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Abstract Drilling of carbon/carbon (C/C) composites is dif-
ficult to implement due to the materials’ high specific stiff-
ness, brittleness, anisotropic, heterogeneous, and low thermal
conductivity, resulting in tear, burr, poor surface quality, and
rapid wear of cutters. Accurate and fast predictions of thrust
forces and defects are important for C/C composites drilling
process with high quality. In this paper, a finite element anal-
ysis method for drilling of 2.5D C/C composites is presented.
An improved damage initiation model is proposed based on
the Shokrieh-Lessard’s model and the Hashin’s failure criteria.
Six different failure modes—X-direction fiber-matrix tension,
X-direction fiber-matrix compression, Y-direction tension, Y-
direction compression, normal tension, and normal compres-
sion—are considered and modeled separately. An improved
3D progressive failure model is developed to approximate real
failure process of 2.5D C/C composites. For validation pur-
pose, drilling tests have been performed and compared to the
results of finite element analysis. The experimental result
shows to be consistent well with the proposed model, yielding
a relative difference of predicted thrust force from 8.07 to
13.86%. The model demonstrates its ability to predict thrust
force, material failure process, and damage for different values
of feedrate.

Keywords C/C composites . Thrust force . Drilling . Finite
element analysis . Progressive failure model

1 Introduction

C/C composites are carbon-fiber-reinforced carbon matrix
composites. They offer some superior properties, such as high
heat resistance, along with lightweight, low thermal expansion
coefficient, and high resistance to corrosion [1, 2]. C/C com-
posites retain room temperature properties to be more than
3000 °C in the inert atmosphere, and this is the main trend
of the development of ultra-high-temperature structural mate-
rials in the future [3]. In addition, C/C composites are capable
of replacing heart valves and hip due to its excellent biological
compatibility [4].

There are several kinds of C/C composites according to
their braided structures. One is called 2.5-dimensional
(2.5D) C/C composite. The microstructure of the 2.5D C/C
composite with needle-punched felt is shown in Fig. 1 [5].
Although reinforced by needle-punched felt, this material is
strong in the fiber direction, but quite weak in the needle-
punched direction. This makes it easily crush.

Conventional machining operations of C/C composites,
such as turning, milling, and drilling, which are a problem as
the fibers and fiber direction result in an uneven cutting force
and high tool wear, can still be applied to the machining of
C/C composites. The electro-discharge machining (EDM)
method also can be used to machine C/C composites [6, 7].
Drilling operations are often required before mechanical join-
ing of the C/C composites components. Conventional twist
drilling is a fast, effective, and commonly used hole-making
method for secondary machining of composite structures. Due
to the economic reasons, the two-flute conventional twist drill
(used for the drilling of metallic materials) is adopted to drill
composite structures [8]. However, some characteristics of
C/C composites such as nonhomogeneity, anisotropy, highly
abrasive and hard reinforced carbon fibers, high specific stiff-
ness, brittleness, and low thermal conductivity make it
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difficult to machine. The most frequent drilling-induced de-
fects are tear, burr, delamination, edge breakage in addition to
other minor damages. Since stress concentrates at holes under
loading and the surface quality plays an important role in the
improvement of fatigue life of composite, it is necessary to
decrease the defects in drilling of C/C composites [9].

Although nearly 60 years have passed since C/C compos-
ites appeared for the first time, there is little work about mill-
ing, turning, and drilling of C/C composites. Ferreira et al.
[10] researched the turning process of C/C composites by
experimental methods. The experimental results illustrated
that polycrystalline diamond (PCD) was the optimal tool in
finish turning, and cemented carbide tools could be used in
rough turning with appropriate cutting parameters.

Compared with conventional milling, Li et al. [11] found
that the ultrasonic-assisted milling could improve the surface
quality of C/C composites with lower cutting force, tool wear,
and cutting temperature. It is helpful to process C/C compos-
ites with high efficiency, high precision, and low cost. Shan
et al. [12] analyzed the defects caused in conventional twist
drilling of 2.5D C/C composites, and the fiber fuzz factor and
the ripping factor are defined to depict the drilling defects.
Subsequently, Shan et al. [5] presented an alternative cutting
force model involving the influences of the directions of fiber.
Based on the calculated and experimental results, the cutting
forces’ coefficients of 2.5D C/C composites are evaluated
using multiple linear regression method.

Although little work has been done on drilling of C/C com-
posites, there are many researches focusing on drilling of
fiber-reinforced polymer composite (FRP). Polymeric com-
posites are recognized as good candidates for structural com-
ponents due to their inherent properties [13]. Abrao et al. [14]
investigated the effect of the cutting tool geometry and mate-
rial on the thrust force and delamination produced when dril-
ling a glass fiber-reinforced epoxy composite using drills with
different geometry and material. Rubio et al. [15] found that
high speed machining is a reasonable drilling method for glass
fiber-reinforced polymer composite (GFRP) which reduces
damage by experiments. Davim et al. [16] presented a method
to measure the delamination factor using digital analysis,
which is suitable to estimate the damages produced after dril-
ling CFRP. Gaitonde et al. [17] found that the delamination
tendency decreases with increase in cutting speed in high
speed drilling of CFRP by experiments, and the low values

of feed rate and point angle combination are useful for reduc-
ing the damage. Singh et al. [18] studied how drilling param-
eters influence drilling-induced damage by using the digital
image processing technique. The results showed tool point
geometry is a major factor that influences drilling-induced
damage.

Simulation of drilling process is an effective method that
can be used to optimize drill geometry and process parameters
in order to control hole quality and analyze the drill wear
evolution [19]. Compared with analytical methods, finite ele-
ment analysis (FEA) holds plenty of advantages; by FEA, one
can obtain not only the global variable like thrust force and the
shape of chip, but also one can obtain the specific stress and
temperature distribution at an interested point [20]. Many fi-
nite element (FE) model studies have been conducted to pre-
dict cutting forces and delamination of composites. FEA al-
lows controlling all variables that take part during the machin-
ing process and uncoupling the influencing parameters.
Excellent reviews on composite machining can be found in
[21–23].

There are a few works focusing on numerical modeling of
composite drilling. Most literatures presenting numerical
modeling of CFRP cutting focus on orthogonal cutting due
to its simplicity. FEA of orthogonal cutting of fiber-reinforced
composite was proposed by Arula and Ramulu using maxi-
mum stress and Tsai-Hill criteria [24]. Some examples of the
modeling strategies and material modeling used in scientific
literature for two-dimensional (2D) approach to simulation of
orthogonal cutting of CFRPs can be found in [25–27].

Drilling of composite materials has been simulated as
three-dimensional (3D) orthogonal cutting using FEA.
Recently, numerical predictions of critical thrust force and
delamination have been performed in drilling of CFRPs
[28–30].

Based on the fracture mechanics, Zitoune and Collombet
[28] proposed a numerical FEA model of drilling of unidirec-
tional CFRPs to predict cutting force and delamination by
simplification to orthogonal model. The validation of this
model was carried out on two types of carbon/epoxy long fiber
materials. However, its validity was not been fully proved on
laminated from weaved sheet. In order to simulate thrust
forces and delamination onset during drilling carbon/epoxy
composites, Durao et al. [29] developed a FE model consid-
ering solid elements of the Abaqus software library and

Fig. 1 Illustration of 2.5D C/C
composite structure [5]
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interface elements including a cohesive damage model.
Although the numerical and experimental thrust force curves
agreed well, the FE model simulation cannot remove plate
material continuously. Based on Lagrangian formulation,
Isbilir and Ghassemieh [30] developed a 3D FE model to
simulate the effects of cutting speed and feedrate on thrust
force, torque, and delamination in the drilling of unidirectional
CFRPs. Subsequently, based on the Hashin’s theory [31],
Isbilir and Ghassemieh [32] developed another 3D FE model
for drilling CFRPs. In this model, a 3D progressive intra-
laminar delamination model and a progressive inter-laminar
delamination model are considered and developed. This mod-
el could be used as a design tool for drill geometry for mini-
mization of delamination in CFRP drilling. Phadnis et al. [33]
developed a 3D FE model of drilling CFRPs, accounting for
complex kinematics at the drill-workpiece interface. Both
Hashin’s and Puck’s criteria [31, 34] were implemented in a
user-definedmaterial model (VUMAT) in the general-purpose
FE software Abaqus/Explicit. The FE model predicted the
drilling thrust force and torque with reasonable accuracy when
compared to experimental results. Feito et al. [19] presented a
FE model for drilling woven CFRPs. Two different point an-
gles considering fresh and honed edge were modeled. This
model was able to predict thrust force and delamination for
different values of feedrate and cutting speed for drilling
CFRPs. The maximum relative difference between the exper-
imental value and the predicted value by regression equations
was 13.8% for the thrust force and 2.92% for the
delamination.

In this paper, to investigate the effects of cutting speed and
feedrate on thrust force and induced damage in the drilling of
2.5D C/C composites, a 3D FEA method is proposed to sim-
ulate the 2.5D C/C composites drilling process. To better un-
derstand and predict the complex failure mechanisms in dril-
ling of 2.5D C/C composites, an improved damage initiation
model and an improved progressive failure analysis model are
considered and developed based on the failure models of
CFRPs. For validation purposes, experimental drilling tests
have been performed and compared to the results of the FEA.

2 Material failure modeling

2.1 Damage initiation

Carbon-fiber-reinforced composite materials including C/C
composites display a wide variety of failure mechanisms as
a result of their complex structure and manufacturing process-
es, which include fiber failure, matrix cracking, buckling, and
delamination [35].

In this paper, a user-defined 3D damage model
(VUMAT) with solid elements is developed and imple-
mented into the FE code Abaqus/Explicit to predict the

characteristics and extent of damage through the specimen
thickness. The flowchart is shown in Fig. 2.

Orthotropic material properties are assigned to 2.5D
C/C composite according to the fiber orientation by using
a pre-defined local coordinate system. As shown in Fig. 3,
(1) denotes the X-direction along one of the fiber orien-
tation, (2) denotes the Y-direction orthogonal to X-direc-
tion, and (3) denotes the Z-direction normal to the fiber
layer plane.

Considering there are no any damage initiation criteria
being developed for C/C composites, the damage initia-
tion criteria for 2.5D C/C composites in 3D case are de-
veloped based on the Shokrieh and Lessard’s progressive
fatigue damage model [36] in this paper. The Shokrieh
and Lessard’s progressive fatigue damage model were
proposed based on the Hashin’s theory [31] to simulate
the behavior of composite laminates under general load-
ing conditions. This model is able to predict the residual
strength, residual life, final failure mechanisms, and final
fatigue life of the composite laminates under general fa-
tigue loading conditions.

The fiber directions of the 2.5D C/C composites are in
two orientations, which are different from unidirectional
CFRP. The initiation criteria considers six different dam-
age initiation mechanisms, namely X-direction fiber-ma-
trix tension, X-direction fiber-matrix compression, Y-
direction tension, Y-direction compression, normal ten-
s ion, and normal compress ion as expressed by
Eqs. (1)–(6). The compression failure behavior of C/C
composites is similar to brittle materials. Shear stress is
a main factor that caused the compression failure of brittle
materials according to the Mohr strength criterion. Hence,

Calculating the stiffness matrix

VUMAT start

Updating the damage variables and 

the strain value

Damage

Material properties degradation

Update the stress and strain energy

Yes

No

VUMAT end

Abaqus/Explicit 

main program

Fig. 2 Flowchart of VUMAT in Abaqus/explicit
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Shear stresses are considered in the tension and compres-
sive directions.

X-direction:
If σ11 > 0

etx ¼
σ11

X t

 !2
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 !2
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τ13
S13

 !2
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where x, y, and z subscripts denote three directions and c and t
represent compression and tension. σ11, σ22, σ33, τ12,τ23, and
τ13 are the effective normal and shear stresses respectively.
S12, S23 and S13 are the in-plane (in the X–Yplane, Y–Z plane,
X–Z plane) shear strength. Xt and Xc are the X-direction ten-
sile and compressive strengths. Yt and Yc are the Y-direction
tensile and compressive strengths. Zt and Zc are the normal
tensile and compressive strengths.etx, e

c
x, e

t
y, e

c
y, e

t
z, and ecz are

the failure factors. α and β are the weight coefficients of shear
stresses on the X- and Y- directions fiber and matrix tensile
failure. The coefficients α and β are set to 1.0 in this paper.

90°fiber 

layer

0°fiber

layer

1

3

2

Nonwoven 

fabrics

Fig. 3 Definition of local coordinate system: 1 X-direction along one of
the fiber orientation, 2 Y-direction, and 3 Z-direction normal to the fiber
layer plane
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Fig. 4 FE model of drilling 2.5D
C/C composite
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2.2 Progressive failure model

Many fiber-reinforced composite materials exhibit elastic-
brittle behavior, that is, damage in these materials, such as
C/C composites, is initiated without significant plastic defor-
mation. Consequently, plasticity can be neglected when
modeling the behavior of such materials.

According to the Continuum Damage Mechanics (CDM)
model originally developed by Kachanov [37], the relation
between the effective stress tensor, σ, and the nominal stress
tensor, σ, is postulated to have the form

σ ¼ Mσ ð7Þ
whereM is a damage effect tensor, which has the diagonal form:

M ¼

1

1−d1
0 0 0 0 0

1

1−d2
0 0 0 0

1

1−d3
0 0 0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−d1ð Þ 1−d2ð Þp 0 0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−d1ð Þ 1−d3ð Þp 0

sym
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−d2ð Þ 1−d3ð Þp

2
6666666666666666664

3
7777777777777777775

ð8Þ

where d1, d2, and d3 are damage variables for X-, Y-, and Z-
directions failure modes, respectively. The damage tensor D has
the diagonal form:

D ¼
d1 0 0
0 d2 0
0 0 d3

2
4

3
5 ð9Þ

According to [38], linear behavior, until damage initiation,
is generally assumed unless otherwise specified. Once a fail-
ure criterion has been met, the material properties are gradu-
ally degraded following a nonlinear strain-softening law. The
stress-strain constitutive model of the damaged material can
be computed by Eq. (10)

σ ¼ Cdε ð10Þ
where Cd is the damage stiffness matrix, ε is the nominal
strain tensor.

Cd ¼ M−1CMT ;−1 ð11Þ
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ð12Þ

where C is the undamaged stiffness matrix of orthotropic ma-
terials. Once a damage initiation criterion is satisfied, further
loading will cause degradation of material stiffness coeffi-
cients. The reduction of the material’s stiffness coefficients is
controlled by damage variables that might assume values be-
tween zero (undamaged state) and one (fully damage state for
the mode corresponding to this damage variable) [39]. d′ is a
coefficient of damage variables, and d′ is set to 0.999 to avoid
the excessive element distortion in the FEA process.

Table 1 Mechanical
properties of 2.5D C/C
composite

Properties Value

ρ(g/cm3) 1.73

E1 = E2(Gpa) 31.38

E3(Gpa) 15.02

G12(Gpa) 8.26

G13 = G23(Gpa) 3.96

υ12 0.12

Xt = Yt(Mpa) 52.93

Xc = Yc(Mpa) 132.37

Zt(Mpa) 20.98

Zc(Mpa) 182.51

S12(Mpa) 91.53

S13 = S23(Mpa) 21.95

Fig. 5 FE meshes of drill and
workpiece. a Drill; b workpiece
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The bi-linear constitutive relationship in Eq. (10) leads to
the following damage evolution law.

dki Tð Þ ¼ max
T

0;min 1;
εk; fi εki −ε

k;0
i

� �
εki T
� �

εk; fi −εk;0i

� �
2
4

3
5

8<
:

9=
;;∀T ≤T

ð13Þ
where T represents the fictitious time that distinguishes each
load increment during the FEA and is introduced to account
for the irreversibility of the damage, i = 1, 2, 3 and k = t, c.

Where εk;0i ≤εki T
� �

≤εk; fi . εk;0i is the strain at the onset of fail-

ure which depends on the fracture criterion employed, and εk; fi
is the strain at failure defined such that the energy dissipated to
create the fracture surface is correctly accounted for.

εk;0i ¼ Ri=Ei, where Ri is the damaged material strength and

Ei is the elastic modulus of the damaged material.εk; fi is set to
0.06 according to the reference [40].

Falzon and Apruzzese [41] found that strain localization is
a major problem in the FE modeling of material instability
phenomena, such as that induced by damage accumulation.
As in [41], in the formulation presented, the energy absorbed
per unit of cracked area is independent of the mesh refinement
and hence the mesh dependency typical of many failure
models should be avoided.

According to [38], to correct this behavior, the crack
band model proposed by Bažant and Oh [42] can be used.
The area under the uniaxial stress–strain curve is adjusted
by expressing the strain at failure, εf, as a function of the
energy release rate, Gf, which is a measure of energy
dissipated per unit area, with the energy dissipated per
unit volume, the material strength, R, and a characteristic
length of the finite element, Lf,

ε f ¼ 2Gf

RLf
ð14Þ

Lf is set to 0.05 mm in this paper.

3 Finite element model of drilling

The model presented in this work is able to reproduce drilling
of 2.5D C/C composite including chip removal. The FE code
Abaqus/Explicit is used to perform the numerical simulations.
The complete movement of the drill including feedrate and
spindle speed is simulated.

A 3D FEmodel of drilling is developed which consists of a
two-flute conventional carbide twist drill. The drill is modeled
in Siemens NX7.5 and imported into the FE software. The
2.5D C/C composite plate and the boundary conditions are
shown in Fig. 4. Three degrees of freedom are constrained
all round the plate to simulate the fully clamped status.
Similarly, the drill is constrained in X- and Y-directions to
model the drilling process parameters. The heat generation
and tool wear are ignored in the simulation.

A 0.5-mm-thick 2.5D C/C composite plate is used in the
model. A local coordinate system is defined to account for
orientations of fibers of the plate and material behavior pre-
cisely. The material properties of 2.5D C/C composite used in
the FEA are shown in Table 1.

Fig. 6 Experimental setup for drilling 2.5D C/C composite plate

Table 2 Machining parameters used in drilling of 2.5D C/C
composites

Point angle
2φ

Spindle speed
n (rpm)

feedrate
vf (mmpm)

160° 3000 120

150

180

2990 Int J Adv Manuf Technol (2017) 93:2985–2996



Elastic stiffness of the carbide twist drill is in the range of
500–700 GPa as compared to 31.38 GPa for the 2.5D C/C
composite in the fiber directions. Hence, in the FEA, the twist
drill is modeled as a discrete rigid body with nominal diameter
equal to 6 mm to reduce the computational cost involved in
the highly resource-consuming drilling simulations.

The twist drill is fed into the workpiece in the axial direction
using a velocity boundary condition, which represents the
feedrate during experiments. An angular velocity about the drill
axis equivalent to the spindle speed of 3000 rpm is superimposed
on the drill geometry. Three sets of simulations are carried out
with three different feedrates (120,150, and 180 mmpm).

The surface of drill is represented by three node triangular
rigid surface elements (R3D3). The drill mesh size is 0.2 mm.
In the square C/C composite plate modeled, the plate is repre-
sented by eight node brick elements (C3D8R) to reduce com-
putational time and cost. The mesh sensitivity is very important
in simulations. Thus, a rigorousmesh sensitivity study is carried
out to obtain a computationally accurate finite element mesh. A
cuboid mesh size 0.1 mm × 0.1 mm × 0.05 mm in the vicinity
of the drilling area is used, while a coarser mesh of
0.25 mm × 0.25 mm × 0.125 mm is used in the area away from
the zone of interest. The FE meshes are shown in Fig. 5. Once
the failure criteria are satisfied, the failed elements are removed
from the FE model.

Contacts between the twist drill and the 2.5D C/C compos-
ite plate are defined based on the general contact algorithm
available in Abaqus/Explicit. This algorithm generates the

contact forces based on the penalty-enforced contact method.
The interaction between surfaces (tool/workpiece) is con-
trolled by the Coulomb friction law. The friction coefficient
μ is used to account for the shear stress of the surface tractions
with the contact pressure p and can be represented as T = μp.
In this case, the frictional contact between a drill and the C/C
composite plate is modeled with a constant coefficient of fric-
tion of 0.3 used in the drilling of CFRP in the reference [43].

4 Experimental procedure

The drilling experiments are conducted on a JOHNFORD 3-
axis vertical machining center with a FANUC-OI-MBNCunit
and a maximum speed of 8000 rpm. Two-flute conventional
carbide twist drills with diameter 6 mm and a 160° point angle
are used. The experimental setup is shown in Fig. 6. Avacuum
cleaner is used to collect the cutting chips, as the dry cutting
method is used with no coolant.

The experiments are conducted at 3000 rpm at three differ-
ent feedrates given in Table 2. The thrust force signals during
drilling are measured using the Kistler dynamometer 9255B.
Dynamometer is charged, and the signals are collected by a
data acquisition system which includes a Kistler multi-
channel charge amplifier 5019B and Kistler Dynoware soft-
ware. Experiments are repeated three times, and the results
reported are all mean values.

Table 3 Experiment and FEA
data of thrust force under different
drilling condition

No. Point angle (°) Spindle

speed (rpm)

Feedrate (mmpm) Thrust force (N)

Experiment FEA Relative error (%)

1 160° 3000 120 38.79 41.92 8.07

2 160° 3000 150 46.16 52.56 13.86

3 160° 3000 180 52.01 56.83 9.27
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Fig. 7 Experimental and simulation thrust force evolution
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5 Results and discussions

5.1 Analysis of thrust force

Model validation is carried out by comparing experimental
and simulated thrust forces. Maximum thrust forces (being
the peak value of the thrust force evolution versus cutting
time) are obtained from the experimental measurement and
the numerical simulations. Table 3 shows all the numerical

values of experimental tests and FEA results. Figure 7 shows
the thrust force evolution versus cutting time for the first case
in Table 3.

For this first case in Table 3, the spindle speed is equal to
3000 rpm and the feedrate is equal to 120 mmpm. The average
maximum thrust forces in the steady status (being in the green
dash lines boxes shown in the Fig. 7) are 38.79 and 41.92 N,
respectively. This shows that the FEmodel estimates the thrust
force accurately with 8.07% deviation from the test results. A

Fig. 8 Effects of feedrate on
thrust force

t = 0.15s t = 0.25s

t = 0.35s t = 0.45s t = 0.55s

t = 0.001s

Fig. 9 Stress distributions in the drilling of 2.5D C/C composite plate (n = 3000 rpm, vf = 120 mmpm)
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good agreement between measured and predicted thrust forces
can be found from Fig. 7. In the steady status, it can be seen
from Fig. 7 that the experimental values of thrust force
changed from 9.41 to 48.59 N, while the FE model estimated
results changed from 8.27 to 50.55 N. In the second and third
cases, the maximum relative differences are about 13.86 and
9.27%, respectively. This result agrees well with conclusion in
literature [11], in which the maximum relative difference be-
tween the experimental value and the predicted value by re-
gression equations is 13.8% for the thrust force. The result
gives the confidence about the capability of the FE model in
its prediction of the thrust forces for drilling of 2.5D C/C
composites.

Figure 8 shows the effect of feedrate on the average max-
imum thrust force. The FE model estimates the thrust force
between 41.92 and 56.83 N for the ranges of feedrates select-
ed. The obtained results indicate that thrust force in drilling

increases with the increasing feedrate. It can be seen from
Fig. 8 that the average maximum thrust force is the highest
at the feedrate of 180 mmpm and lowest at the feedrate of
120 mmpm for the constant spindle speed of 3000 rpm.
Comparing the levels of experimental and FE simulation
thrust forces for different feedrates, it can be observed that
when feedrate is changed from 120 to 180 mmpm, the thrust
force increases by 34 and 36%, respectively.

5.2 Analysis of stress in the workpiece

The progressive damage and the stress distributions of the
2.5D C/C composite plate during the drilling process are
shown in Fig. 9. The total drilling time is 0.55 s. It can be
observed from the images that stress is induced in the work-
piece as the drill touches the workpiece material surface. The
maximum stress is about 120Mpa when t = 0.25 s. As the drill

Fig. 10 Progressive damage analysis of workpiece (n = 3000 rpm, vf = 180 mmpm)

Fig. 11 Simulation results of
burrs at the entrance and exit of
the hole edges
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moves into the material, the material continues to fail accord-
ing to the damage model. When the elements fail completely,
they are removed from the model. As the drilling process is
finished (t = 0.55 s), the residual stress is about 16 Mpa.

5.3 Analysis of damage

Figure 10 shows the contour plots of progressive damage of
the 2.5D C/C composite workpiece at the time of 0.37 s of
drilling process in case of the spindle speed is 3000 rpm and
the feedrate is 180 mmpm. The subfigures SDV14, SDV15,
SDV16, SDV17, SDV18, and SDV19 represent the damage
revolution of the X-direction fiber-matrix tension, X-direction
fiber-matrix compression, Y-direction tension, Y-direction
compression, normal tension, and normal compression.
When the values of failure factors etx, e

c
x, e

t
y, e

c
y, e

t
z, and ecz

reach to 1, failure in that mode occurs.
It can be observed from the images that damages distribute

around the hole edge randomly and decrease gradually along
the radial direction. The maximum damage variables of X-
direction fiber-matrix tension and compression are 0.86 and
0.07, respectively. The maximum damage variables of Y-
direction tension and compression are 0.59 and 0.07, respec-
tively. The maximum damage variables of normal tension and
compression are 0.87 and 0.46, respectively. Damages are
mainly caused by tensile stress, and tensile damages are more
serious than compression damages. The most serious damage
located in the normal direction since the tensile failure strength
in the normal direction is lower comparing to compressive
failure strength. Moreover, the tensile failure strength in the
normal direction also is far lower than that in the X- and Y-
directions.

Figure 11 shows the FE simulation results of burrs at the
edge of entrance and exit in drilling of 2.5D C/C composite
plate. Figure 12 shows the experimental results of burrs at the
entrance and exit of the hole after drilling. It can be observed
from these images that the burrs at the exit edge are more
serious than the entrance. This corresponds with not only the
experimental results, but also it agrees with the conclusions in

[44]: Feedrate acts as the most important factor that influences
damage at the entrance of the hole, and cutting speed serves as
the key factor that affects the damage at the exit of the hole.

6 Conclusions

In this paper, the effect of cutting parameters on thrust force in
drilling of a 2.5D C/C composite plate is investigated both
experimentally and numerically. A 3D FEA method for dril-
ling of 2.5D C/C composites is presented.

A user-defined 3D damage model (VUMAT) for the pre-
diction of thrust force is developed and implemented in the FE
code Abaqus/Explicit. An improved damage initiation model
for drilling of 2.5D C/C composites is developed based on the
Shokrieh-Lessard’s model and the Hashin’s failure criteria.
Six different damage initiation mechanisms, namely X-
direction fiber-matrix tension, X-direction fiber-matrix com-
pression, Y-direction tension, Y-direction compression, nor-
mal tension, and normal compression, are considered and
modeled separately. In order to approximate real failure pro-
cess of 2.5D C/C composites, an improved 3D progressive
failure model is modeled in detail.

The element–deletion approach based on the threshold
stress levels in 2.5D C/C composites is implemented in the
material model to allow for the hole-making process in dril-
ling. The FE model predicts the drilling thrust force with 8.07
to 13.86% deviation when compared to experimental results,
which is a reasonable accuracy. Moreover, the FE model can
predict material failure process and damage with different cut-
ting parameters in drilling of 2.5D C/C composites. The fol-
lowing conclusions are found from the verification
experience:

& Cutting parameters have a significant influence on the
stress, thrust force, and damage in drilling of 2.5D C/C
composites. The thrust force and damage increase with the
feedrate, but lower thrust force and damage can be get
with the increase of cutting speed. Since burrs at the exit

a b

Burrs

Burrs

Fig. 12 Experimental results of
burrs at the entrance and exit of
the hole edges (n = 3000 rpm,
vf = 180 mmpm). a Entrance; b
exit
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edge are more serious than the entrance, cutting parame-
ters should be adjusted accordingly at different period: at
the exit of the hole, lower feedrate, and higher cutting
speed can reduce damage.

& Tensile damages are more serious than compression dam-
ages in drilling of 2.5D C/C composites; this is owing to
the fact that tensile stress is larger than compression stress.
In addition, the most serious damage locates in the normal
direction since the tensile failure strength in the normal
direction is lower comparing to compressive failure
strength. Moreover, the tensile failure strength in the nor-
mal direction also is far lower than that in the X- and Y-
directions.

Generally, in order to achieve high accurate results for
prediction of thrust force and damage in drilling of C/C
composites, very fine mesh is essential. However, a more
precise simulation has high requirement on computing
resources. It can be seen that the accuracy of the predicted
thrust force with different process parameters still needs to
be improved, not only a more realistic friction model but
also an enhanced damage model and thermal effects
should be considered into the FE model, which consists
of the future work of this study.
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