ELRRS

www.elsevier.com/locate/jeurceramsoc

Journal of the European Ceramic Society 23 (2003) 1105-1114

Creep behaviour of a SiC/Si-B-C composite with a
self-healing multilayered matrix

Philippe Carrere, Jacques Lamon*

Laboratoire des Composites Thermostructuraux, UMR 5801( CNRS-Snecma-CEA-Université Bordeaux 1), 3, Allée de La Boétie,
33600 Pessac, France

Received 12 January 2002; received in revised form 2 July 2002; accepted 14 July 2002

Abstract

The creep behaviour of a SiC/Si-B-C composite at 1200 °C in argon is investigated under static and cyclic loading conditions. The
SiC/Si-B-C composite consists of a multilayered self healing matrix reinforced with Nicalon fibers. It was produced via chemical
vapor infiltration (CVI). The creep behaviour is examined with respect to the extent of damage created during an initial step of
monotonic loading and controlled through the applied strain. The creep rate is shown to be dictated mainly by creep of fibers and

interfacial debonding, whereas no significant creep induced matrix cracking was detected.
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1. Introduction

Ceramic matrix composites reinforced with long fibers
are potential candidates for use in aerospace industry,
under severe conditions of temperatures and environ-
ment. The SiC/SiC composites consisting of a SiC
matrix reinforced using SiC fibers display some favor-
able characteristics such as high mechanical properties
and a good resistance to high temperatures. SiC/SiC
composites exhibit a certain sensitivity to interfacial
degradation by oxidation at temperatures above 450 °C.
In order to protect the PyC interphase against oxidation
effects, SiC/Si-B-C composites with a multilayered
matrix have been developed' and investigated.>~> Such
multilayered matrices contain phases which produce
sealants at high temperatures causing healing of the
cracks and preventing oxygen from reaching the inter-
phase. The fatigue behaviour has been investigated at
temperatures as high as 1200 °C.>> At temperatures
above 1100 °C, crack healing, limited damage and creep
were evidenced.’

Creep of ceramic matrix composites involves stress
transfers between the matrix and the fibers caused by
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their differing creep rates, that may lead to fiber failures
or matrix cracking followed by debonding and sliding at
the interfaces.® When the matrix is elastic and creep
resistant, fiber creep induces stress transfer from the
fibers onto the matrix that may cause matrix cracking.
This matrix damage has been observed on SiC/SiC.%!2
In these materials the SiC matrix is far more creep
resistant than the Nicalon fiber, which is unstable and
creeps at 1100 °C.%13-14 At this stage, there are no data
available on the creep resistance of the Si-B-C matrix.

When the SiC/Si-B-C composite is tested in air, the
combined contributions of creep and oxidation above
1100 °C make difficult the analysis of creep behaviour.
The present paper investigates the creep behaviour of a
SiC/Si-B-C composite at 1200 °C in argon. Lower tem-
peratures have been disregarded since the creep effects
would not have been significant enough. For compar-
ison purposes the creep behaviour of SiC/SiC compo-
sites was also examined.

2. Experimental

2.1. Materials

The 2D-SiC/Si-B-C composite (Fig. 1a) was produced
via chemical vapor infiltration by SNECMA Moteurs
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Fig. 1. Scanning electron microscopy micrographs showing the structure of the Si-B-C composite (a), and the multilayer matrix (b).

(France). It consists of a multilayered matrix (Fig. 1b)
and plies of woven tows of SiC fibers (Nicalon NL 202)
(Fig. 1b). The fibers were coated with a thin layer of
pyrocarbon deposited via CVI. The matrix contains
phases of the Si-B-C ternary system.

2.2. Creep tests
The creep apparatus (Fig. 2) consists essentially of an

induction heated furnace mounted on an electro-
mechanical tensile testing machine. The furnace and the

grips are located within a hermetic chamber which can
be evacuated and then filled with argon or nitrogen.

The test specimens were held by water cooled grips.
The test temperature is uniform along the central part
of the specimens (25 mm), which coincides with the
gauge length for measurement of deformations using a
contact extensometer. The temperature was monitored
using two thermocouples and a pyrometer (Fig. 2).

All the specimens were tested at 1200 °C in argon
(pressure 500 kPa). They were heated first to the test
temperature at a rate of 50 °C/min. Loading started

Hermetic
chamber

Extensometer

~

Induction furnace

|

Tr
Te

head of the sample
(hold in a water-cooled grip)

Fig. 2. Creep test apparatus.
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only 1 h after the test temperature was reached, so that
the temperature was uniform over the gauge length.

In a first step, the specimens were loaded mono-
tonically (stress rate =100 MPa/min) to a given strain &,
(Fig. 3), then unloaded. This first cycle was aimed at
creating controlled damage in the matrix according to
the following sequence evidenced in previous works>3:13
and summarized in Table 1:

e when ¢;<0.3%, damage results from cracks
located in the interply matrix and in the trans-
verse tows,

e when £,>0.3%, damage results from micro-
cracks located in the matrix of longitudinal tows.

Then the load was smaller than that applied during the
first damage cycle. It was either constant (static fatigue)
or time dependent (cyclic fatigue, frequency 1 Hz)
(Table 2).

The elastic modulus E was measured after the first
damage cycle and then periodically, during an unloading—
reloading cycle at a stress-rate of 400 MPa/mn (Fig. 3).
The elastic modulus was derived from the final linear
portion of the stress—strain curve on reloading:minimum
tangent modulus.>> This straight line generally inter-
cepts the origin.

Static fatigue tests were also performed on two SiC/
SiC specimens (Table 2), for comparison purposes.

Ao
GCo -—
O |l = A = = = - = = PR
- P time
damage cycle for static or cycle for
cycle modulus cycling modulus
estimation loading estimation

Fig. 3. Loading procedure during the static and cyclic fatigue tests at
1200 °C.

Table 1
Densities of cracks in the intertow matrix and in the transverse tows
with respect to temperature and applied load (stress and deformation)®

T g &0
O (MPa) (%)

Density of cracks in
intertow matrix (%)

Density of cracks in
transverse tows (%)

20 106 0.05 50 15
20 162 0.12 100 60
1200 100 0.05 10 30
1200 150 0.12 50 75
1200 200 0.3 100 100

2 When €(,>0.3%, matrix cracks appear within the longitudinal
tows oriented parallel to the loading direction.

All the tests were interrupted before ultimate failure.
After cooling down at a rate of 50 °C/min, the test spe-
cimens were cut and polished on the lateral face for
examination using an optical microscope.

3. Results
3.1. Creep of the SiC|Si-B-C composite in static fatigue

Typical creep curves are shown on Figs. 4 and 5.
Secondary creep was not observed, even during long
duration tests (85 h). The creep rate decreased steadily
(Fig. 6). A log-log plot of creep rate versus time shows that,
after a certain time #, (generally longer than 1 h), the creep
rate data closely fit the following equation for n=—0.8:

t
Lné = nLnl—+1nA (1)
0

where A is a constant, and 7, a time scale factor. ¢, was
taken to be 1 h.

Table 2
Experimental conditions for the creep tests at 1200 °C under argon

Composite Loading g0 (%) Applied stress (MPa) R
SiC/Si-B-C Static 0.15 100
0.2 100
0.25 100
0.25 150
0.5 100
0.8 60
0.8 100
0.8 150
SiC/Si-B-C Cyclic 0.1 100 0.1
0.25 130 0.5
0.25 150 0.2
SiC/SiC Static 0.14 150
0.22 150
2 [ LI L L B B B BRI
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Fig. 4. Creep curves under static fatigue at 1200 °C (g9=0.8%) for
various applied stresses.
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Fig. 5. Creep curves under static fatigue (applied stress 100 MPa at
1200 °C) for various damage strains &.
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Fig. 6. Creep rate curves for a damage strain g,=0.8% and for var-
ious applied constant stresses for the SiC/Si-B-C composite, and under
450 MPa at 1200 °C in argon for a Nicalon NL202 fiber.!”

Eq. (1) implies that &(r) = A(t/1))" 2)

This empirical equation has no physical meaning, but
it provides a convenient model of primary creep rate.
Table 2 shows that A increases with the applied stress o,
and with the initial damage (gy). Fig. 7 shows that the
stress dependence of A is described by the following
equation:

A = B(gg).0° (3)

where B(gg) is an initial damage dependent parameter.

Fig. 5 shows that deformations remained smaller than
0.3% when £7<0.25%. Larger deformations were mea-
sured only when £9>0.3%, i.e. when initial damage
involved cracks located in the longitudinal tows. It can
be noticed that strains were quite large when ¢,=0.8%,
i.e. when matrix cracking in the longitudinal tows
reaches the saturation point.
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Fig. 7. Values of constant 4 versus applied stress for various damage
strains g.
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Fig. 8. Evolution of elastic modulus during the static fatigue tests at
1200 °C.

Fig. 8 and Table 3 indicate that the elastic modulus
decreased only when £7<0.25%. The modulus varia-
tions are small suggesting that damage induced creep
was limited. By contrast, when &,>0.25%, the elastic
modulus remained constant suggesting that matrix
damage did not develop.

Optical microscopy on the lateral faces of test specimens
revealed that the cracks were located in the intertow
matrix and in the transverse tows of those specimens
initially damaged under ¢,=0.2%, and that they were
widely opened (Fig. 9). Significant debonding of the
tows can be noticed (Fig. 9). Cracks were not detected
within the longitudinal tows when 7 <0.25%.

Data in Table 3 indicate a dependence of crack spacing
distance on initial damage: 300, 200 and 100 pm were
measured respectively for g,=0.25, 0.5 and 0.8%.
These values are similar to those measured on speci-
mens that had been subjected to monotonic loading at
room and at high temperatures. The results indicate
that the possible creep induced matrix damage was not
significant.
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Table 3

Main features of the behaviour of the SiC/Si-B-C composites under

static and cyclic fatigue at 1200 °C in argon®

g0 o R A AE/E I
%) (MPa) 105 %fs) (%) (m)
0.15 100 Static 1.3 —13 -
0.2 100 figure 1.5 —11 -
0.25 100 1.35 0 297
0.25 150 3 —12 300
0.5 100 1.9 0 209
0.8 60 1.05 0 -
0.8 100 2.6 0 105
0.8 150 6.4 0 99
0.1 100 0.1 0.35 —6 315
0.25 130 0.5 0.84 —6 220
0.25 150 0.2 0.85 -20 210

& AE/E is the elastic modulus variation during the tests
(AE= Er—E(gg), where Ef is the elastic modulus at the end of the
tests, and E(gy) that one after the first damage cycle), / is the spacing
distance for the transverse cracks.

Tow debonding crack
- - —_—

; o

Fig. 9. Optical micrograph of a SiC/Si-B-C composite initially
damaged under £y=0.2% and tested during 100 h in static fatigue
under 100 MPa at 1200 °C.

3.2. Creep of the SiC|Si-B-C composites under cyclic
fatigue

As previously in static fatigue, the strain-time beha-
viour reveals essentially a primary creep (Figs. 10 and
11). The creep rate data again fit closely Eq. (1) with
n=—0.8 (Fig. 11). The values of A reported in Table 3
are smaller than those obtained under static loading,
indicative of a slower creep rate under cyclic loading.

Fig. 10 shows that deformations exceeded slightly
0.3% under 150 MPa, whereas they remained smaller
than 0.3% when 100 MPa was applied.

The elastic modulus decreases were limited, except for
that specimen subject to 150 MPa. Optical microscopy
revealed the presence of matrix cracks within long-
itudinal tows in this particular specimen (Fig. 12). Since
£0<0.3%, these cracks were probably not present after
the first damage cycle. They may have been created
during the fatigue tests.
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Fig. 10. Creep curves and elastic modulus variations under cyclic
loading at 1 Hz and for ,=0.25% at 1200 °C.
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Fig. 11. Creep rate curves under cyclic and static loading for
£0=0.25% at 1200 °C.

cracks

— "
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Fig. 12. Optical micrograph of a SiC/Si-B-C composite initially
damaged under gy=0.25% and tested under cyclic loading (maximum
stress = 150 MPa) at 1200 °C.

3.3. Creep of the SiC/SiC composites under static
fatigue

Fig. 13 shows that the creep rate decreases steadily
and that the trend is comparable to that described by
Eq. (2) but the time exponent is larger than —0.8 and
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Fig. 13. Creep rate curves for the SiC/SiC composite under a constant
stress of 150 MPa (g9 =0.14 and £y =0.22%) at 1200 °C.

increasing with gy (Table 4). This suggests a different
creep mechanism.

A significant modulus decrease was measured after
the tests (Table 4). A dense microcracking was observed
within the longitudinal tows, although the damage
strain was £,<0.22%, which indicates that the cracks
were created or propagated during the static fatigue
tests.

4. Discussion
4.1. Creep mechanisms

It has been shown in other works®>1¢ that the applied
load is carried by the fibers only (those parallel to the
loading direction) beyond the matrix cracking saturation
strain (¢9=0.8%), as a result of complete debonding.
Therefore, it may be expected that the creep behaviour
is dictated by the fibers in those composites which
experienced such damage (g9>0.8%). However, creep
of fibers within the composite may be influenced by
undulations and by a specific confined environment.

Indeed, the creep rate of those specimens initially
subjected to gy=0.8% displays the same time depen-
dence as that of Nicalon fibers in various atmospheres:'’
Nicalon fibers exhibit primary creep only, at 1200 °C
and the time exponent is also n=-0.8 (Fig. 6). The
absence of secondary creep in Nicalon fibers was
attributed to growth of the SiC grains which increases
the creep resistance.'*!”

Table 4

Results of the creep tests on the SiC/SiC composites

) o AE/E t A n

(%) (MPa) (%) (h) (107° %/s)

0.14 150 - 36 30 0.6 -0.56
0.22 150 - 40 12 2 -04

Since exactly the same time dependence of creep rate
was observed on the other specimens with a less severe
initial damage (g9 <0.8%), it is reasonable to think that
their creep behaviour was also controlled by the fibers.
Furthermore, it can be noticed from Fig. 5 that defor-
mations were larger as initial matrix damage was more
significant, i.e., as the contribution of fiber elongation in
composite deformation increased. Very few cracks were
detected in the longitudinal tows when £7<0.25%. The
overall deformation remained in agreement with the
initial extent of matrix damage, i.e. it remained smaller
than 0.3% (Fig. 5). However the cracks in the intertow
matrix and in the transverse tows were widely opened
and they were associated to significant tow debonding
(Fig. 9). This feature indicates large local deformations
of longitudinal tows. This suggests that creep of both
the fibers and the matrix occurred within the long-
itudinal tows that were debonded from the intertow
matrix. Creep of the intratow matrix is possible since it
consists of nanometer size SiC grains within an amor-
phous phase.? By contrast, creep of the intertow matrix
is more difficult, since this matrix is composed of thick
layers of well-crystallized SiC.

The small elastic modulus decreases which have been
measured after the creep tests reflect the limited creep
induced damage observed using optical microscopy.
They may be attributed to debonding of the long-
itudinal tows.

Basically, the time exponent n=—0.8 was also deter-
mined under cyclic loading, suggesting that the pre-
viously discussed fiber-controlled creep mechanism
operated. The modulus decrease was also comparable to
that determined under static loading, suggesting the
presence of a similar creep induced damage. However,
values of constant A show that the creep rate was
smaller when comparing to static fatigue results.

The SiC matrix is known to be very stiff and more
creep resistant than the Nicalon fibers.!3!® Thus, the
SiC matrix cracks to accommodate the deformations
induced by creep of fibers. The significant elastic mod-
ulus decreases determined for the SiC/SiC composite
reflect this phenomenon.

The elastic modulus of Si-B-C is smaller than that of
SiC (respectively 350 and 410 GPa). As a consequence,
the Si-B-C matrix is subject to lower stresses than the
SiC matrix does. Furthermore, it should be able to better
accommodate elastically the deformations induced by
the creeping fibers. Fig. 14 summarizes the mechanisms
that contribute to creep in SiC/Si-B-C composites.

4.2. Creep behaviour of fiber within the composite with
saturated matrix damage

If creep of composites with saturated matrix damage
is dictated by the fibers, the creep behaviour of fibers
can be derived from the creep curves determined on
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Fig. 14. Schematic diagram illustrating the mechanisms involved in the creep behaviour of SiC/Si-B-C composite.

these composites subject to a damage strain g9=0.8%.
Assuming that the load is carried by the longitudinal
fibers only>>!¢ and neglecting the effect of weaving, the
stress (oy) operating on the fibers is related to the stress
(0) applied to the composite by the following equation:

20 @)

of = —
Ve

Incorporating the expression of o into (2) gives the
following creep law at 1200 °C for the fiber (for times
longer than 10 h):

£\ 08

é =B (—) o? (5)
lo

where By = M =10"%% s~! MPa~2.

It is interesting to compare these results with creep
data determined on Nicalon fibers tested individually.
Bodet and coworkers!” have investigated the creep
behaviour of Nicalon fibers in argon and in CO atmo-
spheres. They found that the fibers exhibit only primary
creep at 1200 °C and they obtained similar creep curves
under argon and under argon/CO atmospheres.

Fig. 6 compares the creep curves determined on a
Nicalon fiber under =450 MPa and on the composite.
It can be noticed that the fiber creep behaviour coin-
cides satisfactorily to that of the specimen tested under
o =100 MPa. This typical stress corresponds to oy=450
MPa through Eq. (4). Furthermore, Eq. (5) fits the fiber
experimental data obtained under 450 MPa for B;=1.5
10~® % s~! MPa—2. This B; estimate is quite close to the
above value derived from the composite creep rate.

Bodet and coworkers!” found that the creep rate is
proportional to the stress (stress exponent=1). Di Carlo
and Yun also mentioned the same stress exponent for

the Nicalon fiber.!® The primary creep of Nicalon fibers
was attributed to microstructural evolution (grain
growth and decomposition).'* When the fiber is confined
within a composite, no decomposition into gaseous species
is possible which limits its degradation. For the more
stable Hi-Nicalon fiber, Bodet and Di-Carlo found a
stress exponent close to 2, similar to that appearing in
Eqgs. (3) and (5). Therefore it may be concluded that the
differences observed in creep rate stress dependence for
Nicalon fibers tested individually or within a SiC/Si-B-C
composite are mainly due to an enhanced stability when
they are sheathed by the Si-B-C matrix.

4.3. Creep behaviour of the fiber in the presence of
unsaturated matrix damage

For a first approximation, let’s consider that the
composite can be represented by an equivalent uni-
directional composite consisting of a single fiber
embedded in a matrix (Fig. 15). This simple model is
aimed essentially at evaluating of the contribution of
fiber creep and debonding to the overall creep beha-
viour. The creep rate of the composite is given by:

. Lo—Lg . Lq

. Lo—Ls Ly 6
E=d— +82L0 (6)

! ' }
|

Fig. 15. Schematic diagram showing the equivalent unidirectional
damaged composite.
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where ¢; and &, are the creep rates in regions 1 and 2
respectively (Fig. 15).

Stresses on the fibers in region 2 (0,) where debond
from the matrix is complete, are much larger than those
in region 1 (o)

(o)) _ 2E0 ~
(oa] - VfEf o

(7

where E, is the elastic modulus of undamaged compo-
sites.

Therefore it can be assumed that creep in region 1 can
be neglected and that the creep rate is controlled by
region 2 where the debond is complete and high stresses
prevail. Region 2 includes a portion where the stress
decreases steadily from maximum in the region of fiber
completely debonded from the matrix. In this inter-
mediate portion, the creep rate is given by the following
equation:?®

/

. 0, .
=—=4+C 8
é Ef+ ) ®)

where E; is the fiber elastic modulus, o5 is the stress, C
is a time dependent coefficient.”

In the presence of a creep resistant matrix ¢’ can be
neglected. Therefore, creep rate in the debonded region
is controlled by fiber creep rate é,.

Creep rate reduces to:

—0.8 2
. ‘ 2
¢ = aéy = aBy (g) (%) ©9)

where « represents the fraction of completely debonded
fiber.

This value of « slightly underestimates the contribu-
tion of &, in composite creep. However, it can be
noticed that the time exponent is n=—0.8, even when
the contribution of creep in the intermediate region is
taken into account.

« was estimated from the composite creep behaviour
using Eq. (9) (referred to as «;). It was compared to
those values provided by composite elastic modulus
(referred to as ay):

l_l—a 2a

E- E T EV

(10)

Table 5 shows that «; and «, are very close when
£0>=0.25%, which indicates that creep of the composite
is dictated by creep of the fiber in the debonded region
when the extent of damage is significant.

By contrast, a; >a> when g,<0.25% indicating that
the effect of creep in region 2 was overestimated. This
means that creep of debonded fibers is not the main
mechanism involved in composite deformations. Addi-

Table 5

Comparison of «; and «, obtained for static fatigue tests

€0 (%) o (MPa) a1 [Eq. 9)] o [Eq. (10)]
0.15 100 0.47 0.27
0.2 100 0.54 0.40
0.25 100 0.49 0.35
0.25 150 0.48 0.43
0.5 100 0.69 0.65
0.8 60 1.00 1.00
0.8 100 0.94 1.00
0.8 150 1.03 1.00

tional elastic deformations can result from progressive
debonding induced by creep of fibers in the completely
debonded region. These results agree with the elastic
modulus decreases that were obtained only for
€0<0.25% (Table 2).

Eq. (11) derived from Eq. (9) shows that a good fit to
the experimental data shown on Fig. 11 can be obtained
only when « is time undependent:

2
Lné = Lna — 0.8Ln<t) + Ln[Bf(za> } (11)
to Vi

when « is constant, the slope of the Lné-Lnt curve cor-
responds to the time exponent n. When o is time
dependent, neither Lné is proportional to Lnz nor the
slope of the curve is given by exponent n=—0.8.

This result helps in understanding the trends in strain
rate shown on Fig. 11. In a first step, when 1<t «
increases as a result of extension of existing debonds or
of matrix cracking. Therefore the slope of the Lné—Lnt
curve is different from the time exponent n=—0.8.

In a second step when 7> ¢, debonding is arrested,
and o is constant. The slope of the Lné—Lnz curve is
now given by the time exponent n=—0.8.

Debonding during the first step is reflected by the
elastic modulus decreases.

The above results also help in understanding the creep
behaviour of the SiC/SiC composites. These composites
exhibited a significant matrix cracking during static fati-
gue. As a consequence, o is time dependent, and the slope
of the Lné—Lnt curve is different from the time exponent
n=—0.8. Therefore, creep of the SiC/SiC composites is
controlled by matrix damage and creep of fibers.

4.4. Effect of cyclic loading
An equation similar to (9) can be obtained under
cyclic loading by considering the average creep rate

during a cycle:

. 1 t+2T.
ép(t) = T edt (12)
t

where 27 is the period of the sine type loading function:
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Table 6

Comparison of «; and a, obtained for cyclic loading tests

&0 (%0) o (MPa) o [Eq. (15)] a2 [Eq. (10)]
0.1 60 0.33 0.20

0.25 130 0.30 0.31

0.25 150 0.31 0.61

o = o, + Aosin(rt/T) (13)

where o, is an average applied stress and Ao is the stress
amplitude. When T is small compared to 7, ~%% can be
considered to be constant during a cycle. Eq. (12) reduces
to:

CaBr 2\ T,
8“_W<7f) (a) L““ 14

Inserting the expression of o Eq. (13) into Eq. (14)
and then integrating gives:

' N2/ )08 )
ép = abBy 7) & o, (15)

2 __ 2 Ac? :
where o, = oy + <7 represents the equivalent creep

stress actually carried by the fibers.

It can be noticed that the time exponent is again —0.8.
This result agrees with the trend shown in Fig. 11. Fur-
thermore, the same conclusions as above in static fatigue
can be drawn using Eq. (15) for the creep behaviour in
cyclic fatigue. This result supports the similarity in the
creep mechanisms under static and cyclic fatigue that
was indicated by experimental results.

Table 6 compares the o values estimated respectively
from the composite creep behaviour [Eq. (15)] and from
the elastic modulus change given by Eq. (10). The same
trend as previously in static fatigue can be noticed.
However there is a certain discrepancy for that specimen
which had been tested under 150 MPa. This particular
specimen exhibited the largest modulus decrease and
matrix cracks within the longitudinal tows, whereas the
creep behaviour was comparable to that of the other
specimen with similar initial damage (g0=0.25%)
(Table 2 and Fig. 10). The origin of this matrix crack
extension during fatigue tests has not been elucidated.

5. Conclusions

The creep behaviour of a SiC/Si-B-C composite during
static or cyclic fatigue has been investigated at 1200 °C in
argon. The tests were performed on specimens with a
wide range of initial damage whose extent was controlled
through magnitude of the deformation applied during a
first cycle of loading at the test temperature.

The SiC/Si-B-C composite exhibited primary creep
only, even during long tests (duration exceeding 85 h).
Creep of the composite was found to be caused by creep
of the Nicalon fibers, whatever the extent of initial
damage. In those specimens with a saturated matrix
damage (g9>0.8%) the fibers are completely debonded
from the matrix, and the load is carried essentially by
the longitudinal fibers. When 0.3% <g7<0.8%, the
fibers are partially debonded from the matrix. When
£0<0.3%, the initial damage consists of cracks located
within the intertow matrix and in the transverse tows,
that may reach the longitudinal tows, but there are no
cracks within the longitudinal tows. In these latter spe-
cimens with a limited damage, creep of the intratow
matrix within the longitudinal tows also probably
occurred, whereas the longitudinal tows were sig-
nificantly debonded from the intertow matrix.

The time exponent in the creep rate expression was
identical to that of fibers when the debond length is
constant (—0.8). The stress exponent (2) is similar to
that of stable fibers. The extent of initial damage deter-
mines the total debond length and the creep rate.
Matrix damage remains constant when the initial
damage involves transverse cracks in the longitudinal
tows (£0>0.3%). Limited elastic modulus decreases
were measured on those specimens which did not con-
tain cracks in the longitudinal tows. They were attrib-
uted to extension of tow debonds.

The creep behaviour of the SiC/Si-B-C composite is at
variance with that of SiC/SiC composites in which both
fiber creep and matrix cracking contribute to creep of
the composite. The SiC matrix is creep resistant and
stiffer than the Si-B-C matrix.
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