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Abstract
Three-dimensional Hashin failure criterion and material stiffness degradation model were compiled by VUMATsubroutine. The
Abaqus/Explicit solver was performed to establish progressive damage model of cutting force for CFRP high-speed milling, and
high-speedmilling experiments with different cutting parameters were carried out. Further, the impact mechanism of fiber cutting
angle and cutting parameters on cutting force, stress, and material failure during milling was explored, and the material removal
mechanism in high-speed milling of CFRP was revealed. The results show that the error between the experimental and simulated
of cutting forces is less than 5%, which indicates that the progressive damage model is feasible. The fiber cutting angle has
significant influence on cutting force and stress in cutting process, and the cutting direction has a significant influence on cutting
force. In addition, cutting parameters play a critical role in cutting force, and the feed per tooth is the most significant factor
affecting the cutting force. Simultaneously, the progressive damage model predicts that the shear failure of materials mainly
concentrates in the cutting area and extends along the feed direction. Finally, the material removal mechanism of CFRP in high-
speed milling was revealed combining cutting force experiment.
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1 Introduction

Carbon fiber–reinforced plastic matrix composites (CFRPs)
are widely applied in aerospace and other fields for its excel-
lent characteristics such as light weight and high strength
[1–3]. Especially, in the field of civil aviation, the composite
coverage of Boeing and Airbus series aircraft has already
exceeded 50%. The overall coverage of CFRP has become a
trend in the future development of civil aviation aircraft [4, 5].
CFRP mainly adopts high-strength carbon fiber bundles to
toughen and strengthen [6], and the milling is the common
processing method of CFRP [7–9]. However, due to the com-
plex weaved structure, the unclear failure mechanism, and the
anisotropy of carbon fiber strength, the material removal
mechanism in milling of CFRP is still unclear [10–12].
Besides, in the milling process of CFRP, it is very easy to
produce defects such as material layering, burrs, surface pits,

fibers breakage, and matrix cracks, which directly lead to poor
processing efficiency and high cost [13–15], and then restrict
the development of industry. Thus, the exploration of material
removal mechanism in CFRPmilling has become a vital issue
in manufacturing industry.

With the increasing requirement of dimension, tolerance,
and precision of aeronautical components and other high-
precision products, research on cutting mechanism of CFRP
is an important issue in mechanical manufacturing industry.
The milling experiments of CFRP with different cutting pa-
rameters, fiber angles, and tool combination have been carried
out by domestic and foreign scholars. The results show that
cutting speed and fiber cutting angle have vital effect on the
cutting force and material removal mechanism of CFRP mill-
ing [16–18]. Nevertheless, the cost of composite cutting ex-
periment is too high, and it is intractable to monitor the mate-
rial cutting process, cutting stress, and damage propagation
state during the experiment. The great development of finite
element simulation can well avoid the above shortcomings.
Alessandro et al. [19] employed SPH method to establish a
unidirectional CFRP cutting finite element model, and the
cutting experiments were carried out to verify the reliability
of the model. Various cohesion models were synthetically
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considered by Essa et al. [20], and they established a model
which can effectively avoid the excessive deformation of co-
hesion element in the simulation process. Su et al. [21] devel-
oped a three-dimensional finite element model of CFRP or-
thogonal shear, the strain of resin, and the different cutting
angles of fiber were considered. Rao et al. [22] carried out a
three-dimensional finite element model of CFRP cutting to
investigate the impact of fiber cutting angle, cutting depth,
and tool rake angle on cutting force. Feito et al. [23] complet-
ed the simplified model and complete model of CFRP drilling
from the perspective of delamination prediction. Rentsch et al.
[24] simulated the cutting process of CFRPwith macro-model
and micro-model. Xu et al. [25] established a finite element
model of CFRP laser milling to consider the material removal
mechanism, and the model could predict the ablation depth of
the material during the laser milling process. The finite ele-
ment model of anisotropic CFRP end milling was conducted
by Ghafarizadeh et al. [26]. The cutting force, chip formation,
and material damage mechanism in cutting process were
discussed. Gao et al. [27] finished a three-dimensional mi-
cro-mechanical finite element model for CFRP processing.
The model took into account the interfacial debonding be-
tween fibers/matrices and the heat transfer during composite
failure. In summary, few studies on the finite element model of
CFRP high-speed milling involve the progressive damage of
material and failure expansion at present, so few discussions
have been conducted on the progressive damage model of
cutting force. Beyond this, few people systematically discuss
the mechanism of material failure in high-speed milling of
CFRP. The mechanism of the effect of fiber cutting angle on
cutting force, cutting stress, and material removal mechanism
is still unclear.

Based on three-dimensional Hashin failure criterion and ma-
terial stiffness degradation model, a three-dimensional finite ele-
ment model of progressive damage in unidirectional CFRP high-
speed cutting was set up by compiling VUMAT subroutine and
employingAbaqus/Explicit solver. Furthermore, the reliability of
the model was verified by milling experiments with the identical
parameters. The effect of fiber cutting angle on cutting force,
cutting stress, material failure propagation and material removal
mechanism was discussed. The research results can not only
provide experimental basis for the investigation of processing
mechanism of composites, but also improve the theory of high-
speed machining of CFRP.

2 Progressive damage finite element model

2.1 Model setup

TheAbaqus/Explicit module has significant advantages in solv-
ing the nonlinear dynamic process of composites cutting. At the
moment, there are two central methods of composites

modeling: the equivalent homogeneous three-dimensional solid
model of macro-modeling, which achieves the anisotropic
properties of composites by changing the coordinate system
and changing the properties of materials in different orienta-
tions. Another is the microscopic cohesion model; the interface
between fibers and matrices is directly presented in the model,
which is primarily adopted to research the interface mechanics
and delamination failure forms of materials. The primary pur-
pose of this paper is to discuss the influence mechanism of fiber
cutting angle on macroscopic cutting mechanism of CFRP.
Meanwhile, the longtime of finite element calculation of cohe-
sion model was considering. Therefore, the macro-modeling
method of equivalent homogeneous three-dimensional entity
was adopted. The material properties required for finite element
modeling are shown in Table 1 [28]:

The tool model was defined as a rigid bodywith a tip radius
of 0.03 mm. The rake angle and the clearance angle of the tool
were 4°and 9°, respectively. Moreover, the elastic modulus
was 860 GPa and Poisson’s ratio was 0.078. To input cutting
speed and output historical variables, a reference point was
installed on the tool and was bound to all units of the tool.
In order to compare with the milling experiment, the cutting
parameters in the simulation used the same cutting speed as
the actual milling. Besides, the cutting speed was 251.2 m/min
and the cutting depth was 1 mm. The size and constraint
settings of the finite element model are shown in Fig. 1, and
the definition of fiber cutting angle is shown in Fig. 2. The cell
type was C3D8R. Furthermore, the number of grids of cutting
area was 118,000 and the mesh size was 10 μm. Furthermore,
the bias ratio was set along the height direction of the material

Table 1 Performance parameters of unidirectional CFRP (T300) [28]

Type Parameters

1- Modulus of elasticity E11 138.0 GPa

2- Modulus of elasticity E22 11 GPa

3- Modulus of elasticity E33 11 GPa

1-2 Poisson ratio v12 0.28

1-3 Poisson ratio v13 0.28

2-3 Poisson ratio v23 0.40

1-2 In-plane shear modulus G12 5.5 GPa

1-3 In-plane shear modulus G13 5.5 GPa

2-3 In-plane shear modulus G23 4.79 GPa

Density ρ 1540.0 kg/m3

1- Tensile strength XT 1500 MPa

1- Compressive strength XC 900 MPa

2- Tensile strength YT 27 MPa

2- Compressive strength YC 200 MPa

1-2 In-plane shear strength S12 80 MPa

1-3 In-plane shear strength S13 80 MPa

2-3 In-plane shear strength S23 60.5 MPa
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model. For the sake of reducing the calculation time and im-
prove the accuracy of the model, the meshes were divided into
more and more intensive from bottom to top. In other words,
the number of meshes in the cutting area was larger.

2.2 VUMAT subroutine application

The three-dimensional Hashin failure criterion is suitable for
failure analysis of composites, and its contents are shown in
Table 2. In the actual cutting process, the tool tip will inevita-
bly cause damage to the uncut area, which will result in the
change of material properties to be cut. Consequently, the
progressive damagemodel introduces material parameter deg-
radation, and the specific material stiffness degradation rule is
shown in Table 3.

The VAMUT subroutine was used to modify material con-
stitutive relationship and material properties to achieve pro-
gressive damage cutting force model of CFRP. The three-
dimensional Hashin failure criterion and material stiffness
degradation model were programmed into VUMAT subrou-
tine in the progressive damage model of high-speed milling.
The implementation process of the subroutine is shown in
Fig. 3. Firstly, the parameters were read from the three-
dimensional material model, and then the strain values were
obtained by calculating the elastic matrix. According to the
three-dimensional Hashin failure criterion, the failure of the
fiber and matrix could be judged. Assuming that no new ele-
ment fails, the stress and strain values were directly returned to
the main program. In contrast, if any element failed, the stiff-
ness of the failed element was degraded and the stress was
recalculated, and then the updated stress and strain were
returned to the main program.

3 Experimental design

High-speed cutting technology can effectively reduce the cut-
ting force of intractable materials such as CFRP and improve
the processing efficiency. High-speed cutting mainly depends
on the material performance and the actual linear speed in the
cutting process. The experiments were carried out on DMU85
NC machining center, and the side milling and down milling
were adopted within this paper. Unidirectional CFRP (T300,
Toray) composites were employed as experimental materials,
and three repeated experiments were carried out for each
group of experimental parameters. As shown in Fig. 4, the
unidirectional CFRP was cut into small cuboid specimens:
70 mm × 50 mm × 40 mm. The Kistler 9257A was located
between the gripping device and the worktable. Further, the
high-speed milling in four orientations was realized by rotat-
ing the worktable of the machining center. The specific exper-
imental parameters are shown in Table 4.

4 Results and discussions

4.1 Effect of fiber cutting angle on cutting force

Figure 5 is a comparison of the experimental results and sim-
ulation results of cutting force in CFRP of high-speed milling.
In the process of cutting, the change trend of cutting force
experimental value and simulation value was consistent, and
the error between experimental value and simulation value

Fig. 1 The setting of finite element models and constraints

Fig. 2 The definition of fiber
cutting angle

Table 2 Three-dimensional Hashin failure criteria

Type Formula

Tensile failure of fiber
σ11 > 0; σ11

X t

� �2 þ σ12
S12

� �2 þ σ13
S13

� �2 ¼ 1

Compression failure of fiber
σ11 < 0; σ11

X c

� �2
¼ 1

Tensile failure of matrix
σ22 > 0; σ22

Y t

� �2
þ σ12

S12

� �2
þ σ23

S23

� �2
¼ 1

Compression failure of
matrix

σ22 < 0; σ22
Yc

� �2
þ σ12

S12

� �2
þ σ23

S23

� �2
¼ 1

Shear failure of fiber and
matrix

σ11 < 0; σ11
X c

� �2
þ σ12

S12

� �2
þ σ13

S13

� �2
¼ 1
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was less than 5%, which reported that the cutting force model
was reliable. The error was attributed to that although the
material stiffness degradation model was set up in progressive
damage model, the stiffness degradation followed the equa-
tion regularly. In the actual cutting process, the material dam-
age near the tool front was not synchronous and irregular,
which created the irregular degradation of material properties.
Finally, there were errors between the values of experiments
and simulations of cutting force.

Beyond this, both simulation and experimental results
showed that the cutting force increased first and then de-
creased, especially the cutting force Ft and Fn followed the
rule: 90° > 135° > 45° > 0°. In the process of processing, the
strength of resin was much lower than that of the carbon fi-
bers, so the anisotropy of mechanical properties of carbon
fibers was the dominant reason for the distinction of cutting
forces. Section 4.7 will discuss in detail the main causes of the
difference of cutting force.

4.2 Effect of fiber cutting angle on stress change
in cutting process

Figure 6 is the cutting stress diagram of four orientations ob-
tained by progressive damage model. As shown in Fig. 6 a,
when cutting along the cutting angle of 0°, the cutting stress
mainly concentrated near the tool tip and extended along the
feed direction. This can be interpreted as that the main inter-
facial peeling of fibers occurred in the cutting material area
under the load of cutting edge, while the fibers mainly over-
came axial strength or shear strength to occur extrusion break-
age in the uncut material area, and yet the interfacial
debonding strength of CFRP was far less than the shear
strength and axial strength of the fibers. There was also a stress
concentration area near the rake face of the tool, which was

caused by the high stress of the materials under the cutting and
extrusion of the tool tip. When cutting along this orientation,
the debonding failure of the fiber interface was the main cause
of the composite removal, so the overall cutting stress was the
minimum. Figure 6 b is a stress diagram of 45°orientation.
The stress mostly concentrated on the tip of the tool.
Concurrently, the fiber chiefly bore the shear force from the
tip, while the shear resistance of fibers was weaker, so it was
easy to be cut off directly. In reality, the difference of cutting
stress in various fiber orientations was mostly caused by the
anisotropy of fiber strength. Secondly, in the cutting process,
diverse fiber orientations will lead to different cutting angles
between the fiber axis and the tool tip. Thus, the cutting angles
produced different forces and failure modes on the fibers.
Then, fibers break in different modes and ultimately bring
about unlikely cutting stress. For 45° orientation of fiber, the
cutting tool primarily overcame the shear strength of the fi-
bers, so the fibers were simple to be cut off and the cutting
stress was small.

Figure 6 c is the stress diagram of the composite cutting
along 90° cutting angle. The stress mostly distributed on the
rake face of the tool, and the maximum stress occurred around
the tool tip. The fiber bundles in the cutting area of the tool

Table 3 Material stiffness degradation model [2]

Type Material parameter degradation

Fiber tensile E = 0.07E, G = 0.07G, v = 0.07v

Fiber compression E = 0.14E, G = 0.14G, v = 0.14v

Matrix tensile E22 = 0.2E22, G12 = 0.2G12, G23 = 0.2G23

Matrix compression E22 = 0.4E22, G12 = 0.4G12, G23 = 0.4G23

Shear of fiber and matrix G12 = 0.1G12, v12 = 0.1v12

Fig. 3 The schematic diagram of
subprogram

Fig. 4 The high-speed milling experiments of CFRP
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rake face were perpendicular to the cutting orientation, and
part of the fiber bundles would be cut directly under the shear
action of the tool. Nevertheless, due to the high elongation at
break of carbon fibers, the fibers were extruded and deformed
by the tool tips; thus, the fibers would be subjected to the
tensile stress of the cutting tool. There will be severe friction
in the second deformation zone during cutting. Only when the
axial strength of the fibers was overcome, the fibers would
break. Hence, the cutting stress was the sum of shear stress
and tensile stress of the fiber bundles when cutting along this
cutting angle, so the cutting stress was the maximum in this
orientation. Figure 6 d is the stress diagram of cutting along
the cutting angle of 135°. The cutting stress mainly concen-
trated under the tool, and the stress range was large. Most of
the fibers would be lifted under the bending pressure of the
tool. When the applied bending stress exceeded the bending
strength of the fibers, brittle fracture occurred. Furthermore,
some fiber bundles were subjected to the load of cutting edge
directly in the axial direction. When the load reached the

maximum of axial strength of the fiber, the fiber also broke
and crushed, and then removed. Therefore, the cutting stress
was larger. It can also be acquired from Fig. 6 that the main
stress concentration area (the white dotted frame selected area
in the figure) was consistent with the orientation of the fiber,
which was determined by the fact that the axial strength of the
fiber was above the strength of other orientations.
Furthermore, the stress in cutting process followed the rule
90° > 135° > 45° > 0°, which was consistent with the rule of
cutting force.

4.3 Effect of fiber cutting angle on material failure
during cutting process

Previous studies have shown that shear failure of fibers is the
main material removal mode in composite cutting process
[21]. Figure 7 shows the fiber-matrix shear failure during
high-speed cutting of CFRP obtained by the progressive dam-
age model. Sdv1 is shear failure of the fiber and matrix. The
red grid in the figure represents the failure grid and the blue
grid represents the no failure. In particular, the initial failure of
the composites was considered at the 135° orientation. When
the tool touched the composites, the shear failure extended in a
long and narrow shape along the feed direction of the tool to
the materials, and the failure expanded gradually in the form
of continuity.

The results of shear failure in high-speed cutting of CFRP
are shown in Fig. 8. The cutting area of tool is defined above
the white dotted line and the non-cutting area below the white
dotted line. As shown in Fig. 8 a, shear failure primarily ex-
tended along the X direction (feed direction of the tool) when
cutting along the orientation of 0°, and the failure mainly
concentrated in the cutting area. Figure 10 b shows the shear
failure propagation law when cutting along 45° orientation.

Table 4 Experimental parameters for high-speed milling

Type Parameters

Fiber orientations (°) 0, 45, 90, 135

Spindle speed (r/min) 1000, 5000, 10,000, 15,000, 20,000

Cutting depth (mm) 0.5, 1, 1.5, 2, 2.5

Rake angle of tools (°) 4

Clearance angle of tools (°) 9

Feed per tooth (mm) 0.01, 0.02, 0.03, 0.04, 0.05

Tool diameter (mm) 8

Milling cutter type PCD tool

Tool edge 2

Milling machine DMU85

Fig. 5 The results of experiment and model. Fiber cutting angle (vs = 10,000 r/min, fz = 0.03 mm, ae = 1 mm)
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The failure primarily extended along the X direction, and a
small part of the failure occurred in the non-cutting area. As
shown in Fig. 10 c, the shear failure mostly occurred in the
cutting area of the tool and extended along the X direction.
When cutting along this orientation, the failure range was the
largest, and more failure occurred in the non-cutting area.
Figure 10 d shows the extension rule of the shear failure when
cutting along the 135° orientation. The shear failure primarily
occurred on the upper surface of the material in the cutting
area, and the failure range was the minimum.Generally speak-
ing, progressive damage model pointed out that the direction
of shear failure propagation was mostly X direction, and the
failure mainly concentrated in the cutting area of the tool in the
process of CFRP high-speed cutting. The shear failure was
most likely to occur in 90° orientation, and the failure range
of 135° orientation was the minimum. In the cutting process of
composites, material failure mode has a major effect on the
cutting force.

4.4 Effect of spindle speed on cutting force

Figure 9 shows the effect of spindle speed on cutting force in
high-speed milling of CFRP when the cutting depth was
1.5 mm and the feed per tooth was 0.03 mm. As shown in
Fig. 9 a, the average tangential force Ft increased first and then
decreased, and when the spindle speed exceeded 10,000 r/
min, the cutting force Ft decreased and tended to be stable.
The results showed that the tangential force of CFRP milling
process could be reduced by high-speed milling in a certain
range. However, the effect of cutting force reduction in high-
speed cutting was not obvious. Taking 90° cutting angle as an
example, cutting force was reduced from 23.6 N (10,000 r/
min) to 23 N (20,000 r/min) by high-speed cutting. This was
because the strength of the plastic matrix was too low, and the
cutting force was mainly composed of the force overcome by
the removal of fiber deformation and the friction force. The
fiber was brittle material, because of its small plastic

Fig. 6 The effect of fiber orientation on cutting stress

Fig. 7 The progressive damage of
the shear failure in 135°
orientation
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deformation, little friction between chips, and rake face of
tool. In the process of continuous cutting, cutting speed had
no significant effect on the change of cutting force, so in the
range of spindle speed from 10,000 to 20,000 r/min, the
change of cutting force was unapparent, and the trend of
change was gradually stable. Figure 9 b shows the trend of
the impact of spindle speed on the average radial force Fn in
CFRP high-speed milling. Unlike the average tangential force
Ft, the average radial force Fn increased with the spindle speed
in cutting process. Actually, according to the cutting mecha-
nism and milling force characteristics, the radial cutting force
mainly reflected the rebound of the cutting material. With the
increase of spindle speed, the extrusion speed of the tool flank
face to the machined surface increased, so the radial force Fn

would increase. In addition, the narrow pulse width and high
frequency of milling force would cause distortion of measure-
ment signal, and increase the peak value of cutting force signal
at high speed. When cutting along four orientations, Fn was

smaller in the low-speed section, and the maximum radial
force was only 1.3 times of the minimum radial force, and
the change of radial force was not obvious in the cutting
process.

From the comprehensive analysis of tangential force and
radial force in cutting process, it can be concluded that high-
speed milling has a significant impact on the tangential force.
In fact, in the process of side milling, the force required for
material removal mostly comes from the tangential force Ft
which is consistent with the feed direction (X direction).
Therefore, the tangential force is defined as the main cutting
force in this paper. Next, the main cutting force in the process
of high-speed milling of CFRP was discussed.

4.5 Effect of cutting depth on cutting force

The effect of cutting depth on the main cutting force Ft was
discussed under the condition of spindle speed of 10,000 r/

Fig. 8 The progressive damage of the shear failure in four orientations

Fig. 9 The effect of spindle speed on cutting force. Spindle speed (fz = 0.03 mm, ae = 1.5 mm)
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min and feed per tooth of 0.02 mm. As shown in Fig. 10, the
main cutting force increased with the cutting depth. The main
cutting force varied greatly with the cutting depth when cut-
ting along 90° and 135° orientations. Specifically, the main
cutting force increased from 16.3 to 27.1N for 90° orientation.
When cutting along 45° and 0° orientations, the change of
main cutting force was minor. Particular in 0° orientation,
the change of main cutting force was the minimum, and the
maximum value of cutting force was only 1.4 times of the
minimum value. The results illustrated that the impact of cut-
ting depth on the main cutting force was unlikely when cutting
along the various fiber cutting angles, and the most significant
change was the 90° orientation. Besides, when the radial cut-
ting depth increased to 1.5 mm, the change of the main cutting
force was not obvious, but tended to be stable. This can be
explained by the maximum milling thickness hm and the ex-
pression of hm is as follows:

hm≈ f z

ffiffiffiffiffi
ae
D

r
ð1Þ

where hm is the maximum milling thickness, fz is the feed per
tooth, ae is the radial cutting depth, and D is the tool diameter.
Equation (1) showed that hm was proportional to ae when the
fz and D were fixed. Since the nature of power function, when
the radial cutting depth increased to a certain value, the trend
of effect on milling force began to weaken, which was con-
sistent with the trend in Fig. 10.

4.6 Effect of feed per tooth on cutting force

Figure 11 shows the relationship between the feed per tooth
and the main cutting force when the spindle speed was
10,000 r/min and the cutting depth was 1 mm. The main
cutting force in four orientations increased with the feed per
tooth. Especially, with the increase of feed per tooth, the

cutting force increased by about 12 N and 8 N in 135° and
0° respectively. The results illustrated that the influence of
feed per tooth on the main cutting force was unequal when
cutting along different orientations of fibers. The central rea-
son for diversity was that the volume of material removed by
cutting edge varied in unit time with the increase of feed per
tooth. The anisotropy of mechanical properties of fibers in
removal of materials was the dominant factor for the distinct-
ness of main cutting forces. In the meantime, the three dia-
grams showed that the cutting force in high-speed milling of
CFRP accorded with the rule of 90° > 135° > 45° > 0°, which
was consistent with the conclusion of Section 4.1.

4.7 Material removal mechanism analysis

Fiber cutting angle plays an important role in material removal
mechanism of CFRP high-speed milling. Cutting mechanism
is especially complicated on account of the weave structure of
composites, the anisotropy of mechanical properties of fibers,
and the difference of properties between fibers and matrices.
Moreover, the strength of fibers is far exceeding the strength
of plastic matrices, so the removal of fibers during cutting is
the essential factor for the diversity of cutting forces. In addi-
tion, the anisotropy of fibers leads to different friction coeffi-
cients in four directions. The difference of fiber mechanics and
friction performance in typical directions is the main reason
for the change of cutting force [29]. Figure 12 illustrates the
material removal mechanism in CFRP high-speed milling
with four fiber orientations.

As shown in Fig. 12 a, at a fiber cutting angle of 0°, the
crack mainly propagates along the fiber axis under the dynam-
ic impact of cutting tools. Because the interfacial strength
between fibers and matrix is far less than that of fibers, it is
easier for fibers and matrices to debond; thus, the material of
cutting layer and matrix material are continuously separated.

Fig. 11 The effect of feed per tooth on main cutting force. Feed per tooth
(vs = 10,000 r/min, ae = 1 mm)

Fig. 10 The effect of cutting depth on main cutting force. Radial cutting
depth (vs = 10,000 r/min, fz = 0.02 mm)
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When continuing to apply load, the cutting material is contin-
uously extruded. When the extrusion accumulates to a certain
extent, the cutting material bends and is lifted up. In this pro-
cess, the fibers mainly bear bending stress. When the applied
load exceeds the strength of the material itself, the bending
part separates from the material body and finally forms chips.
When cutting along this orientation, the cutting force is the
minimum.

Figure 12 b is a schematic diagram of CFRP material re-
moval mechanism for 45°. The shear stress perpendicular to
the axis of the fiber is formed by the extrusion of the tool on
the composites. When the shear stress exceeds the shear
strength limit of the fibers, the fibers are cut off. The fibers
are mainly subjected to the shear action of cutting edges. Due
to the low shear strength of the fibers, the fibers are easily cut
off. The broken fibers slip along the cutting edge and form
chips owing to the pushing of the cutting edge.

As shown in Fig. 12 c, when cutting along 90°orientation,
cracks primarily occur in front of the tool and propagate along
the feed direction. In the cutting process, the maximum stress
occurs at the tool tip. Under the cutting and extrusion of the
tool, the fiber is stretched and deformed. Actually, the tensile
strength of the fibers is far exceeding the shear strength, and
the shear failure of the fibers is easy. In virtue of the high
elongation at break of fibers, the ultimate shear failure of fi-
bers is caused by cutting forces. When cutting in this orienta-
tion, the cutting force is the maximum.

Figure 12 d is a material removal mechanism diagram for
the cutting angle of 135°. On account of the radius of the blunt
circle of tool, under the cutting and extrusion of the tool, the

maximum stress is not at the tool tip, but at the maximum
bending stress concentration point below the tool tip. During
the cutting process, with the increase of cutting force, the
extrusion deformation of the cutting tool on the front material
increases, and the bending stress of the fiber enlarges gradu-
ally. Simultaneously, the crack initiates and propagates along
the radial direction of the fiber. When the shear strength limit
of the material is reached, the shear failure of the fibers results
in a serrated profile on the surface of the composites.

In the process of CFRP cutting, the brittle fracture of car-
bon fibers and plastic removal of matrices were dominantly
occurred. On the other hand, when cutting along various ori-
entations of fibers, the shear failure of fibers under the com-
bined action of cutting forces is the essential factor for material
removal. Owing to the anisotropy of the mechanical properties
of the fibers, the cutting forces are significantly distinct in all
orientations.

5 Conclusions

In this paper, the progressive damage finite element model of
cutting force in high-speed milling of CFRP was established
by employing Abaqus/Explicit solver and VAMUT subrou-
tine. The experiments of high-speed milling with various pa-
rameters were carried out. Ultimately, the effects of fiber cut-
ting angle and cutting parameters on cutting force and material
removal mechanism were predominantly considered. The
main conclusions were as follows:

Fig. 12 Material removal mechanism in high-speed milling of CFRP
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(1) The three dimensional Hashin failure criterion and ma-
terial stiffness degradation model were compiled into
VUMAT subroutine, and a progressive damage model
of cutting force for CFRP high-speed cutting was
achieved. Then, a series of cutting experiments were car-
ried out to verify the model, and the error value experi-
ments and simulations were less than 5%. It showed that
the model was credible and could predict cutting force,
stress concentration, and material failure in the process of
CFRP cutting.

(2) The progressive damage model and cutting force exper-
iments showed that the cutting angle of fiber had a sig-
nificant impact on cutting force, stress, and material fail-
ure in CFRP high-speed milling. The cutting force and
stress followed the rule 90° > 135° > 45° > 0°. Moreover,
progressive damage model predicted that the shear fail-
ure mainly occurred in the cutting area and extended
along the X direction. The maximum range of failure
occurred in the 90° orientation and the minimum was
in the 135°.

(3) Cutting parameters played a critical role on cutting force.
With the increase of spindle speed, tangential cutting
force increased first, then decreased and tended to be
stable. Yet the radial cutting force increased slowly with
the increase of spindle speed. The main cutting force
increased with the feed per tooth and radial cutting depth.
In the process of high-speed milling of CFRP, cutting
parameters had different effects on cutting forces in dis-
tinct fiber cutting angles, and the feed per tooth was the
most significant factor.

(4) Based on the anisotropy of mechanical properties of fi-
bers, the material removal mechanism of CFRP cutting
was revealed. The anisotropy of mechanical properties of
fibers brought about different removal forms, which was
the main reason for the diversity of cutting forces. Under
the load of cutting tools, the fibers mainly occurred shear
failure and brittle removal.
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