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Abstract

The Young’s modulus, thermal expansion coefficient and fracture behavior of different ceramic phases in the Si—-B—C system have been determined
from room temperature up to 1200 °C using results of tests performed on matrix-dominated carbon fiber reinforced microcomposites by means of
a specific high temperature testing apparatus. Results have shown that the boron-rich materials had higher stresses to failure and thermal expansion
coefficients than silicon-rich materials whereas all the boron containing materials exhibited a viscoplastic time-dependant mechanical behavior
over 1000 °C. The thermoelastic values of the Si—-B—C based carbides thus obtained have been used to compute thermal residual stresses in model
composite systems, in view of understanding some results reported in the literature regarding the implantation of layered matrices in ceramic matrix

composites.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A new concept of self-healing and layered CVI-processed
ceramic matrix has been developed in order to increase the oxi-
dation resistance of continuous fiber-reinforced composites. '
These matrices are aimed at promoting both multiple crack devi-
ation and crack healing so that oxygen ingress is kept as far
as possible from the fibrous reinforcement when the composite
material is thermomechanically loaded in an aggressive environ-
ment. Improving the efficiency of such matrices while avoiding
many empirical trial tests has made necessary the setting up of
numerical models aimed at predicting some thermochemical and
thermomechanical properties of the layered composite materi-
als. In this respect, a first important step consists in obtaining
a precise knowledge of the basic properties of each material
constitutive of the layered matrix. Previous studies have shown
that materials in the Si—-B—C system are efficient to get a good
oxidation protection in a large temperature range, i.e. from
450 to 1500°C.3 Since most of the published works only deal
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with the improvement of the oxidation resistance of ceramic
matrix composites (CMC), no thermomechanical data are avail-
able regarding CVI-processed Si—B—C based ceramics, at the
exception of silicon carbide. The present study is thus aimed
at establishing some thermomechanical properties of various
Si-B-C based carbides, i.e. boron carbide B4C, materials of the
Si—B-C system with different boron contents, silicon carbide
SiC and boron-doped pyrolytic carbon B,C;_, further referred
to as C(B) in the text.

Since the CVI-processing and the characterization of free
standing ceramic materials is always a difficult task, an original
method, based on thermomechanical tests performed on matrix-
dominated carbon fiber/ceramic matrix microcomposites, has
been used to determine the Young’s modulus, rupture strength
and thermal expansion coefficient of each constituent of the lay-
ered matrix as a function of temperature. These properties have
been established by an inverse method using a specific test-
ing device previously custom made in our laboratory,*> which
allows to determine longitudinal Young’s modulus and longi-
tudinal thermal expansion coefficient of coated and uncoated
carbon fibers, from room temperature up to 1200 °C, under inert
atmosphere.
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A first simple application regarding the use of these experi-
mental data has then been undertaken through the computation
of the thermal residual stresses present from processing in some
CMC systems, especially those processed with a layered matrix.

2. Experimental procedure
2.1. Materials

The microcomposites were based on the use of a commercial
carbon fiber (XNOs from Nippon Graphite Fiber), whose char-
acteristics are well known and reported in Table 1. This fiber has
been selected because of its low Young’s modulus, its regular and
circular cross-section (easily measured by laser diffraction) and
its nearly isotropic characteristics. Such characteristics allow (i)
to emphasize the part played by the matrix in the global behav-
ior of the microcomposites and (ii) to minimize the calculation
uncertainties related to the fiber properties.

The various ceramic matrices were deposited, by chemical
vapor infiltration (CVI),® on carbon fibers previously mounted
on graphite racks. Besides a common CVI-SiC, two different
boron carbides, referred to as B4C(1) and B4C(2) were obtained
through the use of two different processing conditions, result-
ing in two slightly different chemical compositions (determined
using ESCA analysis), see Table 2. Similarly, two materials of
the Si—-B—C system were also processed, denoted as Si—-B—C(1)
and Si—B—C(2) in Table 2, where Si—-B—C(1) stands for the mate-
rial with the higher silicon content.

Raman spectroscopy as well as X-ray and TEM analysis
have also been performed on all the deposits in order to deter-
mine their microstructural organization. Results have shown
that, whereas silicon carbide appears to be crystallized (with
a faulted B structure), all the other deposits present an amor-
phous structure. The Raman spectra displayed in Fig. 1 clearly
shows that there was neither free silicon nor free aromatic car-
bon present in the silicon carbide and in the Si—-B—C(2) material.
Conversely, a limited amount of free carbon was evidenced in
the two B4C and in the Si—-B—C(1) material.

Microstructural observations performed by polarized light
optical microscopy on the C(B) material allowed to determine
the so-called extinction angle, Ae, which is representative of
the degree of anisotropy of the material.” The measured value
of 20° is characteristic of an important anisotropy similar to the
one usually observed in the case of a rough laminar pyrocarbon.?

Coating thicknesses and related matrix contents of the micro-
composites are also reported in Table 2. All the coatings proved

Table 2
Some physical characteristics of the microcomposites

Table 1

Characteristics of the pitch-based XNOS5 carbon fiber (Nippon Graphite Fiber)
Mean diameter (pm) t 10

Young’s modulus (GPa)'t 52 (£2)

Stress to failure (MPa) with Ly =50 mm'T 1060 (£175)

Resistivity (€2m)f 26 (£1) at RT

Conductivity (W m~ ! K-Hf 4

Longitudinal thermal expansion coefficient ~ 0.87 at 22°C

(x1076°CHff [8.47 x 1071077 —3.33 x
107972 +4.95 x 1073T
+7.61 x 10! from 22°C up
to 1600°C (T'in °C)

Density 't 1.61

T From supplier.
' After Sauder.’
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Fig. 1. Raman spectra of the different deposits.

to be reasonably regular in thickness along the gauge length of
the microcomposites.

Since high temperature properties were determined up to
1200 °C, i.e. above the processing temperature, samples were
systematically heat-treated prior to testing in order to avoid
any possible structural change related evolution of the mea-
sures. For a standard heat treatment performed at 1200 °C during
30 min under vacuum, both X-rays and Raman analysis did not
emphasize any noticeable structural change for the five ceramic
materials (B4C(1), B4C(2), Si-B-C(1), Si-B-C(2) and SiC).
Conversely, in the case of boron-doped carbon, a slight struc-
tural reorganization occurred, as evidenced by a decrease of the
mean distance between two successive graphitic planes (doo2)
and a slight increase of the lateral extension of the crystallites
(Lc), i.e. two parameters commonly used in the description of
carbon structures (Table 3). The orientation parameter Z (intro-

Si (at.%) B (at.%) C (at.%) Deposit thickness (um) Matrix volume ratio (average) (%)
B4C(1) - a b 2.9 (£0.4) 58
B4C(2) - a—4% b+4% 2.6 (£0.1) 56
Si-B-C(1) X y z 5(£0.7) 72
Si-B-C(2) x—31% y+35% 7—4% 4.5 (£0.7) 71
SiC 50 - 50 6.9 (£0.6) 81
C(B) - Few% 6.4 (£0.4) 82
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Table 3
Influence of a heat treatment on the structural parameters of the C(B) material
determined by X-ray analysis

dooa &)  Le(A)  Z()
C(B) 3.414 30.048 34.56
C(B) heat-treated during 30 min at 1200 °C 3.379 35.601 29.94

duced by Ruland® and defined as the width at half the maximum
intensity of the distribution function of the graphitic planes)
also decreased, meaning therefore that the orientation distribu-
tion of these graphitic planes along the deposit axis was less
scattered. Results obtained from Raman spectroscopy (Fig. 2)
evidenced a narrowing of the peaks subsequently to the heat
treatments, which confirms the trend towards a slight structural
reorganization.

Remark. Itisimportant of note that, as already mentioned, all
these microcomposites were processed in view of emphasizing
the behavior of the matrix. Thus, contrary to usual CMC systems
for which damage-related non-linearities are promoted along
with appreciable strength and moduli, the selected carbon fiber
has a low Young’s modulus, the fiber content was kept low and
no compliant coating was interposed between the fiber and the
matrix.

2.2. Thermomechanical testing

Tensile tests were performed from room temperature up to
1200 °C under secondary vacuum (<1O_3 Pa) on microcom-
posites with a gauge length of 50 mm, using a specific device
described elsewhere*> and schematically drawn in Fig. 3.

Samples were held between two graphite grips using a
carbon-based cement (C34 from Ucar). Tests were performed
up to rupture at a strain rate of 1% min~!. Strain measurements
were derived from grip displacement by using a compliance cal-
ibration technique that allows deformation of the load frame to
be taken into account. As previously mentioned, in order to avoid
possible microstructural changes occuring during the high tem-
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Fig. 2. Influence of a 1200 °C heat treatment on the Raman spectra of C(B).
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Fig. 3. Schematic diagram of the high temperature fiber testing apparatus.

perature tests, samples were maintained 30 min prior to testing
(i) at the testing temperature in the case of tensile tests and (ii) at
1200 °C in the case of thermal expansion measurements. These
last measurements were performed by applying and maintain-
ing constant during sample testing a very low stress onto the
microcomposites. The displacement which had to be applied
to maintain this imposed stress thus balanced the longitudinal
expansion of the sample induced by heating.

Specimen heating is obtained by the application of an elec-
tric current, which, in the case of a single carbon fiber, leads
to a uniform temperature being generated along the specimen.*
Computations of thermal distributions in the case of a silicon
carbide matrix microcomposite, established with a thermal con-
ductivity taken equal to 12Wm~!°C~! for SiC at 1200°C,'°
have shown that temperature gradient is of about 1 °C between
the surface and the heart of the microcomposite whereas its axial
component becomes negligible at a distance of less than 1 mm
from the cold grip (Fig. 4). Consequently, the C/SiC microcom-
posite appeared to be mostly uniform in temperature in the radial
as well as in the longitudinal direction and, although calculations
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Fig. 4. Calculated axial temperature profile at a microcomposite’s end (x rep-
resents the distance from the grip).
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were not made for the other microcomposites because of a lack
of data, it may be inferred that similar results would have been
obtained.

Young’s modulus and thermal expansion coefficient of the
various carbides were derived from the results of the ther-
momechanical tests performed on microcomposites, using the
well-known rule of mixtures as follows:

. E. — E¢V
E. = EfVi+ EVin whichleadsto E = v
m
(D
EnV, EtV,
0. = m VmOm + Er Vet which leads to
E.
E. — E¢fViar
= 2ele T SV )
EnVin

where E, is the microcomposite longitudinal Young’s modulus,
E¢ the fiber Young’s modulus, V¢ the fiber volume ratio, Ey, the
matrix Young’s modulus, Vi, the matrix volume ratio and «., o,
oy are thermal expansion coefficients of the microcomposite,
fiber and matrix (respectively).

Calculations, reported in Appendix A, have shown that, in the
present case of matrix dominated microcomposites, in terms of
volume ratio as well as longitudinal Young’s modulus, the rule
of mixtures represents an accurate solution of the exact Hashin’s
two cylinders model.!! This model is, besides, particularly well
suited to the microcomposites used in the present study since
it relies on the two basic hypothesis of (i) a perfect bonding
between the fiber and the matrix and (ii) two coaxial cylinders
with an infinite length. The interfacial bond is likely strong (and
therefore close to “perfection”) since tensile tests revealed a brit-
tle behavior without any fiber pullout, which is commonly the
case with ceramic matrix composites when no compliant inter-
facial coating and/or reaction product layer is present between
the fiber and the matrix.!?

The well-known Weibull’s model'3 was used for the descrip-
tion of the statistical distributions of failure strengths. In this
model, failure probability under a uniform stress state is given
by:

e ()2

Table 4
Mechanical characteristics at room temperature
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where m is the shape parameter (often referred to as the Weibull
modulus), o, the scale factor, V the microcomposite volume
under stress, V,, the reference volume (set at V, =1 mm? in the
present study) and o is the applied stress.

Probabilities of failure were determined using ranking statis-
tics. Ordering the failure data from smallest to largest and
assigning a ranking number i, the probabilities of failure were
then assigned by:

_(i—0.5)

P;
N

: “
where N is the total number of specimens.

The statistical parameters were then extracted from strength
distributions using the conventional Weibull linear regression
estimator.

Rupture stress of brittle materials is sensitive to scale effects.
This is related to randomly distributed flaws with varying types
and sizes in the material. These effects were described by the
following equation, directly derived from Eq. (3).

W) ®
or(V) — \V/

where V and V' are two different volumes under stress.

3. Results and discussion
3.1. Tensile tests at room temperature

Mechanical characteristics of the different matrices derived
from the tests performed in tension at room temperature are
summarized in Table 4, in which Ey, 0rRm, €rm represent the
Young’s modulus, the stress to failure and the strain to failure of
the matrix, respectively. op ., and e, refer to normalized failure
data, obtained through the use of Eq. (5), for a unique volume
V' taken equal to 0.01 mm?>.

Since all the microcomposites behaved in a brittle manner, a
noticeable scattering of the failure stresses was always observed.
Statistical distributions of strength data were thus determined on
batches of about 20 test specimens using the Weibull’s model
briefly described in the previous section. Obtained results, plot-
ted under a classical Weibull’s diagram (Fig. 5), gave access to

C(B) B4C(1) B4C(2) Si-B-C(1) Si-B-C(2) SiC
Microcomposite’s failure stress (MPa) 526 (46) 594 (83) 656 (130) 568 (122) 636 (82) 497 (124)
Average matrix volume V (mm?3)? 0.0158 0.0063 0.0049 0.0123 0.0112 0.0194
E., (GPa) 48 (2) 442 (16) 419 (23) 355 (16) 373 (15) 416 (12)
orm (MPa) 517 (46) 951 (133) 1022 (155) 748 (153) 853 (125) 595 (148)
&Rm (%) 1.09 (0.09) 0.21 (0.03) 0.25 (0.05) 0.21 (0.04) 0.23 (0.03) 0.14 (0.03)
m 134 8.4 7.9 5.5 8.1 4.6
0, (MPa) 394 553 553 360 521 278
ORm (MPa)® 535 900 933 776 865 687
€Rm (%)° 1.11 0.20 0.22 0.21 0.23 0.16

Values in parenthesis indicate standard deviation.
4 Calculated from Table 2.
b For a matrix volume V' =0.01 mm>.
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Fig. 5. Weibull diagram for all the deposits.

the Weibull modulus m and to the scale factor o, (for the retained
reference volume V,, of 1 mm3).

The Weibull modulus represents the degree of scattering of
the fracture data. High values of Weibull modulus are usually
related to flaws which are homogeneous in size and well dis-
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tributed in the material. Conversely, low values are related to
flaws which are more scattered in their size and their distribution.
It seems therefore that high boron containing materials (B-C,
B4C(1), B4C(2) and Si-B—C(2)) have less critical flaws than
high silicon containing materials (SiC, Si-B—C(1)). Normalized
failure data also derived from the tests corroborate these trends.

Not surprisingly, the compliant boron-doped pyrocarbon
C(B) material falls apart from this description, i.e. its Weibull
modulus has the highest value whereas its failure stress is the
lowest. In fact, the lower failure stress is a direct consequence
of the low value of the longitudinal Young’s modulus, but its
remarkably high strain to rupture (i.e. about five times that
of the other materials) tends to corroborate the high Weibull
modulus: this material, as commonly observed with rough lam-
inar pyrocarbon, is less brittle and flaw sensitive than ceramic
materials. '

3.2. Tensile tests at high temperature

Fig. 6 shows the evolution of the stress—strain curves of some
of the different microcomposites investigated, as a function of
temperature. It should be mentioned that, in contrast with the
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Fig. 6. Evolution of stress—strain curves as a function of temperature for (a) SiC, (b) B4C(2), (c) Si-B—C(1) and (d) C(B).



3556 A. Michaux et al. / Journal of the European Ceramic Society 27 (2007) 3551-3560

250 -

== e

E (GPa)

200-| —A— B4C(2)  f-o-deoo-looio_.
150 |

100 +

1

: T T T T T
0 200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 7. Young’s modulus evolution as a function of temperature.

previous analysis performed at room temperature, no statistical
study has been made regarding high temperature values of the
stress to failure. Consequently, no comparison could be made
in terms of failure strengths. All the microcomposites exhibit a
linear-elastic and brittle behavior from room temperature up to
1000 °C. Over this temperature, i.e. at 1200 °C, and except for
the silicon carbide matrix microcomposite, all the other micro-
composites exhibit a non-linear behavior. As there is obviously
no possibility for multicracking of the matrix (the fiber volume
ratio is too low), this non-linearity has to be attributed to a vis-
coplastic and/or a viscoelastic behavior. Such a time-dependent
behavior can then be related to a time-dependent phenomenon
present within the fiber, the interface or the matrix. The influ-
ence of the fiber should be excluded because (i) the matrix drives
the microcomposite behavior and (ii) the C/SiC microcompos-
ite remains linear at 1200 °C. Interface sliding also seems to be
excluded because of the likely strong bonding present between
the fiber and the matrix. Consequently, it seems that the time-
dependent behavior observed at 1200 °C has to be related to the
matrix and more precisely to the amorphous boron phases.

Fig. 7 displays, for each constituent, the evolution of the
Young’s modulus as a function of temperature. For all the
deposits but C(B), the Young’s modulus decreases in a con-
stant manner with an increase in temperature, which has to be
classically related to the progressive weakening of the chemi-
cal bonds. Conversely, boron-doped carbon presents a relatively
stable modulus up to 800 °C, and then increases continuously
at higher temperatures. This increase may be related to a better
structural organization and, above all, to a better orientation of
the graphitic planes along the deposit axis.

3.3. Thermal expansion coefficients

It may be seen, from Fig. 8, that, for all the studied mate-
rials, the thermal expansion coefficients of the various ceramic
materials classically increase with temperature. However, it also
appears that the CTE values of the boron-rich materials (B4C(1),
B4C(2), Si-B—C(2)) are systematically higher than these of the
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Fig. 8. Evolution of the thermal expansion coefficient as a function of temper-
ature.

silicon-rich materials (Si—-B—C(1)), SiC). More investigations
need to be performed in order to fully understand this last result.

The CTE values obtained for the boron-doped carbon have
been compared with those of different pyrocarbon previously
obtained by using the same determination method.* The CTE of
C(B) thus appeared to be very close to the one of a laminar rough
pyrocarbon, which confirms the optical observations performed
on the anisotropic texture.

3.4. Thermal residual stresses

As mentioned in Section 1, a first simple application regard-
ing the use of these experimental data is the computation of
the thermal residual stresses present from processing in some
carbon fiber reinforced ceramic matrix composites. As a matter
of fact, residual stresses are usually present in high tempera-
ture processed composites (i.e. not only CMC) because of the
coefficient of thermal expansion mismatch existing between the
reinforcement and the matrix. This is particularly true in the
case of carbon fiber reinforced CMC for which this mismatch is
quite noticeable. Thus, CVI-processed C/SiC materials, either as
1D model composites '3 or as 2D woven composites, ' although
possessing a thick compliant carbon interphase, always proved
to contain matrix microcracks after processing. Conversely, it
appears from the works of Lackey et al.'” and Lamouroux et
al.! that, when similar ex-PAN carbon fibers were coated with a
multilayered matrix (C/[C/SiC], and C/[C(B)/B4C/C(B)/SiC],
composites, respectively), no cracks were present in the matrix
after processing, at least in the case of 1D model composites for
the later study.

Computations of thermal residual stresses have been per-
formed on multilayered microcomposites, using the model
developed by Warwick and Clyne,'® which constitutes an
improvement of the one previously developed by Mikata and
Taya.!® This model is based on few basic hypothesis, largely
similar to those used in the Hashin’s two cylinders model, which
are: (i) the microcomposite is supposed to be symmetric along its
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axis and infinite in length, (ii) interfacial bondings are supposed
to be perfect, (iii) the different phases (of finite thickness) are
supposed to be isotropic or transversely isotropic (along z-axis)
and to behave in a linear elastic manner and (iv) the temperature
inside the microcomposite is supposed to be uniform.

Calculations have taken into account experimentally deter-
mined evolutions of the thermomechanical characteristics of
each constituent as a function of temperature. Regarding the
isotropic ceramic materials (i.e. B4C(1), B4C(2), Si-B-C(1),
Si—B-C(2) and SiC), the temperature-related evolution of their
Young’s modulus and thermal expansion coefficient was fit-
ted by a polynomial regression of the experimental points (see
Figs. 7 and 8). Conversely, since Poisson’s ratio were not experi-
mentally measured, their values were all setequal to 0.2, which is
an average of the various values found in the literature. Calcula-
tions were performed on model microcomposite systems based
on an ex-PAN carbon fiber. This kind of fiber and the boron-
doped carbon have a markedly transverse isotropic symmetry
and, since only the longitudinal thermoelastic coefficients were
determined experimentally, the remaining coefficients were also
taken from the literature. The choice of the ex-PAN fiber
was retained in a view of mimicking the two multilayered-
matrix composites previously mentioned. Comparisons have
been made with a standard SiC monolayer microcomposite with
a C(B) interphase, further referred to as C/C(B)/SiC. All the
calculations were performed on microcomposite systems pos-
sessing a total thickness of compliant C(B) material and ceramic
constituents of 0.4 and 2.8 wm, respectively. The simulated pro-
cessing temperature was set at 1000 °C, which allows to always
remain elastic whatever the material considered.

Of course, the stresses predicted by this simple model based
on coaxial cylinders with perfect bonding do not exactly cor-
respond to the stresses present in a real composite since (i) no
account is taken of the constraint of the surrounding material and
of the interactions with other fibers?® and (ii) interfacial bond-
ing between each layer are certainly not perfect. Nevertheless,
if one considers that (i) some input values were not experimen-
tally measured but only extrapolated and (ii) the requested goal
was to clarify some results reported in the literature, it may be
inferred that this simple model is largely sufficient to qualita-
tively interpret results obtained from computations performed
on microcomposite systems to real 1D or 2D composites.

Computations of radial and axial residual stresses have shown
that, whatever the matrix, (i) the carbon fiber is in radial ten-
sion and in axial compression, whereas (ii) the matrix is always
in radial tension, which implies a tendency towards debonding
at the interface. Figs. 9 and 10 display the calculated residual
stresses for a C/C(B)/SiC and a C/[C(B)/SiC]4 microcompos-
ite, respectively. As already mentioned, the multilayered system
is directly inspired from the work of Lackey et al.,!” who stud-
ied CVI-processed 2D C/[C/SiC],, composites and, among other
results, observed that no cracks were present in the matrix after
processing. It appears from the results displayed in Figs. 9 and 10
that, if the repartition of the compliant C(B) material inside the
matrix mainly creates slight stress discontinuities, conversely,
the overall tensile stress level of the matrix remains nearly
unchanged. Consequently, the reported observation that the mul-
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Fig. 9. Calculated residual stress distribution of a C/C(B)/SiC microcomposite
cooled from 1000 °C to room temperature.

tilayered system was undamaged after processing has likely to
be related to the fact that a regular repartition of the compli-
ant interphase in the matrix results in thinner ceramics layers.
Therefore, if one considers the scale effect already described for
brittle materials, higher rupture stress and thus a better resistance
to thermal residual stresses should be expected for these thinner
layers.

In order to improve oxidation resistance of carbon-fiber com-
posites, Lamouroux et al.!-> developed a multilayered matrix of
the type [C(B)/B4C/C(B)/SiC],. Results of the computed resid-
ual stresses present in a carbon fiber microcomposite with such
a matrix are shown in Fig. 11. These results clearly show that,
at least for the thicknesses retained in this computation, the
B4C layer and the SiC layer are in a different state of axial
tension or compression, which leads to the presence of sud-
den rises (and drops) in the stress distribution. The mechanical
tests that were performed in tension, at room temperature, on
composites made with these two multilayered matrices have
pointed out different behaviors. Indeed, if no crack deviation
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Fig. 10. Calculated residual stress distribution of a C/(C(B)/SiC)4 microcom-
posite cooled from 1000 °C to room temperature.
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Fig. 12. SEM  micrograph  showing crack deviation in a
C/[C(B)/B4C/C(B)/SiC],, minicomposite tensile tested at room temperature.

was explicitly reported by Lackey et al. with their 2D C/[C/SiC],
composite, such deviations were systematically observed in the
case of C/[C(B)/B4C/C(B)/SiC], composites (Fig. 12), either
as 2D or 1D model materials.>?! It may thus be inferred that
the step-like stress distribution created by the alternation of
ceramic layers of different nature is likely to favor microc-
rack deviation between each layer. Of course, care should be
taken with this rough interpretation of results since residual
stresses and load stresses may have a distinct influence on the
thermomechanical properties. Besides, as already discussed, a
truly quantitative assessment of the thermal residual stresses
present in the aforementioned composite systems would indeed

EL = fEr+ (1 — f)Em +

require the use of homogenisation methods and the considera-
tion of imperfect bonding between each layer, which is beyond
the scope of this paper. Nevertheless, it is very likely that, at
least inside the fiber bundles, computed results should not be
fundamentally different from a qualitative point of view.

4. Conclusions

An original method, based on thermomechanical tests per-
formed on CVI-processed carbon fiber/Si—-B—C based ceramic
matrix microcomposites, has been used to determine the Young’s
modulus, rupture strength and thermal expansion coefficient of
the various ceramic matrices as a function of temperature.

Results have allowed to point out two groups of materials as
a function of their chemical composition. Boron-rich materials
(B4C(1), B4C(2), Si-B—C(2)) have stresses to failure (at room
temperature) higher than silicon-rich materials (Si—-B—C(1)),
SiC) as well as higher thermal expansion coefficients. The anal-
ysis of these results led to conclude that this last family of
materials likely has critical flaws more scattered in their size and
their distribution. Conversely, all the boron-containing materi-
als proved to have a time-dependant mechanical behavior over
1000 °C, which was attributed to the presence of amorphous
boron phases.

Finally, the measured thermoelastic values of the ceramic
materials have been used to calculate thermal residual stresses
in model systems using a layered matrix. These computations
have helped to understand some results reported in the literature
regarding CVI-processed CMC made of carbon fibers embedded
in a layered matrix. Of particular interest was the evidence of
an important step-like distribution of the axial residual stresses
created by the alternation of ceramic matrix layers of different
nature which is believed to have favorably influenced the devi-
ation of matrix cracking inside one of these composite systems.

Acknowledgements

This work was supported by CNRS, Snecma Propulsion
Solide and CEA. One of the authors (A.M.) is grateful to CNRS
and Snecma Propulsion Solide for support in the form of a
research grant. Pr E. Martin (from Bordeaux University) is also
gratefully acknowledged for his help in the computation of the
thermal residual stresses model.

Appendix A

An accurate and analytical solution establishing the elas-
tic constants of a two concentric cylinders material (i.e. a
microcomposite) has been given by Hashin.! When the two
constituents are both isotropic, this solution reads as follows:

4f(1 — f)vr — vm)?

2f((1 =2vmn)(1 + vn))/(Em) + 2(1 + vm)/(Em) + (1 — )/ K¢

(AD)

S = Pt = vm)2(A = 2vm)(1 + vm))/(Em) — (1/K¢))

vir = for+ 0 = fHvm +

2f((1 = 2vm)( + vm))/(Em) + 2(1 + vi)/(Em) + (1 — f)/ K
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where Ep, and vt are the longitudinal Young’s modulus and
Poisson’s ratio of the microcomposite, whereas Ky stands for the
transverse bulk modulus of the fiber which, in case of isotropy,
writes:

201 = 2vp(1 + vp)

K¢ (A2)
frepresents the fiber volume ratio.
The following basic hypothesis were retained:

- the microcomposites were supposed to be infinite in length;
- in any case, the bonding between the fiber and the matrix was
supposed to be perfect.

In the present study, the first hypothesis was approximately
verified since all the microcomposites sections were always
much smaller than their lengths. Besides, the interfacial bond
were always likely strong (and therefore close to “perfection”)
since (i) there was no interphase interposed between the fiber
and the matrix and (ii) in any case, tensile tests revealed a brittle
behavior without any fiber pullout.

Eq. (A1) constitutes a system of two non-linear equations
with two unknown parameters, the Young’s modulus Ey, and the
Poisson’s ratio vy, of the matrix, which can be solved numeri-
cally, e.g. with a Newton—Raphson’s method (of course once the
values of the parameters related to the fiber and the microcom-
posite have been experimentally obtained).

However, numerous authors emphasize that, in the case of
fibers having stiffnesses higher than that of the matrix, the third
terms of each equation may be neglected, leading thus to the
usual rule of mixtures. This rule of mixtures was directly used
in the present work, mainly because the Poisson’s ratio of the
minicomposites could not be accurately measured (this diffi-
cult task remains an open experimental question in the case of
small diameter samples). Nevertheless, since the various stud-
ied ceramic matrices were all stiffer than the fiber, the relative
importance of the third terms had to be subsequently estimated.
Calling C(f) the third term of the first of the two equations of the
system (A1), one has:

EL(f) = fEs+ A — fHEm + C(f) (A3)
with

_ N2
() 410 — fHve — vm) (Ad)

" 241 = 20m)(1 + )/ (Emn)
+2(1 + vi)/(Em) + (1 — f)/K¢

The relative importance of the neglected term may then
be given by the ratio C(f)/EL(f), which was thus systemati-
cally calculated. Fig. 13 displays the evolution of the ratio
C(H/EL(f) determined as a function of the fiber volume ratio f,
in the case of a SiC matrix microcomposite, using the following
values:

v =03 E;f=52GPa
vm = 0.2  Ep =416 GPa (for SiC)

0,45
0,4

0,35

C(f) / EL(f) (%)

o
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1
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Fig. 13. Evolution of the ratio C(f)/EL(f) as a function of the fiber volume ratio
fin the case of a SiC matrix microcomposite.

It may be seen that, whatever the value taken by f, this ratio
remains very small. Consequently, one may conclude that using
the rule of mixtures was indeed an accurate approximation.
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