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Abstract

The distributions of fibre strength, pullout length, and fibre/matrix interface shear strength within a single fibre bundle were investigated for a
3-D woven SiC/SiC composite tensile tested at 1°XD@n air. Fibre pullout lengths were largest at the fibre bundle centre with an embrittled
region of approximate width 1jam at the perimeter. Whereas the fibre strength varied by less than a factor of 2 across the fibre bundle, the
fibre/matrix interface shear strength varied by a facter®8 with a minimum (10& 16 MPa) at the centre and a maximun2®+ 0.21 GPa)

close to the embrittled region. The minimum fibre/matrix interface shear strength required for the transition between pseudo-ductile and brittle
behaviour was thus estimated to h2%+ 0.21 GPa for this composite system.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction may increase to such an extent that crack deflection mech-
anisms at the fibre/matrix interface are suppreséddad-

The mechanical properties of ceramic matrix composites ing to the formation of an embrittled region characterised by
(CMCs) are known to be greatly influenced by the fibre flat fibre fracture surfaces and negligible pullout length3.

strength Weibull parameter§, and m, measured in situ A related concern for CMCs containing fibres based on the

the composite together with the fibre/matrix interface shear silicon carbide (SiC) system is the formation of an oxide

strength,r.> Whilst the largest values of tensile streng, film at the fibre surfacé® which acts as a flaw population
for CMCs have generally been achieved using low values of and decreases fibre strengfh.
7 (typically <10 MP&) with subsequently large fibre pull- Modelling of the oxidation behaviour in CMCs based

out lengths on the order of several hundred microresent on the SiC/SiC system has indicated the maximum ox-
work has showrr values of 370 MPa to also be consistent idation rate to occur at intermediate temperatures (e.g.
with superior mechanical propertié#n essential aspect of  500-900C'’) with the rate decreasing at higher temper-
high strength CMCs is their use of fibre/matrix interfaces atures (e.g>1100°C'®) due to sealing of cracks at the
based on weakly bonded materials such as pyrolytic carbonspecimen surfacE19 oxidation resistance was also found
(py-C)?> boron nitride (BN)® and La-monazite (LaP£).’ to increase with use of thin0.1um) py-C interfaced®
However, the extreme oxygen sensitivity of py-C and BN Although several researchers have experimentally in-
above 500C is a major cause for concern in CMCs that typ- vestigated the effects of oxidation on SiC/SiC composites
ically exhibit low-stress matrix microcrackiffgOxidation containing py-&-2924 and BN*>?7 interfaces, in addition

of the fibre/matrix interfackand exposed fibre surfa¢@s!3 to other CMCs containing SiC fibré8 relatively little data

is available for the values d&,, m, andt within partially
oxidised CMCs, particularly for the variation of these prop-
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may, for example, shed light on the valuewfequired for

the suppression of crack deflection mechanisms in SiC/SiC
composites. Thus, the present work will concern itself with
the investigation of mechanical and physical properties
within a single fibre bundle for an orthogonal 3-D woven
SiC/SiC composite tensile tested at 12@0in air.

2. Experimental procedure

The composite under investigation, based on the SiC/SiC
system, contained Tyranfid_.oxM Si-Ti—-C—O fibres (800
fibres/bundle) surface-modified so as to achieve a 40nm
carbon-rich layer adjacent to the fibre surfd&&he aim of
the surface modification was to promote crack deflection at
the carbon-rich layer within the fibre itself, rather than at
the fibre surface as is the case for most CMCs. The fibres
were woven into an orthogonal 3-D orthogonal configura-
tion with fibre volume fractions of 0.19, 0.19, and 0.02 in
the x, y, andz directions, respectively. Matrix densification
of the composite was achieved through the repeated poly-
mer impregnation and pyrolysis (PIP) of a precursor simi-
lar to polytitanocarbosilane (PTCS). The use of similar pre-
cursors for fibre and matrix components was expected to
minimise thermal stresses due to any mismatch in the co-
efficients of thermal expansion. This composite system is
referred to as “NUSK-CMC” from the initials of the collab-
orating partnersand has been the subject of recent work by
the authorg30

Following machining to a suitable test geométtythe
composite was heated in air to 11at 0.75°C s, loaded
under tension (parallel to theaxis) to failure, and furnace
cooled (initial rate of 3.83Cs™1); the total time spent at
1100°C being on the order of 600s. Further experimental
details are available elsewhé¥é®31

In contrast to the complex non-linear stress/strain be-
haviour noted for similar specimens tested at room temper-
ature (RT) and 1200C in vacuunf2%31 the 1100°C/air
specimen’s stress/strain curve was approximately linear to
failure with a low tensile strength~55 MPa) compared to
the RT (3841 MPa) and 1200C/vacuum (405:-39 MPa)
cases. In fact, the 110C/air specimen tensile strength was
comparable with that of the stress required for propagation
of matrix cracks within transverse fibre bundless6 MPa)®
suggesting that the specimen may have failed upon initial
matrix microcracking (or shortly thereafter).

Following failure, the specimen fracture surface was
investigated using a scanning electron microscope (SEM)
(Model JSM-6300F, JEOL, Tokyo, Japan) and the following
parameters measured for each fibre visible within a single
randomly chosen fibre bundle near the specimen centre: (i)
position within the fibre bundle, (ii) fibre pullout length,

T National Aerospace Laboratory of Japan, Ube Industries, Ltd., Shik-
ibo, Ltd., and Kawasaki Heavy Industries, Ltd.
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Fig. 1. Scanning electron micrographs illustrating the observed fracture
surface types in TyranffSi-Ti-C—-O fibres: (a) fracture mirror, and (b)
flat and featureless.

h, and (iii) whether the fibre exhibited a fracture mirror
(Fig. 1(a) or was flat and featurelesBi¢. 1(b). A total of
698 fibres (out of the 800 nominally expected) were mea-
sured with the difference in number being explained by: (i)
shielding of fibres by neighbours, and (ii) the presence of
holes where fibres had pulled out.

In addition to the above parameters, due to the likely re-
action of oxygen with the fibre surface®, andm were in-
vestigated at the centre and edge of the fibre bundle by mea-
suring the fracture mirror radiusy, of individual fibres and
using the following relationship to determine the individual
fibre strengths32734

==

where Ay, is known as the “mirror constant” and was pre-
viously determined to be .30 & 0.09 MPant/? for the
Si-Ti-C-O fibres in situ the composife®® and close to
the value of 2.51 MPa M? proposed for nominally similar
Nicalor® Si—-C-O fibre’ Values of &, and m were de-
duced from cumulative failure probability curves $fter
applying a suitable correction fact$tFibres within CMCs
are known to be effectively tested at a gauge length,

@)
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independent of the composite specimen gauge length and

to have the forn#:38
ah) 1S

= m -

2
wherer is the fibre radius (4.08m?%), (h) is the mean fibre
pullout length, and\(m) is a function only ofm. In order to
compare values 0%, obtained under different conditions,
S was normalised to a gauge length, of 10-3m using
the Weibull scaling relationship, i.e.

3 Sc 1/m
Values ofr within the fibre bundle were estimated using the
following rearrangement dtq. (2)%38

 rA(m)S,

a0 (4)

3. Results and discussion
3.1. Fibre pullout length

Fig. 2(a) illustrates the spatial dependence of pullout
length within the fibre bundle with it being clear that the
majority of fibres, particularly those adjacent to the fibre
bundle perimeter, exhibited either zero or negligible fibre
pullout and indicative of brittle failure, i.e. suppression of
crack deflection mechanisms at the fibre/matrix interface
due tor being excessively high. Further evidence for this
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Fig. 2. Positional dependence of properties within a single fibre bundle in
an orthogonal 3-D woven SiC/SiC composite tested at 200 air: (a)
fibre pullout length, and (b) existence of flat surface or fracture mirror.
Note that fibre pullout lengths in (a) have been shown using a logarithmic
scale.
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Fig. 3. Fibre pullout length distributions for an orthogonal 3-D woven
SiC/SiC composite tested under various conditi@riz0

has been presented Fig. 2(b) which indicates a strong
correlation between fibres with loWw values and the ex-
istence of flat fracture surfacefig. 1(b); in contrast to
fracture mirrors Eig. 1(a) which typically occur when
crack deflection mechanisms are present. That the major-
ity of fibres with significant pullout lengths and fracture
mirrors were concentrated towards the centre of the fibre
bundle was consistent with previous wérthat suggested
maximum oxidation damage to have occurred at the fibre
bundle perimeters. A likely mechanism for this phenomenon
would be the propagation of matrix cracks in the transverse
fibre bundle€ allowing oxygen to access the perimeters of
longitudinal §-axis) fibre bundles.

Although the largesh values were observed at the fibre
bundle centre, these values were still considerable smaller
when compared to those of specimens tested at RT or in vac-
uum, i.e. in the absence of oxidation damakig. 3 com-
pares fibre pullout length distributions for specimens tested
under a variety of conditiodg® with (h) for the 1100°C/air
specimen being an order of magnitude lower compared to
that of the RT case (830m?3). With reference tdEq. (4) it
would thus be expected thafor the 1100°C/air specimen,
even in the fibre bundle centre where oxidation damage was
minimal, would still be significantly larger compared to the
values of 5-10MPa previously measured in non-oxidised
specimens.

3.2. Fibre strength parameters

Fibre strength distributions (normalised to a gauge length
of 10~3m) at the centre and edgef individual fibre bun-
dles in RT and 1100C/air specimens have been presented
in Fig. 3 with data for the respective values 8 and m
being given inTable 1 Whereas the centre and edge fibre
strength distributions were similar for the RT caBigy(4(a),

2 For the 1100C/air specimen, fibre strengths close to the perimeter
could not be measured due to the lack of fracture mirrors (Fig. 2(b)). Data
for edge fibres was thus calculated using fibres adjacent to the embrittled
region.
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I/:Fulislof fibre strength Weibull paramete&, and m, measured in situ an orthogonal 3-D woven SiC/SiC composite tested in air

Room temperature 110C/air

S (GPa) S (GPa) Lo =103m) m S (GPa) S (GPa) (o =103m) m
Centre 3.04+ 0.02 3.78+ 0.13 4.18+ 0.14 4.13+ 0.03 2.25+ 0.25 2.96+ 0.09
Edge 3.15+ 0.06 3.93+ 0.13 4.10+ 0.05 2.45+ 0.01 1.39+ 0.15 8.89+ 0.47

a significant difference was noted for the 12@Jair case
(Fig. 4(b) with the normalised, for edge fibres being 62%
that of the centre value. However, ev&g for the centre
fibres (225 4+ 0.25 GPa) was still considerably below that
of the RT specimen~+3.86 GPa), which itself was approx-
imately 30% below that of the “as received” fibreghe
reduction in fibre strength for the 110G/air specimen was
attributed to the formation of a surface oxide layer on the 3.3. Mean fibre pullout length
fibres%-13 the lower strength of the edge fibres being at-
tributed to increased oxidation and hence a thicker oxide
layer. Whereas for fibres in the RT specimen was approx- ties along the fibre bundle minor axis between perimeter and
imately 4.1, the respective value wa88+ 0.47 for edge centre with the data ifrig. 2 being divided into (symmet-
fibres in the 1100C/air specimen with the increase being at- rical) horizontal strips. Whilst this procedure neglects the
tributed to the relatively even thickness of the surface oxide effects of oxidation from either end of the major axis, the
layer. The lowem value for centre fibres in the 110Q/air large major/minor axis length ratio would make oxidation
specimen (D6 4 0.09) was tentatively attributed to a frac- along the minor axis by far the dominant component. Re-
tion of the fibres having their strength determined by surface sults presented ifig. 5 confirm, as previously mentioned,
flaws (i.e. similar to the RT cadpwith the remainder being  the existence of a strong correlation between fibres exhibit-
determined by the surface oxide layer, i.e. two distinct fibre ing pullout and those exhibiting fracture mirror behaviour.
In fact, the correlation ifrig. 5is more specific as it clearly

populations. As a first approximation, the authors assumed a
linear variation inS, andm between the centre and furthest
fibres with non-zero pullout lengths when applyigg. (4)

This assumption was justified on the ground that, as shown
later, changes i from Eq. (4)would be dominated byh)
rather thans, or m.

It was next decided to investigate the variation of proper-
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Fig. 4. Fibre strength distributions (normalised to a scale length of af) ) o _ _ . S
measured in situ an orthogonal 3-D woven SiC/SiC composite: (a) room Fig. 5. Distribution of fibre properties along the minor axis within an
temperature, and (b) 110C in air. “Centre” and “Edge” refer to the individual fibre bundle in an orthogonal 3-D woven SiC/SiC composite
general position within the fibre bundle where the measurements were tested at 1106C in air: (a) mean fibre pullout lengtkh), and (b) fraction
taken. of fibres exhibiting fracture mirrors.
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Fig. 6. Distribution of fibre/matrix interface shear strengthalong the
minor axis within an individual fibre bundle in an orthogonal 3-D woven
SiC/SiC composite tested at 1100 in air.
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4. Conclusions

The distributions of fibre strength, pullout length, and fi-
bre/matrix interface shear strength,within an individual
fibre bundle were investigated for an orthogonal 3-D wo-
ven SiC/SiC composite tensile tested at 1100n air. The
mean fibre pullout lengthh), varied between 5@m at the
centre to zero within an embrittled region 15pm width)
at the fibre bundle perimeter. Fibre strength (normalised to
a gauge length of I6 m) decreased from.25+ 0.25 GPa
at the centre to .B9+ 0.15 GPa adjacent to the embrittled
region, compared t0.86+ 0.13 GPa for a specimen tensile
tested at room temperature. The lowest valuer afithin
the fibre bundle was 108 16 MPa at the centre but this in-
creased rapidly to a maximum of25 4+ 0.21 GPa close to
the embrittled region, suggesting this value to be a lower

indicates the presence of a strong linear relationship betweerygund forr with respect to suppression of crack deflection

the mean fibre pullout length{g. 5(a) to the fractionfn,
of fibres exhibiting fracture mirrorg~{g. 5(b) with (k) =
Sm (723 £ 1.2) pm.

The value of(h) varied between zero at the perimeter
to 59um at the centre with the lowest non-zero value of
(h) being 1.7um at a distance of 1pm from the bundle
perimeter; thus providing an estimate for the width of the
embrittled region in this specimen, i.e. if. It is clear
from Eq. (4)that the ratio ofh) between fibre bundle centre
and lowest non-zergh) region would also provide a first
approximation for the ratio of between these positions (i.e.

mechanisms at the interface in this composite system. Whilst
such a wide variation in within a single fibre bundle has
not previously been noted, this was attributed to the lack of
7 data available for composites containing short fibre pull-
out lengths. Overall, the experimental data was consistent
with oxygen having surrounded the fibre bundle perimeter
via matrix cracks in the transverse fibre bundles.
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