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Multi-scale stress-strain calculation model of laminated

ceramic matrix composites

FANG Guangwu', SONG Yingdong'*?, GAO Xiguang'

(1. Jiangsu Province Key Laboratory of Aerospace Power System.,
College of Energy and Power Engineering,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, Chinaj;
2. State Key Laboratory of Mechanics and Control of Mechanics Structure,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract; The stress-strain behavior for laminated ceramic matrix composites (CMCs)
was studied. A model of calculating the stress-strain behavior for CMCs directly from con-
stituent parameters was presented based on multi-scale method. On the basis of the micro-
mechanical model of unidirectional fiber reinforced CMCs, the nonlinear mechanical response
of unidirectional laminate can be calculated from the mechanical parameters of constituents.
Subsequently, the stress-strain response of the entire composites can be obtained from the
response of unidirectional laminate by finite element methods. The predicted stress-strain
curves of laminated CMCs under monotonic tensile and repeated loading were acceptable if
compared with the experimental results. Among these curves and their corresponding experi-

mental results, the biggest deviation was 19. 61 %.

Key words: ceramic matrix composites (CMCs); multi-scale model; stress-strain be-

havior; micromechanical model; finite element method (FEM)

W7 B H#1:2015-05-18

BEEWE MR A RBEI A (51575261, 51675266) 5 M4 Bl 34 (2015ZB52016) 5 F 50 A48 AT F A 25 e 1 L 2 32 18 SC 017 15
BIPL A4 (BCXT14-02) 5 VL5 48 e R A 32 Bkl 150 LR B ) 30 H

TEB T A 71989 —) . B it BRI 7 1 N L2 K S LA MR I3 | W 25 52 5 bR S JOHL B I % RS 3 2440

BIWAESE AW A969—) , B B L S0l i, EBBFS 7 1 8 2% & Sh LS5 58 % . E-mail: ydsong@nuaa. edu. en

S AR LR CRAUR &S AL B EME R E &M 2 RN J-W A8 TH BB LT ], fii2s 8h Jy 2% 4, 2017, 32(6) : 1375-1380.
FANG Guangwu,SONG Yingdong,GAO Xiguang. Multi-scale stress-strain calculation model of laminated ceramic matrix
composites[ ] ]. Journal of Aerospace Power,2017,32(6):1375-1380.



1376 w3 ¥

LRV

W 8 3 52 4 ) El 5 1 R I 4 R 47 4 N
LR A T I LA BL AT B 6 OB R AT R
S L FLR TS0 Bl 3 O 4 TR 45 M 1 B
PR St TR g A R B2 A 4 T B T
T TARIE % 2 A B 3 AR T b
HE AT A B BRI (0 137 -7 75 P R 3 B S
TE B 30 I3 T 8L - 87 28 Wi 7 3464 o T 0.
R L R 5T 45 1T % W 8 3 52 & B RHAE B2 2R 3R 1
T 19 B - 107 748 B JE T T RS TR 5%

I 10 W s A L 7 A5 £
BORUFSE . T4 9 % W7 2 J7 ok R 40 W A 25
VL W12 07 R G XM R g 2 B AT 1
ST SR SR FHAR 05 7 25 256 7 0 AR bR P
0 5005 195 180 SR 43 AT B R B B 0L B A U e
B, Morscher %17 5 #0577 2% 7 ¥ #E . T R AE
T (2D) G 4 S ST A B R P AR 405 4 4
A AL B i R R B 7 R o
e i 450 405 7 4 0 TG 6 R 187 7 R A AT
HEAT T #004. Pardini 457 W S5% J1 #4149 1k 75 4 2.
5T 4 U 8 3 42 4 BRI B 2k BB E AT T RS
2 Ji 4 A S VA 2 4 R RLRE X AR RE i A7 9
ST R R4 T SR 0 0 22 7 e T AT
e A A PE S 80, T ST T Al O/SIC & b
B S RO A A 2 i AT LSRR
A BB A4 P RE B B 1R B A PR e i
J3 20 7. Keith!® i sk o [ 26 e L 700 30 47 240
JI AT ST TR ) W R ST AR 1 -
ASKETR, VP21 %0 fE BB AL T IE A IR
Vg 8 5T R T o 0 S IR 9 L A3 A8 AT
Sy 23 400 i B R R TR A LT B 2D 4
201 W 25 L A bR T Al o T SR 9 2 R 0
LI 0 24T M AT T OB B AR
2D 24 W e B 4 b R AT A A 0 4 B 15 45 g
2T 4 T3 5435 4y 1) BB el EL I 3R AR AT AT
TR Yang 25070 58 o o (B b B i 455 0 (1 40 0
FIEE AT ST B ) e S B R TE 5 U 0
A TR [ & A 4. Lit* 7 shear-lag #&%
IO HE R F L SCE T A S AT bR E
82 AT B AR AT 9 I8 3 75 0 17

R R IR Te Y 3 S AN ]
W AT 4 MR 13 2 PERE. Zhou , Lu 20517
T2 R AR 7 14 BIAE 2D 43412, 5D 441,
3D G G IS 3L L A BRI 1 M RE VAT T T,

P FERT I TS p e sy T — Bl AT 2 BT
RS R B4 7 1 R g 2 5 5 bR
31 5 W 7 I 6 0 08 A R A TR R

T ARSCHET 22 RO 5 My s (9 JEL e » B S8Rk 5 i
JEE SEASRY P BB AL PR RE TR B 1o AR A AR LA
SEPETERE AR5 RS i A i SRR REAR N R 5 R A
PR B Sy A S50 B i g AR R A BROCIE T
AT T )2 5 W B 5 S A PR 48 AR I3 - 78 )
. i FESEBE T #h A2 5 B 2E 20 P RE 2 SR k) A
RE - HEMIAR T2 5 A AR R PR RE 1 5 RUEE 047

L1 BEEESHHBERMEEERES T
JEEEREE SRR 2 B Rk —
IR A R e 2 R R B B AE O R R A
B RERE IS AR S5 4 BT 7R SRR RE b T SR
) ZF ARG 50 ST A B R AN 1 s B R ROR
B TRIED . A I B Al A R SRR P RE 20 AT
e S BRI S MR D S e N Y S

i (b) 2

1 B AR5 5 b B o B % 2 G AR s T T
Fig. 1 Structure diagram of unidirectional layer

and laminated CMCs

B ) A L ) £F 4 1 O B % B A MR AR

A5 AT SRy AU A5 ][] 1 L. EE N - A G &R
Al EoR N

(o, c, C, Cy 0 07 e
o, Cyy Cys 0 0 I
o. | Cy, 0 0 €
o | Co 0 0|7
Te sym. Css O Ve

Lo L Cos ) LYy ]

(D)



5 6 0]

T5 MG A = o R A5 bR 22 ROV

A 1377

FCrb . 25 W BE 28 JORT hy B i) 2T 4 0 o Pl B B 2 A
FERLB AL S HOR T

C, = (1 _/lze)El

n = 7= —9

23 2 (21

C,, — (1_/112/121)E2

- (1 o5 ) (1 — pras — 210 pr21)

, E,

C, — pHiz Lo

. 1— M2z 2/112/121 2
C, = (/123 +/112/121)E2

“ (1+#23)(1_ﬂ23_2#12ﬂ2]>
C, = Gy, ; Cos
Cos = G

A9 UL 25 1o ] P bR A 0 ST SR S R 5 A
EEs sy s Gro s s (8 Gog) . BT B ) Al 1 8
J2 G WA B A B ST G JRE B T ) A RO
AR AR /IS PRIt o A S0 3 2 56 3 B 1) Al 78 A RE 32 07
] S8 B Ey (7R Ak g | R 1 50

TEV-ATEFAE R 5 0] o B o] RO AR BE )5, Hak
T RTAIUE (2 o P V€ S R R S
T I8 0 S 1 A% LA K T 4E T R 45 2 R L AR SC
SRe P 5% T JBE A8 A A S 3R B 1) AR TE P AT 45 48 D 1 1Y
I7 3= AEAT Ry ST JEE Y I AR fY P 42
R ESE T AT YR S AR Z (R B AT AR B O R L I
JE T IR AATT 2L 2T 4 Wy 24 5L I 45 S 22 A 154
B, de 2 N7 T B [ £F 2 1 R 52 B M RHIT 2T 4k
7 T B IS 3 AE S AR L El R A 4K A5 (1 )
M s 21 448 75 10) 14 I B2 i) 3R oy

SE S E @757 56050, (8)

= X. <o < X, (3)

10 o =X, B o < X.
Horb Ey Sy B AR HT 25 2 Dy 1) B B PE AR B Ry
LT UE SRR & B SRR SRR R s o e 53 00
P AR A e B R N AT S N & S RN 1 )
P [r] A ST 5 3 RN BE A TT LN T 50, (o) Sy B ] AR
JIT S W IR A 500 Ay B8 o) B T 7K 32 1 P AT T
Yk J7 10) B J3 o3 s X X g0 ) R B ) A AT 2T 4
7 1o B LA s 4 A R 5

63 FLETAE ) J7 [ o 58 o) iy 2T 48 B 1R R
fo) 3 056 K g AR AR AR 55 AR ROE AT L JifE
PRI 2 RACHIT Y 580 B i ] DL IR A A A
AT (GRCD ) . A B i Al 7 e BT 41 4807 1) )
2EVERE AT |y LR AR A

[ty veesy
E, — %JFJ

, 1 E. €9
0 02 >Y‘E?.G2 <Yc

b E, g 5y A 7 B 2R 4E 7 1) 1 SR R o,
h B 1) Al BT R 32 B R AT HE DT B S iYL Y
39 Sy BRL ) Al TE T B2 4E 5 [a) B B AL S 4 AR
IR 3 2 .
1.2 EAHMEEESMBNENGRITER
N T SEBL d 410y B RO Z G AU IR T P RE
(1 TN » 5 A S 2 A WA 5 WL D = W) L R i)
B JRy #8807 3 - o AR AR S Z T IR &R AR ST A
BRICH R S HZ A . B 2 Ry @ r )2 4 B R A
S PPRHA BROGAE Y, 2% F. ) Bl AR 48 i 13 A
K 5E B ORE D5 1)L EAE A BROC I 5 3 A o S
ANTR BB R 2

K2 )24 Mg A PR RO Y

Fig.2 Finite element model of laminated CMCs
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