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Abstract The usage of carbon-fiber-reinforced polymer
(CFRP) composite keeps increasing in modern industries.
However, the machining mechanism of CFRP, especially the
microscopic machining mechanism, is not well understood yet.
This paper aims to establish a force prediction model for orthog-
onal cutting of unidirectional CFRP (UD-CFRP) in microscale.
The deflection of the representative volume element (RVE),
composed of a single fiber and the surrounding matrix, is ana-
lyzed considering the effect of the surrounding materials based
on the minimum potential energy principle (MPEP). The critical
force in the cutting edge that causes fracture of the RVE is ob-
tained according to the bending deflection expression of the
RVE. In addition, by taking slipping, peeling, and bounding
mechanism in three different deformation areas into consider-
ation, a force prediction model of UD-CFRP orthogonal cutting
is established for fiber orientation ranging from 0° to γα+90°.
Several experiments have been conducted, and the results com-
parison shows that the model, though approximately, has gotten
acceptable agreement with the experimental results, which
proves the effectiveness of the analysis method.
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1 Introduction

CFRP composite’s usage in aviation, aerospace, and automo-
tive industries has been steadily increasing due to its high

specific strength, high specific modulus, high resistance to cor-
rosion, and low thermal expansion coefficient [1]. In
manufacturing and assembling process, an important aspect of
production technology is machining, such as edge milling [2]
and hole making [3]. In order to process CFRP better by ma-
chining, such as achieving high-precision surface without de-
lamination, fiber pull-out, and burning, there is a need to devel-
op a model of the machining of CFRP [4–8]. The major diffi-
culty in modeling machining of CFRP is that the mechanism of
the process is not completely understood. Themachiningmech-
anism of CFRP is different from that of conventional metals
and alloys due to the anisotropic and heterogeneous nature of
the materials [9]. However, in order to understand the machin-
ing mechanism of drilling or milling of CFRP, the analytical
approach of orthogonal cutting [10] is worth considering. There
are some research literatures focusing on the orthogonal cutting
of CFRP. They aimed to obtain the regularity of the machining
behavior and establish the predicting model of cutting forces.

Koplev et al. [11] examined the cutting of unidirectional
CFRP using shaping experiments, quick-stop experiments,
and a new chip preparation technique. They put forward the
thesis for the first time that the formation of the chips is in-
duced by the fracture of fiber and matrix. Wang et al. [12] and
Albert et al. [13] did some experimental studies on machining
of unidirectional composites, and they found that the material
removal and chip formation were primarily dependent on fiber
orientation. Işık [14] examined the surface roughness of uni-
directional glass-fiber reinforced plastic composite on the ba-
sis of cutting parameters such as depth of cut, feed rate, tool
geometry, and cutting speed. Next, Işık and Ekici [15] pre-
sented a new comprehensive approach to select cutting param-
eters for damage factor in drilling of glass-fiber-reinforced
polymer (GFRP) composite material and investigated the in-
fluence of drilling on surface quality of woven GFRP plastic
composite material experimentally. Subsequently, scholars
made many attempts on the CFRP machining through finite
element method (FEM), theoretical modeling method and
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experimental method. Arola and Ramulu [16] used the FEM
to simulate chip formation incorporating both the maximum
stress and Tsai-Hill failure criteria. Their study is a good start
for FEM of the CFRP machining, but they modeled the com-
posite workpiece as an equivalent homogeneous material,
which led to the limitation of the model in describing the
fracture of fiber and matrix. Taking this into consideration,
Rao et al. [17, 18] modeled the composite material as a mul-
tiphase material with cohesive zones as the interface between
fibers and matrix material. They predicted the damage and
chip formation mechanism for fiber orientation less than π/2
using ABAQUS/Standard FE code [17] and ABAQUS/
Explicit FE code [18], respectively. All the prior FEMmodels
that have been developed are quasi-static, and they are only
capable of predicting the location of failure in the first fiber
encountered by the tool rather than describing the failure
mechanisms in forming a full chip. Chakladar et al. [19] esti-
mated the drilling responses using finite element as a numer-
ical simulation tool and established an equivalent elastic
macromechanical model for the woven composite workpiece.
A 3D drill bit was modeled using commercial CAD package
Pro-Engineer and Ansys Autodyn was used as the solver en-
vironment. Calzada et al. [20] introduced a new approach to
interfacial modeling using continuum elements allowing fail-
ure to take place in either tension or compression. The model
was capable of describing the fiber failure mode occurring
throughout the chip formation process.

The FEM models reveal some mechanism of CFRP ma-
chining and display the chip formation process visually.
However, they do not explicitly uncover the mapping relation-
ship between the cutting forces and key variables, such as
fiber orientation, depth of cut, and fiber diameter.
Furthermore, the FEM models are not suitable for machining
process optimization, which usually needs a lot of iterations.
So, as a result, mechanical force models established through
theoretical analysis are of crucial importance. Bhatnagar et al.
[21] did early attempts to predict forces in cutting unidirec-
tional CFRP. They ascribed fiber breakage to axial tension as
the cutting mechanism and finally presented a model for
predicting the cutting forces using the shear plane theory.
Zhang et al. [22–24] suggested that fiber microbuckling,
fiber-matrix debonding, and fiber bending cause the machin-
ing forces and developed an approximate mechanical model to
predict the forces in the orthogonal cutting of unidirectional
CFRP when the fiber orientation varies from 0 to π/2. Their
model was based on the shear plane theory and borrowed
some idea from the metal cutting models. The direct conse-
quence is that a few experiments need to be developed to
obtain some of the parameters when using this model for a
specific CFRP. Singh and Bhatnagar [25] made an effort to
correlate drilling-induced damage with drilling parameters
and proposed mathematical models for thrust, torque, and
damage. Rahmé et al. [26] developed an orthotropic analytical

model in order to calculate the critical force during drilling and
proposed a number of hypotheses for loading. This critical
axial load is related to the delamination conditions (propaga-
tion of cracks in the last layers) and the mechanical character-
istics of the composite material machined. Sahraie Jahromi
and Bahr [27] recognized that models based on shear plane
theory have limitation in predicting the CFRP cutting forces.
They developed a new analytical method using energy meth-
od to predict the orthogonal machining forces of unidirection-
al polymer matrix composites for fiber orientations ranging
fromπ/2 toπ. Their research is of great significance to prompt
the representation of CFRP microstructure to transform from
an equivalent homogeneous material to a multiphase material,
just like the contribution Rao et al. [17, 18] did in the field of
FEM. A RVE was taken out of the CFRP, and the pressure
situation was analyzed. The complex interactions between the
selected RVE and the other ones were simplified, which
caused that the model needs to improve for more precise re-
sults of CFRP cutting force predicting.

Considering the support effect of the surrounding mate-
rials, the deflection differential equation is obtained by means
of energy method and MPEP based on the assumption of
semi-infinite RVE. Forces in three deformation areas relating
to the cutting edge, the rake face and the flank face of the
cutting tool were calculated separately. And finally, a new
theoretical analysis model was developed to predict the or-
thogonal cutting forces of unidirectional CFRP with the fiber
orientations ranging from 0° to γα+90° in this paper.

2 Analysis of orthogonal cutting

The deformation is different on the different load conditions
when cutting the unidirectional CFRP with the fiber orienta-
tion θ limited into the range 0° to 90° and 90° to 180° (the list
of symbols used is shown in Table 1) [22]. Taking the rake
angle in orthogonal cutting tool γα into consideration, a more
accurate classification is limited θ into the range 0°≤θ≤γα+
90° and γα+90°≤θ≤180°. This study will focus on analyzing
the mechanism of unidirectional CFRP cutting when
0°≤θ≤γα+90°, as shown in Fig. 1. The modeling with γα+
90°≤θ≤180° will be discussed in a separate paper.

The CFRP machining region associated with the cutting
forces could be divided into three major areas, marked as A,
B, and C as shown in Fig. 1. It is an instantaneous state at a
certain moment when the cutting edge cuts off RVE 1 and
RVE 2, while the damage of RVE 3 just has not begun. The
cutted RVEs, RVE 1’ and RVE 2’, slip along the rake face in
cutting edge, and form the cutting chip. In area A, the fracture
of the fiber occurs due to the compression and bending. In area
B, the RVEs are compressed by the flank face of the cutting
edge and they bounce back as the cutting edge moving for-
ward. The matrix failure and fiber matrix debonding exist in
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area C. All these areas contribute to the final cutting force, but
the fiber fragmentation plays a most important role. Therefore,
the key to develop the force predicting model is taking RVE 3
out and analyzing it in reasonable load condition.

3 Mechanical analysis of RVE 3

3.1 Deflection function of RVE 3

RVE 3, consisted of a fiber and the surrounding matrix, bends
under the force FU and passive pressure pb, as shown in Fig. 2.

Since the length of the contact area is far smaller than the
length of the deformed fiber, the load applied on the contact
area by the cutting edge could be regarded as a concentrated
force, denoted by FU. pb is a distributed force produced by the
other RVEs, and its distribution law depends on the deflection
of RVE 3.Making convenience of analysis and computation, a
local coordinate system is set up based on the originO, which

Table 1 Nomenclature

Am Area of the cross section of matrix ac Cutting depth

Eb Equivalent young’ s modulus of the RVE b Cutting width

Ef Young’s modulus of the fiber fA Friction produced by FU

Em Young’s modulus of the matrix hc Indentation depth

ED Young’s modulus of the bounding area k Coefficient of cushion

FA Resultant force in area A pb Distributed force produced by the other RVEs

FC Resultant force in area C rf Fiber radius

FD Resultant force in area D rm Radius of the RVE

FU Normal concentrated force applied by the cutting edge rt Cutting edge radius

Gm Shear modulus of the matrix γα Rake angle in cutting edge

H Cushion thickness γβ Relief angle in cutting edge

If Second moment of area of the cross section of the fiber γyzm Shear strain in the matrix material in the yz plane

Lc Distance between the fiber free end and the origin of the
local coordinate system O

η Distance of an arbitrary point to the
neutral layer

M Bending moment θ Fiber orientation

Q Shearing force μ Friction coefficient

Sm Matrix shear strength νf Poisson ratio of the fiber

Uf Elastic strain energy of the fiber φ Angle of rotation

Um Shear strain energy in the matrix ω Central axis deflection of the RVE

WFU Work of the external force ψ Angle between the rake face and the fiber

WPb Work of the external pressure ϕ Shear plane angle

Xf Fiber ultimate strength α, β, m Middle variable to simplify the writing

volf Fiber volume fraction c1, c2, c3, c4, c5, c6 Correlation coefficients

Fig. 1 Orthogonal cutting of unidirectional CFRP when 0°≤θ≤γα+90° Fig. 2 Load condition of RVE 3
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is in the central axis of the fiber related with the contact point
of the RVE and cutting edge, as shown in Fig. 2.

Before the analysis, some assumptions are proposed on the
basis of former studies [27, 28].

1. Two-dimensional deformation
2. No shear in the fiber
3. No matrix extension or compression
4. Normal stress in the fiber that produces no mechanical

work during deformation of the fiber

The stress state of the key point could be calculated based
on the deflection of the RVE. To obtain the deflection equa-
tion, energymethod andMPEP are used based on the assump-
tion of semi-infinite RVE.

Since the fiber satisfied the condition of slender
beam, the elastic strain energy of the fiber could be
expressed as [29]

U f ¼ 1

2

Z ∞

−Lc
E f I f

d2ω
dy2

� �2

dy ð1Þ

So, the shear strain energy of the matrix will be

Um ¼ 1

2

Z ∞

−Lc
Gmγ

2
yzmAmdy

¼ 1

2
AmGm

rm
r f

� �2Z ∞

−Lc

dω
dy

� �2

dy ð2Þ

where

Am ¼ πr f 2 1−vol f
� �
vol f

ð3Þ

and

rm ¼ 1

2

ffiffiffiffiffiffiffiffiffi
π

vol f

r
r f ð4Þ

The work of the external force FU could be written as

W FU ¼ FUω y¼0

�� ð5Þ

Using the Winkler foundation model [30] as reference, the
passive pressure pb could be represented as

dpb yð Þ ¼ −
Eb

H
⋅ω yð Þ⋅2rmdy ð6Þ

where Eb is the equivalent Young’s modulus associating with
Ef and Em. The supporting function of the uncut fiber and
matrix is similar to the cascade spring connection, so Eb could
be expressed as

Eb ¼ E f Em

E f þ Em
ð7Þ

For convenient calculation, a dimensionless coefficient k is
introduced to modify the cushion thickness H.

H ¼ 2krm ð8Þ

Substituting Eqs. (8) into (6), we get

dpb yð Þ ¼ −
Ebdy

k
ω yð Þ ð9Þ

The work of the external pressure pb could be expressed as

Wpb ¼
Z ∞

−Lc
ωdpb ¼ −

Eb

k

Z ∞

−Lc
ω2dy ð10Þ

Combining Eqs. (1), (2), (5), and (10), the total potential
energy of RVE 3 will be

Π ¼ U f þ Um−W FU−Wpb

¼ 1

2

Z ∞

−Lc
E f I f

d2ω
dy2

� �2

dy

þ 1

2
AmGm

rm
r f

� �2Z ∞

−Lc

dω
dy

� �2

dy−FUω y¼0

��
þ Eb

k

Z ∞

−Lc
ω2dy ð11Þ

According to the MPEP, the unite cell deforms to a final
position that minimize the total potential energy. The first
order variational of the functional equals to zero, namely
δП=0. Then, the following equation could be obtained as

E f I f ω 4ð Þ
� 	

−AmGm
rm
r f

� �2

ω″þ 2Eb

k
ω ¼ 0 ð12Þ

Considering the assumption of semi-infinite RVE, the gen-
eral solution of the differential Eq. (12) is

ω yð Þ ¼ c1e
−αy⋅cosβyþ c2e

−αy⋅sinβy ð13Þ

where

α ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AmGm

2 þ m24
p

cos
1

2
arctan

m

AmGm

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2E f I f

p ð14Þ
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β ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AmGm

2 þ m24
p

sin
1

2
arctan

m

AmGm

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2E f I f

p ð15Þ

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AmGmð Þ2 rm

r f

� �4

−4E f I f
2Eb

k

s
ð16Þ

The deflection equation of the unite cell could be obtained
in two steps. The first step is to extend the free end of the RVE
limitlessly, and then, the RVE turns to be infinite, shown in
Fig. 3b. Since the RVE is symmetrical with point OA as the
center, the deflection equation should be symmetrical as well.
Considering the direction of increasing y, the boundary con-
ditions of point OA could be calculated by

ϕ ¼ ω0 yð Þ ¼ 0 ð17Þ

Q ¼ −E f I f ω″
0 yð Þ ¼ −

FU

2
ð18Þ

Solve Eqs. (17) and (18) simultaneously, and then the cor-
relation coefficients are obtained as

c1 ¼ FU

4E f I f α α2 þ β2
� � ð19Þ

c2 ¼ FU

4E f I f β α2 þ β2
� � ð20Þ

Because of the symmetry of the RVE, the deflection func-
tion of the infinite RVE could be written as

ωa yð Þ ¼ c1e
−α yj j⋅cosβ yj j þ c2e

−α yj j⋅sinβ yj j ð21Þ

In the model of infinite RVE shown in Fig. 3b, the bending
moment and shearing force of the cross section at point PC

may be described as

M 0 ¼ −E f I f ωa″ y¼−Lc
�� ð22Þ

Q0 ¼ −E f I f ωa″
0
y¼−Lc
�� ð23Þ

The infinite RVE would turn to be semi-infinite when it
was cut off at cross section at point PC. Compared with the
real state of the RVE shown in Fig. 3a, this semi-infinite model
bears extra load M0 and Q0. Therefore, the second step is to
remove the extra load.

As shown in Fig. 3c, two load, −M0 and −Q0, are applied
on the free end of a semi-infinite RVE. The general form of the
deflection function could be expressed as
ωb yð Þ ¼ c5e

−αy⋅cosβyþ c6e
−αy⋅sinβy ð24Þ

The boundary conditions of the free end will be written as

−E f I f ωb″ y¼−Lc
�� ¼ −M 0 ð25Þ

−E f I f ωb″
0
y¼−Lc
�� ¼ −Q0 ð26Þ

Solve Eqs. (25) and (26) simultaneously, and then,
the correlation coefficients c5 and c6 could be obtained.
Substituting c5 and c6 into Eq. (24), and combining

Fig. 3 Solving process of the
deflection equation
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with Eq. (21), the final deflection function of RVE in
Fig. 3a could be obtained as

ω yð Þ ¼ c1e
−α yj j⋅cosβ yj j þ c2e

−α yj j⋅sinβ yj j
þ c5e

−αy⋅cosβyþ c6e
−αy⋅sinβy ð27Þ

3.2 Force determination by ultimate strength

The relationship of the normal concentrated force Fu and the
deflectionω is obtained in the last section. And, in this section,
the force Fu would be determined by introducing the relation-
ship of ω and the fiber ultimate strength Xf.

The stress caused by the deformation of the RVE could be
calculated by [31]

σ
y
¼ E f ηω″ ð28Þ

where η is the distance of an arbitrary point to the neutral layer.
It would be a positive value when the point locates on the left
of the neutral layer and a negative one when the point locates
on the right.

When η equals to rf and –rf, the absolute value of the de-
formation stresses reach to the maximum value. Since the
compressive strength of fiber is larger than the tensile strength,
the fracture of the fiber starts at the point where η equals to rf .
The normal concentrated force FU applied by the cutting edge
could be determined by

E f r f ω″ y¼0

�� ¼ X f ð29Þ

Then, we get

FU ¼ 4αβI f X f e2αLc

r f βe2αLc−βcos 2βLcð Þ þ αsin 2βLcð Þ½ � ð30Þ

where α and β are determined by Eqs. (14), (15), and (16).

4 Force modeling of orthogonal cutting

The cutting force when machining the unidirectional
CFRP is a superimposition of the forces in fiber frac-
turing, bouncing, and chip slipping regions, which occur
in area A, area B, and area C, respectively, as shown in
Fig. 1. It is worth mentioning that the fiber matrix
debonding in area B occurs prior to the fiber fracturing;
thus, the debonding force makes no contribution to the
maximum instantaneous cutting force.

The loading condition of area A is shown in Fig. 4. The
friction produced by the normal concentrated force applied by
the cutting edge is given by

f A ¼ μFU ¼ 4μαβI f X f e2αLc

r f βe2αLc−βcos 2βLcð Þ þ αsin 2βLcð Þ½ � ð31Þ

where

Lc ¼ ac
sinθ

ð32Þ

The horizontal force and the vertical force of area A could
be written as

FAx ¼ FU sinθþ f Acosθ ¼
4αβI f X f e2αLc

r f βe2αLc−βcos 2βLcð Þ þ αsin 2βLcð Þ½ � μcosθþ sinθð Þ

FAy ¼ −FUcosθþ f Asinθ ¼
4αβI f X f e2αLc

r f βe2αLc−βcos 2βLcð Þ þ αsin 2βLcð Þ½ � μsinθ−cosθð Þ

8>><
>>: ð33Þ

The loading condition of area C is shown in Fig. 5.
According to the geometrical relationship, we get

ψ ¼ π
2
−θþ γα ð34Þ

When ψ≥90° , namely θ≥γα, the chips formed by the frac-
tured RVEs slip along the uncut RVE, which causes the matrix
shear failure, as shown in Fig. 5a. The force associated with
the matrix shear failure could be estimated by

FS ¼ 2rmLCSm ¼ 2rmaCSm
sinθ

ð35Þ
Fig. 4 Loading condition of area A
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The total force is

FC1 ¼ FS

cos φ−γα þ arctanμð Þ

¼ 2rmaCSm
sinθcos φ−γα þ arctanμð Þ ð36Þ

where ϕ is the shear plane angle determined by [22]

φ ¼ arctan
cosγα
1−sinγα

� �
ð37Þ

The horizontal component force and the vertical compo-
nent force are

FCx ¼ FC1cos γα−arctanμð Þ ¼ 2rmaCSm sinγα þ μcosγαð Þcos γα−arctanμð Þ
sinθcos φ−γα þ arctanμð Þ

FCy ¼ FC1sin γα−arctanμð Þ ¼ 2rmaCSm sinγα þ μcosγαð Þsin γα−arctanμð Þ
sinθcos φ−γα þ arctanμð Þ

8>><
>>:

ð38Þ

When ψ<90°, namely θ<γα, the RVEs are pelt off due to
the force produced by the rake face, as shown in Fig. 5b. The
force could be expressed by [32]

FC2 ¼ KP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1−vEHMð ÞGm

EEHM

s
π

ac
cosθ

Smcotγα ð39Þ

The demarcation point of the separate function is θ=γα, so
we get

2KSrmaCSm
sinγαcos φ−γα þ arctanμð Þ

¼ KP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1−vEHMð ÞGm

EEHM

s
πacSm

cotγα
cosγα

ð40Þ

Combining Eqs. (39) and (40),we get

FC2 ¼ 2rmaCSm
cotγα

cos φ−γα þ arctanμð Þcosθ ð41Þ

The total force in area C could be written as

FC ¼
2rmaCSmcotγα

cos φ−γα þ arctanμð Þcosθ θ < γα

2rmaCSm
sinθcos φ−γα þ arctanμð Þ θ≥γα

8>><
>>: ð42Þ

The horizontal component force and the vertical compo-
nent force are

FCx ¼ FCcos γα−arctanμð Þ
FCy ¼ FCsin γα−arctanμð Þ



ð43Þ

In area B, the contact force between the flank face and the
workpiece material is caused by the bouncing back of the
workpiece material. The horizontal force and the vertical force
are [22, 33]

FBx ¼ rmrtEBcos
2γβ

FBy ¼ rmrtEB 1−μcosγβsinγβ
� �


ð44Þ

The models above are discussed with regard to the orthog-
onal cutting of a single layer of the RVE; in other words, the
cutting width is 2rm. The total cutting force applied on the
workpiece by the cutting edge is a superimposition of the
forces in the three areas. Considering the orthogonal cutting
of CFRP with an arbitrary cutting width b, the cutting force Fx
and thrust force Fy could be expressed as

Fx ¼ b

2rm
FAx þ FCx þ FBxð Þ

Fy ¼ b

2rm
FAy þ FCy þ FBy

� �
8><
>: ð45Þ

5 Experimental setup

A series of experiments were performed to measure the cut-
ting and thrust forces. Figure 6 shows the schematic view of
the experimental setup. The experiments were carried on a
XKN713 numerical control machining center. A cutting tool
with specified geometric parameters was installed on the ma-
chine tool and moved along the x-coordinate axis. The

Fig. 5 a Loading condition of area C when θ≥γα; b loading condition of area C when θ<γα
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workpiece with specified fiber orientation was fixed to the
fixture which is mounted on the dynamometer. The cutting
and thrust forces were measured by a Kistler 9257A quartz
three-component platform dynamometer and Kistler 5073
charge amplifier, and recorded by a HBMGEN2i data record-
er (Fig. 7).

Cemented carbide cutting tools with rt=4 μm and γβ=25°
were used in the experiment. They were specially designed for
orthogonal cutting with different rake angles γα=10° and γα=
20°. UD-CFRP workpieces with the stacking sequences
[0°]15S were designed for the experiment. The thickness per
layer is 0.25mm, and then, the total thickness is 3.75mm. The
material properties are given in Table 2.

Experiments with different fiber orientations (θ=0°, 30°,
45°, 60°, 90°), rake angle (γα=10°, 20°) and cutting depth
(ac=0.1 mm, 0.2 mm) were conducted. Each experiment with
a special parameter combination was repeated three times. The
cutting speed was kept 1 m/min for all the experiments. The
friction coefficient between the fiber and the cutting edge was
0.15 in this situation. A sample of the measured cutting and
thrust forces with θ=60°, γα=10°, and ac=0.1 mmwas shown
in Fig. 8.

The experimental real-time force signals fluctuate up and
down. As time goes on, the fluctuation stabilizes in a certain

range gradually. The mathematical expectation of the forces in
steady state were calculated and recorded as the experimental
forces in cutting and thrust directions, respectively.

6 Numerical illustration and result comparison

There is one coefficient, namely the coefficient of cushion k,
in the theoretical force model to be determined by the exper-
imental data. The experimental cutting forces with θ=45°,
γα=10°, and ac=0.1 mm were chosen, and the average of
the repeated experimental data was 491.1 N. Then, the coef-
ficient of cushion k was calibrated as 4.7E−4. The coefficient
was taken into the theoretical model to predict the forces with
different parameters. The comparisons of the theoretical and
experimental results are shown in Fig. 9.

As can be seen, the fiber orientation has a significant
effect on the forces. As shown in Fig. 9b, d, the cutting
force increases and then decreases with the increase of
the fiber orientation; meanwhile, the thrust force de-
creases and changed the direction when fiber orientation
comes to 90°.

The cutting forces increase with the cutting depth, which
phenomenon is more pronounced when the fiber orientation θ
is kept as a smaller value. This is because the force produced

Fig. 6 Schematic of the experimental setup

Fig. 7 Experimental setup

Table 2 List of material properties T700/5250BMI

Fiber radius (rf) 3.5 μm Young’s modulus
of the matrix (Em)

2.7 GPa

Young’s modulus
of the fiber (Ef)

230 GPa Shear modulus
of the matrix (Gm)

1.02 GPa

Poisson ratio of
the fiber (νf)

0.21 Fiber volume
fraction (volf)

0.65

Fiber ultimate
strength (Xf)

4.9 GPa Poisson ratio of
the matrix (νm)

0.33

Matrix shear
strength (Sm)

62 MPa Young’s modulus of the
bounding area (ED)

9.4 GPa
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by the rank edge plays a dominant role under this condition,
and the effect of the cutting edge becomes more and more
obvious as the fiber orientation increases.

A sharp point exists in the theoretical curve as shown in
Fig. 9a, c. It is a result of different cutting mechanisms when θ
<γα and θ≥γα, as shown in Fig. 5.

When the fiber orientation θ equals to 0° and 90°, the error
of the theoretical model is more lager than the other fiber
orientation value. When θ=0°, the RVEs are pelt off form
the workpiece, bend more and more markedly, until they
break and form the chips. When θ=90°, the crushing action
of the rank face is too significant to ignore. It is the reason that
the model is not accurate for all fiber orientations.

In addition, the cutting force is predicted in 2D con-
dition, which means that the fibers behind the bending
one is taken into consideration, but the ones on the

sides are ignored; in other words, the interaction be-
tween the plies is ignored. The total force of multiplies
is obtained by simple superposition. In fact, the inter-
laminar damage would lead to energy loss, which re-
sults in imprecise estimate of the cutting force. This
might be another reason why the model is not accurate
for all fiber orientations, especially when θ=0°.

Sahraie Jahromi and Bahr’s model predicted the cut-
ting forces for fiber orientations ranging from 90° to
180° [27]. The model presented in this paper is a de-
veloped one, considering the effect of the surrounding
materials for fiber orientations ranging from 0° to γα+
90°. The two models are complementary with only par-
tial overlap, namely when fiber orientations ranging
from 90° to γα+90°. It can be seen that the developed
model has a better continuity than the previous one
when comparing results in the overlap part. Zhang’s
model deals with fiber orientations ranging from 0° to
90° [22], and the tendency of the curve is close to the
developed model. However, the thrust force predicted
by the developed model is smaller than Zhang’s model
when θ=90°. This is because of different treatments of
the force on the rake face. This model takes the RVE
sliding and bending into consideration, which is more
reasonable than the previous equivalent homogeneous
models. The chips produce lager counterforce along −y
direction than the previous model. As a result, the re-
sultant thrust force along y direction is smaller.

Fig. 8 Experimental cutting and thrust forces with θ=60°, γα=10°, and
ac=0.1 mm

Fig. 9 Theoretical and
experimental cutting and thrust
forces versus fiber orientation
with: (a) γα=10° and ac=0.1 mm;
(b) γα=20° and ac=0.1 mm; (c)
γα=10° and ac=0.2 mm; and (d)
γα=20° and ac=0.2 mm
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7 Conclusion

The paper develops a theoretical model for predicting the cut-
ting and thrust forces in orthogonal cutting of UD-CFRPwhen
0°≤θ≤γα+90°. Three deformation areas related to the cutting
tool, fiber crushing, and bending caused by the cutting edge
(area A), bouncing back under the flank face (area B), peeling
and slipping on the rake face (area C), are taken into consid-
eration. Fiber bending in area A is a key consideration and a
predicting model is established based on the MPEP. The the-
oretical model shows that the fiber orientation, cutting depth,
and rake angle have significant effects on the cutting and
thrust forces.

This model could be used to predict the forces inmachining
of multidirectional CFRP, such as drilling, milling, and turn-
ing. It will make the parameter optimizing more convenient
since the relationship of the material and cutting tool parame-
ters to the cutting forces was established.

The actual force is a complex combination of various com-
ponent forces according to different mechanism such as bend-
ing, crushing, shearing, microbuckling, peeling, and slipping.
The effects of different mechanism keep changing, some of
them strengthening while others lessening, as the fiber orien-
tation increases. In this theoretical model, some mechanism is
ignored for simplicity, which results in errors and calls for
more following work for complement.
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