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[ABSTRACT]
is implemented. The curing deformation predictions of the T800 carbon fiber/epoxy resin composite stiffened panel are in

In this study, the numerical simulation of the curing deformation of a co-cured stiffened composite panel

good agreement with the experimental test results, which show the predictive capacity of the proposed simulation method.

Through the simulation, the influences of curing parameters including heating/cooling rate, holding time and structural

size parameters including width and height of stiffener and fillet radius on the curing deformation of the stiffened panel are

further analyzed. These results are expected to provide guidance for the curing deformation control of co-cured stiffened

composite panels from the perspective of process design and structural design.

Keywords: Stiffened composite panel; Curing deformation; Co-curing; Finite element simulation; Influence of curing
parameter; Influence of structural size parameter

DOI: 10.16080/j.i1ssn1671-833x.2022.04.107

AR EESUR RTUBLIR AL 25 TR ERY
FREHIEA, HE YRR IR LR LSRRG 4
EHRSCHEEL, Horp P RREIC AL T 2R KA
PR 25— A PR RE R AL R e R 1, e W
A RE AR AR Rl T ) Bt a], AU TS AR
T BE AR LR B SE it T T

WAL R b, BUERE Z B0 A I 25 1E R,
2 1 2 2 WP AR ZS A, S B AR AT M AN DR,
Y IR AR Y S N IR B A o 1AL AT R
BEAR A SME R RERE , 22 S BCR LI A v )™ A R Y
BEHC N 7, D/ INHE A 1R 588 B AR 55 5 i DRLIEE, 3 [ 4k

* BEWA: MK AARAIEA (11872310 ),

AR AT A o ATl ok B RN A B A g 1
RERG B0 R (R SCHE R R Z — o BRI, S BEAR [ T A TE
AR ARZ , R AR A i 22 S L e
TR HAMEAAMEE [ AL ASTE P,

Wt 55 AR AR AR I BUE RO 35 9 H 45 5¢
S 101 TR 22 B 90N B B TR I 2 SR, X
Wi S A RHEC T (52 ARG S5 AT
NI TR (i 2 N o2y A DO e O R o I
S RER [ AL ST ISR BEA T T 43007, Miao 55 M2 4347 T
PR LR | [F1 140 T 71l o 5 0 W 7 e e [ e A
TR, DA A2 A R A, Bt A R 1 T o

20224E 55658 4] - B RIELAR 107



‘_‘i.‘ »
E{%tﬁi RESEARCH

PRI S NE A, v B EEE AU SE IR AR S 5 VLR A5 )
IR T TR REARAE LA AL 5 H — AR AT
M7 — M5 U T 250 T I BT 5 Xie 55 1 43
At 57 AN TR] J5E 2 AR 24 8 ek 5 A X 28 Fo 555 B A o 573
T3 RS TE BN RO RS BE RS2 , Ma 45 1) 2007 TR
) T 250 e ARt I SRR S TR T R0 Al BE Al I 32
J5 T 2B FE B R

BT il i, X A AR T AT 4 ) ) i R A
AR J5 v R R T S S AR I R
SR, B X L 18 A6 R A2 5 AR BEAR , UL T 22
T LA B2 R 73 AT B DA IR A RGBT FEAGE
e, ARWFSEIF T T8OO BT 2t / BR AR T L TIE i
S REAR 1) 1 A A TE BTN , KSC(E Tt 245 -5 16 I 12
WIS B0E TR R G PR B TR, E
— LW T IE T ZS BT/ B R PRl i Ta]
S5 LA BB RS SRR S RE | e BEAN IR R A2 55
XTI AT B AR 5T A A T ) S M AL, M T 2T RN Ay i
TR B S T A B o sy B A 114 [ £ A A A o 412 3
AR AR

1 BEMEERBEENR

iy A ) A [E A R R AT 5% B TR Rk
4§ it [T B e A A S W A, 5 B0 A B Al AT 2
Z IR B RR R, 5 AR S [E AL, DO F= A N T 1
A1, Y i i RS RS SR B A s R A A RS AL
BRI IR T A AUt 2 BN N IR = . SFR
BB INVAR &4 5 Yl a] LUA R b 455 B
PRES A BRI K 2 e B S 30 I N 7, R, AR
SCHL 575 TR g ) AR SN G A R R i B [ A e 4
ST T R A [ A A T B AR T 7%

1.1 SR E R BB 1 FHEE

(&1 £k 5 7 Bl 72 AR AT DR AEA B [ Al o R P S
PR SR AL Z A B 56 2, T8 A R o A el
A G R Uy A S R R ARG A 2 BTN
B33k SR FH e G2 LR WF S B Ak R Lo LA
INEEIpAES R Y]

&k f (@) (1)
Al @ HIERE  dade FRBCHER () JZRELIE
PR & (T) M IAL SN 3 5 %05 38840 Arrhenius J5

k(T)=Aexp (~E/RT) (2)
Ao, A FORRKE T E AR RNIELRE ; R MEHE S
IRH R TN R

FRHE I N HLEE pR AN TR, H AT H Y &4k s 3l
FIFAE IR n 9% SONAR LR [ A AR 07

108 i H AR - 20224E 55 6548 55 410]

0 G T (il—fzk(T)(l—a)” (3)

D ‘;—‘j=k(T><1—a>’"a" (4)

b, m Fon ROV SRR, PRl T R, BT DL
22 3 F i & #4( Differential scanning calorimetry, DSC )
PRI 7 A5 S B 7 AN ) TR R A5 T R
2, %[ Ak B By 2l ) 2 R AT Z o0 R B G 3RS
AT rh ) £ S H0EL
1.2 LR

6] fb Bl TR 2 PRI b 22 e o B AR & i — S R 4
A PR Pl AR PR | TR AL RS L P A A R
VLR 1A SO s BT R s e i 2 W] e A > T
— B NI R AR S TR R A 32 [P f

o’T 0T 0T oT

xyﬂlyay—ﬁ/lzaz—ﬁq:/?ccca (5)
K, p. WEBMEVERE; C B AGMEHEINE, 4, 4,
A NEEME x .y Flz I B FIREREG g VR
1

g=p.a-VoH, 2 (6)
K, p, ARBRE B s Ve WA AERFR S8 H, 7 5T
eI £k s I R T e B, R PT 3E d DSC ik
BT, EAHR da/de ATEAS (3 ) 50(4) kA5
1.3 HIAER E 4 g5

TR AR IR AR AL TR A, B [ Ak S i
AT BB [ AL, 7RI — L R R g 7 A — o Ak
Wi, BN B A . BSR4 AR AR X
A, FELE AR AR B AW e 32 AT DAk B 5% FE R
f, HETR I H T RATE8 PR A B [ i 22—tk
INT 2% SR, FERM I 2 AR BE IS Z 11, R TG BRI,
(e A0 ST S B PR B RIS L S0 BT KT 5 FEAR Bl
BIBERE S5, PR U B A8 15 IR AE, ok HE fh 2= s =
BTN P, AT TREEIE i 2 5 TR R
A %, B SA PEBERE s 2 05 77 AR Y [ A e i AT
AL AR TEAG 520 o 38 >R AL 23 B ASCRT LA 75
S Ak [ At A Hh A [T Ak i % )
1.4 EaWRRER EARER

RFRF RSB AR REE R AT A Y X
B A AR A R SR R B T I . R 2, bR
1.2.3 40 5ER T A PR 3 A =Ry m, R
L7 U i e ) o U E 7 R A S 1 N A

N [ BERPEAST o

E=E.VA+E, (1-V,)+E, (7)
Hrr,

A



PN
RESEARCH HI:%ICEI

_ 4(v, — VfZIZ)KmeGm (1=VV;

T (K +G K, (K, ~K,)G,V; 8
R [ PSS 6 A
1 1 v2
E =E.=1|— —12
S /(4Kr+4G23+E1] (9)
Hrr,
X :Km(Kf+Gm)+Gme(Kf—Km) (10)
(Kf +Gm)_Vf(Kf _Km)
NINEL/NTA
Vip =V = vV +v, (=) 4+, (11)
Hrr,
:(Vm_VfIZ)(Km_Kf)Gm(l_Vf)Vf (12)
' (Kf +Gm)Km +(Kf _Km)Gme
L ENEL /N
2EK,-EE,—4v. E,K,
s T 2E K (13)
T PN B DA
G.=G.=G (Gey, +G)+ (G, =GV (14)
. " " (Gm +Gm)_(Gf12 _Gm)Vf
GBI
G23 — Gm Gr +Km (Gf23 — Gm)Vf (15 )
Gr _(Km + 2Gm)(Gf23 - Gm)Vf
He,
G, :Km(Gm+Gf23)+2Gme23 (16)
R K Al DU T URoR
-_= (17)
S 3(1-2v) 7
B g s A T o ) 3 e M AR T
Syl
E (0,E)=EZ+(EX—EXW (18)
n—1 5
W = _
pz;wpexp[ fp(a)J (19)

b, w, 2 A s AR P p MAGER T 7, (@)
e A s T p ARSI ] EL R ARS8 42
Pt AR 5 By 2 RN P I AR 5 & FR TR
IFI], 275
tds
o ar(a,T)
ar NEARN T, BRI S 30K (201, B

(20)

Iga, =(—1.4exp[%j—0.0712](T—TC) (21)

—a

[ Al o A8 R A E)

E _(1-

CHE]:—‘“( Vi) CHE (22)
Ef1+Em(1_Vf)

CHE, =(1+v,_)(1-V )CHE-v,CHE, (23)

A, CHE M [E LI 4i = %0, CHE, Fll CHE, /& 1 J5 []
12 J5 1] A T A 4 1 AR
1.5 ETFERTAZERELTRE

FEF Abaqus, #7 T ECASIE AR Tk TR
SRR & (1) W RETE B4k #8277 A A2 SO
B, S EOREE TR, IF B SR B AL EEAT G
(2 )HB Y I fEdeds . R Abaqus $2ILAYF P FREF
FEAR I 0 [ 40 S 8 A | AR B 5 Al A
AR — (b ARG AR s 8 LR A MR i
ST AR R AR, A AR AR 3k 0 8 M A B, LA 4 2R
5 AR s B AR 3 Ry 0, 7E [ A0 B 3k B BRI 5 T
TR A4 -

% [& 3] Abaqus H'5¢( shell ) B0 I AN e & B UEHH
MRS G MEBE SR TA P AL ISR A IR SR FH = 4 S 44
( Solid )FAITHEATINATEEM WA PGB, TH R,
B I — b 2E AR A A R AT R ASTALL i 7 B Al 1
PR TS R BT A — 1y S b A A L R
B RE(E s R BB 3] 4 TR (A Ak B (A
CLEN S, 25 JEAk 27 BN WA A% , 53045 21 i 57 B Al
BN T R s SR AR ARIE |

2 HEMEA RN EEHR A E L R AR S 38E

SCHR [13] 25 1 7 2L [ 4k Y T800/ M A IR A
A RE T I i A5 B Al A (361 4 A8 T 0 o 5 SR, B R RS
T800/X850, A5 £ Xt LA Jin fify B A 25 44, FFJie T 3t
AL R IS B AR AR I AT, JF S5 R 25 R T T
X HE B IE

TR EEF A 1 R, 525 08 , A
WA TN, st el 24k WS F AU, T8
47 400mm, K4 300mm. 52 K 1A 2 A [45,/0,/90,0], 1
W S8 5 0HIZ N [-45/90,/45,/—45/0]s, TR R A2 S E
4 0.188mm, T800/ A AM NG E A #4725 1Y
SEPERRANT : R4 (1 ) SRR E,=195GPa,
B ZF 4E 5 (2 g7 ) # Pk B i E,=8.58GPa, 1,
2 77 16 85 Y] B & G,=4.57GPa,2.3 J5 ] 5 Y] #E 5
G,=3.06GPa, JAMA L v=0.345,1.2 J7 MK 25 )
0y, 53R —0.205 x 10°/°C 1 26.3 x 10°/°C, 2 J7 4] &4k
Wi 4s 2 %0 CHE,=0.01,

0 3 [ A WA 1 A 8 ORI 2 T 1) i 48 [ AR WAL 4 7
A ] LIS E] CHE=0.021, R A A T7 7, M40 miz 6t
() 124 ERE RN T800 Ml 2T 4 (1) 12~ M RE , mT LAAS B IR 41
BEREBEAT A S ARSI JARA LE 5 SEAPA s A ORI TR

202245565 8 4 - BiEMEEA 109



,—‘? N »
Hl:jl‘lex RESEARCH

o] DA ad 22 30 2 X M A5 E L T800 fik £ 4k g 24 P
WR . 4R & E,=297GPa, 14§ 1.2 J7 [0 55 YA
i Gy,=8.53GPa, £F 4 2.3 Jy [ B VI it Gpy=7GPa, £F
AETARA LY v,,=0.35 5 FRER AR )RR AN T « BIBR AR
S AR B E)=20.8MPa, B4 fiig 5 4 8 th s 5L A
E;=3.48MPa, B IR AR M S IARA L v)=0.497 , B BE 5E 4>
FAHEHARS H vi=0.336,

WA BETESH FLE T (a=0.98 ) [FASHE H] 7,
FACEHF w, N 1R P

SR F AR R 8l ) AR AR g 1) [ 4k 50
AR, N (2) fi(4) o, P& E S50 ™ a0
. BRI T 4=22868.75s ", [ i 4L BE E=63087.65
Jimol, RV ZE m Fl n 4357124 1.901 10308, FillAba
AR AP E SR Bt Ze an &l 2 Fos . 813 (a)
SR T A R TR 0 RE A AR I DA AR IR )
W73 B 238 R S s iz i B Al ) [ A A8 IR X 3
PRS2 R I AR it AR B 39.2mm. T4
) B 1 JE2 5 TR L B 30, B /N T (AR Al 1)
ST, X BEMR A R 2 ResE A/, R i Ak 5,
FEAT BT R TP R 7 R EE RGBS

MR T iy B Al iy JUAR] ROST 5 0 8 2880, 7
Abaqus HR I T T N A RE AR A A R TR, Al 3

) 40
ﬁ | m—
R4 7 200 “
R2. 60
maj PSS

| 1
400

1 TRMAFERLAZEE( mm)

Fig.1 Geometrical model of I-shape stiffened panel (mm)

£1 REMIEESEBLE T( =098 ) HHTHE & RANERTF ™
Table 1 Relaxation time and weighting factor of epoxy resin under
reference curing degree (¢=0.98)""

7 PGB ] 7,/min HERH T w,
1 2.922137x10 0.0591334
2 2.921437x10° 0.0661225
3 1.82448x10° 0.0826896
4 1.1031059x10’ 0.112314
5 2.8305395%10° 0.154121
6 7.9432822x10° 0.2618288
7 1.953424x10" 0.1835594
8 3.3150756x10" 0.0486939
9 4.9174856x10" 0.0252258

110 Wit l& B A - 20224E 55 654 55 410]

(b) FirR. it — (b2 R G AT A8 2R A rh 45
AN S A 3 A A O R A B, AR S K
B FNE AL BEABAE i C NS5 1, 25 BB Ak 2% B N WA 4 g A%
TIRAT R A E AR ) N L T, fe S 2 ROBE A — 0 ) Pl
(55 SR B A 24 o =R R — 30, 11545 21 n 7
M) AL AT

K3 (c) g 17 TR i BE AR A AL A T BN A5 L,
52 K B AS IR il i v 5 e — 30, s E
41.39mm, S5iI0AH iR 22880t 5%, Bt A5 2] ph %
RS TE R B 2 R — 35, BOUE T AR G A

3 REIZSHHRWIH
R T2 2 BOR A A bR A A 2 T

BB AR B T AR AL L R R ()4
RO, ANTET 2 7R, — A SE BRI AL ih 2 A T

200 Temperature 710
---- Pressure
150k 169°C/123min 108
= osmra | £
& .
e W e 2 loe =
2 100} 1.5%C/min . S
= 1.5°C/min 04 E
2, 404 2
g £
& L
50 1o
O 1 1 1 1 1 1 1 0
-50 0 50 100 150 200 250 300 350

Time #/min

2 AEREEREFE ML

Fig.2 Autoclave curing temperature and pressure profiles

39.2mm

D

(a) FEfLAIE

(b) A RRTTHR
U, Magnitude

+4.139¢-02

(¢) BELATEREIES

3 TRMEREER
Fig.3 Deformation of I-shape stiffened panel



PN
RESEARCH Hltﬁbtei

pIT BT 2 SR VER 7 o5 =R N TN BT S e O
FFHEAR X ELTR B T2 S HOS I AL AR TE () 5 R
XA EE T2 N il [E A B F e S, 5
PR R o, 6 T A PR, e R R A BOE
. PRI, TR 1 BT T I b, 36T 14 2 fis
B 15 [T ARSI 4R R T G AR TR AR AR R
B T HEEE ay, TEIRAT ] 6, FEIR R a, XT3 1L A%
RUATREAR [ AR T A sE M R . A B IR RE AR AR
TAR L, BEBCH T4 B A AR F AR . 7E—30)
AREAE T, B AR TE BE B AL 45 R 2] 42 R KA
TSI IE A —3, ST s an &l 3 () B e KA
FEHT 155 A e B AL 25 R 20 4 e/ NS
3.1 FHRER

THEEZ a, 73 EUE S 1°C/min .2 °C/min .3 °C/min.,
4°C/min .5 °C /min, fH IR I] ¢, THE N 2h, IR HR a,
fHE R 3°C/mine FEAN R A FHELE R, BEAR 1) [ 1k 28
TR L EEANIE] 4 firs . w1, Bl THE B3R A3
K, BEM A S 2 EMR B N B AR R IR BN 5 AR TR
FEBAA LML RSN K, FEOX PP IEL
AR SRR . — 5T, THEE R ARG, S8R TR
B B RE A I 7 BN B 54 | [ B 2 S K 3 T Ak
WS 4 FRIVRE Al D B 2 S 3K, B AR AR IS s S — T
1], 7R AL TS EOAASHYIE OU T, 38 KT 2 38 25 0k
/U A RS [ | e AR RE Al 1 T A DR AR g %) [ Ak i 4
TR RIS 4 i (B S 23 2, DT AR ATR B Al 1) [T AL AR T

I, TR RE R [ A6 AR T A5 S B 24 1
Ltk RZmm HLAE , 105 B 5 AN Y SR 5 i 5 K [
AASTE Bl TR R AE A Y i [ A 4 1) 5%
Ml T, [ A0 A8 B A T T 3G R/ o (HAR i
R i [ AT A 2 R T 2, A X i B A 4 ey S P i e
FKARE 2 FHEARSIR A, WK S Fis s TRl e i [ Ak JE
T R A B 1) Akl B e 25 St AR 5 /N, R LR
M A AR IE B AR AR R E A /N o

42.0 - ) 10.9996
. —a— Deformation

g
£ —e— Degree of cure
Q 418 40.9993 &
g '\ =
= 3]
E 416} . 40.9990 &
28 \. ° 8
3 5
2414 . {0.9987 &
£ —_
3

412L— . . . —10.9984

1 2 3 4 5
Heating rate @/ (°C + min™")
4 AEFREZTERECERSELE
Fig.4 Curing deformation of stiffened panel at different heating rates

32 MREE

TR a, 43 SIUE A 1°C/min ., 2°C/min .3 °C./min
4°C /min .5 °C /min, THIRFF[E] ¢, 1HZ N 2h, THEE R o,
fHAE A 3°C/min. 75 IR A R IR DR TR, BEAR 1Y 546 A8
WA RIELEE AN 6 Bz, Al UL, Bl R R Y 1
TR, BEMR ) Fe 28 AR BE D I, ARSI Jel /N A, St
PAEL A b . i X AR LR E AR AL R IR 5 1
— TR, IR AN SR R e S [ AR AR TR
[SEEERA R S N TR AN L o A Ve AT PN
i, B4 S T Bt 2 T R s/ N e (e R AP IR
J&  BEMR A CL 2 SE ML, AR EE IR T 0.99 5 BEARRE
TR AR R 2ZE R 7 R, B2ERREEU N, R
R ) AL AR T AR AL IR BEAR N
3.3 [EiREE

PE IR I] 4,000 23 FIHUE M 1.0h,1.5h.2.0h.2.5h . 3.0h
F13.5h, FHEH R a, FEHREZE o, f6E R 3°C/min, 1E
AN [ 305 R ) T R AR ) e 2 1 R AL AR T n ] 8
FiR. AL, B T HE I IS 1E] 0.5h 2 Ah, BEHR i e & 1AL
JE 5 AR T S B A TR ] (1~3.5h ) i3 g .
B R AR T B TR R A 2, R B 1 [ A e st
B3 | AR R B T, R R A AR S B4, ax b 5

\

Maximun temperature
difference T4/«
o
T

\

1 2 3 4 5
Heating rate a/ (°C + min™")
Bs5 HFRABIEBREERKERE
Fig.5 Global maximum temperature difference of panel

at end of heating process and holding process

- -0.9996
418 . —a— Deformation
g a7k " —o— Degree of cure | 0.9994
Q ’ . S
g 2
£ 416F o —" 40.9992 3
g k)
£ 4150 . 40.9990 8
o . %D
on
[a)
£ 414f e
O
413 L - - L L 0.9986
1 2 3 4 5

Cooling rate a/(°C + min™")
B 6 ARMEREERTERENTRESELE

Fig.6 Curing deformation of stiffened panel at different cooling rate

20224E 55658 54 M) - BiarllEEA 111



WF

5

- »
lfe I RESEARCH

8 ~

\

Maximun temperature
difference T,/C
Ny
T

\

Cooling rate a./ (°C * min™")
7 BEIREREERXNEE
Fig.7 Global maximum temperature difference of panel

at end of cooling process

0.5

1.0

1 1 1 1 1
1.5 20 25 3.0 35

55¢ 1.02
E - o—* o 3 ° 1.00
S s0f ,/ S
é —s— Deformation 10.98 %
g 45k ——Degree of cure | g6 5
< B
[} —
S e 1094
£ 40f =
5 d 0.92
35 L 0.90

Holding time #,0a/h
8 AEIERAETERENERSELE
Fig.8 Curing deformation of stiffened panel at different constant
temperature time

SCHR RS BB A R A B (BRI e i
EERR A EALRE IR A S 0.98 LA L, I BE AR 7E Al FH i 7
RSB B RE AN AL o PRI, TR R B ] B S B RE [ Ak
BE AE IR P e R ] i kA St g il [ AL AR TE .

AR SCHEEUT AR E] 0.5h,1.0h F1 3.5h 244 F iR &2
BRI R B W 2 B, AT LIE 2 fEiR s ]
49 0.5h s, FERHER T YREFAE Ty T R A
B, RERRINE I 55 T HAR R A ] R B REA

ZE BTA 7T IR ] BEAS PR IERT A 72 4 AL,
Wi 5 i 0 F ) P38, B 14 61 P M 4 R e 3 K, Sk
AL AT 5 AR R [E) 4, Tovh eI 7843 4k
T Ak ) I 25 BH AR 58 4 AL B T0RERE, AT B i
FEAl R R S AT SR RE AN K ol AT AL R s ]
B ERIE AR, 78 M A P e e R e ] ks
et il E AR

30 g 0o [ A TR T A R Al ) T T S0 4
BT, AT LA, TR 24 626 U5 T 3 R 0 s (] o R A [
TRASTE B S I AN S SR A, ok e ot IR R 2 S B Ak
AT R BE N, 3 220 TR R B 2 1 45

4 ZHRSTEEBZ M
BEM 458 R SHUTE E R e B AR R AR % 55
112 Wit & B A - 20224E 55 6548 55 410]

SRS PRI RIS, X BEAR R ) B AL A T A %
FEARZI M, A R SO RER LA TE 1Y
SN, FERAM TR BN 9 PRI 4 ANSHL, S B KA T
TRERTERE kb KMTCARTERE L KAMTR BE g AHHTIRIfA2
R, TEAZ RN, BERATRAY R IEATT L 20, W e
SERNEBENR AR O, BelUsbn N B . fE—2y
LIROORAET AR e A A i 2 4 Jr i R AR I
4.1 KMTTERZEE

KAMTIERTEE &, 53 5 HUE A 20mm 40mm .60mm
80mm F1 100mm, KAHTIEHR5E BE L; AHT =5 BE g5 FIE £
42 R 43I E K 60mm  S0mm Al 2.4mm. 7EA[R] Y
k RSP RERR G EL AR T AN &L 10 iR mIAL Bl K
T TOURR T B2 B G0, B A 1 [ 4k A2 T 08 s AH AR S 1k
RBEAN T 3% 3 B PRI AT TOUHS 0 BE 1 234 5
R R AE A B 1) (1 1 2 ELAR I 7 1) ) B I, S S0
MRA Ty ) AR Tl )N , 17 0l NBE AR AR AR TE . {H T
BERR TR VAT 5 52 B4 , DRI 52 Bz T 5 52 B 3421
KAMTICHBFZ ML/ )N, [7] B BE AR TR 5 M) Fr) AR T AN J2 8
D51l ST , PRI A I AR E A S e i BE AR/ o
42 KHIKHEE

KAMTIEHBIELE L, 43 BIBUE A 20mm 40mm 60mm |

F2 AREIERRET T800/ IRERATE &H IR LB IERE

Table 2  Final elastic constants of T800/epoxy composite under
different constant temperature

Elastic constants | Holding 0.5h Holding 1.0h Holding 3.5h
E 0/ GPa 194.3 195.4 195.4
E,0d/GPa 2.7 8.56 8.57
G50/ GPa 1.14 4.56 4.57
G310/ GPa 0.84 3.05 3.06

T g AT AET7 0] (1 5 1) ) A AR AP I 1] A 56
T 5 Epppg 938 ELEFHETT 100 ( 2 J7 1) JEEAH I AOFE LIS AT A B pAS A 5
Granoa~ Gosnora FARETERINE] T 10 2 7 16] .2 F1 3 J7 1) ) BY-DIAS A

&

L.

il

B9 RZ#REE(mm)
Fig.9 Diagram of size parameter (mm)



PN
RESEARCH Hltﬁbtei

80mm F 100mm, AT A T8 B &, AAMT = g5 FA
B4R R 3 fEE SN 40mm  50mm 1 2.4mm,  7EAN[A] (1)
L RGFTR BER A ARSI Q& 11 firs . Tl BEE
T JES 308 5 AR 188 0 [ Ak 8 T Bt =22 S 188 R i, S PR
LA . i BOX A B AR RN R . — i
MR Vi BE /N, AT 52 JE % B0 o3 AR, &
FARAMTER > E A AR 55 52 B2 I AH B2 /)N, BEAR 1)
TN AR TE 5 P 52 R AR T o B, S EROBE AR A AR T U )N 5
oy — 5 1T, K AR B B A3 0 2> 7E — e AR R
REN S K2 340 A PR | R 1 RE M 32 B2 58 B 3 A A I
B A T EBEARR IR/ o PRI, AT S 3 3 X BE
e 61 £k A8 T 118 5 ) B Bl 2 PR R A, B A R
NS BE A AR Y 45 2 BH I AT
43 KMEE

KM g 43 BIHUE 4 20mm 50mm ,65mm 80mm
%mmmnkmﬁ% Sk AT HR S8 B L, IR £ 2

7 R 43 55 7€ 9 40mm ,60mm Fl 2.4mm, 7EAR [ g
RS BB BEALAE T an &l 12 Bt mlAL b KA
1o A BEIT , BEAR 1Ak AR P Bt 22 kN, Ul INBR BE TR 7% A2
Ao TG — G R S RAMT IR e L, KeMT s
JEE R BE TN T R A R Ty ) (& 1 S EACTE T 1Y)

422
42.0 L]
41.8 -
41.6 -

414+

Deformation D/mm

\.\.

412} ~

41 .0 1 1 1 1 1 J
0 20 40 60 80 100 120

Top width of truss &/mm
B 10 EREL TR & ML

Fig.10 Variation of curing deformation of stiffened panel with k;

44
40t
40t /\

38 \

36
34}

Deformation D/mm

nt

30 1 1 1 1 1 J
0 20 40 60 80 100 120

Bottom width of truss L/mm
B BEREN IR L fE

Fig.11 Variation of curing deformation of stiffened panel with L;

I, FEGZ 7 [0 AT N, TS BRS8N

[VAE FH TR T e 8 R AR T REAR I B Dl RE AR
BRI J5 1), HL i R 32 S5 AR BRI 7E S B AR Ty 1) e
TR, PRI 25 B AR TR A S35 /N 5 R
THAAMT A 5 BEFR A SRR LA e 52 Bz % 4% , T LA
B3R 5352 K HZAT , PRI MR R TR T TR S
44 BERFE

[ fA2F4% R A SIBUE R 0.4mm 2. 4mm 4.4mm .6.4mm
1 8.4mm, KA IIER GE B &y AT 5 5 AT o J32
43 BI1E 2 24 40mm .60mm Fl S0mm. 7EA[A Y R R
L BEMR A LA AN 13 FToR o R, Bl AT IR A
AR IG I, BEAR A R AL AR B BB =2 0 )N , Vel N R AR
T XIS SRR — 7 TR A AR A A5t
(N SIS LG RERE L it s 55—y ThD  AE—
SERRRE RN T B A DB SRR 4R T T IR X A B Ty
I AR5 B 5 ) (AT IR, DA 8 T [ 47 felT R Al
IR B A8/

5 TERIMAEGEEHREML IR
BT A7 EIT SRR T AU SR 4S
P RUST S H00E TR BEAR (81 AL AE 2 A2 iR AL, it

43

42t \

41 "

401

Deformation D/mm

39k

38 1 1 1 1 1 J
0 20 40 60 80 100 120

Height of truss g/mm

B 12 ERENTHRE g ML

Fig.12 Variation of curing deformation of stiffened panel with g;

44 ~
42 + .\
40 +

38

Deformation D/mm

36
—

gl 1
0o 1 2 3 4 5 6 7 8 9

Fillet radius Rj/mm
13 EEREMLERRE R, L

Fig.13 Variation of curing deformation of stiffened panel with R,

20224E 55658 4] - BiaBIELA 113




‘_‘i. N »
mﬁblﬁx RESEARCH

FLAih b, 855 S PR RSF SRR, 7T L i TS
BEA ROT R0 5 BB, TR0 A BEAR S Pr il T ZOR Y
BE T, W el TN A BE A A4 [ AL . A SCEHL
ﬂ"/ﬂ%’lﬁ% ay, ﬂ‘j 4°C/min\‘fE‘7n’§'1Elﬂ‘l‘5J ol ﬂ‘:’ 1h\|§%ﬁlﬁ$ a.
4 3°C /min, KATTARGERE & MR GERE L KAMT
g FAHTIR F 242 R, 73514 100mm , 100mm , 100mm Fl
8.4mm, TG BN BERR 19 [E AL BIE NP 14 B, JnffieE
M e K AT Ry 34.55mm , A B Al 4505 G vh 4k
ARSIV Foe /ML, IR BE AR 14 42 Joy e/ N AL RE 1K 59 0.983
T AL S BR e HIPEREZEK o

6 4ig

(1) FEFRAGE b R i e sl T2 i 534 -
A 2ERERY, IF2% TR B Y [ AR e, a7 T L[ b i R
AR AT RE AR ) AL 7 | R A TR Y BRI 4%
B A,

(2) 3T Abaqus A7 FRI0 /BT B X T8 hin iy BE Al
HIEACARTE AT T 00T, - 51025 ST L, 2 IR AR
TEM 71  BRZETE 5% LA IEH] TR RN A A 80

(3) 25000 THRE T2 S8BT PR HE R
TR0 s () X 2 [T £ S 78 T A5 B A [ 4072 T ) 552 e R
(5 FLAE I, T eI SE AT TR n 7 B Al [
ARAEIE 152 M AN 2 BRI Y, R AN 5 P i 5
BRI, AR T G T | 3T G R A2 K, YW g
T AR M 4 F 52 e A IR, 1A A8 T8 Bl 2 - I U 3ok 2% 34
KT/ 5 7T IR S () R A8 CRAIEAR i 72 53 [ AL, Bl
A YR S T FT S0, i 1 [T £ WA 4 52 mie) 3 K, =2 Bk
ARG, A SR R s ) e, Tk PR e A 740 14k

(4) 5307 7458 RAF S E AR AT TSR 9 i,
P AT 5 T AT IR A 2442 X8 e 1 o 28 o 757 2 Al i1 £k
A TE ) M AR 0k LR B, R TR 9 R
i FESE I, B AN (I8 MR AR 5 2 RKeAfy
B A s, BAR AR IS , U8 M FE K 5 KATIS
T X RE AR [ 10 A5 T A 52 0 D) 2 R 2t AR 4k

(5) FTF T ZSHONSE R RSF S50 i BE b [
BT B 52 0 B , AR 52 B RS S8R BR ] 3 % 4% 10
ZHUG S RENR AL AR T IR B B/, I 1 S Bt
PERBZLR .

U, Magnitude

+3.455¢-02

+5.759¢-03
+2.880e-03
+0.000e+00

B 14 RUSHETR A ERE L TR
Fig.14 Curing deformation of I-shape stiffened panel with

optimized parameters

114 Wizt hl& B A - 20224E 55 654 55 410]

& £ x o
(1] FUEE, 48 . T BRI EALEOARBISE (7], foias
ERAR 2018, 61(14): 50-55.

YAN Enwei, YANG Shaochang. Co-curing of T shape stiffened
panel[J]. Aeronautical Manufacturing Technology, 2018, 61(14): 50-55.

[2] KRAVCHENKO O G, KRAVCHENKO S G, PIPES R B.
Chemical and thermal shrinkage in thermosetting prepreg[J]. Composites
Part A: Applied Science and Manufacturing, 2016, 80: 72-81.

[B] EF, GER, £, 5 MRV B E T
T R I TR s (7], A EHTI , 2018, 31(2): 130-135.

WANG Renyu, GUAN Zhidong, WANG Qian, et al. Cure—induced
deformation prediction and tool surface design for V profile composite [J].
Materials Reports, 2018, 31(2): 130-135.

[4] Smog, Bk, R, 45 RIIGEEAE SRRk 2 A £
WASTERAARE [7]. A MBI, 2015, 32(3): 874-880.

MA Yunrong, HE Jilin, LI Dong, et al. Numerical simulation of
curing deformation of resin matrix composite curved structure [J]. Acta
Materiae Compositae Sinica, 2015, 32(3): 874-880.

[51 BA%%, Je¥RBr, FKEAE, &5 TR PEA R BT 1Y $A
PR IR AL 5 MR AL AL TERUE (7 FRSRY (1], A bEREH , 2017,
34(10): 2254-2262.

MIN Rong, YUAN Zhenyi, WANG Yongjun, et al. Numerical
simulation for curing deformation of resin matrix thermosetting
composite using viscoelastic [J]. Acta Materiae Compositae Sinica, 2017,
34(10): 2254-2262.

[6] ZHU Q, GEUBELLE P H, et al. Dimensional accuracy of
thermoset composites: Simulation of process-induced residual stresses[J].
Journal of Composite Materials, 2001, 35(24): 2171-2205.

[7] NAWAL Y, JAQUEMIN F, CASARI P, et al. Evolution of
chemical and thermal curvatures in thermoset-laminated composite plates
during the fabrication process[J]. Journal of Composite Materials, 2013,
47(3): 327-339.

[8] LUY,LIY G, LI NY, et al. Reduction of composite
deformation based on tool-part thermal expansion matching and stress-
free temperature theory[J]. The International Journal of Advanced
Manufacturing Technology, 2016, 88(5-8): 1703—1710.

[91 CNAR K, ERSOY N. Effect of fibre wrinkling to the spring-
in behaviour of L-shaped composite materials[J]. Composites Part A:
Applied Science and Manufacturing, 2015, 69: 105-114.

[10] FIORINA M, SEMAN A, CASTANIE B, et al. Spring-in
prediction for carbon/epoxy aerospace composite structure[J]. Composite
Structures, 2017, 168: 739-745

[11] DONG C S. A parametric study on the process-induced
deformation of composite T-stiffener structures[J]. Composites Part A:
Applied Science and Manufacturing, 2010, 41(4): 515-520.

[12] MIAO Y, L1J C, GONG Z H, et al. Study on the effect of
cure cycle on the process induced deformation of cap shaped stiffened
composite panels[J]. Applied Composite Materials, 2013, 20: 709-718

[13] VLK, #R0E, XDV, 5 I SRS 4B B
AR i i S OLSCIRIIE [7]. S A MR , 2013, 30(5): 61-66.

JIANG Tian, XU Jifeng, LIU Weiping, et al. Simulation and verification
of cure-induced deformation by stages for integrated composite structure [J].
Acta Materiae Compositae Sinica, 2013, 30(5): 61-66.

(F#% 120 )



‘_‘i.‘ »
Hl:%lﬁx RESEARCH

P X BRI S 3R ANRE A B S 1
FL , TR O i

4 g

(1) 8T T oAU 22 R v BEA TR K R 5, 41
T TR R R R sh A R AR S s SE L T
P SR (AR 1 (57 RN AT, S K el mT
A 350mm x 350mm, AJ DL A T AR 22 B8R o i 0
PR A TR K EER o

(2) R F] 3 Fh B 21 8 H %2 i & 1
100mm x 100mm (1) J& 35 XA T 8 m#A, J- R £
TR A DR P B L 8 DX A T R B o R 25 R
A SR PR ) A 52 9 I 14 N B 14 T L v 44
PSR RE A A PR 500 MR AU A N 6 YR FE B4
i, R A TR 22 N8 9C .

& % x #f

[1] WEGLOWSKI M S, BLACHA S, PHILLIPS A. Electron beam
welding-techniques and trends-review[J]. Vacuum, 2016, 130: 72-92.

[2] KORNER C. Additive manufacturing of metallic components
by selective electron beam melting— A review[J]. International Materials
Reviews, 2016, 61(5): 361-377.

[3] TAMINGER K, HAFLEY R A. Electron beam freeform
fabrication: A rapid metal deposition process[J]. Advanced Materials &
Processes, 2003, 56: 9-10.

[4] TAMINGER K M, HAFLEY R A. Electron beam freeform
fabrication for cost effective near-net shape manufacturing[J]. Nato Avt,
2006, 139: 16-19.

[5] ET7, &, RE, TR TC kG
G LU AEREDTSE (1] MUK HIERA , 2019(6): 36-39.

WANG Ningning, HAN Dong, WU Jun, et al. Microstructure and
mechanical properties of TC11 titanium alloy electron beam fuse additive
manufacturing[J]. Aerospace Manufacturing Technology, 2019(6): 36-39.

[6] BEAH . ¥R G B A 4 YA URRAE SR P RE T 5T
[D]. M5« Bz R, 2017,

HUANG Wei. Study on the characteristics of microstructure and tensile
properties of titanium alloy by electron beam additive manufacturing[D].
Nanchang: Nanchang Hangkong University, 2017.

(7] REHEME, B8l Wokse, & B lUE 2 DT R S 1
ARBEFEIAR [7]. HUERHL , 2016, 46(2): 7-11.

XIONG Jinhui, LI Shikai, GENG Yongliang, et al. Research status
of electron beam freeform fabrication[J]. Electric Welding Machine, 2016,
46(2): 7-11.

[8] B, BLLde, Mo, &5 . PUEBT 25% i FRRIR 22 UE
TC18 Bh 3 ALUERERIRZ [J]. SR BIAA |, 2015, 36(12): 50-54.

HUANG Zhitao, SUO Hongbo, YANG Guang, et al. Effect of heat
treatment on microstructure and property of TC18 titanium alloy prepared
by electron beam rapid manufacturing[J]. Transactions of Materials and
Heat Treatment, 2015, 36(12): 50-54.

[9] B, KT, AR . LT O 2 U BT IR K RSkt
K HAGE (). sl FoR | 2019, 62(8): 88-92, 97.

120 i hEBEAR - 20224E 55 6548 55 410]

WANG Hongze, LIU Fangjun, ZHANG Wei. Programming and
simulation of real time annealing technology for electron beam rapid
manufacturing system[J]. Aeronautical Manufacturing Technology, 2019,
62(8): 88-92, 97.

[10] SAQIB M, SN F, J N F. Design and development of Helmholtz
coils for magnetic field[C]//2020 International Youth Conference on Radio
Electronics, Electrical and Power Engineering (REEPE). Piscataway, NJ:
IEEE, 2020: 1-5.

[11] RN | XUF5 5, Js . o T ot e IR i 2 P 3
058 ] s flER A | 2019, 62(3): 75-80.

ZHAO Panfeng, LIU Fangjun, ZHANG Wei. Design and simulation
of high-frequency electron beam scanning deflection coil[J]. Aeronautical
Manufacturing Technology, 2019, 62(3): 75-80.

[12] JEROME J. Virtual instrumentation using LabVIEW[M].
Coimbatore: PHI Learning Private Limited, 2010.

SEEE : DRIVE, L, RS R, BFSE A ABL TR R 1 Bl
(g X *x)

(L% 114 )

[14] XIE P, ZHU S, SHAO Y, et al. Simulation and experimental
analysis of autoclave co-curing CFRP hat-stiffened panels with silicone
airbag mandrels[J]. Iranian Polymer Journal, 2019, 28: 505-514.

[15] MA X Q,GUY Z, MIN L I, et al. Investigation of carbon
fiber composite stiffened skin with vacuum assisted resin infusion/
prepreg co—curing process[J]. Science China Technological Sciences,
2014, 57(10): 1956-1966.

[16] VAFAYAN M, BEHESHTY M H, GHOREISHY M H R,
et al. The prediction capability of the kinetic models extracted from
isothermal data in non-isothermal conditions for an epoxy prepreg[J].
Journal of Composite Materials, 2014, 48(9): 1039-1048.

[17] ABLIZ D, ARTYS T, ZIEGMANN G. Influence of model
parameter estimation methods and regression algorithms on curing
kinetics and rheological modelling[J]. Journal of Applied Polymer
Science, 2017, 134(30): 45-137.

[18] BOGETTI T A, GILLESPIE J W. Process-induced stress and
deformation in thick—section thermoset composite laminates[J]. Journal
of Composite Materials, 1992, 26(5): 626—660.

[19] SVANBERG J M, HOLMBERG J A. Prediction of shape
distortions. Part II. Experimental validation and analysis of boundary
conditions[J]. Composites, Part A: Applied science and manufacturing,
2004, 35: 723-734.

[20] ZHU Q, GEUBELLE P H. Dimensional accuracy of
thermoset composites: Simulation of process-induced residual stresses[J].
Journal of Composite Materials, 2001, 35(24): 2171-2205.

[21] RET . RIEVER RS LT b 5 525 b RHE AL TR AT 5T
[D]. TR : AL AS AL KR, 2010.

ZHU Lingyu. Study on curing induced shape distortion for
thermosetting resin matrix fibre-reinforced composites[D]. Nanjing:
Nanjing University of Aeronautics and Astronautics, 2010.

BIRAEE : VP, JOR, Cof il 5005 T 2 i R b
R f it Sl .
(it * %)



