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Abstract

The uniaxial tensile and compressive creep rates of
an yttria-containing hot-isostatically-pressed silicon
nitride were examined at several temperatures
between 1316 and 1399�C and found to have di�er-
ent stress dependencies. Minimum creep rates were
always faster in tension than compression for an
equal magnitude of stress. An empirical model was
formulated which represented the minimum creep
rate as a function of temperature for both tensile and
compressive stresses. The model also depicted the
asymmetric creep deformation using exponential and
linear dependence on tensile and compressive stress,
respectively. Unlike other models which represent
either tensile or compressive creep deformation as a
respective function of tensile or compressive stress,
the model in the present study predicted creep
deformation rate for both tensile and compressive
stresses without conditional or a priori knowledge of
the sign of stress. A statistical weight function was
introduced to improve the correlation of the model's
regressed ®t to the experimental data. Post-testing

TEM microstructural analysis revealed that di�er-
ences in the amount of tensile- and compressive-
stress-induced cavitation accounted for the creep
strain asymmetry between them, and that cavitation
initiated in tensile and compressively crept specimens
for magnitudes of creep strain in excess of 0.1%.
# 1998 Elsevier Science Limited. All rights reserved
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1 Introduction

The need to characterize, understand, and model
both tensile and compressive creep of structural
ceramics, such as silicon nitride (Si3N4), arises
from the considerably lower creep rates exhibited
by these materials in compression than in tension
for equivalent magnitudes in stress.1,2 Such model-
ing needs to acknowledge the asymmetrical creep
to accurately predict and interpret stress state
changes and dimensional redistribution in load-
bearing components and standard test coupons at
elevated temperatures (e.g., nozzles and blades in
advanced gas turbine engines, ¯exure bars, etc.).
Several models have been used to describe or

predict either the tensile or compressive creep
deformation of polycrystalline ceramics. Tradi-
tionally the power-law Norton±Bailey±Arrhenius
(NBA) model [3] is used,

d"=dt � Anb�
n exp ÿQ=RT� � �1�

where Anb is a constant, � is stress, n is the stress-
exponent, Q is activation energy, R is the gas con-
stant, and T is absolute temperature. The NBA
model represents compressive creep data of silicon
nitride well1,2,4,5 where n typically equals 1 for
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rate-limiting Coble creep.6 The NBA model has
also been extensively used for tensile creep data as
well with n typically being greater than unity due to
cavitation.1,2,4,7±11 However, the portrayal of ten-
sile creep data by eqn (1) has been brought into
question the last few years for silicon nitride.
Recent interpretations of tensile creep rate data
have shown that the power-law formulation of eqn
(1) does not satisfactorily represent its dependence
on stress (stress exponent value is dependent on the
value of applied stress), and that an exponential
representation is more suitable.2,4,12 A representa-
tion of tensile creep rate exponentially dependent
on stress has the form,13

d"=dt � Ae exp Be�� � exp ÿQ=RT� � �2�

where Ae and Be are constants. A similar exponen-
tial-type model which represents tensile creep rate
as following a hyperbolic sine dependence on stress
has been used.9,14,15 It can be shown that for rela-
tively low stresses that the hyperbolic sine function
simpli®es to the power-law form in eqn (1) and that
it simpli®es to the exponential form of eqn (2) for
relatively high stresses. A disadvantage of the
hyperbolic sine function representation is it is
symmetric and consequentially predicts the magni-
tudes of compressive and tensile creep rates to be
equal for equally applied magnitudes of stress.
More recently, another exponential-type model

has been proposed in which the tensile creep rate is
represented as a function of stress according to16±18

d"=dt � AN� exp BN�� � exp ÿQ=RT� � �3�

where AN and BN are constants. For this model,
the exponential dependence of creep rate on stress
results from the kinetics of the secondary phase
redistribution from growing cavities. Increasing
stress initiates larger concentrations of cavities,
which in turn increases the creep rate. The expo-
nential stress term in eqn (3) is found to approx-
imate the stress dependency of the number of
cavitation sites.

A limitation of the models represented by eqns
(1)±(3) is they cannot be singly used to accurately
portray both tensile and compressive creep rate data
as a function of stress. The NBA model has been
used for both tensile and compressive creep rate data;
however, the stress-exponents are almost always
di�erent for tension and compression, so two dif-
ferent forms of eqn (1) must be used with the n values
being di�erently-valued for each.19 This becomes
inconvenient for modeling multiaxial creep defor-
mation when both tensile and compressive stresses
may be present because one must conditionally
know a priori the sign of stress in order to use the

proper stress exponent in eqn (1).20 Disadvantages
of eqn (2) include the lack of linear dependence of
compressive creep rate on compressive stress and
that a ®nite creep rate is predicted for zero stress.
Although eqn (3) predicts zero creep rate for zero
stress, it does not represent compressive creep rate
as being linear with compressive stress.
The motivations behind the present study were

to (1) formulate a model which would represent
both tensile and compressive creep deformation as

Table 1. Summary of minimum creep rate as a function of
temperature and stress

Temperature
(�C)/(�F)

Stress
(MPa)/(ksi)

Minimum creep rate
(� 10ÿ10sÿ1)

1316/2400 40/5.8 5.6
75/10.9 8.0
125/18.1 18
ÿ125/ÿ18.1 ÿ2.9
ÿ200/ÿ29.0 ÿ2.4
ÿ300/ÿ43.5 2.7
ÿ400/ÿ58.0 ÿ9.3
ÿ500/ÿ72.5 ÿ10

1343/2450 ÿ300/ÿ43.5 ÿ9.3
ÿ400/ÿ58.0 ÿ12
ÿ500/ÿ72.5 ÿ16

1371/2500 30/4.4 5.3
60/8.7 28

125/18.1 50
130/18.9 87
135/19.6 63
140/20.3 68
145/21.0 110
145/21.0 160
145/21.0 150
145/21.0 140
145/21.0 100
145/21.0 100
145/21.0 110
145/21.0 110
145/21.0 110
180/26.1 470
180/26.1 420
180/26.1 260
180/26.1 300
190/27.6 230
ÿ30/ÿ4.4 ÿ2.8
ÿ100/ÿ14.5 ÿ5.3
ÿ200/ÿ29.0 ÿ12
ÿ300/ÿ54.5 ÿ11
ÿ400/ÿ58.0 ÿ18
ÿ500/ÿ72.5 ÿ13

1399/2550 35/3.6 12
85/12.3 50
90/13.1 59
100/14.5 130
110/16.0 130
125/18.1 140
130/18.9 230
130/18.9 240
140/20.3 330
150/21.8 320
ÿ25/ÿ3.6 ÿ2.7
ÿ50/ÿ7.3 ÿ8.4
ÿ100/ÿ14.5 ÿ10
ÿ200/ÿ29.0 ÿ16
ÿ300/ÿ43.5 ÿ21
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a function of stress and temperature without con-
ditional or a priori knowledge of the sign of
stress, (2) generate an appreciably-sized tensile and
compressive creep database for a polycrystalline
structural ceramic to statistically facilitate the ®rst
goal, and (3) perform microstructural examina-
tions on pre- and post-tested specimens to explain
the asymmetric creep behavior.

2 Material, Test Procedures, and Analysis

The examined Si3N4 was an yttria-doped (4wt%)
hot-isostatically-pressed material designated as
NT154.* All tensile and compressive specimens
were machined from billets made from the same
processing batch. NT154 is comprised of long, aci-
cular-shaped grains (&5�m long, aspect ratio
&10), mixed with equiaxed grains (having a dia-
meter of 0.3 to 0.5�m). NT154 has approxi-
mately 10% �-Si3N4 and 90% �-Si3N4 in its
as-received state; however, at the test conditions
examined in the present study, the remnant 10%

�-Si3N4 converted to �-Si3N4.
7,8 NT154 has stable

crystalline yttrium silicate secondary phases at
elevated temperatures. It has an average room
temperature tensile and ¯exure (ASTM C1161-B21)
strength of 759 (100 specimens) and 915MPa
(60 specimens), respectively.22 Several high tem-
perature mechanical testing studies have been
reported with this material.2,4,7,8,10,11

The test frame for the compression creep tests
was comprised of components capable of operating
at high temperatures and compressive loads, and
which permitted the minimization of axial bending
through appropriate load-train adjustments. The
compression creep test setup is illustrated in Fig. 1.
The load train consisted of two fully-dense �-sili-
con carbide (SiC) push-rods, 19.05mm in diameter
and 76mm long, attached to water cooled grips in
a servo-hydraulic test machine. A cylindrical test
specimen (10mm long and 5mm in diameter) was
compressed between the free, axially-aligned, ¯at
and parallel ends of the SiC push-rods. The choice
of an aspect ratio of two was a compromise of
minimal likelihood of buckling and barreling.23 A
strain-gaged specimen was used in concert with
load-train-axial-adjusters at room temperature to
minimize axial bending strains; the maintenance of
minimal bending between tests was interpreted to

Fig. 1. Schematic of compression creep test. A cylindrical specimen geometry was used having a length and diameter of 10 and
5mm, respectively.

*Saint-Gobain/Norton Industrial Ceramics Corporation,
Northboro, MA.
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signify that axial bending strains remained minimal
during high temperature testing. The specimen and
the SiC pushrods were heated with a short, resis-
tance-heated furnace (50mm vertical hot zone) to
the setpoint temperature. Two thermocouples
positioned close to the specimen were used to
monitor and control the setpoint temperature to
within �3�C. A high-temperature capacitive
extensometer (25mm gage length) was used to
measure the mutual displacements of the SiC
loading push-rods to a resolution of �0.2�m
during static loading creep tests. Inspection of the
�-SiC push-rods after every test showed no evi-
dence of their deformation, so compressive creep
displacements measured with the extensometer
were attributed entirely to the creeping specimen.
These displacements were measured as a function
of time using a personal computer. Test tempera-
tures were 1316, 1343, 1371, and 1399�C, and
examined static compressive stresses ranged between
25 and 500MPa. Tests were terminated after at
least 100 h of secondary creep, so a typical whole
test duration was 150±200 h. The compressive

creep histories showed a primary and secondary
creep region. Tertiary creep was never observed.
The minimum compressive creep rate from the
secondary creep region was determined as a func-
tion of stress and temperature for each specimen.
The higher-stress tensile creep results were

excerpted from previous NT154 creep studies;7,8,22

however, additional tensile creep tests were per-
formed in the present study at mid- and low-valued
stresses. A schematic of the tensile creep test set-up
is illustrated in Fig. 2. This tensile test apparatus
utilized many of the same test hardware compo-
nents as the compressive creep tests. A buttonhead
specimen geometry (gage length and diameter of 35
and 6.35mm, respectively) was used. The same test
facility and specimen geometry were also used to
generate the high tensile stress creep data which
were excerpted from Refs. 7, 8 and 22. Passive self-
aligning grips were used to minimize load train
bending. A high temperature contacting extens-
ometer (25mm gage length) was used to continuously
measure creep strain. Tensile displacements were
measured as a function of time using a personal

Fig. 2. Schematic of tensile creep test. A buttonhead specimen geometry was used having a gage section length and diameter of 35
and 6.35mm, respectively.

230 A. A. Wereszczak et al.



computer. Test temperatures were 1316, 1371, and
1399�C, and examined static tensile stresses ranged
between 25 and 190MPa. All these specimens con-
clusively were in a secondary creep regime at fail-
ure or they were interrupted after a minimum of
150 h of secondary creep (the latter only pertinent
for creep tests involving a low-valued stress). The
tensile creep histories showed a primary and sec-
ondary creep region. Tertiary creep behavior was
never observed. The minimum tensile creep rate
from the secondary creep region was determined
as a function of stress and temperature for each
specimen.
Transmission electron microscopy (TEM) stu-

dies were performed on ®ve pairs of creep tested
specimens. The specimens from each pair were
creep tested at the same temperature and magni-
tude of stress; however, one specimen was tested in
tension and the other in compression. The ®ve
pairs of conditions were 1316�C:j125jMPa,
1371�C:j30MPa, 1371�C:j200MPa* 1399�C:
j25jMPa, and 1399�C:j100jMPa. TEM foils were
prepared from the bulk of the crept specimens and
from planes parallel to the loading axis. Foils were
also prepared from as-received material and served
as the reference.

3 Results and Discussion

3.1 Asymmetric creep response
Minimum creep rates were always faster in tension
than in compression for an equal magnitude of
stress. Examples of this creep asymmetry are illu-
strated in Figs 3±7 for 1316C:�125jMPa,
1371�Cj:j30MPa, 1371�C:j200jMPa, 1399C:j25j
kMPa, and 1399�C:j100jMPa, respectively. The
creep histories in Figs 3±7 show the tensile and
compressive curves start to diverge right from the
beginning of the test. Primary and secondary creep
regimes were observed for both tension and com-
pression creep tests with primary creep typically
ending around 50±75 h for all temperatures and
stresses. The conversion of �-Si3N4 to �-Si3N4 at
these test temperatures likely contributed to the
accumulation of some of the primary creep strain
in NT154.24 The ratio of the minimum creep rate in
tension to that in compression for the same mag-
nitude of stress increased with increase in magni-
tude of stress. For example, the creep rate in
tension was approximately 20 times faster than that
in compression at 1371�C:j200jMPa (Fig. 5), while

only approximately twice as fast at 1371�C:
j30jMPa (Fig. 4). This trend was independent of
temperature (1399�C in Figs 6 and 7). Although
magnitudes of stress less than 25MPa were not
examined due to experimental limitations, there
was no indication from the presently generated
data to suggest that the magnitudes of tensile and
compressive creep rates should be equal for equal

Fig. 3. Comparison of tensile and compressive creep histories
for specimens tested at 1316�C and 125MPa. Symbols:
" � strain, t � time,MSR � minimum strain rate, i � interrupt,

f � failure.

*A tensile creep test was not conducted at 200MPa, but at
190MPa. Consequently, the tensile creep test results at
190MPa are compared to the compressive creep test results at
200MPa.

Fig. 4. Comparison of tensile and compressive creep histories
for specimens tested at 1371�C and 30MPa. " � strain, t �
time, MSR � minimum strain rate, i � interrupt, f � failure.

Fig. 5. Comparison of tensile and compressive creep histories
for specimens tested at 1371�C and 190MPa (tension) and
200MPa (compression). Symbols: " � strain, t � time,

MSR � minimum strain rate, i � interrupt, f � failure.
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magnitudes of applied stress other than at zero
applied stress and zero creep rate. The minimum
creep rates as a function of stress and temperature
are listed in Table 1.
A single function was sought to represent the

minimum creep rate as a function of stress and
temperature and which did not require conditional
or a priori knowledge of the sign of stress. Such a
model would need to be amenable for use with
commercial ®nite element analysis software. The
sought function would also address the linear
dependence of compressive creep rate on compres-
sive stress and represent the tensile creep rate being
exponentially dependent on tensile stress. The
resulting empirical function was an additive com-
bination of eqns (1) and (3) and had the form:

d"=dt � A� � B� exp C�� �� � exp ÿQ=RT� � �4�

where: d"=dt is the minimum creep rate (ÿ for
compression, + for tension); A, B, and C are con-
stants; � is stress (ÿ for compression, + for ten-
sion); Q is the activation energy constant; R is the
gas constant; and T is absolute temperature. For
compressive or negative stress, the ®rst term in the
bracketed expression in eqn (4) dominates* while
the second term in the brackets dominates for ten-
sile or positive stress. The form of eqn (4) also
mathematically addresses the boundary condition
that there must be zero creep rate for zero stress. A
single activation energy term in eqn (4) assumes it

is equal-valued for both compressive and tensile
creep deformation. Lastly, because the square-
bracketed terms in eqn (4) are summed, multiple
linear regression cannot be performed so nonlinear
regression analysis was required.
The creep data in Table 1 were ®rst ®tted to eqn

(4) using nonlinear regression with the assumption
that variance was constant. This assumption is
typically made in the literature in which creep data
are regressed against one of the models represented
in eqns (1)±(3). The nonlinear regression analysis
was performed using the `Splus' function described
in Ref. 25. To promote convergence of the analysis,
plausible values for the constants A, B, C, and Q
were required for initial input. Linear regression of
the compressive creep data of log[(d"=dt�=�] on
ÿ1/RT was used to obtain initial values for A and
Q. Initial estimates of B, C, and Q were obtained
using multiple linear regression of log[(d"/dt)/s] on
� and ÿ1/RT with the tensile creep data. The Q
values from the two analyses were then averaged.
The resulting initial values used for the nonlinear
regression were A=3.93133�1012MPaÿ1 sÿ1, B=
3.20211�1014MPa1 sÿ1, C=0.0117MPaÿ1, and
Q= 490.3 kJ mol.ÿ1

The resulting nonlinear regression ®t (constant-
variance-assumption or `unweighted analysis') to
the data is shown in Fig. 8(a) and (b). The esti-
mates of the constants which resulted from the
unweighted nonlinear regression analysis of eqn (4)
to the data in Table 1 were A=1.086�1012
MPaÿ1 sÿ1, B=1.838�1012MPaÿ1 sÿ1 C=0.01879
MPaÿ1, and Q=740kJ molÿ1. The activation
energy value of 740 kJ mol for the unweighted
nonlinear regression ®t is consistent with activation
energies measured for viscosity of oxynitride glas-
ses26 as well as the sublimation of Si3N4.

27 These
four values and their 95% con®dence intervals are
listed in Table 2. In order to plot all the data and
the ®tted function on a single graph, the tempera-
ture compensated creep rate (TCCR) was plotted

*This is true for conditions when B is approximately equal to
or less than 3A (or B/3A<1). As B/3A becomes greater than
one, the validity of the assumption that eqn (4) approximates
linear dependence of compressive creep rate on compressive
stress decreases because the exponential stress term in eqn (4)
starts to dominate. As an illustration of this, the slight `wavi-
ness' in the ®ts to the compressive creep data in Figs 8(b), 9(b),
and 10(b) exists because B is approximately 2±2.5 times as
large as A. As B/3A<<1 the ®t of eqn (4) to compressive creep
data using get more linear.

Fig. 6. Comparison of tensile and compressive creep histories
for specimens tested at 1399�C and 25MPa. Symbols: " �
strain, t � time, MSR � minimum strain rate, i � interrupt,

f � failure.

Fig. 7. Comparison of tensile and compressive creep histories
for specimens tested at 1399�C and 100MPa. Symbols " �
strain, t � time, MSR � minimum strain rate, i � interrupt,

f � failure.
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as a function of stress in Fig. 8(a) and (b). The
TCCR was determined by dividing both sides of
eqn (4) by the exponential temperature term {exp(-
Q/RT)}, with the result being TCCR=d"/dt�

exp(Q/RT). A linear-linear plot of TCCR and
stress is shown in Fig. 8(a) which illustrates the
model's exponential dependence of TCCR on ten-
sile stress and its linear dependence of TCCR on
compressive stress. A log±log plot of creep rate and
stress is a more recognizable graphical representa-
tion, so the absolute TCCR were plotted as a
function of absolute stress in Fig. 8(b). Like
Fig. 8(a), the linear and exponential dependence of
TCCR on compressive and tensile stress, respec-
tively, are evident. The ®tted compressive creep
rate dependence on compressive stress is not

strictly linear because of the slight in¯uence of the
exponential stress term in eqn (4).
The analysis of the residuals from the unweigh-

ted nonlinear regression ®t shown in Fig. 8(a) and
(b) revealed that the variance was not constant.
Greater variability was observed for larger values
of creep rate. Consequently, a statistical `weight
function' was introduced which adjusted for this
non-constant variance. The pattern in the residuals
indicated that the variability in creep rate was
proportional to the square of the expected creep
rate as de®ned by the regression function in eqn (4)
{i.e., variance(creep rate) = [� (expected creep
rate)]2, where � is an unknown constant estimated
from the residuals}. When the variance is not con-
stant, an iterative weighed least squares (IWLS)
algorithm can be used for nonlinear regression.28 If
the dependent variable is in the exponential family,
then this leads to maximum likelihood estimates of
the unknown parameters. The IWLS can also be
used under the second moment assumptions
described here to obtain maximum quasi-like-
lihood estimates.29 The weighted regression esti-
mates based on eqn (4). were computed using
IWLS. The same initial values for the constants A,
B, C, and Q used for the unweighted nonlinear
regression analysis were also used for the weighted
analysis.
The resulting weighted nonlinear regression ®t

(non-constant variance adjusted for) to the data in
Table 1 is shown in Fig. 9(a) and (b). The constants
in eqn (4) resulting from the weighted nonlinear
regression were A � 165�2MPaÿ1sÿ1, B � 394�7
MPaÿ1sÿ1, C � 0�01488MPaÿ1, and Q � 427 kJ
molÿ1. These four parameters and their 95% con-
®dence are listed in Table 2. The 95% con®dence
intervals for these four constants are narrower than
the intervals for the determined constants from the
unweighted function which is illustrative of the
improved ®t to the creep data. The Q value from
the weighted-analysis is consistent with matter
transport through the intergranular amorphous
phase by the solution-reprecipitation mechanism.31

This weighted-analysis activation energy value was
di�erent than the unweighted-analysis activation
energy (740 kJ molÿ1); however, more con®dence is

Fig. 8. Fitted function using eqn (4) of temperature compen-
sated minimum creep rate as a function of stress (a) linear-
linear representation, and (b) log±log representation of abso-
lute values. This function assumed that the variance was

constant (or no weight function was applied).

Table 2. Results of nonlinear regression using unweighted and weighted functions

Parameter Unweighted function value � 95% con®dence interval Weighted function value � 95% con®dence interval

A (MPaÿ1 sÿ1) 1.086�101/2 4.878�105 1.652�102 3.883�10ÿ1
2.418�1018 7.027�104

B (MPaÿ1 sÿ1) 1.838�101/2 1.678�106 3.947�102 1.069�10o
2.012�1018 1.457�105

C (MPaÿ1) 0.01879 0.01362 0.01488 0.01246
0.02396 0.01730

Q (kJ molÿ1) 740 541 427 345
939 509
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placed in the weighted-analysis value of 427 kJ
molÿ1 due to its improved statistical correlation. In
almost all literature involving creep deformation,
creep rate date are regressed against a function of
stress assuming a constant variance: the identi®ca-
tions in the present study that variance was non-
constant and that unweighted and weighted results
produce di�erent values of activation energy (and
subsequent description of operating mechanisms)
indicates that caution should be exercised with
interpreting reported unweighted creep rate/stress
analysis. Graphical analysis of the Pearson resi-
duals30 from the nonlinear regression indicated
that this variance assumption for the weighted
analysis was appropriate for the creep rate data,
and provided a clear improvement over the con-
stant variance assumption. A linear-linear plot of
TCCR and stress is shown in Fig. 9(a) and a log±
log plot of the absolute TCCR are plotted as a
function of absolute stress in Fig. 9(b). The visual
di�erences in the results between the unweighted
and weighted nonlinear regression analysis are
most obvious in the log±log plots of Figs 8(b) and
9(b). The ®tted functions for each show the weigh-
ted function in Fig. 9(b) to ®t the data better.
The log±log weighted functions for the absolute

tensile and compressive creep rates as a function of

absolute stress and temperature are illustrated
in Fig. 10(a) and (b), respectively. Figure 10(a)
shows the weighted function appears to ®t the 1371
and 1399�C tensile creep data better than the
1316�C data. Likewise, the weighted function ®ts
the compressive creep data better for the same two
temperatures. The seemingly lack of correlation
between the ®t and the 1316�C creep data was
likely due to the relatively low number of data
points at this temperature, which provided less
in¯uence on the determination of the four con-
stants from of the weighted nonlinear regression
analysis.

3.2 Di�erences in cavitation stress dependence
Post-testing microstructural analysis using TEM
revealed that di�erences in the amounts of tensile-
and compressive-stress-induced cavitation accounted
for the creep strain asymmetry between them. A
summary of the TEM results are listed in Table 3.
Multigrain junction cavities formed in all tensile
crept specimens, and concentrations were greatest
in tensile specimens tested at 1371�C:190MPa
(Fig. 11) and 1399�C:100MPa. Much lower con-
centrations of multigrain junction cavities were
present in the specimen tensile tested at 1316�C:
125MPa. A small concentration of multigrain

Fig. 10. Creep rate as a function of temperature and (a) tensile
stress and (b) compressive stress. The shown ®tted functions
use the weighted parameters shown in Table 2 and Fig. 9(a)

and (b).

Fig. 9. Fitted (with weight function) function using eqn (4) of
temperature compensated minimum creep rate as a function of
stress (a) linear-linear representation, and (b) log±log repre-
sentation of absolute values. This function acknowledged that

the variance was not constant (weight function applied).
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junction cavities were present in the specimens
tensile tested at 1371�C:30MPa and 1399�C:
25MPa; however, much more extra imaging time
was necessary in order to locate them (unlike for
the other three examined tensile crept specimens).
Multigrain junction cavities also formed in com-
pressively crept specimens tested at 1371�C:
200MPa and 1399�C:-100MPa (see Fig. 12) but
their concentrations were far less than their tensile
specimen counterparts and were also less than the
cavity concentration in the tensile crept specimen
at 1316�C:125MPa.
In addition to cavity-concentration di�erences,

trends in cavity-type, size, and location also pro-
vided insights into the tensile and compressive
creep deformation behavior. Multigrain junction
cavities always formed in regions containing
numerous equiaxed silicon nitride grains. The size
of multigrain junction cavities appeared to be

independent of test condition (and accumulated
creep strain), with only the resulting cavity con-
centrations being conclusively di�erent among
them. Two-grain lenticular-shaped cavities were
only found in the tensile specimens tested at
1371�C:190MPa and 1399�C:100MPa (see Fig. 13).
The size of the two-grain lenticular-shaped cavities
were smaller than the multigrain junction cavities,
and were always found between two relatively large
silicon nitride grains (grains which were usually
acicular-shaped). Additionally, the length of the
major axis of the lenticular cavities were alwaysmuch
less than the facet sizes of the two adjacent grains
each grew into. If cavity formation were indeed
initiated in the specimens tested at 1316�C:
ÿ125MPa, 1371�C:30MPa, 1371�C:ÿ30MPa,
1399�C:25MPa, and 1399�C:ÿ25MPa, then their
concentrations were so low that they were indis-
tinguishable from the relatively low concentration

Fig. 12. Compression creep specimens tested at high stresses
had a relatively low concentration of multigrain junction cav-
ities. The shown microstructure was from the specimen tested
in compression at 200MPa and 1371�C (creep history shown

in Fig. 5).

Table 3. Summary description of TEM results

Temperature
(�C)

Stress
(MPa)

TEM observations

1316 125 Some multigrain junction cavities observed
ÿ125 No observable di�erence from as-received microstructure

1371 30 Had some relatively small multigrain junction cavities, but needed to look for
ÿ30 No observable di�erence from as-received microstructure

1371 190 High concentration of multigrain junction cavities and some two-grain lenticular-shaped cavities
ÿ200 Some multigrain junction cavities observed

1399 25 Had some multigrain junction cavities, but needed to look for
ÿ25 No observable di�erence from as-received microstructure

1399 100 High concentration of multigrain junction cavities and some two-grain lenticular-shaped cavities
ÿ100 Some multigrain junction cavities observed

Fig. 11. All tensile creep specimens contained multigrain
junction cavities, while those tested at high stresses contained
much larger concentrations of them. The shown micro-
structure was from the specimen tested in tension at 190MPa

and 1371�C (creep history shown in Fig. 5).
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of remnant porosity observed in the as-received
material. These ®ndings are consistent with the
observation that cavitation accounts for the
majority of creep strain accumulation in silicon
nitride.2

The relative amounts of accumulated creep
strain illustrated in Figs 3±7 were consistent with
the amount of cavitation observed with TEM.
Specimens tested at conditions of 1316�C:
ÿ125MPa, 1371�C:ÿ30MPa, and 1399�C:ÿ25MPa
accumulated less than 0.1% creep strain and their
microstructures showed no distinguishable cavity
formation. A threshold strain has been described in
the literature which is a critical strain which (1)
®rst needs be exceeded by total creep strain prior to
the initiation of cavitation4,32,33 or (2) needs to be
exhausted by the viscous ¯ow of the secondary
phase {which occurs early on in creep deforma-
tion}.34 The small amounts of strain accumulated
by these three specimens suggests that such a thresh-
old was not exceeded because multigrain junction
cavities did not form. The specimens which accu-
mulated more than 0.1% creep strain (either for
tension or compression) contained multigrain
junction cavities. Two-grain lenticular shaped cav-
ities were observed in the tensile specimens tested
at 1371�C/190MPa and 1399�C/100MPa (both
accumulated in excess of 1% creep strain). Such
lenticular cavities were not observed in the tensile
specimen tested at 1316�C:125MPa which indicates
their formation was due to the combination of
relatively high temperature and stress.
An explanation of the asymmetry in creep accu-

mulation between tension and compression for

equal magnitudes of stress and temperature has
been previously examined, but the results in the
present study contribute additional insight to the
overall understanding. Luecke et al.,2 attributed
the asymmetry in NT154 Si3N4 to the dominance
of cavity formation in tension (with secondary
phase ¯ow away from them) and the dominance
of the more sluggish solution-reprecipitation
mechanism in compression. Although solution-
reprecipitation may have been operative during
compression creep, the results in the present study
show that cavity formation can also occur during
compression creep, so solution-reprecipitation
cannot be exclusive to compressive creep deforma-
tion at all stresses and temperatures.

4 Conclusions

The tensile and compressive creep of an yttria-
containing hot-isostatically-pressed silicon nitride
were examined at several temperatures between
1316 and 1399�C and found to have di�erent stress
dependencies. Creep rates were always faster in
tension than compression for an equal magnitude
of stress even for a stress as low as 25MPa. The
magnitude of accumulated tensile and creep strain
diverged at test initiation for equal magnitudes of
stress. An empirical model was formulated which
represented the creep rate as a function of tem-
perature for both tensile and compressive stress,
and which depicted the asymmetric creep defor-
mation using exponential and linear dependence on
tensile and compressive stress, respectively. The
formulated model represented creep deformation
rate for both tensile and compressive stresses with-
out conditional or a priori knowledge of the sign of
stress, which is unlike other models used with
polycrystalline ceramics which represent either
tensile or compressive creep deformation, but not
both. A weight function was introduced which sta-
tistically improved the quality of the model's ®t to
the experimental data.
Multigrain junction cavities formed in all tensile

crept specimens, with larger concentrations found
in tensile specimens which accumulated greater
amounts of tensile creep strain. Multigrain cavities
also formed in compressively crept specimens tes-
ted at relatively high temperatures and stresses, but
their concentrations were far less than their tensile
specimen counterparts tested at the same magni-
tude of stress. Multigrain junction cavities tended
to form in regions containing numerous equiaxed
silicon nitride grains. The sizes of multigrain junction
cavities appeared to be independent of test condition
(and accumulated creep strain); only the resulting
cavity concentrations between test conditions were

Fig. 13. Only specimens crept in tension at relatively high
stresses contained two-grain, lenticular-shaped cavities. The
shown microstructure was from the specimen tested in tension

at 100MPa and 1399�C (creep history shown in Fig. 7).

236 A. A. Wereszczak et al.



conclusively di�erent. Two-grain lenticular-shaped
cavities were only found in the tensile specimens
which were tested under a combination of rela-
tively high tensile stress and temperature.
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