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bstract

he Young’s modulus, thermal expansion coefficient and fracture behavior of different ceramic phases in the Si–B–C system have been determined
rom room temperature up to 1200 ◦C using results of tests performed on matrix-dominated carbon fiber reinforced microcomposites by means of
specific high temperature testing apparatus. Results have shown that the boron-rich materials had higher stresses to failure and thermal expansion
oefficients than silicon-rich materials whereas all the boron containing materials exhibited a viscoplastic time-dependant mechanical behavior

ver 1000 ◦C. The thermoelastic values of the Si–B–C based carbides thus obtained have been used to compute thermal residual stresses in model
omposite systems, in view of understanding some results reported in the literature regarding the implantation of layered matrices in ceramic matrix
omposites.

2007 Elsevier Ltd. All rights reserved.

sis; C

w
m
a
e
a
S
S
S
t

s
m
d
b
a
e

eywords: Carbides; Mechanical properties; Thermal expansion; Failure analy

. Introduction

A new concept of self-healing and layered CVI-processed
eramic matrix has been developed in order to increase the oxi-
ation resistance of continuous fiber-reinforced composites.1,2

hese matrices are aimed at promoting both multiple crack devi-
tion and crack healing so that oxygen ingress is kept as far
s possible from the fibrous reinforcement when the composite
aterial is thermomechanically loaded in an aggressive environ-
ent. Improving the efficiency of such matrices while avoiding
any empirical trial tests has made necessary the setting up of

umerical models aimed at predicting some thermochemical and
hermomechanical properties of the layered composite materi-
ls. In this respect, a first important step consists in obtaining
precise knowledge of the basic properties of each material

onstitutive of the layered matrix. Previous studies have shown

hat materials in the Si–B–C system are efficient to get a good
xidation protection in a large temperature range, i.e. from
50 to 1500 ◦C.3 Since most of the published works only deal
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arbon fibre

ith the improvement of the oxidation resistance of ceramic
atrix composites (CMC), no thermomechanical data are avail-

ble regarding CVI-processed Si–B–C based ceramics, at the
xception of silicon carbide. The present study is thus aimed
t establishing some thermomechanical properties of various
i–B–C based carbides, i.e. boron carbide B4C, materials of the
i–B–C system with different boron contents, silicon carbide
iC and boron-doped pyrolytic carbon BxC1−x further referred

o as C(B) in the text.
Since the CVI-processing and the characterization of free

tanding ceramic materials is always a difficult task, an original
ethod, based on thermomechanical tests performed on matrix-

ominated carbon fiber/ceramic matrix microcomposites, has
een used to determine the Young’s modulus, rupture strength
nd thermal expansion coefficient of each constituent of the lay-
red matrix as a function of temperature. These properties have
een established by an inverse method using a specific test-
ng device previously custom made in our laboratory,4,5 which

llows to determine longitudinal Young’s modulus and longi-
udinal thermal expansion coefficient of coated and uncoated
arbon fibers, from room temperature up to 1200 ◦C, under inert
tmosphere.

mailto:camus@lcts.u-bordeaux1.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.12.006
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Table 1
Characteristics of the pitch-based XNO5 carbon fiber (Nippon Graphite Fiber)

Mean diameter (�m) † 10
Young’s modulus (GPa)†† 52 (±2)
Stress to failure (MPa) with L0 = 50 mm†† 1060 (±175)
Resistivity (�m)†† 26 (±1) at RT
Conductivity (W m−1 K−1)† 4
Longitudinal thermal expansion coefficient
(×10−6 ◦C−1)††

0.87 at 22 ◦C
[8.47 × 10−10T3 − 3.33 ×
10−6T2 + 4.95 × 10−3T
+ 7.61 × 10−1] from 22 ◦C up
to 1600 ◦C (T in ◦C)

Density†† 1.61

† From supplier.
†† After Sauder.5
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A first simple application regarding the use of these experi-
ental data has then been undertaken through the computation

f the thermal residual stresses present from processing in some
MC systems, especially those processed with a layered matrix.

. Experimental procedure

.1. Materials

The microcomposites were based on the use of a commercial
arbon fiber (XNO5 from Nippon Graphite Fiber), whose char-
cteristics are well known and reported in Table 1. This fiber has
een selected because of its low Young’s modulus, its regular and
ircular cross-section (easily measured by laser diffraction) and
ts nearly isotropic characteristics. Such characteristics allow (i)
o emphasize the part played by the matrix in the global behav-
or of the microcomposites and (ii) to minimize the calculation
ncertainties related to the fiber properties.

The various ceramic matrices were deposited, by chemical
apor infiltration (CVI),6 on carbon fibers previously mounted
n graphite racks. Besides a common CVI-SiC, two different
oron carbides, referred to as B4C(1) and B4C(2) were obtained
hrough the use of two different processing conditions, result-
ng in two slightly different chemical compositions (determined
sing ESCA analysis), see Table 2. Similarly, two materials of
he Si–B–C system were also processed, denoted as Si–B–C(1)
nd Si–B–C(2) in Table 2, where Si–B–C(1) stands for the mate-
ial with the higher silicon content.

Raman spectroscopy as well as X-ray and TEM analysis
ave also been performed on all the deposits in order to deter-
ine their microstructural organization. Results have shown

hat, whereas silicon carbide appears to be crystallized (with
faulted � structure), all the other deposits present an amor-

hous structure. The Raman spectra displayed in Fig. 1 clearly
hows that there was neither free silicon nor free aromatic car-
on present in the silicon carbide and in the Si–B–C(2) material.
onversely, a limited amount of free carbon was evidenced in

he two B4C and in the Si–B–C(1) material.
Microstructural observations performed by polarized light

ptical microscopy on the C(B) material allowed to determine
he so-called extinction angle, Ae, which is representative of
he degree of anisotropy of the material.7 The measured value

f 20◦ is characteristic of an important anisotropy similar to the
ne usually observed in the case of a rough laminar pyrocarbon.8

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

m
a
(
c

able 2
ome physical characteristics of the microcomposites

Si (at.%) B (at.%) C (at.%)

4C(1) – a b

4C(2) – a − 4% b + 4%
i–B–C(1) x y z
i–B–C(2) x − 31% y + 35% z − 4%
iC 50 – 50
(B) – Few%
Fig. 1. Raman spectra of the different deposits.

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

Since high temperature properties were determined up to
200 ◦C, i.e. above the processing temperature, samples were
ystematically heat-treated prior to testing in order to avoid
ny possible structural change related evolution of the mea-
ures. For a standard heat treatment performed at 1200 ◦C during
0 min under vacuum, both X-rays and Raman analysis did not
mphasize any noticeable structural change for the five ceramic
aterials (B4C(1), B4C(2), Si–B–C(1), Si–B–C(2) and SiC).
onversely, in the case of boron-doped carbon, a slight struc-

ural reorganization occurred, as evidenced by a decrease of the
ean distance between two successive graphitic planes (d0 0 2)
nd a slight increase of the lateral extension of the crystallites
LC), i.e. two parameters commonly used in the description of
arbon structures (Table 3). The orientation parameter Z (intro-

Deposit thickness (�m) Matrix volume ratio (average) (%)

2.9 (±0.4) 58
2.6 (±0.1) 56
5 (±0.7) 72
4.5 (±0.7) 71
6.9 (±0.6) 81
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

d0 0 2 (Å) Lc (Å) Z (◦)

C
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(B) 3.414 30.048 34.56
(B) heat-treated during 30 min at 1200 ◦C 3.379 35.601 29.94

uced by Ruland9 and defined as the width at half the maximum
ntensity of the distribution function of the graphitic planes)
lso decreased, meaning therefore that the orientation distribu-
ion of these graphitic planes along the deposit axis was less
cattered. Results obtained from Raman spectroscopy (Fig. 2)
videnced a narrowing of the peaks subsequently to the heat
reatments, which confirms the trend towards a slight structural
eorganization.

emark. It is important of note that, as already mentioned, all
hese microcomposites were processed in view of emphasizing
he behavior of the matrix. Thus, contrary to usual CMC systems
or which damage-related non-linearities are promoted along
ith appreciable strength and moduli, the selected carbon fiber
as a low Young’s modulus, the fiber content was kept low and
o compliant coating was interposed between the fiber and the
atrix.

.2. Thermomechanical testing

Tensile tests were performed from room temperature up to
200 ◦C under secondary vacuum (<10−3 Pa) on microcom-
osites with a gauge length of 50 mm, using a specific device
escribed elsewhere4,5 and schematically drawn in Fig. 3.

Samples were held between two graphite grips using a
arbon-based cement (C34 from Ucar). Tests were performed
p to rupture at a strain rate of 1% min−1. Strain measurements

ere derived from grip displacement by using a compliance cal-

bration technique that allows deformation of the load frame to
e taken into account. As previously mentioned, in order to avoid
ossible microstructural changes occuring during the high tem-

ig. 2. Influence of a 1200 ◦C heat treatment on the Raman spectra of C(B).

t
c
f
p
a

F
r

ig. 3. Schematic diagram of the high temperature fiber testing apparatus.

erature tests, samples were maintained 30 min prior to testing
i) at the testing temperature in the case of tensile tests and (ii) at
200 ◦C in the case of thermal expansion measurements. These
ast measurements were performed by applying and maintain-
ng constant during sample testing a very low stress onto the

icrocomposites. The displacement which had to be applied
o maintain this imposed stress thus balanced the longitudinal
xpansion of the sample induced by heating.

Specimen heating is obtained by the application of an elec-
ric current, which, in the case of a single carbon fiber, leads
o a uniform temperature being generated along the specimen.4

omputations of thermal distributions in the case of a silicon
arbide matrix microcomposite, established with a thermal con-
uctivity taken equal to 12 W m−1 ◦C−1 for SiC at 1200 ◦C,10

ave shown that temperature gradient is of about 1 ◦C between
he surface and the heart of the microcomposite whereas its axial

omponent becomes negligible at a distance of less than 1 mm
rom the cold grip (Fig. 4). Consequently, the C/SiC microcom-
osite appeared to be mostly uniform in temperature in the radial
s well as in the longitudinal direction and, although calculations

ig. 4. Calculated axial temperature profile at a microcomposite’s end (× rep-
esents the distance from the grip).
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ere not made for the other microcomposites because of a lack
f data, it may be inferred that similar results would have been
btained.

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

c = EfVf + EmVm which leads to Em = Ec − EfVf

Vm
(1)

αc = EmVmαm + EfVfαf

Ec
which leads to

m = αcEc − EfVfαf

EmVm
(2)

here Ec is the microcomposite longitudinal Young’s modulus,
f the fiber Young’s modulus, Vf the fiber volume ratio, Em the
atrix Young’s modulus, Vm the matrix volume ratio and αc, αf,

m are thermal expansion coefficients of the microcomposite,
ber and matrix (respectively).

Calculations, reported in Appendix A, have shown that, in the
resent case of matrix dominated microcomposites, in terms of
olume ratio as well as longitudinal Young’s modulus, the rule
f mixtures represents an accurate solution of the exact Hashin’s
wo cylinders model.11 This model is, besides, particularly well
uited to the microcomposites used in the present study since
t relies on the two basic hypothesis of (i) a perfect bonding
etween the fiber and the matrix and (ii) two coaxial cylinders
ith an infinite length. The interfacial bond is likely strong (and

herefore close to “perfection”) since tensile tests revealed a brit-
le behavior without any fiber pullout, which is commonly the
ase with ceramic matrix composites when no compliant inter-
acial coating and/or reaction product layer is present between
he fiber and the matrix.12

The well-known Weibull’s model13 was used for the descrip-
ion of the statistical distributions of failure strengths. In this

odel, failure probability under a uniform stress state is given

y:

= 1 − exp

[
−

(
V

Vo

) (
σ

σo

)m]
, (3)

S
b
b
t

able 4
echanical characteristics at room temperature

C(B) B4C(1)

icrocomposite’s failure stress (MPa) 526 (46) 594 (83)
verage matrix volume V (mm3)a 0.0158 0.0063

m (GPa) 48 (2) 442 (16)

Rm (MPa) 517 (46) 951 (133)

Rm (%) 1.09 (0.09) 0.21 (0.03)
13.4 8.4

o (MPa) 394 553
′
Rm (MPa)b 535 900
′
Rm (%)b 1.11 0.20

alues in parenthesis indicate standard deviation.
a Calculated from Table 2.
b For a matrix volume V′ = 0.01 mm3.
eramic Society 27 (2007) 3551–3560

here m is the shape parameter (often referred to as the Weibull
odulus), σo the scale factor, V the microcomposite volume

nder stress, Vo the reference volume (set at Vo = 1 mm3 in the
resent study) and σ is the applied stress.

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

i = (i − 0.5)

N
, (4)

here N is the total number of specimens.
The statistical parameters were then extracted from strength

istributions using the conventional Weibull linear regression
stimator.

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

σ′
R(V ′)

σR(V )
=

(
V

V ′

)1/m

(5)

here V and V′ are two different volumes under stress.

. Results and discussion

.1. Tensile tests at room temperature

Mechanical characteristics of the different matrices derived
rom the tests performed in tension at room temperature are
ummarized in Table 4, in which Em, σRm, εRm represent the
oung’s modulus, the stress to failure and the strain to failure of

he matrix, respectively. σ′
Rm and ε′

Rm refer to normalized failure
ata, obtained through the use of Eq. (5), for a unique volume
′ taken equal to 0.01 mm3.

Since all the microcomposites behaved in a brittle manner, a
oticeable scattering of the failure stresses was always observed.

tatistical distributions of strength data were thus determined on
atches of about 20 test specimens using the Weibull’s model
riefly described in the previous section. Obtained results, plot-
ed under a classical Weibull’s diagram (Fig. 5), gave access to

B4C(2) Si–B–C(1) Si–B–C(2) SiC

656 (130) 568 (122) 636 (82) 497 (124)
0.0049 0.0123 0.0112 0.0194
419 (23) 355 (16) 373 (15) 416 (12)
1022 (155) 748 (153) 853 (125) 595 (148)
0.25 (0.05) 0.21 (0.04) 0.23 (0.03) 0.14 (0.03)
7.9 5.5 8.1 4.6
553 360 521 278
933 776 865 687
0.22 0.21 0.23 0.16
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Fig. 5. Weibull diagram for all the deposits.

he Weibull modulus m and to the scale factor σo (for the retained

eference volume Vo of 1 mm3).

The Weibull modulus represents the degree of scattering of
he fracture data. High values of Weibull modulus are usually
elated to flaws which are homogeneous in size and well dis-

o
t

Fig. 6. Evolution of stress–strain curves as a function of tempera
eramic Society 27 (2007) 3551–3560 3555

ributed in the material. Conversely, low values are related to
aws which are more scattered in their size and their distribution.
t seems therefore that high boron containing materials (B-C,
4C(1), B4C(2) and Si–B–C(2)) have less critical flaws than
igh silicon containing materials (SiC, Si–B–C(1)). Normalized
ailure data also derived from the tests corroborate these trends.

Not surprisingly, the compliant boron-doped pyrocarbon
(B) material falls apart from this description, i.e. its Weibull
odulus has the highest value whereas its failure stress is the

owest. In fact, the lower failure stress is a direct consequence
f the low value of the longitudinal Young’s modulus, but its
emarkably high strain to rupture (i.e. about five times that
f the other materials) tends to corroborate the high Weibull
odulus: this material, as commonly observed with rough lam-

nar pyrocarbon, is less brittle and flaw sensitive than ceramic
aterials.14

.2. Tensile tests at high temperature
Fig. 6 shows the evolution of the stress–strain curves of some
f the different microcomposites investigated, as a function of
emperature. It should be mentioned that, in contrast with the

ture for (a) SiC, (b) B4C(2), (c) Si–B–C(1) and (d) C(B).
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Fig. 7. Young’s modulus evolution as a function of temperature.

revious analysis performed at room temperature, no statistical
tudy has been made regarding high temperature values of the
tress to failure. Consequently, no comparison could be made
n terms of failure strengths. All the microcomposites exhibit a
inear-elastic and brittle behavior from room temperature up to
000 ◦C. Over this temperature, i.e. at 1200 ◦C, and except for
he silicon carbide matrix microcomposite, all the other micro-
omposites exhibit a non-linear behavior. As there is obviously
o possibility for multicracking of the matrix (the fiber volume
atio is too low), this non-linearity has to be attributed to a vis-
oplastic and/or a viscoelastic behavior. Such a time-dependent
ehavior can then be related to a time-dependent phenomenon
resent within the fiber, the interface or the matrix. The influ-
nce of the fiber should be excluded because (i) the matrix drives
he microcomposite behavior and (ii) the C/SiC microcompos-
te remains linear at 1200 ◦C. Interface sliding also seems to be
xcluded because of the likely strong bonding present between
he fiber and the matrix. Consequently, it seems that the time-
ependent behavior observed at 1200 ◦C has to be related to the
atrix and more precisely to the amorphous boron phases.
Fig. 7 displays, for each constituent, the evolution of the

oung’s modulus as a function of temperature. For all the
eposits but C(B), the Young’s modulus decreases in a con-
tant manner with an increase in temperature, which has to be
lassically related to the progressive weakening of the chemi-
al bonds. Conversely, boron-doped carbon presents a relatively
table modulus up to 800 ◦C, and then increases continuously
t higher temperatures. This increase may be related to a better
tructural organization and, above all, to a better orientation of
he graphitic planes along the deposit axis.

.3. Thermal expansion coefficients

It may be seen, from Fig. 8, that, for all the studied mate-

ials, the thermal expansion coefficients of the various ceramic
aterials classically increase with temperature. However, it also

ppears that the CTE values of the boron-rich materials (B4C(1),
4C(2), Si–B–C(2)) are systematically higher than these of the

i
T
s
a

ig. 8. Evolution of the thermal expansion coefficient as a function of temper-
ture.

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

The CTE values obtained for the boron-doped carbon have
een compared with those of different pyrocarbon previously
btained by using the same determination method.4 The CTE of
(B) thus appeared to be very close to the one of a laminar rough
yrocarbon, which confirms the optical observations performed
n the anisotropic texture.

.4. Thermal residual stresses

As mentioned in Section 1, a first simple application regard-
ng the use of these experimental data is the computation of
he thermal residual stresses present from processing in some
arbon fiber reinforced ceramic matrix composites. As a matter
f fact, residual stresses are usually present in high tempera-
ure processed composites (i.e. not only CMC) because of the
oefficient of thermal expansion mismatch existing between the
einforcement and the matrix. This is particularly true in the
ase of carbon fiber reinforced CMC for which this mismatch is
uite noticeable. Thus, CVI-processed C/SiC materials, either as
D model composites15 or as 2D woven composites,16 although
ossessing a thick compliant carbon interphase, always proved
o contain matrix microcracks after processing. Conversely, it
ppears from the works of Lackey et al.17 and Lamouroux et
l.1 that, when similar ex-PAN carbon fibers were coated with a
ultilayered matrix (C/[C/SiC]n and C/[C(B)/B4C/C(B)/SiC]n

omposites, respectively), no cracks were present in the matrix
fter processing, at least in the case of 1D model composites for
he later study.

Computations of thermal residual stresses have been per-
ormed on multilayered microcomposites, using the model
eveloped by Warwick and Clyne,18 which constitutes an

mprovement of the one previously developed by Mikata and
aya.19 This model is based on few basic hypothesis, largely
imilar to those used in the Hashin’s two cylinders model, which
re: (i) the microcomposite is supposed to be symmetric along its
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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
A. Michaux et al. / Journal of the Europ

xis and infinite in length, (ii) interfacial bondings are supposed
o be perfect, (iii) the different phases (of finite thickness) are
upposed to be isotropic or transversely isotropic (along z-axis)
nd to behave in a linear elastic manner and (iv) the temperature
nside the microcomposite is supposed to be uniform.

Calculations have taken into account experimentally deter-
ined evolutions of the thermomechanical characteristics of

ach constituent as a function of temperature. Regarding the
sotropic ceramic materials (i.e. B4C(1), B4C(2), Si–B–C(1),
i–B–C(2) and SiC), the temperature-related evolution of their
oung’s modulus and thermal expansion coefficient was fit-

ed by a polynomial regression of the experimental points (see
igs. 7 and 8). Conversely, since Poisson’s ratio were not experi-
entally measured, their values were all set equal to 0.2, which is

n average of the various values found in the literature. Calcula-
ions were performed on model microcomposite systems based
n an ex-PAN carbon fiber. This kind of fiber and the boron-
oped carbon have a markedly transverse isotropic symmetry
nd, since only the longitudinal thermoelastic coefficients were
etermined experimentally, the remaining coefficients were also
aken from the literature. The choice of the ex-PAN fiber
as retained in a view of mimicking the two multilayered-
atrix composites previously mentioned. Comparisons have

een made with a standard SiC monolayer microcomposite with
C(B) interphase, further referred to as C/C(B)/SiC. All the

alculations were performed on microcomposite systems pos-
essing a total thickness of compliant C(B) material and ceramic
onstituents of 0.4 and 2.8 �m, respectively. The simulated pro-
essing temperature was set at 1000 ◦C, which allows to always
emain elastic whatever the material considered.

Of course, the stresses predicted by this simple model based
n coaxial cylinders with perfect bonding do not exactly cor-
espond to the stresses present in a real composite since (i) no
ccount is taken of the constraint of the surrounding material and
f the interactions with other fibers20 and (ii) interfacial bond-
ng between each layer are certainly not perfect. Nevertheless,
f one considers that (i) some input values were not experimen-
ally measured but only extrapolated and (ii) the requested goal
as to clarify some results reported in the literature, it may be

nferred that this simple model is largely sufficient to qualita-
ively interpret results obtained from computations performed
n microcomposite systems to real 1D or 2D composites.

Computations of radial and axial residual stresses have shown
hat, whatever the matrix, (i) the carbon fiber is in radial ten-
ion and in axial compression, whereas (ii) the matrix is always
n radial tension, which implies a tendency towards debonding
t the interface. Figs. 9 and 10 display the calculated residual
tresses for a C/C(B)/SiC and a C/[C(B)/SiC]4 microcompos-
te, respectively. As already mentioned, the multilayered system
s directly inspired from the work of Lackey et al.,17 who stud-
ed CVI-processed 2D C/[C/SiC]n composites and, among other
esults, observed that no cracks were present in the matrix after
rocessing. It appears from the results displayed in Figs. 9 and 10

hat, if the repartition of the compliant C(B) material inside the

atrix mainly creates slight stress discontinuities, conversely,
he overall tensile stress level of the matrix remains nearly
nchanged. Consequently, the reported observation that the mul-

F
p

ig. 9. Calculated residual stress distribution of a C/C(B)/SiC microcomposite
ooled from 1000 ◦C to room temperature.

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

In order to improve oxidation resistance of carbon-fiber com-
osites, Lamouroux et al.1,2 developed a multilayered matrix of
he type [C(B)/B4C/C(B)/SiC]n. Results of the computed resid-
al stresses present in a carbon fiber microcomposite with such
matrix are shown in Fig. 11. These results clearly show that,

t least for the thicknesses retained in this computation, the
4C layer and the SiC layer are in a different state of axial

ension or compression, which leads to the presence of sud-
ig. 10. Calculated residual stress distribution of a C/(C(B)/SiC)4 microcom-
osite cooled from 1000 ◦C to room temperature.
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Fig. 11. Calculated residual stress distribution of a C/[C(B)/B4C/C(B)/SiC]2

microcomposite cooled from 1000 ◦C to room temperature.
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ig. 12. SEM micrograph showing crack deviation in a
/[C(B)/B4C/C(B)/SiC]n minicomposite tensile tested at room temperature.

as explicitly reported by Lackey et al. with their 2D C/[C/SiC]n

omposite, such deviations were systematically observed in the
ase of C/[C(B)/B4C/C(B)/SiC]n composites (Fig. 12), either
s 2D or 1D model materials.2,21 It may thus be inferred that
he step-like stress distribution created by the alternation of
eramic layers of different nature is likely to favor microc-
ack deviation between each layer. Of course, care should be
aken with this rough interpretation of results since residual
tresses and load stresses may have a distinct influence on the

hermomechanical properties. Besides, as already discussed, a
ruly quantitative assessment of the thermal residual stresses
resent in the aforementioned composite systems would indeed

t
m
c

⎧⎪⎪⎨
⎪⎪⎩

EL = fEf + (1 − f )Em +
2f ((1 − 2ν

νLT = fνf + (1 − f )νm + f (1 − f )

2f ((1 − 2ν
eramic Society 27 (2007) 3551–3560

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

. Conclusions

An original method, based on thermomechanical tests per-
ormed on CVI-processed carbon fiber/Si–B–C based ceramic
atrix microcomposites, has been used to determine the Young’s
odulus, rupture strength and thermal expansion coefficient of

he various ceramic matrices as a function of temperature.
Results have allowed to point out two groups of materials as

function of their chemical composition. Boron-rich materials
B4C(1), B4C(2), Si–B–C(2)) have stresses to failure (at room
emperature) higher than silicon-rich materials (Si–B–C(1)),
iC) as well as higher thermal expansion coefficients. The anal-
sis of these results led to conclude that this last family of
aterials likely has critical flaws more scattered in their size and

heir distribution. Conversely, all the boron-containing materi-
ls proved to have a time-dependant mechanical behavior over
000 ◦C, which was attributed to the presence of amorphous
oron phases.

Finally, the measured thermoelastic values of the ceramic
aterials have been used to calculate thermal residual stresses

n model systems using a layered matrix. These computations
ave helped to understand some results reported in the literature
egarding CVI-processed CMC made of carbon fibers embedded
n a layered matrix. Of particular interest was the evidence of
n important step-like distribution of the axial residual stresses
reated by the alternation of ceramic matrix layers of different
ature which is believed to have favorably influenced the devi-
tion of matrix cracking inside one of these composite systems.
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ppendix A

An accurate and analytical solution establishing the elas-
ic constants of a two concentric cylinders material (i.e. a

icrocomposite) has been given by Hashin.10 When the two
onstituents are both isotropic, this solution reads as follows:

2
4f (1 − f )(νf − νm)

m)(1 + νm))/(Em) + 2(1 + νm)/(Em) + (1 − f )/Kf
(νf − νm)(2((1 − 2νm)(1 + νm))/(Em) − (1/Kf))

m)(1 + νm))/(Em) + 2(1 + νm)/(Em) + (1 − f )/Kf

(A1)
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here EL and νLT are the longitudinal Young’s modulus and
oisson’s ratio of the microcomposite, whereas Kf stands for the

ransverse bulk modulus of the fiber which, in case of isotropy,
rites:

f = Ef

2(1 − 2νf)(1 + νf)
(A2)

represents 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
erified since all the microcomposites sections were always
uch smaller than their lengths. Besides, the interfacial bond
ere always likely strong (and therefore close to “perfection”)

ince (i) there was no interphase interposed between the fiber
nd the matrix and (ii) in any case, tensile tests revealed a brittle
ehavior without any fiber pullout.

Eq. (A1) constitutes a system of two non-linear equations
ith two unknown parameters, the Young’s modulus Em and the
oisson’s ratio νm of the matrix, which can be solved numeri-
ally, e.g. with a Newton–Raphson’s method (of course once the
alues of the parameters related to the fiber and the microcom-
osite have been experimentally obtained).

However, numerous authors emphasize that, in the case of
bers having stiffnesses higher than that of the matrix, the third

erms of each equation may be neglected, leading thus to the
sual rule of mixtures. This rule of mixtures was directly used
n the present work, mainly because the Poisson’s ratio of the

inicomposites could not be accurately measured (this diffi-
ult task remains an open experimental question in the case of
mall diameter samples). Nevertheless, since the various stud-
ed ceramic matrices were all stiffer than the fiber, the relative
mportance of the third terms had to be subsequently estimated.
alling C(f) the third term of the first of the two equations of the

ystem (A1), one has:

L(f ) = fEf + (1 − f )Em + C(f ) (A3)

ith

(f ) = 4f (1 − f )(νf − νm)2

2f ((1 − 2νm)(1 + νm))/(Em)

+2(1 + νm)/(Em) + (1 − f )/Kf

(A4)

The relative importance of the neglected term may then
e given by the ratio C(f)/EL(f), which was thus systemati-
ally calculated. Fig. 13 displays the evolution of the ratio
(f)/EL(f) determined as a function of the fiber volume ratio f,

n the case of a SiC matrix microcomposite, using the following

alues:

νf = 0.3 Ef = 52 GPa

νm = 0.2 Em = 416 GPa (for SiC)

1

1

ig. 13. Evolution of the ratio C(f)/EL(f) as a function of the fiber volume ratio
in the case of a SiC matrix microcomposite.

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