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Abstract Despite increased applications of carbon
fiber-reinforced plastic (CFRP)materials inmany industries, such
as aerospace, their machining is still a challenge due to their
heterogeneity and anisotropic nature. In this research, a finite
element model is used to investigate the cutting forces, chip
formation mechanism, and machining damage present during
the flat end milling of unidirectional CFRP. The material is
modeled as an equivalent orthotropic homogeneous material,
and Hashin’s theory is used to characterize failure in plane
stress conditions. The friction coefficient between the tool
and the composite material was assumed to be dependent on
the carbon fiber orientation. A comparison of modeling and
experimental results indicates that themodel successfully predicts
the cutting forces. The numerical model predictions of
machining damage around the cutting area due to fiber compres-
sion damage and matrix cracking and the relation between dam-
age extension and fiber orientation are confirmed through
a comparison with SEM images of machined edges and
surfaces.

Keywords Carbon fiber-reinforced plastics . Milling . Finite
element analysis . Machining damage . Cutting forces

1 Introduction

Carbon fiber-reinforced plastics offer high strength and
stiffness-to-weight ratio, low density, long fatigue life, and
high corrosion and wear resistances, which make them one
of the most important composite materials used in many in-
dustries, such as aerospace, construction, and transportation,
as well as for medical and military applications.

Carbon fiber-reinforced plastic (CFRP) parts are usually
produced to near net-shape, but some machining operations,
such as milling, drilling, and trimming, are often required to
remove excess materials and bring the parts to the final size
and shape [1]. The machining of CFRP materials is a chal-
lenging process, due to their heterogeneity and anisotropic
behavior, and can generate some damages, such as fiber frag-
mentation, fiber pullout, matrix softening/melting, matrix
cracking, fuzzing, burring, and delamination.

Experimental research on composite machining is not only
expensive and time-consuming, but also the carbon chips that
are produced during machining of CFRP are dangerous for
human health. In addition, interpreting the experimental
results is difficult due to the complexity of the milling process
and the anisotropy of the composites [2]. In recent years,
therefore, with the improvement of computer technology,
many researchers have focused on numerical modeling to
study CFRP machining. The numerical modeling of
fiber-reinforced composites can be classified under two gen-
eral approaches: (I) micromechanical approach, where the
composite is modeled as a multi-phase material, and (II)
macromechanical approach, where the composite part is
modeled as an equivalent homogeneous material (EHM).
The micromechanical approach has been used successfully
to predict local defects (such as debonding) and cutting forces
[3] . Nayak et a l . [4 ] presented two micro- and
macromechanical models and compared the predicted forces
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of both with experimental results. They concluded that both
models are able to accurately predict the principal cutting
force, but the micromechanical models offer better estimations
of thrust forces. They also indicated that the sub-surface dam-
ages and cutting forces increase with the fiber angle.

Despite the advantages presented by the micromechanical
approach, it has some limitations. Micromodeling is more
complex than macromodeling and requires very high calcula-
tion times and precise details regarding fibers, fiber-matrix
arrangements, and their interfacial and physical properties.
Therefore, many researchers have applied macromechanical
approaches to model fiber-reinforced composite orthogonal
cutting [3]. Lasri et al. [5] investigated the cutting of glass
fiber-reinforced plastics (GFRP) using maximum stress, as
well as the Hashin and Hoffman failure criteria. The principal
cutting forces predicted with the Hashin criterion were closer
to the experimentally measured data, but the predicted thrust
forces for all failure criteria were much lower than the

experiments’. Santiuste et al. [6] and Soldani et al. [2] con-
firmed the shortcoming of macromechanical modeling in
predicting the thrust forces in orthogonal cutting of
fiber-reinforced plastics. Mkaddem et al. [7, 8] developed a
micro-macromodel to combine the advantages of both ap-
proaches. They considered the composite material as a homo-
geneous material, but the friction coefficient between the tool
and the workpiece was assumed to be dependent on the fiber
orientation. Their model successfully predicted the sub-
surface damages and cutting and thrust forces with a lower
mean error (6 % for cutting forces and 26 % for thrust forces)
than did another macromechanical model presented by Nayak
et al. (17 % for cutting forces and 44 % for thrust forces) [4].
Their modeling result demonstrated that the cutting forces
increase with an increase of the fiber angle, while the thrust
force increases with the fiber angle up to 45°, and then de-
creases to its minimum at 90°.

To the authors’ knowledge, although many models
have been proposed for simulating the orthogonal cut-
ting of CFRP, there is no numerical model simulating
the machining of CFRP, such as the surface milling
process. This work is therefore an attempt to present
the first numerical model for CFRP milling. Despite
the advantages of 3D modeling in comparison to 2D
modeling, such as the ability to simulate out-of-plane
failure (intralaminar and interlaminar (delamination)
damages) [9, 10], it requires huge computation time.
In addition, the authors’ previous research showed that
delamination is not the major concern during CFRP sur-
face milling, compared to other machining processes
such as drilling [11]. Thus, a two-dimensional finite
element model was developed to study the cutting
forces, chip formation, and machining damage occurring
during CFRP milling. The composite material was
modeled as an equivalent homogeneous material. An
adaptive meshing approach was employed in the cutting
zone, and the friction coefficient between the tool and
workpiece was assumed dependent on fiber orientation.

Table 1 Mechanical and physical properties of CFRP unidirectional laminate (TC-09-U)

Mechanical properties CFRP Method/reference Mechanical properties CFRP Method/reference

Longitudinal modulus, E1 (GPa) 122.6 ASTM D3039 Longitudinal shear strength, SL (MPa) 76.75 ASTM D5379

Transverse modulus, E2 (GPa) 7.01 ASTM D3039 Transverse shear strength, ST (MPa) 45.9 ASTM D5379

In-plane shear modulus, G12 (GPa) 12.669 ASTM D5379 Fracture energy-fiber tension (kJ/m2) 91.6 [33]

Major Poisson’s ratio ν12 0.27 Fracture energy-fiber compression (kJ/m2) 79.9 [33]

Longitudinal tensile strength, XT (Mpa) 1388.0 ASTM D3039 Fracture energy-matrix cracking (kJ/m2) 0.22 [33]

Longitudinal compressive strength, XC (Mpa) 551.69 ASTM D6641 Fracture energy-matrix crushing (kJ/m2) 1.1 [33]

Transverse tensile strength, YT (Mpa) 48.2 ASTM D3039 Specific gravity (g/cm3) 1.552 ASTM D 792

Transverse compressive strength, YC (Mpa) 124.53 ASTM D6641

Fig. 1 Milling experiment set-up
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In order to validate the developed model, milling exper-
iments were performed and compared to the modeling
results.

2 Experimental procedure

2.1 Composite materials

A high-performance carbon fiber epoxy unidirectional pre-
preg (P2053F-10) from Toray Inc., with a surface density of
100 g/m2 and fiber volume content (Vf) of 60 %, was used to
produce unidirectional CFRP laminate with a final average
thickness of approximately 6.3 mm. The plates were then
post-cured in an autoclave according to the cure cycle recom-
mended by the supplier. The mechanical and physical proper-
ties of the material were needed for the modeling. Therefore,
compression, shear, and tensile tests (according to ASTM
D6641 [12], ASTM D5379 [13], and ASTM D3039 [14],
respectively) were carried out in both the fiber and transverse
directions of the unidirectional composite, and the specific
gravity, also required as a physical property, was measured

based on ASTM D-792 [15]. The material properties used in
the model are summarized in Table 1.

2.2 Milling process

The milling experiments were carried out on a Huron K2X10
three-axis CNC machine with a maximum spindle speed of
28,000 rev/min (Fig. 1). A 3/8″ polycrystalline diamond
(PCD) flat end mill (Fig. 2) was used for milling tests.
Figure 2b shows the tool geometry, including the rake and
relief angles that were measured using a Keyence VHC-
]500F type digital microscope. An average tool edge radius
of 5 μm was measured by an Olympus LEXT OLS4000 3D
confocal laser microscope (Fig. 2d).

According to the results of the authors’ previous re-
search works [11, 16], a better surface quality can be
achieved using a lower feed rate and a moderate cutting
speed during CFRP surface milling. Therefore, in the
present work, a moderate cutting speed of 250 m/min
was used, while the feed rate was kept constant at
0.063 mm/rev (the lowest feed rate in the authors’ pre-
vious research). The axial depth of cut was maintained
constant at 0.5 mm for all milling tests. The milling

Fig. 2 Cutting tool geometry
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experiments were carried out with four different machin-
ing directions (defined in Fig. 3 by the angle between
carbon fibers and the feed direction) of 0°, 45°, 90°,
and 135°. The cutting forces during machining were
measured using a Kistler 9255B(#3) three-axis dyna-
mometer table connected to a Kistler-type 5010 charge
ampl i f ier (Fig . 1) . A Mitutoyo SJ400 contact
profilometer was used to measure the roughness of the
machined surfaces. The surfaces and edges of the ma-
chined slots were also examined using a Hitachi
S-3600N scanning electron microscopy (SEM).

3 Numerical modeling

3.1 Geometry, contact, meshing, and analysis

CFRP milling is a three-dimensional process and involves
geometrically complex operations. Its modeling is thus very
complex and requires huge computation time. A simplified
two-dimensional orthogonal cutting model can describe the
milling process very well, with a lower computation time than
3D modeling. During milling with a flat end mill, most of the
cutting is performed using the periphery of the cutter. Figure 4

Fig. 3 Numerical modeling set-
up

Fig. 4 The chip deformation by
the tool side cutting edge and
cutting edge corner
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schematically shows that the chip deformation by the cutting
edge corner is negligible as compared to that by the side cut-
ting edge. As can be seen in Fig. 3b, the flat end milling
process can then be assumed as the sum of a deck of 2D
deformation process sections. To reduce the computation
time, a simplified geometry of one cutting edge was modeled
for a small portion (Fig. 3c) of the tool rotation and for differ-
ent tool rotation angles: 30°, 45°, 60°, 90°, 120°, 135°, and
150°.

In the actual milling process, the cutting edge tip travels on
a trochoidal path as a result of the feed rate and spindle rota-
tion. However, the tool path can be assumed circular for small
chip thickness values [17]. The conventional uncut chip thick-
ness (hn(θ)) was calculated for different tool rotation angles (θ)
by the following equation, based on the assumption of a cir-
cular tool path:

hn θð Þ ¼ f z sinθ ð1Þ

where fz represents the feed per tooth (fz= f/Z, Z: number of
teeth) [18].

The displacement of the workpiece bottom in the cutting
and perpendicular directions, and the displacement of the
workpiece extremities in the machining direction were re-
strained (Fig. 3c). The unidirectional CFRP was modeled
as a homogeneous orthotropic material. A plane strain model
is not appropriate for composite materials due to the
out-of-plane material displacement observed during the cut-
ting process [5]. A plane stress model was therefore consid-
ered, using continuum solid elements CPS4R, available in
the commercial finite element code ABAQUS/Explicit ver-
sion 6.12, and allowing linear interpolation, reduced integra-
tion, and automatic hourglass control. The milling tool was
assumed to be a rigid body in order to save the computation
time (the elastic modulus of polycrystalline diamond mate-
rial is six times greater than that of CFRP in the fiber direc-
tion [19]). In many research works, the orthogonal cutting

process is modeled based on quasi-static analysis, emphasiz-
ing the initial instant of the cutting process [5, 20, 21]. The
low strain rate dependence of CFRP materials due to their
brittle nature supports this assumption [5]. Thus, a quasi-
static analysis was employed in the present study.

A reference point controlled the movement of the
cutting tool (Fig. 3d), which was modeled with the ge-
ometry described in the previous section, with a rake
angle of 8°, a clearance angle of 12°, and an edge
radius of 5 μm. Wang and Zhang [22] found that there
is a difference between the nominal and real depths of
cut due to the bouncing back phenomenon. This phe-
nomenon occurs when a certain part of the material
below the tool is pushed down without cutting, partially
producing an elastic springback after the tool passes
through. Thus, in this model, the workpiece was config-
ured with a round corner ahead of the cutting tool in
order to take into account the bouncing back effect dur-
ing cutting. As can be seen in Fig. 3c, the mesh of the
workpiece was refined in the cutting zone surrounding
the tool edge tip (mesh size of 10 μm, approximately
equal to the fiber diameter). Arbitrary Lagrangian-
Eulerian (ALE) adaptive meshing is a general formulation
]that combines the features of pure Eulerian and
pure Lagrangian analysis. This technique allows the
mesh to move independently of the underlying material.
Thus, it can control the element distortion and maintain
a high-quality mesh, even in a process involving large
material deformations, by allowing the mesh to move
independently of the underlying material [23]. The
ALE method was used in this research to reduce mesh
distortion.

3.2 Contact modeling

The interaction between the work material and tool was
modeled by using the surface-node surface contact available

Fig. 5 a Variation of friction
coefficient with respect to fiber
orientation [4, 8], b effect of fiber
orientation on fiber area fraction,
and c fiber area fraction forφ and
−φ fiber orientation
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in ABAQUS/Explicit. The cutting tool was defined as the
master object and the workpiece as the slave object. Friction
is an important phenomenon that influences the accuracy of
predicted cutting forces in machining simulation. In the pres-
ent model, the friction between the workpiece and the cutting
tool was described by Coulomb’s friction law (Eq. 2), where

the frictional stress (τn) on the tool is proportional to the nor-
mal stress (σn), with a constant friction coefficient (μ), such
that

τn ¼ μσn ð2Þ

Fig. 6 Chip formation
mechanism in milling of CFRP
with a 0° feed rate orientation
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Many researchers assume a constant coefficient of friction
for all fiber orientations, such as 0.3 [24–26], 0.4 [27], or 0.5
[5, 6]. Nayak and Bhatnagar [4] showed that the friction coef-
ficient increased by increasing the fiber angle using
pin-on-disk tests (Fig. 5a). The coefficient of friction is a func-
tion of the area fraction and coefficients of friction of the fiber
and of the matrix phases in the composite [28]. The fiber ori-
entation influences the fiber area fraction (as shown in Fig. 5b)
and can therefore affect the composite friction coefficient. To
enhance cutting force predictions, variable coefficients of fric-
tion (between 0.3 and 0.9) were determined for different fiber
orientations, according to Nayak et al.’s research. Figure 5c
shows that the fiber-reinforced composites with a negative
and positive fiber orientation angle (φ and −φ) have the same
fiber area fractions. Thus, the friction coefficient amounts in
Fig. 5a were used for both positive and negative fiber orienta-
tion angles in modeling the tool/workpiece surfaces’ contact.

4 Failure criteria

Lasri et al. [5] compared the maximum stress and Hashin and
Hoffman failure criteria for the orthogonal cutting of FRP and
concluded that cutting forces predicted using the Hashin fail-
ure criterion are closer to experimental results. Thus, Hashin’s

theory was used to predict damage and failure modes in this
research. This failure criterion presents four failure modes,
namely, fiber tensile failure, fiber compressive failure, matrix
cracking, and matrix crushing modes, according to the follow-
ing equations [29, 30]:

Tensile fiber failure for σ11≥ 0 : σ11

.
XT

� �2
þ α τ12

.
SL

� �2
≤1 ð3Þ

Fiber compression σ11 < 0ð Þ : σ11
.
XC

� �2
≤1 ð4Þ

Matrix cracking σ22 > 0ð Þ : σ22

.
YT

� �2
þ τ12

.
SL

� �2
≤1 ð5Þ

Matrix crushing σ22 > 0ð Þ : σ22
.
2ST

� �2
þ YC

.
2ST

� �2
−1

� �

σ22

.
YC

� �
þ τ12

.
SL

� �2
≤1

ð6Þ

where σ11, σ22, and σ12 are the normal stresses in the fiber and
transverse directions and the in-plane shear stress, respective-
ly. All other variables are listed in Table 1. The onset of dam-
age was predicted using Hashin’s failure criterion, and mate-
rial degradation was modeled by reducing the material stiff-
ness to 0. Reducing the stiffness to 0 occurs gradually in the
modeling process by controlling damage variables, varying
between 0 for the undamaged state to 1 for the fully damaged
state. The evolution law of the damage variable is based on the
fracture energy dissipated during the damage process [31].

Fig. 7 Comparison between the
experimental and simulated
values of the cutting forces for a
0° machining direction, a 250 m/
min cutting speed, a 0.063 mm/
rev feed rate, and a 0.5-mm depth
of cut

Fig. 8 Comparison between the
experimental and simulated
values of the cutting forces with a
90° machining direction, 250 m/
min cutting speed, 0.063 mm/rev
feed rate, and 0.5-mm depth of cut
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The fracture energies used in themodel for the different failure
modes are presented in Table 1.

5 Results and discussion

5.1 Chip formation

In the model, the tool moves towards the workpiece material
until a complete chip is formed after reaching material failure
on the free surface ahead of the cutting tool. Figure 6 shows
the chip formation process for different tool rotation angles in
CFRP milling, with a machining direction of 0°. The horizon-
tal and vertical axes (on the top and left sides of the figure)
represent the failure modes and tool rotation angle, respective-
ly. At low tool rotation angles (30°, 45°, and 60°), the fiber
compressive failure and matrix crushing progressed in the
fiber direction until completion of the chip formation. For
higher tool rotation angles (90° and more), while the cutting
tool progresses in the workpiece, a stressed zone is formed
ahead of the tool edge, and matrix crushing damage is extend-
ed in the fiber direction until chip formation. The matrix

cracking damage mode is illustrated in the last column of
Fig. 6. It can be seen that matrix cracking failure affected a
relatively large zone of uncut material below the tool for all
tool rotation angles. The second column of Fig. 6 shows the
fiber tensile failure mode for all tool rotation angles. The effect
of this failure mode was almost negligible on the limited area
ahead of the tool tip.

Comparing the fiber compression damage mode of all tool
rotation angles in Fig. 6 (the first column) demonstrates that
compression failure occurs in the direction of fibers. For 45°
and 60° tool rotations, a large zone of uncut material is affect-
ed by this failure mode. Similarly, Santiuste et al. [6] conclud-
ed that the matrix failure modes (matrix crushing and cracking
damages) control the chip formation in CFRP orthogonal cut-
ting. Their results also showed that the effect of fiber failure
modes is almost negligible in the chip formation mechanism,
while the findings of the present research show that the effect
of fiber compressive failure is significant for lower tool rota-
tion angles.

The materials’ behavior under load can generally be clas-
sified as ductile or brittle, based on their ability to undergo
plastic deformation before fracture [32]. Santiuste et al. [6]
found, from finite element analysis results, that glass
fiber-reinforced plastics behave like ductile materials by
showing a progressive damage process, while CFRPs are brit-
tle materials showing little or no progression of damage.
These results are supported by the actual modeling results
demonstrating that CFRPs undergo catastrophic failure with
negligible plastic deformation.

5.2 Cutting forces

Cutting forces in the X and Y directions are calculated in the
model from the reaction exerted by the workpiece material on
the tool reference point (Fig. 3d). The cutting forces obtained
from the 0° and 90° milling directions are shown in Figs. 7 and
8, respectively. These figures show a good agreement between
the experimental and predicted values of the cutting forces.
The left images (Figs. 7a and 8a) show the cutting forces in the

Fig. 9 Resultant cutting forces and the force components in X and Y
directions for different tool rotation angles

Fig. 10 CFRP machined surface
for different machining directions
of a 0°, b 45°, c 90°, and d 135°,
250 m/min cutting speed,
0.063 mm/rev feed rate, and 0.5-
mm depth of cut
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time domain for seven complete rotations of the tool (the
two-flute tool generating 14 peaks in the graph), and the right
images (Figs. 7b and 8b) show the cutting forces of one tooth
for a 180° rotation of the tool. Each peak of the force profile in
Figs. 7a and 8a thus represents the passage of one tooth. It is
clearly shown that the force profiles for the two teeth of the
tool are not completely similar. The small difference seen can
be explained by the tool run-out during the milling process.
Tool run-out affects the cutting forces profile in conventional
milling operations by affecting the feed per tooth of each tooth
[18].

By comparing the cutting forces in Figs. 7b and 8b, it can
be observed that those forces do not have similar profiles and
amplitudes for different machining directions. It thus seems
that fiber orientation has a significant effect on the cutting
force profiles during machining of unidirectional CFRP. This
can be explained by the anisotropic character of unidirectional
fiber-reinforced plastic materials.

Figure 9 shows the resultant cutting forces and force com-
ponents in the X and Y directions for different tool rotation
angles. As can be seen in this figure, the cutting force

components in the X direction (FX, red arrows) are always
in the positive direction of the X-axis. The model developed
also predicted the positive amount of the cutting forces in the
X direction (red lines in Figs. 7a and 8a) for all tool rotation
angles, while a negative FX was experimentally measured for
some edge passages (black lines in Figs. 7a and 8a) in the 180°
tool rotation, where the chip thickness is theoretically equal to
0. This difference between the experimental and modeling
results can be explained by the tool run-out that affects the
thickness and shape of the uncut chip area.

5.3 Surface integrity

Figure 10 shows the CFRP machined surface for different
machining directions (0°, 45°, 90°, and 135°). The best sur-
face quality in terms of surface roughness (Ra—arithmetic
average height) and lowest damage was achieved in the 0°
machining direction. As shown in Fig. 10d, many uncut fibers
are observed in milling at 135°, fibers that protrude from the
machined edges, resulting in a poor edge quality.

Fig. 11 Machining damage at different tool rotation angles: fiber pullout (FP), fiber/matrix de-cohesion (FD), matrix cracking (MC)
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Figure 11 illustrates the SEM photographs of the machined
surface and edges for different tool rotation angles and for the
0° machining direction. As can be seen, the larger damaged
zones on the machined edges are observed at tool rotation
angles of 45° and 60° (Fig. 11b, c), compared to other tool
rotation angles (Fig. 11a, d, e). This is in agreement with
Fig. 6, where the modeling results show that the compressive
damage failure mode affects a large zone of uncut materials
for tool rotation angles of 45° and 60°. As described in the
modeling results, matrix cracking failure affects a relatively
large zone around the cutting area. This modeling prediction is
confirmed by the presence of deep matrix cracking damage in
SEM images. A SEM image of the machined surface is shown
in Fig. 11h. As can be seen, a good surface quality was pro-
duced with the cutting condition used in this research (250 m/
min cutting speed, 0.063 mm/rev feed rate, 0.5-mm depth of
cut).

6 Conclusion

In this work, the surface milling of unidirectional carbon
fiber-reinforced laminates was studied by comparing finite ele-
ment analysis results with experimental results. The chip forma-
tion mechanism, machining damage, and cutting forces were in-
vestigated with the proposed finite element model. Based on the
results, the following conclusions are drawn:

& The developed 2D finite element model provided a better
understanding of the CFRP surface milling process. The
model was validated by comparing its results with exper-
imentally measured forces and SEM images of the ma-
chined surface. The model was able to predict the cutting
forces and machining damages, which is in good agree-
ment with experiments.

& The cutting forces do not have similar profiles for different
machining directions (angle between the carbon fibers and
feed direction), meaning that the cutting force profile de-
pends considerably on the fiber orientation.

& At low tool rotation angles (30°–60°), the fiber compres-
sive failure and matrix crushing progressed in the fiber
direction until completion of the chip formation, while at
higher tool rotation angles (90° and more), the chip was
formed in matrix crushing mode.

& The extension of machining damage significantly depends
on the fiber orientation. During milling in a 0° machining
direction, for all tool rotation angles, the compressive
damage in uncut materials extended in the direction of
fibers. For 45° and 60° tool rotations, this failure mode
affects a large zone of uncut materials, as was confirmed
by micrographic images. The matrix cracking failure also
affected a relatively large zone of uncut material below the
tool for all tool rotation angles.

& The numerical predictions of machining damage around
the cutting area, due to fiber compressive damage and
matrix cracking, were confirmed by SEM images of the
edges and surface of the machined zone.
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