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Abstract

The high-temperature mechanical behaviour of an
Si3N4/SiC nanocomposite and its monolithic Si3N4

reference material was studied after long-term oxi-
dation treatments intended to simulate future oper-
ating conditions in a severe environment. Creep and
failure at elevated temperature were signi®cantly
a�ected, in the direction of increased brittleness. The
transition stress between the ductile range present at
low stresses and the brittle range existing at high
stresses was shifted to distinctly lower values. The
creep resistance in the low-stress range was
increased by the oxidation treatment. The failure
time under a given stress was drastically reduced;
this was attributed to an increased sensitivity to
subcritical crack growth. The failure stress for a
given failure time was decreased by about half. The
phenomena are explained in terms of a puri®cation
of the intergranular phase and by the formation of
surface defects and of a uniformly distributed pore
population. # 1998 Elsevier Science Limited. All
rights reserved
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1 Introduction

Silicon nitride ceramics are candidate materials for
structural parts in high-temperature energy con-
version systems such as ceramic gas turbines or
diesel engines. For these applications, oxidation-
resistant materials of high mechanical strength and
extremely low creep rates are needed. Under the
operating conditions of up to 300MPa at 1400�C

in an oxidizing environment, structural compo-
nents should exhibit a creep strain of at most 1%
during a projected lifetime of 10 000 h.1

A large advance towards creep-resistant silicon
nitride-based ceramics was achieved by developing
Si3N4/SiC nanocomposites. The concept of ceramic
nanocomposites was originally presented by Nii-
hara.2 In the case of Si3N4-based nanocomposites,
a submicron-sized SiC dispersion is embedded in a
submicron-sized silicon nitride matrix. The globu-
lar SiC particles are located both within Si3N4

grains and at Si3N4 grain boundaries. It has only
been shown by Niihara et al. that the addition of
the SiC dispersion resulted in considerable
improvements in strength and fracture toughness
at room temperature.2,3 and in a marked increase
in the hot strength and the creep resistance.4,5

Strength data close to 1000MPa at room tempera-
ture were measured by the present authors6 and no
variation with SiC-content or improvement could
be found. The retained strength at 1400�C was
found to lie between 80 and 100% of the room
temperature strength.7 Creep rates as low as 1 �
10ÿ9 sÿ1 at 1400�C and 300MPa were reported for
an Si3N4/SiC nanocomposite material containing
15 vol% SiC,7,8 and this material survived a 687 h
test without failure under the same conditions.8 A
summary of high-temperature strength and creep
data of Si3N4/SiC nanocomposites as well as of
possible strengthening and hardening mechanisms
of the SiC particle dispersion has recently been
published.7 Chemical, direct mechanical, and
microstructural interactions were suggested to be
responsible for the observed hardening e�ects.
Knowledge about the creep performance of

Si3N4 materials after long-term oxidation is sket-
chy. Previous investigations of monolithic Si3N4

have shown that the observed oxidation-induced
changes in the thermomechanical properties are the
result of microstructural changes, which can have
both a bene®cial and a detrimental in¯uence.9±11
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Only very few systematic investigations of the
creep behaviour of oxidized materials have been
reported. It was found12 that the high-temperature
strength of Si3N4 was improved by an oxidation
treatment whereas the room-temperature strength
was much less in¯uenced. The question still
remains to be answered, however, whether the
observed strength improvement was indeed caused
by oxidation e�ects or merely by the thermal
treatment. Other authors reported that a heat
treatment made in the absence of oxygen also
caused a marked decrease in the creep rate of
Si3N4/SiC composites at 1300�C.13 The ®nding was
explained by the devitri®cation of the intergranular
glass phase.
Di�erent types of oxidation e�ects on the

microstructure of Si3N4 or Si3N4/SiC materials are
discussed in the literature.12,14,15 According to
these references, the oxidation process involves a
series of complex steps. The oxidation of yttria
doped Si3N4 or SiC starts with the formation of an
amorphous SiO2 layer on the surface. Due to the
chemical gradient between the SiO2 on the surface
and the grain boundary phase in the bulk material,
yttrium ions di�use to the surface and start form-
ing an yttrium silicate (Y2Si2O7) layer above the
silica-rich layer. Likewise, impurities are assumed
to di�use from the intergranular phase in the bulk
to the silica-rich layer. Thus, beneath the outer-
most ®lm formed of yttrium silicate a layer con-
taining amorphous silica as well as cristobalite is
found. Below this two-layer package, a third layer
is built up that consists of the original Si3N4 con-
taining a certain amount of silicon oxinitride,
Si2N2O. All these oxidation reactions occur with a
volume increase.
It was the aim of this study to investigate the

e�ect of a long-term oxidation on the creep prop-
erties and the high-temperature failure time of
Si3N4/SiC nanocomposites and a monolithic Si3N4

material of the same matrix composition. For this
purpose, samples were oxidized in air at 1500�C for
1000 h prior to creep testing. Creep and failure-
time data were determined experimentally and
compared with those of as-fabricated materials.
The oxidation treatment caused a distinct hard-
ening and an increase in brittleness in both the
monolithic and composite material grades. The
reasons for these phenomena are discussed.

2 Experimental Procedure

The starting materials for specimen fabrication were
a high purity �-Si3N4 powder (E10, Ube Industries
Ltd., Japan) and a SiCN powder containing
80wt% SiC that was prepared by a plasma-spray

technique.16 An amount of 10wt% Y2O3 was
added as a densi®cation aid. Disks were produced
by conventional hot-pressing at 1840�C. The
details of the fabrication process have been pub-
lished elsewhere.6

Two di�erent materials were fabricated: a nano-
composite containing 10 vol% of SiC (designated
10YH10SCp), and a monolithic silicon nitride
material made for comparison, which was intended
to have exactly the same matrix composition as the
nanocomposite (designated 10YH). The matrix
grain size of the 10YH material was about 0.7�m
and of the 10YH10SCp material about 0.4�m.
The SiC particle size was about 0.2�m. Both
materials were tested in their as-fabricated state
and after an oxidation heat treatment of 1000 h at
1500�C in air (designated 10YH10SCp-ox and
10YH-ox), giving a total of four di�erent materi-
als. They are summarized in Table 1. The oxidized
specimens were creep-tested in the as-oxidized
state, that is to say the surface scales formed during
the pre-oxidation treatment were not removed
prior to testing. This procedure was thought to
simulate more closely future operating conditions.
Creep tests were performed in four-point bend-

ing using inner and outer spans of 20 and 40mm,
respectively. The measurements were carried out in
a dead-weight creep machine in air at temperatures
ranging from 1400 to 1600�C and in a range of
outer ®bre stresses between 70 and 600MPa. Dur-
ing the creep test, the sample de¯ection was recor-
ded continuously. The strain _" was taken as the
outer ®bre strain and calculated by the method of
Hollenberg et al.17 The creep rate, _" was calculated
from the slope of the " versus time curve. The
accuracy of the strain measurement permitted the
determination of the creep rate down to a level of 2
� 10ÿ9 sÿ1.
The steady-state creep rate _"s, of ceramics can be

described by the Norton equation:18

_"s � A��n � 1
dm
�exp ÿ Qc

RT

� �
�1�

where A is a constant, which depends on the
respective material and on its microstructure, � is
the stress, n is the stress exponent, d is the grain

Table 1. Materials investigated and creep parameters mea-
sured

Material SiC
content
(wt%)

Oxidation
treatment

Qc

(kJmolÿ1)
n st,
(MPa)

n* N

10YH 0 None 1005 1.3 460 33 89
10YH-ox 0 1500�C/1000 h 1120 2.0 170 27 38
10YH10SCp 10 None 1290 2.2 505 40 82
10YH10SCp-ox 10 1500�C/1000 h 1585 1.6 280 30 32
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size, m is the grain size exponent, Qc is the activa-
tion energy for creep, and T and R have their usual
meaning. To determine n and Qc, stress and tem-
perature change tests were carried out. In the tem-
perature change tests, one sample of each grade
was measured at temperatures between 1450 and
1600�C and a stress of 100MPa. The temperature
was changed stepwise after a stationary creep rate
was reached. In the same way stress change tests
were carried out at stresses between 70 and
300MPa at a temperature of 1475�C. To compare
the creep data generated at 1475�C with the failure
time experiments measured at 1400�C, the former
were normalized to 1400�C by means of eqn (1),
taking the activation energy for creep of Table 1 of
the respective material. The higher temperature of
1475�C chosen for the stress change tests was
necessary because the creep rates at low applied
stresses turned out to be very low.
To determine the failure time, tf, samples were

tested at 1400�C in bending until failure occurred.
In these tests, the minimum creep rate, _"min and the
failure strain "f, were taken at tf. To evaluate "f, the
elastic strain was subtracted.

3 Results

3.1 Creep testing

3.1.1 Temperature change tests
A typical creep curve ("-versus-t) of a tempera-
ture change test is shown in Fig. 1. The corre-
sponding creep rate curve ( _"-versus-") is given in
Fig. 2. The creep rate curve was used to deter-
mine steady-state creep rates for the di�erent
temperatures. These creep rates were used for the
further analysis. Figure 3 shows the temperature
dependence of the creep rate for the four di�erent
materials in an Arrhenius plot. The curves can be
described by straight lines. For temperatures below
1550�C the monolithic material was found to creep
faster than the nanocomposite. The oxidation

treatment resulted in a decrease of the creep rate of
the monolithic Si3N4 over the whole temperature
range. For the composite material, on the other
hand, the creep rate was reduced for temperatures
below 1500�C only. At the lower end of the tem-
perature range, the reduction in creep-rate was
quite pronounced, reaching a factor of 3 to 4 in
both the monolithic and the composite material
grades.
Activation energy data determined from the

slope of the lines of Fig. 3 are summarized in
Table 1. For all materials the activation energies
for creep were very high, between 1000 and nearly
1600 kJmolÿ1. The highest value was obtained for
the pre-oxidized nanocomposite. The activation
energy for creep of the monolithic material was
signi®cantly lower than that of the nanocomposite.

Fig. 1. Typical creep curve "-versus-t of a temperature change
test.

Fig. 2. Typical creep rate curve _"-versus-" of a temperature
change test.

Fig. 3. E�ect of temperature and oxidation treatment on the
steady-state creep rate, _"s of monolithic Si3N4 and of Si3N4/

SiC nanocomposites.
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After the oxidation treatment the activation energy
for creep increased in both types of materials. For
the composite, the increase of about 23% was
much greater than for the monolithic material.

3.1.2 Stress change tests
Similar to Figs 1 and 2 typical creep curves and
creep rate versus strain curves of a stress change
test are shown in Figs 4 and 5, respectively. The
creep rate curves like the one presented in Fig. 5
were used to calculate creep rates for the di�erent
stresses at a constant strain of "=0.008. The stress
dependence of the creep rate at 1475�C of the four
materials studied is shown in Fig. 6. For a further
analysis the creep rates determined at 1475�C were
converted to 1400�C using eqn (1). These converted
creep rates are plotted together with the minimum
creep rates obtained at 1400�C in the time-to-fail-
ure tests in Fig. 7.
Two ranges of di�erent stress dependence were

observed. At low and intermediate stresses, the
e�ect of stress on the creep rate was found to be
small, and stationary creep rates were obtained.
The data points could be approximated by straight
lines. From the slope of these lines the stress expo-
nent n was calculated and was found to lie between
1.3 and 2.2 (Table 1). The nanocomposite showed

lower creep rates than the monolithic Si3N4. The
oxidation treatment caused a decrease of the creep
rate in both materials. Test durations of up to
500 h and strains exceeding 1% were achieved. The
creep behaviour in the low-stress range of Fig. 7
can be characterized by a homogeneous bulk
deformation of the test piece and a pronounced
ductility at very low creep rates, and by a long
failure time.
Above a certain stress, however, the creep beha-

viour changed drastically. The samples were

Fig. 5. Typical creep rate curve _"-versus-" of a stress change
test.

Fig. 4. Typical creep curve "-versus-t of a stress change test.

Fig. 7. E�ect of stress and oxidation treatment on the steady-
state or minimum creep rate, _"s and _"min, at 1400

�C ( _"s data
converted from 1475�C to 1400�C).

Fig. 6. E�ect of stress and oxidation treatment on the steady-
state creep rate, _"s, at 1475

�C (data as measured).
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damaged by cracking and failed before reaching a
steady-state creep stage. Therefore, only minimum
creep rates could be determined in the high-stress
regime. Figure 7 shows that the creep rate exhib-
ited a very strong stress dependence with an
apparent stress exponent n� between 27 and 40
(Table 1). The nanocomposite grades, both as-fab-
ricated and pre-oxidized, were found to creep
slower than the monolithic reference material. As
will be shown in the next subsection, the failure
times became very short and decreased dramati-
cally as the stress was only slightly increased.
The same result was found for the failure strain,

"f, which is plotted in Fig. 8 as a function of the
applied stress. It decreased rapidly with increasing
stress, and at stresses typical for the high-stress
regime of Fig. 7 it dropped to a level of only some
10ÿ4 to 10ÿ3. Two data points of the 10YH10SCp
material, obtained in the low-stress regime, are
included in Fig. 8 for comparison (the two triangles
marked by circles). They represent creep strains
attained at a test duration of 337 and 498 h when
the tests were stopped intentionally. The two data
points demonstrate how strongly the ductility
increased as the stress was reduced only slightly,
indicating a very sharp transition between the
regimes of high and low stresses.
Figure 8 also shows two speci®c oxidation-

induced features. Failure of pre-oxidized materials
occurred at a greatly reduced stress level; also, the
pre-oxidized materials, in contrast to the two as-
fabricated grades, did not exhibit an increase in
failure strain at decreasing stress. These observa-
tions are seen as an indication that the oxidation
treatment resulted in a widely reduced ductility at
elevated temperatures.
The two ranges of di�erent stress response were

observed for each of the four materials studied.
They can readily be recognized in Fig. 7 by their
di�erent slopes. The di�erent stress dependencies
give rise to an intersection of the _"-versus-� curves
at a well-de®ned stress, called the transition stress,

�t. The transition stress was high and nearly the
same for the as-fabricated monolithic and compo-
site materials (460 and 505MPa, respectively). The
oxidation treatment caused �t to decrease mark-
edly from 460 to 170MPa in the monolithic Si3N4,
whereas the decrease in the nanocomposite was less
pronounced (from 505 to 280MPa). Transition
stress data are listed in Table 1. Apparently, pre-
oxidation resulted in an extension of the range of
brittle behaviour to lower stresses.
The oxidation-induced increase in brittleness can

be further illustrated by comparing the shape of the
creep curves recorded before and after the oxida-
tion treatment. Figure 9 shows creep curves for the
10YH10SCp nanocomposite in its as-fabricated
and pre-oxidized state. The curves were determined
under the same conditions of stress (300MPa) and
temperature (1400�C). In the case of the as-fabri-
cated material, the applied stress was smaller than
the transition stress (�t=505MPa), whereas for the
pre-oxidized material it exceeded the transition
stress (�t=280MPa). Thus, the as-fabricated spe-
cimen was creep-tested in its low-stress regime and
the pre-oxidized one in its high-stress regime. Up
to a test duration of about 4 h, the creep behaviour
of both materials was very similar and the creep
rates did not di�er much from each other. The as-
fabricated grade (10YH10SCp) continued creeping
up to a total time of 400 h when the creep test was
stopped intentionally (note the change in the time
scale in Fig. 9 after a test time of 5 h). The pre-
oxidized grade (10YH10SCp-ox), however, sud-
denly exhibited an abrupt strain increase due to
crack formation, and underwent rupture shortly
afterwards, reaching a test duration of just over 4 h.
This is a reduction in lifetime by at least a factor of
100 as compared with the as-fabricated grade.

3.1.3 Failure time
In Fig. 10 the stress dependence of the failure time,
tf, is shown at 1400�C in a log±log plot. It will be
shown in the discussion that failure models exist
that predict a linear dependence between log �f and
log tf with a slope equal to ÿ1/N where N is the

Fig. 9. Creep curves of 10YH10SCp nanocomposite in the as-
fabricated and pre-oxidized state.

Fig. 8. E�ect of stress and oxidation treatment on the failure
strain, "f, at 1400

�C.
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characteristic exponent of the corresponding
model. The data points of Fig. 10 were approxi-
mated by straight lines, and exponents N calcu-
lated from the slopes of these lines; these exponents
are listed in Table 1. The high numerical values of
N are indicative of a failure mechanism controlled
by subcritical crack growth. Thus, N can be taken
as the crack-growth exponent of the respective
material.
Both the monolithic and the composite material

were weakened drastically by the oxidation treat-
ment, the former even more than the latter. As can
easily be seen from Fig. 10, two important changes
in the time-to-failure behaviour were observed. The
stress level at a given failure time was reduced to
about one half, and the crack-growth exponent
decreased considerably. Both features are indica-
tions that crack expansion is promoted in the
oxidized materials. It should also be pointed out
that, after oxidation, the failure stress for a given
failure time was distinctly larger in the nano-
composites than in the monolithic Si3N4. This
®nding demonstrates that the nanocomposite
material exhibited a higher resistance to oxidation-
induced damage than the monolithic standard
material.
The data points marked by arrows in Fig. 10

indicate specimens that did not fail during the
creep tests. These data points are located at the
lower bound of the stress range employed for fail-
ure-time testing and are indicating that they are
close to the transition stress de®ned above. As fur-
ther evidence of the abrupt change in mechanical
response, transition stress data from Table 1 are
shown in Fig. 10 as horizontal dashed lines. It can

be seen that the stress level at which the ®rst test
survivors were observed agrees reasonably well
with the transition stress of Fig. 7, obtained by a
completely di�erent test technique.

3.2 Micrographic observations
To detect possible in¯uences of the oxidation pro-
cess on a microscopic scale, the morphology of the
oxide layers and the microstructure of the bulk
material were examined. In Fig. 11(a) and (b)
polished cross sections of the pre-oxidized mono-
lithic Si3N4 and of the Si3N4/SiC nanocomposite
are shown. The appearance of the oxide scale of
both materials was similar. Three di�erent layers
could be distinguished. The outermost layer (1)
consisted of Y2Si2O7 crystals occasionally contain-
ing small cavities. The subsequent layer (2) was
more porous and contained silica portions. Finally,
a third layer (3) containing Si2N2O embedded in
the bulk material was identi®ed. These ®ndings
agree well with results reported by other

Fig. 11. SEM micrographs of oxidation layers formed on (a)
monolithic Si3N4, and (b) Si3N4/SiC nanocomposite.

Fig. 10. E�ect of stress and oxidation treatment on the failure
time, tf, at 1400

�C.
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authors.12,14,15 The Si2N2O-rich layer was found to
be thicker and to contain more Si2N2O in the
composite than in the monolithic material. As a
further result of the oxidation process, surface pits
of a diameter between 15 and 50�m were found.
Their size was smaller in the nanocomposite than
in the Si3N4 standard material.
Within the whole bulk material pores were formed

by the oxidation treatment (dark dots in the micro-
graphs of Fig. 11(a) and (b)). The pore size was in the
range between 0.2 and 1�m. The pore fraction was
determined by image analysis and plotted in Fig. 12
as a function of the square root of the oxidation time,
tox. A parabolic time law was found. In the mono-
lithic reference material the pore fraction after an
oxidation time of 1000h was 4.7%which seems to be
a surprisingly large number. It was about seven times
larger than in the nanocomposite.

4 Discussion

The modi®cations of the creep properties and the
failure time that were found to be caused by the
long-term oxidation treatment will be discussed in
the following subsections. However, the occurrence
of the two stress regimes themselves will not be
explicitely addressed, since they were already
observed in the as-fabricated materials.8

4.1 Creep behaviour
Oxidation-induced changes in the properties of the
materials can be summarized by the following three
main results of the present investigations.

1. In the low-stress regime, i.e. at �<�t, the
creep resistance was enhanced (Fig. 7) and the
activation energy for creep was increased
(Fig. 3 and Table 1). The stress exponent,
however, was not altered.

2. In the high-stress regime, �>�t, the failure
strain, "f, was reduced to nearly zero, but the
stress exponent, n�, remained essentially
unchanged (Table 1).

3. The upper bound of the low-stress regime, i.e.
the transition stress �t, was reduced (Fig. 7).

One of the principal phenomena observed in
oxidation studies of silicon nitride materials is the
outward di�usion of impurities and additive
cations.12,19,20 These elements are attracted by the
freshly formed, pure surface layers and diluted
over a larger volume. The outward di�usion results
in a `cleaning' of the grain-boundary phase and,
consequently, in an increase in its viscosity. On the
other hand, it has been demonstrated that the
intentional contamination of a clean intergranular
amorphous phase in Si3N4 by small amounts of a
¯uorine dopant was able to reduce the viscosity of
the grain-boundary ®lm.21 Thus, the observed
increase in the creep resistance at �<�t is thought
to be caused by the reduction of the impurity con-
centration in the amorphous grain-boundary
phase. Furthermore, the degree of crystallization of
the grain-boundary phase may also have been
changed by the long-term thermal treatment during
oxidation, as was reported previously by other
authors.13 However, no change in the grain-
boundary phase composition in the bulk material
could be detected by X-ray di�raction analysis.
The stress exponents listed in Table 1 cover a

range from 1.3 to 2.2. This range is typical for
stress exponent data found in creep tests performed
in bending. Furthermore, they exhibit no
unequivocal alteration due to the oxidation treat-
ment. This indicates that the basic creep mechan-
ism acting in the low-stress regime was not a�ected
by the oxidation treatment. Moreover, the stress
exponents are distinctly di�erent from those deter-
mined for other creep mechanisms like dislocation
creep. Dilatational creep has been proposed to be
the deformation mechanism in monolithic Si3N4

under tensile loading.22 It has also been suggested
to control the creep of Si3N4/SiC nanocomposites.7

The pronounced increase in the activation energy
for creep cannot be explained at present.
The decrease in the transition stress and in the

failure strain axe evidence of an expansion of the
range of predominantly brittle behaviour. In cera-
mic materials, brittle behaviour is usually encoun-
tered at low temperatures, high stresses, high
deformation rates, and with a coarse grain size.23

Apparently, chemical and microstructural mod-
i®cations were initiated during the oxidation treat-
ment that contributed to an extension of the brittle
regime to lower stresses. The details of such mod-
i®cations, which could be able to impede theFig. 12. E�ect of oxidation time on pore formation at 1500�C.
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deformation process, are not known. In any case,
grain growth as a mechanism to reduce creep
deformation can be excluded for the oxidation
treatment at 1500�C. For similar treated silicon
nitrides no unambiguously coarsening of the
microstructure was observed.24 A distinct grain
growth by a maximum factor of 5 was only detec-
ted after a heat treatment at 1900�C.25 Further-
more, the grain size e�ect on the creep rate is
relatively small, since the grain size exponent is 1
for silicon nitride.25 The enhancement of brittleness
coincides well with the observations on the failure
behaviour discussed in the following subsection.

4.2 Failure time
The principal features of the failure behaviour can
be summarized as follows.

1. Failure was observed to occur in the high-stress
regime of Fig. 7 where brittle behaviour pre-
vailed. From a plot of failure time versus stress
(Fig. 10), very large exponents N were obtained
that were substantially smaller in the oxidized
materials. The strain at failure was very small.

2. After oxidation the stress level sustained by
both the nanocomposite and the monolithic
Si3N4 to yield a given failure time was only
about half that of the as-fabricated materials.

High-temperature failure of ceramics is con-
trolled either by subcritical crack growth or by the
accumulation of creep damage. In the former case,
the time to failure under static loading conditions
is given by the relationship26

tf � B�S
Nÿ2
I

�Nf
�2�

where SI is the inert strength of the material (i.e.
the strength in the absence of subcritical crack
growth), �f is the failure stress, N is the crack
growth exponent, and B is an abbreviation for
B � 2= AY2 Nÿ 2� �KN

Icÿ2
� 	

with Y the stress
intensity calibration of fracture mechanics and KIc

the fracture toughness. Failure controlled by creep
damage, on the other hand, is described by the
Monkman±Grant relationship27

_"s �tf � const �3�

Substituting _"s from eqn (1) into eqn (3) gives

tf � const

�nf
�4�

with n the stress exponent of the Norton equation.

Equations (2) and (4) predict the slope of a plot
like that of Fig. 10 to be equal to ÿ1=N or ÿ1/n,
respectively. From the values obtained from Fig. 10
(32<N<89) as well as from the stress exponent of
the creep rate (n � 2) it is concluded that, in the
materials of the present study, the failure time is
controlled by the growth of individual cracks
rather than by creep damage accumulation, and
that failure is initiated when the critical failure size
is reached. The predominance of brittle phenom-
ena at high stresses is further substantiated by the
very small failure strains.
The fall in the crack-growth exponents from

values around 80 before oxidation to values
between 30 and 40 after oxidation is an indication
that the proneness to subcritical crack growth was
increased by the oxidation treatment. The smaller
the value of the crack-growth exponent in a cera-
mic, the more pronounced is the occurrence of sub-
critical crack propagation before the onset of
catastrophic failure. The improved resistance of
Si3N4-based nanocomposites to high-temperature
crack growth has been explained by the increased
grain-boundary strength, which is thought to be
caused by the observed direct bonding at the SiC/
Si3N4 interface.2 Inverting this explanation, it is
concluded that the acceleration of crack propaga-
tion may be due to a weakening of the grain-
boundary strength. This concept, however, does
not agree with the idea of oxidation-induced pur-
i®cation of the intergranular phase, which was
proposed above to explain the increased creep-
resistance of pre-oxidized specimens.
Another explanation of accelerated crack propa-

gation could be the pore formation observed
throughout the bulk of the oxidized materials. The
diameter of these pores was found to lie between
0.2 and 1�m. If we assume a mean pore size of
0.5�m, and if we assume further, for a porosity of
5%, the pores to be packed in a simple cubic array,
the mean pore distance is 3�m. Compared with the
grain size of the monolithic Si3N4 (0.7�m) and of
the nanocomposite (0.4�m), this ®gure means that
a crack propagating along the Si3N4 grain bound-
aries will come upon a pore after separating about
4 grains in the monolithic Si3N4 and about 7
grains in the nanocomposite. These pre-cracked
sites along the crack path are certain to contribute
to facilitating the crack advancement.
The mechanism of pore formation during oxida-

tion is not fully understood. Several possibilities
have been discussed.12 Reactions leading to the
formation of the oxidation products SiO2, Y2Si2O7

and Si2N2O are related to a volume increase. It was
suggested that, due to this volume increase, a
compressive stress is built up in the surface layer
and a tensile stress in the bulk. Recent investigations
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showed that tensile creep of Si3N4 resulted in
extensive cavity formation.22 There was a nearly
1:1 relationship between creep strain and porosity,
that is to say 1% deformation was accompanied by
1% pore formation. Applied to our results this
®nding means that the porosity found in the present
study must have been formed by the operation of at
least one further mechanism. A possible contribu-
tion may be the outward di�usion of yttrium ions.
Finally, the reduced failure stress levels of the

10YH-ox and 10YH10SCp-ox materials, shown in
Fig. 10, are analysed. Since high-temperature fail-
ure of the present materials is controlled by crack
propagation, eqn (2) should apply. It predicts a
failure stress for a given failure time that scales
with the inert strength, SI. Room temperature
strength data measured before and after oxidation
revealed a pronounced strength drop. In the
monolithic Si3N4, the reduction was from 1000 to
470MPa, and in the nanocomposite from 955 to
790MPa. The corresponding ¯aw sizes (for
KIc=8MPam1/2 according to Ref. 6) increased from
16 to 72�m (mono) and from 18 to 25�m (nano).
The relative amount of these strength reductions
agrees reasonably well with those obtained from
Fig. 10 at short failure times and high loadings
when the amount of crack propagation is still
small. Moreover, the increased ¯aw sizes coincide
with the size range of oxidation-induced surface
pits observed microscopically. The smaller surface
damage found in the nanocomposite material may
account for the higher failure stress of the
10YH10SCp-ox material. This ®nding is in agree-
ment with other studies20,28 where it was found
that the presence of Si2N2O in Si3N4 materials
reduced the oxidation damage (cracks or pores) in
the surface region. It is concluded, therefore, that
the reduced failure stresses of Fig. 10 are caused by
the surface defects formed in the oxide scale.

5 Conclusions

The present study has shown that long-term oxi-
dation treatments of Si3N4/SiC nanocomposites
and of a monolithic Si3N4 reference material resul-
ted in distinct changes of the high-temperature
mechanical properties in the direction of enhanced
brittleness. The high-stress range of mechanical
response, characterized by predominantly brittle
behaviour and a marked ¯aw sensitivity, was
extended to lower stresses, while the low-stress
range, where the behaviour is dominated by a
homogeneous bulk deformation, a steady-state
creep regime, and a plasticity of several per cent
(Figs 7 and 8), is more con®ned. The transition
stress �t between the two regimes was shifted to

lower values. Since the service stress in an engi-
neering application must not exceed the upper
bound of the ductile regime, an important impli-
cation for safe operation is that the maximum ser-
vice stress must be reduced when the material is
exposed to an oxidizing environment. When this
design criterion is neglected the material will be
operated under conditions where the lifetime will
be drastically reduced with increasing service time
(Figs 9 and 10). A 10% addition of a nanosized
SiC dispersion is able to increase the creep resis-
tance in the low-stress regime and to improve the
resistance to oxidation-induced damage, conferring
a prolonged failure time in the high-stress regime.
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