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Abstract

Tensile creep tests were conducted on an advanced silicon nitride at 1400�C in air. During the creep tests, an intermediate layer
with precipitates was formed under the subsurface oxidation layer. Microstructure observation revealed the presence of numerous

microcracks, which developed perpendicular to the tensile stress axis. The local elastic properties of the cross-section of crept
specimens were examined by the micro-indentation technique and elastic degradation was found in the subsurface layers. While
the creep curves exhibit transient and steady-state-like stages, the creep rate gradually increases in the steady-state-like stage. The

origin of this slightly accelerated stage is discussed. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon nitride has been successfully used in mechan-
ical components such as turbocharger rotors, glow
plugs, high-speed bearings and cutting tools.1,2 The
excellent mechanical properties of silicon nitride at ele-
vated temperatures have led to the expectation of its
being used in ceramic gas turbines, which enable
improved thermal e�ciencies to be achieved by operat-
ing at high temperature.3,4 Careful design and proces-
sing are, however, required for such mechanical
applications due to the brittle nature of ceramic materi-
als. Designing ceramic components to reduce the max-
imum stress and use of careful manufacturing processes
to minimize the dimension of ¯aws are, therefore,
essential to avoid unexpected failure. Furthermore,
developing an accurate lifetime prediction method is
important for assuring reliability in practical applica-
tions. It is noteworthy that the lifetime of ceramics is
generally governed by the strength degradation, while in
some cases the lifetime is controlled by the dimensional
change occurring in the materials.

The lifetime under loading at high temperatures can
be controlled by several degradation mechanisms. Sub-
critical crack growth from a pre-existing ¯aw is a well-
known mechanism for strength degradation in ceramics.
The estimation of the residual strength is, however, dif-
®cult due to the lack of warning signs such as plastic
deformation prior to ®nal failure. Proof testing is,
therefore, widely applied to assure the lifetime and
reliability.5,6 Creep rupture is another mechanism of
reducing the residual strength. Both of these mechan-
isms are similar to each other since creep rupture in
ceramics often occurs in a region of very small defor-
mation. However, it should be noted that creep rupture
results from cavity formation followed by coalescence of
the cavities. while failure resulting from subcritical
crack growth originates from the largest pre-existing
¯aw. In advanced silicon nitrides, the subcritical crack
growth mechanism is generally dominant at tempera-
tures below approximately 1100�C under high stresses
corresponding to a lifetime up to 1000 h.7 Accordingly,
creep rupture is predominant at higher temperatures
under lower stresses, where the corresponding lifetime is
considerably longer than that resulting from the sub-
critical crack growth mechanism. A fracture mechanism
map for silicon nitride SN88 (NGK Insulators Ltd.
Nagoya, Japan), for example, indicates that creep
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rupture at a temperature of 1070�C is predominant for
lifetimes exceeding 1000 h whereas the subcritical crack
growth mechanism is predominant for lifetimes less
than 1000 h.8 In the case of large creep deformation,
deformation exceeding an allowable limit determines the
lifetime of use. The third degradation mechanism is that
due to severe ¯aw generation such as oxidation and
corrosion. In particular, oxidation of non-oxide cera-
mics governs the lifetime in cases where degradation of
the residual strength occurs intensively. Another
mechanism due to oxidation which is responsible for
limitation of use is the signi®cant dimensional changes
that result from the formation of oxide layers. Addi-
tionally, in the case of rotating parts such as gas turbine
rotors, impact damage caused by small fragments
migrating into the rotating parts may lead to a reduc-
tion in strength.
In actual high temperature tests, oxidation usually

occurs in non-oxide ceramics and may a�ect the mea-
sured properties. In the present study, tensile creep tests
of an advanced silicon nitride were conducted and the
oxidation e�ect on the creep behavior was explored in
terms of oxidation-induced degradation occurring in the
subsurface layer.

2. Experimental procedure

A gas pressure sintered silicon nitride (developmental
grade: ST-1, supplied from NGK Spark Plugs Co., Ltd.,
Nagoya, Japan) was used in the present study. The
microstructure of the material exhibits a typical bimodal
grain size distribution, consisting of a small amount of
large grains with length up to 5 mm dispersed in a matrix
of small grains of 0.3±0.5 mm in lengths and 0.2 mm in
diameter. The presence of ytterbium and aluminum in
secondary phases was identi®ed with a scanning elec-
tron microscope equipped with an energy dispersion
X-ray analyzer (Model S-800, Hitachi, Japan). X-ray
di�raction (PW 1752/00, Philips, The Netherlands)
revealed that the major phase is b-Si3N4 and additional
minor phases are a-Si3N4 and Yb2Si7O7. The material
has a bulk density of 3.37 Mg/m3, the fracture tough-
ness determined by the single-edge-precracked beam
method is 5.6 MPa.m1/2 and Young's modulus at room
temperature determined by the ultrasonic pulse method
was 317 GPa. The material has a four-point ¯exural
strength of 1085 MPa at room temperature and the
strength at 1400�C is 480 MPa.9

Dog-bone shaped specimens with a rectangular cross-
section of 4�2.5 mm and gauge length of 20 mm were
used for the tensile creep tests. Creep machines with
dead weight loading (HTT-300, Toshin Co., Ltd.,
Tokyo, Japan) were employed in the present study and
the specimens were ®xed in the hot grips using four pins
made of silicon carbide. The bending moments on the

specimens were minimized by adjusting the load train
and controlled using four strain gauges glued on each
surface of the specimen. Creep strains were measured
with two linear variable di�erential transducers (LVDT)
outside the furnaces and in some cases with an optical
extensometer (Model 4100, Zimmer, Germany) mon-
itoring the position of ¯ags integrated in the specimens.
The e�ective elastic modulus in local areas was deter-

mined by the Vickers indentation technique using a
dynamic microhardness tester (Fischerscope. H100VP-
HCU, Helmut Fisher GmbH, Germany). In this equip-
ment, the values of the elastic modulus E/(1ÿ�2), where
E is Young's modulus and � is Poisson's ratio, are
automatically calculated from the slope of an unloading
curve describing the relation between load and indenta-
tion depth. In the actual measurements, a Vickers
indentor was loaded on the polished cross-sections of
the crept specimen in 60 steps with dwell times of one
second at each step, up to the maximum load of 300
mN. The same conditions were used during unloading.
The cross-sections were cut perpendicular and parallel
to the direction of the applied stress. It is noteworthy
that the measured values of elastic modulus represent
the averaged properties of the material because the
diagonal length of the impression is about 10 mm, which
is much greater than the dimension of the matrix grains.
The details of the experimental procedure are described
elsewhere.9ÿ11

3. Results and discussion

Fig. 1a shows a scanning electron micrograph of the
silicon nitride, the creep test of which was conducted at
1400�C under a stress of 70 MPa, and the rupture
occurred after 84.8 h. The micrograph indicates the
cross section perpendicular to the stress axis. Three
regions with di�erent brightness are seen. The oxidized
layer, which looks white, is formed on the surface and
its thickness is approximately 40 mm. The intermediate
layer, which is dark gray with white precipitates, is
formed under the oxidized layer and its thickness is
approximately 400 mm. It is noteworthy that the con-
centration of white precipitates in the intermediate layer
is low in the area near the surface. The bulk material
with light gray color is seen under the intermediate
layer. Chemical analysis using an EDAX revealed a
high concentration of ytterbium and oxygen in the white
precipitates in the intermediate layer and in the surface
oxidized layer. This suggests that ytterbium di�uses
toward the surface in the outer part of the intermediate
layer. Fig. 1b shows another scanning electron micro-
graph of the cross section parallel to the stress axis. This
sample was tested at 1400�C under a stress of 70 MPa
and the rupture occurred after 36.5 h. During the test,
the oxidation layer of approximately 10 mm and the
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intermediate layer of approximately 220 mm thickness
were formed. Surface cracks of several tens of microns
are seen to be developed perpendicular to the direction
of the tensile stress. This implies that the mechanical
strength in the intermediate layer is lower than that of
the core material. Note that the crack opening dis-
placement is much greater than the several tenths of
microns predicted from linear elastic fracture mechanics
and that the crack tips are arrested in the intermediate
layer. The stress concentration at the crack tip seems to
be relaxed by the occurrence of the localized plastic
deformation. It is noteworthy that the numerous cracks
are observed only in the region near the surface and
they are arrested. This implies that the ®nal failure pre-
dominantly occurs not by oxidative degradation during
creep but by creep rupture. In addition, two micro-
graphs were taken from crept specimens conducted
under the same test conditions. The reason for the dif-
ferent lifetimes between 36.5 and 84.8 h is unclear but
this result seems to indicate the relatively large scatter in
time-to-failure of creep rupture.
Fig. 2 shows the local distribution of the e�ective

Young's modulus, E/(1ÿ�2), in the cross-section area of
the crept specimen, which was tested at 1400�C under a
stress of 70 MPa for 84.8 h. In the case of a stress free
part that was taken from an integrated ¯ag of the
specimen, the values of the modulus in the core zone at

a distance of more than 500 mm from the surface are
approximately 310 GPa. This is very close to the value
of 317 GPa in the initial material. In contrast, the
modulus in the intermediate layer of approximately 260

Fig. 1. Scanning electron micrographs of a cross-section of crept silicon nitride. (a) Perpendicular to the tensile stress. The test was conducted at

1400�C for 84.8 h under a stress of 70 MPa. (b) Parallel to the tensile stress, crack-like voids are visible. The test was conducted at 1400�C for 36.5 h

under a stress of 70 MPa.

Fig. 2. Elastic modulus E/(1ÿ�2) in the cross-section of the crept sili-

con nitride. The creep test was conducted at 1400�C for 84.8 h under a

stress of 70 MPa. *: Cross-section perpendicular to the tensile axis;

*: cross-section of a stress free part, taken from one of the integrated

¯ags.
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GPa is lower and the elastic modulus of the surface
oxide layers is only about 200 GPa. The average value
in the intermediate layer is about 16% lower than that
in the bulk. The values of modulus for the cross-section
perpendicular to the stress axis exhibit a similar trend
but the modulus values are slightly lower. This is
because the tensile stress produces cavities that con-
tribute to lowering of the modulus. Since the elastic
modulus is high in the core of the specimens, the stresses
in the core are higher than the nominal ones. Further-
more, the actual stress in the core may be much higher
because of intensive cracking of the surface layer, which
is unable to support the load.
Fig. 3 shows typical creep curves obtained at 1400�C

under stresses of 70 and 50 MPa. Transient creep
regions are seen in the initial 20 h in both cases and the
steady-state-like creep regions follow. It is noteworthy

that the strain rates in the steady state region gradually
increase with time, suggesting slightly accelerated creep
deformation. The strain rates in the steady-state regions,
indicated by solid lines in Fig.3a and b, are approxi-
mately 6�8�10ÿ7 and 2.5�3.7�10ÿ7 sÿ1, respectively.
But they increase linearly with time, and the increasing
rates of the strain rates for 70 and 50 MPa are
9.7�10ÿ13 and 2.4�10ÿ13 sÿ2 respectively. This acceler-
ated creep is probably caused by the increase in the
e�ective stress in the load-bearing core of the specimens,
as a result of reduction in elastic modulus and crack
generation in the intermediate layers. Another possible
mechanism is generation of cavities during creep
deformation.12ÿ16 However, it was reported that gen-
eration of cavities increases the creep rate through the
higher stress component of creep deformation in higher
stress regions while gradual increases in creep rates have

Fig. 3. Creep strains and strain rates of silicon nitride conducted at (a) 1400�C under a stress of 70 MPa, and (b) 1400�C under a stress of 50 MPa.
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not been reported.17ÿ19 Therefore, the gradual increase
in the creep rate is attributed to elastic degradation in
subsurface layers rather than cavitation damage.

4. Summary

Tensile creep tests of a gas pressure sintered silicon
nitride were conducted at elevated temperatures in air.
The material contains ytterbium and aluminum in sec-
ondary phases and has a typical bimodal grain size dis-
tribution. During creep tests, a subsurface intermediate
layer was formed between the surface oxidation layer
and the core of the material. The e�ective Young's
modulus of the subsurface layer was lower than the core
of the specimens and numerous cracks were produced in
the intermediate layers. The creep curves exhibit a short
transient stage followed by secondary creep, in which
the creep rate gradually increases. Such an increase in
the creep rate was attributed to the stress increase in the
core of the specimen, as a result of a gradual degrada-
tion in the elastic modulus and crack generation in the
subsurface layers.
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