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Abstract: In order to reveal the mechanism of hygro-thermal stability and solve the problem of insufficient coup-
ling effect, the design and experimental verification of carbon fiber/epoxy resin (CF/EP) multi-coupled laminates
with extension-twisting coupling effect were carried out. The geometric factors of the laminates were introduced,
and the conditions for hygro-thermal stability of the multi-coupled laminates with extension-twisting coupling
effect were deduced. Based on these conditions, the optimal design model of multi-coupled laminates with exten-
sion-twisting coupling effect was established. Genetic algorithm-sequential quadratic program (GA-SQP) hybrid
optimization algorithm was used to optimize the stacking sequence of the laminates with the maximum extension-
twisting coupling effect. Based on three-dimension digital image correlation (3D-DIC), the extension-twisting coup-
ling effect of the laminates was measured. The numerical simulation and experimental results show that the multi-
coupled laminates with extension-twisting effect will not undergo curing deformation when the stacking sequences

meet the conditions of hygro-thermal stability. The introduction of multi-coupling effects can significantly improve
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the extension-twisting coupling effect of laminates and maximum increase is over 30%.

Keywords: hygro-thermal stability; multi-coupled laminates with extension-twisting coupling effect; optimiza-

tion design; experimental verification; geometrical factor; robust analysis
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Table 1 Subscripts representing the coupling

types of laminates

. Coupling . Coupling
Subscript effect Subscript effect
Ag: Ag:

An Ap 0 - A A A pg
Ap An 0 Ap An A
0 0 Ass Al A Acs
0O 0 O B 0 0
By 0O 0 O — B: By 0| E-B
0o 0 O 0 0
B;: By E-T
0 0 Byg] ET Bu 0 Bi] o
0 0 By S-B 0 Bxn By
Big By O Bis By 0 | EB
Bg: B E-B
By B 0 E-B By 0 By ET
B Bxn 0 S-T 0 Bxn Bx| SB
0 0 Begs Bis By O S-T
Dq: Dy:
Dy D 0] D D Dis| g
D, Dpn O D12 Dy Dy
0 0 Des Dig Dy Des

Notes: E-T—Extension-twisting coupling effect; S-B—Shear-
bend coupling effect; E-B—Extension-bending coupling effect; S-
T—Shear-twist coupling effect; E-S—Extension-shearing
coupling effect; B-T—Bend-twist coupling effect; Aij—Tensile
stiffness  coefficient; B,»]-—Coupling coefficient;
D;—Bending stiffness coefficient.

stiffness
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Table 2 Coupling types of extension-twisting coupled

laminates
Laminate type Coupling type
AgB,Ds E-T
AgB,Dy: E-T, B-T
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AgBgDy E-T, E-B, S-T, E-S, B-T
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Table 3 Conditions for geometric factors ¢ satisfying

(7)

coupling effects of multi-coupled laminates with E-T
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Type
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Table 4 Conditions for geometric factors ¢ satisfying hygro-
thermally stable of multi-coupled laminates with E-T

Type Conditions for geometric factor
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Table 5 Properties of IM7/8552 carbon fiber reinforced
epoxy resin (CF/EP) single layer laminate

Parameter Value
E, 161.0
Y ' dulus/GP
oung's modulus/GPa E, 11.38
Shear modulus/GPa Gio 5.17
Poisson's ratio Va1 0.38
Thickness of single layer/mm h 0.1397
(451 -0.0181
Thermal expansivity/(107¢ 'C™
pansivity/( ) @ 243

H 8 B 5 B R — Bk 2 mm, T B2 AR
90.1397 mm, 7EMLL 14 J2 2G5 HCRBIHE TR,
%645 TIRAEE E Y 4 BB G RS R 2
Mg R AN A 22 R @bk
BOHE AT LA B0 4598

(1) FIH GA-SQP 274 7] LA 5 3% T 45 7 J2 4L
H PR G 2 A AR A 2 Ak BT

(2) M e T —hr G AsBDs 2 G0, il
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Table 6 Hygro-thermally stable CF/EP laminates
with E-T coupling effect

Type Optimization result/(°) |bygl/N!

[69.8/-6.7/-17.1/79.4/-30.4/
76.9/-53.0/37.3/13.8/81.5/
-63.2/8.5/16.9/-72.2];

[12.9/-64.1/-63.5/-58.9/
29.5/-3.3/40.3/55.6/51.3/
-43.0/84.7/70.3/-19.7/
-26.2);

[-8.5/73.8/-24.6/64.8/64.1/
-38.3/-48.6/29.5/-88.0/0.8/
24.9/-75.1/-72.7/12.0]y

[-11.3/83.4/-16.7/65.7/-23.5/
70.9/86.9/-57.8/33.8/7.2/
28.8/-70.8/5.9/-66.3] 1

AgB,Dy 1.69x10°°

AsB.D; 2.25x10°°

AgBpDg 2.17x107°

AgBpDy 2.07x107°

Note: |b;g|—Absolute value of extension-twisting coupling
flexibility coefficient.

JZ A BRI P RE B T Y R R AE TR A
Ji i (1) M T ABDg )2 AW, L4 2
A B RE 0% T JE T PR R R A LA I A R A
oAb, SRR TR IE s (2) M T

3.88x10°%
3.62x10°%

.. 3.36%10°
3.10x10°
2.84x10°
2.58x10°
2.33x10°
2.07x10°%
Y 1.81x10°%
1.55x10°%

X 1.29x10°5
1.03x10°%
T T T 7'75X1076

T T T T T T 5_17)(1076

‘i 2.58x10°°

TTTT
]
T
T
T
]
T

JTILI[

i

T
T

T
T

X 0
(a) AsB.Dg laminate

3.88x10°
3.62x10°
36x10°3
3.10x10°
2.84x10°
\IHHHI\IHHHI 1T %ggi%g:’:
i 2.07x10°
Y 1.81x10-

1.55x10°

1.29x10°
1.03x10°
7.75%10°
g 5.17x10°

Z 2.58x10°
B 0

(c) AyB.Dg laminate

TTTT
T
T
I
T
T
T

T

[
El_}\
T
1T
T

AsBDs JZ 51, Z AR A B R G 2%
JERBOE W RO A, BARE A B
PG R R BRI AN ZH AL . NI,
A RS R B AT A BT, W] UK IR S T
PLAHRR G R

3 BAYMNMIESEEESHT
3.1 HEMFERIE
3.1.1 YRR
AT R A PR IC BIE 35 6 H )2 A b G TR A
g PE . A Patran/Nastran 1 {4 # 37 )2 & M
AIRoHAL, RAPiE HK 0.18m, % 0.1m,
153 800 S FEATT . A ASEALL L B 1 [ Ak R ([
FLIEE 200°C FE 2 =17 20°C), # 2 A My JLAT
O 32, XA PAITIE N -180°C AR 2%, Rt
IR E Y . THRAR B A RETR F U AR Y a0
Bl 2w, ATLAEH: iR Efdd g, 246
M B LA FHAR A 25 44 i WD 0 A8 L Sl R AN
Ko, UHHZRARER, 6t
UL, d B 2 v EHLEAT ASRLAR 2 AR R

3.88x107
3.62x107
36%10°°
3.10x107
2.84x107
2.58x107
}IHHHIHHHIH} 1T 2.33X10—5
2.07x107
Y 1.81x107

1.55x10~

1.29x107
1.03x107
7.75%x107°
T 5.17x10°°

Z 2.58%10°¢
B 0

TTTT
T
I

T

T

T

T

|
1T
T
1T

TTTT
T
I
T
T
T
i
1T
T
1T

T
I

(b) A¢B D, laminate

3.88x107°
3.62x107°
36x10°°
3.10x10°°
2.84x107°
T TTT 2.58x1072
= 2.33x10°
2.07x107°
Y 1.81x107

1.55x107

1.29x107
1.03x107
7.75%107°
7 M B S.17x10°

2.58x107°
B 0

(d) AsB.D; laminate

T

T
T
I
T

[

I

N

T
I

F€ 2 CF/EP A& 2 Bk il i (8% o 1

Fig.2 Cooling free displacement cloud images of CF/EP extension-twisting coupled laminates
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Fig.3 Displacement cloud images of CF/EP extension-twisting coupled laminates under axial tension
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Table 7 Analytical and numerical solutions of the distortion I |
rate of CF/EP laminates

Type Analytical ky, Numerical &y Promotion /
ABD;  0.68x107 0.68x107 — -
ABBD:  0.90x107 0.90x107 32.35%

AgB:Dg  0.87x107 0.87x10 27.94%

AsB:D; 0.83x1072 0.83x107 22.06%

Note: kyy —Torsional curvature of laminates.

Aluminum block . . Aluminum block
Laminates test piece 4

=

200 mm
K14 CF/EP JZ2&HRJUAIERRR B &

Fig.4 Geometric model of CF/EP laminate
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Fig.7 Test pieces of CF/EP extension-twisting coupled laminates
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Table 8 Properties of CF/EP test pieces

, E, 135.0
Young's modulus/GPa E, 9.0
Shear modulus/GPa G2 39
Poisson's ratio Va1 0.3
Thickness of single layer/mm h 0.155

7 N

CCD—Charge-coupled device
El 6 JZEHHEE RN R

Fig.6 Test system for coupling effect of laminates
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Fig.8 Testresults of torsion angle ¢ deformation of CF/EP extension-twisting coupled laminates
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Fig.9 Finite element model of CF/EP test pieces
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Fig. 10 Change rate of torsion angle k4 of CF/EP extension-twisting coupled laminates under different tensile forces
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Fig. 11 Robustness analysis results of extension-twisting coupling effect of CF/EP laminates
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