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bstract

ensile fatigue-stressed oxidation experiments were conducted at 1300 ◦C in oxidizing atmosphere to identify the failure modes and degradation
echanism of a SiC-coated carbon/carbon composite. Five peak fatigue stresses were selected between 90 and 150 MPa and the results showed

hat the higher the applied stress, the shorter the composite life. Electrical resistance of the composite was acquired in real-time. The composite

esistance appeared a slight drop in the initial fatigue period and followed by a continuous increase until failure. Both the changes in modulus and
esistance revealed the shrinking core mechanism in the fatigue-stressed oxidation experiments. A model was developed based on a half-cylinder
xidation pattern. Simulations were conducted on the basis of this model, and the results agreed with the experimental data fairly well.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Carbon/carbon (C/C) composites have received increasing
ttention in recent decades due to the superior properties at room
s well as elevated temperatures. Many of the high-temperature
pplications of C/C composites call for thorough understanding
f damage development under fatigue loading.

The reactivity of carbon in oxidizing atmospheres at high
emperatures is the drawback. Coating is an efficient method
or protecting C/C composites from oxidation. SiC ceramic is
idely used as a coating to provide protection against oxida-

ion owing to its excellent anti-oxidation properties and good
ompatibility with C/C composites.1–4 Because of the thermal
xpansion mismatch between the SiC coating and C/C substrate,
racks are inevitable.5,6 These cracks provide paths for oxidiz-
ng species to attack the C/C with formation of a cavity below
he coating and eventual consumption of the underlying com-
osite. Moreover, once the composite is loaded by tensile stress,

racks of the SiC coating will be widened and probably increase
he carbon oxidation rate.7
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The present work was to investigate the high-temperature
atigue behavior of SiC-coated C/C composites in oxidizing
tmosphere. The coupled effect of oxidation and cyclic loading
amages on lifetime was discussed and a model was established
n the basis of half-cylinder oxidation pattern. The electrical
esistance of C/C specimens was acquired in real-time, and thus
sed to help understanding the mechanical degradation of the
omposite.

. Experimental

T-300 carbon fibres (Toray, Japan) were used. The fibre
reform was prepared using a layered carbon-cloth braid
ethod. The volume fraction of fibres was about 40%. Ther-
al gradient chemical vapor infiltration was employed to

eposit the carbon matrix, using CH4 as the precursor. Finally,
he specimens were machined from the fabricated compos-
te plate (see Fig. 1 for the detailed specimen dimensions).
he density of the as-received composite was ρ = 1.75 g/cm3.
he mean tensile strength and elastic modulus of the speci-
ens were σ0 = 264.2 MPa and E0 = 67.3 GPa, respectively. The
pecimens were further coated with two layers of chemical
apor deposited SiC (deposition temperature is approximately
100 ◦C) in order to protect the C/C substrate from oxida-
ion.

mailto:lcd_tscm@hotmail.com
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Fig. 1. Drawing of the as-received

A schematic of the testing equipment is shown in Fig. 2. The
hamber temperature was firstly heated to 1300 ◦C by a graphite
eater with the specimen protected by pure argon. After keeping
he temperature for 10 min, the atmosphere in the chamber was
djusted to 81.2% Argon, 12.8% water vapor and 6.0% oxygen
y mass flow controllers (5850i series of BROOKS, Japan) with
he precision of 0.1 ml/min. The atmosphere was changed to
ure argon immediately the specimen failed. The time delay in
hanging atmosphere is less than 10 s, which has little effect on
he fracture section morphology.

Fatigue loadings were provided by a servo-hydraulic machine
Model Instron 8801, Instron Ltd., England) under load control
t the stress ratio (σmin/σmax) of 0.1 and sinusoidal frequency
f f = 3 Hz. Maximum stress levels of 90, 105, 120, 135 and
50 MPa were selected. The strain was measured by an exten-

ometer, which was fixed out of the furnace. The strain data
as further revised according to the calibration result obtained

t room temperature. The detailed calibration process and the
ata precision are shown in Ref.8. The least number of speci-
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l

Fig. 2. Schematic of test equipm
specimen (all dimensions in mm).

ens for each test is three. Composite resistance was acquired
y a high-accuracy digital multimeter at 100 Hz and saved with
ogarithmic intervals in order to reduce the data volume. The

icrostructures of specimens were observed by scanning elec-
ron microscope (SEM, JSM-6700F).

. Results

.1. Fatigue life of the composite

The fatigue life of the SiC-coated C/C composite at 1300 ◦C
n oxidizing atmosphere is shown in Fig. 3 (solid square dots) as
function of peak stress. The fatigue life decreases as the peak

atigue stress increases. For C/C composites, the fatigue limit at
oom temperature is about 90% of the tensile strength.9,10 In the

resent experiments, all specimens fractured even at much lower
tresses than the fatigue limit at room temperature. It is believed
hat the oxidizing atmosphere is responsible for the short-life at
ow stresses. If the peak stress is higher than the fatigue limit,

ent and specimen setup.
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From the above discussion, modulus degradation of the com-
posite could be reflected by electrical resistance rise. It has been
shown that it is possible to employ resistance measurement as
an in situ damage evolution indicator.
ig. 3. Comparison between experimental and simulation life of fatigue-stressed
xidation experiment.

hich will lead to more extensive mechanical damage, it can be
educed that the lifetime at high temperature is also lower than
hat at room temperature.

.2. Electrical resistance and modulus responses

The basic failure mechanisms most commonly observed in
atigue of fibre-reinforced ceramic matrix composites, including
/C composites, are matrix cracking, fibre/matrix debonding,
bre breakage and carbon phase burn-out, which will cause
odulus degradation and electrical resistance variation.
The relationship between the specimen resistance and cycle

umber was plotted in Fig. 4. As fatigue-stressed oxidation test
roceeded, the specimen resistance appeared a slight drop (up to
00th cycle) and followed by a continuous increase until failure.
he specimens fatigued at different stresses have similar resis-

ance responses. These changes in electrical resistance occurring
uring uniaxial loading are known to be attributed to two sepa-
ate effects as follows11: (i) the changes in resistance due to the
hanges in dimensions of the fibres owing to elastic strain and
ii) the changes in resistance caused by fibre fracture or other
hanges in the network of touching fibres, this is also contributed
y oxidation of the carbon phase. The alignment of the fibres
long the load-bearing direction is thought to be responsible for
he initial resistance drop. It is also noted that the resistance
ncreased drastically in the last period of specimen life, which
s suggested to be the result of fast shrinking core effect and

assive fracture of reinforcing fibres. The resistance responses
f the specimens tested at other stresses presented the similar
henomenon.

Throughout each test, secant modulus ES of the specimen
as monitored as a function of cycles. Here, ES is calculated by

s = σmax − σmin

εmax − εmin
(1)
The changes of modulus at different stresses are shown in
ig. 5. Compared with Fig. 4, it will be seen that the changes

n modulus reflect the changes in electrical resistance taking
lace at the same period in the test. An initial decline in mod- F
ig. 4. (a) Electrical resistance response of a specimen fatigued at peak stress
f 90 MPa and (b) a magnified view of the abscissa scale.

lus after the start of cycling occurs at the same period as an
ncrease in resistance. There is next a relatively long plateau
eriod, with little change in modulus or resistance, followed
y a rapid reduction in modulus as final failure is approached.
ig. 5. Modulus responses of C/C composites fatigued at different peak stresses.
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.3. Microstructural damage

SEM micrographs of the polished SiC coating before and
fter tests are shown in Fig. 6. It is seen from Fig. 6(a) that
here are cracks within the coating before tests, which was
aused by the different coefficient of thermal expansion (CTE)
etween the SiC coating and the C/C substrate after processing
f the coated composite. The defects shown in the micrographs
re caused by the two-dimensional braiding process. Since the
hole C/C surface is covered by chemical vapor deposited SiC,

he braiding-defect has little contribution to the gaseous diffu-
ion.

After fatigue-stressed oxidation tests, more cracks appeared
n the coating, most of which were perpendicular to the loading
irection (see Fig. 6(b)). Once the SiC-coated C/C composite
as loaded, the C/C substrate was stretched along the loading

xial, while the brittle SiC coating could only craze. The width
f the cracks is higher when the applied stress is greater, and
hus the oxidizing gaseous species diffuse faster into the C/C
ubstrate.

The typical fracture section of the specimen fractured during

yclic loading is shown in Fig. 7. Fig. 7(a) shows the oxidation
orphology beneath the SiC coating. Clear fibre oxidation can

e observed. Fig. 7(b) shows the near-centre region morphol-

Fig. 6. Cracks of the SiC coating (a) before and (b) after test.
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ig. 7. (a) Superficial oxidation morphology of the fracture section. (b) Centre
egion of the fracture section.

gy of the fracture section, where oxidation is negligible. These
inds of microstructural morphologies are mainly caused by the
iffusion controlled oxidation kinetic.12 The carbon is very reac-
ive at the present experiments and consumes oxygen as soon as
t is supplied so that the interior becomes deprived of oxygen. A
hrinking core effect is seen as the reaction front moves inward.

There will be a sharp gradient in oxygen concentration that
s high at the edge where it first diffuses inward and is very low
r zero at the carbon surface. Fig. 8(a) shows the position of
he reaction front at the time of failure, which occurred during a
atigue-stressed oxidation test. The already consumed side of the
eaction front will have a steeply decreasing gradient in oxygen
oncentration up to the carbon surface while the unconsumed
ide of the reaction front is deprived in oxygen. In Fig. 8(b),
bre/matrix removal by oxidation can also be observed. Due to

he similar crystalline structure between the fibre and interface,
xidation rate difference is neglected in the modeling section.

. Modeling
.1. Failure criterion of fatigue-stressed oxidation

As mentioned, the damage process is related to the oxidation
nd accelerated by the applied loading. In this section, theoretical
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Based on the above kinetics, Jacobson et al.6 developed
a half-cylinder oxidation model (see Fig. 10) for SiC-coated
C/C. The consumption of carbon is calculated by the following
ig. 8. (a) Oxidation morphology of a fibre bundle showing the reaction front
nd (b) a magnified view.

alculation is conducted to predict the lifetime on the basis of
xidation of the C/C substrate.

From the discussions in Section 3.1, it is derived that
he oxidation of the C/C composite is a gaseous diffusion-
ontrolled process. For diffusion-controlled kinetics, oxidation
long microcracks within fibre tows deep into the material is
eglected. Composite shrinking core effect is considered to be
he main failure mechanism. For convenience, the specimen
ross section is set to be a circle. As shown in Fig. 9, after t
econds of fatigue-stressed oxidation, the radius of oxidation
avity is r.

When the composite approaches the critical state of failure,
he following equation is satisfied:

S0

St

= σ0

Kσmax
(2)

here S0 = πR2 is the initial cross section area, St = π(R − r)2 is
he effective load bearing cross section area after t seconds, σmax

s the peak fatigue stress, and K is the stress intensity factor in
atigue. It can be explained that a critical radius can be deduced
rom Eq. (2), which is discussed in the following section. F
ig. 9. Schematic of the C/C cross-section after t seconds of fatigue-stressed
xidation.

.2. Half-cylinder oxidation model

Without considering the effect of applied stress, the oxidation
rocesses of C/C substrate are

1) Diffusion of gaseous oxidizing species inward through the
cracks in the SiC,

2) Oxidation of cracks walls to form SiO2,
3) Oxidation of C/C, i.e. matrix, fibres and fibre/matrix inter-

facial recession,
4) Diffusion of CO outward through the cracks in the SiC.
ig. 10. Schematic of the half-cylinder oxidation pattern of SiC-coated C/C.
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quation6:

dWC

dt
= MCDPwl

R′TL[1 − (xf/L)]
(3)

here WC is the weight loss of carbon (including matrix and
bre), MC the molecular weight of carbon (12 g/mol), R′ the gas
onstant, w the SiC crack width, l the SiC crack length, D the
iffusivity of gaseous oxidizing species, P the partial pressure
f gaseous oxidizing species, L the crack depth and xf is the
onstant with temperature.

In this model, the oxidation cavity is half-cylinder shaped,
hus the weight loss of carbon can also be calculated by

dWC

dt
= ρ

dV

dt
= ρ

[
d(πr2l/2)

dt

]
(4)

quating (3) and (4) and solving for r results in

=
√

2MCDPwt

πρR′TL[1 − (xf/L)]
(5)

t is seen from Eq. (5) that at a given temperature, the crack
idth w is the key variable influencing the oxidation depth r.

.3. Calculating the crack width w

In the present experiments, crack width w is affected by the
emperature T and the applied loading σ. Assume that wT,t is
he crack width at temperature T and at time t, which can be
alculated by

T,t = wT + �wt (6)

here wT is the crack width at temperature T without loading,
wt is the increase of crack width caused by the applied stress

t time t. wT can be readily given by

T = �α(TP − T )s (7)

ere �α is the difference between the CTE of SiC coating and
hat of the C/C substrate, s is the mean crack spacing and TP is
he SiC coating processing temperature (∼1100 ◦C).

Once the tensile fatigue stress is applied to the specimen, the
omposite will elongate along the loading direction, while the
rittle SiC coating will craze and the already existing cracks will
iden. The increase of crack width caused by tensile stress is

wt = s
σ

Et

(8)

here Et is the composite modulus at time t. Due to the fatigue
tress, matrix cracking, fibre fracture, fibre/matrix interfacial
ebonding and slipping within the C/C composite can occur,
ausing modulus reductions, which is proved in Section 3.3. The
elationship between the modulus reduction and peak fatigue

13
tress of 2D woven composite can be expressed by

1

E0

dEt

dN
= A

[
σ2

max

E2
0

[
1 − (Et/E0)

]
]n

(9)
C
F
b
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here N is the cycle number, N = ft. A and n are constants. Then,
ne can first obtain the crack width wT,t at t with given stress and
emperature by Eqs. (6)–(9), and by substituting in wT,t terms
f w in Eq. (5), the lifetime of the composite can be finally
alculated by Eq. (2).

.4. Comparison of simulation to experiment

The simulation results are plotted in Fig. 3 in hollow triangle
ots. A comparison of simulation to experiment indicates the
ffectiveness of the model. It is important to note that T > TP,
ccording to the model, the coating crack will keep closed when
he peak fatigue stress is not sufficiently high, thus the specimen
ill never fail. In real experiments, the SiC will react with the
xidizing atmosphere

iC(s) + 3H2O(g) = SiO2(s) + CO(g) + 3H2(g) (10)

SiC(s) + 3O2(g) = 2SiO2(s) + 2CO(g) (11)

Water vapor may further react with silica and forms SiOH
roup, which interrupts the SiO2 network. The destroyed SiO2
etwork makes water vapor diffuse more quickly into the C/C
ubstrate and oxidize the matrix and fibres, the specimen will
nally fail. Therefore, when the applied stress is higher (suf-
cient to open the coating cracks), the simulation data will be
loser to experimental results.

The scatter in the life data increased significantly as the
eak fatigue stress was lowered. The scatter approached two
rders of magnitude greater at a peak stress of 90 MPa than
hat at 150 MPa. Practically, neither the spacing nor the width
f the coating crack is uniform before testing. The scatter
n composite life at low applied stress was mainly caused
y the inhomogeneity of coating cracks. At higher stresses,
he crack width is more dominated by �wt , which is con-
rolled by the stress level, thus the degree of scatter becomes
ower.

. Conclusions

For the SiC-coated C/C composite, oxidation of the carbon
atrix and fibre and matrix/fibre interface are the dominant dam-

ge mechanisms in fatigue-stressed oxidation tests. The higher
he applied fatigue stress, the shorter the composite life. A model
as developed based on the half-cylinder oxidation pattern. A

atigue-stressed oxidation failure criterion was presented. The
iC coating crack width was found to be the key variable affect-

ng the composite life. Simulations were conducted on the basis
f this model, and the results agreed with the experimental data
airly well, although the models do have its limitations.
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