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Fig.l Main dimensions of titanium alloy support structure
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Fig.2 Simulation calculation cloud chart of thermal expansion

deformation of titanium alloy support structure
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Fig.3 Dimension drawing of test piece
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Tab.1 Test matrix

Group number Layers Quantity
A [045] 10
B [9045] 6
C [(0/45/90/—45)¢]s 10
150 1.0
Temperature =====- Pressure
1 0.8
< 100 o)
2 {06 3
= 7]
g g
g 3
o
N A T T 104 5
£ 50 | | =
1
' 102
|
0 : : 0
0 100 200
Time/min
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Fig.4 Curing process curve
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Continued Tab.2
G b Coefficient of thermal ~Averagex Coefficient of
TOUp MUMDBEL oy pansionx 107/°C 10°%°C variation
AS 1.616
A6 1.601
A7 1.328
1.397 0.117
A8 1.196
A9 1.542
A10 1.383
Bl 38.546
5 PRk R A B2 36.729
Fig.5 Thermal expansion coefficient test specimen B3 39.558
37.95 0.059
B4 38.998
22 RWHER BS 39.875
I B A (DIL402 %L, 40 l&l 6 B m) T 5 i B6 34.006
PR R T 1) £ VIR T A 8, TR DN a3 Ly 30~ cl 4125
80 °C, A ARBLA 6 °C/min, IINERIELR 2 hi . @ 4.102
it A A B A Y56 45 S 7T L5 #) TU/SYT49S- = 4156
~ ol Y ) S c4 3.939
130 Bk 27 4552 G MBI 21 4 07 1n) N BT 27485 ) 1Y) . s o
5 5
2R MK 28057 5 R 1.397x107%°C #11 37.95%10°%/°C., - 3070 4.141 0.101
4 20 C ALK AE I TRAE T — 47 4 h B934 Ik - s
A FROTT B cs 3.537
9 4.391
C10 4.957
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N TR B 2R G R A bR S P R G B

T WA T, BT 1 I RE 1 1 £F 4 5 1) R IR 1 T 4R
7 [ 0 2k BRI K 2R BORT LA = 8 o4 B (R ) B FR
23wl H AR RS B (3 3 B, A FRIT
6 AKX (DIL402 2) A ABAQUS 43 Bl @ 7 4 2 97 30K [048]. [9045].
Fig.6 Thermal expansion tester (DIL402) [(0/45/90/'45)6]5 Elgﬁ;}“ig:l: gﬁg/a\*j ;H_):'i/a\*ﬁﬁwﬁ/; HK/};E
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& 3 TU/SYT49S-130 # BB
Tab.2 Test results of thermal expansion coefficient

Tab.3 Material parameters of TU/SYT49S-130
along the length direction of test piece

_ Parameter Value
Group number Coefficient of thermal ~Averagex Coefficient of
P expansionx107%/°C 10°%°C variation Longitudinal elastic modulus/GPa 135
Al 1.286 Transverse elastic modulus/GPa 8.35
A2 1.359 Poisson's ratio 0.3
1.397 0.117
A3 1.153 Density/g-cm ™ 1.04
A4 1.509 Shear modulus/GPa 5.31
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Fig.7 Nephogram of thermal expansion simulation
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Fig.8 Strain-temperature curves obtained from thermal expansion

deformation test and simulation analysis
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Tab.4 Thermal expansion coefficient of carbon fiber

and epoxy resin"!

T700 carbon fiber Epoxy
Parameter s .
(longitudinal) resin
Coefficient of thermal —0.381x10°¢ 56.8x10°

expansion/°C™"
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Fig.9 Optimal design route of composite support structure
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Fig.10 Initial model of composite structure

11 42 SRS LR

Fig.11 2D model of composite structure for optimization
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Tab.5 Reduction ratio of thermal expansion

deformation of two-dimensional composite

support structure compared with titanium alloy

structure

Iteration Ply shape Ply thickness Ply sequence
order optimization optimization optimization

1 45.8% 54.4% 59.4%

2 70.7% 72.2% 74.2%

3 71.7% 73.7% 76.0%

4 80.3% 82.1% 84.1%

5 88.2% 89.4% 89.8%

422 AhETRMEAL

Optistruct 2 7 B #Ha 2 00105 — B Be 2 il 2 B
ARAEAL, 1Z B B L5 0 I8 B2 AR R A X 41, DL A
SRl 1) A K e N A DAL ELBR, BIEFE R R 23 A
0, A2 A R S PR S R S R T B S Bk
G B FIATAMR TR G S 45 M I AR 29 5

B T S5 F4 B R 2R, R T BRI A A AR A
Dy B — ¥ 43 T 2208 (1) 70 2 S A5 3 38
FEPE AT B 2R BT T, RO A R A R
TR S P Al AN 2 TR S e T2 S0 4 A 53 AR Ak TR Ry
FEJIAS R T el A 38 e B e U, RS 23 TR Dl ok v S 3
S A W S )56 A R 1S e 2 L s R R
e, R B B A 25 A T AR N S AR A PR (93 )
5 mm Fl 4 mm), B A AR 3 R 0 i R
JE IV AE 4~8 mm =2 [H], 79 M S 4 A J BE N E 3~5 mm
Z 015 (2) FR AL N7 7 L AL F) Bk 2T 4t 5 A b Rk B2 T
HORHEE G B R R, B AR RN R R
0.125 mm; (3) R T i I &2 & b4 25 4 34 Al il J 2 oK
U/ NG R R U, T 3005 —300 1) 2 B BE A ] .

6 TAI T HUGEAC T R T B2 A bR S S5
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Tab.6 Optimization results of ply shape of composite support structure in five iterations

CATIA model before

Iteration order L
optimization

Optimization result
of ply shape

Reduction relative to thermal
expansion of titanium alloy

Thermal expansion
deformation/mm

e84

1.17x107 45.8%
6.32x107° 70.7%
6.12x107° 71.7%
4.25%107 80.3%
2.54x107° 88.2%
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ZT AR DX, P € DX A B T AR TR Gl R AL
423 HEBEMSA

Optistruct & & M BHHH )2 A0S B B2 4 25
FEARAL, Z B BOE AR B AR A2 0 55 4 5 58— B B
AR, ZE UL IR L, SRkt S hr-5Y | fir 2540 A 1 |k
fLJE HERINMARTE , it )2 A A = XAk T 225,

B B E R, o B2 S ek )
53R 2 EIEARAR R B B 2 R, — BRI 43 S U )2,

56 B BRSO S A S A X 4, it AR
A5 AT DA Bl 2 AR B O R B DA SCRT A,
TU/SYT49S-130 )2 iRk J5 PR EE R 0.125 mm,
W2 %0 2 RO BE R D 0.125 w2 il )2 i i
L) D EE SRR A B R AT JER R RN 2 BORE
R o] 45 21 2 A i) S 5 B D 2R

7RI T REA AR A MR S S
2 R B AL 25 R . B2 5 B AL TE Al R IR R
A R SRl 1, AH L TR A S 450, B 2 G 4k
SCPE S AR T Sty 1) il 1) A K AR T 43 o i — 250N T
8.6%. 1.5%. 2.0%. 1.8% F11.2%.
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Tab.7 Optimization results of ply thickness of composite support structure in five iterations

Thickness after optimization/mm
Iteration order

Number of plies after optimization

Thermal expansion  Reduction relative to thermal

Main body Side plate Main body Side plate deformation/mm expansion of titanium alloy
1 8.0 4.5 64 36 9.86x107° 54.4%
2 7.25 475 58 38 6.01x107° 72.2%
3 7.25 4.75 58 38 5.69x107 73.7%
4 7.75 475 62 38 3.87x107 82.1%
5 5.75 35 46 28 2.29%107° 89.4%

424 AEEIRFARA

Optistruct 52 & M L4l J2 U0 A0 55 — B B4l 2 it
FEAL, Z I BORN T HE BLSER R R N & laros Y,
TERARIRAL B AR 5 AR F A BT, 55 2451
S XS T2 2 SOk B Bl 2 T 1 SR A (1) 2
ZCHR [3] TR, 2 0005 In SR AEAMIN I, BT AT

) AR AR K 2R R 2 A, PRSI0 2 45 A5 3 T Al
JZh 0B 2T A5 (2) o sl B )™ A A g BE AR 1) T 224 1A
L V2 T T3 4 v, 7 [ — B = ) 1 1 2 A
R P2,

8 P T AR R T, S A R SRS
P B B J2 WP DA 25 2R ol T2 T e 00 A 7 Bl V= P JEE

R 8 ARERPHESMBIIELHHREIMFAUER

Tab.8 Optimization results of ply sequence of composite support structure in five iterations

Ply sequence before optimization Ply sequence after optimization Reduction relative

Iteration Thermal to thermal
der expansion expansion of
or Main body Side plate Main body Side plate deformation/mm °Xpa
titanium alloy
[05/-30/30,/0/-30/30/-305/ 3 5
1 [01/30,¢/=30,0]s  [04/305/~305]s 30,/—-30/30/-30/0/~30/0,/ [,03/(3)0/%/ /ggfgzo/ /03/?23/ g% 0] 8.76x107° 59.4%
—30/30/05/30,/—30/30/0]4 22 Z-Ts
[0/30,/0/-30/30,/0/30/-30/0/ [0/-30,/0/30/0/~30/0/
— - 30/0,/—30/0/30/—30/0/30/0,/ 0 . 3
2 [015/304/-30g]s  [05/30,/—30]5 730/% a0, Y 30,/301-30/305/0/~30/30,] 5.57x10 74.2%
[0/305/~30/05/—~30,/30/0,/ [0/-30,/30,/-30/30,
— - —30/0,/30/-305/30,/-30,/ Achacs 3 3
3 [06/30,0/~3010]s  [05/30,/—30]5 30/*36]s 3/304/-30, 230/30/0,/-30/0/-30,/0/30] 5.18x10 76.0%
. 3 [0/-30/0,/305/0,/—30/05/30/  [0/30,/0/=30/30/=30,/30,/—3 -
4 (093077300 [0530/7307)s ) 30 10,-30,/0,/-30/30)s  0/0y/-30s]s 344x10 84.1%
[0/-30/30/-30,/30/0,/30/0/ . .
5 [04/30g/-30g]s  [04/305/—305]s T30/30,/-305/0/-30/0/30/0)  10/305/0/30/05/-30/30/-30,]5  2.20x10 89.8%
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Fig.12 Finite element model of composite supporting structure
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Fig.13 Cloud chart of simulation calculation of thermal expansion

deformation

52 RESESHSW

FIH ABAQUS T84 B AL 58 LY ik 27 4E 52 5
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5K, BN T 63.2%, SE A MAEHK TH® A4S
HAT G/ N B R RREARAE , AU /2 525 bR S 45
A S5 AN A o R 4 SRR A Y B R, Ty HL S HE
A e IR R

RO RIEN T A MR ST R RIER G &
SCHESS R = I RS T A R . 25 RR W], B A
PSP SE R I BT = B AR AR T BR 5 4 S S5 0 4y
BIRES T 24.4%. 5.5%. 21.5%, 555 MR & T4k
B 4 HA T LN BE B REPEAR AT, T R A bR S
GEAR AR TER & 4 S 5 A BT EEK .

R REMRER
Tab.9 Results of modal analysis

Order Composite support structure

Titanium alloy support structure

Vibration mode diagram
First

Frequency/Hz

13125 1054.9
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Continued Tab.9
Order Composite support structure Titanium alloy support structure
Vibration mode diagram
Second
Frequency/Hz 1361.7 1290.4
Vibration mode diagram
Third
Frequency/Hz 2334.6 1921.1
6 z:'n: i«@ [4] Velea M N, Lache S. Thermal expansion of composite laminates
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Low thermal expansion optimization of composite support structure
for missile-borne optical system
Wang Xuan, Zhao Chenqi
(College of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China)
Abstract:

Objective In order to reduce the thermal expansion deformation of the support structure of the missile-borne
optical system at service temperature, the carbon fiber reinforced composite with low thermal expansion
coefficient in the fiber direction, strong designability and small specific gravity is used to replace titanium alloy as
the main material of the support structure, and the composite support structure is designed by optimization. The
optimized carbon fiber reinforced composite support structure shall meet the following requirements: (1) The
main geometric size and the interface position shall remain unchanged; (2) Under the condition of 50 °C
temperature rise, the axial thermal expansion deformation is reduced by more than 85% compared to the titanium
alloy support structure; (3) The weight is lighter than titanium alloy support structure; (4) The fundamental
frequency shall not be lower than the titanium alloy support structure.

Methods Firstly, according to the ASTM (American Society for Testing and Materials) E381 standard, the linear
thermal expansion coefficients of the carbon fiber reinforced composite along the fiber direction and
perpendicular to the fiber direction are measured using a thermal dilatometer (Fig.6) for two kinds of particular
layup. On this basis, a thermal expansion simulation model for the composite structures is established in
ABAQUS, and the feasibility of the model is validated by comparing with test results. Then, taking the axial
thermal expansion deformation as the optimization objective, the Optistruct software is used to optimize the layer
shape, layer thickness, and layer sequence step by step for the two-dimensional carbon fiber composite support
structure until the axial thermal expansion deformation meets the design requirements. Based on the optimized
two-dimensional model, considering the influence of thermal expansion deformation in the thickness direction, a
three-dimensional finite element model of the composite support structure is established in ABAQUS to conduct
the analyses of thermal expansion, weight and vibration mode.

Results and Discussions From the thermal expansion coefficient tests, the linear thermal expansion coefficients
of carbon fiber reinforced composites along the fiber direction and perpendicular to the fiber direction are
obtained as 1.397x10°%°C and 37.95x107°/°C respectively (Tab.2). The thermal expansion deformation obtained
from the simulation (Fig.7-8) for the laminates with three kinds of layup is in good agreement with the test results

(Tab.2). It is shown that the established simulation model can effectively predict the thermal expansion

20220742-10
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deformation of the composite structures. After five optimization iterations, compared to the titanium alloy support
structure, the carbon fiber reinforced composite support structure meets the design requirements with 87.8%
reduction in the axial thermal expansion deformation within a temperature rise range of 50 °C (Fig.13),
with 63.2% reduction in the weight and 24.4% increase in the fundamental frequency (Tab.9).

Conclusions Compared to titanium alloy, carbon fiber reinforced composite not only has lower density and
greater specific stiffness, but also can achieve low thermal expansion deformation in one direction through
reasonable design. Therefore, using carbon fiber reinforced composite instead of titanium alloy as the main
material for the support structure of missile-borne optical systems can significantly reduce the axial thermal
expansion deformation of the support structure through optimal design, while also achieving structural lightweight

and improving structural stiffness.
Key words: composite;  low thermal expansion;  optimal design;  optical system;  support structure

Funding projects: National Program on Key Basic Research Project of China; Tianjin Science and Technology
Plan Project of China (20YDTPJC00380); Aeronautical Science Foundation of China
(2018ZF67011)

20220742-11



	0 引　言
	1 设计要求
	2 热膨胀系数测试
	2.1 试验矩阵
	2.2 试验结果

	3 热膨胀仿真
	4 支撑结构超低热膨胀优化设计
	4.1 优化设计思路
	4.2 复合材料铺层优化
	4.2.1 建立模型
	4.2.2 铺层形状优化
	4.2.3 铺层厚度优化
	4.2.4 铺层顺序优化


	5 有限元仿真验证
	5.1 热膨胀变形仿真分析
	5.2 质量与模态分析

	6 结　论
	参考文献

