fixture has a 14 mm diameter pre-drilled hole below
the machining position of the workpiece, which helped to
eliminate unnecessary influences.

In this research, the workpiece was manufactured by pre-
pregs with the layout of [(- 45/90/45/0),/90/90/90/90/90/(- 45/
90/45/0),]. The dimension of the workpiece is 150 mm x 20
mm x 4 mm to ensure that the workpiece can be placed in the
fixture. Besides, the tool is made of YG8 cemented carbide.

3.2 The pre-drilled hole

During the experiments, 3-mm diameter pre-drilled holes
were set in the workpiece firstly. Then, twist drills with a
diameter of 4 mm were used to expand the pre-drilled holes
so as to obtain the results used for the verification of the
simulation. Figure 8 illustrates the entrance and exit of the
pre-drilled hole. It is shown that there are little damage and
no burr. The well-processed pre-drilled holes ensure that the
initial states of the cutting area in the experiments are consis-
tent with those in the FE model.

Fig. 8 The pre-drilled hole: a
entrance, b exit

(a) Entrance

High speed camera

v

4 Simulation validation and results discussion

In this research, the CFRP drilling at 150 mm/min feed rate
and 3000-rpm spindle speed was simulated. Through the
simulation-I and simulation-II, the thrust force and the distri-
bution of burrs were obtained. The simulation results were
verified via the comparison with the experimental results.
After that, the formation mechanism of the burrs was revealed
via the analysis of the drilling process. Besides, computational
efficiency of the FE model was discussed.

4.1 The thrust force

Since the thickness of the workpiece in FE model and exper-
iment are 0.36 mm and 4 mm respectively, the complete time
domain curves of the thrust force obtained by simulations and
experiments could not be compared directly. However, in the
early stage of the drilling, the machining status of the simula-
tions is the same with the experiments. So, the thrust forces
obtained in this period can be used for validation. Specifically,
it is the period that starts from the beginning of the drilling to
0.17 s.

The filtered thrust forces from 0 to 0.17 s are shown in Fig.
9. It is indicated that the thrust forces increase with the feed of
the tool, and the reason can be explained as follows. In this

500.00 um
Lens:X 50

= 500.00 um
Lens:X 50
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Fig. 9 The filtered thrust forces in the early stage of the drilling

period, the cutting area in the plane that perpendicular to the
axis of the drill bit increases with the feed of the tool. The
cutting depth of each cutting edge of the drill bit also increases
with the increases of the cutting area, which in turn leads to an
increase in cutting force. Since the point angle of the drill bit is
constant during the drilling process, the cutting force compo-
nent in the axial direction of the drill bit increases, which
results in an increase in the thrust force.

To evaluate the error of the simulation results quantitative-
ly, the growth rates of the thrust forces obtained by simulation-
I, simulation-II, and experiments were compared, which are
39 N/s, 43 N/s, and 34 N/s, respectively, and the deviations
between simulations and experiments are 13% and 21%, re-
spectively. Therefore, the simulation forces are in acceptable
agreement with the experimental forces. The cause of the error
can be explained by the differences in the boundary conditions
and drill bit between the simulations and experiments. In the
FE model, the outer diameter of the workpiece is about 6 mm
and all nodes on the outer diameter were fixed, and the drill bit
was assumed to be rigid body. While in the experiment, the
workpiece was fixed by a fixture with a pre-drilled hole.
Meanwhile, the diameter of the drill bit is only 4 mm and its
stiffness is comparatively low. Therefore, the workpiece and
the drill bit were more likely to deform during the

Fig. 10 Details of the drilled hole
obtained by simulation-I: a top
layer, b bottom layer

experiments. Large deformation caused by thrust force would
result in the decrease of the cutting depth of each cutting edge,
and lead to the decrease of the thrust force in experiments.
Thus, deviations were induced between the numerical and
experimental forces.

4.2 Distribution of the formed burrs

In the FE model, the fiber-matrix combined part in the top
layer is located away from the hole entrance and exit and that
in the bottom layer is near the hole exit. Therefore, the burrs
generated in the top layer were used to predict the burrs gen-
erated at the hole wall, while that generated in the bottom layer
were used to predict the burrs generated at the hole exit. In the
experiments, the generated burrs at the hole exit were mea-
sured from the bottom view of the hole. While considering
that a vertical observation of the hole wall would destroy the
processed holes, the top view of the hole was observed to
measure the generated burrs at the hole wall.

Meanwhile, in order to analyze the burrs quantitatively, the
burr factor k= Apu/Anole Was used to assess the burrs.
Specifically, the burr factors for the simulations and experi-
ments were defined as:

K=b 3 L/AK = b3 LAk = 5 AJA (8)
i=1 i=1 i=1

where kﬁ s k?, and k, are burr factors for simulation-I, simula-
tion-II, and experiments, respectively; b is the width of the
burrs in the simulations; Y L! and Y L are the length sum
i=1 i=1
of the burrs acquired by simulation-I and simulation-II, re-
spectively; A is the area of the final hole. Since the width of
the burrs is not constant in the experimental results, the area of
them ) A; was adopted.
=1

The burrs acquired by simulations and experiments are
shown in Figs. 10, 11, and 12. To be specific, Figs. 10a, 11a,
and 12a illustrate the burrs generated at the hole wall while the
burrs generated at the hole exit are explained by Figs. 10b,

Matrix phase

EHM

(a) Top layer

@ Springer

Fiber

(b) bottom layer
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Fig. 11 Details of the drilled hole
obtained by simulation-II: a top
layer, b bottom layer

(a) Top layer

11b, and 12b. It should be noted that, in the figures obtained
by simulation-I and simulation-II, the blue area and white area
in the fiber-matrix combined part symbolize the fiber and
matrix phases, respectively, and the red area represents dam-
age induced by drilling. The burr factors for the hole wall and
exit are listed in Table 4.

From the simulation results, it can be seen that a lot of burrs
were generated at the hole exit, while there is almost no burr at
the hole wall. The results are consistent with those of the
experimental measurements. The difference in the burr distri-
bution between the hole exit and the wall could be explained
by the change of the constraints. During the drilling of the
CFRP components, there is no support below the material at
the hole exit. Therefore, it is prone to out-of-plane deforma-
tion under the push of the drill. Once the deformation occurs,
the material is hard to remove, which consequently results in
the generation of the burrs. However, the material at the hole
wall is supported by the material below, which weakens the
out-of-plane deformation. Therefore, there is no burr around
the hole wall.

For the hole exit, the distribution of the burrs obtained by
simulations and experiments are illustrated in Fig. 13.
Wherein, the black arrow shows the rotating direction of the
tool. As mentioned before, the cutting angle for the fiber-
matrix combined part in the bottom layer covers from 45° to
135° in simulation-I, and from 0° to 45° and 135° to 180° in
simulation-II. Therefore, the distribution of the burrs at

Fig. 12 Details of the drilled hole
obtained by experiment: a top
view, b bottom view

(a) Top view

(b) Bottom layer

different cutting angles can be acquired from Fig. 13 a and
b, and the burr factors are listed in Table 5. It can be concluded
that the burrs form easily when the cutting angle is acute,
while there are few burrs when the cutting angle is obtuse.
This result is consistent with the experimental result shown
in Fig. 13 c. The difference in the burr distribution at different
cutting angles can be explained as: when the cutting angle is
acute, the fibers are relatively easier to bend outward the hole
radially under the push of the cutting edges. In this case, the
cutting force on the fibers has been reduced and the burrs are
thus easily formed. While the cutting angle is obtuse, the fi-
bers are prone to bend inward the hole radially. In this case, the
stress of the fibers around the contact region has quickly
exceeded the ultimate strength of the fiber and the burrs are
rarely formed.

4.3 Analysis of the burrs formation mechanism

In this research, the drilling process at the hole exit was divid-
ed into four stages based on the interactions between the cut-
ting edges of the tool and the last ply of the CFRPs, as shown
in Fig. 14. Stage A was the period that the primary cutting
edges started to cut the last ply. In Stage B, the removal of the
last ply was conducted by the most part of the primary cutting
edges. Following that, in Stage C, the minor cutting edges
involved in the cutting of the last ply. With the feed of the
drill, the hole was finished in Stage D. The four stages of the

H ST - i —
500.00 um N 500.00 um

(b) Bottom view
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Table 4 Burr factors at the hole wall and hole exit Table 5 Distribution of the burrs at different cutting angles
Hole wall Hole exit Cutting angle Burr
factor
Simulation (& 4 &) 0 11.5%
Experiment 15.8% Simulation 0°-45° (simulation-II), 9.5%
45°-90° (simulation-I)
90°-135° (simulation-I), 135°-180° 2.0%
L . (simulation-II)
drilling process at the hole exit were compared by the numer-  gxperiment 0°-90° 12.9%
ical modeling and experimental measurements. 90°-180° 2.9%

Figure 15 illustrates the hole exit in Stage A. The numerical
simulations have demonstrated part of the matrix phase was
removed under the cutting of the primary cutting edges and
the pressing of the flank faces. The fibers were forced to de-
form out-of-plane and spread out. For the experiments, the
material was deformed under the push of the drill, and split
into the strips under the squeeze of the drill while part of the
material was removed.

In Stage B, as shown in Fig. 16, the cutting area around the
hole exit was increased with the feed of the tool. For the
simulations, almost all the matrix phase has been removed
whereas the fibers were kept well due to the out-of-plane
deformation. The fibers in the cutting area were bent with
the rotation of the drill, and the bending direction was consis-
tent with the rotation direction of the drill. The length of the
remained fibers (i.e., the distance from the drilling edges to the
free end of the fibers) became longer. In this case, the burrs
were initiated. In the experiments, the tearing of the material
was propagated along the direction of the fibers under the
action of the drill, which resulted in the increase of the length
of the strip-like material. Similarly, the material was bent to
the rotation direction with the drill.

In Stage C, as seen from the simulations, the fibers marked
in Fig. 17 a and b (i.e., the area where the cutting angle is
obtuse) were effectively removed without inducing burrs or
delamination. However, the rest of the fibers were remained
due to bending. The experimental results showed that the ma-
terial marked in Fig. 17 ¢ was completely removed and the
machined-surface was in a great condition. However, a large
amount of strip-like material was found in the rest of the cir-
cumference of the hole.

(a) Simulation-I

Fig. 13 The hole exit: a simulation-I, b simulation-II, ¢ experiment

@ Springer

(b) Simulation-II

In Stage D, the numerical model showed part of the fibers
removed, marked by Fig. 18 a and b (i.e., the area where the
cutting angle is acute) while the most rest of the fibers in this
area was well maintained because of the bending, forming the
final burrs. The experimental results presented the strip-like
material formed in Stage C (Seen in Fig. 18 c¢) was partially
removed where the remained material became the burrs,
resulting in a poor machined-surface quality.

It can be seen from the above comparison that the drilling
process at the hole exit predicted by the proposed FE model
has been recognized to be consistent with the experimental re-
sults. The cutting of the fiber and matrix phases by the drill bit
and interactions of these two phases in the drilling of the CFRPs
were successfully numerically modeled by the FE model devel-
oped in this work. Therefore, it well solves the experimental
limitation that is barely possible to measure such damage forma-
tion for their mechanism analysis. With the help of the FE model,
the evolution process from the failure of the fiber and matrix
phases at the microscale towards the macroscale burr initiation
and growth in the typical CFRP drilling was well captured and
the burr formation mechanism was therefore clarified under the
guidance of the reliable FE modeling process. During the drilling
of the CFRPs, the primary cutting edges and the flank faces of
the drill bit have strongly squeezed the fiber and matrix phases at
the hole exit. In this situation, the matrix was removed due to
their low strength. Reversely, the fibers were deformed under the
push of the drill, and the out-of-plane deformation prevented
them from being removed. With the feed of the tool, the length
of the fibers became longer, and they bent with the rotation of the

500.00 um

(c) Experiment
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Fig. 14 Twist drill and its drilling

Minor cut}ing edge
process at the hole exit :

Flank face
Primary cutting edge

Deformed fiber

(a) Simulation-I

Stage A

(b) Simulation-II

Stage B Stage C Stage D

(c) Experiment

Fig. 15 The hole exit in Stage A: a simulation-I, b simulation-II, ¢ experiment

drill. That could be attributed in the fibers in the area where the
cutting angle was obtuse bent inward the hole radially under the
push of the cutting edges, while that in the area where the cutting
angle was acute bent outward the hole radially. In this case, the
stress of the fibers of the latter part (i.c., the fibers in the area
where the cutting angle is acute) was far to reach the ultimate
strength; therefore, these fibers could not be effectively removed
and the burrs were formed eventually.

4.4 Computational efficiency

In addition to the identification of burrs formation, the proposed
modeling has significantly improved the computational

Kept and
bent fiber

(a) Simulation-I

efficiency as the additional benefit for solving the barrier of nu-
merical modeling. Table 6 shows the calculation time of the
existing drilling simulation models and the model developed in
this study. It can be seen that the model developed in this study
spent the shortest calculation time under relatively poor computer
configuration and computing power. Obviously, the developed
strategies for improve computational efficiency are effective. In
particular, the strategy that dividing the cutting of fiber and matrix
phases under different cutting angles into two simulations for
parallel computation not only reduced the element quantities in
simulation-I and simulation-II thus reduced the calculation time,
and also made these two simulations calculated simultaneously
thus improved the calculation efficiency.

bent fiber
(b) Simulation-II

Fig. 16 The hole exit in Stage B: a simulation-I, b simulation-II, ¢ experiment

(c) Experiment
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Remained fiber

(a) Simulation-I

(a) Simulation-I

5 Conclusions

In this paper, a three-dimensional FE model with multiscale
modeling was proposed for the first time to reveal the formation
mechanism of the burrs generated during the CFRP drilling. The
model consists of the fiber and matrix phases and the EHM, and
different material behaviors were adopted to reflect the properties
of these phases. In particular, strain-based three-dimensional
Hashin-type damage initiation criteria were proposed to character-
ize the anisotropy and difference between tensile and compressive
strength of the EHM and fiber phase. Meanwhile, several methods
were developed to improve the computational efficiency, and the
calculation time of the model was significantly reduced. The pre-
dicted thrust force and distribution of burrs were validated via
corresponding experiments, and the simulation results are in good

(b) Simulation-II

Fig. 17 The hole exit in Stage C: a simulation-I, b simulation-II, ¢ experiment

(b) Simulation-II

Fig. 18 The hole exit in Stage D: a simulation-I, b simulation-II, ¢ experiment

emained fiber

(c) Experiment

agreement with the experimental results. The validated FE model
provides a new way to study the drilling generated burrs.

Through this FE model, the distribution of burrs at the hole
exit and wall was conveniently acquired and the burr factors
were calculated. It can be concluded that a lot of burrs were
generated at the hole exit, while there is almost no burr at the
hole wall; for the hole exit, the burrs were easily formed when
the cutting angle is acute, whereas there are few burrs when
the cutting angle is obtuse.

Furthermore, with this model, the cutting on the fiber and
matrix phases by the drill bit and interactions of these two phases
were observed, and the evolution process from the failure of the
fiber and matrix phases at the microscale towards the burr for-
mation at the macroscale was also obtained. Meanwhile, the burr
formation mechanism was revealed as follows. In the CFRP
drilling, the primary cutting edges and the flank faces of the drill
bit have strongly squeezed the fiber and matrix phases at the hole

Table 6 Comparison of the

calculation time References Computer configuration Calculation time
Isbilir et al. [33] 8 core, 3.16 GHz CPU, 32 Gb RAM 4 months
Phadnis et al. [36] 24 Intel quad-core, 48 GB RAM 62 h
Feito et al. [37] 16 CPU 4 days to 3 weeks
This study 8 core, 3.1 GHz CPU, 32 Gb RAM Simulation-I 25h
Simulation-1I 26 h
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exit. In this situation, the matrix was removed due to their low
strength. Reversely, the fibers were deformed under the push of
the drill and the out-of-plane deformation hinders them from
being removed. With the feed of the tool, the length of the fibers
became longer, and the fibers in the area where the cutting angle
was acute bent outward the hole radially. In this case, the stress of
the fibers with acute cutting angle was hard to reach the ultimate
strength, therefore, these fibers could not be effectively removed
and the burrs were formed eventually.

The burr distribution indicates that the developed FE model
has reasonably explained the formation mechanism of the
burrs produced during drilling of composite. Such FE model
is expected to be a useful tool to help composite engineers to
minimize or even vanish the burrs and induced delamination.
From the revealed mechanism, it can be concluded that the
formation of burrs requires the following two conditions: first-
ly, the fibers at the hole exit have to be deformed out-of-plane;
secondly, the deformed fibers need to be bent outward the hole
radially. The former condition is the predominant to form the
burrs. Therefore, it could be advised if the support could be
provided under the hole or the material at the hole exit could
be cut from the direction opposite to the feed direction of the
drill bit, the burrs might be effectively suppressed. The latter
method was deeply discussed in another study [48].
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