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Abstract

Extensive transmission electron microscopy (TEM) has been performed to study the microstructure evolution of a self-rein-
forced silicon nitride associated with high temperature creep. A large population of strain whorls is observed in samples crept at
relatively high temperatures and the strain whorls are not necessarily asymmetrical with respect to the grain boundary normal.
Large angle convergent beam electron diffraction (LACBED) at the grain boundaries where strain whorl contrast is visible reveals
severely curved Bragg lines, implying large residual strains. This indicates that grain boundary interlocking might be effective to
enhance the creep resistance at high temperatures. Dislocation pile-ups, arrays and tangles are present in certain silicon nitride
grains. However, a simple analysis rules out dislocations as the major creep mechanism. Most dislocations started from grain
boundaries. The role of dislocations is to relieve the stress concentrations at the strain whorls. This adds to the diffusion
mechanism of stress relaxation at the strain whorls and facilitates other creep mechanisms such as grain boundary sliding. A large
density of multiple-junction cavities is observed in the samples crept at relatively high temperatures. It is proposed that grain
boundary sliding and cavity formation, in addition to stress relaxation through nucleation of dislocations at the strain whorls act
together to produce a much shorter life to failure at high temperatures. While at lower temperatures, the creep is more diffusion
controlled which gives a stress exponent of unity. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

One of the most serious problems associated with
ceramics is the poor fracture toughness. For the past
two decades, enormous effort has been exercised to get
around this problem by means of reinforcement [1],
phase transformation toughening [2], microstructure de-
signing [3], etc. Among the family of non-oxide ceram-
ics, silicon nitride has been a very important member
because of its unique properties. For example, silicon
nitride has very high strength, very low thermal expan-
sion coefficient and chemical stability at high tempera-
tures. In the mid 1980s, silicon nitride ceramics with
high fracture toughness had been produced through

composition and microstructure design such that the
fracture toughness reached �10 MPa·m1/2 [4]. Re-
cently, AlliedSignal has produced a new silicon nitride,
GS44, with yttria, alumina and magnesia as sintering
aids. This material has moderate to high fracture
toughness (8.2 MPa·m1/2) and quite high room-temper-
ature strength. Elongated grains with an aspect ratio of
above seven usually characterize silicon nitride ceramics
with high fracture toughness. The elongated grains
work in such a way that crack bridging, pull-out of
these grains and crack deflection mechanisms effect the
reinforcement and lead to much improved fracture
toughness [5]. However, not much is known about the
creep behavior of this type of silicon nitride.

Using the stress exponent, apparent activation energy
and the grain size exponent to determine the rate
controlling process of creep deformation of a material
can be superficial. This is understood if we bear in mind
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the fact that many factors can contribute to the changes
of the stress exponent and the apparent creep activation
energy. In this respect, the creep strain rate may be
written as [6]

o; =A(s,T,S,e)sn exp
�

−
DHC(s,T,S,e)

RT
n

(1)

where the pre-exponential term A, and the activation
enthalpy for creep DHC, are functions of stress, temper-
ature, structure, and environment. The structure term
S, may include such parameters as grain size, disloca-
tion density and purity, etc.

Therefore, microstructural studies are crucial for the
understanding of the creep mechanisms of a material.
However, in situ microstructural analysis is not feasible
since for ceramics usually the creep temperature is quite
high. So far, all the microstructural observations of the
crept samples have been done after the samples are
cooled down from the creep temperature. One of the
advantages of microstructural studies of crept samples
is that it is the ideal way to establish the structure–
property relationship.

In this paper, transmission electron microscopy
(TEM) is used to study the microstructure evolution
associated with the creep processes of GS44 at various
temperatures and under various load conditions.

2. Experimental details

A detailed description of the creep experiment is
given elsewhere [7]. Rod-like creep specimen design was
chosen based upon a simple geometry that allowed
minimal volume of material, minimum machining, low
cost and ease of alignment. All of the specimens had a
ground surface finish of 2–3 mm. Tensile creep tests
were performed at temperatures from 1100 to 1275°C,
under stress levels from 60 to 140 MPa. It was found
that at temperatures greater than 1200°C, creep life was
much shorter than at lower temperatures under the
same stress level. The creep tests yielded an activation
energy of 960 kJ/mol and stress exponent of unity at
1100°C, and 2.0 at higher temperatures. The TEM
samples were cut from the gauge section of the sample,
as close to the fracture surface as possible. The samples
were then mechanically polished to 50–80 mm. A dim-
ple was made with the center area being around 10 mm
thick. The samples were placed on a molybdenum ring
of 3 mm in diameter and ion milled using a dual gun
ion-milling machine to electron transparency. Initially,
the ion-milling machine was operated at 5 KV and the
angle between the ion beam and the sample surface was
about 15°. Before loading the specimen into the elec-
tron microscope, the samples were cleaned in the ion-
milling machine by using 2.5 KV ion beam and 12° to
remove any amorphous phase produced by the ion
milling process. TEM studies were conducted on TOP-
CON-002B operating at 200 KV. Large angle conver-
gent beam electron diffraction (LACBED) technique
was also used to study the strains at the grain
boundaries.

3. Results and discussion

In our TEM studies, we have observed strain whorls,
dislocations, grain boundary sliding, and cavities in
certain samples. However, the frequency of occurrence
of these phenomena is a function of creep temperature
and stress. In the following, various phenomena will be
described and discussed separately as pertaining to the
creep mechanism of GS44.

3.1. Strain whorls and strains at grain boundaries

Fig. 1 is a bright field electron micrograph showing
the microstructure of GS44 ruptured at 1275°C under
80 MPa after 3.95 h of creep. Apart from voids or
cavities that will be discussed later, we can see strain
whorls that were first reported by Lange et al. [8]. The
strain whorls are localized at certain places and most of
them are along the grain boundaries. These observa-
tions are in general agreement with those of Lange et
al. In their work, they stated that in general the strain

Fig. 1. TEM micrograph of GS44 ruptured after 3.95 h of creep at
1275°C under 80 MPa.
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Fig. 2. TEM micrographs showing strain whorls in GS44 ruptured
after 3.95 h of creep at 1275°C under 80 MPa. The strain whorls are
quite symmetrical with respect to the grain boundary normal.

samples are cooled under load or not, it also depends
on how easily the concentrated stress condition at the
strain whorls can be released. This will depend upon
the surroundings of the strain whorl such as the amor-
phous grain boundary phases, their ability to support
the stress and the mechanism for the stress to be
released by alternative mechanisms such as diffusional
processes. While in silicon nitride ceramics consisting of
equiaxial grains, the strain whorl might have originated
from the stressed asperities of grain surfaces, in GS44,
they might be also due to stress induced contact of two
grains, since this material has elongated grains. We can
expect that interlocking of silicon nitride grains has a
significant contribution to the creep resistance of this
material.

One of the distinct features of the creep behavior of
in situ reinforced silicon nitride, such as GS44, as
compared to other monolithic silicon nitride, is the very
high activation energy (960 kJ/mol for this work). This
observation is in agreement with other studies on in situ
reinforced silicon nitride [9–14]. It falls in a range far
beyond the conventional silicon nitride ceramics [15,16]
such as sintered, HIPed or reaction bonded silicon
nitride ceramics that consist of equiaxed grains. The
major difference between the materials is the mi-
crostructure. We can therefore presume that large acti-
vation energy values are one of the main virtues of
self-reinforced silicon nitride associated with the mi-
crostructural characteristics. A more detailed model is
still needed to explain the high activation energy for in
situ reinforced silicon nitride ceramics.

Crampon et al. [12] also observed strain whorls in
their samples, and their experiments produced an acti-
vation energy very close to ours (960 kJ/mol) while the
stress exponent was around unity. They suggested that
these are indicative of a solution-diffusion–precipita-
tion accommodated grain-boundary sliding, following
the theoretical model of Raj and Chyung [17] where the
diffusion through the glass phase is rate controlling.
These authors thought that the driving force for diffu-
sion is the chemical potential difference caused by the
stress at the strain whorls. Mass transport takes place
from the compressed area at the strain whorls to those
under tension. The more detailed model for this process
is proposed by Wakai [18,19], which can explain the
stress exponent of unity.

Strain whorls are also observed in samples crept at
lower temperatures such as 1000°C. Fig. 3 is a TEM
micrograph showing elongated silicon nitride grains
and strain whorls. However, the occurrence of strain
whorls at this temperature is less frequent than at
1275°C.

Fig. 4a is an electron micrograph showing a strain
whorl along the grain boundary of two silicon nitride
grains. Fig. 4b is a portion of a large angle convergent
beam electron diffraction (LACBED) disk taken from

whorls appeared asymmetrical with respect to the
boundary normal. This is not necessarily the case.
There are some strain whorls that are quite symmetrical
with respect to the grain boundary normal (see Fig. 2,
for example). We postulate that whether a symmetrical
strain whorl is present or not will depend on the
illumination condition in the microscope: the direction
of the electron beam with respect to the grain orienta-
tion. This is supported by the observation that the
strain whorls are essentially extinction contours result-
ing from a localized out-of-plane buckling of the elec-
tron microscope foil [8]. We observed no inclusions or
particles in the center of the strain whorls or in close
proximity of the strain whorls. Since atomic resolution
can not be reached around the strain whorls because of
the abrupt changes in the deviation parameter(s) from
the exact Bragg condition in the vicinity of the strain
whorls, we believe it would not be convincing to simply
attribute the strain whorls to the stressed asperities such
as ledges of single or multiplanar height at grain
boundaries. Another point worthy of attention is that
the TEM samples in the present study were prepared
from creep samples ruptured at high temperatures (the
creep temperatures) and then cooled down to ambient
temperature. Whereas in Ref. [8] the samples that
showed strain whorls had been cooled under load.
Therefore, whether strain whorls can survive the high
temperature holding depends not only on whether the
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the grain boundary of Fig. 4a. Significant bending of
the Bragg lines close to the grain boundary where the
strain whorl lies indicates that there is very large resid-
ual strain around and at the strain whorl. (The tradi-
tional methods of convergent electron beam diffraction

Fig. 5. Dislocation pile-ups in some silicon nitride grains of GS44
crept at 1275°C under 80 MPa for 3.95 h.

Fig. 3. TEM micrograph of GS44 crept at 1000°C under 80 MPa for
500 h without failure. It shows elongated grains and strain whorls of
less population as compared to the sample crept at 1275°C.

(CBED) use a converged probe focused on to a speci-
men in the object plane resulting in the formation of a
CBED pattern in the diffraction plane (the back focal
plane of the objective lens). LACBED is a development
of CBED which uses a convergent but defocused probe
(usually focused below the specimen) forming a shadow
image in the diffraction plane, that is the LACBED
discs contain low spatial resolution image information
superimposed upon high angular resolution diffraction
information [20,21].)

Since the occurrence of strain whorls is quite local-
ized, we should expect that the creep deformation of
this material accommodated by strain whorls is also
localized at a microstructure level.

3.2. Dislocations and their roles in creep deformation

In Ref. [22], the dislocation networks that are ob-
served in virgin GS44 have been described. In the
present section, TEM observations of dislocations will
be given for the crept samples. Fig. 5 gives the disloca-
tion pile-ups and Fig. 6 shows dislocation arrays in
some silicon nitride grains from a sample crept at
1275°C for 3.95 h. Fig. 7 shows dislocation tangles in a
silicon nitride grain in the same sample. These images
indicate that during creep, some grains underwent plas-
tic deformation through dislocation mechanism. Fig. 8
shows the bright field image of dislocations in a silicon
nitride grain imaged under multi-beam condition (a)
and their dark field image (b). The inset in Fig. 8a is the
selected area diffraction pattern (SADP) taken from the
silicon nitride grain that contains the dislocations. The
SADP is indexed to come from zone [15( 49] and is
corroborated by calculations using this zone axis. To
study the dislocations in Fig. 8 in more detail, system-
atic diffraction contrast analysis was carried out by
tilting the sample in the microscope with reference to
the in-zone SADP. Two beam conditions were achieved
for dislocation imaging and for the use of the g ·b=0
invisibility criterion. The quantitative analysis of dislo-

Fig. 4. TEM micrograph showing strain whorls at the grain
boundaries (a) and a portion of the large angle convergent electron
diffraction disk (b) from (a) showing severely bent Bragg lines close
to the grain boundaries where the strain whorls lie.
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Fig. 9. Two beam diffraction contrast of the dislocations in a grain of
beta -silicon nitride. Dislocation are in contrast in both g=301 and
g=033.

Fig. 6. Dislocation arrays in a silicon nitride grain of GS44 crept at
1275°C under 80 MPa.

Fig. 10. Two beam condition bright field image showing dislocations
out of contrast with the excited reflection being g=3( 10.

Fig. 7. Dislocation tangles in a silicon nitride grain of GS44 crept at
1275°C under 80 MPa.

Fig. 8. Multi-beam condition image of dislocations in a beta-silicon
nitride grain in GS44 crept at 1275°C with a time to rupture of 3.95
h. Bright field (a) and dark field images of dislocations. Inset in (a) is
the diffraction pattern that has a zone axis of [15( 49].

cations in a crystal is based on the Darwin–Howie–
Whelan equations [23,24], from which the g ·b=0 invis-
ibility criterion can be deduced easily. It has been used
to identify the Burgers vectors in both beta- and alpha-
silicon nitride. Fig. 9 shows the dislocation images
acquired under two beam conditions with reflections
g=301 and g=033. Fig. 10 is a TEM micrograph
from the same area as Figs. 8 and 9. The excited
reflection is g=3( 10 and the dislocations are out of
contrast. It can thus be inferred that the Burgers vector
of these dislocations is c [0001]. This is in agreement
with the results by Butler [25], Evans and Sharp [26],
and Milhet et al. [27], that reported most of the disloca-
tions in beta-silicon nitride have the axial Burgers vec-
tor and lie in {100} planes.
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Dislocations have been considered to have little effect
on the creep behavior of silicon nitride ceramics, since
it has been suggested that at the creep temperatures,
dislocation multiplication and movement are not likely
to happen. What is more, unlike FCC or BCC metals
that have at least five independent slip systems, beta
silicon nitride is hexagonal and covalently bonded, and
has less than five independent slip systems. However, at
elevated temperatures and under fairly large stress,
some planes that usually do not slip may come into
play. TEM observation has shown not only the axial
dislocations having Burgers vector along the [0001] axis
[25], non-axial dislocations have also been reported in
beta silicon nitride [28]. For example, glide systems
such as 1/3B12( 10\{101( 1} have been revealed by
Milhet et al. [27]. Therefore, it appears that dislocation
generation at the interlocking locations might be a
plausible mechanism to accommodate the stress and

contribute to the creep strain rate, especially when the
creep temperature is high. This seems particularly im-
portant in the case of in situ self-reinforced silicon
nitride where interlocking effect is expected to be very
significant. However, the efficiency of dislocations in
this respect needs more detailed consideration. Li and
Reidinger [9] also observed dislocations in the crept
sample of an in situ reinforced silicon nitride. The
authors attributed the creep strain to the step model
instead proposed by Waikai [18,19], even though the
stress exponent was 3.2.

We propose that at high temperatures and under
certain stress conditions, plastic deformation through
dislocation movement may be a plausible mechanism.
However, because the occurrence of a large density of
dislocations is only localized in a few silicon nitride
grains, dislocation can not at all account for the major
creep strain. The strain due to dislocation motion can
be written as

o=rbx (2)

where o is the plastic strain, r is the dislocation density,
b is the magnitude of the Burgers vector, and x is the
average distance a dislocation moved. Considering the
localization of dislocations in the crept sample observed
in this work, we could safely take an average disloca-
tion density of 107/cm2. The magnitude of Burgers
vector b=3.29×10−8 cm for axial dislocations, and
x=0.001 cm is the average grain size of GS44. The
estimated strain is then only of the order of 10−4. This
is very minor compared to the total creep strain ob-
tained in this work. It is in accord with the analysis
made by Kossowsky [29]. Therefore, dislocation is not
the major mechanism for the creep deformation of this
material. Here we did not consider the non-axial dislo-
cations since according to Evans and Sharp [26], B
0001\ dislocations are the most stable that are also
likely to be most mobile with {101( 0} as the primary slip
plane.

Nevertheless, the occurrence of dislocations in some
silicon nitride grains needs to be addressed in more
detail. Fig. 11 shows dislocations in some silicon nitride
grains that went through the 3.95 h of creep under 80
MPa. It is interesting to observe that these dislocations
are quite close to the grain boundaries. Particularly, we
can see certain dislocations start from the grain
boundary and the dislocation images extend into the
silicon nitride grains. A more careful examination at the
dislocation pile-ups shown in Fig. 5 indicates that some
pile-up starts from the grain boundary and crossed the
whole silicon nitride grain. The strain whorls at both
ends of the pile-up are still visible. Fig. 12 shows both
a strain whorl and dislocations starting from grain
boundary.

In Fig. 13, we can see dislocations starting from
places where two silicon nitride grains contact. Around

Fig. 11. Dislocations observed in GS44 crept at 1275°C under 80
MPa showing a number of dislocations originated from the grain
boundaries.

Fig. 12. Strain whorl at the grain boundary and dislocations starting
from the grain boundary observed in GS44 crept at 1275°C under 80
MPa.
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Fig. 13. Dislocations starting from contacting point of two silicon
nitride grains. Trace of strain whorl can also be seen at the back end
of a dislocation in the lower left corner of the micrograph.

the dislocation at the lower left corner of the micrograph
the trace of a strain whorl is still visible. In Fig. 14, two
dislocations are shown to start from the grain
boundaries. Here, we see the nucleation of dislocations
at the grain boundary.

The significance of the observations of Fig. 5 through
Fig. 13 is that, in addition to the diffusional processes,
dislocation nucleation and motion is also an alternative
mechanism of stress relaxation at the grain boundaries
of silicon nitride in high temperature creep. Even though
dislocation mechanism is not responsible for the major
creep strain in this silicon nitride ceramics, its effect in
relieving the interlocking stress and facilitating other
creep mechanism such as grain boundary sliding may
accelerate the creep process and contribute to making the
time to rupture much shorter for high temperature creep
than for lower temperature creep.

3.3. Ca6ities and grain boundary sliding

Figs. 1 and 2 both show cavities in addition to some
other features due to creep. In the samples of the present
study, no lenticular (penny-shaped) cavities have been
observed. While lenticular cavities have usually been
observed along the grain boundaries [13,14,30], which
indicates severe grain boundary sliding, in this study, all
the cavities occur at the multiple junction pockets. Fig.
15 is a TEM micrograph of GS44 crept at 1100°C for 500
h without rupturing. Cavities at two triple junctions are
shown. Also visible in this micrograph is the contrast
along the grain boundary of two silicon nitride grains
that might be attributed to grain boundary sliding, as can
be seen from the strain contrast in the close vicinity of
the grain boundary. Evidence for grain boundary sliding
is seen in Fig. 16, where grain boundary sliding leaving
a gap between two grains is indicated.

Recently, a model has been proposed by Lofaj et al.
[31], for the cavitational strain contribution to tensile
creep in vitreously bonded ceramics, which has been
tested for self-reinforced silicon nitride. It was shown that
more than 90% of the total tensile strain is from

Fig. 14. Two dislocations starting from the grain boundaries and their
images extended into the silicon nitride grain.

Fig. 15. Cavities in GS44 crept at 1100°C for 500 h under 80 MPa.
Fig. 16. Direct evidence of grain boundary sliding leaving gaps
between two grains of silicon nitride.
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cavitation. In his extensive study of the tensile creep in
an in situ reinforced silicon nitride ceramics, Gasdaska
[10] showed that �80–100% of the strain in compres-
sion was due to cavitation. However, in the case of
tensile creep, the presence and fraction of cavities alone
can not account for the total tensile strain of the crept
samples. The author proposed that creep strain accu-
mulates by mechanisms in addition to cavitation. He
further suggested that some cavity growth must occur
by displacement of silicon nitride grains due to sliding.
This has been verified in the present work by the direct
evidence of grain displacement via grain boundary slid-
ing as shown in Fig. 16. This occurs with reduced
viscosity of the grain boundary amorphous phase at
high temperatures. Since this kind of grain displace-
ment was rarely observed in the samples crept at lower
temperatures such as 1100°C, we might reasonably
attribute the reduced creep resistance of this material at
higher temperatures to the significant activation of this
grain displacement via grain boundary sliding.

In their study on the tensile creep behavior of a
HIPed in situ reinforced silicon nitride, Luecke et al.
[13,30] observed that the volume fraction of cavities
increased linearly with strain and it can be used to
account for a substantial fraction of the strain in ten-
sion. Though they also observed some lenticular cavi-
ties along some grain boundaries, they proposed that
the irregularly shaped interstitial cavities made up the
bulk of the total volume fraction of cavities. Instead of
growth of existing cavities, the addition of new cavities
plays a significant role in contributing to the total creep
strain. However, at large strains growth of cavities
began to contribute significantly to the total volume of
cavities.

4. Summary and concluding remarks

Extensive (TEM) studies were conducted on the mi-
crostructural evolution of self-reinforced silicon nitride,
GS44, associated with high temperature creep processes
under different conditions. A large population of strain
whorls is observed in samples crept at 1275°C under 80
MPa. The strain whorls are not necessarily asymmetri-
cal with respect to the grain boundary normal. Large
angle convergent beam electron diffraction (LACBED)
technique showed severely bent Bragg lines close to the
grain boundary, implying that grain boundary inter-
locking may contribute to creep resistance. It is sus-
pected that the large activation energy of self-reinforced
silicon nitride ceramics is related to their peculiar mi-
crostructure. Dislocation pile-ups, arrays and tangles
are present in certain silicon nitride grains crept at
1275°C. However, an analysis of the strain contribution
from dislocations shows that dislocations alone can not
account for the major creep strain. It is observed that

most dislocations started from grain boundaries. In
some cases, the residual contrast of the strain whorls is
still visible where dislocations are observed to nucleate.
We therefore propose that the major role of disloca-
tions is to relieve the stress concentrations at the strain
whorls. This adds to the diffusion mechanism of stress
relaxation at the strain whorls and facilitates other
creep mechanism such as grain boundary sliding. The
dislocation density in the sample crept at 1100°C is
much less. A large number of multiple-junction cavities
are observed in the samples crept at 1275°C. It is
proposed that enhanced grain boundary sliding and
cavitation, in addition to stress relaxation through nu-
cleation of dislocation at the strain whorls act together
to significantly shorten the life to failure at high tem-
peratures. While at lower temperatures like 1100°C, the
creep is more diffusion controlled which gives a stress
exponent of unity.
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