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Abstract: Plain-woven carbon fiber-reinforced plastic (PW-CFRP) shows high damage tolerance characteristics
and is widely used in the aerospace field. However, PW-CFRP is a multi-scale composite material, and the tradition-
al micro and macro scales cannot study its cutting mechanism well. Therefore, this paper uses mesoscopic cutting
simulation methods to study its chip formation mechanism. In this paper, a mesoscopic three-dimensional ortho-
gonal cutting simulation model was established according to the geometric structure characteristics of PW-CFRP,
and the orthogonal cutting experiment was carried out to verify the simulation model. The material removal mech-
anism of PW-CFRP with different fiber braiding directions in cutting process was studied. The results show that the
maximum relative error between the simulation and experimental results of cutting force and surface damage is less
than 15% under the same process parameters, and the reliability of the simulation model is verified. The maximum
damage depth of fiber bundles in each fiber orientation is 0°<45°<90°<135°. The plain-woven structure of warp and
fill weaving has inhibitory effect on the machining damage. The support constraint between adjacent fiber bundles

hinders the damage expansion, and its maximum processing damage depth will not exceed the maximum width of
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the fiber bundle section. The thickness of the matrix layer near the fiber is an important factor in the formation of

processing damage. The resin-rich area has a good supporting effect on the fiber and can effectively suppress the

damage. The resin-starved area has weak support for the fiber, and the damage is easy to expand here, making the

surface damage of the material arc-shaped distribution.

Keywords: plain woven CFRP; ABAQUS; orthogonal cutting; fiber orientation; material removal mechanism
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(a) PW-CFRP section physical diagram

(b) PW-CFRP structure diagram

Ay—Fiber bundle width; Hy—Maximum thickness of fiber bundle
interface; hy— Thickness of resin-starved area; h,,—Thickness of resin-

rich area; p—Fibre fluctuation angle
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Fig.1 Physical and structural diagram of plain-woven carbon fiber-

reinforced plastic (PW-CFRP)
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Fig.2 Three-dimensional geometric model of PW-CFRP
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Fig.3 Orthogonal cutting simulation model of PW-CFRP and main
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Fig.4 Constitutive model of matrix material
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Fig.6 Shell element model of interface layer
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F2 T700 BREFELYM KA S EE
Table 2 Property parameters of each component of
T700 carbon fiber fabric/?"*"!

Phase composition Material parameter Value

X,/MPa 4900
X,/MPa 4500
X,/MPa 400
X,/MPa 700
Fiber bundle X4/MPa 400
X;l/MPa 700
S,5/MPa 100
S,5/MPa 100
S,5/MPa 58
Pm/(kgm™) 980
) En/MPa 4000
Matrix Ve 0.4
oy /MPa 270
Npax/MPa 60
Smax/MPa 90
 Tna/MPa 90
Interface properties Ge /(N-m™) 0.2
G¢/(N-m™) 1.0
G°/(N-m™) 1.0

Notes: X,'—Tensile strength of fiber bundles in 1 direction;
X,—Tensile strength of fiber bundles in 2 direction; X;—Tensile
strength of fiber bundles in 3 direction; X;:—Compressive
strength of fiber bundles in the 1 direction; X,i—Compressive
strength of fiber bundles in 2 direction; X,i—Compressive
strength of fiber bundles in 3 direction; S,-—Shear strength of
fiber bundles in 1-2 plane; S,5—Shear strength of fiber bundles in
2-3 plane; S;i—Shear strength of fiber bundles in 1-3 plane.
pm—Matrix density; E,—Young's modulus of matrix;
vm—Poisson's ratio of matrix; o-y(‘)“—Yield strength of the matrix;
Np.x—Normal stress intensity of interface; S,,,—First tangential
stress intensity of interface; T,,,,—Second tangential stress
intensity of interface; G;—Normal critical fracture energy of
interface; G§—First tangential critical fracture energy of
interface; G{—Second tangential critical fracture energy of

interface.

CFRP i (F i 9 V) 8 5 B 45 78 it 72
2.2 REMPREFR

R T4 i} PW-CFRP J2 4 #2, PW-CFRP .
RS 0.2 mm, $i 0°F1 45°% )2 £ ) 38 I
JPAIR 20 )20 BRI R 4 WA 86 7 HL DD 1 AR
R ) 70 mmx40 mmx4 mm B, 38 o AN [F Y
YIEI 1, #14 (0°/90°) F1 (45°/135°) 2 Fh A [A]
T2Vl 2 I o AR 1E E VIR S DI B R
AT, hEMAER R 2, BA T 2 SHAER
—ilfF IR 3 R E R G, AR5 XA 45 R
A, BRI S5 3,

(G j —_— “ : \ v .
\ # S L e iy O ) T
= Y
| | ek DD
4“; / — N Highspeed
/ “ LY b, ¥ ! \

(a) PW-CFRP ort

hogonal cutting experiment platform

=\

(b) Tool and working angle diagram
y—Tool rake angle; «—Tool back angle
7 PW-CFRP 1EZCYIHIIRSEF- & B I Hos ZIE
Fig.7 Orthogonal cutting experiment platform of PW-CFRP and

tool diagram

*3 EXUHIKIESH

Table 3 Process parameters of orthogonal cutting

experiment
v/(mm-min™) a,/mm /() a/(?)
2000 0.1 15 12

Notes: v—Cutting speed; a,—Cutting depth.
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250 (a) Simulation of cutting force (F,) )50 _(b) Experiment of cutting force (F,)
200 200
% 150 fy i”HMJ ‘ " u H | |Hl“\| \“N]“ é 150 f‘?annMn/\NA.nﬂﬂM nﬂ I\MM AMUMJ]MH (\h{
O O
%0 100 -%D 100
O O
50 50
0 0.(.)5 0..10 0..15 0 O.;)S O.IIO 0.15
Time/s Time/s
100 100 -
(c) Simulation of thrust force () (d) Experiment of thrust force (F.)
80 80
Z Z
%N 60 E" 60
an Ly
mﬂﬂL‘“"l”dw zol“llurwxwwﬂ
0 0.05 0.10 0..15 ’ 0..05 O.IIO 0..15
Time/s Time/s

[¥18 PW-CFRP VI I35 G445 80 L (VIHIE L v=2 000 mm-min™, PIHITREE a,=0.1 mm)

Fig.8 Comparison of simulation force and experiment force results of PW-CFRP (v=2 000 mm-min ", 2,=0.1 mm)
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Crack-chip '

Damage of 0°
fiber yarn

Damage of 90°
fiber yarn ~ SDV3
— — Avg:75%
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. Tearing damage
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bundle area
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bundle area

(a) Maximum damage depth of (0°/90°) fabric layer

Damage of
45° fiber yarn

[} Damage of

135° fiber yarn
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" ) 3 SDV3

135° fiber yarn ||

+81333%10"!
1 7500%10°!
! +6.667x10"
+5.833%10"!

(b) Maximum damage depth of (45°/135°) fabric layer

45° fiber
bundle area

Tearing damage

1 000 pm

D 0c—Maximum damage depth; SDV3—Resin tensile failure damage output variable

K19 PW-CFRP W2 i KB iR I B 5 10 45 R (v=2 000 mm-min™ | @,=0.1 mm)

Fig.9 PW-CFRP fabric layer simulation and experiment results o:
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(b) Experiment

5110 PW-CFRP (0°/90°) 219247 4 SR (1 U] JE B 1ot 72
Fig. 10 Chip formation process of PW-CFRP (0°/90°) fabric layer
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Fig. 12 Matrix thickness distribution in PW-CFRP
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Fig. 11 Chip formation process of PW-CFRP (45°/135°) fabric layer
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Other fabric laminates <:|
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(b) Force situation of warp fiber bundles
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(c) Three-dimensional diagram of fiber bundle stress
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Fig. 13 Force analysis of surface PW-CFRP fabric under cutting load
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Fig.14 PW-CFRP (0°/90°) fabric layer material removal mechanism
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(d) (45°/135°) fabric workpiece 135° bundle area surface damage

[€115 PW-CFRP (45°/135°) SV 2RI I L5 ipL il
Fig. 15 PW-CFRP (45°/135°) fabric layer material removal mechanism
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