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Abstract
Woven CFRP composites are increasingly applied in different industrial sectors. Excessive milling forces can involve some
undesirable consequences such as rapid tool wear, surface burning, burrs, delamination, etc., during the milling of CFRP.
Reasonably predicting force is of great significance to improve the machining quality and the tool life. A methodology is
developed for predicting the milling forces by transforming specific cutting energies derived from the theoretical model of
orthogonal cutting. In this methodology, the structural features of the plain-woven structure are carefully observed and analyzed.
It is shown that all the average force coefficients regularly change with the rotation angle. The theoretical results applying these
average force coefficients agree well with the measuring data. Furthermore, the maximal average of the cutting forces can be
successfully predicted. All the average absolute values of relative errors between predictive and measured values of the cutting
forces max-means are less than 10%. It is shown that the method applying the average force coefficients is capable of predicting
the cutting forces in milling of plain-woven CFRP and over the entire range of rotation angles from 0 to 180°. The results can
provide a reference for the prediction and the control of cutting forces in actual milling of plain-woven carbon fiber-reinforced
plastics.

Keywords Plain-wovencarbon fiber-reinforcedplastic (PWCFRP) .Milling forces .Theoreticalmodel . Specific cuttingenergies

1 Introduction

Carbon fiber-reinforced polymer (CFRP) composites have been
widely applied in many industries, such as aerospace, construc-
tion, transportation, etc., due to the favorable characteristics, for
example, lightweight, high strength, and high modulus [1–5].
Usually, it is necessary to carry out a post-machining operation
to meet the required geometry tolerances and surface quality of

all the near net-shape CFRP parts. Generally, the milling process
is considered as one of the most common finishing operations. It
is well known that some different kinds of machining problems
may be vulnerable to generate, such as fiber pull-out, burrs, de-
lamination, intensive tool wear, and so on, due to the heteroge-
neity and anisotropic behavior of the CFRP materials [6, 7].

Milling force is an important intermediate variable related
to machining defects and tool wear [8–10]. Hence, reasonably
predicting force is of great significance to further understand
the milling process of CFRP, and is an important guide to the
rational choice of the cutting parameters to reduce the defects
and decrease the tool wear. So far, the modeling method of the
milling forces can be divided into two kinds, i.e., the empirical
method based on experiment data and the analytical method
according to the mechanistic [11–14]. The former is not based
on physics of the process and needs to redetermine the corre-
lation coefficients when the tool geometry or materials
change. The prediction accuracy of the latter depends, to a
great extent, on the specific energies or specific force coeffi-
cients [14].

There have been numerous attempts to create mathematical
models to predict the milling forces using the analytical method,
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during the metals cutting. But unlike metals, the cutting mecha-
nism of the composite materials is brittle fracture instead of plas-
tic deformation, and is greatly affected by the fiber direction.
Extensive published studies have indicated that the specific en-
ergies of the CFRP depend on the fiber orientation, due to the
anisotropic and inhomogeneous material properties. Sheikh-
Ahmad et al. [15] described the specific energies as a function
of fiber orientation by the multiple regression analysis (MR) and
committee neural network approximation (CN). Then, a cutting
model was developed based on these energies and the cutting
geometry. It was found that the predictive model based on neural
network performed better than on regression analysis. Kalla et al.
[8] proposed a methodology combining the mechanistic model-
ing techniques and artificial neural network (ANN) approxima-
tion to obtain a predictive milling force for helical end milling of
CFRP. The specific energies in tangential and radial directions
were calculatedwithANNdatawhichwas obtained from a series
of UD-CFRP orthogonal up-milling experiments. It was found
that the model predictions were in good agreement with the
experimental data in milling UD-CFRP, but with lesser agree-
ment in multidirectional laminate. Karpat et al. [16] presented a
mechanistic cutting force model for milling CFRP based on the
cutting force coefficients which were calculated as a function of
fiber cutting angle. Han et al. [17] conducted a series of experi-
ments with multitooth cutter and calculated the milling force
coefficients of unidirectional CFRP for typical directions (45°,
0°, -45°, 90°) with different feed speeds. And the milling forces
were modeled and simulated using an instantaneous rigid force
model. They obtained good results formultidirectional laminates.
Above these models all attempt to determine the specific force
coefficients during the milling forces modeling. However, there
are still some problems yet to be overcome. For example, it may
need a great deal of experiments to obtain the specific force
coefficients for different tool-workpiece combinations, and this
modeling process may be rather complicated. What is more, the
existing functional relationships between the specific force coef-
ficients and the fiber orientation almost target for unidirectional
laminates, but seldom for plain-woven laminates.

In general, the specific cutting energies may be acquired
from the mechanistic modeling of the orthogonal cutting [18].
Then, using these specific energies, the cutting forces may be
predicted in terms of a number of relevant parameters, such as
the chip dimensions, tool geometries, and process conditions.
By now, numerical mechanismmodeling which can reveal the
physical essence of the material failure and removal to a cer-
tain extent have been tried out for the orthogonal cutting.
Takeyama et al. [19] presented a cutting force model in or-
thogonal cutting of the unidirectional laminates with the fiber
directions in the range from 0 to 90°. But it is difficult to
compute the shear plane angle due to the powder chips. Still,
Bhatnagar et al. [20] noted that a crack propagation plane
existed along the fiber direction and used the fiber angle in-
stead of the shear plane angle. Zhang et al. [21] proposed that

the chipping was the result of zigzag cracking of the fibers and
the debonding of the fiber-matrix interface. The shear plane
angle was treated as a function of the rake angle. Jahromi et al.
[22] presented the cutting forces via the classical beam theory
and regarded the fiber as a cantilever beam. In their model, the
length of chip and the number of the fibers in the chip were
determined to calculate the total cutting forces. After that, Qi
et al. [23] developed this model considering the supporting
effect during the cutting of a single fiber. But the fiber orien-
tation was in the range from 0 to 90°. For continuing the Qi
et al. research, Chen et al. [24] also applied the elastic foun-
dation beam theory and the minimum potential energy princi-
ple (MPEP) to establish the mechanical model for the entire
range of fiber directions. Xu et al. [25, 26] and Niu et al. [27]
presented the micro-mechanical model during the orthogonal
cutting of a single fiber, also via the elastic foundation beam
theory. However, in order to calculate the cutting forces, most
of these models need a number of relevant parameters of the
microstructure, and the computing processes are time consum-
ing and extremely complicated. In Zhang’s model, there were
three distinctive cutting regions, which can reveal the physical
essence of the material failure and removal to a certain extent.
And this model may be a simple and reliable solution for the
orthogonal cutting forces. Besides this, this model had been
successfully used for the prediction of the thrust force and
torque generated in the drilling of CFRP [28]. Thus, compared
with the other models, this model is suitable for practical ap-
plications in the milling force modeling.

Woven CFRP composites are increasingly applied in different
industrial sectors due to their some advantages comparing with
the unidirectional laminates [29]. However, according to the
analyses above, few previous reports on the plain-woven CFRP
specific force coefficients acquired from the mechanistic model-
ing of the orthogonal cutting. Especially, the research that con-
siders the woven structure in the specific cutting energies solving
process is even rarer. In this paper, the plain-woven CFRP spe-
cific force coefficients will be derived based on the Zhang’s
orthogonal cutting model, according to the structural features of
the plain-woven structure. Then, the milling forces of the plain-
woven CFRP will be predicted by using these specific energies.
This research can provide a theoretical basis for cutting parameter
optimization and tool geometry optimization in the future
research.

2 Mechanistic force modeling

2.1 Milling force modeling

In general, the milling process is the periodical interrupted
cutting using the multi-edges end mill, and the cutting depth
per tooth presents periodic variation with the tool rotation
angle. A helical end mill with a helix angle δ, number of flutes
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N, tool radius R, and the axial depth of cut ap are assumed.
Each flute is divided intoK small segments along the tool axis.
Then, the infinite cutting forces (tangential, radial, and axial)
acting on the individual segments can be similarly considered
as the corresponding cutting forces in orthogonal cutting with
the helix angle δ = 0, as shown in Fig. 1. The directions of
forces X, Y, and Z are along the feed, normal, and axial direc-
tions, respectively.

By this stage, the infinite cutting forces acting on the
oblique cutting edge of flute j can be determined by the cutting
area and the tool-workpiece contact length, and it is expressed
as [30, 31]:

dFr; j t; zð Þ
dFt; j t; zð Þ
dFa; j t; zð Þ
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where, dz is the thickness of each disk andKtc,Krc, andKac are
the cutting force coefficients in tangential, radial, and axial
directions, respectively.Kte,Kre, andKae are the corresponding
edge force coefficients; g(φj) is used to define whether the
tooth j is in cut or not, as the tooth is cutting g(φj) = 1, instead,
g(φj) = 0, as shown in Eq. (2). hd,j(t,z) is the chip thickness of
tooth j, as shown in Eq. (3):

hd; j t; zð Þ ¼ f z⋅sinϕjl ð3Þ

where, fz is the tangential feed rate per tooth, φjl is the l-th
segment immersion angle of the j-th cutting edge, and φst and
φex are the entrance angle and the exit angle, respectively [32].

It is assumed that the flutes are uniformly distributed on the
end mill. Then, the immersion angle φjl can be written as [14]:

ϕjl ¼ ϕ10 þ j−1ð Þ⋅ϕp þ
ldztanδ

R
ð4Þ

where φp is the pitch angle and φp = 2π/N, N is the total flutes
number of the cutter, and φ10 is the first rotation angle of refer-
ence cutting edge.

Therefore, the sum of the tangential, radial, and axial cutting
forces on each tooth segment is the total forces acting on the
cutter in corresponding directions, and can be given by [14]:
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Three-direction elemental cutting forces from Eq. (5) can
be resolved into X, Y, and Z directions by the following trans-
formation [14, 33]:
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In general, the cutting force coefficients of CFRP are high-
ly dependent on the fiber orientation. These cutting force co-
efficients can be obtained in the cutting experiments, but the
process is quite cumbersome and the results have certain lim-
itations. In addition, comparing with the cutting forces Fx and
Fy, the axial cutting force Fz is quite small, and it has a little
influence on the cutting process. Here, the cutting force
models in X and Y directions are only analyzed.

2.2 Cutting force coefficients of CFRP

The plain-woven CFRP is made from the woven sheets
of carbon fibers which are weaved by the warp yarns and
the fill yarns. The plain-woven CFRP and the fabric
structure are shown in Fig. 2. However, the warp yarns
and the fill yarns cannot be able to distinguish after the
forming of CFRP with a plain weave fabric. For easy
distinguishing, the fiber whose axis is parallel to the feed
direction is regarded as the fill fiber. The fiber whose
axis is perpendicular to the feed direction is treated as
the warp fiber. It can be seen that there is π/2 difference
between the fiber orientation of the warp fiber and that
of the fill fiber with the same rotation angle, as given by:

θ1 ¼ ϕ

θ2 ¼ π
2
þ ϕ

(
ð7Þ

where φ is the rotation angle of the cutter and θ1 and θ2
are the fiber direction of the fill fiber and the warp fiber,
respectively.

(1) Cutting force coefficients of unidirectional CFRP

As the helix angle δ = 0°, the cutting process of the
individual segments can be regarded as an independent
orthogonal cutting process. In order to simplify the

(2)
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modeling process, the fiber orientation θ is assumed to be
less than 90°, and the proposed model is also valid for the
fiber orientation θ > 90° [28]. The orthogonal cutting
model is demonstrated in Fig. 3. It is suggested that there
are three key deformation regions in the cutting zone of a
UD-CFRP laminate. During cutting, the fiber fracture and
the matrix shear failure are the main mechanisms of the
material removal. Knowledge from research studies and

practical experience indicates that the fibers are a key
material in CFRP for the generation of the cutting forces,
but the resin matrix has minimal effect on the generation
of the cutting forces [14]. Hence, it is supposed to ignore
the effect of the resin matrix. During the further feed
motion of the cutter, the fiber fractures when the internal
stress exceeds its shear strength, then the fiber slip along
the fiber-matrix interfaces. And when the internal stress
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Fig. 2 Plain-woven CFRP and its cutting model. a Plain-woven CFRP and the weaving structure. b Cutting model of the carbon fiber sheet (CFS)
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exceeds the interfacial shear strength, the chip is formed
[21].The chipping along an overall shear plane is the re-
sult of a zigzag cracking of the fibers perpendicular to the
fiber axes and the fiber-matrix interface debonding paral-
lel to the fiber axes [21], as shown in Fig. 3. The first
region results in a chip formation in front of the rake face,
and is called as chipping region or region A. The second
region is under the nose of the cutter and called as press-
ing region or region B. The third region is at the back of
the cutter nose and called as bouncing region or region C.
All the regions are denoted in Fig. 3.

It is assumed that the total cutting force can be calculated by
adding up the forces in all the three regions. The horizontal and
verticalcuttingforcesineachregioncanbeobtainedasfollows[21]:

(a) In chipping region or region A:

Fc1 ¼ acτ1b sinφtan φþ β−r0ð Þ þ cosφ½ �
τ1
τ2
cos θ−φð Þsinθ−sin θ−φð Þcosθ

Ft1 ¼ acτ1b cosφtan φþ β−r0ð Þ−sinφ½ �
τ1
τ2
cos θ−φð Þsinθ−sin θ−φð Þcosθ

8>>>>><
>>>>>:

ð8Þ

(b) In pressing region or region B:

Fc2 ¼ πreE3b
8 1−ν2ð Þ sinθþ μcosθð Þ

Ft2 ¼ πreE3b
8 1−ν2ð Þ cosθ−μsinθð Þ

8>><
>>:

ð9Þ

(c) In bouncing region or region C:

Fc3 ¼ reE3bμ
2 1−ν2ð Þ cosα0ð Þ2

Ft3 ¼ reE3bμ
2 1−ν2ð Þ 1−μcosα0sinα0ð Þ

8>><
>>:

ð10Þ

The total forces are the summation of the corresponding com-
ponents from the above three regions, and can be written as:

Fcz ¼ Fc1 þ Fc2 þ Fc3

Ftz ¼ Ft1 þ Ft2 þ Ft3

�
ð11Þ

Namely:
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where Fc1, Fc2, and Fc3 are the horizontal cutting forces in
regions A, B, and C, respectively. Ft1, Ft2, and Ft3 are the
vertical cutting forces in regions A, B, and C, respectively.
Fm1, Fn1, and Fh1 are the cutter-chip friction force, the normal
force, and the total force in region A, respectively. ac is the real
cut depth; φ is the shear plane angle and can be calculated by
φ ¼ atan cosγ0

1−sinγ0

� �
[21]; β is the friction angle between a chip

and the rake face of the cutting lip; γ0 is the rake angle; α0 is
the clearance angle; b is the contact width; τ1 and τ2 are the
shear strength of the fiber and that of the matrix, respectively;
re is the nose radius; E3 is the effective elastic modulus of the

CFRP in third orientation (perpendicular to the laminates); μ
is the friction coefficient; ν is the Poisson’s ratio; and Fcz and
Ftz are the total horizontal and vertical cutting forces,
respectively.

Obviously, for the cutting processes of the individual
segments, hdj and ap are the cutting thickness and the
cut t ing width, respect ively. So hd j = ac , ap = b .
Additionally, in essence, Fr,j = Ftz, Ft,j = Fcz. Then, com-
paring with Eq. (5) and Fig. 1, the cutting force coef-
ficients and the corresponding edge force coefficients
can be derived as:

Krc ¼ τ1 sinφtan φþ β−r0ð Þ þ cosφ½ �
τ1
τ2
cos θ−φð Þsinθ−sin θ−φð Þcosθ

Kre ¼ πreE3

8 1−ν2ð Þ sinθþ μcosθð Þ þ reE3μ
2 1−ν2ð Þ cosα0ð Þ2

Ktc ¼ τ1 cosφtan φþ β−r0ð Þ−sinφ½ �
τ1
τ2
cos θ−φð Þsinθ−sin θ−φð Þcosθ

Kte ¼ πreE3

8 1−ν2ð Þ cosθ−μsinθð Þ þ reE3μ
2 1−ν2ð Þ 1−μcosα0sinα0ð Þ

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð13Þ

(2) Cutting force coefficients of plain-woven CFRP

In order to establish the cutting force model, the cutting chro-
nological order of a single-layer woven fabric may be firstly
investigated. The woven structure of a single-layer woven fabric
and its cutting chronological order are presented in Fig. 4. The
region of A’ B′ D’ C′ is a unit cell of a plain weave. It is domi-
nated by the cutting of the fill fibers in the region of OAA’P and
OBD’Q. This cutting model can be called as model I. On the
other hand, the cutting of the warp fibers are dominated in the
region of OBB’P and OAC’Q, which can be regarded as model
II. If every layer of CFRP stacks so neatly and the alignments of

Fig. 4 Simplified model of the plain-woven CFRP

Neat stack

1 mm

Layer 1

Layer 2

Layer 3

Layer 4

Layer …

Layers staggered

(a) Ideal structure of the plain-woven CFRP (b) Actual structure of the plain-woven CFRP

Fig. 5 Structure of the plain-woven CFRP. a Ideal structure of the plain-woven CFRP. b Actual structure of the plain-woven CFRP
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the warp fibers and the fill fibers of each ply are good (as pre-
sented in Fig. 5a, the total cutting forces can be calculated with
the cutting forces of each ply, according to this cutting chrono-
logical order of a single-layer woven fabric.

However, the warp fibers and the fill fibers of each ply are
not stacked neatly, and there is a certain randomness during
the stacking. As illustrated in Fig. 5b, the white long strip
areas are the cross-sections of fill fibers and the black areas
are the vertical sections of the warp fibers. As shown here,
every layer of CFRP is mutually staggered, leading to irregu-
lar structure in the sections. Therefore, it is difficult to

distinguish the cutting chronological order of each layer dur-
ing the modeling. So, it is difficult to obtain the accurate cut-
ting forces of each ply. But noteworthy, it can be found that the
cutting model of a single-layer woven fabric tends to be half
model I and half model II with different rotation angles, ac-
cording to the above cutting model of a unit cell of a plain
weave. So it suggests that the cutting force coefficients of the
single layer can be treated as the coefficient means of model I
and of model II, as given in Eq. (14). Then, substituting
Eq. (14) into Eqs. (5) and (6), the X- and Y-direction milling
forces can be solved.

Krc ¼ 1

2
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where Ktc and Krc are the average cutting force coefficients in
tangential and radial directions, respectivelyand Kte and Kre

are the average corresponding edge force coefficients.

3 Experimental verification

Experimental studies were carried out on a KVC1050M NC
vertical machining center without coolant. A brazed polycrys-
talline diamond (PCD) end mill with two flutes, zero helix,
and the diameter of 6 mm was employed in these slotting
experiments. A piezoelectric dynamometer (YDX-III9702)
with supporting a multichannel charge amplifier (YE5850)
was applied to measure the horizontal and vertical directions
milling forces. The forces signals were stored and processed
on a PC subsequently. The experimental setup and the force
measurement systems were illustrated in Fig. 6a. A typical
milling force in the Y-direction was shown in Fig. 6b.

A unidirectional carbon plain weave fabric/epoxy resin
(T300/Epoxy) composite plate was applied during the experi-
ments. The average thickness per layer was 0.2 mm and the total
thickness was 10 mm. The width of a bundle of fiber was

2.5 mm. The fiber volume content was 60 ± 5%; the average
diameter of carbon fibers was 7~8 μm. The milling length of
each test was about 15~20 mm, so the effect on the material
properties of the temperature was ignored. All the correlative
material parameters were obtained at room temperature. The test
samples had a modulus E3 = 3.45 Gpa, a minor Poisson’s ratio
ν = 0.3, the shear strength of the fiber τ1 = 140 MPa, and that of
the matrix τ2 = 75MPa. In the experiments, the fiction angle β=
30°, and the fiction coefficient μ = 0.15, the normal rake angle
γ0 = 0°, clearance angle α0 = 15°, and the fillet radius of the
principle cutting lip re = 13.5 μm.

4 Results and discussion

4.1 Cutting force coefficients for different rotation
angles

The variations of the average cutting force coefficients (i.e., K tc

andKrc ) and the average edge force coefficients (i.e.,K te andKre

) with the rotation angle φ (0–180°) are presented in Fig. 7.
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As shown in Fig. 7a, the cutting force coefficients (i.e., K tc

andKrc ) demonstrate cyclical fluctuationwith the rotation angle.
The rotation angles of the peak values of them are close to each

other. Both of the cutting force coefficients (i.e., K tc and Krc )
have two low peaks when the rotation angleφ ranges from 20 to
30° and from 110 to 115°, as well as two high peaks when the
rotation angle φ ranges from 67 to 78° and from 157 to 172°.

Furthermore, the radial cutting force coefficients (Krc ) increase

gradually overall; nevertheless, the tangential cutting force coef-

ficients (K tc ) wobbles around a certain value. It can be proved
again that the plain-woven CFRP has obvious anisotropic.
Hence, as 90° ≤φ ≤ 180°, the milling forces increase gradually

because of the effect of the radial cutting force coefficients (Krc ).
When the rotation angle is less than 40°, as shown in Fig. 7a,

c, the tangential edge force coefficients (K te ) rises gradually with
the increase of the rotation angleφ. In turn, it decreases gradually
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Fig. 8 Simulated curves of
milling force. a Predicted milling
forces in Vc = 109 m/min, fz =
0.18 mm/tooth, and ap = 2 mm. b
Predicted milling forces in Vc =
65 m/min, fz = 0.14 mm/tooth,
and ap = 1.2 mm

Table 1 Comparison of predicted
forces with experimental values in
different feed per tooth

No. ac (mm) fz (mm/tooth) Fx (N) Fy (N)

Exp. Pre. % Deviation Exp. Pre. % Deviation

1 1.2 0.02 49.4 41.3 16.4 29.8 24.3 18.4

2 1.2 0.06 61.2 56.4 7.9 47.5 43.9 7.6

3 1.2 0.1 80.0 72.9 8.9 65.5 63.4 3.2

4 1.2 0.14 92.1 89.8 2.5 80.9 82.9 2.5

5 1.2 0.18 111.1 107.0 3.7 98.2 102.5 4.4

Average absolute deviations of Fx (%) 7.9, and average absolute deviations of Fy (%) 7.2
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when the rotation angle is beyond 40°. On the other hand, the

radial edge force coefficients (Kre ) decreases gradually when
0° ≤φ ≤ 126°; in contrast, it rises gradually when 126° <φ ≤
180°, but its increment is very small. Therefore, the influences

of the edge force coefficients (i.e., Kre and K te ) on the cutting
forces decrease gradually during the cutting process of the single
teeth. Generally speaking, both of the edge force coefficients rise
with the increase of the cutter edge radius. It can be inferred that
the cutting edge radius is lesser to result in the weaker effects of
the edge force coefficients.

Over all, all the force coefficients (i.e., K tc, Krc, K te, and

Kre ) regularly change with the rotation angle as a

consequence of anisotropy of plain-woven CFRP. Besides,

the average cutting force coefficients (i.e., K tc and Krc ) are
the crucial factors affecting the cutting forces; by contrast, the

average edge force coefficients (i.e., Kre and K te ) have a poor
effect on the cutting forces, but have a greater influence with
the increment of tool wear.

4.2 Validation of the milling force model

As a view to validate the theoretical model derived above, the
theoretical predictions are compared with the cutting forces
measured at variable cutting velocity (Vc = 63~110 m/min),
variable feed rate (fz = 0.02~0.18 mm/tooth), and variable cut-
ting depth (ap = 0.6~3 mm).

As shown in Fig. 8a, b, it can be seen that the model pre-
dictions and the experimental measurements agree well with
each other except the partial difference. Variance between the
predicted and experimental result is due to following reasons:

& It is only considered the fiber fracture mode when the fiber
orientation θ ≤ 90°, but instead of that as the fiber orienta-
tion θ > 90°, during orthogonal cutting modeling for the
individual segments.

& There may be errors in the extracted time points between
the measured and the simulated results.

& To some extent, there are some differences between the
experimental cutting depth and the theoretical one, owing
to the cutting vibration.

In total, both the change tendencies of the experimental and
theoretical curves are in qualitative agreement with each other.
Beyond that, the max-mean values of the measured curves and
the maximum values of the simulation curves (positive) are near-
ly equal to each other, as listed in Tables 1 and 2. As illustrated in
Fig. 9a, b, both of the cutting forces Fx and Fy increase with
increasing the cutting depth ap or the feed rate fz; this change
tendencies of the predictions are basically corresponding to that
of the measured values. It is shown that all the average absolute
values of relative errors between predictive andmeasured cutting
force values are less than 10%. Obviously, the changing rule
reflected by the theoretical results coincides well with the
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Fig. 9 Relationship among the forces, the feed per tooth, and the cutting
depth. a Relationship between the forces and the feed per tooth. b
Relationship between the forces and the cutting depth

Table 2 Comparison of predicted
forces with experimental values in
different cutting depths

No. fz (mm/tooth) ac (mm) Fx (N) Fy (N)

Exp. Pre. % Deviation Exp. Pre. % Deviation

1 0.1 0.6 38.7 36.4 5.9 30.0 31.7 5.6

2 0.1 1.2 80.0 72.9 8.9 65.5 63.4 3.2

3 0.1 1.8 115.9 109.3 5.7 101.3 95.1 6.1

4 0.1 2.4 151.1 145.7 3.6 133.8 126.9 5.2

5 0.1 3 189.3 181.8 4.0 183.6 158.5 13.7

Average absolute deviations of Fx (%) 5.6, and average absolute deviations of Fy (%) 6.8
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measuring data. And the maximal average of the cutting forces
can be successfully predicted. This theoretical model has good
prediction ability about the cutting forces.

But additionally, when the model is simplified, the influ-
ence of the cutting speed Vc on the cutting forces may be
ignored in this theoretical model. As a result, the cutting forces
at the same cutting depth or feed rate may be basically the
same as each other, although the cutting speed is different.
Usually, the cutting speed is a key factor effecting on the
friction coefficient, the tool wear, the cutting temperature,
etc. [34]. Thus, these affect complexly the cutting forces. In
this paper, the effects of the friction coefficient, the tool wear,
the cutting temperature, etc., on the cutting forces are appro-
priately ignored, owing to the good abrasion resistance of the
PCD end mill and the short milling length of each test.
Analytical results discussed by Li [34] indicate the functional
relation between the cutting speed Vc and the friction coeffi-
cient μ, as given in Eq. (15). In theory, the change rules of the
cutting forces with the cutting speed can be obtained by
substituting Eq. (15) into Eq. (14). But this functional relation
may be subject to change due to the different cutting condi-
tions of the actual manufacturing. Therefore, the accurate sim-
ulation curves may only be obtained when this functional
relationship is clearly identified, according to the actual con-
ditions of the milling. Additionally, comparing with the cut-
ting depth ap and the feed rate fz, the effect of the cutting speed
Vc has less influence on the cutting forces. Based on the
abovementioned reasons, in this paper, the influence of the
cutting speed Vc on the cutting forces has been ignored in this
theoretical model to simplify the modeling. In the future re-
search, the functional relation between the cutting speed Vc
and the friction coefficient μ under different cutting conditions
is accurately acquired as one of the important researches.
Furthermore, the effect of cutting speed on the cutting forces
also deserves to be studied more deeply in the future:

μ ¼ 3:633σ
−0:484

Vc
−0:119 ð15Þ

where σ is the average contact stress.

5 Conclusions

The following conclusions can be drawn from the work pre-
sented in this paper:

1. All the force coefficients (i.e., K tc, Krc, K te, and Kre )
regularly change with the rotation angle during the cutting
of plain-woven CFRP. The average cutting force coeffi-

cients (i.e., K tc and Krc ) are the crucial factors affecting
the cutting forces; by contrast, the average edge force

coefficients (i.e., Kre and K te ) have a poor effect on the

cutting forces, but have a greater influence with the incre-
ment of tool wear.

2. The changing rule reflected by the theoretical results well
agrees with the measuring data, and the maximal average
of the cutting forces can be successfully predicted. All the
average absolute values of relative errors between predic-
tive and measured values of the max-means of the cutting
forces are less than 10%. Therefore, this theoretical model
has good prediction ability about the cutting forces.
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