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Abstract: C/SiC composites have been widely used in aerospace, national defense, and chemical industries
due to their excellent mechanical and thermal properties. Accurate knowledge about the mechanical/thermal
properties of C/SiC composites is very important for their efficient application in related fields. Based on the
representative volume element ( RVE) and periodic boundary conditions, a micro/meso single-cell model for
C/SiC composites was established in view of the non-uniform and multi-scale characteristics of fiber bundles,

such as the volume fraction, the interweaving mode, and the weaving dimension. The finite element software
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ABAQUS was used to predict the micro-scale thermal and mechanical properties of the fiber bundle, and the fi-
ber bundle properties were introduced into the mesoscopic model to analyze and obtain the macroscopic ther-
mal and mechanical properties of the composite. Based on this multi-scale correlation analysis method, the
thermal conductivity and thermal expansion coefficient of fiber bundles and C/SiC composites were further
studied at the operating temperatures ranging from 27~1 227 C. The study has certain guiding significance for

the application of C/SiC composites in engineering.

Key words: C/SiC composite; multi-scale modeling; finite element analysis; periodic boundary condition;

thermal/mechanical property

0 3 B

C/SIC A PR DL AR R REIE T ES UL TS ol A 4 P 5 — R 9 5 O Rl I 7 1 7
T BRI R G U2 MR T 1 58 2R 5 10 6 R, S P ofeb )92 12 3 3o 4 4 1 S, £
TEEBR AR W 0 S5 5 B LA S R T O TR ot RO SR P 5 — R RO A, B T b b
B TE .

I 25 5 7 T AT 4 KAT Mach BRI RBHRTE, AT B Ab 1 3 B/ 9058 45 N A B 55 T 113845
S5 BRI R A R RN ) | SEORMT o % A T Ak B B 2% 0738 e 87 3 56 2 K 1 B2 0 A AR
BTNy T BB A OV R BIZE AT BIE C/SIC A bR 122 PR AR 1] A,

TR T 224 1) S IR 340 A bk AR R 7 2P 24 1 4% 1) ) AT BB T C/SiC 42
B bHIBC R4 R A bR e AL K T 2 LA 120 B 1 5 P S 0 5 R 20 L5 K
ST RPRHIOERET) T LIS M RE AR SLEAT 2 R AT

FIT, XFER4E 205 2 bR 12 PR OB 3 B = /2 TR T, 0 12 00 4 01 2 0 £ ik
AU 21T % T 4R T B OUR T80 Sfe T 250 U0 42 4 bR 92 A PE RE. Tshikawa 251
IF e T —Fh e T BB 3R R 07 5 T U =4 205 & bR B S35 B AT L4007 T S B
T ) 452 20 20 S0 TR 1 A | TG 7 T80 = A 00 e 8 10 S 1 S 9 M 7 OO
O T LT AR I8 AP 2 M Bl 2 SR ) T UL R 1 AR S 3o 5 B A R
O SRR Ay 16 L R 0 T = 2 D ) 4505 BRI 2 i B A 28 22 3 B I B
HERD BT A T B0 4% i [R5 1B P 4 PR 7 1 2 D56 2R , 3 — B0 T M 4% 16 [T 2T
S BRR T AP ) 2P B Naik 2509 TF 58 T — R A PR | ZERO0 AT B T = 48 J5 % 1 58 1
B AURR ] IE 2 T B S UL & MORHI A 125 P Bl Al 6 SR T T 50 BSOS, 3 T 2 B R
JrEEBUN T 300~2 500 K 125190 Bl £F A8 UR 2 A bPAH O B R 80 Ullah 2505 488 T — AN 2 R4
BORER , 6 AT FRE R I P AR B TE ( RVE ) S0 HT BN T = 4E SR8 UR AL & bRHII S 514 1 2 RE. Siddgonde
806 JF s T — R TATHRIE RVE KHEATHY S35 0007 | R FH 2 0B el B AR R 9300 3 4 1 RS T = 2
TE 5 0 BBV A bR R JE T B804 bR B 12 .

LR AN, FRTSE TR 4 S VL BRI ) 2 RE OB B4 b 7 2 RBE 2 IR 2 PR T
KT WAL T 202 22 SR RS QIS | X0 U 12 VR B0 OB I8 T8 /0 A SR FAT BRIT
VTN R AT o OO A0S R EEBTSE T C/SiC U A 4 bR 7 2 P RE. 76 BHOULR,BE 4
BE T BRLFAE R SiC S MPEAEFIZD L/ 22 SRR (9 H 3 2 PE R 3L T O0 IR IE 315 10 £ 4 R (AT R
LEAIILR AT TS T C/SIC SRR o bRHI I 12 RE  IF RGEIIE T AP AE A A BUMBL 36807 2%
S I SR A X A bhR A ) M RE BT,

1 ZREREA

H1T C/SiC Z AR5 ) Stk LR AR B B | Bl 2% F 2 ROEE RO 7R BN C/SiC 24 Rk 4%
T T2 PERES L B BN AN [ B2 RUBE AN & 1 Birs AR SCrb i X 21 A SOUL L 2008 2 WL 2 — AR B L



%5 10 1 HRKIE, 55 C/SiC VR SRR 12 PR RE R 2 )R B 1159

AR AR . 0 R S 1) 2 JURE Tl ey AN ) IO 17 2 A A ) 4y Ay B S DX T A g B, AR S
T C/SiC AR LA RURE 2 LA 5 FOBMMES ) B S 80 U R AR 2 (B R T 2297 T3 )
SFRUEER HAEA TR A 4% M B N LTS IE RS R4 T 8L, C/SiC A MRS R ) J LA S ) R S AL Y
AR AR AR AR B, AR SRR b T RS RUBE 1 B T gt 4 A BE A0 ) wf
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Rb) Meso scale

warp yarn
o)
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Fig. 1 The multi-scale finite element model for 3D C/SiC composites
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Fig. 2 Meshes of the mesoscale RVE
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Fig. 3 Periodic boundary conditions
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Table 1~ Unit strain boundary conditions

condition

Ex &y € Yy Yz Y
1 1 0 0 0 0 0
2 0 1 0 0 0 0
3 0 0 1 0 0 0
4 0 0 0 1 0 0
5 0 0 0 0 1 0
6 0 0 0 0 0 1
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RN 4 P AEE Ly SRR TGN Dirichlet 152544 BOM BERIT7 16 BRI 224 1 °C , LURAIETTHE0 Rz
TRV A SR RS 20 A R BB 4 A MR Fourier SHGEHE (S (24) ) BRI T3 ) B il 550042
M AT R kyy B Ky o [RIEE AR ) AR WAL 5 T, 7E 2 B o Bl R M IN Dirichlet 3 #4544, iR 4fg
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\ / 7,=28°C 7,=27°C
7,=27°C q=0

4 THRAR I TR I B A A

Fig. 4 Boundary conditions for calculating radial thermal conductivity
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z 7,-28°C A
7,=28°C OL>y 0L>z

q=0 q=0 q=0 g=0

7,=27°C 7,=27°C

BI5 S R i A

Fig. 5 Boundary conditions for calculating axial thermal conductivity
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A SCR 22 ROEA BRIT Y 43 BT 7 2 0000 T 27 4 R T 2= P RE A S 4T 4 R B AR R 8 32 207 X gm 4
Yk 2SR AR ERT C/SiC A MBE U T2 PERE Y 5.
3.1 FHEWIE
3.1.1 HHiE 1

R T B UEAS SCHY B FRUBE TR g 2 R TN ik AR AR PR DL B R  FEAS /NS R 0 iR FHAROUE R JE 2
SERUEE RVE 4387 7 3 0 1 20261 3D 1E A8 B8 4 2R 2 6 b R B MBS Y 1) A 0 1 22 8 80, 915 Miren
S M SR TR B AR (AEH) 7 vk B S0 45 S DA R SE e 2 SR EA T T % L

S0, SEE AT IO RUBE A3 Ar 6 A SO s A T 5 3 I T b Sk Th AR AR R 53 B0R 50% B 20 4R 1)
IR D | TE L AFGEEAR I LR 1,732 0 1 0.37 1 b {11 £F 2 R I AR 1) Sk Bk 2T 4
T-900 FI i EP828, BT & ME AN 2 Frzn. T i B ) e Ve RE B 46 S A i (K|, E,, Eyy) , B IR &
(G15,G15,Gyy) , Poisson Ho (py 15,0005 ) FIHAIZIK REL (@), , @, 055) P ER SRR 27 P BE 1 T 0 465 S 4
3 R M S SR T LUE B, AR SCHH A SR 5 B SCHRES SR WA R i

]2 BREYE IR B Y

Table 2 Properties of the carbon fiber and the epoxy resin

property EP828 T-900
E, /GPa 3.40 294
E, /GPa 3.40 6.50
G, /GPa 1.26 18.2
G, /GPa 1.26 6.50
K 0.35 0.32
Mo 0.35 0.41
a, /C! 6.45%x107° -5.6x1077
@y, /C7! 6.45%x107° 5.6x107¢
ay /CT! 6.45%107° 5.6x107°

50 AT R A3 BT LT PRSI 1 51 0 2R AR5 3D IE3C BRI G R LY
BRI #R Ty 2R 3D IEAE B gm SV G G AR R B AN 6 (a) iR B 6(c) IR E A M RHE
JRURERY LU 280 AR b AR SR FH 7S T AR D 406 B 0% B IS 80 15 4 7 I Xl 4, 0] 0 H O B A 2
7 IR FE Mren 25 S2ibrh ) 22b | A2D RN 2 RSB LD I £ dEAE S A MR I BTER 20 5 R 24.3%
24.7% ,0.5% A K T BAE SR A8 2 3RS T 4E STk RN 0.5% 1 5504 F |, 40 W% 1B 44 4ibh
LR YER TR RN 22.5% ,24.75% 27 % RGO , % 3D 1E A8 B A 9w 22 B0 A2 5 ARG B MR IR 004 7 1 i 00 R 1)
RVE A7 ARIEAIE 6(c) B AR SHOT B H . S LR P - YR ST R R 22.5% ), 2220 20 Hn -
[ B2 i 27 AE AR50 R 50% ,50% ,12.5% ; Ze ER 20 2% P £F 4k B BTR R A 24.75% B, 420 A 20 il 2
[ B2 i 27 AE AR B0 5N 55% ,55% ,12.5% ; PR AT YRR TTHR RN 27 % B}, 2220 S4B RN 2 [ R
b P2 AR 5 60% ,60% ,12.5%. T T 435I =R Ol T B 0 S5 R0 3T 24 P REHEA T TR0
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Table 3  Predicted results of thermal/mechanical properties of yarns

value (V, = 50%)

property our method AEH method!?")
E, /GPa 4.96 4.96
E, /GPa 4.96 4.96
E, /GPa 148.63 148.70
G, /GPa 2.44 2.45
G5 /GPa 3.20 3.21
G,; /GPa 3.20 3.21
B 0.475 0.476
K3 0.336 0.335
Ko 0.011 0.011
a, /C! 4.5x107° 4.5x107°
ay /C7! 4.5x107° 4.5x107°
ay; /C! 2.0x1077 2.0x1077

(a) The schematic
z-bundling yarn

weft yarn

warp yarn

X3

Ti,
o *

(b) The side view observed
by optical microscope

() The unitcell model

/ warp yarn

z-bundling yarn

salvage yarn

matrix

0.15

I s : BS I Vs 2.7
o X1 0 Y1

B 6 3DIEREHRARESHHE (AL mm)

Fig. 6 The 3D positive interlocking braided composite (unit; mm)

7 3D IEZC H B ES PORRI Y R A AEAY
Fig. 7 The mesh model for 3D positive interlocking braided composite cells
WK 8 fis , &b G rh A AE R TTHROR K 24.75% , = AR SFLD rh 21 4E 1) DTSR N 0.5% B, 15 31 T 304
(&6 RSB AS 2 B SRR B, 4 59.13 GPax1.23 GPa, i A SCHUM{E N 58.99 GPa, W& 8 4F L Poisson
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LR IEBL, A& 8 (b) Ff7R B LS R S S 2 R B AR W WA 25 L AR SCHU S5 5RS Mren 45121 (i T 25 2R
TSI 2 SRR 5 B

0.07
. [21]
64 - —O—experiment
0.06 - —O—AEH method ™
62 - ) —0— our method
£ 60
o
.
wy 58+
56 . [21]
L —O0— experiment 1)
—O—AEH method ™
54 | — our method
1 1 1 1 1 0.02 L 1 1 1 1
46 48 50 52 54 46 48 50 52 54
Ve /% Ve /%
(a) HPERIER K|, (b) Poisson Lt u,,
(a) Young’s modulus £, (b) Poisson’ s ratio u,,
B8 ARG £, Fl Poisson M , BB RIS 45 3R A Hode
Fig. 8 Comparison of the values of Young’ s modulus E|; and Poisson’ s ratio u,, with the experimental results
3.1.2 FiE2

N T D UEAS SO FEUE D7 125 A R R M, A/ N5 % 3D IE A2 BBl 4w 2R 52 5 b RS )
“AVEREIEAT T U KA SO RO IR I U 45 2R 5 Siddgonde S5 A B IC 5 25 9 T 25 SR AT 16 Fe H
3D IERH AV RIZ G ORI R AN 1(b) Fi7n B h 28 (S 2b 2 iR IR T LR T AL R By
51129 0.1 mm 0.8 mm F1 1 mm, z [0SR0 5 T 2800 22 25 20 22 09 — . 21 2 F0 3 (ACB R BE SR FH SCHik
(16 ] WU, Hoh b2k rp A AR TR EON 80% TP K 3D TEAS B8 g 2V 52 5 BoRL R 19 25 R T 27
PERESEAT T 0, 4N5R 4 7R 0 e R ih 4l R T LUK I, AR SO vk B 000N AR (B SCRREES SR — 2L

R4 ZHERRMEZ AR I RE R T A5

Table 4  Prediction results of thermal/mechanical properties of 3D orthogonal braided composite

property our method FEM method! ']

E, /GPa 34.10 32.97

E, /GPa 52.01 51.21

E, /GPa 11.85 11.13

G, /GPa 2.94 2.88

G5 /GPa 2.51 2.43

G, /GPa 2.53 2.45
Ko 0.062 0 0.061 7
B3 0.486 0 0.497 0
Mo 0.441 0 0.456 0

a, /C! 1.310x107° 12.920x107°

ay /C7! 6.930x107¢ 6.890%x107¢

ay; /C7! 8.110x107° 7.940%x107¢

3.2 ETRMEAMBMEMIE R

AR RVE J51% , S5 FRREFHEA SiC SLAR B 0 PR R P X 21 4 3 1 3 1 Mg S 5T
TSR 22-26 ] 45 HY T BRET4ERN SiC BL A 27 ~1 227 CIBPERT R Poisson H HUSIK R AL G,
TSk v 4 BB ET 4E RN SiC BLAAR B i A 27 °C 3] 1 227 C IS LA R A SOl T — %78 27
°C i R s AR i R AR LA 27 CC 31 1 227 °C 93 il N ) SRR (1B 1 () PR £F AR TR S0 550H 67% 11
L1 Y AROBTAE S BRL , X2 B R AR ) A M RE S AT T, TS5 80 2 A S R I K R A
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TR 5K 6 PR,
K5 LU IR K
Table 5 Elastic constants of fiber bundles
E, /GPa E, /GPa E; /GPa G,, /GPa G,; /GPa G,y /GPa Mo M3 M3
308.24 76.59 76.59 43.02 43.02 25.44 0.28 0.28 0.41

R6 LHERIAIZAK R B R

Table 6 Thermal expansion coefficients and thermal conductivities of the fiber bundle

T/C o, /C! (0 = ag) /C™! By /(W -m™+C™)  (ky = ky) /(Wem™-C)
27 3.80x107° 4.48x107° 147.17 83.84
227 1.00x107° 4.90x1076 142.91 79.66
427 1.72x107° 5.65x1076 138.32 72.07
627 2.06x1076 5.92x1076 133.77 64.85
827 2.36x107° 6.18x1076 131.13 60.21
1027 2.64x1076 6.42x1076 125.42 54.52
1227 2.90x1076 6.69x1076 118.61 45.06
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HRIE L FLRL) T F AU REE, Il 9 Fros 67 T 1x1,2x1,2x2 = Fp 2D a2l & 2.5D 288k
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(a) The 2D 1x1 braided RVE (b) The 2D 2x1 braided RVE (¢) The 2D 2x2 braided RVE
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(d) 2.5D ZeHkgm 2L AL (e) 3D IEA AN
(d) The 2.5D cross-linking braided RVE (e) The 3D orthogonal braided RVE
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Fig. 9 5 mesoscale single-cell models
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Fig. 10 Variations of thermal/mechanical coefficients of 2D 1x1 braided structure with the fiber bundle volume fraction
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Table 7 Elastic constants of 5 braided structures

braided structure E, /GPa E, /GPa E, /GPa G,, /GPa G,; /GPa Gy /GPa
1x12D 299.22 299.22 161.23 92.50 56.40 56.40
2x1 2D 299.94 299.94 161.80 92.71 56.49 56.49
2x2 2D 298.23 298.23 160.18 91.77 56.15 56.15
2.5D coss-linking 280.73 300.09 169.10 91.70 57.37 63.16
3D orthogonal 289.49 322.89 175.19 96.76 56.60 66.04
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Fig. 11 Thermal conductivities of 5 braided structures
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Fig. 12 Thermal expansion coefficient of 5 braided structures
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