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A multi-scale prediction model of elastic modulus for ceramic matrix composites

considering oxidation damage
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2. Shaanxi Key Laboratory of Impact Dynamics and Engineering Applications, Xi’an 710072, China;
3. School of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: The oxidation damage evolution law of ceramic matrix composites prepared by chemical vapor infiltra-
tion (CVI) process was analyzed. Considering the effects of temperature and oxidation time, prediction models of
elastic modulus about fiber and cell were established based on the distribution of microcracks in matrix and the ox-
idation process of interface, fiber and matrix. The prediction results show that the tensile elastic moduli of carbon
fiber (Cy)/SiC and SiC fiber (SiC)/SiC composites decrease more obviously with the increase of temperature and ox-
idation time. The elastic prediction model was verified by the tensile tests of the composites after high temperature
oxidation. The error between the prediction results and the test results of SiC;/SiC composites with BN interphase
after oxidation at 1 000 C for different time is no more than 2%, and the error between the prediction results and the
test results of C;/SiC composites with PyC interphase after oxidation at 700°C for different time is no more than 7%.

Keywords: ceramic matrix composites; chemical vapor infiltration (CVI); oxidation; multi-scale; elastic modulus
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Table 1 Rate constants for oxidation of SiC in air

Parameter Value
Tk 1
A/m A= 1.91x 1010 exp ( 12:7KI/mo
RT
—94.3k. 1
B/(m*s™) B=3.01x10"1 exp(%)

Notes: B—Parabolic rate constant, which indicates the oxidation
rate controlled by the rate of oxygen diffusion; B/A—Linear rate
constant, which is the growth rate of oxide layer controlled by the
rate of reaction.
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Fig.1 Oxidation damage prediction of PyC and BN interphase varied

with oxidation temperature and time in air
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Table 2 Elastic constants of components in the strand of ceramic matrix composites'

[20, 24-25]

Modulus/GPa

Possion’s ratio

Coefficient of thermal

Volume expansion/(107%K™)

Component fraction/vol%
Eq Epr Gr ViLT ay @t
C fiber 140 13.8 9.0 0.2 78 -0.3 3.1
SiC fiber 270 270 108 0.25 78 3.5 3.5
SiC matrix 350 350 146 0.2 20 4.6 4.6

Notes: Ey, and Eyp—

axial and radial tensile moduli of fiber; Gy —Transverse shear moduli of fiber; a; and ar—

Coefficients of axial and

radial thermal expansion; v;; r—Absolute values of the ratio of radial strain to axial strain.
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Fig.2 Three-cylinder model of ceramic matrix composites at fiber scale
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Table 3 Geometric parameters of the unit cell of ceramic matrix composites
Composite g/mm g,/mm ag/mm a,/mm hy/mm hy,/mm h,,/mm a,/mm
C¢/SiC 0.18 0.18 0.96 0.96 0.08 0.01 0.08 0.16

SiCy/SiC 0.18 0.18 1.07 1.07 0.20 0.08 0.20 0.40
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Q66 = Grir (55)
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Fig.5 Prediction of elastic modulus of plain woven ceramic matrix

composites varied with oxidation temperature and time in air

BOARETE R N, P RNy R R e,
3
ZBN(s) + 5 02(g) = B2O3(1) + Na(g) (57)

SiC(s) +20,(g) = SiOx(s) + CO(g) (58)

[7) I 9 2% B,Os A i il A —E M2 &, X Fb
18 D0 2 3 IR DR o AR I Y S AR i AR
15 00 e 4] 6 4804k 4 hJ5 78 S i Ak A LR 7 A
1117 2F A L AR G e AR Ao — B4, m IR B i

& 4 BN JRHEH SiCy/SiC HRIEUFERELT L

Table 4 Mass changes of SiC;/SiC with BN interphase before oxidation and after oxidation

Oxidation time/h Mass before oxidation/g Mass after oxidation/g Loss-mass rate/%

1 10.2482 10.2363 0.12
2.5 10.2624 10.2468 0.15
4 10.5446 10.5337 0.10
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Fig.6 SEM images of SiC;/SiC composites fracture sections

A BV EACE I R 2 BN, i H BE & AL 1)
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ETE AL . X2 N SiC 5 Si0, 1 BE R AT 1
9118, B LLSIiC YA Ak 23 3 a5 AL G TE
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i B B, S A A LR, SR [6] Y TARIESE
TR HERT
3.2 MEAESAMBELERMIELEIRE

BN Ft 1 ) SiCy/SiC #4 ¥} % 1k J5 £ DDL100 HL
TOReR AL (/. PALAE) E TR,
P7AH KA 0.5 mm/min, K S AR IS B AR
i PyC BUIH 19 Cy/SiC M BHR F SCHik [14] 14 5L
o PR IS5 R S A R X W3R 5
I 6.

5 700C EFEWN PyC FEM Cy/SiC HERETNLE R
Table 5 Prediction of elastic modulus of C;/SiC with PyC
interphase at 700°C in air

Specimen 1 2,3 4
Oxidation time/h 0 4 6
Experimental modulus/GPa 103.47  92.3 74.24
Theoretical modulus/GPa 100.43  86.52 78.03
Error/% -2.94 -6.26 5.1

AILLIE 1, X BN FHHEiY SiCy/SiC #EHE 1 000°C
TR ARAS [RS4SR R A, T
XF PyC FLIfi ) Cy/SiC M4 B T8I 285 51 55 Sk b 11
I RMEAR, REASAKT 7%, 45RFTHXT
TH I A A B R T AT Y 5 %
PyC FL I 1) Cy/SiC A4 R} T 285 5 5 Sk 45 5 w2
K, W TAgEE B r triR 225 R .

%6 1000C =SH BN FREHKY SiCy/SiC M HERETNLER
Table 6 Prediction of elastic modulus of SiC;/SiC with BN interphase at 1 000°C in air

Oxidation time/h Experimental modulus/GPa Average modulus/GPa Theoretical modulus/GPa Error/%

0 229.26,233.09,234.43 232.26 229.96 -0.99

1 216.17,219.22,221.14 218.84 222.75 1.79

2.5 213.26,216.81,221.05 217.04 215.78 —-0.58

4 207.27,208.30,213.88 209.82 211.02 0.57
4 HiL BT

(1) PyC # 1 () Wk £F 4 (Cy)/SiC #4 % 7F 400~
700°C I FEJE RN, Rl T A S AR
R AR B AR AN S s BEIE R T, SRR
R

(2) BN FL 1 11 SiC £F 4 (SiCy)/SiC #4 £ 7£ 800~
1000°C it B 75 BBl N A AL B ) e S ), il 2 90 T
I EL T B EUORE R (P RE R LR R, A
T E B S BB R B R W AL, AR

(3) Fi 35 3L 52 & R AL S5 ) 5 P R i 000 A5
RUE B W HERA BE . XF PyC B ifi i) C/SiC #1 kR
2R KTF 7%, ¥ BN FLIH Y SiCy/SiC 41 kiR 25 A

KT 2%,
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