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Abstract
This paper investigated the cutting behaviors and chip formation in machining of carbon fiber reinforced polymer (CFRP) 
composites. The single cutting edge and unidirectional (UD) laminates of six different fiber orientations from 0° to 150° 
with an interval of 30° were employed in the orthogonal cutting test. The effects of fiber cutting angle, cutting speed and 
cutting depth on cutting mechanism and micro-damage evolution were estimated. Cutting force and thrust force obtained by 
dynamometer were used to evaluate the interaction between the tool and the workpiece. Subsurface damage was assessed 
by damage depth and failure mode of microstructure such as fiber and matrix. The machined surface roughness was used 
to characterize the machined surface quality. The results indicated that the average cutting force at θ > 90° was 7.58 times 
higher than that at θ < 90° and large deformed fibers below the machined surface existed elasticity recovery in the former 
case. The cutting speed and cutting depth had the most significant effects on the cutting force at θ = 90° where the fiber 
bending deformation and fiber kinking keep cutting force at a high level. The micromorphology of machined surface and 
subsurface revealed four typical cutting mechanisms, namely, interface-debonding, fracture-sliding, shearing-fracture, and 
bending-fracture in the range of θ = 0 ~ 180°. The variation trend of surface roughness with cutting parameters at θ > 90° is 
obvious and in consistent with that of cutting force. The most efficient factor on the roughness is found to be the fiber cutting 
angle accounting for 98.60%, followed by the cutting depth (0.55%) and cutting speed (0.25%). The interaction between the 
factors is not significant according to the results of ANOVA.

Keywords  CFRP composites · Orthogonal cutting · Cutting mechanism · Chip formation · Surface morphology

1  Introduction

Carbon fiber reinforced polymer (CFRP) have been gradu-
ally applied to critical structures of aircrafts to reduce the 
structural weight by 20% to 40% and enhance overall perfor-
mance due to their excellent properties such as light weight, 
high strength and good fatigue resistance over conventional 

materials [1, 2]. CFRPs are often formed directly into mono-
lithic component in order to reduce the number of assembly 
connectors and improve structural integrity by “near net 
shape” method because of their flexible designability [3]. 
Nevertheless, it is inevitable to reprocess CFRP components 
through various machining methods like drilling and mill-
ing to obtain assembly hole and desired structure feature, 
respectively [4]. However, CFRPs are typically difficult 
to machining and are liable to form burrs, tear [5, 6] and 
delamination [7] due to their anisotropy and heterogeneity, 
which seriously weakens the assembly reliability and stabil-
ity of service performance of the components [8]. In addi-
tion, the strict damage tolerance brings tough challenges to 
the machining of CFRP.

Actually, extensive and in-depth research on the damage of 
CFRP drilling and milling has been carried out. As the most cru-
cial damage type [9], the degree of delamination determines the 
mechanical properties of composites directly. Studies reveal that 
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the drilling axial force and milling force are the primary cause of 
delamination in CFRP drilling and milling, respectively [10, 11]. 
In terms of machining parameter, the rotational speed and feed 
speed are the most concerned contributing factors due to their 
remarkable effects on the cutting force. The drilling axial force 
increases sharply with rise of feed speed [12, 13], accompanied 
by serious delamination at the drilling exit [14]. While the higher 
rotational speed can reduce axial force and obtain good surface 
quality. Furthermore, the feed speed has more obvious effect 
on the axial force than spindle speed [15]. At exit of hole, burrs 
usually appear in areas where the fiber cutting angle is obtuse 
and tearing damage is concentrated in right angle area. While 
there are no defects in acute angle region [16]. The milling force 
is also strongly related to milling parameters. It decreases with 
the growth of rotational speed while increases with axial depth 
of cut, radial depth of cut and feed rate [17, 18], of which the 
depth of cut has the greatest impact on the milling force. Milling 
defects such as edge breakage, burrs, tearing, and delamination 
are more serious when fiber cutting angle is greater than 90°, 
especially in the ranges from 90° to 135° [19, 20].

Essentially, the drilling or milling of CFRP on the macro 
level is the removal process of fiber and matrix at the micro 
level. The defects in drilling or milling can be unified as dif-
ferent forms and degrees of micro-damage such as fiber break-
age, matrix cracking and interface debonding. In order to study 
damage mechanism of microstructure such as fiber, matrix and 
interface between them, Koplev [21] proposed a method of cut-
ting CFRP with a single cutting edge, namely orthogonal cutting 
experiment. It is concluded that the cutting mechanism of CFRP 
was related to the fiber direction, and the chip removal was the 
result of brittle fracture of materials. Since then, orthogonal cut-
ting experiment was regarded as a classical method to study 
microscopic damage during machining of CFRP [22, 23]. Wang 
et al. [24] analyzed the effect of fiber orientation, rake angle 
and depth of cut on cutting force, surface roughness and sub-
surface structure morphology. It revealed that 90° was a criti-
cal angle, beyond which the cutting mechanism becomes more 
complicated and the subsurface damage caused by fiber bend-
ing and fiber-matrix debonding would be more severe. Jahromi 
[25] found that the length of the broken fibers increased with 
increase of fiber orientation. Moreover, the cracks depth was 
limited within 15 μm when fiber orientation is between 0° and 
45°, while the crack propagation depth can reach 225 μm owing 
to interface debonding in the situations of 90° < θ < 135° [26]. 
Bhatnagar et al. [27] proposed a predictive model considering 
frictional conditions and tool geometric parameters to forecast 
the chip formation and cutting force based on the relationship 
between cutting force and fiber orientation angle in orthogonal 
cutting test. Agarwal et al. [28] studied the chip formation, cut-
ting force and strain distribution obtained by digital image cor-
relation (DIC) technology. It is realized that chip formation was 
determined by cutting depth and fiber orientation. An et al. [29] 
analyzed fracture mechanism of CFRP and machined surface 

morphology under different fiber orientation angle. Overall, the 
investigation for the machining responses of composites such 
as the cutting force, crack growth and machined surface quality 
offered the essential knowledge to understand the interaction 
between composite and cutting tool.

Apart from the above experimental investigation, numeri-
cal simulation models to characterize the dynamic process 
of chip formation and predict cutting force under different 
cutting conditions had been developed because of high costs 
for machining of composite materials. Rao et al. used a two-
phase micro-mechanical model [30] and a three-dimensional 
macro-mechanical model successively [31] to predict the 
cutting force under different fiber orientations within cer-
tain range, cutting depth and rake angle of the tool during 
machining of UD-CFRP. It revealed that the cutting force 
increased with fiber orientation and cutting depth but was 
less affected by rake angle of the tool. Hassouna [32] dem-
onstrated that the maximum cutting force was observed at 
fiber orientation angle of 90° both in macro-mechanical 
model and in micro-mechanical model. The high fracture 
energy caused large material deformation, resulting in 
severe subsurface. Yan et al. [33] calculated material frac-
ture energy (fiber damage, matrix damage and fiber-matrix 
interfacial debonding), plastic dissipation energy of matrix 
and frictional dissipation energy from a three-dimensional 
thermo-mechanical finite element (FE) model. The energy 
for various fiber cutting angle, depth of cut and rake angle 
were analyzed to quantify the different energy dissipation 
mechanisms and dominant damage mode. In addition, most 
FE simulation improved simulation accuracy by optimiz-
ing material properties including constitutive relationship, 
damage evolution rule and element failure criteria [34, 35], 
and modeling settings including modeling method such as 
equivalent homogeneous model [36] and multi-scale model 
[37], and FE preprocessing setting such as the contact prop-
erty and meshing [38].

The efforts mentioned above in investigating the cutting 
responses of composites by experimental and numerical meth-
ods enrich the research content of high efficiency cutting tech-
nology of composites and provide a profound understanding 
for anisotropy and heterogeneity of composite materials. To 
the authors’ best knowledge, few studies have paid attention to 
the difference of the influence of cutting parameters on cutting 
response at different fiber cutting angles in orthogonal cutting 
test. In addition, the failure modes and damage evolution of 
microstructure with the change of cutting conditions are also 
unclear. As a result, the selection and adjustment of compos-
ite cutting parameters lack theoretical basis and rely more on 
personal experience. It is difficult to ensure the consistency and 
stability of composite cutting quality. These facts have led the 
authors to focus on current investigation, which involves analysis 
of cutting response and removal mechanism of microstructure 
like fiber and matrix in machining of CFRP. Special attention 
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was paid to the fiber cutting angle, cutting speed and cutting 
depth. The cutting force, thrust force, machined surface mor-
phology, microstructure damage and chip shape were used to 
characterize cutting behaviors of UD laminates in orthogonal 
cutting test. It is hoped that these findings in this paper would 
provide guidance for the machining of composites.

2 � Experimental procedure

2.1 � Problem configuration

The top view of composite drilling is illustrated in Fig. 1a. With 
the rotation of the drill bit, fibers are successively cut off by the 
tool edge in a direction that is parallel, at a blunt angle, perpen-
dicular and at an acute angle to the fibers. The fiber cutting angle 
(FCA, θ) in drilling is defined by the angle between the direc-
tion of fiber bundles and tangent direction of cutting edge. The 
FCA changes rapidly and periodically, meanwhile the drill is in 
semi-sealing situation during drilling. Therefore, not only it is 
difficult to analyze the damage discrepancy of composite drilling 
along the circumferential direction from the micro level, but also 
the effect of rotational speed and feed speed on the deformation 
and removal of material are hard to evaluate. So the differential 
element method is applied to establish the connection between 

micro-mechanical model and macro-mechanical model. The 
main cutting edges in drilling or milling are divided into small 
micro cutting elements so that the complex cutting process of 
main cutting edge can be simplified as the cutting process of sin-
gle cutting edge. Orthogonal cutting model is shown in Fig. 1b. 
The fiber cutting angle in orthogonal cutting model represents 
the angle between fiber orientation and cutting speed. The cut-
ting speed and cutting depth in the orthogonal cutting model 
can be calculated from drilling parameters such as the rotational 
speed, feed speed and tool diameter by the differential element 
method [39]. Hence the fiber cutting angle, cutting speed and 
cutting depth are key factors of orthogonal cutting model in the 
present research.

2.2 � Materials and specimen preparation

The UD-CFRP laminates were manufactured by Guang-
wei Composites Co., Ltd., China using vacuum bag mold-
ing process. Unsaturated polyester resin 7901 was used 
as matrix and unidirectional standard modulus carbon 
fiber prepreg USN 20,000 was used as reinforcement. The 
mechanical properties of UD laminates were presented 
in Table 1. The cured laminates with a total thickness of 
3 mm were cut into 90 mm × 10 mm specimens with six 

Fig. 1   The schematic diagram of drilling process: (a) the top view of composite drilling and (b) orthogonal cutting model

Table 1   The mechanical properties of UD laminates

Mechanical properties �

( g/cm3)
Tg
(℃)

E
1

(Gpa)
E
2

(Gpa)
G

12

(Gpa)
v
12

X
t

(Mpa)
X
c

(Mpa)
Y
t

(Mpa)
Y
c

(Mpa)
S
12

(MPa)

Values 1.6 110 120 8 4.5 0.25 1800 1200 55 200 100
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types of fiber orientations, namely 0°, 30°, 60°, 90°, 120° 
and 150° as presented in Fig. 1b. The cemented carbide 
cutting tool used in the experiment was custom-made by 
Mapal China Ltd. The tool geometry parameters were 
listed in the Table 2.

2.3 � Orthogonal cutting test

The experimental setups of orthogonal cutting test on 
UD-CFRP were presented in Fig. 2a. The cutting tool was 
installed on the spindle of CNC drilling machine (XK7124, 

Zhongjie CNC Machine Tool Co., LTD, China). The UD-
CFRP specimen was laterally fixed by the fixture. The details 
of the special fixture designed for the small specimen were 
shown in the three-dimensional cutaway view in Fig. 2b. The 
special fixture is composed of six parts, namely, strip-type 
clapboard, positioning block, cushion block, L-shaped left 
clamp plate, L-shaped right clamp plate and their pedestal. 
At first, the pedestal of fixture was fastened on the Kistler 
9129AA dynamometer. Then the L-shaped left clamp plate 
was connected to the pedestal. After adjusting the cushion 
block to the center of the left clamp plate and keeping the 
holes of both parts coaxial, the L-shaped right clamp plate 
was bolted together with the cushion block and the left 
clamp plate. The positioning block was installed at one end 
of the cushion block. The UD laminate was placed on the 
cushion block with the positioning block as the reference. 
The bolts on the right clamp plate were rotated to press the 
strip-type clapboard so that the UD laminate was clamped 
on the vertical plane. The cutting edge was adjusted to being 
parallel to the thickness direction of the UD laminate.

The simplified schematic diagram of orthogonal cut-
ting test was illustrated in Fig. 2c. The single cutting edge 
removed the material with a certain cutting depth (h) and 
cutting speed (v) along the horizontal direction. The cutting 
parameters selected in the test were listed in the Table 2. 

Table 2   Tool geometry and cutting conditions

Category Parameters Values

Tool geometry Cutting edge width w 
(mm)

9

Cutting edge radius r 
(mm)

0.01

Rake angle �(°) 15
Clearance angle �(°) 25

Cutting conditions Fiber cutting angle θ (°) 0, 30, 60, 90, 120, 150
Cutting depth h (mm) 0.02, 0.04, 0.06
Cutting speed v (mm/s) 4, 7, 10

Fig. 2   Orthogonal cutting test: (a) the orthogonal cutting experimental platform; (b) special fixture designed for the small composite specimen; 
(c) the simplified schematic diagram of orthogonal cutting
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During the test, the reaction force exerted by the CFRP 
specimen on the cutting tool was decomposed into two 
components, namely the cutting force ( F′

x
 ) and the thrust 

force ( F′

z
 ). The Kistler 9129AA dynamometer was connected 

with charge amplifier and computer to collect cutting force 
signal (Fx) in X direction and thrust force signal (Fz) in Z 
direction. The sampling frequency of force signals was set 
to be 10 kHz. Acquisition system of force signals is shown 
in Fig. 3a. The signals of cutting force (Fx) in X direction 
and thrust force (Fz) in Z direction acquired in real time after 
low-pass filtering are shown in Fig. 3b and c. For each kind 

of cutting condition, the tests are repeated three times and 
the average of them was the final result. All the cutting tests 
were conducted under room temperature and dry condition.

After the test, UD-CFRP specimens were cleaned 
firstly so that the machined surface morphology can be 
inspected clearly by digital ultra-depth of field micro-
scope (RH-2000, HIROX, China). Then the machined 
surface roughness was measured precisely by roughness 
meter (178–560-11DC/SJ-210, Mitutoyo, Japan). In order 
to observe subsurface damage, the specimens were cut 
into small cuboids of 1 mm × 1 mm × 3 mm, cleaned by 

Fig. 3   The diagram of: (a) 
Acquisition system of force 
signals; (b) The signals of cut-
ting force Fx in X direction and 
(c) thrust force Fz in Z direction 
acquired in real time after low-
pass filtering

Fig. 4   The radar maps of cutting force varying with fiber cutting angle under different cutting speeds and cutting depths: (a) h = 0.02 mm; (b) 
h = 0.04 mm; (c) h = 0.06 mm
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ultrasonic cleaner and polished after cold mosaic treat-
ment until subsurface damage can be seen clearly. The 
specific grinding and polishing process are as follows. The 
small cuboids samples after cold inlaying were ground 
with sandpaper of 800, 1200, 2000, 3000 and 5000 mesh 
successively. The grinding direction of the sample under 
each mesh number of sandpaper should be consistent to 
ensure the removal of the previous wear marks. After 
being ground, the samples were polished with a diamond 
spray polishing agent with a particle size of 1.5 μm and 
polishing cloth until the subsurface of the samples were 
smooth without polishing marks. After being polished, the 
samples were cleaned by ultrasonic wave, and the subsur-
face damages were observed by microscope.

3 � Results and discussions

3.1 � Influence of the fiber cutting angle 
on the cutting force and thrust force

The radar maps of cutting force varying with fiber cutting 
angle under different cutting speeds and cutting depths are 
presented in Fig. 4. It can be observed that all the values of 

the cutting force are small from 0° to 60°, with a range of no 
more than 50 N. Then they climb up drastically to the peak 
values of around 550 N at θ = 120°, followed by a decreasing 
trend. It’s obvious that these curves get minimum value and 
maximum value at θ = 30° and θ = 120°, respectively. In the 
cases of θ < 90°, the cutting forces fluctuate in a small range 
because the cutting edge of the tool is inserted into material 
directly to cut the fiber bundles. The fibers don’t go through 
extrusion deformation. The energy required for material 
removal is low. In the cases of θ > 90°, the rake surface of 
the tool and fibers start in contact with each other firstly, 
then the fibers are squeezed laterally by the rake surface of 
the tool and bend to a point where they are chopped by the 
cutting edge or break after reaching the bending limit. The 
larger fiber deformation consumes more energy. The aver-
age cutting forces of θ > 90° is 495.99 N. Compared with 
θ > 90°, the cutting forces of θ < 90° are 65.45 N on average. 
Therefore, the average cutting force of θ > 90° is 7.58 times 
higher than that of θ < 90°.

The radar maps of thrust force varying with fiber cutting 
angle under different cutting speeds and cutting depths are 
plotted in Fig. 5. It is evident that the thrust force increases 
as the fiber cutting angle is increased from θ = 0° to θ = 90° 
but it drops sharply and becomes negative in the situations 

Fig. 5   The radar maps of thrust force varying with fiber cutting angle under different cutting speeds and cutting depths: (a) h = 0.02 mm; (b) 
h = 0.04 mm; (c) h = 0.06 mm

Fig. 6   The 3D bar diagrams of cutting force varying with the cutting speed at three different cutting depths: (a) h = 0.02 mm; (b) h = 0.04 mm; 
(c) h = 0.06 mm
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of θ > 90°. Even though the thrust force switches to negative 
value, it still increases with fiber cutting angle in the oppo-
site direction. It means that the force produced by cutting 
material with a tool in the vertical direction changes from 
downward push to upward pull. The phenomenon comes 
down to the effect of fiber elasticity recovery, which is in 
accordance with the result in Farid’s research [40]. The 

elasticity recovery of bended fibers exerts reaction force 
on the flank face of the tool, leading to reduction in cut-
ting depth. Thus, real depth of cut is less than its nominal 
depth. Moreover, the bending fracture of the fibers above the 
machined surface produces tension along the fiber axis that 
causes the fibers pull-out. Therefore, not only the direction 
of the thrust force changes but also the value of the thrust 

Fig. 7   The subsurface damages 
of UD-CFRP with θ = 90° in 
orthogonal cutting
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force drops sharply to a low level within 25 N. Besides, 
it is worth noting that the thrust force under the condition 
of v = 4 mm/s in Fig. 5a doesn’t reach maximum value at 
θ = 90° like other curves. Instead, it falls to a value which is 
close to 20 N. That is because that the low cutting speed of 
4 mm/s allows enough time for material deformation so that 
the elasticity recovery of the deformed fibers exerts opposite 
force on flank surface of the tool and further decrease the 
cutting depth which is already small (h = 0.02 mm), resulting 
in a significant decrease in thrust force.

3.2 � Effect of the cutting speed and cutting depth 
on cutting force and damage evolution

It can be seen directly from Fig. 4 that the influence of cutting 
speed on cutting force is the most obvious at θ = 90°. In order 
to analyze the effect of cutting speed on cutting force deeply, 
the 3D bar diagrams of cutting force varying with the cutting 
speed at three different cutting depths are shown in Fig. 6. At 

θ = 90°, the variation of cutting force in Fig. 6a and c have 
the same trend which increases first and then decreases with 
the growing cutting speed. Furthermore, both cutting forces 
at v = 7 mm/s and 10 mm/s are at a high level and they are 
100 N to 150 N higher than those at v = 4 mm/s. While the 
variation of cutting force at θ = 90° in Fig. 6b has an opposite 
tendency which declines first and then rises. The cutting force 
at v = 10 mm/s is about 100 N higher than cutting forces at 
v = 4 mm/s and 7 mm/s. These variations of cutting forces 
at θ = 90°analyzed above can be reflected by the degree of 
subsurface damage of the UD laminates presented in Fig. 7.

In the cases of h = 0.02 mm and v = 4 mm/s, no obvi-
ous subsurface damage can be observed in Fig. 7a. There 
is no fiber deformation under the machined surface, and 
both fiber and matrix remain intact. Under the same cutting 
conditions, the cutting force is very small, only about 60 N 
in Fig. 6a. When the cutting speed is increased to 7 mm/s, 
fiber cracks and matrix loss can be seen in Fig. 7b. Fiber 
fracture is not neat and the height of broken fiber is different. 

Fig. 8   The 3D bar diagrams of cutting force varying with cutting depth at three different cutting speeds:

Fig. 9   At θ = 0°: (a) the subsur-
face damages of microstructure; 
(b) fiber deformation and stress 
state; (c) the chip morphologies; 
(d) the micro-morphologies of 
machined surface
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Obviously, the subsurface damage is more serious compared 
with former condition, and the cutting force of θ = 90° in 
Fig. 6a rises sharply from 60 N at v = 4 mm/s to 200 N at 
v = 7 mm/s. When the cutting speed continues to increase 
to 10 mm/s, the cutting force drops a little but it is still at 
a high level. Consistent with this variation, fiber cracking 
disappears, no fiber deformation can be observed except that 
a large amount of matrix loss occurs on the subsurface, as 
illustrated in Fig. 7c.

When the cutting depth is 0.06 mm, under the condition 
of v = 4 mm/s in Fig. 7g, it shows a clear subsurface damage 
profile. There is no damage to the fibers and matrix below 
the damage profile while the angle of fiber bending is 15.3°. 
As the cutting speed increases to 7 mm/s in Fig. 7h, fiber 
kinking comes into being. Fiber kinking is a phenomenon 
of local shear deformation of the matrix along cutting direc-
tion and the fibers typically break at the edge of the kinking 
band. The fiber bundles above the kinking band are neatly 
tilted towards the cutting direction at an angle of 22.5°, 
accompanied by a few fiber cracks. The subsurface dam-
age was apparently aggravated compared with Fig. 7g. It 
is seen in Fig. 7i that the kinking band moves down to a 
position where it is further away from the machined surface 

due to the increase in the cutting speed. But the width of 
the kinking band decreases and the degree of fiber deforma-
tion between the kinking band and the machined surface 
is reduced. The degree of sub-surface damage alleviates in 
contrast to Fig. 7h. The degree of sub-surface damage is the 
same as variation trend of cutting force. The cutting force 
of v = 10 mm/s is lower than that of v = 7 mm/s at θ = 90° in 
Fig. 6c. Compared with the cutting force at v = 4 mm/s, the 
cutting forces at v = 7 mm/s and v = 10 mm/s are at higher 
level.

When the cutting depth is 0.04 mm and the cutting speed is 
4 mm/s in Fig. 7d, the damage profile is close to the machined 
surface and damage area is small. The fibers and matrix under 
the damage profile are not deformed and keep intact. As the 
cutting speed is increased to 7 mm/s in Fig. 7e, there are no 
fiber cracks and matrix loss on the subsurface, and the fib-
ers are bent along the cutting direction with an inclination of 
10.7° to the vertical direction. When the cutting speed is fur-
ther increased to 10 mm/s in Fig. 7f, fiber kinking occurs at 
a distance of about 100 μm below the machined surface. The 
fibers above the kinking band are bent and break, presenting 
an elliptic-granule shape. Fiber cracking and matrix crushing 
can be seen. It is obvious in Fig. 6b that the cutting force of 

Fig. 10   At θ = 30°: (a) the 
subsurface damages of micro-
structure; (b) fiber deformation 
and stress state; (c) the chip 
morphologies; (d) the micro-
morphologies of machined 
surface

Fig. 11   At θ = 60°: (a) the subsurface damages of microstructure; (b) the chip morphologies; (c) the micro-morphologies of machined surface
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θ = 90° at v = 10 mm/s rises dramatically to around 240 N from 
a relatively low level of 130 N at v = 7 mm/s. According to the 
above analysis of damage evolution, it can be concluded that 
low cutting speed and small cutting depth are beneficial to 
reduce subsurface damage at θ = 90°.

Apart from the cutting speed, the cutting depth also 
affects the cutting force of UD laminates. The 3D bar 
diagrams of cutting force varying with cutting depth at 

three different cutting speeds are presented in Fig. 8. It’s 
clear that the cutting forces at θ = 90° fluctuate within a 
wide range with the increase of cutting depth. In particu-
lar, at v = 4 mm/s in Fig. 8a and v = 10 mm/s in Fig. 8c, 
the cutting force gradually increases with the cutting 
depth, sharing the same trend at θ = 90°. The variation 
trend of cutting force is in accordance with degree of 
sub-surface damage. With the increase of cutting depth, 

Fig. 12   At θ = 90°: (a) the 
subsurface damages of micro-
structure; (b) fiber deformation 
and stress state; (c) the chip 
morphologies; (d) the micro-
morphologies of machined 
surface

Fig. 13   At θ = 120°: (a) the 
subsurface damages of micro-
structure; (a-i) local enlarged 
detail at i in Fig. 13a; (b) fiber 
deformation and stress state; 
(c) the chip morphologies; (d) 
the micro-morphologies of 
machined surface
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in the comparison of Fig. 7a, d and g, the depth of sub-
surface damage progressively increases and the dam-
age region formed by fiber fracture becomes larger and 
larger. According to Fig. 7c, f and i, the subsurface dam-
age mode comes through the change of a large amount of 
matrix loss to fiber kinking. Then the position of kink-
ing band moves down and more fibers go through large 
deformation, and cutting force is constantly increasing in 
Fig. 8c. However, the cutting force of θ = 90° in Fig. 8b 
decreases first and then increases as the cutting depth 
grows. Comparing with Fig. 7b, there is no obvious fiber 
fracture and matrix loss, but fiber bending is more obvi-
ous in Fig. 7e. While cutting depth increases to 0.06 mm 
in Fig. 7h, fiber kinking appears again and the fibers 
break at the edge of the kink band with an inclination 
angle of 22.5°. At the same time, the cutting force of 
θ = 90° is very high, even high up to 340 N, as shown 
in Fig. 8b.

(a) v = 4 mm/s; (b) v = 7 mm/s; (c) v = 10 mm/s.

3.3 � The cutting mechanism and chip formation

In order to reduce the damage in the process of material 
removal, it’s necessary to figure out the cutting mechanism 
and chip formation of UD laminates with different fiber 
orientations.

In the case of θ = 0°, the subsurface damage is shown 
in Fig. 9a. It can be observed that the fiber buckling and 
the interface debonding occur under longitudinal compres-
sion. When the edge of cutting tool contacts and squeezes 
the material, the fibers are compressed by the cutting force 
Fx along the fiber axis, producing compressive stress � and 
shear stress � as shown in Fig. 9b. The debonding appears at 
fiber-matrix interface induced by the shear stress � because 
the compression strength of matrix is lower than that of fiber. 
With the movement of the tool, the fibers would be further 
squeezed by the rake face, bent and finally broken under 
compressive stress � . The fiber and matrix flow out along the 
rake face of the tool, forming discontinuous and curly chips, 

Fig. 14   At θ = 150°: (a) the sub-
surface damages of microstruc-
ture; (a-i) local enlarged detail 
at i in Fig. 13a; (b) the chip 
morphologies; (c) the micro-
morphologies of machined 
surface

Fig. 15   The variations of machined surface roughness with fiber cutting angle at different cutting speeds and cutting depths: (a) h = 0.02 mm; (b) 
h = 0.04 mm; (c) h = 0.06 mm
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as shown in Fig. 9c. Obvious gap formed by the fiber-matrix 
debonding and the matrix loss were observed through the 
microscopic observation of the machined surface, as shown 
in Fig. 9d. The interface debonding is the main reason for 
chip formation at θ = 0°.

At θ = 30°, the cracks perpendicular to the fiber axial 
are clearly visible in Fig.  10a. At θ = 60°, the cracks 
expand along the cutting direction in Fig. 11a. For θ < 90°, 
the cutting force can be decomposed into two directions: 
along the fiber axis and perpendicular to the fiber axis. 

Fig. 16   The curves of machined 
surface roughness varying with 
cutting speed at different cutting 
depths:(a) h = 0.02 mm; (b) 
h = 0.04 mm; (c) h = 0.06 mm

Fig. 17   The curves of cutting 
force varying with the cutting 
speed at three different cutting 
depths:(a) h = 0.02 mm; (b) 
h = 0.04 mm; (c) h = 0.06 mm
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The force perpendicular to the fiber axial compresses on 
the one side of fibers and forms shear stress on the cross-
section of fibers, resulting in fiber-matrix debonding and 
fiber fracture below the machined surface, respectively. 
The fiber deformation and stress state are illustrated in 
Fig. 10b. The force along the fiber axis produces com-
pressive stress on the cross-section of the fiber and shear 
stress on the lateral side of the fiber. The compressive 

stress on the cross-section of the fiber further accelerates 
the fracture of the fiber. The shear stress on the one side 
of the fiber is not large enough to produce relative slip-
page between the fiber and matrix. The fibers are cut off 
by cutting edge and then slide along the rake face of the 
tool. Therefore, the chips shown in Fig. 10c and 11b are 
continuous and curly like the ductile metal materials. The 
quality of machined surface is excellent and only some 

Fig. 18   The three-dimensional morphologies of machined surface: 
(a) θ = 120°, h = 0.04  mm, v = 4  mm/s; (b) θ = 120°, h = 0.04  mm, 
v = 7  mm/s; (c) θ = 120°, h = 0.04  mm, v = 10  mm/s; (d) θ = 150°, 

h = 0.04 mm, v = 4 mm/s; (e) θ = 150°, h = 0.04 mm, v = 7 mm/s; (f) 
θ = 150°, h = 0.04 mm, v = 10 mm/s
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holes caused by the matrix loss can be seen as shown 
in Fig. 10d and Fig. 11c. Besides, the white shear band 
formed by the fractured fibers can be clearly seen on the 
machined surface at θ = 60° in Fig. 11c, while it is not 
obvious at θ = 30° in Fig. 10d.

The irregular subsurface damage morphology of θ = 90° 
is presented in Fig. 12a. The cutting force perpendicular 
to the fiber axis compresses the fiber and matrix, and the 
uncut fibers below the machined surface are subjected to 
compressive stress and shear stress, as shown in Fig. 12b. 

Fig. 20   The curves of cutting 
force varying with cutting 
depth at three different cutting 
speeds:(a) v = 4 mm/s; (b) 
v = 7 mm/s; (c) v = 10 mm/s

Fig. 19   The curves of machined 
surface roughness varying with 
cutting depth at different cut-
ting speeds:(a) v = 4 mm/s; (b) 
v = 7 mm/s; (c) v = 10 mm/s
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The fiber-matrix debonding occurs firstly, followed by fiber 
bending deformation. Finally, the fiber breaks under shear 
action resulting from cutting force Fx, leading to short flaky 
chips as presented in Fig. 12c. It is similar to the discontinu-
ous cutting process of the brittle material. Chip separation is 
the result of the fiber-matrix debonding, fiber bending and 
shear fracture. The corrugated machined surface which is 
actually a cross section of many broken fibers at the micro-
scopic level, is caused by different degree of elasticity recov-
ery of deformed fiber, as seen in Fig. 12d.

In the cases of θ = 120° and θ = 150°, the subsurface dam-
ages are shown in Fig. 13a and Fig. 14a, respectively. Fiber 
bending, fiber-matrix debonding and matrix loss can be 
observed. Both the two fiber cutting angles are greater than 
105° which is the sum of the rake angle (15°) and 90°. This 
means that fibers contact the rake face of the tool first and 
then the fibers bend until they break as tool continues to feed. 
The compression stress � and shear stress � in the direction 
of both components are presented in Fig. 13b. Comparing 
Fig. 13a with Fig. 14a, the degree of fiber bending decreases 
but the fiber pull-out is more obvious with increase of the 
fiber cutting angle. This is principally because the force per-
pendicular to the fiber axis decreases and the force along the 
fiber axis increases when the fiber cutting angle ranges from 
120° to 150°. The larger degree of fiber bending deformation 

makes the matrix cracking intermittent. Therefore, the flaky 
chips come into being at θ = 120° as shown in Fig. 13c and 
the long strips of chips are formed at θ = 150° as seen in 
Fig. 14b. Essentially, the chip removal mechanism of both 
fiber cutting angles is fiber bending fracture. The position 
of fiber bending fracture is different in height, leading to the 
uneven machined surface after elasticity recovery of fibers in 
Fig. 13d. The periodic cracks are the result of the continu-
ous accumulation and release of internal energy caused by 
fiber bending. Many pits after fiber pull-out can be seen at 
θ = 150° in Fig. 14c.

3.4 � Machined surface roughness 
and three‑dimensional morphologies

The variations of machined surface roughness with fiber 
cutting angle at different cutting speeds and cutting depths 
are presented in Fig. 15. In the cases of θ ≤ 90°, the fiber 
cutting angle has little effect on machined surface rough-
ness. The roughness basically fluctuates around 1 μm and 
its maximum value does not exceed 2 μm. It indicates that 
machined surface qualities of θ ≤ 90° are excellent. In the 
cases of θ = 120° and θ = 150°, the machined surface rough-
ness is significantly higher than that of θ ≤ 90° in Fig. 15a, b 
and c. This is because that there are broken fibers protruding 

Table 3   The results of ANOVA 
for the machined surface 
roughness

DF: Degree of freedom, SS: Sum of squares, MS: Mean squares, PD: Percentage distribution.

Factor DF SS MS F value P value PD

Fiber cutting angle θ 5 3823.770 764.754 733.202 0.0001 98.60
Cutting depth h 2 8.580 4.290 4.113 0.022 0.55
Cutting speed v 2 3.807 1.904 1.825 0.171 0.25
θ*h 10 15.825 1.583 1.517 0.159 0.20
θ*v 10 12.183 1.218 1.168 0.332 0.16
h*v 4 0.165 0.041 0.040 0.997 0.00
θ*h*v 20 36.992 1.850 1.773 0.049 0.24
Error 54 56.324 1.043
Total 108 7035.884

Table 4   Experimental results, 
normalized values and grey 
grades for the cutting force and 
roughness at θ = 120°

No Factors Experimental 
results, Yj

Normalization, 
Zj

Grey relation 
coefficient, εj

Grey
Grade, γ

Order

θ/° h/mm v/mm·s−1 Fx/N Ra/μm Fx/N Ra/μm Fx/N Ra/μm

1 120 0.02 4 555.12 16.827 0.5460 0.1004 0.5241 0.3572 0.4407 6
2 120 0.02 7 558.83 14.059 0.4958 0.6211 0.4979 0.5689 0.5334 3
3 120 0.02 10 561.64 14.907 0.4578 0.4616 0.4797 0.4815 0.4806 5
4 120 0.04 4 543.41 13.093 0.7045 0.8029 0.6286 0.7173 0.6729 2
5 120 0.04 7 595.46 15.452 0 0.3591 0.3333 0.4383 0.3858 8
6 120 0.04 10 521.58 12.045 1 1 1 1 1 1
7 120 0.06 4 574.60 15.724 0.2823 0.3079 0.4106 0.4194 0.4150 7
8 120 0.06 7 592.08 17.361 0.0457 0 0.3438 0.3333 0.3386 9
9 120 0.06 10 568.02 14.470 0.3714 0.5438 0.4430 0.5229 0.4830 4
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from the matrix, grooves formed by fiber tearing or pull-
ing out and matrix cracks on the machined surface, which 
significantly increases the surface roughness at θ > 90°. The 
machined surface roughness obtains the maximum value at 
θ = 120°, indicating that machined surface quality at θ = 120° 
is the worst. The trend of machined surface roughness is in 
consistent with the variation of cutting force in Fig. 4 as ana-
lyzed before. It means that the machined surface quality is 
related to the cutting force in general. However, it is notable 
that the surface roughness at θ = 90° is in the same range as 
that in the cases of θ < 90° and the cutting force of the former 
is obviously higher than that of the latter. That is because the 
cutting force is related to the subsurface damage mode such 
as the fiber bending deformation and fiber kinking below the 
machined surface. The chip removal at θ = 90° is result from 
shear fracture of material and the cutting mechanism is not 
changed with cutting parameter. Therefore, the roughness of 
the machined surface is still low.

As for cutting speed, it is obvious that the effects of cut-
ting speed on machined surface roughness in the cases of 
θ ≤ 90° are negligible, while the roughness at θ > 90° varies 
significantly with increase of the cutting speed, as shown in 
Fig. 16. It is quite remarkable that the roughness curves of 
θ > 90° in Fig. 16b and c show the same variation pattern 
at the same fiber cutting angle. With the increase of cutting 
speed, the roughness increases first and then decreases at 
θ = 120°. At θ = 150°, the roughness decreases first and then 
increases. The variation range of roughness at θ = 150° is 
much smaller than that at θ = 120°. The above analysis shows 
that high cutting speed is beneficial to reduce the machined 
surface roughness and improve the machined surface qual-
ity, which can be attributed to the thermal softening of the 
matrix under high cutting temperature caused by high cut-
ting speed, leading to reduction in cutting force. Less cutting 
force means low surface roughness. It can be proved by the 
fact that regardless of θ = 120° or θ = 150°, the change law 
of surface roughness in Fig. 16b and c is the same as that of 
the cutting force in Fig. 17b and c respectively. The surface 

roughness is related to the cutting force and the machined 
surface quality can also be assessed by cutting force indi-
rectly. However, the variation trend of surface roughness 
with cutting speed at θ > 90° in Fig. 16a are not in agreement 
with those in Fig. 16b and c at the same fiber cutting angle. 
This is because cutting depth of h = 0.02 mm in Fig. 16a is 
close to the radius of the cutting edge. The cutting depth is 
so small that the cutting process is unstable and the volume 
of cutting materials is constantly changing due to elasticity 
recovery of fiber below the machined surface and vibration 
of machining system, leading to a large displacement of the 
contact point between cutting edge and material. Therefore, 
the consistency of cutting quality is poor and the roughness 
variation is irregular with the increase of cutting depth.

Considering that the machined surface roughness of 
θ > 90° varies greatly with the cutting parameters, the 3D 
morphologies of machined surface at θ = 120° and θ = 150° 
observed with a digital depth of field microscope are shown 
in Fig. 18. It is obvious that the material on both sides of the 
machined surface edge is higher than the machined surface. 
This is because the material after undergoing out-of-plane 
deformation at free boundary makes a concession and can’t 
cut off by the cutting edge before its elasticity recovery. This 
phenomenon is similar to formation of the burrs at the exit of 
hole analyzed in Xu’s research [41]. In the case of θ = 120°, 
the machined surface is relatively flat and shows some 
grooves as presented in Fig. 18a, which are derived from 
fiber bending fracture. With the increase of cutting speed, 
the machining surface is uneven, and there are pits formed 
by broken fibers and crushed matrix in Fig. 18b. When 
cutting speed further increases to v = 10 mm/s in Fig. 18c, 
the surface pits reduce and the flatness get improved but 
grooves occur again. It represents that fiber bending fracture 
is dominant, and fiber pull-out is weakened. For θ = 150°, 
it is obvious that surface evenness gradually gets better and 
the pits formed by pulled-out fibers reduce with increase 
of cutting speed as Fig. 18d, e and f. While the bare fiber 
bundles on both sides of the machined surface edge are more 

Table 5   Experimental results, 
normalized values and grey 
grades for the cutting force and 
roughness at θ = 150°

No Factors Experimental 
results, Yj

Normalization, 
Zj

Grey relation 
coefficient, εj

Grey
Grade, γ

Order

θ/° h/mm v/mm·s−1 Fx/N Ra/μm Fx/N Ra/μm Fx/N Ra/μm

1 150 0.02 4 403.86 10.478 0.5889 1 0.5488 1 0.7744 1
2 150 0.02 7 362.73 14.629 1 0 1 0.3333 0.6667 3
3 150 0.02 10 400.58 11.055 0.6217 0.8610 0.5693 0.7825 0.6759 2
4 150 0.04 4 449.22 12.9855 0.1356 0.3959 0.3665 0.4529 0.4097 6
5 150 0.04 7 423.16 11.7065 0.3961 0.7040 0.4529 0.6282 0.5406 4
6 150 0.04 10 434.86 11.9395 0.2791 0.6479 0.4095 0.5868 0.4982 5
7 150 0.06 4 462.79 13.479 0 0.2770 0.3333 0.4089 0.3711 9
8 150 0.06 7 458.12 13.149 0.0467 0.3565 0.3440 0.4373 0.3907 7
9 150 0.06 10 461.74 13.182 0.0105 0.3486 0.3357 0.4343 0.3850 8
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clearly visible. It means that out-of-plane deformation and 
the phenomenon of material concession are more severe. It 
can be concluded that increasing cutting speed is helpful 
to improve the quality of machined surface for θ > 90°, as 
analyzed above for Fig. 16b and c.

The curves of machined surface roughness varying with 
cutting depth at different cutting speeds are shown in Fig. 19. It 
is obvious that six curves are divided into two groups, namely, 
θ > 90° and θ ≤ 90°. The former group process higher rough-
ness with much larger fluctuations than latter. The grouping 
phenomenon indicates that the fiber cutting angle is the most 
essential factor affecting the roughness. The variation trend 
of curves at θ > 90° also shows grouping phenomenon that 
Fig. 19a and c present the same variation tendency at the same 
fiber cutting angle but they are different from Fig. 19b. Also, 
the change laws of surface roughness in Fig. 19a and c are the 
same as those of the cutting force in Fig. 20a and c respec-
tively. This proves again that there is a correlation between cut-
ting force and surface roughness. It can be concluded that large 
cutting depth made the roughness high but small cutting depth 
cause unstable cutting process, so the medium cutting depth 
is recommended as optional cutting parameter. Based on the 
above analysis results, high cutting speed and medium cutting 
depth are recommended to lower cutting force and improve 
machined surface quality for θ > 90°.

3.5 � Analysis of variance (ANOVA) for surface 
roughness and optimization of cutting 
parameters

Analysis of variance (ANOVA) is applied to determine which 
parameter significantly influences the machined surface 
roughness. The results of ANOVA were shown in Table 3. In 
ANOVA, F-value of fiber cutting angle 733.202 indicates that 
the fiber cutting angle is the most significant factor with the 
probability of < 0.0001 (“P value” less than 0.05 denote that 
the terms are significant). According to the results of ANOVA 
presented in Table 3, the most efficient factor on the roughness 
is found to be the fiber cutting angle as 98.60%, followed by 
the cutting depth (0.55%) and cutting speed (0.25%). Also, the 
interaction between the factors is not significant.

In order to determine the optimal cutting parameters for 
θ > 90°, the cutting force and machined surface roughness were 
simultaneously optimized with grey relational analysis (GRA). 
The cutting parameters are optimized through the following 
steps:

1)	 The reference data that reflect the characteristics of the 
system behavior and the comparative data that affect the 
system behavior are determined.

2)	 The variables are converted into proper dimensionless 
indexes.

3)	 The grey relational coefficient and grey relational grade 
are calculated.

4)	 The grey relational grade is ranked and the optimal 
parameters are selected.

According to Analysis of variance (ANOVA) above, the 
fiber cutting angle is the most significant factor account-
ing for 98.60%. Therefore, the optimal cutting parameters 
at θ = 120°and θ = 150° were analyzed respectively. For 
θ = 120°, experimental results for the cutting force and 
roughness are given in Table 4. For calculating the grey 
grade, the cutting force and roughness are normalized 
according to the following expression.

where Yj(k) is the original value to be normalized, maxj[Yj(k)] 
is the largest value of Yj(k) , and maxj[Yj(k)] is the smallest 
value of Yj(k).

For example, the normalized value for j = 1 − 2, k = 1 − 9 
can be computed as follows.

Grey relational coefficient �j(k) is calculated to express 
the relationship between the ideal and actual normalized 
experimental results. The grey relational coefficient.t �j(k) 
can be expressed as follows.

where Z
0
(j) is the ideal sequence which has the value of 1, 

and �j(k) is the grey relational coefficient of the j-th perfor-
mance characteristic of the k-th experiment. Distinguishing 
coefficient � is defined in the range of 0 ≤ �≤1. It is generally 
taken as 0.5.

For example, the grey relational coefficient for j = 1 − 2, 
k = 1 − 9 can be computed as follows.

Grey relational grade �k for the k-th experiment can be 
determined from the following equation.

(1)Zj(k) =
maxj[(k)] − Yj(k)

maxj
[

Yj(k)
]

− minj[Yj(k)]

(2)
Y
1
(1) = (595.46 − 555.12)∕(595.46 − 521.58) = 0.546020574

(3)
Y
2
(1) = (17.3605 − 14.059)∕(17.3605 − 12.045) = 0.100366852
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|
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(5)
�
1
(1) = (0+0.5 × 1)/(|0.546020574-1|+0.5 × 1) =

0.5

1.5 − 0.546020574
= 0.524120318

(6)
�
2
(1) = (0+0.5 × 1)/(|0.100366852-1|+0.5 × 1) =

0.5

1.5 − 0.100366852
= 0.357236466
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where n is the number of responses. For example, the grey 
relational grade for cutting force at test 1 can be calculated 
as follow.

The calculated grey relational grades for each test were 
put in order from maximum (optimum) to minimum and 
then they were presented in the Table 4. The optimal value, 
which was the maximum of grey relational grade, was found 
to be the 6th experiment for initial parameters. The mini-
mum of the cutting force and machined surface roughness 
can be simultaneously obtained at the optimal machin-
ing conditions, which is h = 0.04 mm and v = 10 mm/s for 
θ = 120°. For θ = 150°, the optimal machining conditions are 
h = 0.02 mm and v = 4 mm/s, as shown in Table 5.

4 � Conclusions

Investigations on chip formation mechanism and influ-
encing rule of various factors in orthogonal cutting of 
UD laminates was conducted. The cutting force, thrust 
force, cutting mechanism, chip formation, machined sur-
face roughness and three-dimensional morphologies were 
analyzed, especially the effect of the fiber cutting angle, 
cutting speed and cutting depth. The conclusions can be 
drawn as follows:

(1) The cutting forces of θ > 90° are 7.58 times higher 
than those of θ < 90°. Both cutting speed and cutting 
depth have the greatest influence on the cutting force at 
θ = 90°, and the effect of cutting depth on the cutting force 
is more significant than that of cutting speed. The thrust 
force increases with the growth of the fiber cutting angle 
and reaches the maximum value at θ = 90°. In the cases of 
θ > 90°, the thrust force switches to negative value, which 
means that the force produced by cutting material with 
a tool in the vertical direction changes from downward 
push to upward pull. It’s due to the elasticity recovery of 
the deformed fiber. Thrust force still increases with fiber 
cutting angle in the opposite direction.

(2) The micromorphology of machined surface and sub-
surface revealed four typical cutting mechanisms, namely, 
interface-debonding, fracture-sliding, shearing-fracture, 
and bending-fracture in the range of θ = 0 ~ 180°. Four 
corresponding chip patterns are also presented, namely, 
discontinuous and curly chips, continuous and curly chips, 
short flaky chips and flaky or long curly chips. The cutting 
parameters have the greatest effect on subsurface damage 
at θ = 90°. The degree of fiber bending deformation and 

(7)�k =
1

n

∑n

j=1
�j(k)

(8)�
1
=

1

2
(0.524120318 + 0.357236466) = 0.4406784

the characteristics of fiber kinking change constantly with vari-
ation of cutting speed and cutting depth.

(3) The variation of roughness with cutting depth or cutting 
speed shows grouping phenomenon that roughness fluctuates 
around 1 μm at θ ≤ 90° while it is more than 11 μm and up 
to 15 μm at θ > 90°. In the latter cases, the effect of cutting 
parameters on roughness is obvious and the variation of sur-
face roughness with cutting parameters is in consistent with 
that of cutting force. The chip removal at θ = 90° is result from 
shear fracture of material and the cutting mechanism is not 
changed with cutting parameter. Therefore, the roughness of 
the machined surface at θ = 90° is in the same range as θ < 90° 
and is at a low level.

(4) The most efficient factor on the roughness is found to be 
the fiber cutting angle accounting for 98.60%, followed by the 
cutting depth (0.55%) and cutting speed (0.25%). The interac-
tion between the factors is not significant by ANOVA. Accord-
ing to the results of GRA, the minimum of the cutting force and 
machined surface roughness can be simultaneously obtained 
at h = 0.04 mm and v = 10 mm/s for θ = 120°. For θ = 150°, the 
optimal machining conditions are h = 0.02 mm and v = 4 mm/s.

The results of this paper would help further promote the appli-
cation of CFRP in industries such as aerospace and defense.

(1)The further direction of this research is to evaluate 
the macroscopic machining damage in drilling or milling of 
CFRP, establish the correlation model of macro and micro 
cutting parameters to provide theoretical basis for control of 
macro parameter and finally combine the results with intel-
ligent technology to realize the dynamic monitoring and 
control of machining quality in the actual manufacturing 
process in real-time.

(2)In order to improve the machining quality and reduce 
the experimental cost, mechanical theoretical model and 
finite element model can be used to predict cutting force 
and damage state based on cutting mechanism and micro-
damage evolution of CFRP. A new processing strategy with 
variable cutting parameters and innovative cutting tool are 
urgently developed to improve traditional process in the 
future.
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