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Abstract

Creep tests were performed in compression on a three-phase alumina–zirconia–mullite composite in the temperature range 1673–
1773 K. The data show steady-state deformation behavior with a high-strain rate. Plots of strain rate versus applied stress on a logarith-
mic scale exhibit a sigmoidal relationship, i.e., an increase of stress exponent with a decrease in applied stress. It is shown that such an
increase in the stress exponent with increasing stress can be correlated with the existence of a threshold stress, which decreases with
increasing temperature. Transmission electron microscopy studies reveal dislocation activity in some grains of the deformed material,
which was not present in the as-sintered materials, indicating that dislocations were generated during deformation. These results, which
are similar in trend to those reported for superplastic metallic alloys, lead to the conclusion that dislocation motion plays a role in accom-
modating grain boundary sliding in this material.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Since superplastic flow in ceramic materials was
reported by Wakai et al. [1,2], significant advances in the
development of superplastic ceramics have been made,
including extensive deformations of over 1000% for a
5 wt.% SiO2-doped tetragonal zirconia (3Y-TZP) at
1673 K [3] and over 500% for 5 wt.% SiO2-doped cubic zir-
conia (8Y-CSZ) at 1703 K [4]. More recently, a three-phase
zirconia–alumina–spinel achieved more than 1000% defor-
mation with a high-strain rate of 0.4 s�1 at 1923 K [5].
However, despite many advances in superplastic ceramic
materials development, there is no consistent agreement
on the deformation mechanism for superplasticity in
ceramics.

Superplasticity in ceramics was widely reported years
after the discovery of superplasticity in metals [1,6]. The
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more recent study of deformation behavior in ceramics
has benefited from the prior achievements in micrograin
superplasticity in metals. However, several common char-
acteristics of superplasticity in metals including the occur-
rence of dislocation motion as an accommodation
mechanism for sliding and the presence of a sigmoidal rela-
tionship between strain rate and stress are neither often
reported nor accepted in ceramics, especially for alumina-
based ceramics.

By contrast, grain boundary sliding accommodated by
dislocation motion is accepted as a primary deformation
mechanism in metals, although the details and assumptions
of the accommodation process in various models are differ-
ent [7–9]. Dislocation motion has often been ruled out as
an accommodation mechanism in ceramics for two main
reasons [10,11]. First, most transmission electron micros-
copy (TEM) studies have reported that the deformed
microstructure in superplastic ceramics, including 3Y-
TZP [12], 8Y-CSZ [13], and alumina [14] was dislocation
free or contained very limited isolated dislocations, and
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many TEM investigations did not mention whether there
were dislocations present in the deformed materials. Sec-
ond, the stress to generate dislocations based on theoretical
calculations [10] and single-crystal creep experiments [11]
was much higher than the applied stress in most cases.

However, the absence of evidence regarding dislocations
in ceramics after deformation is not evidence of the absence
of dislocation activity during high-temperature deforma-
tion. Xun and Mohamed [15] have shown that for metal
superplasticity, dislocations can rapidly migrate into the
grain boundaries, and only the presence of pinning particles
effectively traps dislocations so they can be seen during sub-
sequent TEM studies. In addition, it is not clear whether the
experimental procedures employed in previous studies in
ceramics are valid for retaining dislocations. Dislocation
features and the dislocation density revealed under TEM
can be influenced by the deformation technique and TEM
sample preparation methods. To preserve the deformed
microstructure and dislocation activity, the deformed mate-
rial needs to be cooled under load [16]. This step was not
often taken.

Recently, dislocation activity in deformed ceramics has
been reported in several studies. A high-strain rate and
extensive strain in a three-phase zirconia–alumina–spinel
were attributed to both limited grain growth and plastic
deformation within zirconia grains [5]. TEM micrographs
of this material showed developed dislocation structures
in the zirconia phase. Additional observations of disloca-
tions have been reported in deformed 3Y-TZP by Morita
et al. [16,17] and Duclos and Crampon [18]. Morita et al.
[19] also reported dislocation activity in deformed poly-
crystal MgAl2O4 and proposed that the dislocation motion
could relax the stress concentration generated from bound-
ary sliding. Strain hardening and a subsequent softening
phenomenon were ascribed to an increase and decrease of
the dislocation density. Dislocations were observed in both
TZP and spinel in a deformed ZrO2–30 vol.% MgAl2O4

superplastic composite, and the yield drop was attributed
to a sharp increase in mobile dislocation in the spinel
[20]. Dislocation sub-boundaries, formed from a shot blast-
ing technique at room temperature, can significantly
improve the fracture toughness of ceramics [21]. All these
studies suggest that the role of dislocations should not be
ignored in ceramics.

A sigmoidal relationship between strain rate and stress is
another common characteristic in superplastic metals [22].
The increase of stress exponent in the low stress region is
thought to be due to the existence of threshold stress.
The concept of a threshold stress in superplastic metals
was first introduced by Johnson [23] followed by experi-
mental verification by Burton [24] in a superplastic Pb–Sn
system. These authors were the first to suggest that the dif-
ference between regions I and II was not due to different
deformation processes, but caused by the presence of a
threshold stress whose significance increases with decreas-
ing applied stress. Ashby and Verrall [25] and Gittus [26]
further developed theories of superplasticity incorporating
the concept of a threshold stress, speculating that the inter-
action between boundary dislocations and obstacles in the
grain boundary (ledges and precipitates) could serve as the
origin of the threshold stress. The threshold stresses pre-
dicted by these models exhibit a very weak temperature
dependence; the temperature dependence of the threshold
stress was expected to be the same as that of the shear mod-
ulus. As a result, these earlier models failed to explain the
strong dependence of the threshold stress on temperature
in superplastic metals as documented by experiments.
Mohamed [27,28] was the first to attribute the threshold
stress to the segregation of impurities at boundaries, a
model that fits the exponential temperature dependence
observed in experiments in superplastic metal alloys.

However, low stress creep data in ceramics are not often
reported, especially for alumina-based materials; thus the
sigmoidal relation was rarely reported in the past for
ceramics. One exception is for yttria-stabilized tetragonal
zirconia (TZP), where the presence of a threshold stress
has been documented [29]. The threshold stress was
observed to be dependent on the purity of the TZP mate-
rial. More recent publications suggest that segregation
(excess yttrium ions) at the grain boundaries is the cause
of the threshold stress in TZP, similar to metallic systems
[30,31]. The concept of a threshold stress in ceramics, how-
ever, has not been universally accepted. Calculations by
other researchers using experimental data for TZP have
yielded a negative threshold stress [32,33]. A negative value
for the threshold stress causes the exclusion of the thresh-
old stress approach in ceramics.

It is clear from the preceding summary that guiding
information on dislocation activity and creep characteris-
tics at low stresses in ceramics under superplastic condi-
tions is needed to shed light on the origin and details of
the mechanism of superplasticity in these materials. In an
attempt to obtain such information, a detailed investiga-
tion was undertaken in which the creep and substructure
of a three-phase alumina (40 vol.%)–zirconia (30 vol.%)–
mullite (30 vol.%) ceramic composite at low stresses are
examined for the first time. It is the purpose of the present
paper to report and discuss the results of this investigation
with a focus on the role of dislocations in accommodating
grain boundary sliding.

2. Experimental

2.1. Material

The material used in this investigation is a three-phase
alumina (40 vol.%)–zirconia (30 vol.%)–mullite (30 vol.%).
For the sake of brevity, this material will be referred to as
AZ30M30. AZ30M30 was selected for several reasons.
First, it has been shown that the three-phase AZ30M30
exhibits steady-state deformation under constant compres-
sive stress, which indicates the absence of significant grain
growth during high-temperature deformation [34]. In par-
ticular, scanning electron microscopy (SEM) observations



Fig. 1. (a) Steady-state strain rate is plotted as a function of applied stress
at 1673, 1723, and 1773 K. (b) Apparent (Qa) and true (Qc) activation
energy for creep are plotted as a function of applied stress (r).
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show the presence of only very limited grain growth even
after a true strain of 100% at 1723 K. Second, AZ30M30
exhibits a high-strain rate of 1.3 · 10�2 s�1 at 1773 K and
60 MPa [34]. In general, a strain rate of 10�2 s�1 or
greater is regarded as characteristic of a high-strain rate
material. Third, both SEM and density measurements
show no signs of cavitation after a strain of 100%. The
steady-state strain rate, high-strain rate, and lack of cavi-
tation indicate that AZ30M30 is a very promising super-
plastic ceramic composite.

2.2. Mechanical testing

AZ30M30 was prepared from nanoscale powders of
high-purity alumina and zirconia (3Y-TZP) and a silica
sol. The mullite phase formed from the reaction between
alumina and silica. The sintered specimen was deformed
under different compressive stresses and temperatures using
a commercially available Applied Test System (ATS). The
strain rate was calculated from the displacement versus
time. Details about the sample preparation and deforma-
tion tests are presented in Refs. [34,35].

2.3. Microstructure examination

The microstructure of the as-sintered and deformed
specimens was carefully inspected. Selected deformed spec-
imens were deformed to 50% strain at 1723 K and 30 MPa
and then cooled under loading conditions. Cooling water
and a fan were employed to accelerate the cooling after
deformation.

TEM specimens were prepared using a standard tech-
nique, involving mechanical grinding to a thickness of
100 lm, further dimpling down to a thickness about
15 lm and then ion bean milling to electron transparency
at 6.5 kV. The deformed TEM thin disk was cut from the
plane normal to the compression stress. TEM observations
were performed using on a Philips CM20 (200 kV)
instrument.

3. Results

3.1. Deformation characteristics

3.1.1. Stress dependence of steady-state creep rate

Fig. 1(a) in which creep rate is plotted against applied
stress on a double logarithmic scale describes the stress
dependence of steady-state creep rate in AZ30M30 for
three different temperatures: 1673, 1723, and 1773 K. All
strain rate data points plotted in Fig. 1(a) were collected
after steady-state creep was reached. The stress exponent
can be calculated from the slope of the plot and is equal
to the reciprocal of the strain rate sensitivity. The change
of stress exponent with decreasing applied stress is appar-
ent from the plot that can be divided into two regions:
region I and region II. At stresses higher than about
20 MPa (region II), the stress exponent has an n-value that
is independent of testing temperature and that is equal to
about 2. An n-value of 2 agrees well with the values
obtained in previous studies of alumina materials [36,37].
At stresses lower than about 20 MPa (region I), the stress
exponent exhibits a value higher than 2. If the data at
low stresses are fitted with straight lines, the following val-
ues of the stress exponent are obtained: 3.0, 2.9, and 2.5 at
1673, 1723, and 1773 K, respectively. Due to the limitation
of the testing facility, the strain rates at high stresses were
not accessible, so it was not feasible to determine whether
there was a change of stress exponent for creep in
AZ30M30 at applied stresses higher than 50 MPa.

3.1.2. Temperature dependence of the creep rate

The steady-state creep rate versus stress data in Fig. 1(a)
were used to plot the logarithmic strain rate against 1/T,
where T is absolute temperature, at constant stress. The
apparent activation energy for creep, Qa, was then inferred
from the slopes of resultant straight lines that are equal to
Qa/R, where R is the gas constant. The estimated values of
Qa are plotted as a function of the applied shear stress in
Fig. 1(b). Inspection of the figure shows the following
two features. First, the apparent activation energy, Qa, is
in general not constant but increases with decreasing
applied stress. Second, the data can be divided into two
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regions that parallel those related to the variation in the
stress exponent with applied stress (Fig. 1(a)): (a) region
II in which Qa, decreases slowly with increasing stress
approaching a constant value of about 870 kJ/mol, and
(b) region I in which Qa decreases rapidly with decreasing
stress.

3.2. Microstructure

A careful inspection of the representative microstructure
of the as-sintered and deformed materials revealed the
following features.

3.2.1. Initial microstructure
Fig. 2 shows bright-field TEM micrographs of

AZ30M30 in the as-sintered state with an average grain
size of about 0.4 lm. The grains are nearly equiaxed, and
most of the grain boundaries are sharply facetted
(Fig. 2(a)). Although the amount of doped silica was
5.9 wt.% in the starting material prior to the formation of
Fig. 2. TEM micrographs for the as-sintered materials: (a) typical grain
shapes and (b) one of the few residual silica glassy pockets (10–15 nm).
mullite, only a few very small glass pockets (10–15 nm size)
at grain junctions were found (Fig. 2(b)). The initial micro-
structure is nearly dislocation free. Only a very few isolated
dislocations were observed within the limited zirconia
grains. The dislocations found in the as-sintered materials
could be due to the extensive ball milling or thermal expan-
sion mismatch. High strain is evident in some TZP grains
due to TZP transformation from the tetragonal to mono-
clinic phase.

3.2.2. Deformed microstructure

TEM observations of 50% deformed specimens show
that grains remained primarily equiaxed. No sign of cavita-
tion was observed in deformed AZ30M30 samples. The
lack of observable cavitation was also confirmed by density
measurements. However, for deformed specimens, strain
contrast and bend contours appear pronounced, suggesting
a high amount of strain energy in the specimen. Although
most previous TEM studies have reported no dislocation
activity in superplastic ceramics [12–14], a much higher
density of dislocations was found in AZ30M30 after defor-
mation. Dislocation activity and features in the mullite, zir-
conia, and alumina grains are described in the following
sections. Energy dispersive spectroscopy (EDS) was used
to verify the phase composition of individual grains.

3.2.2.1. Dislocations in mullite. Most dislocations were
found in mullite grains. Representative dislocations in
mullite are shown in Fig. 3. Dislocations were visible in
some grains, while other grains appear free of dislocations.
Dislocations were mainly present inside the mullite grains,
and only a few were found along mullite boundaries.

Frequently, dislocations in mullite appeared to initiate
from grain boundaries (triangles in Figs. 3(a) and (c)). Dis-
locations in mullite often traversed the grain, starting from
one boundary and ending at the opposite boundary.
Although a high density of dislocations was present in
mullite grains, no entanglement of dislocations in mullite
was found during these TEM investigations.

If there is a dispersion of small particles, precipitates, or
impurity atoms in the microstructure, the moving disloca-
tions will be pinned, and thus form a curved shape [15].
In Fig. 3(d), a curved dislocation pileup was revealed.
These curved dislocations in mullite in the deformed
AZ30M30 ceramic provide evidence for dislocation motion
during deformation.

3.2.2.2. Dislocations in zirconia. Fig. 4 includes TEM
micrographs that show dislocations in zirconia grains.
Unlike dislocations in mullite grains, dislocations in zirco-
nia do not often pile up within the grains [17]. Fig. 4(a)
shows typical images for zirconia after deformation. In
addition to the strain contrast of intragranular dislocations
and twin boundaries (from the tetragonal to monoclinic
transformation), there is strain contrast from grain bound-
ary dislocations, also reported by Morita and Hiraga [38].
Fig. 4(b) shows a dislocation pile-up along one zirconia



Fig. 3. TEM micrographs of dislocations in mullite grains: (a) dislocations pile-up between boundaries; (b) dislocations associated with small precipitate
and junctions; (c) dislocation starts from the protrusion of nearby grain (triangle) and a tiny glass pocket is visible (arrow); (d) curved dislocations shape as
the direct evidence of dislocation motion during high-temperature deformation.
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grain boundary, together with two dislocation pile-ups in
the nearby two mullite grains. Dislocations in zirconia were
also recently reported by Kim et al. [5] in a three-phase zir-
conia–alumina–spinel ceramic and by Morita et al. [16,17]
in tetragonal zirconia and zirconia–spinel composites [20].

3.2.2.3. Dislocations in alumina. The overall density of dis-
locations in alumina grains is lower than those in mullite
and zirconia grains, which may be due to the fact that
the elastic modulus of alumina is almost a factor of 2
higher than that of zirconia or mullite and there are fewer
easy slip systems for Al2O3. (Easy slip is primarily on the
basal plane at high temperature.) Fig. 5 provides dark-field
images that show dislocations in an alumina grain. The dis-
locations shown in Fig. 5(a) are wavy in shape, serving as
evidence for dislocation motion during deformation.
Fig. 5(b) shows a dislocation pile-up associated with grain
junctions. The wide white lines may be stacking faults
between two partial dislocations or a result of g Æ b = 2
imaging conditions.
It is worth emphasizing that all specimens were prepared
for TEM examination using the same technique and under
the same conditions. Accordingly, the apparent difference in
the density of dislocations between the as-sintered and
deformed specimens indicates that dislocations observed
in the deformed materials are not artifacts, but generated
during high-temperature deformation. The absence of dis-
locations in many previous published studies may due to
three reasons: (a) the TEM samples were prepared from
fractured specimens; (b) the deformed specimens were
cooled down slowly under no loading conditions; and (c)
researchers did not look for dislocations in deformed spec-
imens due to the assumption that there would be no dislo-
cations in the deformed materials. In cases (a) and (b),
during the cooling, the dislocations could be recovered after
the applied stress was removed and thus dislocations could
disappear. Dislocations only need to travel a very short dis-
tance of less than 1 lm to be lost at nearby grain boundaries
during unloading, cooling to room temperature, and subse-
quent specimen preparation for TEM examination.



Fig. 4. TEM micrographs of dislocations in zirconia grains: (a) typical
dislocations in zirconia grains along with twinning from the tetragonal to
monoclinic phase transformation and (b) two dislocation pile-ups in
mullite grains and one dislocation pile-up along a zirconia grain boundary.

Fig. 5. Dark-field TEM micrographs of dislocations in alumina grains:
(a) curved dislocation shape, indicating dislocations were moving during
deformation and (b) dislocation pile-up.
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4. Discussion

4.1. Threshold stress approach

An important characteristic of the creep behavior of
micrograin superplastic metallic alloys is the experimental
observation that the relationship between applied stress
and steady-state strain rate at constant temperature is often
sigmoidal [22,28]. This sigmoidal relationship is manifested
by the presence of three regions: region I (the low-stress
region), region II (the intermediate-stress region), and
region III (the high-stress region). The characterization of
the sigmoidal trend in terms of these regions is mainly
based on the value of the stress exponent, nðn ¼ o ln _e=
o ln rÞ at constant temperature and grain size. As reported
elsewhere [22,28], the values of the stress exponent, n, and
the activation energy for superplastic flow in regions I and
III are higher than those in region II (n� 2, Q � Qgb, where
Qgb is the activation energy for boundary diffusion) that
is associated with maximum ductility (the superplastic
region).
As mentioned earlier, due to the limitation of the testing
facility, strain rates at high stresses were not accessible, so
it is not known whether there is a change of stress exponent
for creep in AZ30M30 at stresses higher than about
50 MPa. Despite this limitation, the emergence of a low-
stress region (region I) with a higher value of stress expo-
nent and a higher value of the apparent activation energy
is apparent from Figs. 1(a) and (b). The relationship
between region II (n � 2) and region I (n > 2) resembles
in trend that characterizing superplastic flow in metallic
systems [22,28] in the intermediate-stress region and the
low-stress region, respectively, as summarized above. In
addition, there are three other similarities in creep behavior
between AZ30M30 and superplastic metallic systems such
as Zn–22% Al. First, the stress exponent for creep in
AZ30M30, like that reported for Zn–22% Al [22,28], in
region II is about 2. Second, an examination of Fig. 1(a)
shows that the deviation from region II to region I, like
that associated with Zn–22% Al [28], shifts to higher strain
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rates with increasing test temperature. Third, the variation
in the apparent activation energy with applied stress for
AZ30M30 as depicted in Fig. 1(b) stress mirrors in trend
those reported for the superplastic Zn–22% Al [28] and
Pb–62% Sn [39] alloys.

An increasing n-value with decreasing applied stress in
superplastic metallic alloys such as Zn–22% Al [28] and
Pb–62% Sn [39] has been explained in terms of the existence
of a threshold stress, r0. However, the results related to the
presence a threshold stress for superplastic flow in ceramics
are in conflict. On the one hand, the possibility of a thresh-
old stress was ruled out in previous studies on ceramics
because the results yielded a negative r0 value [32,33]. On
the other hand, Jimenez-Melendo et al. [40] and Morita
et al. [41] studied the deformation behavior of TZP and
reported positive values for r0. In order to examine
whether the concept of a threshold stress is applicable to
the description of the creep behavior of AZ30M30, a pro-
cedure similar to that applied elsewhere [28,39] was
adopted. In this case, the data at a single temperature were
plotted as _e�1=n against r on a double linear scale. Under
the condition that a threshold exists and that its value is
constant for each test temperature (independent of applied
stress), the datum points of the aforementioned plot should
fit a straight line whose extrapolation to zero strain rate
yields the value of r0 at each temperature. Fig. 6 shows
the plot of _e1=n versus r at three temperatures 1673, 1723,
and 1773 K for n = 2. Consideration of this figure shows
three findings. First, intercepts of the straight lines fitting
the data with the stress axis yield the following positive val-
ues for the threshold stress: 2.5, 1.8, and 0.8 MPa at 1623,
1673, and 1723 K, respectively. Second, the threshold stress
is sensitive to temperature as its value decreases with
increasing temperature. This finding, which is similar to
those reported for the superplastic Zn–22% Al [28] and
Pb–62% Sn [39], establishes that the similarity in creep
behavior between AZ30M30 and Zn–22% Al [28] is not
confined to the observation of a sigmoidal relationship
between stress and strain rate (regions I and II) but it
Fig. 6. Compensated strain rate _e�1=2 (where n = 2.0) plotted as a function
of applied stress (r).
extends to including the presence and characteristics of a
threshold stress for deformation.

It has been suggested that for metallic superplastic
alloys, the origin of threshold stress is related to the segre-
gation of impurity atoms at grain boundaries and their
interaction with grain boundary dislocation motion [27].
Impurity segregation at boundaries is a well-documented
phenomenon in ceramics, for instance, segregation of Zr
[36], Y3+, and La3+ [42] along Al2O3 boundaries, and Si
[43], Y3+, and Al3+ [44] along 3Y-TZP boundaries. The
grain boundary width of impurity segregation was esti-
mated to be up to several nanometers for silica doped
8Y-CSZ by Martin and Mecartney [45]. Although all start-
ing materials are high purity, segregation of impurities
along boundaries is inevitable due to the nature of multi-
phase ceramic composites. The segregation of impurities
along boundaries will change the flow stress and the strain
rate and it is well known that the impurity segregation can
dramatically change the strain rate of pure alumina. For
example, the strain rate of 1000 ppm zirconium-doped
alumina is one order of magnitude lower than that of pure
alumina [36]. Segregation also affects the strain rate in 3Y-
TZP, depending on the doped ions [44].

As documented elsewhere [46], the segregation of impu-
rities can be described by the following equation:

C ¼ C0 expðE=RT Þ ð1aÞ

where C is the concentration of impurities ions in the
boundary, C0 is the average concentration of impurity, E
is the binding energy between the impurity ions and bound-
ary dislocations, and T is the absolute temperature. Consis-
tent with Eq. (1a) is the finding that the threshold stress for
superplastic flow in Zn–22% Al [28,47] obeys the following
equation:

r0=G ¼ B0 expðQ0=RT Þ ð1bÞ
where B0 is a constant, and Q0 is an energy term. Accord-
ing to Eqs. (1a) and (1b), an increase in temperature will
reduce impurity concentration at boundaries, which in re-
turn results in a decrease of threshold stress. Chaudhury
et al. [28,47] extensively studied the effect of impurities on
superplastic flow in Zn–22% Al and reported a similar
trend: a decrease in the value of the threshold stress with
an increase in temperature. Dominguez-Rodriguez et al.
[48] have correlated an increase in threshold stress in
TZP with decreasing temperature and increasing grain size.
Recently, Morita et al. [17,41] also reported the threshold
stress in 3Y-TZP, but no information about the tempera-
ture dependence of threshold stress was available in their
work. In order to examine whether the data on the thresh-
old stress for deformation in AZ30M30 obey Eq. (1b), the
shear modulus of the material needs to be estimated. Due
to the absence of direct measurements on the shear modu-
lus of AZ30M30, the modulus was calculated using the fol-
lowing approximate procedure. For zirconia (3Y-TZP), the
temperature dependence of the shear modulus (in MPa)
was determined as [49]
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G ¼ 84� 103 � 13:3T ð2Þ
Using Eq. (2) yields G = 61.8 GPa at 1673 K, 61.1 GPa at
1723 K, and 60.4 GPa at 1773 K. For alumina, the shear
moduli at 1673 and 1773 K were reported to be 137 and
135 GPa, respectively [50]. The elastic moduli of mullite
were approximated to be 120 GPa at 1673 K, 118 GPa at
1723 K, and 116 GPa at 1773 K, respectively [51]. Using
the simple approximation that G = E/2(1 + v) and
v = 0.28, the shear moduli of mullite were estimated to be
46.9 GPa at 1673 K, 46.1 GPa at 1723 K, and 45.3 MPa
at 1773 K. By adopting the mixture rule, as a first approx-
imation, the shear moduli for AZ30M30 are estimated to
be 86.5 GPa at 1673 K, 85.7 GPa at 1723 K, and
84.8 GPa at 1773 K. In Fig. 7, the estimated values of
(r0/G) are plotted as the logarithm of (r0/G) against 1/T.
As seen from the figure, the data for AZ30M30 fall very
close to a straight line, in agreement with Eq. (1b). The va-
lue of Q0 inferred from the slope of the plot in Fig. 7 is
170 kJ/mol. According to Eqs. (1a) and (1b), this value
of Q0 should represent the binding energy for an impurity
ion at boundaries. However, no values for the binding
energies between impurity ions and boundaries in ceramics
are documented for the purpose of comparison. An appar-
ent threshold stress has also been observed in magnesium
aluminate spinel [52]. The nonlinear threshold stress was
attributed to electrical double barrier layers present at
interfaces in that non-stoichiometric ceramic, formed due
to charge compensation [52]. This explanation would apply
also to this complex AZ30M30 system, where the majority
of interfaces are also non-stoichiometric grain boundaries.

Under the condition of the presence of a threshold
stress, the creep behavior of AZ30M30 in region II
(n � 2) and region I (n > 2) may be described by a rate
equation of the following form (modified power law creep):

_e ¼ Aððr� r0Þ=GÞ2 expð�Qc=RT Þ ð3Þ
where A is a constant that depends on temperature and
microstructure (e.g., grain size). Eqs. (1b) and (3) offer an
explanation for two experimental trends: (a) the variation
Fig. 7. Temperature dependence of the normalized threshold stress, r/G,
for AZ30M30.
in the apparent activation energy, Qa, with applied stress,
and (b) the decrease in the apparent stress exponent for
creep in the low stress region (region I) with increasing
temperature.

Fig. 1(b) shows that apparent activation energy for
creep increases with decreasing applied stress. Such a trend
is in full agreement with that predicted by the following
equation, which was developed [28] by combing Eqs. (1b)
and (3) and the definition of the apparent activation energy

Qc ¼ Qa � nQ0=ððr=r0Þ � 1Þ ð4aÞ

It is possible to correct the apparent activation energy
for the effect of the presence of a threshold stress using
Eqs. (4). The results after correction as plotted in Fig. 1(b)
indicate that the value of the true activation energy is
essentially constant over the entire stress range (regions I
and II) and is equal to about 870 kJ/mol. Based on exten-
sive data available for superplasticity, this value of 870 kJ/
mol should correspond to that for boundary diffusion in
AZ30M30. However, no diffusion data are available for
this complex material in order to verify this expectation.
This material contains not only three types of grain bound-
aries between same phases but also three types of interface
boundaries between different phases.

It was mentioned that the value of the apparent stress
exponent for creep in the low-stress region (when the data
are fitted by straight lines) decreases from 3.1 to 2.5 with
increasing temperature from 1673 to 1773 K. This trend
is predicted from the following equation [28] that was
based on applying the definition of the apparent stress
exponent to Eq. (4b) and using Eq. (1b)

na ¼ n=ð1� r0=rÞ ð4bÞ

With an increase in temperature, r0 decreases (Eq. (1b)),
leading to a decrease in the apparent stress exponent for
creep in the low stress region (region I) with increasing
temperature.

The creep data obtained for AZ30M30 at various tem-
peratures are logarithmically plotted as temperature com-
pensated creep rate, ð_ekT Þ=ðGb exp�ðQ=RT ÞÞ, versus
normalized effective stress, (r � r0)/G in Fig. 8. As seen
in this figure, the data cluster about a straight line whose
equation describes the creep behavior of the alloy and
whose slope is 2.

The threshold stress approach adopted in explaining
deformation flow in ceramics was questioned and ruled
out [32,33] for two reasons: (a) calculations yielded a neg-
ative threshold stress, and (b) a lower stress exponent was
measured in the low-stress region. When the applied stress
is low and close to the threshold stress, the strain rate is
very sensitive with the change of load. It is not easy to col-
lect the precise strain rate under this situation. However,
the constant stress compressive test employed in the pres-
ent study has the advantage of collecting the strain rate
under controlled stress. Using the widely reported stress
exponent of 2 that also characterizes the creep behavior
of AZ30M30 in region II, the plotted strain rate raised to



Fig. 8. Plot of normalized strain rate as a function of normalized effective
stress on a double logarithmic scale.
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a power of (1/2) versus applied stress on a linear scale
yielded a positive threshold stress, which decreases with
increasing temperature according to Eq. (1b). Such a trend
is similar to those reported for superplastic metals such as
Zn–22% Al [28,46]. The study of 3Y-TZP and 8Y-CSZ
reported a decrease of stress exponent in the low-stress
region, unlike the increase of stress exponent in the low-
stress region in metals. Morita et al. [41] showed that the
corrected strain rate due to grain boundary sliding resulted
in the increase of stress exponent in the low-stress region
for TZP. So the plot of strain rate without correction ver-
sus stress shows a similar trend to that in metals.

In summary, the increase in both the stress exponent
and the apparent activation energy with decreasing applied
stress (Fig. 1), the measurement of positive threshold stress
values (Fig. 6), the temperature dependence of threshold
stresses on temperature (Fig. 7), and the coalescence of
the creep rates at various temperatures into a single line
with slope of about 2 when plotted logarithmically against
(r � r0)/G (a normalized effective stress) (Fig. 8) suggest a
threshold stress approach is applicable to the description of
the creep behavior of AZ30M30.

4.2. Deformation mechanism

It is well documented that grain boundary sliding is
responsible for producing the strain during superplastic
deformation in metallic systems. Recently, studies [53–56]
were performed to assess the contribution of boundary
sliding to deformation in submicrometer-size ceramics.
The results of investigations on fine-grained alumina–zirco-
nia ceramic composites [53] and polycrystalline alumina
[54] have shown that the contribution of grain boundary
sliding to the total strain is up to 80%. Also, direct evidence
for grain boundary sliding has also been reported using
SEM [55,56]. Although no attempt was made in the present
study to measure boundary sliding in AZ30M30, the find-
ing that grains remained essentially equiaxed even after
large deformation and that dislocation activity is confined
to some grains leads to the following deduction: boundary
sliding plays the key role in the deformation process con-
trolling the creep behavior of the material.

The occurrence of grain boundary sliding requires an
accommodation process at grain boundary triple points
or ledges. In general, there are several possible accommo-
dation processes including boundary migration, dislocation
motions, diffusion-related flow, or cavitation. In the pres-
ent study, even after 100% deformation, there is no evi-
dence of cavitation. Although conducting experiments
under the condition of compression do not favor cavity for-
mation, some cavities would have been observed if cavita-
tion had served as a major accommodation process for
boundary sliding. In addition, the maintenance of the equi-
axed grain shape, the occurrence of limited grain growth,
and the observation of dislocation activity in some grains
in the deformed materials suggest that neither diffusional
flow nor grain boundary migration significantly contrib-
utes as an accommodation process for boundary sliding
during the superplastic deformation of AZ30M30. In addi-
tion, the contribution to the total strain from diffusion will
be limited due to the nature of the multiphase ceramic com-
posite and the lack of boundaries between similar phases.
This inference is consistent with that related to the super-
plastic deformation of metallic systems. For example, the
results of experiments on micrograin superplasticity in a
Cu alloy [57] and Pb–62% Sn [58] have indicated that the
contribution of diffusional flow to deformation in region
II (n � 2) is not significant. Furthermore, it has been
reported that cavitation is not present in high-purity Zn–
22% Al when tested in tension [59].

The preceding discussion leads to the conclusion that
dislocation motion plays the key role in accommodating
grain boundary sliding AZ30M30. Several models [7–9]
that are based on the concept of dislocation-accommo-
dated boundary sliding have been developed. Of these
models, the model by Ball and Hutchison [7] appears to
be consistent with very recent substructural evidence
reported for the superplastic Zn–22% Al alloy [15,60]. This
model is based on the concept that although during high-
temperature deformation grains can slide, rotate, or rear-
range their position to enable deformation, not every grain
can participate in grain boundary sliding. Rather, other
grains that are unfavorably oriented or with irregular grain
shapes could obstruct the easy relative motion of groups of
grains that are sliding under applied stress. Thus, the shear
stress becomes concentrated at any grain, triple point, or
protrusion that obstructs motion of group. This local high
stress can then generate dislocations in the blocking grain.
The generated lattice dislocations traverse the blocking
grain and pile-up against the opposite grain boundary.
Then, dislocations climb into or along boundaries [61]. In
the model, it was assumed that the average stress concen-
trated over the blocking grain, rc, to a first approximation,
was related to applied stress, ra, by the following
expression:
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rc ¼ Rra ð5Þ

where R is the ratio between the numbers of easy-sliding
grain to blocking grains. By comparing the experimental
data for Zn–22% Al that were obtained using an Instron
tensile machine operated at constant crosshead speed with
the final expression of the model, Ball and Hutchison [7] in-
ferred that the value of R = 4. However, a comparison be-
tween the steady-state creep rates measured in creep
experiments on Zn–22% Al [28,46] and those predicted
from the model [7] shows that the former rates are faster
than the later rates by at least one order of magnitude. This
finding suggests that R may be larger than 4.

There are several features that are noted in the present
study and that are relevant to dislocation-accommodated
sliding by groups of grains. First, the highest density of
dislocation found in mullite grains is probably not only
because it is the softer phase with a much lower elastic
modulus than that of alumina but also because it has
complicated grain shape compared to zirconia and alu-
mina grains. The non-uniform grain shape results from
the processing on the original materials when mullite is
formed by the reaction of amorphous SiO2 and nanocrys-
talline Al2O3. The irregular mullite grain shape is more
difficult to accommodate during grain boundary sliding.
At irregular junctions high-stress concentrations develop.
Second, dislocations are found in some grains, but not
in every grain even when specimens were extensively tilted
to a variety of g Æ b conditions during TEM operation.
Dislocations, more often than not, are associated with
grain junctions and grain boundaries, where high-stress
concentrations are exerted from the preexisting grain
boundary sliding. In addition, most dislocations were
found to exist within the grains. Dislocations at the grain
mantle region, as proposed by Gifkins [9] were observed,
but this is not the most frequent dislocations feature in
the current material. Most of the revealed dislocations
at the boundary or mantle region were associated with
zirconia grains. Third, the lack of tangles of dislocations,
which is similar in trend to that observed in Zn–22% Al
[15,60], suggests the occurrence of single slip in the grain.
This finding is consistent with the creep behavior of the
material. If the dislocations were tangled and pinned, it
would cause strain hardening and an increase in the flow
stress, a trend that is not observed. On the other hand,
this also indicates dislocations are moving during defor-
mation and acting as the accommodation process to grain
boundary sliding.

The present study provides evidence for dislocation
activities in some of the grains, especially those of mullite
after deformation. Such evidence implies that dislocations
are generated in these grains and then move to boundaries
where they climb. It is appropriate to examine the genera-
tion of these lattice dislocations in the light of knowledge
on dislocation theory.

The shear stress necessary to generate dislocations may
be give by the following equation [62]:
s ¼ Gbfð1� 3m=2Þ lnðL=bÞ � 1þ m=2g
2pLð1� mÞ ð6Þ

where L is the distance between pinning points, m is Pois-
son’s ratio (=1/3), and b is the Burgers vector. The above
equation is applied to mullite since there is clear evidence
regarding dislocation activity in some of its grains. For this
material, the Burgers vector, b, is not known, but on the
basis of consideration of data available on ceramics, b
can be assumed to be 0.4 nm. By substituting L = d/3,
d = 0.4 mm, b = 0.4 nm, m = 1/3, and G = 45 MPa in Eq.
(6), it is predicted that a normal stress, r(r � 2s) of about
132 MPa is needed to generate lattice dislocations in mull-
ite. Similar calculations can be performed for zirconia, in
which dislocations were also found. In this case, using
b = 0.36 nm and G = 62 MPa along with the other values
used for mullite leads to r = 184 MPa. The value of
184 MPa is close to 135 MPa reported by Balasubramanian
and Langdon [10], who estimated the stress required to
generate dislocation in zirconia using a slightly different
equation.

The present calculations along with those of Balasubra-
manian and Langdon [10] show the presence of very large
discrepancies in value between the stresses required to gen-
erate dislocation (Eq. (6)) and those actually applied. For
example, the stress required to generate dislocations in
mullite is 4 times higher than the applied stress of
30 MPa, which was used to test samples for substructural
examination, and is 22 times higher than the lowest stress
used in the investigation (6 MPa). Taking b = 0.3 or
0.5 nm does not significantly affect this finding. For
b = 0.3 or 0.5 nm, the estimated stresses are 18 or 26 times,
respectively, higher than the lowest stress used.

However, despite the above apparent discrepancy, a con-
clusion can be convincingly made that dislocation motion
plays a role in accommodating grain boundary sliding in
AZ30M30 for the following reasons. First, the stress in
Eq. (6) does not necessarily represent applied stress as
defects along boundaries or within the grains can act as
stress concentrations. For example, as mentioned above,
in the model of Ball and Hutchison [7], the sliding of a
group of grains as a unit is blocked by an obstructing grain.
This process leads to the generation of a high-stress concen-
tration in the blocking grain, which was reflected in the
incorporation of a stress ‘‘raiser’’, R, in the analysis of the
model. It is difficult to estimate the exact level of such a
high-stress concentration but it appears on the basis of
present experimental evidence that it is high enough to gen-
erate dislocations. Such evidence, which is in full agreement
with that most recently reported for the superplastic Zn–
22% Al containing dispersion particles [15,60], is manifested
by the presence of dislocations in some grains after creep
deformation and the absence of dislocations the as-sintered
materials. Second, even in metallic systems for which exper-
imental evidence [15,57,58,60] has persuasively implied that
dislocation activity is primarily responsible for providing
the accommodation process for sliding, present calculations
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reveal a discrepancy between applied stress and the stress
required to generate dislocations. For example, when Eq.
(6) is applied to Zn–22% Al using: d = 2.5 lm, L = d/3,
b = 0.27 nm, G = 35 MPa [63], the shear stress required to
generate dislocations is about 8.5 MPa. This value is much
higher than the lowest shear stress (0.4 MPa) used in testing
high-purity Zn–22% Al [28], in which region II (the super-
plastic region: n � 2) extends to the lowest strain rate with-
out evidence for the presence of region I (low-stress region);
the calculated stress is a factor of about 20 higher than the
lowest applied. Thus a stress concentration of the order of
20 is reasonable to expect.

The results of this paper offer clear experimental evi-
dence that superplastic deformation in this ceramic system,
similar to metallic systems, involves dislocation-accommo-
dated grain boundary sliding. Such evidence is manifested
in the following findings: (a) TEM observations of disloca-
tions that were generated during deformation; (b) the
observation of parallel dislocations emanating from multi-
ple grain junctions and traversing the grain boundary with-
out forming dislocation tangles, indicating single slip; (c)
the similarity of such dislocations in terms of configuration
and arrangement to those observed in metallic superplastic
system such as Zn–22% Al, for which dislocation assisted
grain boundary sliding is an accepted mechanism [15,60];
and (d) calculations indicating that the stress concentra-
tions at the irregularly shaped grain boundaries can mag-
nify the applied stress high enough to cause slip in these
ceramic materials. The aforementioned findings clearly
refute earlier statements that dislocation activity should
be disregarded as playing a critical role in accommodating
grain boundary sliding in ceramics because no evidence of
such dislocation activity has been documented [30].

5. Conclusions

(1) For AZ30M30, the plot of creep rate against applied
stress on a logarithmic scale reveals the presence of
two region of creep behavior, depending on the value
of applied stress: regions II and I. In region II (high
stresses), the stress exponent, n, is about 2 and the
activation energy approaches a value of 870 kJ/mol.
In region I (low stresses), n > 2 and the apparent acti-
vation energy is not only higher than 870 kJ/mol but
also increases with decreasing stress. Regions II and I
are similar, in terms of the variation in both the stress
exponent and the apparent activation energy with
applied stress, to the intermediate-stress region and
the low-stress region, respectively, that characterize
the sigmoidal relation between stress and strain rate
in superplastic metallic alloys.

(2) An analysis of the creep data yielded a positive
threshold stress, which decreases with increasing
temperature.

(3) When the creep rates of AZ30M30 obtained at vari-
ous temperatures are plotted against (r � r0)/G (a
normalized effective stress) on a logarithmic scale,
the data coalesce into a single straight line with slope
of about 2, suggesting that a threshold stress
approach is applicable to the description of the creep
behavior of the material and that regions II and I
arises from the same deformation mechanism.

(4) Evidence for dislocation activity was found in
deformed specimens. The dislocation density is high-
est in mullite and lowest in alumina. There were only
a few isolated dislocations in the as-sintered state, so
the dislocations must have been generated during
high-temperature deformation.

(5) Dislocations are often found within the grains, but
not as frequently at the mantle regions. In addition,
dislocations were not present in every grain. This
observation is consistent with the concept that a
group of grains slide as a unit until blocked by an
unfavorably oriented grain.

(6) The occurrence of boundaries sliding during super-
plastic flow is primarily accommodated by lattice
dislocation motion. These lattice dislocations appear
to be generated not by applied stresses but rather
by local stresses, which are much higher than the for-
mer stresses as a result of the presence of stress
concentrations.
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