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Abstract

Carbon fiber reinforced plastics (CFRPs) are vulnerable to the intralaminar damage
(including burr and tear) and interlaminar damage (including delamination) during mill-
ing process. These damages will decrease the load carrying capability of the components.
However, due to the different formation conditions and occurrence locations of the two
types of damages, it is a challenge to accurately simulate them in a single model, which
hinders the comprehensive understanding on the formation laws of CFRP milling dam-
ages. The present study establishes a novel three-dimensional macroscopic milling model,
which predicts both the interlaminar fracture and intralaminar cracking of the CFRP. The
cohesive elements are applied to model the interlaminar fracture. The intralaminar crack-
ing is also simulated by inserting cohesive elements in the top layer of CFRP along the
fiber direction, and the insert interval is adjusted for an enhanced accuracy of the model.
Furthermore, a Python script is defined to improve the efficiency of establishing the model.
Through the calculation of the models, the cutting forces and the damage extents at four
typical fiber orientation angles (FOAs) are both accurately calculated. Moreover, the for-
mation laws of CFRP milling damages are specifically analyzed. Results suggest that the
burr and tear damages become serious with the increase of the FOA. The developed model
is helpful for further understanding the formation mechanisms of the intralaminar damage,
and it is expected that the findings can provide relevant technical supports for the suppres-
sion of CFRP milling damage.
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1 Introduction

Carbon fiber reinforced plastics (CFRPs) have been widely used in aerospace and military
applications due to their excellent mechanical properties such as high specific strength and
specific modulus, enhanced wear resistance, and etc. [1-4]. In the manufacturing of the
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CFRPs, a lot of milling processes are needed to assure that the components meet the desired
dimensional tolerance and surface quality [5, 6]. However, due to the anisotropy and hetero-
geneity characteristics of CFRPs, the burr, tear and delamination are generated easily dur-
ing milling [7], resulting in a decrease in the bearing capacity and reliability of CFRP parts.
Delamination would reduce the stiffness and the load-carrying capacity of the mechani-
cal parts [8]. Due to pulling out of the fiber, tear destroys the structural integrity of CFRP
components, thus tear reduces the bearing capacity and the lifespan of the components [9].
Furthermore, the burrs are the most frequent surface damage during milling of CFRP lami-
nates, and their appearance may cause several problems. For example, increasing the cost and
the time of production due to additional machining and degrading the safety of composite
components owing to burrs growth resulting from the unpredictable deburring process [10].
Therefore, it is necessary to study the damage formation mechanism in the CFRP milling and
suppress these damages to fully apply the excellent mechanical properties of CFRPs.

The damage in the CFRP milling was usually studied through the experimental method.
Ramulu et al. [11] conducted a lot of milling experiments, and it was found that the dam-
age mainly appeared at the external layers of the workpiece. Hintze et al. [12] analyzed the
influences of tool wear and fiber cutting angle on the surface damage in the CFRP milling.
Haddad et al. [13] studied the effect of milling damage on the bearing capacity, and the
results showed the damage reduced the bearing capacity. The above researches discovered
that the burr and tear mainly occurred at the external layers of the CFRPs (also known as
the surface damage), and they analyzed the influences of the processing parameters and
cutter geometry on the damage. However, the formation process of the surface damage
has not been researched in detail, therefore, it is necessary to further reveal the formation
mechanism of the surface damage in the CFRP milling and help to provide relevant theo-
retical guidance for the improvement of the machining quality.

Studying the surface damages only through experiments requires tremendous amount
of trials for different processing parameters. It is time-consuming and the research cost
would be quite expensive. Moreover, because the cutting speed is extremely fast in CFRP
milling, it is intractable to monitor the cutting process and damage propagation during the
experiment. The finite element (FE) analysis is suitable for the investigation of the for-
mation mechanism of surface damage, which can effectively simulate the cutting process
and then observe the damage propagation. At present, the numerical simulation model for
the composites cutting can be classified into macro and micro models. These models have
been widely used to research the damage of composite materials. Wang et al. [14] estab-
lished two-dimensional (2D) macroscopic and microscopic models to analyze the removal
mechanism of CFRPs and the chip formation process. Hassouna et al. [15] developed a 2D
macro-model to study the effects of mechanical properties and hourglass control on the
cutting process of CFRPs. Three-dimensional (3D) FE models were allowed to develop
owing to the improvement of computer power. Liu et al. [16] used a 3D micro-model to
reveal the underlying cutting damage mechanism of composites during the machining pro-
cess. Zhang et al. [17] proposed a 3D macro-model to explore the impact mechanism of
fiber cutting angle and cutting parameters on cutting force, stress, material failure, and the
material removal mechanism in high-speed cutting of CFRP were revealed. 3D FE models
for the investigation of the CFRP drilling were reported by Phadnis [18] and Isbilir [19]
et al., with these models, the variations of thrust force, torque and delamination with the
step ratio of step drill and the processing parameters were analyzed. Feito et al. [20] estab-
lished 3D models to assess the thrust force and delamination when the CFRPs were pro-
cessed by twist drill and step drill at different feed rates and cutting speeds. He et al. [21]
proposed a 3D numerical model for the prediction of the unidirectional CFRP milling. In
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this work, the delamination was simulated based on the cohesive elements. Prakash et al.
[22] analyzed the impacts of feed rate and spindle speed on the milling force and chip for-
mation by a 3D model. In summary, most numerical simulation models focus on orthogo-
nal cutting or drilling operations. However, there are few simulations related to the CFRP
milling. Moreover, the current studies related to the CFRP milling simulation are mainly
focused on the delamination. There are still no 3D FE models to precisely simulate the for-
mation process of surface damage in the CFRP milling, so it is imperative to develop a new
3D milling model to reveal the damage mechanism of surface damage.

In this study, a 3D FE model for the CFRP milling is developed to reveal the formation
mechanism of the surface damage. Since burr and tear are mainly affected by the intrala-
minar cracking that appeared and propagated along the fiber direction within the surface
layers, the cohesive elements are inserted in the surface along the fiber direction to simu-
late the intralaminar cracking and assumed to have equally spaced internal. Meanwhile, the
material behavior of the layer interface is also characterized by the cohesive elements so as
to model the delamination. Aiming to improve the efficiency of establishing the model, a
Python script is defined for the model development. The model is verified through experi-
ments, and it helps to assess the cutting forces, burr and tear damages at four typical fiber
orientation angles (FOAs).

The rest of this paper is laid out as follows. The details of the FE model for the CFRP
milling are presented in the second section. Experimental work required for the model vali-
dation is given in Sect. 3. The simulation and experimental results are compared and dis-
cussed in the fourth section. Finally, conclusions are provided at the end of this paper.

2 Finite Element Model

This section describes the Python script used for the development of the FE model in
detail. The material models, boundary conditions and tool-workpiece interactions applied
in this work to predict the milling of unidirectional CFRPs are also introduced.

2.1 Python Script for the FE Modeling

The surface damage of the unidirectional (UD) CFRPs is affected by the FOA and the
four FOAs of 0°, 45°, 90°, 135° are the common layup configuration. In the paper, FOA
is defined from the front view of the workpiece, and measured clockwise with reference
to the feed direction, as shown in Fig. 1. In order to simulate the surface damage under
the four typical FOAs, four models with different geometry structures are presented. As the
Abaqus/Explicit module has advantages in solving the nonlinear dynamic process of CFRPs
cutting, the models are built by the commercial software Abaqus. The development of the
milling model with cohesive elements in the surface includes the establishment of the work-
piece geometric model, the meshing of the elements and the setting of the material mod-
els. To strike a balance between the calculation cost and simulation accuracy, the geomet-
ric model of the workpiece is simplified to have four layers with the same thickness (7).
Meanwhile, the cohesive elements are inserted in the top layer of the CFRPs and presumed
to have equal intervals to model intralaminar cracking. According to the Abaqus/Explicit
module, it would be better to create the cohesive element by offsetting the external surface
of a meshed element. Therefore, in the establishment of the top layer, a large number (V) of
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Fig.1 FOA definition

Feed direction

FO

Spindle rotation

blocks are built and meshed to facilitate the generation of the cohesive element, as shown in
Fig. 2. The external surface of these blocks that utilized to develop the cohesive element is
parallel to the fiber direction, thus the simulated interface would crack along the fiber direc-
tion. Additionally, the width (W) of these blocks is determined by the insert interval of the
cohesive elements. In this case, the number of elements in each block along the transverse
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Fig.2 Top layer geometry model with four typical FOAs: (a) 0° FOA CFRPs; (b) 45° FOA CFRPs; (¢) 90°
FOA CFRPs; (d) 135° FOA CFRPs
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direction could be determined by W and the element size (E), as given in Eq. (1). The other
three layers of the workpiece are not considered to simulate the intralaminar cracking, there-
fore, they are created as solid parts with no cohesive elements inserted. Moreover, the ele-
ment type of the meshes in the blocks and the other three layers is 8-node linear brick ele-
ment with reduced integration (C3D8R), while zero-thickness 8-node 3D cohesive elements
(COH3DS) are used to model the layer interfaces and the interfaces within the top layer.

s=5 )
where § is the number of elements in each block along the transverse direction.

The geometric model with cohesive elements in the top layer is complex, and the differ-
ent blocks in the top layer with different FOAs make the geometry model more complex.
Thus, it takes a long time to build the FE model. Furthermore, it is necessary to adjust the
insert interval of cohesive elements in the top layer to improve the simulation accuracy,
which also requires a lot of time. Therefore, in order to realize parametric modeling of the
CFRP milling thus increase the modeling efficiency, a Python script for developing the
model is defined. The establishment process of the FE model is shown in Fig. 3.

The Python script separately creates the geometric models of the blocks in the top layer
and the other three layers. Building the geometry models of the blocks requires obtaining
their coordinates. As the coordinates of all blocks in the z-direction maintain invariable, the
key to establishing the geometric models is how to obtain the coordinates of the blocks in

Input parameters l
(FOA,E, S, T, N) Mesh other layers

! l

Calculatfe the sizes' and coordinates of Insert cohesive elements within the
the i-th block in the top layer : :
l adjacent plies
Create the i-th block l
geometric model

Assign material properties
to different part

l

Assembly the i-th block
l No geometric model

Create other layers

geomettiy model o Yes

Mesh the i-th block No
geometry model

Assembly the geometric model of other layers
to form a complete model

Insert cohesive elements l

along the fiber direction

End

Fig. 3 Flow chart for establishing FE model
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the x—y plane. Firstly, a coordinate system O-xyz is defined, wherein the x—y plane is set as
the sketch plane and the z-direction is treated as the through-thickness direction. Secondly,
the geometric models of the CFRPs workpieces with the four typical FOAs are built based
on the above-mentioned parameters. The sketches of the blocks in the top layer of the
0°and 90° FOAs CFRPs are all rectangles, and the length and width of them are EXSXN
and EXS. For the 0° FOA CFRPs, the coordinates of the four points of the first block are
set as Al (0, 0), B1 (EXSXN, 0), C1 (0, EXS), D1 (EXSXN, EXS). Then, the coordinates
of the four points of the second block (A2, B2, C2, and D2) are obtained by adding EX S on
the y coordinates of A1, B1, C1, and D1, respectively, where A2, B2 coincide with C1, D1.
Similarly, the y coordinates of the four points of the (i-1)-th block increase E X S to gain the
coordinates of Ai, Bi, Ci, and Di, as shown in Fig. 4a. Using the same calculation method,
the coordinates of the four points of all the blocks in the top layer of 90° FOA CFRPs are
deduced, as shown in Fig. 4c. The coordinates of i-th (i=1, 2:**n*-*N) block in the top layer
of 0° and 90° FOA CFRPs are given in Eq. (2).

y y
Dn
Cn
i=n ExS
An an
X d D2
.
A2 2 | B2 ExS
Cl , D1
=1
Al ) Bl 5 > -
0 —x Bl A2 B2 An  Bn
EXSXN ExSxN/2
(a)
y
Cll° pDL_C2 _D2 Cn _Dn
J
=1 | = =n ExS
AL B a2 B2 lan |Bn
0
Exsxy RS X 0 ExSxN2 X
(c) (d)

Fig.4 Schematic diagram of the top layer of the four typical FOAs CFRPs: (a) 0° FOA CFRPs; (b) 45°
FOA CFRPs; (¢) 90° FOA CFRPs; (d) 135° FOA CFRPs
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Since the geometric models of the top layer of 45°and 135° FOAs CFRPs are composed

of blocks along the fiber direction, the sketches of the first and last blocks are right triangles,
while the sketches of the rest blocks are trapezoidal. Regarding the 45° FOA CFRPs, the
coordinates of the three points of the first block are set as Al (0, 0), B1 (EXS, 0), C1 (0,
ExS). The x coordinates of the A1 and B1 are increased by EX S in the x-axis direction to
obtain the coordinates of A2 and B2. Meanwhile, the y coordinates of the A1 and C1 are
added by E XS in the y-axis direction to gain the coordinates of C2 and D2, where B1, C1
coincide with A2, C2. Similarly, the x coordinates of the two points of the (i-1)-th block are
increased by E X S in the x-axis direction to acquire the coordinates of Ai and Bi. The y coor-
dinates of the two points of the (i-1)-th block are added by EX S in the y-axis direction to
deduce the coordinates of Ci and Di, as shown in Fig. 4b. The geometric models of the top
layer of 135° FOA CFRPs are similar to that of the 45° FOA CFRPs, as shown in Fig. 4d.
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are given in Eq. (3). After developing the geometric model of the top layer, the other three
layers of UD-CFRPs could be built by just input the dimension of the whole layer.

All the blocks in the top layer are meshed with the same size to improve the accuracy
of the surface damage simulation. Meanwhile, fine meshes are set in the cutting area of
the other three layers while coarse elements are present in the non-cutting area to improve
the computational efficiency. In addition, the Python script helps to assign corresponding
material properties to the different parts. The material parameters would be introduced in
the next section.

In order to facilitate the operation and parametric modeling, the graphical user interface
(GUI) is designed to be associated with the Python script to build the model, as shown in
Fig. 5. The input parameters of the GUI include FOA, E, S, T and N. After passing these
parameters to the Python script, the FE model can be established, as shown in Fig. 6.

2.2 Material Models

The cutting of CFRPs is a complex and progressive damage process, it usually shows com-
plicated damage modes, such as fiber fracture, matrix cracking, etc. [23-25]. In order to
effectively simulate the material removal process in CFRP milling, the workpiece is mod-
eled as an equivalent homogeneous material (EHM) which exhibits linear elastic ortho-
tropic material behavior before damage. According to the relevant studies on the damage
initiation criterion of the composite material, the Hashin criteria [26, 27] have been widely
applied to predict the damage initiation of the CFRPs and separately model four distinct
failure modes: fiber tension failure, fiber compression failure, matrix tensile failure, matrix
compressive failure. However, the researchers found that the Hashin criteria cannot accu-
rately predict the matrix compressive damage initiation [24, 31]. Thus, the criteria used
for evaluating the damage initiation are based on Hashin and Puck failure criteria [28, 29].
In the paper, the Hashin criteria are used to estimate the fiber breakage and matrix tensile
damage initiation [24, 27], while the damage model developed by Puck [30] is used to
model matrix compressive failure [28, 29], as shown in Eqgs. (4)-(7).
Fiber tensile failure(c;; > 0):

F —(G”)2+ ‘12 2+ 3 2—1 4)
AT s, S/
Fiber compressive failure(c;; <0):

Fe=(38) =1 ®

Matrix tensile failure(c,, >0):

R (Z2) 4 (22) 4 (2) = ©
" YT Sl2 S23

Matrix compressive failure(c,, <0):

2 2
T T
F = nt + < nl > =1 (7)
" (SIZA:; + HutOun > S12 + HuiCnn
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Fig.6 CFRP models of four typical FOAs: (a) 0° FOA CFRPs; (b) 45° FOA CFRPs; (¢) 90° FOA CFRPs;
(d) 135° FOA CFRPs

where, o; and 7 @@, j=1, 2, 3) are the normal and shear effective stress tensor, X" and X¢
denote the tensile and compressive strengths of the unidirectional composite laminate in the
fiber direction. Y7 and Y are the tensile and compressive strengths in the transverse direction.
S represents the longitudinal and transverse shear strengths of the composite. S‘;S is the trans-
verse shear strength in the fracture plane, which can be determined by the transverse compres-
sion strength and the angle of fracture plane. It has been experimentally observed that matrix
compressive damage occurs along a fracture plane oriented at =53° [31] with respect to the
through-thickness direction, as shown in Fig. 7. Where 1, 2, 3 represent the longitudinal, trans-
verse and through-thickness directions respectively, 5‘33 is expressed as:

4 _Ye (1 —sin(¢)
5773 ( cos(h) ) ®)

¢ is determined by the fracture angle 6. ¢p=26-90°
O, T,y and 7, are the stress components in the normal, longitudinal, and tangential direc-

tions of the fracture surface, which can be obtained as a function of the effective stress tensors
[32].
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Fig.7 Fracture plane defined for
matrix compressive damage 3

,1/ \

0, =0,C0820 + 63;5in°0 + 27,5 sin 6 cos 6
T,/=T3; Sin 6 + 7,; cos 6 )

Tm=(0'33 - 0'22) sin @ cos 0 + 7,3(cos*0 — sin*0)

u,, and pu,,; are the friction coefficients which can be defined based on the fracture
angle and material property referring to the Mohr—Coulomb failure theory [24].
Hou _ Hul

= tan(g), = —
Hpt (@) S§3 S, (10)

Once damage occurs, the element stiffness begins to degrade according to the linear
damage evolution laws. When the damage initiation criteria Eqgs. (4)-(7) are satisfied
(point A in Fig. 8), the material properties are gradually degraded. The damage variable
d in the corresponding damage mode starts to increase from zero, which is continuously

Fig. 8 Material behavior of the d
EHM o
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updated by the FE approach with increasing applied load. When d approaches one, the
stiffness of the element degrades to zero and the material fails completely.
For fiber and matrix tensile failure, the damage variable d is expressed as [33]:

an

Here dT and dT denote the damage variable of the fiber and matrix tensile failure, respec-
tively. €9 - T and €7 are the tensile strain for damage initiation. sﬂ and ef denote the tensile
strain at final fallure

The failure initiation tensile strain and the final failure tensile strain are given by the follow-
ing equations:

T
o = X0
f E,
0T _ Y_T
= 12
i 2G|, (12)
f = XT [+
T
_ 2G).
Em = YT [

where E| and E, are the elastic modulus in the longitudinal direction and transverse direc-
tion, respectively. GT and GT denote the fracture energy associated with fiber and matrix ten-
sile failure, respectlvely I 1s the characteristic length which would ensure a constant energy
release rate per unit area of crack and make the results independent of mesh size.

Similarly, the compressive damage variable dfC in the fiber direction can be expressed:

& £
! f
df = ———1-=— (13)
f E;C —E;)C< gf >

where s? is the compressive strain for damage initiation and sf denotes the compressive

strain at final failure.
The strain at failure initiation and at final failure are obtained by a similar approach.

o

Qoo - X

f E,

i 2G¢, (14
r = XCpx

Here, GC denotes the fracture energy associated with fiber compressive failure.
For matrlx compressive failure, the compressive damage variable dﬁ is a function of strain
form.
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ny ;,OC

C _ mat _ Tmat
dm - fc _0C 1 Y (15)

Yimat = Vimar mat

where y,,,, is the shear strain on the fracture plane is defined as:

Vimar =/ yr%t + yf, (16)

Here, y,, and y,,; are the strain rotated to the fracture plane and given by:

Y =E33 SIN O COS O + ¥53(cos*O — sin*0)—¢e,, sin @ cos O
. 17
Yui = V12800 + 713 cos 0

where €59, €33, 7125 713> Y23 represent the effective strain components.

The yr?lgt is the failure onset strain and is recorded by the program once the damage
initiation criterion Eq. (7) for matrix compressive failure has been satisfied. The final
failure strain y,"nit is defined in terms of the fracture energy for matrix compressive fail-

ure G2CC, the damage initiation stress 7€ and the characteristic length [*:
c
e, = e (18)
mat TOC I

mat

The material damage model of the EHM is implemented into Abaqus/Explicit by a
user-defined material subroutine (VUMAT), and the element deletion during the simu-
lation is controlled by a state variable defined in the VUMAT. The material parame-
ters are obtained through consulting manufacturers and some values are extracted from
the literature by referring comparable CFRPs with similar mechanical performance. as
shown in Table 1 [24, 34].

Table 1 Material properties of

EHM Properties Value
E(GPa) 178
E,=E;(GPa) 9.5
G,,=G,;(GPa) 6.33
G,3(GPa) 421
Vip=Up3 0.29
Ups 0.37
X'(MPa) 2980
X¢(MPa) 1450
Y (MPa) 110
Y“(MPa) 350
S(MPa) 90
p(glem?) 1.53
G' (N/mm) 91.6
G$(N/mm) 79.9
G} (N/mm) 0.22
G5 (N/mm) 2
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Fig.9 Traction—separation 4
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The material behavior of the cohesive element follows a typical bilinear traction—separation
response, as shown in Fig. 9. The quadratic nominal stress criterion is used for the prediction
of the damage onset [18, 23, 24]:

The damage initiation condition has the following form:

t )2 t? t 2
GG e

where n represents the normal direction, s and 7 represent the first and second shear direction
respectively, as shown in Fig. 10. #,, ¢, and ¢, are the instantaneous components of the nor-
mal and shear tractions, while ts, t?, t? are the peak values of the normal and shear tractions.

Once the damage initiation condition is fulfilled, the cohesive element stiffness begins to
degrade linearly linked to damage variable D given by equation:

b (1, — u°)
=—F 20
Uy 1ty = 10) 20

Here, u?n and ufn represent the displacement at damage initiation and complete failure, respectively.
The u,, parameter corresponds to the total displacement given by:

Normal shear
direction Top surface Traction
A
Second shey, 1, (8,1,
directey,
Mid surface
2, Separation
%, (54
X 0(,0 0 Syl
o’%%’ Bottom surface 0 u (us U, ) u, (“: SU; )
(a) (b)

Fig. 10 Cohesive element: (a) Schematic diagram of the cohesive element; (b) Directions of the cohesive
element
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Table 2 Material properties of the cohesive elements

Type tS(MPa) t?(MPa) t?(MPa) Gf(N/mm) Gf(N/mm) Gf(N/mm)
Intralaminar 82 40 40 0.22 0.7 0.7
Interlaminar 60 110 110 0.33 1.209 1.209

um=\/u3+uf_+ut2 21)

where u, is the displacement of the normal direction, u, and u, represent the displacement
of the first and second shear direction respectively.
The cohesive element fails when the energy absorbed meets the power law criterion.

{&}a+{g}a+{ﬁ}a:1 (22)
C C C
G}’l GS G[
where G,, G, and G, denote the instantaneous fracture energies in normal, first, and second
shear directions, respectively. While Gf, GSC, Gtc refer to the critical fracture energies in

three directions. « is material properties determined by experiment, @ =1.6 [35]. The mate-
rial properties of the cohesive element are listed in Table 2 [24, 35].

2.3 Geometric Model and Boundary Conditions

The FE model is developed according to the experimental setup. In order to improve the
computational efficiency, a portion of the workpiece material is modeled. The hang-out
distance of the workpiece in the simulation (Fig. 11) and experiment is 5 mm to guar-
antee the same boundary conditions. The dimension of the workpiece is 6 X 6x 0.5 mm
and the thickness of each layer is 0.125 mm. The calculation accuracy and efficiency
should be considered when setting the mesh size. According to the simulation tests, the
results with the highest accuracy were acquired when the mesh size was 100 pm, and
there were no significant changes in the result accuracies when using mesh sizes less
than 100 pm. Concurrently, in order to avoid the influence of different mesh sizes on

Fig. 11 Milling simulation model
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surface damage, the geometric models of the top layer are set to the uniform mesh size
of 100 pm. Furthermore, the geometric models of the other three layers are meshed with
the element size of 100 pm in the cutting zone while a relatively coarse mesh is applied
in the area away from the cutting zone. The insert interval of cohesive elements is deter-
mined from experiments for computing efficiency. The optimized insert interval of the
cohesive elements in the top layer of the four typical FOAs CFRPs is set to 100 pm. The
mill cutter is modeled as a rigid body. The 4-node linear tetrahedron elements without
element deletion (C3D4) are defined for the mill cutter, and the element size is set to
500 pm.

Friction is an important factor that influences the cutting forces in machining simula-
tion. Coulomb friction model is used to simulate the frictional effect between the tool
and workpiece. The friction coefficient between the tool and the composite material is
dependent on the FOA, and it is determined as 0.3, 0.6, 0.8, and 0.6 for 0°, 45°, 90°,
and 135° FOAs, respectively [36—38]. In order to avoid the element distortion, a general
contact is used in this simulation. The side of the workpiece is clamped by fixing all the
degrees of freedom of the nodes. The mill cutter is constrained in the Y and Z direc-
tions, which allows to move along the X axis and rotate along the Z axis, as shown in
Fig. 11. The feed rate and spindle speed are 600 mm/min and 3000 rpm, respectively.
The cutting depth (a,) is 2 mm.

3 Experimental Setup

The UD-CFRP laminates employed in the experiment was made from P2352 prepregs
with T800S fibers and 3900-2B epoxy resin (Toray Ltd, Tokyo, Japan). The workpiece
was cut into four typical FOAs including 0°, 45°, 90°, and 135°, and the dimension
was 50x50x3 mm. A polycrystalline diamond (PCD) cutter was used in this work,
which exhibited a double-straight cutting edge with a diameter of 10 mm. The geomet-
ric parameters of the mill cutter are shown in Table 3.

The milling process was performed on a high-speed milling machine (HSM500, Mik-
ron, Agno, Switzerland), as shown in Fig. 12a. Processing parameters were determined
based on the simulation. The milling forces were measured by a dynamometer (9327C,
Kistler, Winterthur, Switzerland) with a charge amplifier (5073A, Kistler, Winterthur,
Switzerland) and a data acquisition device (5697A, Kistler, Winterthur, Switzerland).
The milling force signals were collected and analyzed using the commercial software
DynoWare (Kistler, Winterthur, Switzerland), as shown in Fig. 12b. The charge ampli-
fier converted the induced signals, which were proportional to the applied force, to
voltage and the voltage signals were recorded through the data acquisition system. The
resulting signals were converted to the milling force by the calibrated data in the soft-
ware. Measurements were obtained with a frequency of 6000 Hz and the accuracy of
0.2 N in milling process. The workpiece was firmly fixed onto the dynamometer using
four bolts. A high accuracy digital microscope (VHX-600E) was also used to observe
the damage induced on the machined surface.

Table 3 The geometric parameters of the mill cutter

Rake angle Relief angle Diameter The length of cutting edge Cutting edge radius

5° 10° 10 mm 20 mm 5 pm
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Fixture

(a) (b)

Fig. 12 Experimental setup: (a) The experimental platform; (b) The force measurement system

4 Results and Discussions

The cutting forces, burr and tear damages at the four typical FOAs are obtained by the
simulation, and the predicted results are verified through the comparison with the experi-
mental outputs. In addition, the formation process of the burr and tear at the four typical
FOAs is analyzed.

4.1 Cutting Forces

The cutting forces are an important factor affecting the surface damages of the CFRPs,
which can be predicted with the help of FE models. In order to verify the FE models, the
periodic curve of the cutting forces at the four typical FOAs acquired through experi-
ments and simulations are recorded. Since the thickness of the workpiece in the FE model
and experiment is 0.5 mm and 3 mm respectively, the cutting forces cannot be compared
directly. In this case, the cutting force per unit thickness is calculated for the validation.
Namely, the cutting force per unit thickness is obtained by dividing the cutting force value
by total thickness. The experimental and simulation results are shown in Fig. 13. Wherein
the F, is the cutting force while F, is the thrust force.

Due to the cutting forces are periodic, the average value of the cutting force peak is
compared between the experimental and simulation results, as shown in Fig. 14. Experi-
mental and FE results show the change trend of the experimental and simulation cutting
forces per unit thickness is consistent. The overall simulation results are generally smaller
than the experimental results. The errors can be attributed to that though the material stiff-
ness degradation model is set up in progressive damage model, the element stiffness deg-
radation follows the linear damage evolution laws. When the element reaches the failure
strength, it will no longer bear force and be deleted automatically. But in the actual cutting
process, the material damage is not synchronous and irregular, which creates the irregular
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Fig. 13 The curve of the cutting forces per unit thickness under the four typical FOAs: (a) F, at 0° FOA;
(b) F, at 0° FOA; (c) F, at 45° FOA; (d) F, at 45° FOA; (e) F, at 90° FOA; (f) F, at 90° FOA; (g) F, at
135° FOA; (h) F, at 135° FOA

degradation of material properties. When chips are formed, some chips continue to remain

in the fiber bundles and bear force. Besides, In the experiment, the removal process of
CFRPs becomes more difficult with the increase of the FOA, which results in a larger fluc-
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Fig. 14 Simulation and experimental cutting forces per unit thickness under the four typical FOAs: (a) F; (b) F,

tuation of the cutting force (Fig. 13) and increases the peak value of the cutting force.
However, CFRPs are modeled as an equivalent homogeneous material in the simulation,
the fluctuation of the cutting force is small. Thus, the relative deviation is the maximum
when milling 135° FOA CFRPs, and the value is 15.3%. It could be considered that the
simulation results are in good agreement with the experimental value. In addition, the
errors have little impact on the research of surface damages under different FOA.

As can be seen, Fy rises with the increase of the FOA. F, acquires its minimum and
maximum values at the 0° and 135° FOAs respectively, and there is no significant dif-
ference when cutting 45° and 90° FOAs CFRPs. In the milling of the 0° FOA CFRPs,
the workpiece is lifted and the chips are removed due to the intralaminar cracking. As the
strength of the interface is far less than that of the fibers, thus the cutting force is the low-
est because the material is removed not by the direct cutting of the fibers. When milling
45° FOA CFRPs, the CFRPs are mainly subjected to the shear action of the tool. Since
the shear strength of the CFRPs is low, the cutting force of the 45° FOA CFRPs is small.
Regarding the 90° FOA CFRPs, the fibers are perpendicular to the feed direction, thus the
material is removed mainly due to the shear failure. Meanwhile, the cracks propagate along
the fiber direction into the machined surface, and the fibers fracture under the machined
surface. Therefore, the cutting forces are large. In the milling of the 135° FOA CFRPs,
more cracks propagate into the processed surface. The fibers would be lifted and form sig-
nificant deformation under the bending pressure of the tool. Thus, the material is removed
mainly due to the bending fracture. Since the tensile strength of the fibers is far large than
the shear strength of the CFRPs, the cutting force obtained its maximum value.

4.2 Analysis of the Surface Damage at the Four Typical FOAs

When milling 0° FOA CFRPs, the feed direction of the mill cutter is parallel to the fiber
direction. The workpiece in the cutting area is deformed by the extrusion of the tool, which
results in the cutting force F, and the thrust force F,. In order to analyze the effect of cutting
force on damage, the cutting force is decomposed into the force F, along the fiber direction
and the force F, perpendicular to the fiber direction, as shown in Fig. 15a. With the feed
and rotation of the tool, the cutting forces increase gradually. Because the strength of the
cohesive elements is far less than that of the EHM, the cohesive elements fail, which leads
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Fig. 15 Analysis of the surface damage at 0° FOA CFRPs: (a) Schematic diagram of F; and F,; (b) For-
mation of cracks; (¢) Propagation of cracks; (d) CFRPs fracture; (e) Machined surface of simulation; (f)
Machined surface of experiment

to the formation of crack. At the meantime, the cracks propagate along the fiber direction
and material is lifted, in addition, the cutting stress is mainly concentrated near the tool tip,
as shown in Fig. 15b. As the mill cutter moves continuously, the cracks keep expanding
and the deformation of the material enhances, moreover, the cutting stress extends to uncut
material zone along the fiber direction, as shown in Fig. 15c. When the stress exceeds the
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Fig. 16 Analysis of the surface damage at 45° FOA CFRPs: (a) Schematic diagram of F, and F,; (b) For-
mation of cracks; (¢) Long burr; (d) Short burr; (e) Machined surface of simulation; (f) Machined surface
of experiment

strength limit of the CFRPs, the material in the cutting area fractures, as shown in Fig. 15d.
There are stress concentration areas near the machined surface, which are caused by the
stress of the materials under the extrusion of the tool, as shown in Fig. 15e. Due to the
crack propagation and the fracture of the CFRPs occurs in the cutting zone, the damage is
removed. The quality of the machined surface is well, and there are no burrs and tears left.
The simulation results (Fig. 15¢) are consistent with the experimental results (Fig. 15f).
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Fig. 17 Analysis of the surface damage at 90° FOA CFRPs: (a) Schematic diagram of F; and F,; (b) For-
mation of cracks; (c¢) Stress concentration; (d) Propagation of cracks; (e) Machined surface of simulation;
(f) Machined surface of experiment

Regarding the cutting of 45° FOA CFRPs, the angle between feed direction and fiber
direction is an acute angle, as shown in Fig. 16a. With the movement of the tool, the cut-
ting forces cause the failure of the cohesive elements. Then, the cracks form and extend
along the fiber direction, as shown in Fig. 16b, meanwhile, the stress mostly concentrates
in the cutting material zone. Owing to the cutting force F, towards the internal of the work-
piece, the deformation of the CFRPs in the cutting area is small due to the supporting force
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F; of the workpiece on the CFRPs in th e cutting zone is large. Since the fibers are mainly
subjected to the shear action of the tool, while the low shear strength of the fibers, it is easy
to be cut off directly. What’s more, uncut fibers remain above the machined surface and
form burrs due to the shear failure in the machining area under the combined action of the
cutting forces F; and F,. With the mill cutter moves continuously, the length of the burr is
reduced due to the fracture of the CFRPs, as shown in Fig. 16c-e. Because the fibers bear
the tensile stress caused by the tensile force F,; during processing, there are also stress con-

Feed direction —»

S, Mises
(Avg: 75%)
+8.826e+01

2
%,

Spindle rotation

(a) (b)

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+1.203e+02
+11102e+02

© ®

Fig. 18 Analysis of the surface damage at 135° FOA CFRPs: (a) Schematic diagram of F, and F,; (b) For-
mation of cracks; (c¢) Propagation of cracks; (d) Cracks propagate into the processed surface; (e¢) Machined
surface of simulation; (f) Machined surface of experiment
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Fig. 19 The length of the burr in experiment and simulation: (a) Simulation results of 0° FOA CFRPs; p
(b) Experimental results of 0° FOA CFRPs; (¢) Simulation results of 45° FOA CFRPs; (b) Experimental
results of 45° FOA CFRPs; (e) Simulation results of 90° FOA CFRPs; (f) Experimental results of 90° FOA
CFRPs; (g) Simulation results of 135° FOA CFRPs; (h) Experimental results of 135° FOA CFRPs; (i) The
length of the burr; (j) Relative errors

centration areas near the processed surface, as shown in Fig. 16e. The simulation (Fig. 16e)
and experimental results (Fig. 16f) both show that there are significant burrs when milling
45° FOA CFRPs.

When cutting 90° FOA CFRPs, the feed direction of the mill cutter is perpendicular
to the fiber direction, as shown in Fig. 17a. With the movement of the mill cutter, the
increased cutting forces cause the failure of the cohesive elements, and the cracks form.
Furthermore, the fibers are subjected to the tensile stress and shear stress under the cut-
ting and extrusion of the tool. Since the cracks propagate along the fiber direction into
the unprocessed material zone, the material is lifted and the deformation is increased,
moreover, the stress mostly distributes around the tool tip and the uncut material area.
As the tensile strength of the fibers is far exceeding the shear strength, the fibers in
the cutting area would be easily fractured owing to the shear failure under the effect
of the cutting forces F,. Due to the fibers bear tensile stress, part of the fibers would
break when the tensile strength is overcome. The maximum stress is at the tensile stress
concentration point in the unprocessed material zone and the uncertainty of the ten-
sile stress concentration position, thus the fibers fracture above or below the machined
surface, and form burr or tear respectively, as shown in Fig. 17b-e. The simulation
(Fig. 17e) and experimental results (Fig. 17f) show that there are burrs and tears in the
machined top layer of the 90° FOA CFRPs.

When milling 135° FOA CFRPs, the feed direction and the fiber direction is at an obtuse
angle, as shown in Fig. 18a. Since the force F, towards the external of the workpiece, the
CFRPs in the cutting area are more prone to deformation due to the supporting force F,2 of
the workpiece on the CFRPs in the cutting zone is small. Thus, the cracks are more suscep-
tible to form by the failure of the cohesive elements and expand into the unprocessed sur-
face, in addition, there are stress concentration zones at the tool tip and near the maximum
bending stress concentration point in the uncut material area. With the mill cutter contin-
ues to move, more cracks are generated in the cutting zone and they propagate into the
processed surface. Concurrently, the bending stress of the CFRPs enlarges gradually and
extends to the unprocessed material zone along the fiber direction, moreover, the cutting
stress mainly concentrates in the uncut CFRPs region, and the stress range is large. Moreo-
ver, the CFRPs are lifted and form significant deformation, thus long burrs are formed.
The material breaks when the stress reaches the strength limit under the combined action
of the cutting forces F; and F,. Due to the unpredictability of the bending stress concentra-
tion position, the fracture position occurs above and below the processed surface, resulting
in the tear and burr, as shown in Fig. 18b-e. The simulation (Fig. 18e) and experimental
results (Fig. 18f) show that the top layer of 135° FOA CFRPs has serious burr and tear.

It can also be acquired from Fig. 15-18 that the surface damages become more serious
with the increase of the FOA. 0° CFRP has the good machined surface quality, there is burr
damage when FOAs are 45°, 90° and 135°, moreover, 90° CFRP and 135° CFRP have tear
damage. Besides, in order to quantitatively assess the burr at the four typical FOAs, the
length of the burr obtained in the experiments and simulations is compared. Namely, the
distance from the uncut fibers to the machined surface. The results of the experiments and
simulations are shown in Fig. 19.
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It can be seen from Fig. 19 that the average length of the burr becomes longer with the
increase of the FOA. The damage is removed in the cutting zone during the cutting of 0°
FOA CFRPs, thus there is no burr. When cutting 45° FOA CFRPs, the deformation of the
material is small due to the supporting effect of the workpiece on the CFRPs in the cutting
zone is strong, therefore, the length of the burr is short. During the milling of the 90° FOA
CFRPs, the workpiece is lifted and large deformation of the material is caused, so the burr
length is long. The 135° FOA CFRPs are more susceptible to deform due to the support-
ing effect of the workpiece on the CFRPs in the cutting zone is weak, so the burr length
is significant long. The maximum relative error of the burr length between the simulation
and experimental results is 17.1%, which is acceptable. In the experiment, due to the intral-
aminar cracking in the top layer, the fibers could withstand great deformation and form
long burr. In the simulation, the workpiece is modeled as EHM, when the stress exceeds
the strength limit of the CFRPs, the elements would be deleted after failure, which causes
EHM to form short burr. In addition, the CFRPs are more prone to form significant defor-
mation due to the cracks are more susceptible to form and expand into the unprocessed
surface with the increase of the FOA in the simulation, so the relative error decreases with
the increase of FOA.

5 Conclusions

In this paper, a 3D FE model is proposed to reveal the formation mechanism of the burr
and tear during the milling of CFRP laminates. The intralaminar cracking is simulated
by inserting cohesive elements in the top layer along the fiber direction, and the cohe-
sive elements are also applied to model the interlaminar fracture. A Python script for
developing the model is defined to realize parametric modeling of the CFRP milling
thus increase the modeling efficiency. The cutting forces and the extents of the burr and
tear at four typical FOAs are thoroughly analyzed. The conclusions are as follows.

(1) FOA has a significant impact on cutting force, and surface damage in CFRP milling.
The cutting force follows that F rises with the increase of the FOA. F, acquires its
minimum and maximum values at the 0° and 135° FOAs respectively. When FOA is
0°, the failure of the interface is the main cause of the material removal, so the cutting
forces are the minimum. For 45° CFRP, as CFRP is subjected to shear failure, the
cutting forces are small. When FOA is 90°, the material is removed mainly due to the
shear failure, hence there is no big difference between the cutting force F, of 90° and
45° CFRP. Since part of the fibers would break when the tensile strength is overcome,
the cutting force F, is large. Regarding 135° CFRP, the fibers fracture mainly due to
the bending stress, so the cutting forces are the maximum.

(2) From the results, the average length of the burr becomes longer with the increase of
the FOA. When FOA is 0°, the fracture of the CFRP occurs in the cutting zone and
the damage is removed, thus there is no burr. For 45°, 90° and 135° CFRP, the cracks
caused by failed cohesive elements propagate along the fiber direction into the unpro-
cessed zone, so the fibers are more prone to deformation, which prevent them from
being completely cut off, uncut fibers remained above the machined surface form burr.
Since the cutting force F, perpendicular to the fiber direction towards the internal and
external of the workpiece at the 45° and 135° FOAs respectively, the deformation of
45° CFRP in the cutting area is small due to the strong supporting effect while the 135°
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CFRP is more prone to deformation owing to the weak supporting effect. Thus, the
burr length of 45° CFRP is short and 135° CFRP has significant long burr.

In this research, 90° and 135° CFRP have significant tear damage. The stress extends to
machined surface along the fiber direction, resulting in the unpredictability of the stress
concentration position. The CFRP fractures below the machined region and forms tear. Due
to the material is lifted and forms significant deformation under the bending stress at the
135° FOA, more cracks propagate into the processed surface, so the fibers are more prone
to fracture below the processed region, which cause serious tear. Therefore, 0° CFRP has
the good machined surface quality, 45° CFRP has relatively machined surface quality and
burr damage, 90° and 135° CFRP have a poor surface quality, with burr and tear damage.

The proposed model can be used to simulate the surface damage during the mill-

ing of CFRPs and the formation mechanisms of the surface damage are revealed. The
findings are expected to be the crucial theoretical guidance for the suppression of the
surface damage.
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