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Abstract

A time dependence of damage under static tensile
loading is observed at room temperature in a 2D
SiC/C/SiC composite by means of ultrasonic mea-
surements of uniaxial Young's modulus, associated
with acoustic emission and strain measurements.
During ageing under a constant stress above the
threshold level necessary for the ®rst crack initiation
in the matrix, a signi®cant decrease of Young's
modulus with time occurs, correlated with acoustic
emission, which indicates a damage evolution. Addi-
tionally it is found that both elastic and inelastic
strains increase with time. These static fatigue
e�ects depend on the loading conditions (loading
rate and maximum stress level) and lead either to an
equilibrium state or to delayed failure for su�ciently
high stresses. An interfacial shear stress dependence
upon the load level is the most probable mechanism to
explain these phenomena. # 1998 Elsevier Science
Limited. All rights reserved

1 Introduction

Long ®bre ceramic matrix composites (CMCs)
exhibit a non-linear tensile stress±strain behaviour
when the stress becomes superior to a threshold
value �mc corresponding to the ®rst microcracking
in the matrix. This mechanism strongly depends on
the ®bre-matrix interface mechanical properties,
namely debonding energy and interfacial shear
stress �; it has been extensively investigated by
monotonic loading experiments at room tempera-
ture. Moreover, numerous modelling approaches
have been developed for relating damage and
macromechanical parameters (sti�ness, elastic and
inelastic strains, permanent deformation when

unloading) to the constitutive parameters.1±8 Thus
damage processes in CMCs during monotonic
loading±unloading sequences, considered as quasi-
static solicitations are now rather well understood.
Recently, fatigue of CMCs has received a great

deal of attention, and a lot of work on cyclic
fatigue has been published.9±12 Some authors have
also reported a degradation of CMCs under static
loading,13±15, but static fatigue and, more gen-
erally, time-dependent behaviour under constant
tensile stress are poorly documented, despite their
practical interest for industrial applications. At
room temperature, two phenomena have to be
considered:

1. subcritical crack growth (SCG) in the con-
stituents (®bre, matrix or interphase);

2. delayed damage which can be correlated to a
dependence of the constitutive parameters (in
particular of �) on the loading conditions
(stress level and stress rate).

SCG is classically observed at room temperature
in glass16 and in ceramic oxides17 under water
vapour for long time ageing. Signi®cant increases
of crack densities accompanied by sti�ness decrea-
ses under static loading have been found in SiC/
glass±ceramic composites by some authors,13,15,18

which were attributed to stress corrosion in the
glass matrix. For non oxide ceramic like SiC, SCG
is negligible in air at room temperature.19 There-
fore, for SiC/SiC composites, other mechanisms
must be considered to explain such a time-depen-
dent behaviour. Moreover, in SiC/CAS, Sorensen
et al.20 found a strong in¯uence of the loading rate
on the monotonic tensile stress±strain behaviour
and they interpreted these results by assuming that
the interfacial shear stress � might be dependent on
the loading rate.
This paper investigates the existence of such

mechanisms in SiC/SiC composites. The damage
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induced by tensile loading is evaluated by using a
speci®c equipment which simultaneously allows for
a given stress �:

. the ultrasonic measurement of the macro-
scopic uniaxial Young's modulus E;

. the associated strain ";

. the acoustic emission activity AE:

Figure 1 shows a typical tensile curve for CMCs
with the mechanical parameters of interest. The
initial Young modulus Eo which can be obtained,
in our case, from ultrasonic velocity measurements
before loading, corresponds to the value usually
estimated from the slope of the stress±strain curve
in the linear domain. In the non linear domain, the
measured strain ", at a given stress �, is the sum of
the elastic strain "e of the microcracked composite
and of the inelastic strain "in which is caused by
®bre-matrix sliding and residual mis®t strain
release.4 Therefore, it is di�cult to distinguish,
during loading, the elastic part and the inelastic
part of the strain from the stress±strain curve. One
solution to obtain the elastic contribution at a
given stress level � is to evaluate the Young's
modulus E from the slope of the stress±strain
curve at the beginning of unloading. At this spe-
ci®c point, it can be assumed that the inelastic
part associated with ®bre-matrix sliding is neg-
ligible. An other solution, which was used in the
present work, is to evaluate Young's modulus E
by ultrasonic measurements during the tensile test,
at each point of the stress±strain curve.

By measuring E from ultrasonic velocity for a
given value of �, "e is obtained by:

"e � �=E �1�

And ein is then given by:

"in � "ÿ �=E �2�

In the present work, E, "e, "in and AE have been
followed during two kinds of experiments:

. monotonic loading at di�erent rates;

. static fatigue tests under various constant
stresses.

Using micromechanic models, results are dis-
cussed in terms of delayed damage mechanisms
induced by variations of the interfacial shear stress
� in longitudinal tows.

2 Experimental

2.1 Material
The material is a 2D SiC/SiC composite made by
SEP* by chemical vapour in®ltration of a SiC
matrix into a preform made by packing 0/90�

woven fabrics of Si±C±O Nicalon NLM 202 ®bres.
The plate processed for this study was 8mm thick,
i.e. thicker than the standard ones fabricated by
SEP. The consequence was a higher porosity
(�15%), lower mechanical properties (Young's
modulus �180GPa, tensile strength �150MPa)
and a density of 2400 kg mÿ3. A micrograph of the
material texture is shown in Fig. 2. As it is usual in
this kind of composite,21 a thin (<100 nm) carbon
interphase ring was observed at high magni®cation
around the ®bres. However the composite which
have been studied here exhibits a rather limited
domain of non linear deformations (typically 0.1 to

Fig. 1. Typical tensile stress±strain curve of a CMC. The
measured parameters at a given � are E and ".

SocieÂ teÂ EuropeÂ enne de Propulsion, Le Haillan, Saint MeÂ dard
en Jalles, France. Fig. 2. SEM picture of the texture of the composite.
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0.15%). This very low strain±to±failure could be
explained by a rather low value of the interfacial
shear stress � which is have been estimated at about
60MPa22 in similar 2D SiC/SiC composite.

2.2 Testing apparatus
A schematic diagram of the test ®xture is given in
Fig. 3(a). The testing device both allows tensile
loading and propagation of an ultrasonic long-
itudinal pulse along the axis of the sample. Details
are given elsewhere.23 The stress in the specimen is
calculated from the applied load measured with a
load cell attached to the upper ram, with an accu-
racy of �2%. In order to verify that no noticeable
bending occurred in the sample, two electrical
strain gauges are attached on both sides of the
sample. The strain " is obtained from the average
value of the two gauges results, with an accuracy of
�1%.
An alumina waveguide is ®xed at the bottom of

the sample with an appropriate glue to transmit the
ultrasonic pulse emitted by a magnetostrictive
transducer. Propagation takes place in the long bar
mode and a pattern of successive echoes corre-
sponding to round trips in the sample is obtained.
The geometry of the dog bone shaped samples has
been optimized with respect to propagation condi-
tions by using a mathematical model,24 which was
used also to calculate the e�ective sample length,
lo � 115mm. The dimensions of the samples are

given in Fig. 3(b). The propagation time t in the
sample, corrected from the phase delay in the
heads, is obtained by an intercorrelation method
from a Fourier analysis of the signal. The ultra-
sonic velocity V in the long bar mode is then given
by:

V � 2�lo=t �3�

And the uniaxial Young modulus E is obtained by:

E � ��V2 �4�

where � is the density of the composite.

Additional AE records were performed during
the tests. A computerized AE system (LOCAN
320) was used to plot cumulative AE and AE
amplitude distribution versus the stress±strain
curves.

3 Results

3.1 Monotonic loading characteristics
The stress±strain curve with the associated cumu-
lative AE data obtained during a monotonic tensile
test performed at a stressing rate of 0.3MPa sÿ1 are
reported in Fig. 4. Fig. 5 shows the ultrasonic
measurement of E plotted versus the increasing
stress. Four damage stages can be distinguished:

. Stage I (0<�<60MPa):
The �±" curve is linear and reversible and

no AE is detected. The behaviour of the
material is elastic-linear. For �=0 the ultra-
sonic measurement of uniaxial Young's mod-
ulus gives the same value, E0 � 180MPa, as
the slope at the origin of the �±" curve. A
slight increase of Young's modulus is
observed in stage I, which is probably due to a
sti�ening e�ect due to a trend to decrease of
the waviness when the composite is loaded.25

Nevertheless it can be considered as constant
within the experimental error.

. Stage II (60<�<70MPa):
The �±" curve remains linear, which is con-

®rmed by the stability of E in Fig. 5, but some
AE events are detected above �mc=60MPa,
which are indicators of the formation of the
®rst microcracks in the matrix26 that probably
initiated at the intertow macropores.8 At this
early microcracking stage, the density of
microcracks is not large enough to a�ect the
macroscopic sti�ness of the composite.

Fig. 3. (a) System for ultrasonic measurement of Young's
modulus under tensile loading. (b) Geometry of the dog-bone

sample.
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. Stage III (70<�<120MPa):
�e=70MPa is the so-called elastic limit

which corresponds to the apparent end of the
linear portion of the �±" curve. Above this
value, the AE activity steadily increases with
the same rate up to 120MPa and the �±"
curve becomes non linear. At this stage
most of the microcracks have been initiated

at the intertow macropores and some of
them can cross longitudinal tows. Therefore,
subsequent transverse matrix cracking and
®bre/matrix debonding begin to occur in
longitudinal tows at this stage. It is con®rmed
by the decrease of E associated to the density
of opened cracks for �>70MPa in Fig. 5.

. Stage IV (�>120MPa):
A change of damaging regime occurs which

is characterized by a lower rate of AE.
Additionally, Fig. 4 shows that the amplitude
distribution of AE in stage IV is shifted
towards high amplitudes compared to AE in
stage III. It has been shown that high ampli-
tude AE is associated to ®bre breaking,
though lower amplitudes are associated to
matrix cracking and interfacial debonding.26

Therefore, �s=120MPa is considered to be
the saturation limit where a maximum is
reached for matrix crack density, where stress
in the matrix no more increases and where
stresses in the ®bres increase quasi-linearly.3±5

Failure occurs statistically when the remaining

Fig. 4. Tensile stress±strain curve obtained during monotonic loading at 0.3MPa sÿ1 and two unloading±loading cycles at 90 and
110MPa, with the associated cumulative AE curve and amplitude distribution diagrams in stages III and IV.

Fig. 5. Variation of Young's modulus E versus tensile stress as
measured by the ultrasonic method during the test of Fig. 4.
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undamaged ®bres are stressed above their
strength.

3.2 E�ect of loading rate on stress±strain curves

Monotonic tensile tests were performed at two
di�erent loading rates: 0.9MPa sÿ1 and
0.009MPa sÿ1. The resulting �±" curves are repor-
ted in Fig. 6(a) and the associated variations of E
versus � are given in Fig. 6(b).
The results show that both �e and the strain for a

given stress level are a�ected by the loading rate:
for �=120MPa, " is 25% higher and E is 5%
lower at 0.009MPa sÿ1 than at 0.9MPa sÿ1. This
suggests that the damage state in the composite
under a given level of stress increases when the
loading rate decreases and that a steady state of
damage can be only achieved for very low loading
rates. As mentioned in the introduction, this
delayed damage mechanism is a source of static
fatigue. Therefore experiments under constant
loading were performed.

3.3 Behaviour under constant loading
E, " and AE were followed versus time after loading
at 0.3MPa sÿ1 up to a constant stress �c. Four
values of �c were chosen in relation with the di�er-
ent stages determined on the �±" curve of Fig. 4:

. �cl=40MPa is situated under �mc , i.e. in the
supposed elastic-linear domain;

. �c2=60MPa corresponds to the ®rst crack
initiation;

. �c3=90MPa is in the non linear domain
(stage III), where matrix microcracking and
®bre/matrix debonding are predominant;

. �c4=120MPa corresponds to �s i.e. to crack
saturation and to the beginning of stage IV
where ®bre breaking is statistically expected.

At 40MPa there were no variations of E and "
and no acoustic event was detected up to 70 h. This
con®rms that no damage occurs in the elastic-
linear stage.

Fig. 6. (a) Tensile stress±strain curves obtained at two di�er-
ent loading rates 0.9MPa sÿ1 and 0.009 MPa sÿ1. (b) Asso-

ciated variations of Young's modulus.

Fig. 7. (a) Relative variations of Young's modulus [E 0� � is the
value at t � 0] versus time under constant tensile stresses 60
and 90MPa. (b) Strain increase during the same test. (c)

Cumulative AE during the ®rst hours of the tests.
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Figure 7 gives the results obtained at �c2 and �c3.
At 60MPa there was no signi®cant variation of E
up to 12 h, but the measured strain slightly
increased and few AE events were detected during
the ®rst minutes of the stress plateau. The test was
stopped after 12 h, because no more evolution was
observed. These results show that only a small
damage occurs at 60MPa which corresponds to �mc.
Under 90MPa, a signi®cant decrease of E,

correlated with an increase of " and a large number
of AE events, indicate a damage extension with
time. Nevertheless most of the damage occurs dur-
ing the ®rst hours of the test and both E and "
remain constant after 40 h. This suggests a delayed
damage mechanism with a steady state. Further-
more, the AE amplitude distribution was found to
be constant and similar to that observed in stage
III of the monotonic tensile test (Fig. 4), which
proves that the damage modes are similar: matrix
microcracking and/or ®bre/matrix debonding.
Most of the specimens loaded under 120MPa

failed in the ®rst hours of the test. Deep AE incre-
ments and a strong increase of " were observed
before delayed failure. As for stage IV of mono-
tonic loading, the amplitude distribution of the AE
events was shifted towards the high values denot-
ing ®bre breaking. These results show that rupture
by static fatigue may occur in stage IV; further
work has to be performed to study this mechanism
of failure. Therefore the following discussion only
concerns delayed damage which occurs at lower
loads.

4 Delayed damage analysis

Experimental results show the existence of a time-
dependent damage mechanism when tensile tests
under a constant load are performed in stage III,
i.e. between �mc and �s (for example under 90MPa
in Fig. 7). This mechanism which leads to a stable
damage state is discussed in the following part.

4.1 Elastic and inelastic strains variations
associated to delayed damage
The simultaneous measurement of E (equivalent to
unloading modulus de®ned in Fig. 1) and of "
allows the determination of the elastic part "e and
of the inelastic part "in of the strain by the way of
eqns (1) and (2). They were calculated and plotted
versus time for the test under 90MPa in Fig. 8.
Both "e and "in increase with time before reach-

ing a steady state after 50 h. At the beginning of the
test, the inelastic strain, "in 0� � � 10� 10ÿ6, is low
compared to the measured one, " 0� � � 520� 10ÿ6

and the origin of strain is mainly elastic. But,
though " t� � approximately increases of 10% after

50 h, "in increases of more than 100%. Therefore a
static fatigue mechanism at interfaces controlled by
delayed debonding may be considered. This should
be linked to stress concentration on the interface
asperities.27

As it has been previously noticed, di�erent
sequences of damage development are usually
considered in a 2D woven composite subjected to
tensile loading.6±8 Matrix microcracking ®rst starts
at the edge of the inter-tows macropores (cf. Figure
2); then some of those microcracks can be de¯ected
at the 90�-tow periphery and the others can cross
the 0�-tows before reaching another macropore.
For upper load, new microcracks can start at the
edge of micropores in a 90�-tow and then propa-
gate through 0�-tows. When microcracks cross 0�-
tows, ®bre/matrix debonding occurs.
Therefore, for 2D CMCs, it is usual to consider

three main sequences of damage:

. inter-tows matrix cracking;

. intra-90�-tows matrix cracking;

. intra-0�-tows matrix cracking with extensive
®bre/matrix debonding.

Some of the cracks involved in the two ®rst
damage sequences extend towards 0�-tows where
they cause transverse cracking with ®bre/matrix
debonding. Since the composite which has been
used for this study, exhibits a rather low strain to
failure (typically 0.1% to 0.15%), the third
sequence of damage should not occur in our case.
All those kind of damage can a�ect the macro-

scopic elastic behaviour (E, "e), though the inelastic
behaviour ("in) depends mainly on debonding/
sliding mechanisms.
The inelastic strain can be written as the sum of

two terms.4

"in t� � � "s
in t� � � "T

in t� � �5�

Fig. 8. Increase versus time of the measured strain, ", of the
elastic strain "e and of the inelastic strain "in during the test

under 90MPa.
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where "sin(t) is the ®bre-matrix sliding strain and
"Tin(t) is the residual thermal mis®t strain release
which is expressed by:4

"T
in t� � � q

E0

Em

1

E0
ÿ 1

E�t�
� �

�6�

where Em is Young's modulus of the matrix and q
is the axial residual thermal stress in the matrix.
The consequence is that when E t� � varies under
constant load, "T

in t� � varies too. But a calculation of
the order of magnitude of this variation during the
test at 90MPa using eqn (6) and experimental
results of Fig. 7(a) gives about ÿ8% which is neg-
ligible compared with the amplitude of variation of
"in t� � (&100%). Consequently ®bre-matrix sliding
has been considered as the major contribution to
the inelastic strain increase under constant load. A
possible explanation is an interfacial delayed
damage which is expected to be strongly dependent
on the morphology of the interfaces.

4.2 Time dependence of the interfacial parameters

Two kinds of approaches may be used for model-
ling the tensile behaviour of CMCs:

. the ®rst is based on damage mechanics of the
composite considered as a continuous medium
at mesoscopic and macroscopic scales,6

. the second applies micromechanics models to
the prediction of the stress±strain curves from
constitutive parameters related to the elemen-
tary constituents.3,4

One advantage of micromechanics models is to
lead to equations relating `elastic' moduli (secant,
tangent, or unloading) and the strain (elastic or
inelastic) to the interfacial shear stress � for a given
applied tensile stress. But these models have been
developed for 1D CMCs and their use for 2D
woven composites is not obvious; in particular it is
a rather rough approximation in such case to
characterize the interfacial sliding mechanisms by a
single � value. Therefore, the following assump-
tions have been made for interpretation of delayed
damage mechanisms:

. the two ®rst damaging sequences, namely
inter-tow matrix cracking with some of the-
ses cracks crossing the 0�-tows and intra-90�-
tows cracking, occur during loading and
remain stable with time under the constant
stress;

. the delayed damage mechanism in the 2D
composite is governed by damage propaga-
tion in the 0�-tows which are considered as 1D
composites.

Then a micromechanics model can be used to
show whether a time dependence of interfacial
properties in the 0�-tows can lead to the delayed
damage mechanism observed under constant ten-
sile loading.
Kuo et al.3 have proposed a model with a partial

®bre/matrix interfacial debonding for 1D CMC
loaded in tension above �mc. The composite is
decomposed into identical unit cells bridged by the
®bre. For each cell, the ®bre and the matrix are
considered as concentric cylinders with radius r0
and R, respectively; matrix cracks, perpendicular
to the ®bre, are separated by a distance L and
debonding extends on a length Ld around the ®bre
(Fig. 9). A so-called ``shear-lag model'' is applied
to the bonded region, to calculate the interfacial
shear stress which varies along the bonded inter-
face and depends on the stress ®eld in the ®bre and
in the matrix; the interfacial shear stress is assumed
to be a constant t in the debonded area.
The deformation of the unit cell subjected to a

tensile stress s is given by the following equation:28

" � �

Et
0

1� 2�a�Ld

L

� �
� 2� � �Ld

Ef �r0 �
Ld

L

� 2

��L�tanh � L=2ÿ Ld� �� �� a��
Et
0

ÿ 2� � �Ld

Ef �r0

� �
�7�

Where Ef is the ®ber Young's modulus along its
axis, Em is the matrix Young's modulus, E t

0 is the
Young's modulus of a tow, considered as an ideal
1D composite, without matrix cracking (i.e. before
loading), a is the ratio EmVm=EfVf , with Vm and
Vf the fractional volume of matrix and ®ber in the
tow, respectively (cf. Table 1).
b is the shear-lag constant which only depends

on the fractional volume and on the mechanical
properties of the constituents:29

Fig. 9. Unit cell model3 used for micromechanics analysis in
0�-tows considered as 1D composites.

Table 1. Numerical values of parameters of a 1D SiC/SiC tow

Em

(GPa)
Vm Vf Ef

(GPa)
r0

(mm)
Et

0

(GPa)
a

350 0.2 0.6* 200 7 260** 1.17

*Evaluated by SEM observation of a tow cross section.
**Calculated with a mixture law Et

0 � Em 1ÿ Vf� � � EfVf :
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� � 2�Et
0

Ef � 1ÿ vm� �� 1n 1
Vf
� Vf ÿ 1

� �
24 351=2

�1=r0 �8�

with vm Poisson's ratio of the matrix.

A numerical calculation of � in the case of a SiC/
SiC unidirectional composite, with the values listed
in Table 1 shows that the term depending on � in
eqn (7) can be neglected. Therefore, eqn (7) can be
approximated by:

" � �

Et
0

1� 2�a�Ld

L

� �
� 2� � �Ld

Ef �r0 �
Ld

L
�9�

When unloading, Ld/L remains constant and the
elastic modulus of the tow, Et, is obtained by tak-
ing the inverse of the derivative of eqn (9) with
respect to the applied stress � as follows:

Et � Et
0 1� 2a�Ld=L� �ÿ1 �10�

By combination with eqn (2), the inelastic strain of
the tow is given by:

"t
in �

2

Ef �r0 �� �Ld
Ld

L
�11�

Moreover, Ld is a function of �:

Ld � � �a�r0
2Vf 1� a� �� �12�

Then the inelastic strain of the tow can be written
under the form:

"t
in � A

Ld

L
�13�

with:

A � � �a
VfEf 1� a� � �14�

If the tow is subjected to a constant stress �, A is
constant with time and eqn (10) and (13) show that
variations of Et and "tin can be provoked by varia-
tions of the ratio x � Ld

L .

During static fatigue tests, the relative varia-
tions versus time of "tin and Et are related to the
relative variations of x through eqn (15) and (16)
respectively:

"t
in t� � ÿ "t

in 0� �
"t

in 0� � � x t� � ÿ x 0� �
x 0� � �15�

Et t� � ÿ Et 0� �
Et 0� � � ÿ 2a�x 0� �

1� 2a�x 0� �
x t� � ÿ x 0� �

x 0� � �16�

where "t
in 0� �, E t 0� � and x 0� � are the values of

inelastic strain, Young's modulus and x ratio
under the stress � at the beginning of the static
fatigue test (t � 0), respectively.
Therefore by combining eqns (15) and (16):

E t t� � ÿ E t 0� �
E t 0� � � ÿ 2a�x 0� �

1� 2a�x 0� �
"t

in t� � ÿ "t
in 0� �

E t
in 0� � �17�

This equation shows that, for static fatigue tests,
the relative variations of Young's modulus and of
inelastic strain of a tow are proportional.

E�t�ÿE�0�
E�0� has been plotted versus "in�t�ÿ"in�0�

"in�0� from

the experimental results of Fig. 7(a) and Fig. 9
obtained under 90MPa up to 70 h. The result,
given in Fig. 10 shows an approximate linear var-
iation with a slope ÿ0.04.
From this value and within the approximation of

delayed damage being controlled by longitudinal
tows, an estimation of x 0� � can be obtained using
eqn (17) with numerical values of Table 1:
x(0)=Ld

L (0)=0.03. This order of magnitude is con-
sistent with results found for similar SiC/SiC in
literature.30

By combining of eqns (10), (12), (13), expressions
relating E t and "t

in to � are obtained:

Et � Et
0 1� �a2r0

Vf 1� a� �
1

�L

� �ÿ1
�18�

"t
in � A2r0Ef

1

�L
�19�

Fig. 10. Relative variations of Young's modulus as a function
of relative variations of inelastic strain during the test under

90MPa.
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If debonding extension in the longitudinal tows is
assumed to be the dominant mechanism of delayed
damage, the crack density L is assumed to be con-
stant under a constant stress level �. Therefore, an
increase of "tin and a decrease of E t will be caused
by a decrease of � under static loading according to
a function �(t).
Then, with the hypothesis of delayed damage in

the 2D composite caused by delayed damage in the
0� tows, the variations of E and "in for the compo-
site are expected to follow similar variations as
given by eqns (20) and (21):

E t� � � E0 � 1� k1
� t� �

� �ÿ1
�20�

"in t� � � k2
� t� � �21�

where k1 and k2 are constants which can be deter-
mined from the experimental values E 0� � and "in 0� �
at t � 0: k1 � � 0� � E0ÿE 0� �� �

E 0� � , and k2 � "in 0� ��� 0� �.
Introducing a new parameter � � E0ÿE 0� �

E 0� � which
can be experimentally determined after the mono-
tonic loading up to �, and stating that � � 0� �

� t� � �1,
eqns (20) and (21) can be rewritten:

"in t� � � "in 0� � � 0� �
� t� � �22�

E t� � � E0 � 1ÿ�
� 0� �
� t� �

� �
�23�

Then, � 0� �
� t� � ÿ 1
� �

is related to the relative variations

of E and "in during the static fatigue test by the two
equations:

� 0� �
� t� � ÿ 1

� �
� "in t� � ÿ "in 0� �

"in 0� � �24�

� 0� �
� t� � ÿ 1

� �
� �

�ÿ 1

� �ÿ1
E t� � ÿ E 0� �

E 0� � �25�

These equations predict, as eqn (17), that
E t� �ÿE 0� �

E 0� � and "in t� �ÿ"in 0� �
"in 0� � are proportional. The calcula-

tion of �
�ÿ1 gives a slope ÿ0.055 which is close to

the value (ÿ0.04) found in Fig. 10. The di�erence
comes from the experimental determination of E0

and E 0� � which are real values of Young's modulus
of the 2D composite taking into account the tex-
ture of the material (in particular porosity) and
inter-tows and 90� tows damage. For the following
numerical simulation, �

�ÿ1 is taken equal to ÿ0.05.
According to eqn (24) and (25), � 0� �

� t� � ÿ 1
� �

can be

plotted from the experimental variations of E t� �
and "in t� � of Figs 7(a) and 8. The result is shown in
Fig. 11.

An empirical law has been choosen for � t� � in
order to obtain the best ®t with experimental
points:

� t� � � �st � � 0� � ÿ �st

1� t� �n �26�

where �; 0� � is the value of � at t � 0, �st is the
asymptotic value of � when t!1 (i.e. corre-
sponding to steady state) and n � 0 characterizes
the relaxation mechanism of t under constant ten-
sile loading.
The variations of � normalised to � 0� � are then

given by:

� t� �
� 0� � �

�st

� 0� � �
1ÿ �st

� 0� �
1� t� �n �27�

The two parameters �st

� 0� � and n have been adjusted
in order to reach the best agreement with experi-
mental data obtained at 90MPa after loading at

0.3MPa sÿ1: Fig. 11 shows the plot of � 0� �
� t� �ÿ1
� �

for
�st

� 0� � � 0�3 and n=0.8. Then, in this case, � was
found to decrease of about 70% before reaching
equilibrium after 50 h.

These numerical values are depending on the
material, in particular on the type of ®bre/matrix

Fig. 11. Comparison between the experimental variation
� 0� �
� t� � ÿ 1
h i

under 90MPa obtained from data of variations of

E t� � (small points) and of "in t� � (dark squares), and the curve
calculated with eqn (27) for �st

� 0� � � 0�3 and n � 0�8.
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interphase, but probably also on the load level and
on the initial loading rate. Further work is neces-
sary to determine the relationships between the
relaxation of the interfacial shear stress in the
longitudinal tows and interface parameters. One
hypothesis could be a smoothing of the contact
surface between ®bre and matrix due to stress
concentrations on the asperities when loading.

5 Conclusion

A time dependence of damage monitored by uni-
axial Young's modulus and strain measurements
has been found at room temperature in SiC/SiC
®brous composites subjected to tensile stress above
the threshold matrix microcracking stress. One
hypothesis to explain this behaviour is to assume a
relaxation of the interfacial shear stress in the
longitudinal tows. According this assumption,
after loading the material up to 90MPa at 0.3MPa
sÿ1, t was found to decrease of about 70% before
reaching equilibrium after 50 h. One consequence
of this mechanism is a dependence on loading rate
of the experimental monotonic tensile stress-strain
curves obtained from monotonic tensile tests in
CMCs: testing under true static loading conditions
requires very low stressing rates.
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