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Many experiments have been undertaken to investigate the creep behaviour of ceramics.
This review tabulates the available data in terms of the shapes of the creep curves and the
dependence of the steady-state creep rate on stress, grain size and temperature. Numerous
theoretical mechanisms are available for intragranular and intergranular deformation
processes, and the predictions of these mechanisms are summarized for comparison with

the experimental data.

1. Introduction

Considerable interest has developed in recent years
in the slow deformation, or creep, which occurs in
crystalline materials at elevated temperatures
under the action of an applied stress. This interest
has arisen because of the current need for a wide
range of structural materials for various engineering
applications at high temperatures. However, from
an historical point of view, scientific interest in
creep dates back to the early experiments of
Phillips [1], conducted almost 80 years ago, on
the “slow stretch” of India rubber, glass, and
metal wires.

The creep of metals received much impetus
from the classic (and still widely cited) work of
Andrade [2, 3] early in this century. As a result,
a considerable volume of creep data has been
assembled for many metallic systems, and the
development of these data has been especially
rapid within the last 30 years. Similarly, the creep
of rocks in the geological domain was stimulated
by the classic experiments conducted by Griggs
[4, 5] in the 1930s.

Surprisingly, there appears to be mno single
classic paper which marks the onset of detailed
studies of the creep of those non-metallic materials
of primary interest to ceramicists. Despite very

early work on the orientation of preferred slip
systems in some non-metallic single crystals (for
example, the experiments of Reusch [6] and
Miigge [7] on NaCl single crystals in the 19th
century), the creep or high-temperature mechan-
ical properties of ceramics started rather modestly
with investigations in the mid-1950s by Wachtman
and Maxwell [8] on ALO; single crystals,
Stavrolakis and Norton [9] and Coble and Kingery
[10] on polycrystalline Al,O;, and Christy
[11, 12] on alkali halides. It is also surprising to
note that, despite widespread reports throughout
the 1950s of power-law creep with a stress
exponent greater than 1 for a wide range of
polycrystalline metals, similar observations were
first reported for polycrystalline ceramic materials
only within the last 15 years [13, 14].

The slow development of detailed investigations
of creep in ceramics is directly attributable to a
combination of two unfavourable physical proper-
ties, an inherent brittleness and a susceptibility
to thermal shock, which suggested that ceramics
would be of little use in structural applications at
high temperatures. In recent years, however, this
aversion has been partially overcome by the
realization that many ceramic materials possess
unique combinations of properties, such as a high
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strength and a resistance to oxidation. Thus, there
has been a very rapid expansion in experimental
studies of the creep of ceramics, so that there are
now several hundreds of publications on ceramic
creep in the scientific literature.

This review was motivated by the realization
that the various reports of the creep of ceramics
are scattered through a large number of publi-
cations and that no attempt has been made to
take an overview of the available data. The over-
all scope of the review is discussed in detail in
the following section.

2. Scope of the review

The objectives of this review are two-fold. First, to
bring together and to tabulate the various reports
of the creep of ceramics at present available in the
scientific literature. Second, to analyse these data
with respect to possible deformation mechanisms,
to examine bodies of information on a single
material for consistent trends, and to make a direct
comparison with the very extensive data reported
for metals.

For completeness, it should be noted that some
limited reviews of the creep of ceramics are now
available. Gittus [15] and Poirier [16] included
chapters on the creep of non-metals in their books
on high-temperature deformation, Burton [17]
examined the role of ceramics in a book on dif-
fusion creep, and there are sections on creep in the
books: on ceramics by Kingery er al. [18] and
Davidge [19]. There are review articles, dealing
primarily with the basic mechanical properties,
by Evans and Langdon [20] and Wilshire [21].
There is also a detailed review by Bretheau et al.
[22] dealing exclusively with binary and ternary
oxides, a review of creep in SiC, Sialon and SizN,
by Thiimmler and Grathwohl [23], and an early
review of the creep of ceramic nuclear fuels by
Seltzer et al. [24]. Finally, a teview of steady-state
creep in single-phase crystalline materials by
Takeuchi and Argon [25] includes some limited
data on non-metallic systems although it is devoted
primarily to metals, and Kirby and Raleigh [26]
included several ceramics in their review of flow
in the mantle.

In order to keep this review within tractable
dimensions, it was necessary to divide it into two
parts. In the present report (Part 1), there.is a
compilation in table form of the various creep data
published to date and a brief discussion of the

*The latter two reviews also cover the creep of halite (NaCl).
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mechanisms of creep. In a subsequent report
(Part 2), there is an analysis of the data for selected
polycrystalline materials where several sets of
results are available and a direct comparison with
the general trends in metals.

3. Compilation of the creep data

The creep data are assembled in Tables Al to AIll
of the Appendix; for convenience, the references
associated with these tables are numbered separ-
ately from the references contained in the body
of the paper.

Tables Al to AIII list the experimental reports
of the creep of ceramic materials divided into the
three separate sections of single crystals (Table Al),
bicrystals (Table AIl) and polycrystalline materials
(Table AIII). The materials are listed alphabetically
by chemical name within each table, except for
graphite in Table AIII.

Some selectivity was necessary in order to
decide on the materials included in the tabulation.
In general, the tables incorporate all materials
of interest in the ceramic scientific community,
with the exception that no attempt was made to
include creep details for the commercial refractory
brick materials. Graphite is included in Table
AIIL: it was also included in the review by Gittus
[15]. However, non-metallic materials of interest
primarily to geologists were specifically excluded
(e.g. calcite, olivine, quartz and the orthopyro-
xenes): these materials are contained in the reviews
by Carter [27] and Nicolas and Poirier [28].*

Within each table, the references are listed
chronologically under each material. In Table Al,
the second column shows the total metallic
impurity or dopant (in ppm), the third column
gives the orientation of the single crystals with
respect to the stress axis, the fourth and fifth
columns give the testing temperature and applied
stress, and the sixth and seventh columns give the
test technique and atmosphere. For the testing
technique, creep tests are designated by the letters
B (bending), C (compression) and T (tension):
many tests have been conducted also at high
temperatures using a constant strain rate (CSR),
and this procedure is so designated. There are also
occasional references in the tables to other pro-
cedures such as a constant loading rate (CLR), an
indentation technique and stress relaxation.

"The three columns on the right in Table Al give

details of the experimental results. Specifically,



they list the type of creep curve (or stress—strain
curve), the stress exponent, n, and the activation
energy for the flow process, Q: the characteristics
of the creep (or stress—strain) curves are discussed
in detail in the following section. Tables AIl and
AIII are essentially similar to Table Al, except that
they provide alternative information such as

boundary misorientations for bi-crystals (Table.

AIl), and the density (as a percentage of theoreti-
cal), grain size and grain size exponent, p, for
polycrystalline materials (Table AIII).

It should be noted also that the ranges of stress,
temperature and grain size quoted in Tables Al to
AlIll serve only as a guide to the testing conditions,
and they do not mean necessarily that experiments
were conducted over the entire ranges for each
variable: the original references should be consulted
to obtain the exact combinations of the various
experimental parameters.

It is necessary to point out that, although creep
testing generally refers to experimental conditions

of constant stress or load, tests at constant strain
rate were included in the tabulation provided they
were conducted at creep temperatures of the order
of ~0.5T,, or above, where Ty, is the absolute
melting point of the material. Thus, the criterion
for creep was based on the test temperature rather
than the mode of testing, and the very extensive
experiments performed on many non-metallic
materials at low homologous temperatures are
therefore necessarily excluded from Tables Al to
AlIIL

4. The shape of the creep or stress—strain
curves .

The nature of the creep or stress—strain curves is
indicated in Tables Al and AIII according to the
schematic illustrations given in Fig. 1. Four creep
curves are shown as A to D, plotting strain, €,
against time, 7, at constant stress, ¢ (or constant
load). Curve A shows the normal three-stage curve
usually observed in metals, consisting of an
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Figure 1 Schematic illustrations of the
£ = constant various curves arising from tests conducted
under constant stress (A to D) and constant
strain rate (E to G). The experimental
curves are designated according to these
£ types in Tables Al to AIIl,



instantaneous strain, a primary stage in which the
creep rate decreases with time, a steady-state or
secondary stage of constant strain rate, and a
tertiary stage of increasing creep rate to the point
of fracture. Curve B lacks the primary stage and
shows only two-stage behaviour, and curve C
contains an inverted primary stage. Curve D
contains a sigmoidal primary before steady-state
flow: this type of creep curve is often observed
in single crystals containing a very low dislocation
density, and the initial primary is then due to the
multiplication of dislocations. Three stress—strain
curves are shown as E to G, where the instan-
taneous stress, o, is plotted against the total strain,
¢, for tests conducted at true (or nominal) constant
strain rate, é. Curve E shows the presence of a
yield drop and subsequent hardening, curve F
shows little or no hardening after the yield point,
and curve G shows extensive hardening after yield.

Some difficulty was occasionally experienced
in attempting to match the various experimental
curves with those depicted schematically in Fig. 1.
In general, there tended to be more variations in
the appearance of the stress—strain curves at
constant strain rate so that, although the general
features in each set of experiments match the
designations given in Tables Al and AIIl, the
precise shapes of the curves may differ consider-
ably between different materials and testing
conditions. For the creep tests, an apparent
primary stage may occasionally result from con-
current grain growth, or the steady-state condition
may not be fully achieved. Nevertheless, the creep
curves were classified, according to the available
information, in terms of types A, B, C or D in
Fig. 1. In addition, some tests were conducted at a
constant loading rate, where the stress increases
linearly with time: where possible, these tests were
characterized in terms of curves E to G.

Although it is difficult to correlate directly the
curves for constant stress and constant strain rate
shown in Fig. 1, some basic features may arise
from similar mechanisms. Thus, the primary stage
of curve A is due to the hardening arising from
substructure development, and the hardening in
curves E and G also relate to substructural changes.
The early stages of curves C and D, where the
primary is inverted, is due to dislocation multi-
plication; similarly, the upper yield point in curve
E may,in some crystals, arise from a multiplication
process. In general, constant strain rate tests are
easier (and quicker) to perform, but detailed
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creep studies strictly require tests at constant
stress (or load).

5. The dependence of steady-state creep
rate on stress, temperature and grain size

Most mechanisms of high-temperature creep

predict a steady-state creeprate, €, which is given by

ELE

where D is the appropriate diffusion coefficient,
G is the shear modulus, b is the Burger’s vector,
k is Boitzmann’s constant, T is the absolute
temperature, d is the grain size, p is the exponent
of the inverse grain size, n is the stress exponent,
and 4 is a dimensionless constant. The diffusion
coefficient, D, is given by

D = D, exp (— Q/RT), (2)

where D, is a frequency factor, ( is the activation
energy for the diffusion process, and R is the gas
constant (8.31 Jmol™ K™1).

It follows from Equations 1 and 2 that each
creep mechanism is uniquely specified by the values
of the three constants, 4, p and n, and by the
activation energy, Q. In general, however, the
experimental values of A depend rather critically
on the precise values of p, n and @, so that the
dimensionless constant A is usually of little
value in determining the precise deformation
mechanism. Accordingly, Table Al shows the
values obtained experimentally for n and Q in
the tests on single crystals, and Table AIIl shows
the values obtained for n, p and Q in the tests
on polycrystals. The significance of these various
values is discussed in more detail in the following
section.

A word of caution is necessary concerning the
experimental values of the activation eneigy, Q,
shown in Tables Al and AIIL In most experiments,
Q was determined from the slope (= — (Q/2.3R)
of a plot of logarithmic ¢é against 1/T. In practice,
this represents the apparent activation energy
because it fails to include either the variation in
shear modulus with temperature or the term 1/kT
contained in Equation 1. The #ue activation
energy is obtained from a plot of logarithmic
éG"'T against 1/T, and this is significantly lower
than the apparent activation energy when n is
large. The difference between the true and apparent
activation energies tends to be rather minor when
n==1to?2.



6. Interpretation of the creep data

6.1. General observations

Inspection of Tables AI and AIIl shows that the
body of literature describing the creep behaviour
of single crystals is significantly smaller than the
available data for polycrystals. This difference
arises because single crystal studies have tended to
concentrate primarily either on a determination of
the critical resolved shear stress as a function of
temperature for a selected slip system or on a
detailed investigation of the dislocation con-
figurations and interactions. Only a small portion
of the published data on single crystals includes
details of the variation of deformation with time,
stress and/or temperature: it is the latter studies
which are included in Table Al.

In addition, it is often difficult to interpret the
creep data for single crystals in terms of the
mechanisms developed for polycrystals because
much of the single crystal deformation takes place
by unrestricted glide on the primary slip system.
A more direct correlation with polycrystalline
behaviour may be obtained by orienting the single
crystals so that slip occurs on systems experiencing
a high Peierls force: for example, experiments on
sapphire single crystals oriented perpendicular to
the basal plane with an [0001] stress axis [29].

Most of the bicrystal studies have been directed
towards an examination of grain boundary sliding.
It is clear from these tests that the situation is
complex, and both the total misorientation across
the boundary and the impingement of lattice
dislocations on to the boundary appear to be
important factors in determining the magnitude of
the sliding offsets. The precise relationship between
sliding on the long unconstrained boundary of a
bicrystal and sliding on the relatively shorter
boundaries contained in a polycrystalline matrix
remains an unresolved problem.

The rate-controlling creep mechanism in a
polycrystal is usually determined by reference to
the experimental values of n, p and Q. If the
dominant mechanism is intragranular, there is no
dependence on the presence of grain boundaries
so that p = 0; whereas if the deformation process
involves the grain boundaries, the value of p is in
the range from 1 to 3. These two types of process,
termed lattice and boundary mechanisms [30],
respectively, are considered in the following
sections.

6.2. Lattice mechanisms of creep

Lattice mechanisms are based on the intragranular
motion of dislocations and, by definition, they
require p = 0.

Many theoretical mechanisms have been
developed for intragranular deformation and
these are summarized in Table I in terms of the
predicted values for n and Q, where 0y, Q, and
Qp, are the activation energies for lattice self-
diffusion, chemical interdiffusion of solute atoms
and pipe diffusion along the dislocation cores,
respectively. A detailed description of the prin-
ciples of these various mechanisms is beyond the
scope of this paper, but several of the mechanisms
were outlined in an earlier review [20] and a
complete description of each model is given in the
various references cited in Table 1.*

Unfortunately, inspection of Table I shows that
many of the theoretical models lead to identical
predictions in terms of # and (J. In general, the
predicted value of n is within the rather limited
range from 3 to 4.5 when the activation energy is
equal to the value for lattice self-diffusion, Q,
although it is possible to obtain higher values of
n at lower temperatures by invoking pipe diffusion
with an activation energy of Q, (~0.6Q;). It
should be noted also that, with the exception only
of the model of Chang [35] based on transmission
electron microscope observations of MgO, all of
the theories were developed originally for metals.
However, Evans and Knowles [48] specifically
tested the predictions of their theory for climb
of dislocation links [46] with experimental data
from four ceramics (Al,0;, LiF, MgO and UQ,).

A review of the polycrystalline data in Table
AIII shows that many of the results lead to stress
exponents close to 1 and there is a relatively small
proportion of the data giving n~3-5. This
contrasts with metals where Newtonian viscous
flow (with n = 1) is a rather limited phenomenon
and most investigations give high values of n (see,
for example, the detailed review of creep of metals
by Bird et al. [49]). An important reason for this
difference is that ceramics are often tested at
lower normalized stresses to avoid problems of
cracking,

Close inspection of the tabulated data shows
that many of the results with » > 2 tend to group
around either n ~ 3 or n ~ 5. This, too, is similar
to the metals data, although in metallic systems

*Some models which do not lead to singular and well-defined values of # are not included in Table I: for example, the
theory of Poirier [47] for the unblocking of dislocation loops by climb and cross-slip.



TABLE I Values of n and Q for lattice mechanisms with p =0

Mechanism n Q Reference
Dislocation glide and climb, 45 O Weertman [31-33]
controlled by climb
Dislocation glide and climb, 3 Qi Weertman [34]
controlled by glide
Dissolution of dislocation loops 4 ) . Chang [35]
Dislocation climb from 3 o
Bardeen—Herring sources ) le} Nabarro [36]
Non-conservative motion of jogged 3t O Barrett and Nix [38]
screw dislocations ’
Nabarro—Herring creep at subgrain 3 ()] Friedel [39]
boundaries
Climb of dislocations in two- 3 0 Ivanovand Yanushkevich [40]
dimensional subgrain boundaries
Climb of dislocations in subgrain 4 O Blum [41]
boundaries of finite width
Recovery creep assuming slip distance 4 [0 Lagneborg [42, 43]
is independent of mesh size
Recovery creep including distribution 3 Q Ostrém and Lagneborg (441
of dislocation link lengths
Network coarsening by jog-controlled 3 O Gittus [45]
climb :
Climb of dislocation links within a
three-dimensional network: .
(i) Average slip distance equals 3 0
mesh spacing of network 5 le Evans and Knowles [46]
(ii) Slip distance is independent 4 O *
of mesh size 6 Op Evans and Knowles {46]

*These theories lead to a stress exponent of 7 and an activation energy for lattice self-diffusion, 0y, at high tempera-
tures, and a stress exponent of (1 + 2) and an activation energy for pipe diffusion, Qp, at low temperatures. A similar
transition to (n + 2) and Q,, is also believed to occur in dislocation glide and climb controlled by climb [37].

TThe original theory of Barrett and Nix [38] gives n =4 by putting the density of mobile screw dislocations, py,g,
proportional to o®. The value of #n = 3 is obtained by making the more reasonable assumption that p, is proportional

to o?.

it is now reasonably established that n ~ 5 is the
typical behaviour of a wide range of pure metals
and n ~3 is associated with some solid solution
alloying: these two types of behaviour are termed
class M (Metal type) and class A (Alloy type),
respectively [50]. The situation is less well-
defined in ceramics where a larger proportion
of materials exhibit » >3 and there are often
problems in interpreting the precise role of
impurities. A detailed evaluation of the creep
behaviour of several selected polycrystalline
ceramics is given in Part 2.

6.3. Boundary mechanisms of creep
Boundary mechanisms are based on deformation
processes associated with the presence of grain
boundaries so that, by definition, p > 1.

Table II lists several boundary mechanisms in
terms of the predicted values for n, p and Q, where
QOpn is the activation energy associated with the
presence of a grain boundary liquid phase.
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A consequence of all boundary mechanisms is
that adjacent grains become displaced with respect
to each other, with the displacement occurring at,
or close to, the grain boundary plane. It is con-
venient to make a distinction between those
boundary mechanisms in which the displacement,
or grain boundary sliding, occurs in association
with grain elongation in the tensile direction and
those mechanisms in which the displacement is not
associated with an elongation of the grains [62]:
these two processes are generally termed Lifshitz
[63] sliding and Rachlinger [64] sliding, respect-
ively.

Lifshitz sliding requires full accommodation by
either vacancy flow [63] or intragranular flow
extending completely across the grains [65]. For
the former accommodation, vacancies diffuse
between grain boundaries where the vacancy
concentration is either higher or lower than the
equilibrium concentration, respectively, and, as
indicated in Table II, this process gives n = 1 but



TABLE II Values of #, p and Q for boundary mechanisms

Mechanism n p 0 Reference
@) Lifshitz sliding
Sliding accommodated by diffusion:
(a) Nabarro—Herring creep 1 2* O ‘Nabarro [51],Herring [52]
(b) Coble creep 1 3 Oeb Coble [56]
Sliding accommodated by 1 1 Ooh Crossman and Ashby [57]
intragranular flow across the grains ’
(ii) Rachinger sliding
With a continuous glassy phase 1 1 Oph Orowan [58]
at the boundary
Without a glassy phase:
(a) sliding accommodated by 2 1 O Langdon [59]
formation of grain boundary
cavities
(b) sliding accommodated by 3.5% 2 [4,) Gifkins [60]

formation of triple-point folds

*These values may change to n =2 and p = 1 if the grain boundaries are not perfect sources and sinks for vacancies

[53-55].

T Gifkins [60] obtained a stress exponent of n =4.5 and a direct proportionality between the rate of sliding and the
subgrain size, . The exponent of n = 3.5 is obtained by putting A < ¢™* [61].

different values of p and Q depending on whether
the vacancies diffuse through the lattice (Nabarro—
Herring creep [51, 52]) or along the grain bound-
aries (Coble creep [56]); in practice, this process
may be considered either in terms of grain elon-
gation or in terms of the sliding displacement
[67—69]. For the latter accommodation, plastic
flow takes place between triple points on either
side of the grains, givingn = 1,p=1and Q = Qg
{571

Diffusion creep is well understood in simple
metallic systems, but there is an additional com-
plication in ceramics because of the presence of
two iomic species. Since the cations and anions
both participate in the diffusive process, it is
necessary to consider ambipolar diffusion and
mass transport along parallel diffusion paths
[70—72]. The significance of this effect in terms
of temperature and grain size is discussed in detail
elsewhere [20].

Grain boundary sliding without concomitant
grain elongation, termed Rachinger sliding, may
arise in two distinct ways depending on whether
there is a glassy phase at the boundary [58] or
the crystalline nature of the lattice is continuous
up to the boundary plane [59, 60]. The former
situation is not generally important in metals,
but it becomes important in ceramics such as
SizN, where a thin glassy phase is often present
at the majority of grain and interphase boundaries
[73—-75]. It is now clear that the presence of this
phase has a marked influence on the mechanical

properties observed at high temperatures [76, 77].
In the absence of a glassy phase, sliding may be
accommodated locally by the opening up of grain
boundary cavities [59] or by the formation of
short folds at the triple points [60].

As indicated in Table AIll, many of the exper-
imental results give n >~ 1.5 to 2.5 at intermediate
to high stress levels: an example is shown by the
data for Sialon and SizN, where, typically, n = 2.
These results are significant because the presence
of a glassy phase and the reports of intergranular
cavitation and triple point cracking [78] suggest
the occurrence of some form of Newtonian viscous
sliding with n =1. This apparent discrepancy
probably arises because there is an additional
component of strain due to the evolution of grain
boundary cracks and cavities, and indeed a
statistical model based on the elastic opening of
cracks due to the presence of cavities leads to a
stress exponent of n = 2 [79].

Finally, it should be noted that some possible
boundary mechanisms are not included in Table II
because the models require further development:
for example, the viscous or diffusive growth of
intergranular cavities [79], the role of a solution-
precipitation process through the intergranular
glassy phase [80] and elastic or compliance creep
arising from cavity formation [81] and crack
growth [82].

7. Discussion
This paper tabulates the available creep data for
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ceramic materials and summarizes the theoretical
deformation mechanisms in terms of the depen-
dence of steady-state creep rate on stress, grain
size and temperature.

Some general indications of the rate-controlling
process may be obtained from a comparison of
the experimental data in Tables Al and AIIl and
the predictions of the theoretical models in Table I
or, for polycrystalline materials, Tables I and II.
However, the experimental studies often include
additional information, such as observations on
subgrain formation or dislocation configurations
and direct measurements of the boundary dis-
placements due to sliding. These additional micro-
structural observations, and the significance of the
mechanical data for specific materials, are con-
sidered in Part 2.

8. Conclusions
Part 1 may be summarized briefly as follows:

(1) The creep data available at present for
ceramic materials are tabulated in terms of the
shapes of the creep curves and the dependence
of the steady-state creep rate on stress, grain size
and temperature;

(2) Numerous theoretical mechanisms are avail-
able forintragranular and intergranular deformation
processes, and the significant predictions of these
mechanisms are reviewed.

The detailed microstructural evidence and the
relationships between ceramic creep and metallic
creep are considered in Part 2 of this review.
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Appendix

The creep data are summarized in three tables:
Table Al for single crystals, Table AlI for bicrystals
and Table AIIl for polycrystalline materials. The
creep testing techniques are indicated by B
(bending), C (compression) or T (tension): tests
conducted at high temperatures under a constant
strain rate are designated CSR. The shapes of the
creep or stress—strain curves are indicated by the
letters A to G using the types illustrated sche-
matically in Fig. 1. The references in Tables Al to
Al are numbered separately from those con-
tained-in the fext.
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