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Abstract

A micromechanical model is developed which accounts for the energy absorbed in the creep deformation and fracture of a 2.5D
SiC/C/SiC composite, representative of the new generation of non-oxide CMCs. The model quantifies the influence of the geome-

trical, mechanical and material parameters and, in particular, is very sensitive to the interfacial sliding stress. The effect of the
sliding stress on the contribution of the different energy absorbing mechanisms in the creep fracture of CMCs is described. It is
concluded that, for all testing conditions, most of the energy absorbed in the creep fracture is controlled by fibre–matrix debonding
and fibre pull-out.

# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the eighties ceramic matrix composites
(CMCs) have been the subject of study due to their
promising properties for high temperature applications.
Much work has been oriented to understand and
describe the behaviour of different CMC systems under
monotonic, bending, creep and fatigue conditions at
different ranges of stress and temperature.1�3 In parti-
cular, time-dependent crack propagation and creep
behaviour of ceramic composites have been analysed in
a number of works,4�8 most of them dealing with the
problem of a single dominant matrix crack, and there-
fore not applicable when matrix cracks have saturated
in density in the composite.5,7 An important concern for
a better knowledge of the high temperature behaviour
of these materials is the identification and quantification
of the different mechanisms of damage and energy
absorption. Well known micromechanisms, such as
matrix cracking, fibre-matrix debonding, fibre pull-out
and oxidation, have been found and reported as the
most important damage mechanisms.9 Following testing
and fractographic analyses, appropriate models should
be used to determine the parts and the properties of the
material that need a specific improvement and to reduce
the effect of these damage modes.
This work presents a micromechanical model of the

energy absorption mechanisms in the creep deformation
and fracture of a SiC/C/SiC composite representative of
the modern generation of non-oxide CMC systems. The
model emphasises the critical role of the interfacial slid-
ing stress.
2. Material

The material used in this investigation, CERASEP1

410, is a silicon carbide based ceramic matrix composite
produced using chemical vapour infiltration (CVI) by
the Société Européene de Propulsion (initially SEP, a
division of Snecma, France). The multilayered ceramic
matrix contains distinct layers of SiC, B4C and SiBC,
and is reinforced with SiC Hi-NicalonTM fibres (pro-
duced by Nippon Carbon Co., Japan). Before matrix
infiltration, the preforms are coated with a carbon
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interface to decrease the interface bonding between
the fibres and the matrix. The composite material is
formed by fibre bundles in a 2.5D architecture. The
diameter of the fibres is about 15 mm and each bun-
dle consists of approximately 500 fibres. The multi-
layered SiC based matrix is described in the literature
as being self healing.10�12 This relies on initial crack-
ing to allow limited oxygen ingress, and this in turn
leads to the formation of a borosilicate glass that
flows, plugging the cracks and preventing further
oxygen ingress.
3. Experimental procedure and creep results

Creep tests were carried out in air at stresses between
115 and 300 MPa and temperatures of 1000, 1100 and
1300 �C. The tests were performed in a servohydraulic
testing machine (MTS-819) under load control. The
applied load was controlled with a loading cell of 25 kN
and precision over 0.001%. The strain was measured
with a water-cooled high temperature extensometer
(MTS 632.59, class A, with error in strain measurement
less than 10�5) with SiC rods and a gauge length of 25
mm. A heating rate of 20 �C/min was applied in all tests
using a radiation furnace (MTS 653.02, with tempara-
ture control of �1 �C). Fig. 1 shows the results of the
creep testing campaign. The temperature and stress of
each test are also indicated in the insert of Fig. 1. Note
that different loading steps were applied (by increment-
ing the loads) in some tests. This of course invalidates
the times to failure measured in those tests. However,
the method has the advantage that steady state creep
rates can be determined at various stress levels at con-
stant temperature in a single test, although the effects of
stress redistributions prior to the load increments have
not been accounted for.
After fracture, optical (Microscope Reichter MEF4A)

and scanning electron microscopy, SEM, (Philips
XL30-CP) were used for a detailed fractographic analy-
sis and microstructural characterisation, including the
measurement of volume fraction of constituents, fibre
pull-out length, matrix crack spacing, etc. Details of
these analyses have been reported by Casas et al.11,13

Push-in tests were performed for the interfacial char-
acterisation of the as-received and the creep tested
material14 using a nanoindentation system (NanoIn-
denter II, Nano Instruments, Inc., Oak Ridge, TN,
USA). Then the model proposed by Hsueh15 was used
to extract a number of interfacial parameters from the
push-in experiments.
4. Modelling of energy absorption

An energy balance is performed in this section in
order to determine the contribution of the main damage
mechanisms at the different creep conditions. The ana-
lysis of energy absorption follows the ideas proposed by
Puente et al.16 for monotonic loading, which are exten-
ded here for high temperature creep deformation and
fracture. Four main mechanisms of energy absorption
during the fracture process have been considered: (i)
fracture of 0� bundles, (ii) fracture of 90� bundles, (iii)
interface debonding, and (iv) fibre pull-out. In addition
to the energy dissipated in these mechanisms, the energy
absorbed in the irreversible (macroscopic) creep defor-
mation itself has also been considered.
The analysis described in the following sections is

referred to a unit cell consisting of a cylindrical volume
of a longitudinal bundle of section A and length L, as
shown in Fig. 2. Note that an important simplification
of this approach is that the effects of the transverse
bundles on the longitudinal ones and on the whole
composite (architecture effect) are not accounted for.
For convenience, and to facilitate the comparisons,

the energy balance is subsequently established per unit
volume of longitudinal bundle.
Fig. 1. Creep strain vs. time curves.
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4.1. Energy dissipated in fracture of 0� bundles

From Fig. 2, the cracked area of bundle, Ac, can be
obtained as

Ac ¼ ANc ð1Þ

where A is the cross sectional area of the bundle and Nc

is the number of cracks in the length L. The cracked
area of matrix, Amc, can be calculated using the volume
fraction of matrix, Vm, as

Amc ¼ ANcVm ð2Þ

The work necessary to cause this matrix cracking, W0,
is then given by

W0 ¼ ANcVmGm ð3Þ

where Gm is the fracture energy of the matrix. And
finally, the energy absorbed in fracture of 0� bundles,
U0, per unit volume of bundle is given by

U0 ¼
W0

AL
¼

NcVmGm

L
¼

VmGm

lmcs
ð4Þ

where lmcs is the matrix crack spacing.

4.2. Energy dissipated in fracture of 90� bundles

As observed in the fractographic analysis reported for
this material,13 cracks in the 90� bundles propagate
along the interfaces, crossing the matrix between con-
secutive fibre-matrix interfaces, and without breaking
fibres (Fig. 3). However, upper and lower bounds for
the energy consumption in the fracture process can be
obtained by considering the limit situations where either
all the cracked area is matrix or all the cracked area is
interface. Assuming that the volume fraction of bundles
is the same in 0� and in 90� and using the cracked area of
bundle obtained in (1), the necessary work to produce
matrix cracking of the 90� bundles, W90, can be esti-
mated using the average of the upper and lower bounds
as

W90 ¼ ANc
Gm þ Gi

2
ð5Þ

where Gm and Gi are the fracture energies of the matrix
and the interface, respectively, and the term ðGm þ GiÞ=2
represents the average of fracture energies for the two
bounds mentioned above. Then, the energy absorbed
per unit volume of bundle, U90, can be calculated as

U90 ¼
W90

AL
¼

NcðGm þ GiÞ

2L
¼

Gm þ Gi

2lmcs
ð6Þ

where the same matrix crack spacing as in 0� bundles,
lmcs, is used. This is approximately true in average, as
measured in the post-mortem analysis.13

4.3. Energy dissipated in interface debonding

After matrix cracking, stress transfer between matrix
and fibres takes place due to interfacial shear. Along the
transfer length, the stress in the matrix increases from
zero at the matrix crack plane to the value corresponding
to the compatibility of displacements between fibre and
matrix. The stress in the fibre is then reduced from its
maximum at the matrix crack plane to the value corre-
sponding to the compatibility of displacements (Fig. 4).
Fig. 2. A cylindrical volume of bundle containing Nc equally spaced

cracks taken as reference for energy calculations.
Fig. 3. Crack path without breaking fibres in loading direction

(vertical).
Fig. 4. Diagram showing load transfer between fibre and matrix. �b
denotes the remote stress in the bundle.
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The number of fibres that debond, Ndf, can be esti-
mated as

Ndf ¼
VfAc

�r2
ð7Þ

where Vf is the volume fraction of fibres, Ac is the
cracked area of bundle given by (1), and r is the fibre
radius. Then, the debonded area of fibres, Ad, is given by

Ad ¼ 2�rldNdf ð8Þ

where ld=2 is the debonded length on each side of the
matrix crack plane (Fig. 4). The work necessary to pro-
duce the fibre-matrix debonding is then given by
Wd ¼ AdGi, and the energy absorbed per unit volume of
bundle, Ud, can be calculated using (1), (7) and (8):

Ud ¼
AdGi

AL
¼

2Vf ldGi

rlmcs
ð9Þ

To determine the transfer length, ld=2, a simple force
equilibrium on the fibre gives (Fig. 4):

�b
Vf

�
2�s
r

ld
2
¼

�bEf

Eb
ð10Þ

and therefore

ld ¼
r�bVmEm

�sVfEb

where �b is the axial stress in the bundle, Ef,m,b are the
Young’s moduli of fibre, matrix and bundle, respec-
tively, and �s is the interfacial sliding stress.
As the fibre debonds from the two free surfaces of

each matrix crack, the maximum value for ld=2 is given
by one half the value of the crack spacing, ld ¼ lmcs.
Therefore, the actual value for ld=2 will be the minimum
between the value obtained from (10) and ld ¼ lmcs.

4.4. Energy dissipated in fibre pull-out

The energy dissipated in fibre extraction can be esti-
mated in terms of the mean pull-out length, lf, and the
interfacial sliding stress, �s (Fig. 5). A simple integration
of the work done by the frictional forces upon extract-
ing one single fibre, W1f, gives:

W1f ¼

ðlf
0

2�r�sxdx ¼ �r�sl
2
f ð11Þ

The number of broken fibres, Ncf, that will be extrac-
ted is:
Ncf ¼
AVf

�r2
ð12Þ

The work necessary to extract the fibres can be calcu-
lated as Wf ¼ W1fNcf , and therefore using (11) and (12)
the energy absorbed per unit volume of bundle, Uf, is
given by

Uf ¼
W1fNcf

AL
¼

�sl
2
fVf

rL
ð13Þ

4.5. Total dissipated energy

The total energy dissipated in the various damage
mechanisms described above per unit volume of bundle,
UTD, can be estimated using Eqs. (4), (6), (9) and (13):

UTD ¼ U0 þU90 þUd þUf ð14Þ

The energy dissipated at specimen level (i.e., per unit
volume of composite), UTDS, can be obtained multi-
plying the above energy by the volume fraction of
longitudinal bundles, Vb, at the specimen:

UTDS ¼ UTDVb ð15Þ

In addition, the energy absorbed in the irreversible
creep deformation ("c) itself, UCD, must also be con-
sidered, so that the total energy absorbed in the test,
Utotal, is predicted as Utotal ¼ UTDS þUCD. The value of
UCD has been calculated assuming a steady state creep
deformation for each test as

UCD ¼

ðtf
0

�"
:
cdt ¼

XNLS

i¼1

�i�tiA�
n
i exp �

Q

RT

� �

¼ Aexp �
Q

RT

� �XNLS

i¼1

�nþ1
i �ti ð16Þ

where tf is the time to failure, NLS is the number of
loading steps in the test, �i and �ti are the stress and
hold time, respectively, at the i-th loading step. R is the
gas constant (R ¼ 8:314 J/mol K), and A, n and Q are
determined from fitting to steady state creep strain
rates.11 In particular, a stress exponent n ¼ 3:97 has
been found, which is not far from the range between
1.96 and 3.04 reported for Hi-Nicalon fibres at these
temperatures.17 This indicates that, in these tests, the
creep behaviour of the composite in the steady state is
controlled by the creep of the fibres. Note that this is the
situation when matrix microcracking has occurred dur-
ing loading, as in the present tests, and this in turn
depends on the stress and temperature in the test.
5. Results and discussion

For the application of the analysis described in the
previous sections, the fracture energies of matrix and
Fig. 5. Diagram of a single fibre extraction.
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interface (Gm and Gi) and the interfacial sliding stress, �s,
have to be computed. These are discussed in the following.
The model proposed by Marshall18 has been used to

calculate the interface fracture energy Gi. In addition to
the elastic properties of fibre and matrix, the application
of this model requires the debonding stress, �db, and the
axial residual stresses, �f0, to be determined. The
debonding stress has been obtained directly from push-
down tests and the axial residual stresses have been cal-
culated using the model proposed by Hsueh15 for the
interpretation of the push-down tests.14 This is con-
sidered the most complete model for push-down tests,
as it accounts for friction at the interface, Poisson’s
effects and residual stresses.19 This model has also been
applied to determine the interfacial sliding stress �s, as
will be shown later on. Although the choice of �s is cri-
tical in the analysis, and in particular the evolution of
the in situ interfacial shear during the test, in this work
estimates of �s have been performed on post-mortem
specimens. Nanoindentation push-down tests have been
performed at room temperature in the as-received
material and in samples tested at 1000, 1100 and
1300 �C.14 The manufacturing temperature reported for
a mini-composite of a similar material (Nicalon/C/SiC)
is about 950 �C20 so the thermal residual stresses at this
temperature have been assumed to be null. As a first
approach to obtain the value of residual stresses at the
testing temperature, a simple linear interpolation
between room temperature and the testing temperature
has been used, assuming that the residual stresses of the
as-received material vanish at 950 �C. The values
obtained for Gi as well as other material para-
meters11,13,14 are shown in Table 1.
The fracture energy of the matrix has been calculated

as

Gm ¼
K2
IC

Em
ð17Þ

where KIC is the fracture toughness and Em is the
Young’s modulus of the matrix (a value of 400 GPa has
been used). A fracture toughness of about 5.5 MPa

p
m

has been reported for the case of quite pure sintered
SiC.21 Although it is doubtful that this is also true for
the multilayered matrix SiC/B4C/SiBC, no other data
have been found. Hence using this value in (17), a frac-
ture energy of 76 J/m2 has been estimated for the
matrix.
Two different methods have been used for the calcu-

lation of the sliding stress �s. The first method is based
on push-down tests and the application of Hsueh’s
model as indicated above. The sliding stress has been
found to increase with the time spent by the composite
at high temperature, in agreement with the behaviour
observed in minicomposites of similar (SiC/C/SiC)
materials.22 This is believed to be a consequence of the
modifications in the interface microstructure and the
presence of oxides and glassy phases at the interface.
For simplicity, a linear relationship between �s and the
time to rupture has been assumed to estimate the sliding
stress in the case of sample 515-2 (where �s has not been
obtained directly from push-down tests) using the
values obtained for samples tested at 1000 and 1100 �C.
In the second method, the sliding stress has been calcu-
lated using the expression proposed by Kimber and
Keer23 based on the Aveston–Cooper–Kelly (ACK)
model:24

�s ¼ 1:34
Vm�mur

2Vf lmcs
ð18Þ

where the new variable �mu is the ultimate tensile
strength of the matrix. The resulting values of �s are also
shown in Table 1. Note however that the matrix crack
spacing in this equation is the one at the end of the
loading step, because very few matrix cracks are gener-
ated during creep at constant load. Therefore Eq. (18)
does not exactly reflect the sliding stress after creep
exposure.
As shown in Fig. 1, and mentioned earlier, creep tests

have been performed under different steps of loading in
order to evaluate the secondary steady state under dif-
ferent stress levels at the same temperature in a single
test. The experimentally measured energy per unit
volume of composite, Utest, absorbed in each test has
been determined as

Utest ¼

ðtf
0

�"
:
dt ¼

XNLS

i¼1

ðtli
0

�"
:
dtþ �i�"ci

� �
ð19Þ
Table 1

Properties of matrix, fibres and interface
Sample
 Em (GPa)
 Ef (GPa)
 r (mm)
 Vm
 Vf
 �db (MPa)
 �f0 (MPa)
 Gi (J/m
2)
 lmcs (mm)
 lf (mm)
 �s Hsueh (MPa)
 �s ACK (MPa)
515-1
 400
 270
 7.5
 0.45
 0.47
 �2235
 �37.9
 19.2
 383
 240
 67.4
 8.94
515-2
 400
 270
 7.5
 0.34
 0.54
 �2089
 4.6
 12.0
 109
 367
 45.2
 10.48
530-5
 400
 270
 7.5
 0.39
 0.50
 �2352
 �23.8
 18.6
 172
 233
 21.9
 12.87
530-6
 400
 270
 7.5
 0.40
 0.46
 �2704
 �23.8
 25.1
 223
 222
 36.1
 10.56
530-7
 400
 270
 7.5
 0.39
 0.49
 �2744
 �37.9
 25.4
 313
 137
 34.8
 7.38
XC003
 400
 270
 7.5
 0.44
 0.45
 �1974
 �37.9
 17.6
 157
 181
 34.4
 21.25
XC005
 400
 270
 7.5
 0.56
 0.34
 �2159
 �23.8
 26.5
 220
 164
 44.0
 14.23
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where �i is the stress at the i-th loading step, tli is the
loading time to increase the stress from �i-1 to �i, and
�"ci is the creep strain increment during the i-th hold
time.
Tables 2 and 3 and Fig. 6 show the comparison

between the experimental energy absorbed in each test
and the predictions of the mechanistic model based on
the two methods used to compute �s. It is important to
notice that an unknown part of the external work turns
into kinetic energy during the final fracture, and that
this term should be added to the energy absorbed in the
mechanisms described above. Although this kinetic
energy has not been accounted for, the comparison is
deemed to be satisfactory for the two estimates of the
sliding stress, particularly if one bears in mind the scat-
ter of the measured properties at the micro-level and
that average values have been used in the predictions.
However, important differences appear between the
analyses based on the two estimates of �s if one con-
siders the contribution of the individual mechanisms to
the total damage (Table 4). When the sliding stress
given by Hsueh’s model is used, fibre pull-out and fibre-
matrix debonding appear to be the main mechanisms,
while the calculations based on the sliding stress
obtained with the ACK model predict that fibre–matrix
debonding is clearly the main damage mechanism. This
aspect highlights once more the critical effect of the
interfacial sliding stress. It is important to note that the
Table 2

Energy balance using the sliding stress obtained with Hsueh’s model (MJ/m3)
Sample
 U0
 U90
 Ud
 Uf
 UTD
 Vb
 UTDS
 UCD
 Utotal
 Utest
 Utotal/Utest
515-1
 0.104
 0.124
 0.480
 0.870
 1.578
 0.412
 0.650
 0.250
 0.900
 1.074
 0.84
515-2
 0.319
 0.402
 0.598
 0.052
 1.371
 0.360
 0.494
 1.010
 1.504
 1.379
 1.09
530-5
 0.221
 0.274
 2.161
 0.054
 2.710
 0.391
 1.059
 0.750
 1.809
 1.633
 1.11
530-6
 0.182
 0.226
 1.370
 0.001
 1.779
 0.421
 0.748
 0.420
 1.168
 0.989
 1.18
530-7
 0.124
 0.161
 1.045
 0.427
 1.757
 0.425
 0.747
 0.120
 0.867
 0.712
 1.22
XC003
 0.265
 0.297
 1.954
 0.012
 2.528
 0.420
 1.062
 0.036
 1.098
 1.151
 0.95
XC005
 0.225
 0.225
 1.041
 0.063
 1.554
 0.390
 0.606
 0.372
 0.978
 0.453
 2.16
Table 3

Energy balance using the sliding stress obtained with ACK model (MJ/m3)
Sample
 U0
 U90
 Ud
 Uf
 UTD
 Vb
 UTDS
 UCD
 Utotal
 Utest
 Utotal/Utest
515-1
 0.104
 0.124
 2.425
 0.116
 2.769
 0.412
 1.140
 0.250
 1.390
 1.074
 1.29
515-2
 0.319
 0.402
 1.729
 0.012
 2.462
 0.360
 0.886
 1.010
 1.896
 1.379
 1.37
530-5
 0.221
 0.274
 2.464
 0.032
 2.991
 0.391
 1.168
 0.750
 1.918
 1.633
 1.17
530-6
 0.182
 0.226
 3.106
 0.001
 3.515
 0.421
 1.478
 0.420
 1.898
 0.989
 1.92
530-7
 0.124
 0.161
 3.302
 0.091
 3.678
 0.425
 1.563
 0.120
 1.683
 0.712
 2.36
XC003
 0.265
 0.297
 2.117
 0.007
 2.686
 0.420
 1.128
 0.036
 1.164
 1.151
 1.01
XC005
 0.225
 0.225
 2.157
 0.020
 2.627
 0.390
 1.025
 0.372
 1.397
 0.453
 3.09
Fig. 6. Energy predicted by the model vs. energy absorbed in the test: (a) �s based on Hsueh’s model; (b) �s based on ACK.
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push-down tests have been performed at room tem-
perature and that during creep testing the sliding stress
is expected to be lower due to the existence of glassy
phases that reduce the friction at the fibre–matrix inter-
face. This aspect might explain that the energy predicted
by the model is higher than that actually absorbed in the
test. Nevertheless, the values of the sliding stress result-
ing from push-down tests appear to be more realistic
than those given by the ACK prediction. The sliding
stress has been observed to increase with the time of
exposure at high temperature.22 This is also the trend
found in the �s values calculated in this work, as indi-
cated earlier; however, the values given by the ACK
model (based on the matrix crack spacing, that does not
vary significantly during creep) do not follow this ten-
dency. These observations underline the need for tech-
niques to measure the in situ values of the interfacial
sliding stress during the tests at high temperature, in
combination with models and analyses that take into
account the influence of the transverse bundles (archi-
tecture effect).
6. Conclusions

A micromechanical model of energy absorption in the
high temperature creep deformation and fracture of a
SiC/C/SiC composite has been presented. The model
quantifies the influence of the mechanical and material
parameters and, in particular, is very sensitive to the
interfacial sliding stress. The effect of the sliding stress
on the contribution of the different energy absorbing
mechanisms in the creep fracture of CMCs has been
assessed. It is concluded that fibre–matrix debonding
and fibre pull-out are the most important damage
mechanisms. Actually, the energy absorbed in the dif-
ferent fracture mechanisms has its origin in the elastic
energy, which is released during the fracture process.
The model may be refined by partitioning the total
absorbed energy during the deformation and fracture
processes into its elastic and inelastic components, for
example via the evolution of the Young’s modulus,
which is widely recognised to be a good macroscopic
measure of damage during deformation.
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