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Abstract In this paper, the synergistic effects of temperatrue and oxidation on matrix cracking
in fiber-reinforced ceramic-matrix composites (CMCs) has been investigated using energy
balance approach. The shear-lag model cooperated with damage models, i.e., the interface
oxidation model, interface debonding model, fiber strength degradation model and fiber failure
model, has been adopted to analyze microstress field in the composite. The relationships
between matrix cracking stress, interface debonding and slipping, fiber fracture, oxidation
temperatures and time have been established. The effects of fiber volume fraction, interface
properties, fiber strength and oxidation temperatures on the evolution of matrix cracking stress
versus oxidation time have been analyzed. The matrix cracking stresses of C/SiC composite
with strong and weak interface bonding after unstressed oxidation at an elevated temperature
of 700 °C in air condition have been predicted for different oxidation time.

Keywords Ceramic-matrix composites (CMCs) - Matrix cracking - Oxidation - Interface
debonding

1 Introduction

Ceramic materials possess high strength and modulus at elevated temperature. But
their use as structural components is severely limited because of their brittleness.
Continuous fiber-reinforced ceramic-matrix composites, by incorporating fibers in
ceramic matrices, however, not only exploit their attractive high-temperature strength
but also reduce the propensity for catastrophic failure. Carbon fiber-reinforced silicon
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carbide ceramic-matrix composites (C/SiC CMCs) are one of the most promising
candidates for many high temperature applications [1]. Many of the potential appli-
cations for CMC components are characterized by oxidized environments at elevated
temperatures [2]. The non-oxide CMCs exhibit distinct behaviors at stresses above and
below the matrix cracking stress, which is associated with the onset of matrix
cracking and with the formation of hysteresis loops that result from matrix cracking
and frictional sliding of the fibers bridging those matrix cracks. In the absence of
environmentally-stable fibers and fiber coatings in oxidizing environments, the matrix
cracking stress has long been considered the maximum allowable design stress for
non-oxide CMCs in applications involving oxidizing environments. During the long-
term applications at elevated temperatures, the matrix cracking stress would degrade,
due to interphase oxidation through microcracking caused by thermal expansion
coefficient mismatch between fibers and the matrix, which would affect the durability
and reliability of CMCs [3].

Many researchers performed the experimental and theoretical investigations on matrix cracking
of fiber-reinforced CMCs. For analytical modeling, the energy balance approach developed by
Aveston, Cooper and Kelly (ACK) [4], and Budiansky, Hutchinson and Evans (BHE) [5], and the
fracture mechanics approach proposed by Marshall, Cox and Evans (MCE) [6], and McCartney
[7] have been used to investigate the matrix cracking stress. The analytical results show that the
matrix cracking stress was closely related with the interface friction stress. Rajan and Zok [8]
investigate the mechanics of a fully bridged steady-state matrix cracking in unidirectional CMCs
under shear loading. However, the models mentioned above do not consider the effect of long-
term oxidation on matrix cracking stress in CMCs. Lamouroux et al. [9] investigated the oxidation
behavior of 2D woven C/SiC composite at different temperatures based on thermogravimetric
analysis. It was found that the oxidation behavior of C/SiC exist three temperature domains, i.e.,
(1) at low temperature (<800 °C), the reaction mechanism between carbon and oxygen control the
oxidation kinetics; (2) at intermediate temperatures, (between 800 °C and 1,100 °C), the oxidation
kinetics are controlled by the gas-phase diffusion through matrix microcracks; and (3) at high
temperature (>1,100 °C), the diffusion mechanisms are affected by matrix crack closure and
sealing of cracks by silica. Halbig et al. [10] investigated the oxidation behavior of carbon fibers,
C/SiC composite with and without stress. The applied load and temperature would affect the
openings of the as-fabricated microcracks, which degrades the mechanical properties of C/SiC
composite at elevated temperatures. Casas et al. [11] developed a creep-oxidation model for fiber-
reinforced CMCs at elevated temperature, including the effects of interface and matrix oxidation,
creep of fibers and degradation of fibers strength with time. The broken fibers fraction increases
with time in an accelerated manner due to fibers strength degradation.

In this paper, the synergistic effects of temperature and oxidation on matrix
cracking in CMCs has been investigated using energy balance approach. The shear-
lag model cooperated with interface oxidation model, interface debonding model, fiber
strength degradation model, and fiber failure model has been adopted to analyze the
stress distribution in fibers and the matrix. The relationships between matrix cracking
stress, interface debonding and slipping, fiber failure, oxidation temperatures and time
have been established. The effects of fiber volume fraction, interface properties, fiber
strength and oxidation temperatures on the evolution of matrix cracking stress versus
oxidation time have been analyzed.
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2 Stress Analysis

As the mismatch of the axial thermal expansion coefficient between the carbon fiber
and silicon carbide matrix, i.e., —0.38 x 107%/°C vs 4.6 x 10"%/°C, there are unavoidable
microcracks existed within the SiC matrix when the composite was cooled down from
high fabricated temperature to ambient temperature. These processing-induced
microcracks mainly existed in the surface of the material, which do not propagate
through the entire thickness of the composite. However, at elevated temperature, the
microcracks would serve as avenues for the ingress of the environment atmosphere
into the composite, as shown in Fig. 1. The oxygen reacts with carbon layer along the
fiber length at a certain rate of d{/d¢, in which ( is the length of carbon lost in each side
of the crack [11].

¢ =i [1exp(-2)] (1)

where ¢; and ¢, are parameters dependent on temperature and described using the
Arrhenius type laws; and b is a delay factor considering the deceleration of reduced
oxygen activity. In the interface oxidation region, i.e., z€[0, (], the stress transfer
between the fiber and the matrix is controlled by a sliding stress T;(x) =7 different
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Fig. 1 The schematic of crack-tip, interface debonding and oxidation
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from the interface shear stress in the interface debonded region, i.e., z€[(, l4],
Ti(x) =T;. This new interface shear stress Ty is lower than T;.

The oxidation of fiber is assumed to be controlled by diffusion of oxygen gas
through matrix cracks. When the oxidizing gas ingresses into the composite, a sequence
of events is triggered starting first with the oxidation of the fiber [12]. For simplicity, it is
assumed that both the Weibull and elastic moduli of the fibers remain constant and that
the only effect of oxidation is to decrease the strength of fibers. The time-dependent
strength of fibers would be controlled by surface defects resulting from the oxidation,
with the thickness of the oxidized layer representing the size of the average strength-
controlling flaw [2]. According to linear elastic fracture mechanics, the relationship
between strength and flaw size is determined by the Eq. (2) [13].

KIC = YO'()\/E (2)

where K¢ denotes the critical stress intensity factor; Y'is a geometric parameter; o is the
fiber strength; and « is the size of the strength-controlling flaw.

Considering that the oxidation of fibers is controlled by diffusion of oxygen through
oxidized layer, the oxidized layer will grow on fiber’s surface according to [13]

o= Vkt (3)

where « is the thickness of the oxidized layer at time #; and k is the parabolic rate
constant.

By assuming the fracture toughness of the fibers remains constant and that the fiber strength
0y, is related to the mean oxidized layer thickness according to Eq. (2), i.e., a = «, then the time
dependence of the fiber strength would be determined by the Eq. (4a, 4b) [13].

1 (Kie\?
= < —
Uo(t) 00,1= A (YO’()) (4a)
Kic 1 /Kie\*
t) = t>—|— 4b
) =y ke >k<m> (40)

The two-parameter Weibull model is adopted to describe the fiber strength distribution, and
the Global Load Sharing (GLS) assumption is used to determine the load carried by the intact
and fracture fibers [14].

g

- = TI=P(D)] + (To)P(T) (5)
f

where V; denotes the fiber volume fraction; 7 denotes the load carried by intact fibers; (T,)

denotes the load carried by broken fibers; and P(7) denotes the fiber failure probability.
P(T) = nPy(T) + (1-n)Pp(T) + P.(T) (6)

where 1 denotes the oxidation fibers fraction in the oxidation region; and P,(7),

Py(T), PAT), and P4(T) denote the fracture probability of oxidized fibers in the
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oxidation region, unoxidized fibers in the oxidation region, interface debonded region
and interface bonded region, respectively.

1 peTm 27\

Pu(T) = l—eXp{_m + 1 7¢lo[oo(2)]" [1_(]_M ) :| } 7
. ] - m+1

Py(T) = 1—GXP{‘m;+m;oT(700)’" [1_(1_%4) } } Y

1 }"mele 2Tf mil ZTf 27‘i mtl
Po(T) = Imexpq ——————5 | (1-=¢ ) —(1- 55 (- 9
( ) exp{ m—+ 1 loTi(O'()) |:( rfTC }"fT }"fT( d C) )

2}’me
Tr ¢l _Ufo>

I A YASAN I S e
x [(1—L=> p ]—L>
Tils g T re Tils g
where 7 denotes the fiber radius; m denotes the fiber Weibull modulus; o¢(f) denotes the
oxidized fiber strength; ¢ denotes the oxidation time; /4 denotes the interface debonded length;

and /s denotes the slip length over which the fiber stress would decay to zero if not interrupted
by the far—field equilibrium stresses.

PyT) = 1 — expq-—

(10)

o }"fT

Is= 11
27’1 ( )
The stress carried by broken fibers is determined by the Eq. (12).
oo\ 1-P(T)

Substituting Egs. (6) and (12) into Eq. (5), the stress T carried by intact fibers at the matrix
cracking plane can be determined. Substituting the intact fiber stress 7 into the Egs. (7)—(10),
the relationship between fiber failure probability and applied stress can be determined.

2.1 Downstream Stresses

The composite with fiber volume fraction V;is loaded by a remote uniform stress o normal to a
long crack plane, as shown in Fig. 1. The unit cell in the downstream Region I contained a
single fiber surrounded by a hollow cylinder of matrix is extracted from the ceramic composite
system, as shown in Fig. 2. The fiber radius is 7 and the matrix radius is R (R = r/Vi?). The
length of the unit cell is half matrix crack spacing /./2, and the interface oxidation length and
interface debonded length are ¢ and /4, respectively. In the oxidation region, the fiber/matrix
interface is resisted by a constant frictional shear stress Tg and in the debonded region, the

@ Springer



696 Appl Compos Mater (2017) 24:691-715

Matrix Fiber Matrix

/ Slip region

Oxidation
region

T/
/

Crack plane l
o / Vf

Fig. 2 The schematic of shear-lag model considering interface oxidation and debonding

interface is resisted by T;, which is higher than Tt For the debonded region in Region I, the
force equilibrium equation of the fiber is given by Eq. (13).

doe(z) 27i(2)

e 13
The boundary condition at the crack plane z=0 is given by Egs. (14) and (15).
or(z=0)=T (14)
om(z=0)=0 (15)
The total axial stresses in Region I satisfy the Eq. (16).
Vioi(z) + Viom(z) = o (16)

Solving Egs. (13) and (16) with the boundary conditions given by Egs. (14) and (15), and
the interface shear stress in the oxidation and debonded region, the fiber and matrix axial
stresses in the interface oxidation and debonded region, i.e., 0 <z </4, can be determined by
Egs. (17) and (18).

2
T—ﬂz,ZE(O, ¢)
re

D
or(2) = 21¢ . 274 (17)
T== (=== (20), 2(C, )
re T e
\%
5 2Vf:fz7ZE(0,C)
o.(z) = Vi _ (18)
m £Tf Veri,
varf<+2erf(Z 0),z¢(¢, la)

For the bonded region (/3<z) in the downstream Region I, the fiber and matrix axial
stresses and the interfacial shear stress can be determined using the composite-cylinder model
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adopted by BHE [5]. The free body diagram of the composite-cylinder model is illustrated in
Fig. 2, where the fiber closure traction 7 that causes interfacial debonding between the fiber
and the matrix over a distance /4 and the crack opening displacement v(0). The radius of the
matrix cylinder is given by the Eq. (19).

r f
R=— 19
VVr "
The model can be further simplified by defining an effective radius R (s < R < R) such
that the matrix axial load to be concentrated at R and the region between r¢and R carries only
the shear stress.

R 2InVe 4+ Vy(3-V
n(X) = - 2nVet Va3V (20)
re 4Vm

Considering the equilibrium of the radius force acting on the differential element
dz(dr)(rdf) in the domain r¢ < r < R of the bonded matrix region (i.e., z>/y), leads to the
following differential equation.

0T, Tr
Z_9 21
or r 1)
The shear stress T, is given by
e
Trz(r, Z) _ fT;(Z) (22)

The matrix in the region 7y < r < R only carries the shear stress, the stress—strain relation

can be determined by the Eq. (23).
ow
, = G — 23
Tr; m 5. ( )

where G, is the matrix shear modulus; and w is the axial displacement.

Substituting the Eq. (22) into the Eq. (23), the interfacial shear stress T;(z), in the interface
bonded region can be given by the Eq. (24).

Gm (Wmfwf)

reln <ﬁ/rf> @)

Ti(Z =

where we=w(rg z) and wy, = w(ﬁ, z) denote the fiber and the matrix axial displacement,
respectively.

de gf
7t 2
dz E¢ (23)
dwp, Om
—_m 26
dz Em ( )

where Er and E,, denote the fiber and matrix elastic modulus.
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Substituting Egs. (24)—(26) into the Eq. (13), and applying the boundary condition of
Egs. (14) and (15), the fiber and matrix axial stresses in the bonded region (/4 < z) become

2T 271 -1
oY =00+ {Tf—f ¢ (zdfofofo} exp (w —d> (27)
re re re
Vf Tf Vf Ti Z*ld
D _ —)— _
Om = Omo + [ZerfC + 2erf(ld ) Umo] eXp( P P ) (28)
D 1% 27‘f 27’1 Z_ld
26 =5 |12 2 gy exp 02 29
where p denotes the shear-lag model parameter, and
E
Ot = E—fg + E¢(ae—ag) AT (30)
C
En
Omo = E—O' + Em(CKC_CMm)AT (31)
C

where E. denotes the composite elastic modulus; oy, ., and o denote the fiber, matrix and
composite thermal expansion coefficient, respectively; and AT denotes the temperature differ-
ence between the fabricated temperature Ty and testing temperature Ty (AT = T;—Tj).

2.2 Upstream Stresses

The upstream region III as shown in Fig. 1 is so far away from the crack tip that the stress and
strain fields are also uniform. The fiber and matrix have the same displacements and the fiber
and matrix stresses are given by Egs. (32) and (33).

o — or, (32)

Op = Omo (33)

3 Interface Debonding

When matrix crack propagates to fiber/matrix interface, it deflects along the interface. The
fracture mechanics approach is adopted in the present analysis. The interface debonding
criterion is given by Eq. (34) [15].

F owe(0) 1 /Id v(z)
S M 4. et A i : 4
4= amy a2/ e (34)
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where F(=rur#0/Vy) denotes the fiber load at the matrix cracking plane; wf0) denotes the fiber
axial displacement on the matrix cracking plane; and v(z) denotes the relative displacement
between the fiber and the matrix.

The axial displacements of the fiber and matrix, i.e., w(z) and wy,(z), are given by Egs. (35) and (36).

/ —dz
_ O fo b
= / Efdz (ld z)

27 27
T——fc——(ld Q)=0oo

(c 2l +2) + %Udfoz (35)

PEf{

Q= [ o

Omo Vet 2 Vere 5 )
= dz— lq— —(¢“2(1 36
[T e T (02,4 2) (36)

o { TfoC+2 Vle
PEn| reVm

(Zd C) Tmo
The relative displacement between the fiber and the matrix, i.e., v(z), is given by the
Eq. 37).
v(z) = [we(z)-wm(2)|

E.T¢ E.Ti

= (l4=2) + — (P20 + ) (l4=C)*
B ) vy 2 )y () (37)
rfEC ZTf 27‘1
—C |T-=—=¢-=10 —
* meEmEf re ( < C) Uf0:|

Substituting w(z =0) and v(z) into the Eq. (34), it leads to the form of Eq. (38).

E.r? 2 2E.T¢Ti Ti <O’ )
— (4= ———( (l4=(¢) — —+T) (l4—
rt'VmEfEm ( ¢ C) ermEfEm C ( ¢ 4) 2Ef Vi ( ¢ <)

2 2 2
E.T; (la=C) + reol  reot  T0C 7T Ect% & (38)

PVmEnE ¢ 4VEy 4VeE. 2V¢E; 2E; reVmE tEn

_ r'f{Tio + cT£Ti ¢ € = 0
ZprEf meEmEf

Solving Eq. (26), the interface debonded length /; is determined by Eq. (39).
Tf rtViEm (0 ry rszmEmTz VinEm o 2
ly=(1-— — | —+ T )= 1
d ( Ti>< 4k (Vf " > 2p { 4E.? | 4E, \ViT +

V(E 2 2V nE 2 pVmEGE :
L ek o\ _ O +rf1nm i*T—i-Q +me2fm€d
EC VfT VfT 4pECTi Vf 2p ECTi
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4 Matrix Cracking Stress

The energy relationship to evaluate the steady-state matrix cracking stress is determined by the
Eq. (40) [5].

L [V, 4 b2 Vm,yu D)2 1 R remi2)
- T (Y- O N P L 2rrdrd
2/-0o |:Ef(0f IR R Ca e O B S R

(40)
= mem (4Vfld) gd

where &, is the matrix fracture energy; and G, is the matrix shear modulus. The contribution
of the shear energy term in Eq. (40) was neglected in the ACK model [4]. It was verified that
this negligence is well accepted for the interface slip length larger than a few fiber radii.
Following the ACK model, the contribution of shear energy is neglected in the present
analysis. Substituting the fiber and matrix stresses of Egs. (17), (18), (27)—~(29) and the
debonded length of Eq. (39) into Eq. (40), the energy balance equation leads to the form of

mo* +mo+1; =0 (41)
where
lq reVieEs
S LS 0 vk S 42
N T 2V EnEe (422)
2Vled I”foT 2Vfo< ZVfT
== - ~(la=C) (42b)

E, PVinEn  pVimEn PV Ey

= VilyT? vf(sz)C(zl o7 (271)( 0T

Ey Ef

)6 o )
() gl (-2)]

reVeE.T? 2VeE.T: 5 2ViE.T? (le=C)? (42¢)

2meEmEf permEmEf permEmEf
CQViETTe . 2ViEcriT

l —
PVmEmEr > pVmEmEf (la=0)
4VfEC7_f7—i
l —
oreVEmEr EfC(d ¢)

7Vm£m (4Vfld> gd
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5 Discussion

The ceramic composite system of C/SiC is used for the case study and its material properties
are given by: Vy=30 %, Er=230 GPa, Ey, =350 GPa, rp=3.5 um, &, =6 J/m?, £4=0.6 J/m?,
7,=15 MPa, and =5 MPa, a;=—-0.38 x 10 %/°C, ay=4.6 x 10 °C, AT =-1,000 °C,
09=2.6 GPa, and m;=5.

5.1 Effect of Fiber Volume Fraction

The matrix cracking stress o, interface debonded length /y/7¢ and interface oxidation
length (/I versus oxidation time curves corresponding to different fiber volume
fractions of V¢=30 % and 40 % are illustrated in Fig. 3.

When Vy=30 %, the matrix cracking stress oy, decreases from 83 MPa to 43 MPa
after 10 h oxidation at 800 °C, as shown in Fig. 3(a); the interface debonded length
ly/ry first decreases from 8.4 to 8.2 after 1.9 h oxidation at 800 °C, and then increases
to 10.6 after 10 h oxidation at 800 °C, as shown in Fig. 3(b); and the interface
oxidation length (//y increases from zero to 0.8 after 10 h oxidation at 800 °C, as
shown in Fig. 3(c).

When Vy=40 %, the matrix cracking stress o, decreases from 106 MPa to
57 MPa after 10 h oxidation at 800 °C, as shown in Fig. 3(a); the interface debonded
length [y/r¢ first decreases from 6.5 to 6.4 after 1.3 h oxidation at 800 °C, and then
increases to 9.4 after 10 h oxidation at 800 °C, as shown in Fig. 3(b); and the
interface oxidation length (//4 increases from zero to 0.9 after 10 h oxidation at
800 °C, as shown in Fig. 3(c).

With increasing fiber volume fraction, the matrix cracking stress o, and the
interface oxidation length (//; increase, and the interface debonded length [y/r¢
decreases.

5.2 Effect of Interface Debonded Energy

The matrix cracking stress oy, interface debonded length [/ and interface oxidation length ¢/
I4 versus oxidation time curves corresponding to different interface debonded energy of &4/
&m=0.1 and 0.2 are illustrated in Fig. 4.

When £4/€,, =0.1, the matrix cracking stress oy, decreases from 94 MPa to 49 MPa after
10 h oxidation at 800 °C, as shown in Fig. 4(a); the interface debonded length /4/r¢ first
decreases from 7.4 to 7.2 after 1.5 h oxidation at 800 °C, and then increases to 9.9 after 10 h
oxidation at 800 °C, as shown in Fig. 4(b); and the interface oxidation length (//4 increases
from zero to 0.85 after 10 h oxidation at 800 °C, as shown in Fig. 4(c).

When &4/€,=0.2, the matrix cracking stress o, decreases from 152 MPa to
115 MPa after 10 h oxidation at 800 °C, as shown in Fig. 4(a); the interface debonded
length l4/r¢ first decreases from 6.1 to 6.0 after 1 h oxidation at 800 °C, and then
increases to 9.1 after 10 h oxidation at 800 °C, as shown in Fig. 4(b); and the interface
oxidation length (//4 increases from zero to 0.93 after 10 h oxidation at 800 °C, as
shown in Fig. 4(c).

With increasing interface debonded energy, the matrix cracking stress oy, and the
interface oxidation length (/l; increase, and the interface debonded length [y/r¢
decreases.
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Fig. 3 a The matrix cracking
stress versus oxidation time; (b)
the interface debonded length /y/r¢
versus oxidation time; and (c¢) the
interface oxidation length (//y
versus oxidation time
corresponding to different fiber
volume fractions of Vy=30 % and
40 %
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Fig. 4 a The matrix cracking
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Fig. 5 a The matrix cracking
stress versus oxidation time; (b)
the interface debonded length /y/r¢
versus oxidation time; and (c¢) the
interface oxidation length (//y
versus oxidation time
corresponding to different interface
shear stress of 7;=15 and 25 MPa
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5.3 Effect of Interface Shear Stress

The matrix cracking stress oy, interface debonded length /y/7¢ and interface oxidation length ¢/
I4 versus oxidation time curves corresponding to different interface shear stress of 7;=15 and
25 MPa are illustrated in Fig. 5.

When 7; = 15 MPa, the matrix cracking stress o, decreases from 94 MPa to 49 MPa after
10 h oxidation at 800 °C, as shown in Fig. 5(a); the interface debonded length /4/r¢ first
decreases from 7.4 to 7.2 after 1.5 h oxidation at 800 °C, and then increases to 9.9 after 10 h
oxidation at 800 °C, as shown in Fig. 5(b); and the interface oxidation length (//4 increases
from zero to 0.85 after 10 h oxidation at 800 °C, as shown in Fig. 5(c).

When 7, =25 MPa, the matrix cracking stress oy, decreases from 125 MPa to 50 MPa
after 10 h oxidation at 800 °C, as shown in Fig. 5(a); the interface debonded length /4/r¢
first decreases from 5.6 to 5.5 after 1.1 h oxidation at 800 °C, and then increases to 9.3
after 10 h oxidation at 800 °C, as shown in Fig. 5(b); and the interface oxidation length
(/l4 increases from zero to 0.91 after 10 h oxidation at 800 °C, as shown in Fig. 5(c).

The matrix cracking stress o, interface debonded length /4/r¢ and interface oxidation
length (/I versus oxidation time curves corresponding to different interface shear stress of
T¢=1 and 5 MPa are illustrated in Fig. 6.

When 7y=1 MPa, the matrix cracking stress o,,. decreases from 74 MPa to 28 MPa
after 10 h oxidation at 800 °C, as shown in Fig. 6(a); the interface debonded length /4/r¢
first decreases from 9.1 to 9 after 1.5 h oxidation at 800 °C, and then increases to 11.9
after 10 h oxidation at 800 °C, as shown in Fig. 6(b); and the interface oxidation length
(/l4 increases from zero to 0.71 after 10 h oxidation at 800 °C, as shown in Fig. 6(c).

When 7y=5 MPa, the matrix cracking stress o,,. decreases from 74 MPa to 48 MPa after
10 h oxidation at 800 °C, as shown in Fig. 6(a); the interface debonded length /4/r¢ first
decreases from 9.1 to 8.9 after 2.2 h oxidation at 800 °C, and then increases to 10.6 after 10 h
oxidation at 800 °C, as shown in Fig. 6(b); and the interface oxidation length (//4 increases
from zero to 0.79 after 10 h oxidation at 800 °C, as shown in Fig. 6(c).

With increasing interface shear stress of 7y and T¢, the matrix cracking stress o,,. and
the interface oxidation length (//4 increase, and the interface debonded length [4/r¢
decreases.

5.4 Effect of Fiber Strength

The matrix cracking stress oy, interface debonded length /y/7¢ and interface oxidation length ¢/
I4 versus oxidation time curves corresponding to different interface shear stress of oy =1 and
2 GPa are illustrated in Fig. 7.

When oy =1 GPa, the matrix cracking stress o, decreases from 68 MPa to 44 MPa after
10 h oxidation at 800 °C, as shown in Fig. 7(a); the interface debonded length /4/r¢ first
decreases from 8.9 to 8.8 after 1.9 h oxidation at 800 °C, and then increases to 10.5 after 10 h
oxidation at 800 °C, as shown in Fig. 7(b); and the interface oxidation length (//4 increases
from zero to 0.8 after 10 h oxidation at 800 °C, as shown in Fig. 7(c).

When o¢ =2 GPa, the matrix cracking stress o, decreases from 72 MPa to 47 MPa
after 10 h oxidation at 800 °C, as shown in Fig. 7(a); the interface debonded length /,4/r¢
first decreases from 9.1 to 8.9 after 2.1 h oxidation at 800 °C, and then increases to 10.6
after 10 h oxidation at 800 °C, as shown in Fig. 7(b); and the interface oxidation length
(/l4 increases from zero to 0.79 after 10 h oxidation at 800 °C, as shown in Fig. 7(c).
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Fig. 6 a The matrix cracking
stress versus oxidation time; (b)
the interface debonded length /y/r¢
versus oxidation time; and (c¢) the
interface oxidation length (//y
versus oxidation time
corresponding to different interface
shear stress of 7v=1 and 5 MPa
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With increasing fiber strength, the matrix cracking stress o, and the interface debonded
length /4/r¢ increase, and the interface oxidation length (//; decreases.

5.5 Effect of Oxidation Temperature

The matrix cracking stress oy, interface debonded length /y/7¢ and interface oxidation length ¢/
ly versus oxidation time curves corresponding to different oxidation temperature of
Tem =600 °C and 700 °C are illustrated in Fig. 8.

When Tem = 600 °C, the matrix cracking stress o, decreases from 74.7 MPa to 66.9 MPa
after 10 h oxidation, as shown in Fig. 8(a); the interface debonded length I4/r¢ decreases from
9.1 to 8.9 after 10 h oxidation, as shown in Fig. 8(b); and the interface oxidation length (/l4
increases from zero to 0.14 after 10 h oxidation, as shown in Fig. §(c).

When Tem =700 °C, the matrix cracking stress o,,. decreases from 74.7 MPa to 57 MPa
after 10 h oxidation at 800 °C, as shown in Fig. 8(a); the interface debonded length /y/r; first
decreases from 9.1 to 8.9 after 5 h oxidation, and then increases to 9.1 after 10 h oxidation, as
shown in Fig. 8(b); and the interface oxidation length (//; increases from zero to 0.4 after 10 h
oxidation, as shown in Fig. 8(c).

With increasing oxidation temperature, the matrix cracking stress o, decrease, and the
interface oxidation length (//; and the interface debonded length /4/r¢ increase.

6 Experimental Comparisons

Yang [16] investigated the mechanical behavior of C/SiC composite after unstressed oxidation
at 700 °C in air. The composite was divided into two types based on the interface bonding, i.e.,
strong interface bonding and weak interface bonding. For C/SiC with strong interface bonding,
the monotonic tensile stress—strain curves corresponding to the cases of without oxidation, 4 h
and 6 h unstressed oxidation are illustrated in Figs. 9(a)—(c). The matrix cracking stresses of C/
SiC corresponding to the proportional limit stresses in the tensile curves are 37, 30 and 20 MPa
corresponding to the cases of without oxidation, 4 h oxidation and 6 h unstressed oxidation,
respectively. For C/SiC with weak interface bonding, the monotonic tensile stress—strain
curves corresponding to the cases of without oxidation, 2 h and 6 h unstressed oxidation are
illustrated in Figs. 10(a)—(c). The matrix cracking stresses of C/SiC corresponding to the
proportional limit stresses in the tensile curves are 27, 20 and 13 MPa corresponding to the
cases of without oxidation, 2 h oxidation and 6 h unstressed oxidation, respectively. The
material properties are given by: Vy=20 %, Er=200 GPa, E,, =350 GPa, r;=3.5 um, {,,=6J/
m2, &=1.2 J/m? (strong interface bonding), £4=0.6 J/m? (weak interface bonding),
7,=6 MPa, and 7v=1 MPa, ay=—0.38 x 10 %/°C, a,=4.6x10"°/°C, AT=-1,000 °C,
09=2.6 GPa, and m¢=5. The experimental and theoretical predicted matrix cracking stresses
of C/SiC composite with strong and weak interface bonding after unstressed oxidation at
700 °C in air are illustrated in Figs. 11 and 12, respectively.

For C/SiC with strong bonding, the matrix cracking stress decreases 18.9 % after oxidation
for 4 h, and 46 % after oxidation for 6 h, and the theoretical predicted results agreed with
experimental data, as shown in Fig. 11(a); the interface debonded length /4/r; first decreases
from 15 to 14.8 after 0.9 h oxidation, and then increases to 21.8 after 10 h oxidation, as shown
in Fig. 11(b); and the interface oxidation length (/I increases from zero to 0.83 after 10 h
oxidation, as shown in Fig. 11(c).
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Fig. 8 a The matrix cracking
stress versus oxidation time; (b)
the interface debonded length /y/r¢
versus oxidation time; and (c¢) the
interface oxidation length (//y
versus oxidation time
corresponding to different
oxidation temperature of

T =600 °C and 700 °C
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Fig. 9 The monotonic tensile a
stress—strain curves of C/SiC com-
posite with strong interface bond-

ing corresponding to (a) without
oxidation; (b) unstressed oxidation r 1
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Fig. 10 The monotonic tensile a
stress—strain curves of C/SiC com-
posite with weak interface bonding
corresponding to (a) without oxi-

dation; (b) unstressed oxidation of

2 h; and (c¢) unstressed oxidation of

6h
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Fig. 11 a The experimental and
theoretical predicted matrix
cracking stress versus oxidation
time; (b) the interface debonded
length I4/r¢ versus oxidation time;
and (c¢) the interface oxidation
length (//4 versus oxidation time of
C/SiC composite after unstressed
oxidation at 700 °C in air corre-
sponding to strong interface
bonding
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Fig. 12 a The experimental and a 35
theoretical predicted matrix ' ' ' '
cracking stress versus oxidation
time; (b) the interface debonded 30 - 1
length I4/r¢ versus oxidation time; © 1
and (c¢) the interface oxidation % 25 - g
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For C/SiC with weak bonding, the matrix cracking stress decreases 25.9 % after oxidation for 1 h,
and 51.8 % after oxidation for 6 h, and the theoretical predicted results agreed with experimental data,
as shown in Fig. 12(a); the interface debonded length /y/r; first decreases from 18 to 17.7 after 1.5 h
oxidation, and then increases to 23.7 after 10 h oxidation, as shown in Fig. 12(b); and the interface
oxidation length (/4 increases from zero to 0.76 after 10 h oxidation, as shown in Fig. 12(c).

7 Conclusions

In this paper, the synergistic effects of temperature and oxidation on matrix cracking in CMCs
has been investigated using energy balance approach. The shear-lag model cooperated with
interface oxidation model, fiber strength degradation model, fiber failure model and interface
debonding criteria has been adopted to analyze the stress distribution in CMCs. The relation-
ships between matrix cracking stress, interface debonding and slipping, fiber failure, oxidation
temperature and time have been established. The effects of fiber volume fraction, interface
properties, fiber strength, and oxidation temperature on the evolution of matrix cracking stress
versus oxidation time have been analyzed.

(1) With increasing fiber volume fraction, interface debonded energy and interface shar
stress, the matrix cracking stress o, and the interface oxidation length (//; increase,
and the interface debonded length /y/r decreases.

(2) With increasing fiber strength, the the matrix cracking stress oy, and the interface
debonded length /4/r¢ increase, and the interface oxidation length (//; decreases.

(3) With increasing oxidation temperature, the matrix cracking stress oy, decrease, and the
interface oxidation length (/l4 and the interface debonded length /y/r¢ increase.
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