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Abstract

Although the models for diffusion creep were developed over 50 years ago, recently there has been considerable debate in the
literature regarding the experimental validity of the models. This report summarizes recent theoretical developments in diffusion
creep, with specific emphasis on ceramics. Concomitant microstructural changes during high temperature deformation, such as

grain growth and cavitation, frequently interfere with the identification of the rate controlling process. Recent careful experiments
coupled with appropriate microstructural characterization will be reviewed in structural oxide ceramics such as alumina and tet-
ragonal zirconia; it will be demonstrated that these oxides deform by diffusion creep. Detailed analysis of the data in tetragonal

zirconia will also be utilized to demonstrate the significance of diffusion creep in superplastic ceramics.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramics are being considered increasingly for struc-
tural applications at high temperatures. Under these con-
ditions, the time dependent plastic deformation of
materials, termed creep, is an important design criterion.
High temperature plastic deformation in materials may
occur by intragranular dislocation motion, stress direc-
ted diffusion creep or grain boundary sliding.1 In some
ceramics containing a significant amount of glassy
phase, deformation may also occur by solution–pre-
cipitation2 or void formation.3 The rate controlling
deformation process is generally determined from a
comparison of the experimental mechanical character-
istics with theoretical models and appropriate micro-
structural characterization.

The high temperature mechanical behavior of materials
is usually expressed in the form of the following equation:
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where "
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is the steady state strain rate, A is a dimension-

less constant, G is the shear modulus, b is the magnitude

of the Burgers vector, k is Boltzmann’s constant, T is
the absolute temperature, d is the grain size, p is the
inverse grain size exponent, � is the imposed stress, and
n is the stress exponent. The diffusion coefficient may be
expressed as D=D0 exp(�Q/RT), where D0 is the fre-
quency factor, Q is the activation energy, and R is the
gas constant. For intragranular dislocation creep pro-
cesses, p=0; for diffusion and grain boundary sliding
processes which depend on the grain size, p>0.

Although the models for diffusion creep were estab-
lished more than 50 years ago,4�6 and they have been
sufficiently well accepted to be part of textbooks,7,8 over
the last 15 years there has been a vibrant debate in the lit-
erature regarding the existence of diffusion creep because
of apparent discrepancies in the theoretical and experi-
mental creep rates and microstructures.9�12 In contrast
to metallic alloys, there are many reports of diffusion
creep in ceramics due to the difficulty in enabling dis-
location motion and the finer grain sizes in ceramics.1,13

This report briefly reviews the mechanical character-
istics and microstructural aspects of diffusion creep in
ceramics, and then discusses critically some recent data
on diffusion creep in oxide ceramics. It is shown that
there is good experimental evidence for diffusion creep
in oxide ceramics, and there is also good support for the
important role of diffusion creep in large strain super-
plastic deformation.
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2. Models for diffusion creep

The standard model for diffusion creep consider some
grain boundaries subject to tension and others subject
to compression. The tensile stress assists in vacancy
creation so that there is an increase in the vacancy con-
centration on boundaries experiencing tension, and a
corresponding decrease in the vacancy concentration on
the boundaries experiencing compression; the vacancy
concentration gradient sets up a flux of vacancies. When
vacancy flow occurs through the matrix, the process is
referred to as Nabarro–Herring4,5 diffusion creep with
the creep parameters of n=1, p=2 and Q=Ql, where Ql

is the activation energy for lattice diffusion. When
vacancy flow occurs along grain boundaries, the process
is referred to as Coble6 creep with the creep parameters
of n=1, p=3 and Q=Qgb, where Qgb is the activation
energy for grain boundary diffusion. In ultra-fine
grained nanocrystalline materials,13 there is an addi-
tional possibility of diffusion along triple lines, with the
creep parameters of n=1, p=4 and Q=Qtp, where Qtp

is the activation energy for creep along triple lines. As
noted elsewhere,13 it is possible to rationalize the grain
size dependence for the various diffusion paths as fol-
lows. The diffusion creep rate "

:
d can be expressed as

"
:
d / Av=d

4 ð2Þ

whereAv is the cross-sectional area available for diffusion
flow. Since Nabarro–Herring, Coble and Triple-Point

diffusion are associated with diffusional flux cross-sec-
tional areas of�d2, �d and �2, the corresponding values
of p are 2, 3 and 4. It is to be noted that triple-point
diffusion creep is likely to be important only in materi-
als with a grain size of a few nanometers, and it is not
considered in the remainder of this paper.

Since lattice and grain boundaries are independent
paths for vacancy diffusion, creep is controlled by the
faster mechanism. Fig. 1 illustrates schematically, for a
fixed grain size, the variation in creep rate with T/Tm

where Tm is the absolute melting temperature, for
Nabarro–Herring and Coble creep. Since the activation
energy for grain boundary diffusion is about half the
value for lattice diffusion in metals, Fig. 1 indicates that
Nabarro–Herring creep will be important at higher
temperatures whereas Coble creep will be dominant at
lower temperatures. In a similar manner, at a fixed
temperature, Coble creep will be more important at
finer grain sizes.

2.1. The coupling of diffusion fluxes in ceramics

In ceramics, it is necessary to modify the above pic-
ture to take into account the transport of the anions and
cations during diffusion creep. The conventional means
of coupling the diffusion fluxes, suggested originally by
Gordon,14 requires the total transport of vacancies from
the horizontal to the vertical boundaries (Fig. 2) to be in
the appropriate stoichiometric ratio. This leads to the
prediction that creep in this case is controlled by the

Fig. 1. Schematic illustration of a transition from Coble creep to Nabarro–Herring creep with an increase in temperature.
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diffusion of the slower moving species along the faster
diffusion path. In this scenario, it is possible for the
cations and anions to be transported predominantly
along different paths as depicted in Fig. 2a.

However, as noted by Dominguez-Rodriguez and
Castaing,15 the above scenario will lead to local non-
stoichiometry which is not observed. Consequently, it
may be more appropriate to constrain diffusion fluxes
along each path to be in the appropriate stoichiometric
ratio, as depicted schematically in Fig. 2b. In this sce-
nario, it is necessary to find the slower moving species
along each path, and the rate controlling process is then
determined from the faster diffusion path.

Fig. 3 illustrates schematically for a ceramic AaBb the
divergence in predictions by the above two different
coupling procedures, with plots of the variation in strain
rate with Tm/T, for a fixed grain size.16 In these figures
the symbols C and N represent Coble and Nabarro–
Herring creep, and the superscript + and � represent
cation and anion, respectively. Thus, Fig. 3a, corre-
sponding to Fig. 2a, indicates that there will be transi-
tions with an increase in temperature from diffusion
creep controlled by cation grain boundary diffusion
(C+) to cation lattice diffusion (N+) to anion grain
boundary diffusion (C�) to anion lattice diffusion (N�).
On the other hand Fig. 3b, corresponding to Fig. 2b,
indicates that over the same temperature range, there
will only be a single transition from Coble creep con-
trolled by cation grain boundary diffusion to Nabarro–
Herring creep controlled by anion lattice diffusion.

Clearly, the two different procedures for coupling
diffusion fluxes lead to substantially different predic-
tions. Unfortunately, the lack of reliable and complete
diffusion data precludes a critical experimental valida-
tion of the appropriate diffusion coupling.

2.2. Microstructural aspects of diffusion creep

The standard model for diffusion creep considers the
plating of matter to boundaries experiencing tension,
which will lead to an elongation of grain along the ten-

sile axis. Analyses of changes in grain shape during dif-
fusion creep indicate that grain boundary sliding and
grain elongation are both an integral part of diffusion
creep. As noted by Raj and Ashby17 and others,18 the
overall deformation process can be construed as diffu-
sion creep accommodated by grain boundary sliding or
grain boundary sliding accommodated by diffusion
creep.

In a material containing particles along grain bound-
aries and the matrix, the diffusion of matrix elements
from the compression to the tension boundaries will
lead to a dispersion free zone along the tensile bound-
aries. Although there have been reports of the forma-
tion of such zones in a Mg alloy,19 recent analysis has
challenged the validity of these observations since the
experimental conditions apparently corresponded to a
dislocation creep rather than a diffusion creep regime.20

There have not been such observations in ceramics,
owing largely perhaps to the fine grain sizes of these
materials so that second phase particles frequently have
similar dimensions as the matrix grains.

2.3. Limitations of diffusion creep

The overall process of diffusion creep involves the
creation of excess vacancies at the horizontal bound-
aries, the transport of the vacancies to the vertical
boundaries, and their annihilation at the vertical
boundaries (Fig. 2). The standard models for diffusion
creep considered above assume that vacancy creation
and annihilation are relatively easy processes that occur
readily, so that creep is controlled by the diffusion of
vacancies. Clearly, vacancy creation, transport and
annihilation are sequential processes, in which the
slower one will be rate controlling. When interfaces do
not act as perfect sources and sinks for vacancies, the
process then becomes interface controlled,21�23 and the
creep rate will be slower than that predicted by the
standard Nabarro–Herring and Coble models. There
are various models available for interface controlled
diffusion creep, and they generally predict a stress
exponent greater than one, and an inverse grain size
exponent <3. In general, because of the sequential nat-
ure of the process, interface controlled diffusion creep
becomes important in finer-grained materials being
deformed at low stresses.

3. Experimental data on oxide ceramics

Diffusion creep has been reported in a large number
of oxide ceramics such as alumina,24 cubic zirconia,25

magnesium oxide,26 iron oxide,27 uranium dioxide28 and
nickel oxide.29 However, inspection of the available data
reveals several discrepancies. Thus, for example, while the
earlier report by Dimos and Kohlstedt25 on 25 mol%

Fig. 2. Schematic illustration of two alternate procedures for coupling

diffusion fluxes in ceramics: (a) the total flux from the horizontal

boundaries to the vertical boundaries is in the appropriate stoichio-

metric ratio, (b) the flux along each transport path is in the appro-

priate stoichiometric ratio.
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yttria stabilized cubic zirconia yielded a stress exponent
of �1, the later study by Wakai et al.30 on 8 mol%
yttria stabilized cubic zirconia yielded a stress exponent
of �2. In order to keep this report tractable, the dis-
cussion in this section is limited to recent experimental
data on (a) tensile deformation in alumina, and (b) role
of diffusion creep in superplastic tetragonal zirconia.

3.1. Tensile deformation in alumina

Although alumina has been a popular model material
for studying high temperature deformation in ceramics,
with the first report being as early as in 1950,31 a critical
review of the literature indicates that most of the early
studies on alumina were performed in compression and

Fig. 3. Schematic illustration showing possible transitions in deformation mechanisms for (a) situation corresponding to Fig. 2a and (b) situation

corresponding to Fig. 2b.
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bending. It has been demonstrated that there are several
complications associated with tests in bending,32 so that
the analysis of the results is not always clear. The
detailed review by Cannon and Coble24 concluded that
creep occurred by an interface controlled diffusion pro-
cess, with some evidence of a transition to diffusion
creep at higher stresses.

Although the first study on tensile creep in alumina
was conducted about 30 years ago by Davies and Sinha
Ray,33 there was not much interest in pursuing this
aspect due to the apparently limited ductility of alumina
and the difficulty in conducting tensile tests. However,
the recent reports of superplasticity in tetragonal zirco-
nia have revived interest in examining the tensile defor-
mation characteristics of alumina and there have been
several studies on this topic since 1988. A review of the
literature indicates that there are several inconsistencies
in the data reported from tensile deformation.34 Thus,
for example, while some studies reported a value of n
close to one other studies reported a value close to 2.
The grain size dependence of deformation has not been
studied in much detail. Microstructural examination
following tensile deformation has been rather limited;
except in cases where the initial grain size is very large
(>10 mm) or the testing temperature has been low, grain
growth has been observed whenever such measurements
have been undertaken. Although the influence of grain
growth on the stress exponent and activation energy has
been recognized, the appropriate correction for con-
current grain growth has not been included in most
studies.

Recently, a detailed study was undertaken34 for the
tensile and compressive deformation in polycrystalline
alumina doped with magnesia with grain sizes 52 mm;
in tensile deformation, a maximum elongation of 44%
was obtained under optimum conditions. Micro-
structural examination of the specimens after deforma-
tion revealed the occurrence of significant grain growth
and some cavitation; however, the grains retained their
equiaxed shapes, as shown in Fig. 4.

A complete analysis of the data incorporating the
influence of grain growth revealed that the experimental
results in tension and compression, were consistent with
the true value of the creep parameters as n�1, p�3 and
Q�520 kJ mol�1, as illustrated in the normalized plot
in Fig. 5. It is to be noted that in the absence of correc-
tion for grain growth, the raw data yielded stress expo-
nents of up to �2 both in polycrystalline alumina and a
companion study on a 8 mol% yttria stabilized cubic
zirconia.35 There is a slight difference of a factor of �2
in the mechanical data in tension and compression
which could not be accounted for by variations in con-
current cavitation and friction. A similar difference of a
factor of �2 in tension and compression data was also
observed in alumina tested earlier by Robertson et al.36

and tetragonal zirconia tested by Wakai et al.37

The mechanical characteristics of alumina are gen-
erally consistent with the occurrence of Coble diffusion
creep. Unfortunately, as noted elsewhere,34 there is not
sufficient information available on diffusion in alumina;
the available information exhibits substantial variation
over several orders of magnitude. Fig. 6 shows the
experimental data obtained at 1823 K together with the
theoretical predictions for Coble creep using the activa-
tion energy for Al grain boundary difffusion from an
earlier analysis by Cannon and Coble24 and the oxygen
grain boundary diffusion value reported by Prot et al.38

Fig. 4. Scanning electron micrograph showing the retention of an

equiaxed microstructure and concurrent cavitation after significant

tensile deformation (21%) in polycrystalline alumina.

Fig. 5. Normalized plot of the variation in strain rate with stress for

polycrystalline alumina tested in tension and compression.

A.H. Chokshi / Journal of the European Ceramic Society 22 (2002) 2469–2478 2473



Since the activation energy for Al grain boundary
diffusion was obtained from early creep data by Cannon
and Coble, Fig. 6 essentially indicates that the present
experimental results are in good agreement with the
earlier data on alumina.

Although the mechanical data are consistent with
Coble diffusion creep, the microstructural observation
of the retention of an equiaxed grain size after sub-
stantial plastic deformation is apparently in conflict
with the expectation of grain elongation accompanying
diffusion creep. This conflict is resolved when it is noted
that there is significant grain growth, and as shown
schematically in Fig. 7, grain growth will lead to grain
switching which is a process that enables the main-
tenance of an equiaxed grain size during diffusion
creep.39,40

3.2. Role of diffusion creep in the superplastic
deformation on tetragonal zirconia

Following the initial report of large ductility in the 3
mol% yttria stabilized tetragonal zirconia by Wakai et
al.,41 there have been numerous studies on the materi-
al42�44 and deformation has been attributed variously to
mechanisms such as grain boundary sliding,41 disloca-
tion creep,45 interface reaction controlled diffusion
creep,46,47 diffusion creep,48 and grain boundary sliding
with a threshold stress.44 One of the key observations on
the material is that the mechanical characteristics are
very sensitive to the presence of trace impurities.42�44,49

Although early studies speculated on the variations in
deformation characteristics arising from the presence of
amorphous phases at grain boundaries, recent detailed
studies have shown that there are variations in defor-
mation behavior even in the absence of an amorphous
grain boundary phase.50�52

Fig. 8 illustrates the variation in strain rate with stress
from some studies on 3YTZ. It is interesting to note
that when experimental data are obtained over a suffi-
ciently wide range of experimental conditions, there
appears to be a transition from a stress exponent of
�2 at high stresses to a value of �3 at low stresses.53

Furthermore, the earlier data exhibiting n�2 fall on an
extrapolation of the recent data, suggesting that the
transition from n�2 to n�3 is sensitive to impurity
content such that transition is shifted to lower stresses
with an increase in the impurity content.41,45,53�55 Later
studies have demonstrated that variations in trace levels

Fig. 6. Comparison of the tensile and compressive experimental data

in alumina with theoretical predictions of Coble creep using reported

data for Al and O diffusion.

Fig. 7. Schematic illustration of grain switching accompanying grain

growth; the grain boundary curvatures shown in (a) drive the triple

points towards each other, forming a quadruple junction (b) which

splits into two triple junctions (c).

Fig. 8. Variation in the strain rate with stress from several investiga-

tion on 3YTZ depicting a transition in stress exponent from n�2 at

high stresses to n�3 at low stresses.
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of Al (from 10 to 100 ppm range) are responsible for the
shift in the transition from n�2 to n�3.50,51

As shown schematically in Fig. 9, there are four
possible causes for the observed transition in stress
exponents: (a) grain growth, (b) operation of two
sequential processes, (c) grain boundary sliding with a
threshold stress, and (d) interface controlled diffusion
creep.

Since "
:
/ d�p; where p>1 for processes involving

grain boundaries, it is clear that concurrent grain
growth will lead to a decrease in strain rate (at a con-
stant stress) and an apparent increase in the stress
exponent at lower stresses where grain growth is more
pronounced. However, analysis of the available data
indicates that there is a transition to a higher stress
exponent even in the absence of grain growth.

The operation of two sequential processes such as
grain boundary sliding (n=2) and interface controlled
grain boundary sliding (n=3), such that the slower
process is rate controlling, would be consistent with the
experimental observations.52 However, in view of a lack
of any theoretical models, it is not possible to critically
evaluate this approach.

3.2.1. Threshold stress approach
Jimenez-Melendo and colleagues44,56 have examined

superplasticity in tetragonal zirconia in terms of grain
boundary sliding (n=2) with a threshold stress, in a
manner similar to superplastic metallic alloys. The
threshold stress is usually evaluated from a linear plot of
"
:
ð Þ

1=2
vs �; the extrapolation of the data to zero strain

rate gives the value of the threshold stress. However,
there are some inconsistencies with this approach. First,

analysis yields a negative threshold stress,53,57 which is
meaningless. Although it may be possible to obtain a
positive threshold stress by neglecting some higher stress
data, the process of selecting which data to neglect
becomes arbitrary and subjective. Secondly, as shown
schematically in Fig. 10, the influence of impurity con-
tent on the transition from n=2 to a higher value is dif-
ferent for superplastic metals and ceramics.58 In
superplastic metals, an increase in the impurity content
leads to an increase in the transition stress; this is related
to a possible solute drag process for movement of grain
boundary dislocations. In contrast, for superplastic
ceramics, an increase in the impurity content leads to a
decrease in the transition stress such that a region with a
high stress exponent is not observed in material with a
sufficiently high impurity content. This analysis suggests
that it is not possible to adopt directly the approach for
superplastic metals in superplastic ceramics, although
both groups of materials exhibit a similar phenomen-
ological transition from n�2 to a higher value at low
stress.

3.2.2. Diffusion creep approach
Wakai and colleagues46,47 had proposed interface

controlled diffusion creep as a rate controlling process
for deformation in 3YTZ. A recent report by Berbon
and Langdon59 has revived interest in this possibility.

Fig. 9. Schematic illustration of the possible causes for the observed

transition in stress exponents.

Fig. 10. Schematic illustration depicting the phenomenological simi-

larity in the transitions in stress exponent in superplastic metals and

ceramics; note, however, that with an increase in impurity content, the

transition is shifted to higher stresses in metals and lower stresses in

ceramics.
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In contrast to the continuum model shown schemati-
cally in Fig. 2, the model by Arzt et al.60 allows for the
creation and annihilation of vacancies only at discrete
sites such as grain boundary dislocations. The analysis
by Arzt et al.60 indicates that the creep rate may be
expressed by the following expression:

"
:
A /

�Dgb

d3

N2

N 2 þ 1=2

� �
ð3Þ

where N is the number of grain boundary dislocations
in a grain boundary.

For a coarse grained material, where N is large, the
model by Arzt et al.60 reduces essentially to the predic-
tions of the Coble6 creep rate. However, for fine grained
materials, at sufficiently low stresses, the model predicts a
reduction in creep rate below the Coble creep rate, and
"
:
/ �3Dgb=d: Berbon and Langdon59 demonstrated that

such an approach was consistent with experimental data
of the form shown in Fig. 8.

However, there is considerable uncertainty on the
appropriate value for grain boundary diffusion in 3YTZ.
Therefore, it is desirable to develop an alternative critical
means of evaluating the possibility of interface con-
trolled diffusion creep. An analysis of the model by Arzt
et al.60 indicated that diffusion creep should be favored at
high stresses in materials with coarse grain sizes.39

A study was completed recently to critically evaluate
interface controlled diffusion creep in 3YTZ.61 Some of
the experimental data from this study are shown in
Fig. 11 in the form of the variation in strain rate with
stress for specimens tested with an initial linear intercept
grain sizes of �0.37, 0.61, 0.81 and 1.2 mm, respectively.
The experimental results show clearly for the first time
transitions with a decrease in stress from a grain size
independent region with n�7 to a region with n�1 and
finally a region with n�2. A region with n�3 was not
observed clearly due either to the higher stresses utilized
in the study or the larger impurity content of the mate-
rial. The unambiguous observation of a region with
n�1 at high stresses provides clear evidence for inter-
face controlled diffusion creep as the rate controlling
process for superplasticity in 3YTZ.

Fig. 12 shows a comparison of the present experi-
mental results for the n�1 region with the theoretical
Coble creep rate using the grain boundary diffusion
coefficient for CeO2 stabilized tetragonal zirconia. The
experimental data are in very good agreement with the
theoretical model, again confirming the validity of the
present approach.

In spite of the good agreement between theory and
predictions, it is necessary to note some of the limi-
tations of the model by Arzt et al.60 The model predicts
that there is an apparent region with n�2 only as a
transition from n=1 to n=3; this is in contrast with
the experimental observations of extended regions with

Fig. 11. Variation in strain rate with stress for 3YTZ tested over a

wide range of experimental conditions, depicting transitions with a

decrease in stress from n�7 to n�1 to n�2.

Fig. 12. Comparison of the experimental data in the n�1 region with

theoretical predictions of Coble diffusion creep.
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n�2 in 3YTZ. It is also noted that there are no terms
in the creep rate expression reported by Arzt et al.60

that consider the role of impurities in modifying the
transitions in stress exponent. Consequently, although
the present analysis is consistent generally with super-
plasticity being controlled by interface controlled dif-
fusion creep, it is necessary to develop additional
models for interface controlled diffusion creep with
reference to 3YTZ.

The experimental data shown in Fig. 11 demonstrate
for the first time clear evidence for a transition at high
stresses to a grain size independent region, in a manner
similar to superplastic metallic alloys. In superplastic
metallic alloys, the transition is usually attributed to the
advent of intragranular dislocation slip.62 Fig. 13 shows
some of the experimental data from the present study
together with data from dislocation flow controlled
deformation of single crystalline cubic zirconia.63 Also
shown in Fig. 13 is the steady state flow stress reported
recently for the deformation of single crystalline tetra-
gonal zirconia deformed at 1667 K.64 There is good
agreement between the observed transition to a region
with n�7 and an extrapolation of the data from single
crystalline zirconia, suggesting thereby that the high
stress region arises from intragranular dislocation flow.
Rapid fracture in the high stress experiments precluded
the examination the microstructures of deformed sam-
ples for intragranular dislocation activity.

4. Summary and conclusions

There is good experimental evidence for the diffusion
creep in oxide ceramics. Concurrent grain growth fre-
quently accompanies deformation of fine grained mate-
rials at high temperatures, and this will enable grain
switching together with a retention of an equiaxed grain
size. Interface controlled diffusion creep is the rate con-
trolling process for superplasticity in tetragonal zirco-
nia. It is necessary to develop additional models for
interface controlled diffusion creep to rationalize the
observed influence of impurity content on transitions in
stress exponents. The lack of diffusion data is an
important limitation curtailing critical comparison of
experimental and theoretical models.

Acknowledgements

This work was supported by a Swarnajayanti Pre-
sidential Young Investigator award from the Depart-
ment of Science and Technology, India.

References

1. Chokshi, A. H. and Langdon, T. G., Mater. Sci. Tech., 1991, 7,

577.

2. Raj, R. and Chyung, C. K., Acta Mater., 1981, 29, 159.

3. Wiederhorn, S. M., Roberts, D. E., Chuang, T. J. and Chuck, L.,

J. Am. Ceram. Soc., 1988, 71, 602.

4. Nabarro, F. R. N., Report on a Conference on Strength of

Solids. The Physical Society of London, 1948, p. 75.

5. Herring, C., J. Appl. Phys, 1950, 21, 437.

6. Coble, R., L, J. Appl. Phys, 1963, 34, 1679.

7. Courtney, T. H., Mechanical Behaviour of Materials. McGraw-

Hill, New York, 1990.

8. Meyers, M. A. and Chawla, K. K., Mechanical Behaviour of

Materials. Prentice Hall, New Jersey, 1999.

9. Ruano, O. A., Wadsworth, J., Wolfenstine, J. and Sherby, O. D.,

Mater. Sci. Eng., 1993, A165, 133.

10. Greenwood, G. W., Scripta Metall. Mater., 1994, 30, 1527.

11. Greenwood, G. W., In Creep Behavior of Advanced Materials for

the 21st Century ed. R. S. Misra, A. K. Mukherjee and K. L.

Murty. The Minerals, Metals and Materials Society, Warrendale,

PA, 1999, p. 413.

12. Wadsworth, J., Ruano, O. A. and Sherby, O. D., In Creep Beha-

vior of Advanced Materials for the 21st Century ed. R. S. Misra,

A. K. Mukherjee and K. L. Murty. The Minerals, Metals and

Materials Society, Warrendale, PA, 1999, p. 425.

13. Chokshi, A. H., Scripta Mater., 1996, 34, 1905.

14. Gordon, R. S., J. Am. Ceram. Soc., 1973, 56, 147.

15. Dominguez-Rodriguez, A. and Castaing, J., Scripta Metall.

Mater., 1993, 29, 1207.

16. Chokshi, A. H., In Creep Behavior of Advanced Materials for the

21st Century, Ed. R. S. Misra, A. K. Mukherjee and K. L. Murty.

The Minerals, Metals and Materials Society, Warrendale, PA,

USA, 1999, p. 461.

17. Raj, R. and Ashby, M. F., Metall. Trans, 1971, 2, 1113.

18. Cannon, W. R., Phil. Mag, 1972, 25, 1489.

19. Burton, B., Diffusion Creep of Polycrystalline Materials. Trans

Tech S.A. Aedermannsdorf, Switzerland, 1977.

Fig. 13. Variation in strain rate with stress for polycrystalline 3YTZ

and single crystalline cubic zirconia suggesting that the n�7 region

arises from a grain size independent intragranular dislocation creep

process.

A.H. Chokshi / Journal of the European Ceramic Society 22 (2002) 2469–2478 2477



20. Wolfenstine, J., Ruano, O. A., Wadsworth, J. and Sherby, O. D.,

Scripta Metall, 1993, 34, 1905.

21. Ashby, M. F., Scripta Metall, 1969, 3, 837.

22. Greenwood, G., Scripta Metall, 1970, 4, 171.

23. Burton, B., Mater. Sci. Engng, 1972, 10, 9.

24. Cannon, R. M. and Coble, R. L., In Deformation of Ceramic

Materials, ed R. C. Bradt and R.E. Tressler. Plenum Press, New

York, USA, 1975, p. 100.

25. Dimos, D. and Kohlstedt, D. L., J. Am. Ceram. Soc., 1987, 70,

531.

26. Tagai, H. and Zisner, T., J. Am. Ceram. Soc., 1968, 51, 303.

27. Crouch, A. G., J. Am. Ceram. Soc., 1972, 55, 558.

28. Poteat, L. E. and Yust, C. S., In Ceramic Microstructure, ed.

R. M. Fulrath, and J. A. Pask. John Wiley, New York, 1968, p.

646.

29. Jimenez-Melendo, M., Dominguez-Rodriguez, A., Marquez, R.

and Castaing, J., Phil. Mag, 1987, 56, 767.

30. Wakai, F., Acta Metall. Mater., 1994, 42, 1163.

31. Stavrolakis, J. A. and Norton, F. H., J. Am. Ceram. Soc., 1950,

33, 263.

32. Krause, R. F., J. Am. Ceram. Soc., 1992, 75, 1307.

33. Davies, C. K. L. and Sinha Ray, S. K., In Special Ceramics, Vol.

5, ed. P. Popper. The British Ceramic Research Association,

Stroke-on-Trent, UK, 1972, p. 193.

34. Kottada, R. S. and Chokshi, A. H., Acta Mater., 2000, 48, 3905.

35. Sudhir, B. and Chokshi, A. H., J. Am. Ceram. Soc., 2001, 84,

2625.

36. Robertson, A. G., Wilkinson, D. S. and Cáceres, C. H., J. Am.
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