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Influences of Curing Process Parameters on Internal Residual Strain of
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Abstract: Composite material is one of the important materials for lightweight equipment design because of its
high specific strength, high specific modulus and good designability. However, the residual strain generated in
the curing process of composite materials is one of the main factors that restrict its development and
application. It is necessary to elaborate the mechanism of strain variation during the molding process. In this
paper, employing the method of embedding fiber Bragg grating (FBG) , real-time monitoring of internal
strain and temperature of the T700/C11 prepreg under different curing process is carried out. The influence of
curing process on the variation of internal strain is investigated. A numerical analysis model for predicting the
residual strain of the laminate is established to optimize the curing process parameters of the composite. The
results show that the residual strain can be effectively reduced by reasonably decreasing the heating rate, using
the mold with lower thermal expansion and lower thermal conductivity, and avoiding the error of layup.

Key words: fiber Bragg grating; process parameters; residual strain; cure monitoring; composite materials

EEWH : HFE LM EITI(2019YFA0708901) .

W5 B #1:2023-11-20; 1817 B #5: 2023-12-08

WISER LB, 5 BINFSE A, E-mail: cda@nuaa.edu.cn.

SIS B MG, AR S04 | 45 | LT AR S B W [ Ak T SO 2 A MR P AR Ak A B AR 12w [T ). R A
RK2F54],2024,56(1) : 144-153. HU Yanpeng, HOU Jinsen, HAO Xufeng, et al. Influences of curing process parame-

ters on internal residual strain of composite laminates based on FBG monitoring[J]. Journal of Nanjing University of Aero-
nautics & Astronautics, 2024, 56(1):144-153.



%13

BHEE MG 55« 5 T G2 S I (51 4k T 20 2 5000 2 5 W P 3 4% 4% 0 2% 1) 5 g 145

Tk 27 4t 52 5 WORMPE U 23 2 b, ol F A 4 4y
() BRAL 27 PR JBAS [R] AN ] 3k G i b ) PN 3 7= A
BR A AR 3 A% A g AR 5 B P R ) g i A
AR A v R A i O R S v 2 Tl A4
WNZF 4 5 1 i 3 A T b 14 % 4 7 ) 3 K4 9 3K
JBERG FNEF AE Bl 7 A R RS B 22 A BR AR R
T3 Ko B Rl 4 2 55 5 B R [ A1
i E N E L SUpNEA R SR RN NN i
SR DR IR O e 4T Ak 5 A R BUE B Bt P9 R 8%
A% IO AR A Ak AR AR AR OB T2 O A R
SRR T B, AT DA 00 D B 4 AR RN ) B
J, B B 4T Ak 5 G R T e R AT R

L 1996 4, SCIlk[6 14 6 2F A hiA% S Mt (Fi-
ber Bragg grating, FBG ) f& J& s ¥ A Bk 2T 4 &2 &5 b4
Bhrb & LA 5 Y SR AR RT DL T JE 4 I A A R
[ A AE B R ST A MR SOE B B D I AR
AL I Y SC I W B S SCHk [ 7 )R FBG 1% 8k
0 T AS [R] T E R R R R R 2o R W, &
BT I AR08 A% A N AR R /N o SOk (8 A A
FBG Wil 7 AS4/PPS #8144 kL 8 1k 2oF 72, A B
L PR 4 R R R S AR AR I ) A R
M o SCHRLO H I FBG & J8# W AN [R) £ 385 1t )
Xof [ A 5% A% 0L 0 1S ), R B AR 8 il A K R TR
B R], SR FHRS 28 04 O Tk B TRD A R I A5t 30 B [
SARET. SCERL 10 A H FBG Wi 2 7 T2 k= vk
Jei 131 Ak Ak 3R B R A D AR RO S . SCk[ 11 ]
B FBG & A a7 Ak 1 [ plr R 1 2l b i [
et B, A58 T A B AT IR M BRI . Sk
[12-13 3@ s H A FBG Wil 7 24 1) 4 )2 2 A M
JZ A BAEAS TR g5 1) R B Y [ Ak ek B T S Sk
[14-15 ] FH FBG Wa D (&1 fk b F2 L % 307t e ] Ak i
J3E 0 A T T R 8 T B AR AR A A . Sk [ 16 ]
FIH FBG & B 2% 52 i) 78 2% Wa i &2 & 4 kL 4k T
LM T B B A IR LA A R T
R PR TR BUR

IR BIFGER ZHOR AT — Tk I AR TR
BY A B P B A B AR SE ), H [ OC T L2 &R
B A5 ARk P S i A % T R i) 1) A 9 3 T B 4 T )
SRR AR, AR AS B B E R 1 25581 R A 3
PLT700/C11 fUi kHA 7 o 5L ail il i N & FBG 5
FRCF A 11 T 2, S e 00 A e PN S U B g AR KT
B4 M IS T T I R AR R] A R A AR
FLRERE T 20 R 2 % O o B b A R P S AR
AARFZ N, I HE S T 2 A RBUIE IS 5 A I A AR
B TR A 7 T2 BRARAE 7™ AR B i B2

7 i B A B 7 LA TR A
1 MAREIT

1.1 fEREFEITRALE

6L M S LA ok R L R U TR
PRI R TP AR PRl Al FBG 1% 8% 4%
AT DL i X0 52 A M RE U o 72 v 8% A% vy 72 1
RO HURG 2, FBG M B A 5 G 5 e AT 37K Oy

Al =K. Ae + K;AT (D

K A B 0 K ARG Ko FBG %
JEER A RACAR B Ko FBG I EE R R
B, A 5 AT 53 5 R RAE T TA% 8 b 1 A2 22 4k
K EAA R mEC(D) A, hoE Kk E S
Hh S BE R AR A RAFRRMECR B BAE R
PR3 7 A A SRR

TR RHTE [ Ak i 301 P9 6 9 90 L R 5 0 A8 3
KA, I Y FBG 8 AV I AR W I B, 1 76 0
et o BRI AR R O T B A AR RS BRI
-0 = N RTINS 2 N {175~ A1 A = 1 = o e £ ARG A
H

e

AaziA’l*KTAT (2)
K.

T O OBom B S5 R
KAIPUSEN-TT-K-36-SLE (£ 12 H 12}y 127 ym,
KEEE R 0.4%)  Z5H Q& 1(a) fir 7 o T AR A5 JER i
RFREMERTEREM(RMEER R
125 pm) , A 1(h) PR o 28 52 50 T 75 34 2 )
PR FBG R R R BN 10.8 pm/°C, N A8 R
BAREBCH 1.2 pm/pe.

Measuring point;

(a) Thermal couple

Polyimide coating FBG

(b) FBG
Bl 1 WAL R 45

Fig.1 Structures of two sensors

1.2 BAAREIT

A o ARG R VRCS S Doy =1 /N R S il ]
T700/C11 B fin) TR RE CLF 4k Lo ) 75% , B2 &
29 0.150 mm) , B )7 R 572 100 mm X 100 mm 1E 77
&, &l Z 0 F A [90°/45°/0°/ — 45° ], 525 ok
FBG 5 # i (H3 A S 4 52, & X M 48 5 mm {7
BLAE 2 fR .



146 [ =S S NI S

56 %

Through-thickness direction

L>X axis
Prepreg FBth{l:r;r;alcouple
NMotel 4 layer

(a) Thickness direction embedding position

Symmetry axis

RlOmpm L FBG

~Thermalcouple

Y axis

L>X axis i
(b) Horizontal embedding positions
K2 FBG S5 MEARE
Fig.2 Position of FBG and thermocouple

2 EEWRATEN IS 5

T 06 SR FH L 3 BT 7 B 55 4l B OB |, X3l 56 44 4
Fiti fin 0.08 MPa H i , & Ff T 50 75 [7] — &4~ i
T 22 (R 08 14, e B 3 2 A3 RUBUHE | X 45 SR fOF 1y
JELIR

3 ):Ai‘)ililﬂcmcﬁ/

Fig.3 Vacuum forming of composite laminate
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Fig.4 Strain and temperature plots at different heating rates
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Table 4 Residual strains with different curing time
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2H531) RN pe  AEfbipe B/ %
Al 346 0 0
A2 419 62 21.1
3 EAMAERNERNRE
PR A6 235 SR AT AT R AR AR A 5 5 B N

BR AR VAR SR A T TR B B A Rl B B b i 2R
U, DRI A SR WP 4 5 07 5, 1 e 2k T Bfg
S-S R T R R T AR AR B R T
SEAN IR T AN ) N AR SRR R R AR N
B Y.

TS TR 0 5 R AL [ A AT | [ Ak Bl g
FRE TR A A e WA A4 TR e S5 R T A R
3.1 MNEAERRESHY

(1) #Ax F-E AR

A [ PR I A 52 5 RO i A R AR AR
— A AR R AT AR L PR 1L BT AR R W
i 3 55 A= B L A R A ), 3 S L

T T T L aT

a +k22a +k2% +Q o.C a (3)

JQEP',U Coki ks ko %ﬂﬂ%ﬁi%*i*#%f
S A T7 1) b AL IR R B Q R WG Ak S 1
i T E s A B RN W



150

&
S
=
¥
=

PPN

i 56

G—p.(1— v %
_{Or f rd[
da

KXo He dt'ﬁ%%ﬂi’%/%ffﬁﬂabﬁ*ﬂrﬂ’ﬂ%‘fﬁ NG

PRE T A 58 4 B0 T A i R [ Al
RV RN YIRS &

(2) BAesh A FAHEA

AR SO 0 G AR Y TR 1 m 9% B I [T AL B ) o
TR R B AU B i T Al i AR iR B T T T700/
CLLFS R, R A e 5 [ Ak B 5 3%
RA

(4)

%?;:=:6.271X 105exp*/4i§10(1-—-a)“%7 (5)
A b HAR SRR B R=8.314J/(mol-K ), T Jy ¥
BB o A RHE A
(3) # &AM AR
526 MORHE SE B A= 77 rh 23 [l B5F 28 73 e Ah SR
JE T w5 B PR B B A B Ak = i 4 S 2R 1R
R4, n] e ke
Ae, =l Na+ a AT =1,2,3 (6)
K Aey ot a4 ) s bR i T B AR AL AR
A Al W R B K R B Aa AT R [ 4k
JE 5 AR b
(4) Aot HhFHER
A0 ST v, 201 B B 23 26 D0 R TS AR
AR 3B B, Kt ae e &R AR b
T R U o 8 5 A OB T SRR IR A AR S
K H CHILE (@) 48 3R AR | 3 i 3 4 2 o 6 Ky
[ Ak 2 0 R B, T A
E/ S
Er:
(1= ape ) EY + anu ES @™ g

b EC B 4 35 G I T 56 AL R E AL 52
2 5 10 TR 5 1A B R B g = 2 i

(7)

T Qe
Qg 22 7R IR B I

A SCAH BB R R OB S B LS A R B A
OB 5 E0r 5 W3 7.8,

3.2 TI00/CI1EEHEENTHE

BT ABRICHER R A ABAQUS #54 Xf i 1
AT B R R WAL 10 FroR .

Shy T A TR AT O P 1L R R T A
Sy e ES R = R Sl A s N ST
2GR S 25 RA A v &P Wk 7 A
B .

9 om0 BT I A% % AR (E 5 A R T 0
FLE XS LG o, B AR e T 20 DR o Jk 3k 238 T ik £t
IR ME DL B AR I T 0 B

x7 T700/C11 EE5HBHSH
Table 7 Thermal properties of T700/C11
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Table 8 Engineering constants of T700/C11
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Fig.10  Calculation diagram of numerical simulation
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