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Numerical simulation and influence factors analysis of cure-induced distortions

in resin matrix composites with variable thickness

GAN Jianye' , HU Weiye? , ZHANG Yicheng' , CHU Qiyi*, HAO Xiaozhong
(1. College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing
210016, China; 2. Nanjing Chenguang Group CO., LTD., Nanjing 210006, China)

Abstract: The carbon fiber reinforced polymer (CFRP) composite parts with variable thickness possessed the
advantages of material saving, weight reduction, and elastic tailoring properties, and were often used in important
application such as wing structures. However, dropping-off plies between layers caused a discontinuity inside the
part. Therefore, uneven residual stress could be generated after the curing, and the complex cure-induced distor-
tion (CID) appeared after demolding. For the prediction of the CID of CFRP parts with variable thickness, the exist-
ing research mainly adopted the modeling method of equivalent material parameters, without considering the
structural characteristics of the resin pocket. In this paper, based on the laminated modeling method, the resin
pocket structure was introduced at the dropping-off plies position, and the numerical simulation model of the CID
was established. Compared with the results of the traditional equivalent modeling method, the traditional lamin-
ated modeling method and experiment, it is proved that the proposed model has the preferable accuracy, the error
of the simulated CID is only 1.01x10"> mm compared with the experimental result, and the deformation trend is con-
sistent. The influence of different ply drop-off patterns, taper section slopes, and thickness-to-thin ratios on the CID
was analyzed. The part with a dispersed ply drop-off pattern presents the smallest CID, and the part with the over-
lapped ply drop-off pattern has the largest CID. Increasing the taper section slope and reducing the thickness ratio
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can effectively reduce the warpage.

Keywords: composite; variable thickness; cure-induced deformation; residual stress; numerical simulation

A8 A g — A 90 5 A R T
Y BT T RIPERR DY A 2 e,
RFHFHLIR G4 | 0T B e 325 L0 R 0 4
T O, AR P A R B R 1
{3 ST P U2 o 0 B2 ] 5 2 R
gty (R R 2 5 EOH P S 0 S i 0
B TP R AR 2 AR L T e
S RNE CAS, MEAERR  AIRIK R B L
S R PERE R S, AT K P T A A
Sk R F A G 1 4% 55 R ) S S P TR
TR A AR VE 45 LB, 7 AR ST 5% A BT
BRUEZ AN, F550 05 4 bERME P55 1 2 R X B
TSR AR Tr 2, 075 b T2 o 5 A ) %
A, WA T A R R O 9 R
VAR T 2 A, TR T 5 A R
REGEY, BREIR %t 5 A TR AL A0, o fh
T I S O B O B, SR AT AT
Fa P4 S BO R it ke, BB SRR, BI%
2 4,

BT WNFEAASTS , 507 i RAE AR A T
LR SR b X [ T2 i 2 R L
IS 1 R R B
0T BT R A L L 5 4 o 5 b
B, WML, SRR T
PR A7 20 B A5 L B 52 b 10 1 25 9
AR B L SO G 207 3150 5 i
TN T W AT W O o, A ROR
HRAE . A5 98 e S

LA 4 b (81 98 010 )
W9 2 61 0 45 5 4 1 0520 SIE B4 01 TF i
B IR ) 1 25 9 S (AR 5 9
S5 S S 2 R, SR R B v
PR B B2 T T 45 AL 1L R 2
B3 T AR LB U R P 0 8] A TR
IR AW 25 301 45 5 BORIIE IR 1X 5 O 2 1
TR B B 4 TR R GBI L 5 Trofimov
5 S 42 R 1 = e A R R, R
52 B M 5 8 OO 0 o 400 B b A
BISE . BRI WA RCR B, T
S U TG 6 B WO T2 F — i )2
Fl A5 5 1 4 4 1 [ £ A5 5 Takagaki %5129 S F 4
75 2075 0 A5 D0 2 A 90 7k 25 0 2

JEEAB A 3% 4 1 7 N AR AR E S0 AT A b, R B R
5 B T o O R R 1 K A 9 2 B R
XA R 2 A P e 2 R T [ A A
R B T Bl R R e B AR R S, B SL T AR
JEE A 1 1 A - - T 2 i A A, AR B T AR
JE B 25 R AN () DX 8 ) 1R B 3 L T Ak BE 3 T i 3 A
BEATAT AR, S i — 20 [ AR AR %) B (8 47 5 30
FIF TG . (B IR BT 0 R 2 18 B B A 1 )
il BT Z ) Z E A et R
R A T B0 7 AR AR I 1 A4S R R R S B
PR . I K R AL el RECEEREAR
i 20} [ A AR I B 5

K, AT 2@ Tk, )RR
W EBAEGIAWMIE D 4S550 , P45 A R 0
(Path-dependent, PD) 7 #4 45 £10621 - 3t <7 1 AR J&
JEE AR [ A A8 T B LAY 3l i 5 4 SR A AL
HAE T P ST R TR R ST S R LA, EBH T
HEAR Y B A RO RERA M . FEBLIERE B, T T
AR EZE T b R TR L AR R R A
A [E A AR T ()5 el B

1 TEEEAMBMGRERERE
1.1 ZEEESEAMBAGES

TR b i) A A R R 5 R S A 1) 7 R
JESEM, HoRHWEEZ 073, B AR
7, P SR IX 3 DR AR X2
Wi R, WRASCH EENIR G, AR
Aey A7F 308 5 e 0 DA T 7 5 2 o R T B A
ARJEPEL, X R SR Z A, AL AR
MR B AR A% i TR D AR S R A
BHERES RO, BN A ES M, 1
FePF [ Al 80 2o AR ety SR N 11 4% 5 4 U2 R )
ISR AV | A2 WA AN DT JBC 25 ) AL, 3 i 7™
AR STRIERAR N Sy, TR A2 5 AR R 1 22 R
XERRGHJZE T 2, T 2 U e a9 DX ) R 2O
VIS FR, MR T 5% A0 S AN 2, s e &
A S B AL AR TE

Btz A, AR )R S AR A 3 A
LWLt 28, R EZE I J KR
ARG X 5 AR X 2 ) B SR L o X 3 A&l
SRHILRE T AR R LA IF B AR LS, X1k

AL K5,



el A5 728 JBE 2 ARG R 52 45 B A A 1 11 41 2 T BI04 8 i PR 3% 03 A - 4197 -

Thick section Taper section

Taper% Thin section
Belt piles _ / 4

Core piles

Normal, y Transverse, z I Resin pockets
‘ i’ D iles
Longitudinal, x ropped pf es
Dropped piles 11

1 SRS R R 22 R A s R
Fig.1 Schematic of typical tapered part with dropped plies
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Table1 Thermal properties of T800 HB carbon fiber/
3900-2 epoxy composite!®

Constant Value
p/(kgm™) 1 600
o,/ (kgm™) 1380
C/(]~kg’l~K’1) 925
k/(W-m™.K™") 7-61
k,=k,/(W-m™.K™") 0.90
Vi/vol% 62.5
Hg/(KJkg™) 246

Notes: p—Composite density; p,—Resin density; C—Specific

heat capacity; k, k, and k,—Longitudinal , normal and

transverse thermal conductivity coefficient, respectively;
Hp—Total amount of heat; V;—Average fiber volume fraction.
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Table 2 Cure kinetics constants of 3900-2 resin'®

Constant Value
A/ls™ 1.933x10°
AE/(J-mol™) 7.25%x10*
m 0.1781

n 1.2323
R/(J-mol.K™) 8.314

Notes: A—Frequency factor of autocatalytic model; AE—
Activation energy of autocatalytic model; m, n—Reaction
constant; R—Perfect gas constant.
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%3 T800 HB/3900-2 # (58 &+ # R S H
Table 3 Material parameters of T800 HB/3900-2
unidirectional composites®!

Parameter Viscous Rubbery Glassy
E,/MPa 169 000 169 000 169 000
E,=E;/MPa 0.272 272.133 8 620
G,=G,3/MPa 0.068 68.033 5000
G,3/MPa 0.068 68.033 1220
V1o=V13 0.5 0.5 0.355
Vo3 0.995 0.995 0.41
B1/(10°°C™H — — 0
Bo=P3/(107°C™) — — 29.5
v1/% 0 0 —
¥2=Y3/% -0.19 -0.18 —

Notes: E;, E, E;—Elastic modulus of composite; Gy Gs,
G,3—Shear modulus of composite; v,, , v,3, v,3—Poisson's ratio
of composite; B,, B,, B3— Coefficient of thermal expansion (CTE)
of composite; y,, ¥, y3;—Chemical shrinkage coefficient of
composite.

F4 3900-2 HEERIH RIS
Table 4 Material parameters of 3900-2 resin

Parameter Value

0.0471 (Viscous) "
47.1 (Rubbery) "
4710 (Glassy) '@

0.0157 (Viscous)
15.7 (Rubbery)
1 744.4 (Glassy)

E,/MPa

G,/MPa

0.5 (Viscous & Rubbery)"**
0.35 (Glassy)

Vr

Bre/(10°C™) 80"

Veel %o —0.99"

Notes: E,—Elastic modulus of the resin; 8,,—CTE of the resin;
vre— Chemical shrinkage coefficient of the resin.
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H—Hight of the RVE; L—Lenght of the RVE; W—Width of the RVE
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Fig.5 Finite element model of representative volume element (RVE) of

tapered T800 HB/3900-2 composite part

x5 WHREH (BCOH
Table 5 Boundary conditions (BC)®"

Plane BCl BC2 BC3 BC4 BC5
X=0 S S S Ry/Ry S
X=L Dy S S Ry/Dy Ty
Y=0 S S S F S
Y=w S Dy S F Ty
Z=0 S S S S S
Z=H S S D, S T,

Notes: D denotes to apply a uniform displacement to the plane; S
denotes to apply a symmetrical constraint to the plane; R denotes
to limit the displacement of the plane; F denotes that no
constraints are imposed; T denotes that the plane is coupled to
the other parallel plane, ensuring that all nodes in these two
planes move in the same direction.

1
o7 =Cij= . | oalX. X.2)av (15)

K o i IR ST €k WIS S Sy
iy VN RVERR B BIREL; o, NETALE RN S
PRIEL

T Bk Gyp AN TR 3P 4, ¥k 5
BT 78 B 31 L 444 BC1. BC2. BC3 43 %l il 7 RVE
B b, 33 Cy. Cy. Culi=1, 2,3), Tl G,
W, A A BC4, 133 Cyyo HEHIESCHR [21]
T DT, AR NI R [C) 1Y 43 R A 3R
PR TR R 8. f7%5 D RaREZ i L
it T B AR s AR S R AR % T L X R
75 F RN ; M MAFS iR X, Y.
ZFIRA RSN T,

R A TR A N E R G SR
A BCS MM 1o f7%5 T Rz ViS5 P10
3 —HA A, PREX PN 0 BT A s Bh

—H,

T U BE AT B A S48 0 A8 i 8 er 25 14T, LA
F4F RVE BERITE § 7 1) LK L AT ARtk AL T
AT K R A e AR, AT,
pi= L (16)

LAT

5 2| (1Y [45/-45/90/0] . i J22 1) T800 HB/3900-

2 2 A PR T 25 N EE 6 BT .

=6 [45/-45/90/0],¢ $#E T800 HB/3900-2 £ & 11}
E-3ogid:
Table 6 Equivalent material properties of T800 HB/3900-2
composites with [45/-45/90/0] s layup

Parameter Viscous Rubbery Glassy
E,=E,/MPa 44 896 45 906 60 408
E;/MPa 18.44 12 557 10 116
Gy»/MPa 2730.4 4887.5 18 347.8
G13=Gy3/MPa 0.068 68.033 2157.1
Via 5.92x10°  0.029 0.195
V13=Va3 0.995 0.968 0.362
Bi=B,/(10°C™) — — 0.773
B3/(107°°C™) — — 11.765
N=v2/% -0.00013 -0.133 —
v3/% -0.37 -0.36 —
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Fig.6 Development of temperature and curing degree in thickness
direction and different regions of tapered T800 HB/3900-2

composite part
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Fig. 7 Residual stress oy distribution of tapered T800 HB/3900-2
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composite part in the thickness direction of taper section (X=100 mm)
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Fig. 8 Residual stress oy distribution of tapered T800 HB/3900-2
composite part of traditional equivalent model, traditional laminated
model and the proposed model on the thickness of taper section

(X=100 mm)
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Def: 1.5%107"° mm

(a) Traditional equivalent model

Max: 0.175 mm

(b) Traditional laminated model

Max: 0.121 mm
(c) The proposed model

U—Total displacement (mm); U,— Y directional displacement
9 (e85 B GRS RIAR SO 12T 1R S T800
HB/3900-2 S FPEHA AL (B 2 4]
Fig.9 Displacement contours of the models of tapered T800 HB/3900-2
composite part built by traditional equivalent model, traditional

laminated model and the proposed model

(a) Ply drop-off
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(b) Tapered prepregs

1. Vacuum bag; 2. Dam; 3. Breather; 4. Sealant; 5. Steel plate; 6. Rubber plate; 7. Porous ply;
8. Peel ply; 9. Tapered laminate; 10. Vacuum circuit

(c) Bagging procedure
10 B2 A R

Fig. 10 Lay-up and bagging procedure for tapered prepreg

[24]
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Fig. 11 Deformation measurement of tapered T800 HB/3900-2

composite part
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Fig. 12 Comparison of simulation and scanning results of warping
deformation on the bottom surface of tapered T800 HB/3900-2

composite part
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Table 7 IDs and ply drop-off patterns of tapered T800

HB/3900-2 composite part

Part ID Ply drop-off pattern
A Staircased (nD=1)
B Overlapped (nD=1)
C Staircased (nD=2)
D Overlapped (nD=2)
E Dispersed I (nD=1)
F Dispersed II (nD=1)
60
(a) Part A
0t
<
&
= 60 |
<
-120
Y
Aax
-180 = : : : : : :
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— 1 80 1 1 1 1 1 1 1
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(e) Part E
ot W
<
&
= 60
<
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A
—180 .
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Fig. 13 oydistribution in the thickness direction of taper section (X=200 mm) after curing of part A, B, C, D, Eand F
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Fig. 14 Deformation cloud maps of part A, B, C, D, Eand F
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Fig. 15 Maximum deformation of part A, B, C, D, Eand F
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Fig. 16 Maximum deformation of tapered T800 HB/3900-2 composite

parts with different taper section slopes
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Fig. 17 Maximum deformation of tapered T800 HB/3900-2 composite

parts with different thickness-to-thin ratios
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