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Cavitation Contributes Substantially to Tensile Creep in Silicon Nitride

William E. Luecke,”" Sheldon M. Wiederhorn, " Bernard J. Hockey,* Ralph E Krause, Jr.,”* and

Gabrielle G. Long™

Materials Science and Engineering Laboratory, and Ceramics Division,

During tensile creep of a hot isostatically pressed (HIPed)
silicon nitride, the volume fraction of cavities increases
linearly with strain; these cavities produce nearly all of the
measured strain. In contrast, compressive creep in the same
stress and temperature range produces very little cavita-
tion. A stress exponent that increases with stress (¢ « &7,
2 < n < 7) characterizes the tensile creep response, while
the compressive creep response exhibits a stress dependence
of unity. Furthermore, under the same stress and tempera-
ture, the material creeps nearly 100 times faster in tension
than in compression. Transmission electron microscopy
(TEM) indicates that the cavities formed during tensile
creep occur in pockets of residual crystalline silicate phase
located at silicon nitride multigrain junctions. Small-angle
X-ray scattering (SAXS) from crept material quantifies the
size distribution of cavities observed in TEM and demon-
strates that cavity addition, rather than cavity growth, dom-
inates the cavitation process. These observations are in
accord with a model for creep based on the deformation of
granular materials in which the microstructure must dilate
for individual grains to slide past one another. During ten-
sile creep the silicon nitride grains remain rigid; cavitation
in the multigrain junctions allows the silicate to flow from
cavities to surrounding silicate pockets, allowing the dilata-
tion of the microstructure and deformation of the material.
Silicon nitride grain boundary sliding accommodates this
expansion and leads to extension of the specimen. In com-
pression, where cavitation is suppressed, deformation
occurs by solution-reprecipitation of silicon nitride.

I

ILICON NITRIDE is attractive as a structural material for high-

temperature applications because of its high strength, moder-
ate toughness, and good oxidation and creep resistance. Failure
by creep rupture, the accumulation of damage in the form of
cavities, often determines the upper-use temperature for poten-
tial applications. Since the accumulation of damage ultimately
leads to failure, it is important to understand the nature of
the damage process to determine strategies to improve high-
temperature lifetime. Many studies (for example, Refs. 1-9)
have characterized the tensile creep behavior of various silicon
nitrides at elevated temperatures. Other studies have examined
the nature of creep-induced damage at high temperatures, most
notably those by Lange et al.,'"” who measured cavity volume
fractions produced by compressive creep, and those by Page
et al.,'" 7 who studied the cavity size distributions produced by
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compressive creep in SiC and alumina by small-angle neutron
scattering (SANS). Because typical high-temperature, high-
stress applications for silicon nitride (e.g., turbine rotors) will
involve tensile stresses, and because the creep response of sili-
con nitride is not the same in tension and compression,”"*
this study attempts to extend these studies to understand the
evolution of damage during tensile creep. Elements of this work
have appeared in two conference proceedings.'>'® This paper
extends these findings while adding a more detailed discussion
not possible in the restricted conference proceedings format.

To characterize more fully the contribution that cavitation
makes to the creep of Si,N,, this study employs several comple-
mentary techniques. The creep response of this study’s Si;N,
was first characterized in both tension and compression. In
addition, a limited number of experiments gave information on
the strain relaxation behavior. Precision density measurements
of the gauge lengths of crept specimens quantified the overall
volume fraction of cavities that creep produced. Transmission
electron microscopy revealed the location of the cavities within
the microstructure as well as qualitative information on their
relative sizes. Finally, small-angle X-ray scattering (SAXS)
from the same specimens provided cavity size distributions that
helped identify the nature of the cavity evolution.

II. Experimental Details
(1) Material

The silicon nitride of this study (Norton/TRW NT154, vin-
tage 1991)* is hot isostatically pressed, and contains 4 wt%
Y,0, as a densification aid. It is a member of the group of
silicon nitrides commonly called in situ-reinforced composites,
because their microstructures consist of large, acicular B-Si;N,
(here up to 10 wm long by 1 pm in diameter) grains whose
interstices are filled with smaller, equiaxed grains and the resid-
ual silicate densification aid. In this silicon nitride, the second-
phase glass in these interstitial regions is nearly completely
crystallized to form a-Y,$1,0,*'7 and Y(SiO,),N.* Like most
other silicon nitrides densified with the aid of a silicate glass,
an amorphous grain boundary film about 1 nm thick remains on
nonspecial boundaries after all heat treatments. Several other
investigators have described the microstructure of this grade of
silicon nitride in great detail."®'"'®

(2) Creep Testing

In the creep apparatus, a pneumatic cylinder applies the load
to the specimen via SiC pull-rods. A pin and clevis arrangement
transfers the load from the pull-rod to the specimen. The uni-
form-temperature hot zone of the air-filled furnace surrounds
the entire specimen. Optical pyrometry of the furnace cavity
during testing indicated that the specimen and pull-rod temper-
atures were the same to within 1°C. When the specimen breaks,

’The use of commercial designations or company names is for identification only
and does not indicate endorsement by the National Institute of Standards and
Technology.
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a microswitch at the top of the load train cuts power to the
furnace to minimize postfailure annealing. The tensile creep
specimens are similar to those that Carroll'® describes, but with
a second reduction in width in the gauge length, giving them a
2 mm X 2.5 mm cross section. Figure 1 shows the shape and
dimensions of the specimens tested. Reference 19 describes the
tensile creep testing procedure in greater detail.

A laser-extensometry system (Model 1100, Zygo Corp.,
Middlefield, CT) measures the strain produced by tensile creep.
The strain measurement system rapidly scans a laser beam
parallel to the creeping specimen through a slot cut in the
furnace wall. A pair of silicon carbide flags (also shown in
Fig. 1), suspended by their own weight from the specimen,
interrupt the beam about 5 mm from the specimen edge. After
exiting the furnace, the beam strikes a photocell sensor. From
the time between the interruptions of the laser scan by the flags,
the measurement unit calculates the distance between the edges
of the flags. The system can reliably detect length changes of
several micrometers in a typical gauge length of 8-10 mm. The
flag technique introduces several potential errors into the strain
measurement that conspire to limit the accuracy of the mea-
sured strain to about =10%. A separate paper® details the
origins of these errors as well as strategies to combat them,

Compression specimens for this study came from sections of
the flanges of already-tested tension specimens. Typically, the
specimens were not more than 5.5 mm tall, with a 5 mm? cross-
sectional area. Rather than using the laser extensometry system
to measure creep, we measured, using a telescope focused near
the specimen, the distance between two SiC fibers attached to
the platens of the compression fixture, as Ref. 21 describes in
detail. The length change of the specimen measured by this
technique is uncertain to about 5 wm. In a typical experiment
lasting several weeks, two investigators made several length
measurements each day consisting of 10-15 individual determi-
nations of the fiber positions. Generally, different investigators
made gauge-length measurements that agreed to within the
uncertainty of an individual’s measurement.

(3) Density Measurement

The sink-float density measurement device used to determine
the cavity volume fractions is a modification of the apparatus
described by ASTM standard C729.* Gasdaska® and Chen®
have also recently used this technique to measure cavity volume
fractions in a different silicon nitride. Lange'® used a variant of
this technique to make some of the first cavity volume fraction
measurements in silicon nitride. In the precision density mea-
surement apparatus, a borosilicate glass-jacketed tube contains
a mixture of CH,L, and C,H,Br,, whose density is approxi-
mately that of the silicon nitride in question (here 3.225 *
0.01 g/cm?). By adjusting the temperature of the solution with
a constant-temperature water recirculator, we can bracket the
neutral buoyancy temperature. The temperature coefficient of
the density solution, determined for each day’s run, is calibrated
by two floats of known density (R. P. Cargille Laboratories,
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Cedar Grove, NJ) certified to +0.0005 g/cm®. Knowing the
temperature coefficient of the solution, the density of the
unknown can be determined by interpolation. Over the limited
temperature range in question (10-50°C), the density of the
solution is linear with temperature to within 0.0002 g/cm??
Typically, the uncertainty in the neutral buoyancy temperature
of the specimen, determined as half the difference between the
temperature at which the specimen sank upon increasing the
temperature and that at which the specimen floated to the sur-
face upon lowering the temperature, was less than +0.075°C,
yielding an uncertainty in the density of =0.0005 g/cm®.

Before the density determination, we removed approximately
50 pm of material from all of the exterior surfaces of the
specimen, except the fracture surface. Any oxide remaining on
the specimen will lower the apparent density, yielding artifi-
cially high estimates of the cavity volume fraction. To ensure
that the measurement of the cavity volume fraction represents
the bulk behavior of the creep specimen, we used as much of
the gauge length as possible. Since the specimens usually broke
near one end, these sections were typically 10 mm long. To
minimize the possibility of trapped gas bubbles remaining on
the surface, we polished all surfaces, again, except the fracture
surface, to a finish equivalent to 6 pm diamond paste. To
account for the effect of chemically induced changes during
high-temperature exposure, we always determined the density
of an approximately equally sized section taken from the grip-
end of the same specimen. These specimens were always nomi-
nally 12 mm X 1.85 mm X 2.4 mm. The volume fraction of
cavities in the tested specimen, f,, is then

f; — pgrip pgauge ( 1 )

P grip

where p,;, is the density of the grip section, and p,,,,. is the
density of the gauge section in question. Equation (1) assumes
that all the density change in the gauge length comes from
cavitation and that the cavitation is closed to the surface. It
also assumes that any long-range density changes, caused for
example by out-diffusion of the sintering aids in response to the
oxidation, are either insignificant or canceled by the similar
geometries of the gauge and grip specimens. Of course, if
there are spatial variations in the starting density through the
specimen, use of Eq. (1) may introduce slight error, since the
grip and gauge section densities will not be identical at the start
of the experiment.

(4) Transmission Electron Microscopy

Standard ceramographic techniques were used to obtain sam-
ples from gauge sections of crept samples and from grip ends
of tensile samples. In all cases, crept samples, whether tensile
or compressive, were cut parallel to the applied stress axis to
provide cross-sectional views. As the width of the TEM sample
was 2.5 mm, the edge of the creep sample was retained on the
3-mm disks used for TEM, allowing identification of the stress
axis during observation.

laser scan

Fig. 1. The tensile creep specimen used in this study. All dimensions are in millimeters. The figure also shows the shape and method of attachment

of the SiC flags that define the gauge length.
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(5) SAXS Analysis

Small-angle X-ray scattering®*’ provided information about
the cavity size distributions in the crept specimens. Since ail
inhomogeneities (interfaces, dislocations, etc.) in the specimen
scatter X-rays, we employed the same blank technique as in the
precision density measurements. In every case, the specimen
had been first characterized by the sink—float technique for
total cavity volume fraction. After SAXS characterization, most
specimens were further thinned and examined in the TEM. The
SAXS specimens were thin sections sawed and ground from
the center of each gauge and grip pair, with final dimensions
approximately 2.5 mm X 10 mm X 0.1 mm. The scattering
data collection took place at the NIST high-resolution SAXS
instrument” at the National Synchrotron Light Source, using
0.124-nm X-rays, where the size range measured is typically
0.01-1 pm, which is somewhat broader than the range in tradi-
tional small-angle scattering (1-100 nm). The cavities and other
inhomogeneities in the specimen scatter a small component of
the incident beam out of the straight-through direction, and the
instrument’s photodiode detector’® measures the intensity of
this singly scattered beam. The raw data were placed on abso-
lute scale” and slit-desmeared” to yield small-angle scattering
cross section, d2/d(), as a function of scattering wave vector,
Q (IQI = (4m/\) sin 6, where 28 is the scattering angle, and A
is the incident X-ray wavelength). The d5/dQ vs Q data were
analyzed in terms of cavity volume fraction distribution, for
both gauge and grip specimens, using a maximum entropy
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between the silicon nitride and the cavities. The subtraction of
the contribution of scatterers from the grip specimen from that
of the gauge specimen yielded the contribution from the cavi-
ties alone.

III. Results

We divide the presentation of the results into three parts. The
first summarizes the general creep properties of the material,
focusing on specimens that crept until failure. The second pre-
sents information on the microstructure of the crept specimens,
in particular the volume fraction, morphology, and distribution
of cavities that form during creep. The third details results on
the evolution of cavitation damage with strain.

(I) Creep Behavior

(A) Tension: Except for the suite of interrupted tests that
Section ITI(3) describes, all of the specimens crept until failure
under a single temperature and stress. Few of the specimens
showed definitive steady-state creep; rather, the creep rate of
most specimens continued to decrease until fajlure. Typically,
the initial creep rate was 4 times that of the creep rate at failure,
but the ratio correlates with neither temperature nor applied
stress. Several specimens that crept to more than 1% strain did
exhibit a roughly constant creep rate for the last half of their
lives. Only one specimen of 24 tested showed any behavior that
might be interpreted as tertiary creep. Figure 2 illustrates the

analysis,”' assuming that most of the scattering contrast is creep curves for most of the specimens tested. In general, higher
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Fig. 2. Creep curves from all testing conditions: (a) 1430°, (b) 1400°, (c) 1370°C. The figures omit some of the high-stress, short-time curves for
clarity. Upward arrows denote failure; horizontal arrows denote interruption before failure. Note the different time and strain axes in each plot.
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Fig. 3. Strain rate as a function of stress for tests conducted at
1430°C. The extra data points for the low strains come from tests at
low stress that were discontinued before failure.

stresses produced shorter strains to failure. When comparing
tests at the same stress, specimens tested at 1370°C showed
a slightly larger strain-to-failure than those tested at 1400°
and 1430°C.

The lack of steady-state creep complicates the analysis of the
stress dependence of the strain rates. As will be shown later, the
decay in creep rate correlates better with strain than with time,
$0 it seems reasonable to plot the strain rate vs stress at constant
values of strain, rather than the potentially arbitrary failure
time. To calculate the values of the strain rate, we first took the
point-by-point derivative of the strain vs time data to produce
strain rate vs time data. We then combined this curve with the
original curve to produce a strain rate vs strain curve. Since the
point-by-point derivatives produced this way were quite noisy,
to extract the strain rates we fitted to the data the parameters of
a three-term model,

€ =& + g,[exp(—e/ey)] @)

where £ is a “secondary” creep rate, £, is a “primary” creep
rate, and €, is the strain equivalent of a time constant.
Equation (2) has the form of a creep transient that decays to a
constant rate over a sirain of £,. We must emphasize that this
equation represents the data in a purely phenomenological man-
ner only, so that it is possible to extract the strain rates from the
data. In general, the fits using Eq. (2) were quite good.

Figure 3 shows that as the stress increases, the slope of the
strain rate-stress curve also increases. A linear fit to the low-
stress half of the € = 0.003 data (40 < ¢ < 100 MPa) yields a
stress exponent of 2.3 * 0.7.' while a fit to the high-stress half
(100 = o = 150 MPa) yields a stress exponent of 7.3 = 2.0.
Similar behavior obtains at the other two test temperatures,
though the data from tests at 1370°C are more scattered. In all
cases, though, calculation of the strain rate dependence on
stress using the strain rates at failure inflates the computed
value of the stress exponent. Stress relaxation studies on other
HIPed silicon nitrides have yielded similar strain rate—stress
curves.”

A similar calculation can be made for the temperature depen-
dence of the strain rate at different strain increments, though
only for two different stresses (150 and 125 MPa). Table I
summarizes the apparent activation energy for creep, Q,;» at
several strain increments, including the failure strain, €,. At a
given stress, the scatter in the measured creep rates produces

“In_ this paper, the uncertainty following a parameter determined from a linear fit to
data is the standard uncertainty as defined by Ref. 32, that is, the estimated standard
deviation of the parameter.
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Fig. 4. Comparison of the creep curves in tension and compression
for deformation at 125 MPa, 1430°C. Error bars in the compression
curve represent the standard deviation of the group of 10 measurements
of the specimen length. To facilitate comparison, the sign of the com-
pressive strain has been reversed.

large uncertainties in the calculated temperature dependence.
As a result, at fixed stress, the apparent activation energies,
Q creep» at different strain increments are not significantly differ-
ent statistically, at the 95% confidence level, as determined by a
t-test. However, the temperature dependence at 150 MPa is
statistically significantly different from that at 125 MPa. The
high-temperature dependence is in accord with those measured
by other investigators on similar silicon nitrides.»**

(B) Compression: tis difficult to assess the true shape of
the compressive creep curves, due mostly to the slow creep
rates and limited resolution of the telescope technique for mea-
suring the displacement. Figure 4 compares the strain vs time
curves for two tensile specimens with that of a compression
specimen, all tested at 1430°C and 125 MPa. Clearly the creep
rate in compression is much lower than that in tension. At a
strain of 0.005, approximately the final strain of the compres-
sion experiment, the creep rates for samples in tension are
almost 100 times greater than that in compression. Whether the
specimen tested in compression shows a decreasing creep rate
with increasing time is less clear. Linear fits to the first and last
halves of the data indicate that the creep rate decreases to half
its initial value over the length of the test, in comparison to the
typical 4-times decrease exhibited by the specimens deformed
in tension.

Figure 3 also shows data for creep in compression at 1430°C.
Whereas the strain rate dependence on stress in tension is
strong, and nonlinear on a log—log plot, the compression data
show a stress exponent of about unity. With the exception of the
single-stress experiment described in the previous paragraph,
all the other compressive strain rate—stress data shown in Fig. 3
come from specimens tested under multiple stresses. The
extremely slow creep rates in compression, typically 10-100
times smaller, necessitated this less-than-ideal procedure. Fur-
ther complicating direct comparison between tension and com-
pression results is the fact that compressive creep was only

Table . Temperature Dependence of Creep in NT154

Qeree (kJ/mol)

I3 125 MPa 150 MPa
0.001 1055 + 377 1369 = 561
0.003 1002 * 255 1485 * 309
0.005 988 > 188 1453 + 189
€ 1246 + 117 1615 + 170
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Fig. 5. Loading/unloading strain curve for a specimen deformed at
1430°C and 100 MPa.

appreciable at the highest test temperature, 1430°C. At lower
temperatures the creep rate was lower than the resolution of the
measurement technique, indicating that the temperature depen-
dence of the creep rate in compression is at least as large as that
in tension.

(C) Strain Relaxation: Two strain-relaxation experiments
helped assess the contribution of anelastic (i.e., recoverable,
time-dependent) deformation to the total strain in tension.
Figure 5 shows a loading/unloading curve for a specimen
deformed at 1430°C and 100 MPa, along with the correspond-
ing stress history. In the figure, the instantaneous length changes
on loading and unloading caused by elastic strains and shifts of
the loading train have been removed. Table 1I summarizes the
relevant data for both experiments. At 1430°C there is no sig-
nificant dependence of recovered strain on either initial strain
or total strain. The total strain recovered remained constant at
about 0.0003, even with prestrains as large as 0.005. At 1400°C,
the recovered strain increases slightly with prestrain, as well as
increasing with total strain. Very little strain is recovered in
either case.

(2) Cavitation

(A) At Failure: Figure 6 shows the volume fraction of
cavities, computed from Eq. (1), as a function of failure strain.
The vertical error bars in Fig. 6 represent the errors arising from
the uncertainties in the densities of the calibration standards
and the uncertainty in the neutral buoyancy temperature. The
horizontal error bars represent an estimate of the uncertainty in
the strain, here set to 10% of the total strain. The volume
fraction of cavities, to a good approximation, is linear with the
failure strain, with a slope of 0.93. Since the bulk of the uncer-
tainty lies in the strain measurement rather than the cavity
volume fraction (see Section II(2)), the straight-line fit to the

Table II. Relaxation Data from Two Experiments Conducted

at 125 MPa
T Order € € etax
1430 1 0.0025 0.0003
2 0.0021 0.0004
3 0.0019 0.0003
4 0.0019 0.0002
5 0.0054 0.0003
1400 1 0.0013 0.0002
2 0.0014 0.0004
3 0.0026 0.0003
4 0.0028 0.0006
5 0.0037 0.0006
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Fig. 6. Total volume fraction of cavities in the gauge length for all
specimens tested to failure.

data shown in Fig. 6 is actually &, regressed on f,, weighted by
the estimated uncertainty in g (i.e., w;, = 1/(O.leﬁ)2). Note that
the best-fit line intercepts the negative f,-axis, consistent with
the existence of the small anelastic strain also measured. There
are systematic deviations from the best-fit line, however. Most
of the specimens tested at 1400°C lie above the best-fit line,
while those tested at 1430° and 1370°C lie below. In addition,
there is a general increase in the ratio f, /e, with increasing strain
for all specimens, also consistent with the existence of the small
anelastic component of strain, an aspect to which we will return
in the Discussion section.

To assess the homogeneity of the cavitation along the gauge
length, we sectioned the gauge section of a specimen of known
cavity volume fraction into six 1.5-mm-long pieces along the
gauge length and redetermined the density of each piece. There
was a continuous, monotonic decrease in the density of the
individual sections, corresponding to an increase in cavity vol-
ume fraction, beginning with the section that originated 10 mm
from the fracture surface. The difference in cavity volume frac-
tion between the densest and least-dense sections was about
10%, indicating that the cavitation was fairly uniformly distrib-
uted along the gauge length, with only a slight increase at the
end containing the fracture surface. Most of the other specimens
showed a similar behavior in that they floated fracture surface
up during the density determination, indicating that fracture
occurred in the region of greatest cavity volume fraction.

(B) Cavity Shapes and Locations:  Although the total vol-
ume fraction of cavities remained proportional to the strain,
regardless of testing temperature and stress, two different types
of cavities appeared, depending on temperature. In specimens
tested at 1370°C, TEM of the failed specimens revealed the
presence of two types of cavities. More numerous were small
(100-200 nm) lens-shaped cavities that usually lay on two-
grain boundaries with normals approximately parallel to the
tensile axis. Less common were large (0.2-0.7 wm), irregularly
shaped cavities located at multigrain junctions, typically in the
pockets of equiaxed, sub-micrometer-sized grains of Si;N, and
crystalline silicate. The small, lens-shaped cavities tended to
occur more frequently on tensile boundaries in specimens crept
at high stress, which therefore exhibited small failure strains. In
specimens that crept at low stress, with correspondingly larger
failure strains, the distribution of the lens-shaped cavities was
more random with respect to the tensile axis. In both high and
low failure-strain tests, the lens-shaped cavities were distributed
inhomogeneously throughout the gauge length. Typically, a
cavitated grain boundary contained 10 to 20 individual cavities
of similar size, while the vast majority of two-grain boundaries
remained cavity free.

In contrast, specimens crept at temperatures 1400°C and
higher showed very few of the lens-shaped cavities. When these
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cavities did occur, usually only a single lens-shaped cavity
appeared on a boundary, in contrast to the 20 or more per
boundary in specimens crept at 1370°C. The bulk of the cavities
were the large, irregularly shaped, multigrain-junction type.
Invariably the multigrain-junction cavities filled the entire inter-
stitial region in which they were located. Figure 7 is a collection
of transmission electron micrographs from deformed specimens
that illustrates most of the features of the cavity size and shape
distributions.

(C) Cavity Size Distributions at Failure: Small-angle
X-ray scattering provided quantitative information on the size
distribution of cavities. Figure 8 shows the volume fraction
distributions from both the gauge section and grip (i.e., unde-
formed, but exposed for the same time and temperature) section
of a single specimen. The one acquired from the gauge section
of the specimen includes the contribution of all scatterers,
including cavities, while the one from the undeformed grip-end
of the specimen, which is known (by TEM) to be relatively
cavity-free, includes only those scatterers assumed to be com-
mon to both sections. The difference of the two curves is thus
the volume fraction of cavities in the gauge section. For all
the specimens examined using SAXS, the total cavity volume
fraction calculated by SAXS agreed with that from the preci-
sion density measurement to better than 25%. The agreement
between the two techniques was better for larger cavity volume
fractions. The two peaks in the cavity distribution in Fig. 8§,
correspond to the cavity size range observed in the TEM.
Although it might appear that the peak at 0.3 pm arose from the
lens-shaped, two-grain boundary cavities, TEM indicated that

Vol. 78, No. 8

there were very few small lens-shaped, two-grain-boundary
cavities in this specimen. The peak must, therefore, arise from
the smaller multigrain-junction cavities. For specimens which
did exhibit both the lens-shaped cavities and the multigrain-
junction cavities, it is not possible to assess the relative contri-
bution of each type, since the size range of the two cavity
types overlaps.

(3) Evolution

It is tempting to interpret Fig. 6 as a map of the evolution of
cavity volume fraction with strain, but that figure is actually a
plot of one dependent variable against another, since the differ-
ent testing conditions are hidden. To ascertain the evolution of
the cavitation with strain, we conducted a series of experiments
at a single test condition: 1400°C, 125 MPa, interrupting the
specimens before failure. In this way we were able to character-
ize the resulting specimens first by the density technique, then
by SAXS, and finally by TEM. In an ideal experiment it would
be possible to determine the cavity volume fraction at various
stages during the creep process on an individual specimen. The
precision density technique, as well as SAXS and TEM,
requires destruction of the creep specimen, making determina-
tions on multiple specimens crept to various strains a necessity.

(A) Volume Fraction Evolution: Figure 9 shows the evo-
lution of total cavity volume fraction with strain for four speci-
mens tested at 1400°C and 125 MPa and interrupted before
failure, as well as five specimens tested to failure under those
conditions. Not only does the cavity volume fraction evolve

(b)

Fig. 7. Transmission electrpp micrographs showing both small, lens-shaped cavities as well as the larger, more irregularly shaped cavities. (a) and
(b) show the qus-shaped cavities that formed in a specimen crept at 1370°C under 125 MPa for 1521 h, while (c) and (d) show the irregularly shaped,
interstitial cavities that formed in the silicate phase in a specimen deformed at 1430°C under 125 MPa for 30 h. In both micrographs the tensile axis

is vertical. In (d) “C” is a cavity and “SP” is the silicate phase.



August 1995 Cavitation Contributes Substantially to Tensile Creep in Silicon Nitride 2091
3.5x10° T L L A e B e e e 0.035 T ‘ I
L OO B
F O O deformed (gauge) ] Oo o© O e=0.0095; failure
30 ¢ OQE) A undeformed (grip) - 0030 |- ° & g=0.0064 Il
L o ] + £=0.0025
25 o - 0.025 (- ® ©=0.0018 _
— L @O o ] —
Eoof © o Cg&@ Wy E § 0020 -
~ L e} [¢) Q 1 =
b o ]
a .. [ Ao ] fa)
- . T 0.015 |
3 1.5 ¢ ot Ly : 2
ES] 0b ] T
1.0f 4 ] 0.010 .
05 :’_ T . 0.005 “-A x
i 0.000 o e
0.0 L 0 PR R BN SR T Loy
0.2 0.4 0.6 0.8 1.0 0'4 06 0.8 10
D (um)

Fig. 8. Derived cavity volume fraction size distributions for a speci-
men tested to failure at 1430°C and 100 MPa. The difference between
the curves is the cavity volume fraction distribution for the specimen.

linearly with increasing strain, but the volume fractions of cavi-
ties in the unfailed specimens lie close to the line defined by the
complete data set of all failed specimens for all temperatures
and stresses (Fig. 6).

(B) Cavity Size Distribution Evolul‘zon Figure 10 shows
the evolution of the volume fraction distribution of cavities,
characterized by SAXS, as a function of strain for three of the
four interrupted-before-failure specimens from Fig. 9, as well
as from a specimen allowed to creep until failure. We omit the
data from the specimen tested to the smallest strain for clarity.

(C) Cavity Shape and Distribution Evolution: Transmis-
sion electron microscopy of several of the specimens inter-
rupted before failure and characterized by the density technique
(Fig. 9) and SAXS (Fig. 10) confirmed qualitatively the obser-
vations of both. With increasing strain, the number of large,
multigrain-junction cavities increased. One specimen (¢ =
0.0064 in Fig. 10) did show some of the lens-shaped, two-
grain-boundary cavities, but the remaining specimens in this set
showed very few.

IV. Discussion

There are several points on the interpretation of the results
that warrant discussion before launching into a more general
discussion of creep of this material.
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Fig. 9. Volume fraction of cavities as a function of strain for speci-
mens crept at 1400°C and 125 MPa, along with the best-fit line from
Fig. 6.

Fig. 10. Cavity size distribution evolution as a function of strain for
specimens crept at 1400°C and 125 MPa.

(1) Shapes of Creep Curves

It is indisputable that the creep curves show an extended
primary regime, in common with many other silicon
nitrides.'*>***37 Lange er al.™ attributed the extended pri-
mary to a “cleaning effect” in the grain boundary phase,
occurring when its cations diffuse from the interior of the
specimen to the surface oxide. During oxidation, the surface
oxide that forms is relatively depleted in the cations of the grain
boundary phase, so there exists a chemical potential gradient
for the cations between the interior and the surface. In response,
the more mobile cations (presumably those which also lower
the viscosity of the second phase) diffuse out to the surface.
Haig er al.*® and Gasdaska® attributed the primary regime to
anelastic effects caused by elastic loading of the silicon nitride
grains during grain boundary sliding.

For NT154 neither the “cleaning-effect” nor the anelastic
response of the material provides an explanation for the
observed primary creep. At each test temperature the primary
regime appeared, regardless of the length of the test. If the high-
temperature exposure had been responsible for the primary
creep, specimens tested at high stress, with correspondingly
low failure times, would not have showed the primary creep.
For example, after a 24-h, no-stress preanneal, a specimen
tested at 150 MPa and 1430°C that failed in 2.2 h with &, =
0.0045 showed a primary creep regime as strong as a specimen
crept at 1430°C, 100 MPa that failed after 126 h at &, = 0.0116.
Furthermore, replicate studies done at 1400°C and 125 MPa*
showed that a no-stress preanneal for 700 h of the creep speci-
mens prior to loading did not remove the primary creep regime.

The data from the strain relaxation tests (Fig. 5 and Table II)
and the cavity volume fraction evolution data (Fig. 9) rule out
anelasticity as the sole source of the primary creep. We can
choose to represent the creep data by the standard viscoelastic
model*'-—a Kelvin element (spring and dashpot in parallel) in
series with a dashpot. Here the Kelvin element represents the
anelastic strain element, while the line dashpot represents the
creep strain. In such a representation the creep strain as a
function of time is

e(t) = & + o[l — exp(—1/1)] 3)

where &, is the secondary creep rate, €, is the strain at which
anelasticity ceases to contribute to the strain, and 7 is the time
constant for relaxation. The strain-relaxation data collected at
1430°C (Table M) indicate that the recovered strain is fairly
independent of the prestrain and averages (3.1 = 0.8) X 107
with an average time constant T = 8100 = 2500 s. For the
two experiments conducted at 1430°C and 100 MPa, the g,
parameter averages 2.5 X 1073, nearly 10 times the strain recov-
ered on unloading. For the 1400°C experiments the g, parameter
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averages to 2.2 X 1073, nearly 5 times the recoverable strain,
The cavity volume fraction evolution experiments (Fig. 9) make
the strongest reinforcement of this point, since they show that
the cavity volume fraction makes an equal and substantial con-
tribution to the overall strain regardless of the amount of creep
strain, indicating that the primary creep has its origin in the
cavitation process, rather than in an anelastic process.

(2) Contribution of Cavities to Creep Strain

The precision density measurements of cavity volume frac-
tion in specimens interrupted before failure (Fig. 9) show that
the cavity volume fraction increases linearly with strain, but
they do not distinguish between cavity growth and cavity addi-
tion, since both mechanisms produce an increase in cavity
volume. Fortunately, the SAXS analysis of the same specimens
provides the missing information: cavity addition dominates the
strain production.

During creep, two peaks develop in the volume fraction
distributions in Fig. 10. One peak is centered at about 0.25 wm,
while the other appears first as a shoulder on the first peak.
Although it contributes very little volume fraction at small
strains, this shoulder eventually grows to contribute nearly half
the volume fraction of cavities by failure. For small strains, i.e.,
during the primary creep regime, the area under the peak at
0.25 wm increases, but the peak does not shift, implying that
creep is adding new cavities of this size. The TEM investigation
confirms that this peak results from scattering by the smaller
multigrain-junction cavities, as the lens-shaped two-grain-
boundary cavities do not form in great numbers at 1400°C.
During the primary creep the shoulder also grows, both by
shifting position to larger diameters as well as by increasing in
area. Figure 11, a plot of cavity number density vs strain, shows
that the addition of new cavities, rather than growth of existing
cavities, dominates the cavitation process. During primary
creep (€ (or £,) < 0.005), the number of cavities in both the
peak at 0.25 pwm as well as that in the shoulder increases
linearly with volume fraction (i.e., with strain). As the creep
rate slows down into the secondary regime, the number of
cavities only increases slightly, implying that growth of existing
cavities is making a more significant contribution to the total
volume fraction. In any case, however, the addition of new
cavities contributes more to the total volume fraction of cavities
than does growth of existing cavities.

Since it is impossible to follow the development of an indi-
vidual cavity, whether by TEM or SAXS, it is not possible to
unambiguously link growth of the shoulder in the SAXS data
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Fig. 11. Number of cavities as a function of volume fraction for
specimens tested at 1400°C, 125 MPa. The cavity volume fractions in
the figure come from the precision density measurements. The plot
shows total cavities as a function of strain (N,,,) as well as those with
diameters less than 4000 A (N 40004)-
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(Fig. 10) to the growth of existing small interstitial cavities.
However, it seems reasonable to assume that these large cavities
are developing as a result of the growth of smaller cavities,
rather than by springing fully grown into existence. It may be
possible, however, that the larger cavities form as the result of
the linkage of two adjacent smaller cavities, but again, it is not
possible to unambiguously assert this.

(3) Creep by Dilatation

Before expounding on a model of creep to explain these
observations, these are the salient experimental observations:

» Cavitation accounts for a substantial fraction of the tensile
creep strain.

» The cavity volume fraction increases linearly with the total
tensile strain, beginning immediately upon application of the
load, even when the creep rate continuously decreases with
both time and strain.

« For the bulk of the creep life, addition of new cavities,
rather than growth of existing cavities, produces the bulk of the
increase in cavity volume fraction.

* A large stress exponent, which increases with increasing
stress, characterizes the tensile creep behavior, whereas a stress
exponent of unity characterizes the compressive creep.

» The majority of the cavitation occurs within pockets of
crystalline silicate phase, which are themselves located in
“interstitial” pockets formed by the clusters of large silicon
nitride grains.

The large stress dependence of the tensile creep rules out the
possibility that simple diffusional creep models might explain
the deformation. Dislocation creep models are not candidates,
since the material shows insufficient evidence of dislocation
activity as a result of creep. The large volume of cavities rela-
tive to the creep strain indicates that the creep is intimately tied
to the cavitation process, rather than being a second-order
effect, as usually seen in the creep cavitation of metals (i.e.,
constrained cavitation).*

(A) Creep in Compression: The compression creep
behavior is conceptually simpler to explain and offers a baseline
to measure the tension creep results. The density experiments
confirm that there is negligible cavitation during compressive
creep. The unity stress exponent is powerful evidence that creep
occurs by a diffusional mechanism. It seems most likely that
the creep is by solution-reprecipitation of the silicon nitride
from grain boundaries in compression to boundaries under
tension, but in the absence of definitive grain-size experiments,
it is impossible to say for certain. The existence of the lens-
shaped cavities that appear at the lower temperatures during
tensile creep confirms that silicon nitride can move by diffusion
through the siliceous phase along the two-grain junctions. Of
course, the diffusion distance for the growth of the cavities by a
Hull-Rimmer process* (such as must operate in the growth of
the lens-shaped cavities) is much shorter (on the order of
several hundred nanometers) than the diffusion distance for
solution—reprecipitation creep (on the order of the grain diame-
ter—several micrometers). The extreme temperature depen-
dence of the creep rate in both tension and compression creep is
consistent with arguments made by Raj and Morgan* concern-
ing the activation energy for creep by solution—reprecipitation,
in which both the heat of solution of silicon nitride as well as
its intrinsic diffusivity contribute to the apparent activation
energy for creep.

Under special circumstances it might be possible for creep to
occur simply by redistribution of second phase either diffusion-
ally or viscously. Dryden er al.** with later extensions by Chad-
wick and Wilkinson,**” Cooper,*** and Lange™ have proposed
models for such creep. Wilkinson has recently termed this creep
mechanism exhaustion creep, while Cooper et al. term their
model dilatational creep. The applicability of the former two
models to the creep of the silicon nitride in this study is ques-
tionable, however. We postpone discussion of Lange’s model
until Section IV(3)(B).

Dryden et al. consider the microstructure of the material to
be composed of rigid grains separated by viscous fluid. In
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compression, the applied load squeezes out the fluid from the
compressively loaded grain boundaries to the grain boundaries
under tension. There is an inherent asymmetry in the creep
behavior because, for example, in a microstructure composed
of cubic grains, 2/3 of the grain boundaries can receive material
during compression creep, but only 1/3 can during tensile creep.
When the microstructure takes the form of an array of regular
hexagons (in two dimensions), the creep rate in tension will be
twice that in compression for long creep times.

The simplest application of the model of Dryden et al. to the
deformation of silicon nitride is to consider that the applied
load squeezes out the siliceous material lying on two-grain
boundaries under compression. Even if the creep stress could
squeeze out all this siliceous material, the maximum strain
achievable before complete contact of individual silicon nitride
grains is on the order of the ratio of grain boundary film thick-
ness to grain diameter, or € = 0.001 for | um grains with 1 nm
grain boundary film thicknesses. At the point of grain contact,
the creep should cease, or at least slow dramatically. In the
siticon nitride of this study, however, strains much larger than
0.001 commonly occur in both tension and compression with
no extreme reduction in creep rate. A second aspect of the
Dryden model is a continuous, substantial decrease in the creep
rate with strain. As the separation between approaching bound-
aries decreases, it becomes more and more difficult to expel the
fluid from between the grains. Four-point bending experiments
conducted by Chadwick er al. on sintered silicon nitride, in
support of the extension of the model to nonlinear viscous
fluids, showed a 10-fold decrease in the compressive creep rate
over the first 1% strain. No such large decrease in creep rate
occurred during compressive creep of the silicon nitride in
this study.

If, at high temperature, the siliceous film were thicker than
that measured at room temperature, it would be possible to
achieve much larger strains by the exhaustion creep mecha-
nism. There is some evidence that the two-grain boundary film
thickness may increase with temperature. Clarke’s original
study,’ in which he rapidly quenched thin specimens of MgO-
doped (Norton NC-132) Si;N, from 1450°C, showed that after
the quench from this high temperature the grain boundary film
could be as thick as 10 nm. Cinibulk ez al*® conducted a
follow-up study, also using NC-132 as well as a noncommercial
Yb-Al-doped Si;N,. They found that the widening of the grain
boundary film appeared to be a transient phenomenon, in that
the grain boundary films in specimens quenched from very high
temperatures (1550°C) showed no significant thickness increase
when compared to the slow-cooled specimens. They postulated
that the film thickness increase occurred because of large-scale
melting when the specimen temperature exceeded the eutectic
temperature during heat-up. Since the specimens did not remain
at high temperature for more than a few seconds, the molten
glass could not redistribute before the quench, and thus
remained trapped on the two-grain boundaries. The results of
Cinibulk ef al. indicate that the siliceous film thickness at room
temperature is probably not too different from that at the creep
temperature, ruling out exhaustion creep as the dominant mech-
anism in compression.

Cooper et al.*** have considered a creep mechanism involv-
ing the transport of the second phase as well, but one in which
the second phase redistributes in the triple junctions, rather than
the two-grain boundaries, as a response to the applied load.
Their work is concerned primarily with explaining the extended
transient creep in glass-ceramics and seismic attenuation in
their geologic analogues. The essence of their model is that the
material contained in the grain triple-junctions (a glass or fluid)
in a specimen under load feels an effective pressure, p., that is
the difference between the average hydrostatic pressure on the
specimen ((o, + o, + 0,)/3, where the o, are the principal
stresses) and the pore pressure of the fluid. When the glass (or
fluid) is free to communicate with the surface of the specimen
inviscidly, the pore pressure is just the atmospheric pressure.
The well-known relation
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Pe = Yalr 4)

where vy, is the solid-liquid interfacial energy, relates the effec-
tive pressure in the triple junction, p,, to its radius of curvature,
r>* An increase in effective pressure, produced, perhaps by
compressive loading, drives the equilibrium radius of curvature
down, resulting in a driving force to reduce the size of the triple
junction. In partially molten systems, this pressure squeezes the
melt out to the surface or to regions of lower effective pressure.
Cooper et al. conduct their experiments in four-point bending,
which requires that the melt migrate from the compression
side of the specimen to the tensile side, and have recently
demonstrated the redistribution of nearly 1/4 of the total volume
of melt from the compression to the tension side of a specimen
undergoing four-point bending creep.*

To make the size of the triple junction smaller, the grain
centers of the surrounding grains must approach one another, a
process that requires that crystalline material leave the sur-
rounding two-grain boundaries and redeposit in the triple junc-
tion. In the partially molten systems studied by Cooper et al.,
the melt removal step is fast, because the viscosity of the melt
is low. In this case dissolution—transport—reprecipitation kinet-
ics of the crystalline phase limit the rate of reequilibration of the
microstructure to a change in stress. This type of deformation is
completely recoverable; upon removal of the load the molten
phase flows back to its equilibrium distribution. Because the
transport of the crystalline phase along two-grain boundaries
limits the rate at which this dilatational creep occurs, its contri-
bution to the overall creep rate is similar to that produced by
the steady-state, ordinary solution—reprecipitation creep. The
dilatational mechanism manifests itself in the appearance of a
substantial (several percent strain) creep transient during flex-
ural creep as the molten phase redistributes.

Most important to our consideration of applicability of the
Cooper model is that the deformation involved is fully recover-
able, and that the dissolution—reprecipitation kinetics of the
crystalline phase limit the creep rate. Although we did not
attempt to measure the recoverability of the strain in compres-
sion, the Cooper model seems an unlikely candidate, in that the
high effective viscosity of the crystalline silicate phase would
preclude its ability to leave the triple junctions rapidly, a neces-
sary condition for the operation of this mechanism. In addition,
the tension strain-recovery experiments showed nearly negligi-
ble recoverable strain, indicating that the mechanism certainly
did not operate in tension.

Since the mechanisms of Cooper and Dryden, both of which
require redistribution of the second phase, do not appear to be
likely candidates for compressive creep mechanisms, the most
likely mechanism is that of solution—reprecipitation creep. Con-
firming evidence for this assertion comes from the observation
of the unity stress exponent (¢ o« ¢') for compressive creep.
The observation that lens-shaped cavities can form on grain
boundaries during tensile creep indicates that the silicon nitride
can diffuse along grain boundaries at the creep temperature.

(B) Creep in Tension: Clearly, the addition of cavities is
central to the production of tensile strain. A question exists,
however, as to whether the growth rate of the cavities limits the
creep rate, or whether some intrinsic process, such as grain
boundary sliding is the limiting step. In this second case the
cavity simply accommodates the strain produced, rather than
limiting the strain rate. In this section we will argue that the
nucleation and growth kinetics of the cavities control the creep
rate, rather than simply manifesting the strain created by some
other process.

The discussion of Section IV(3)(A) shows that the creep rate
in compression represents the maximum rate at which silicon
nitride can be redistributed by solution-reprecipitation creep
(i.e., a mechanism in which shape-change of the individual
grains produces the bulk of the strain). Since the creep rate in
tension is so large, compared to that in compression, some other
mechanism must operate that allows strain without significant
grain-shape change.
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In 1975, in an undercited paper, Lange™ developed a model
which predicted that a polycrystal composed of rigid grains
separated on all sides by viscous fluid would show an asymme-
try in the creep rate between tension and compression. Like the
model that Dryden et al. developed,” it extended an original
model by Drucker.*® Unlike Dryden et al., Lange first estab-
lished, using models first developed for adhesion theory, that in
all cases, boundary separation (or approach) rather than bound-
ary sliding would control the creep rate of such a polycrystal.
Following on that conclusion, he argued that because the rate of
separation of parallel plates under constant load separated by a
viscous fluid depends on the fifth power of the separation dis-
tance, boundary separation will always be faster than boundary
approach, leading to a large asymmetry between the tension
and compression creep response. In addition, he argued that
separating boundaries generally must contain a growing vapor
bubble (i.e., a cavity) in order to separate, except during a
short transient period during which the thick boundaries reject
material to thin boundaries until all boundaries reach constant
width. After this short transient, the growth of the cavities will
proceed without the movement of the viscous phase to other
boundaries. Instead, the viscous material remains on the cavitat-
ing boundary, in effect jacking the two grains apart.

As with the Dryden model, this sort of model is not directly
applicable to the silicon nitride of this study, as the cavities do
not form on two grain boundaries in tension, but in multigrain
junctions. In addition, it is not possible for only some grain
boundaries to cavitate if no fluid can redistribute between
boundaries. Lange used a simplified microstructure that permit-
ted sliding of stacks of grains to accommodate the growing
cavity. As will be discussed below, however, tightly packed
assemblages of rigid particles possess the property of dilatancy.
In order for grains to slide past one another, the interstitial
volume between the particles must increase, or dilate. This
dilatation requires the redistribution of the fluid phase from
boundary to boundary.

The requirement that an assemblage of rigid grains must
dilate to deform is a well-established concept in the soil-
mechanics community. Osborne Reynolds (of the Reynolds
number) not only did the pioneering work,* but coined the term
“dilatancy” to describe the property of volume expansion on
shear of granular media. Reynolds himself presented the sim-
plest natural example of the dilatancy of granular media—the
fact that wet sand at the water’s edge dries out when stepped
upon. The water is sucked from the surface into the dilating
pore space of the sand underneath the foot. A number of years
later, Wroth®® demonstrated that close-packed assemblages of
ball bearings increased in volume when sheared, while loosely
packed assemblages densified. Allison et al.” applied these
concepts to explain the high-temperature strength of refracto-
ries. Tsai and Raj®® recognized that glass ceramics could be
dilatant in response to a shear stress, and that grain boundary
sliding could produce hydrostatic tensile stresses in triple-
junctions leading to cavitation. Typical silicon nitrides, includ-
ing that considered here, are much more densely packed than
assemblages of sand grains or ball bearings, and thus, if the
silicon nitride grains remain rigid during deformation, must
also be dilatant. The pore space, which is filled with crystalline
silicate phase, must expand in volume if the grains of silicon
nitride slide past one another rigidly.

For the creep deformation of silicon nitride, consider the case
where the specimen is loaded in tension. In tension, the stress
state is reversed from that in compression, in that the pockets of
crystalline silicate phase find themselves initially in a state of
hydrostatic tension, rather than compression. There is still the
driving force for creep by a solution—reprecipitation mecha-
nism, but the rate at which this might occur (as seen from the
compression experiments) is very low. The Cooper mechanism
also might operate here, but in the absence of cavitation, the
diffusion distance to supply the silicate necessary to increase
the size of the multigrain junctions is on the order of the
sample size. In any case, because the rate at which the Cooper
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mechanism contributes to the strain is tied to the motion of
silicon nitride, the maximum strain rate increase is only several
times that of the ordinary solution-reprecipitation mechanism,
and thus cannot be the source of the hundredfold increase in
creep rate seen in tension.

Consider the case, however, when some of the multigrain
junctions cavitate, setting aside for the moment the actual
source of the stress concentration necessary for cavity nucle-
ation. At the surface of the growing cavity the normal stress is
zero; there is, therefore, a large driving force to redistribute the
silicate into the other multigrain junctions, all of which find
themselves under hydrostatic tension, and thus desire to be
filled with more silicate. With a ready source of silicate, the
multigrain junctions can now expand, leading to creep. For
small strains, the grain centers may now move apart as the
silicon nitride grains slide rigidly; grain boundary sliding
accommodates the dilatation. Figure 12 is a two-dimensional
schematic diagram that illustrates the redistribution process.
In tension, the sliding-induced hydrostatic stresses in the
multigrain junctions add to the initial hydrostatic tension, since
dilatancy requires the silicate pockets to increase in volume. In
compression, the sliding-induced dilatancy stresses oppose the
initial hydrostatic compression. There is literature evidence'
that cavities can form in compression, but the stresses (300—
500 MPa) at which they make a substantial contribution to the
creep strain are much greater than those used in this study. At
very high compressive stress, the hydrostatic tensile stresses
generated by sliding could overcome the initial hydrostatic
compression of the silicate pockets. Cavities can then form
and redistribute their contents to surrounding silicate pockets,
leading to creep.

A simple experiment demonstrated clearly that the grain
centers must move apart if the silicon nitride grains remain
rigid during redistribution of the silicate. From the gauge-length
of an already-tested and characterized tensile specimen, we
fabricated a compressive creep specimen, similar in size to
those that Section 1I(2) describes. The tensile specimen from
which the compression specimen came had crept to a strain of
0.0108 at 1400°C under 125 MPa during which it accumulated
a cavity volume fraction of 0.0071, as characterized by the
precision density measurement technique. We then loaded the
specimen in compression under the same temperature and stress
(1400°C and 125 MPa). Under these conditions the precavitated
specimen did not creep, as expected from the stress and temper-
ature dependence of the compressive creep behavior of uncavi-
tated specimens. Compressive creep of virgin specimens only
occurred at 1430°C or higher; we were unsuccessful in observ-
ing compressive creep at temperatures lower than this. In addi-
tion, to within the precision of the density technique, the cavity
volume fraction remained unchanged after 400 h under load,
implying that the compressive load removed virtually none of

—— Silicate flow
— Grain sliding

Silicate -

Cavity Formation  Silicate Redistribution

Fig. 12. Two-dimensional schematic diagram of the redistribution of
silicate during cavitation. To emphasize that the silicate pockets are
interconnected, the silicon nitride grains appear as circles.
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the cavities. It might be expected that reversing the sign of the
stress would move the silicate back into the cavities, but such
motion of the silicate requires that the silicon nitride grains
slide rigidly. That process, in turn, requires dilatation of the
interstitial (i.e., silicate-filled) pockets. Such a dilatation would
tend to generate tensile stresses in the silicate pockets, as it does
during tensile creep. These tensile stresses would tend to retain
the silicate in the pockets rather than allowing it to fill in
the existing cavities. Redistribution of the silicate from filled
pockets into existing cavities requires compressive stresses in
the filled pockets, since the pockets must become smaller and
the cavities are essentially at zero stress. Since rigid sliding
of the silicon nitride grains during compressive creep would
generate tensile stresses in the pockets, it is not possible to
remove existing cavities by a compressive load of the same
magnitude as that which generated the cavities. In an ideal case
it might be possible to “run the whole process in reverse” and
fill in each cavity in exactly the reverse order in which it
formed. Given the large number of cavities formed in the gauge
length, it seems impossible that this would happen, though.

The grain boundary sliding that accommodates the growing
cavity tends to load new silicate pockets, leading to the continu-
ous cavity nucleation observed in this material. Upon initial
application of load, only a few silicate pockets may cavitate.
The sliding accommodation of the cavity growth changes the
local stress state on other pockets, perhaps even loading pre-
viously unloaded pockets. There is microstructural evidence
that grain-to-grain elastic contact may resist sliding. Transmis-
sion electron micrographs from specimens quenched from high
temperature under load show numerous “strain whorls” along
silicon nitride two-grain boundaries. These strain whorls indi-
cate that large elastic stresses exist between the grains, which
would also tend to resist the load shedding to the uncavitated
silicate pockets. Without sliding to load new multigrain junc-
tions, cavitation is not possible, so the strain rate must decrease.
Besides resisting the cavitation process, the elastic intergrain
stresses could also serve as the source of the small, but measur-
able, anelastic relaxation. Upon removal of the load, these elas-
tic stresses would drive the grains back whence they came. The
source of the anelastic recovery may also be, as Gasdaska
has suggested,” the unloading of strained, but uncavitated,
multigrain junctions.

This resistance of the silicate pockets to cavitation can also
explain the steep and ever-increasing dependence of strain rate
on stress. Increasing the stress at a given temperature effectively
loads more silicate pockets to stresses greater than the stress
needed to cause cavitation. Since the distance over which the
silicate must redistribute is decreased because of the decreased
cavity spacing, creep occurs more rapidly. The decreased cavity
spacing does not immediately lead to tertiary creep, though, as
the loss of gauge section due to cavities is quite small for the
small strains-to-failure. The stress dependence of the creep rate
is not directly calculable, since it depends essentially on the
distribution of grain pockets favorably oriented for cavitation.
The grain boundary sliding accommodation of cavity growth
may simply load new multigrain junctions as fast as they are
cavitated, leading to a steady-state creep, or the number of
possible cavitation sites may decrease with strain, leading to the
observed long primary creep regime.

V. Summary

This study found the following important experimental
observations about the creep of a HIPed silicon nitride:

* The volume fraction of cavities increased linearly with
strain and accounted for a substantial fraction of the strain
in tension.

* Irregularly shaped interstitial cavities made up the bulk of
the total volume fraction of cavities, though at low temperatures
lens-shaped, interfacial cavities were also present.

* Neither anelastic effects nor oxidation-induced chemistry
changes contributed significantly to the existence of the
extended primary creep regime.
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* Creep added new cavities throughout the life, but growth of
existing cavities began to contribute significantly to the total
volume of cavities at large strains.

* While the material crept readily with a strong stress depen-
dence in tension, it showed a hundred- to thousandfold increase
in creep resistance in tension, as well as a linear dependence of
creep rate on stress.

From these experimental observations we have articulated a
simple creep model in which during tensile creep the grains
of silicon nitride remain essentially undeformed. This rigidity
requires that the silicate-filled interstitial volume of the micro-
structure increase in volume during deformation, leading to
cavitation of the weaker silicate phase at multi-grain junctions.
Cavities act as sources of silicate to feed surrounding pockets,
allowing them to expand in volume. Sliding of silicon nitride
grains accommodates this expansion, and, in turn, loads new
silicate pockets, leading to continuous nucleation of cavities
with strain, The creep rate, however, decreases with time as
intergrain contact or exhaustion of suitable pockets removes
the ready sources of silicate for further strain production. In
compression, the inability to form cavities rules out the possi-
bility of this mechanism, and diffusional creep produces the
measured strain.

Acknowledgment: W. E. L. acknowledges the patience and generous
assistance of Dr. J. D. French in discussing the creep of silicon nitride.
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