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Multiscale analysis and process parameters optimization of

residual stress/strain of 3D woven composite

WANG Qi', JTANG Qiumei®, YANG Xufeng' , REN Mingfa™
(1. Department of Engineering Mechanics, Dalian University of Technology, Dalian 116024, China; 2. National Key

Laboratory of Combustion, Thermal Structure and Flow, Xi’an Aerospace Propulsion Institute, Xi’an 710100, China)

Abstract: To predict the process-induced residual stress/strain of 3D woven composite and propose the optimal
cure cycle, a multiscale model of the process analysis has been developed. Based on the representative volume ele-
ments (RVE) at the fiber and yarn scale, the modulus development of yarns and 3D woven composite was obtained.
A thermal-chemical-mechanical coupling analysis was conducted on the yarn scale with the consideration of chem-
ical shrinkage effect of resin, and the evolution of the microscopic stress-strain was calculated. The fiber Bragg grat-
ing (FBG) sensors were embedded in the 3D woven preform through the 3D weaving technique, and the evolutions
of temperature and strain were monitored. The accuracy of the finite element model was validated by the experi-
mental result. Three sequential sampling methods based on space, error and result were adopted to establish the
surrogate model of the process analysis of 3D woven composite. Based on the surrogate model, the optimization of
process parameters of 3D woven composite forming process was carried out. The results show that the residual
strain is reduced by 15.4% and the cure cycle is shortened by 10.6%.
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Table1 Thermo-chemical properties of
3501-6 epoxy resin!”

Parameter

Value

pr/(kg-m™3)
Ce/(T-(kg-K)™)
ke /(W -(m-K)™)
Hy/(V-kg™)
Ap/min~!
Ap/min~!
Az/min~!
AE;/(J-mol™")
AE,/(7-mol ™)

AEs3/(T-mol™!)

90a + 1 232(a < 0.45)  1272(a > 0.45)
4 148(0.468 +5.975 x 1074T - 0.14 1)
0.04184(3.85+(0.035T —0.141)a)

473 600

2.102x10°

—2.104x 10°

1.960 x 10°

8.07x 10*

7.78 x 10*

5.66 % 10*

Notes: p,—Density of the resin; C;—Specific heat capacity of the
resin; k,—Thermal conductivity of the resin; A;,—Frequency
factors; AE;—Activation energies.

1.3 s

AR SCLL T A 13 8 25 R B9 RVE - 249 5% 4% i A8
N EAReRE, 3 MR E AL T2, O
— B BT R () 2R T BT R R (hy) F

K2 AS4FREFHER 3501-6 IREMAE S RED
Table2 Mechanical properties of AS4 carbon fiber and
3501-6 epoxy resin'"!

Parameter Value
E/GPa 3.447
EY/GPa 3.447/1 000
Ve 0.37

¢/ 57.6x107°
E¢ /GPa 206.8

Ep /GPa 20.7

V12 0.2

V13 0.2

V123 0.5
Gr12/GPa 27.6
Gr13/GPa 27.6
Gf23/GPa 6.9

¢/ -9.0x1077
on/! 7.2x107°

Notes: E, v and G—Elastic modulus, Poisson’s ratio and shear
modulus, respectively; ¢ —Coefficient of thermal expansion;

subscripts f and r represent fiber and resin respectively.

R3 ASABREFHER- TR

Table 3 Thermo-chemical properties of AS4 carbon fiber™

Parameter Value

pr/ (kg-m) 1790

i/ (7-(ke-K)™") 750+2.05T

K/ (W-(m-K)™) 0.04184 x (3.85+(0.0357 —0.141) )
KE/(W-(m-K)™) 2.4+0.00507T

Notes: pf—Density of the fiber; Cy—Specific heat capacity of the
fiber; klf“, ka —Longitudinal and transverse thermal conductivity of

the fiber respectively.

180 120 min
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Time/mm
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Fig. 3 Typical autoclave process cycle
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Table 4 Parameters used for multi-island GA optimization

Parameter Value
Number of generations 50
Number of islands 2
Rate of migration 0.25
Rate of mutation 0.01
Sub-population size 100
Elite size 2

x5 ZHINASESMHBELIZSHRAULER
Table 5 Optimized results of process parameters for 3D
woven composite curing

Parameter Original value Optimal value
hy /('C-min™) 2 2.038

hy /("C-min™) 2 1.794

¢; /('C-min™) 2 3.88

tec/min 340 303.7

5., (x)/10°° -1089 -921.2
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