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Abstract

This paper compares the relative merits of liquid-
phase sintered b-Si3N4 with sintered a-SiC for high-
temperature applications. These materials represent
two extremes of ceramic microstructure: liquid-
phase sintered b-Si3N4 contains grains that are
coated by a second phase, whereas sintered a-SiC
contains grains that are in direct crystalline contact.
As will be shown, the mechanical behavior of the two
materials di�ers substantially. At temperatures up to
1500 �C, sintered a-SiC is a creep-resistant solid. At
room temperature, however, it is brittle, KIc � �2ÿ
4� MPa.m1/2, and has a low bending strength, sb �
�400ÿ500� MPa. By contrast, liquid-phase sintered
b-Si3N4 is not as creep resistant since it contains a
residual sintering aid at its grain boundaries that
deforms at a lower temperature than the silicon
nitride grains. Hence, its temperature capability is
less than that of sintered a-SiC. Silicon nitride is,
however, tougher, KIc � �6ÿ8� MPa.m1/2, and
stronger, sb � �700ÿ1000� MPa, than sintered a-
SiC. Deformation of liquid-phase sintered b-Si3N4,
and other ceramics with a second phase at the grain
boundaries, depends on the refractoriness of that
phase, the more refractory the phase, the more
resistant the material is to creep. Experimental
results on b-Si3N4 suggest that toughness decreases
as creep resistance increases; hence, a trade-o� must
be made between creep resistance and material
toughness to achieve an optimal high temperature
microstructure. # 1999 Elsevier Science Ltd. All
rights reserved.
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1 Introduction

An understanding of the creep behavior of ceramic
materials is necessary in order to determine lifetime
limits in applications where resistance to high tem-
peratures is needed. Silicon carbide and silicon
nitride are two commercial materials that are used
in high temperature structural applications. Silicon
carbide is used as mu�e furnace linings, kiln fur-
niture and as parts in high temperature heat
exchangers.1,2 Silicon nitride was speci®cally
developed for use in gas turbines to satisfy the
needs for higher operating temperatures and
greater e�ciencies in automotive,3 space4 and elec-
tric power generating applications.5±7 Commercial
grades of this material are currently being eval-
uated in experimental gas turbines.6 Although the
creep behavior of both materials has been studied
extensively during the past 10 years, no recent
comparison of their relative merits for high tem-
perature applications has been made. A review of
the subject by Davis and Carter,8 covers publica-
tions before 1985 and so does not review tensile
creep data obtained since then on modern grades
of silicon nitride or silicon carbide. The recent
review article by Raj on structural ceramics for
service near 2000 �C also does not cover the creep
behavior of these materials.9 In this paper, we dis-
cuss and compare the creep resistance of silicon
nitrides and silicon carbides intended for high
temperature applications. We ®rst discuss the
microstructure of these materials and then com-
pare their creep behavior. Finally, theories of creep
behavior are discussed and methods of improving
creep behavior are suggested.
Current grades of silicon carbide and silicon

nitride can be idealized by one of two types of
microstructures. In the ®rst, grains are in direct
crystalline contact with one another, being sepa-
rated by grain boundaries that are free of a second
phase. Creep then occurs by deformation of the
grains themselves, by dislocation motion, or by
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classical di�usion processes, in which bulk or grain
boundary di�usion through or around the grains,
or near dislocations controls the rate of creep.10±12

This type of microstructure can be made by sinter-
ing,13±15 by vapor deposition,11,16 or by direct
reaction as in reaction-bonded silicon nitride.10,17

The second type of microstructure is made by
liquid-phase sintering and has grains that are cov-
ered by a second phase.18±20 True grain boundaries
do not exist in these materials. The intergranular
phase softens at lower temperatures than the more
refractory silicon nitride or silicon carbide grains,
and creep is controlled by deformation of that
phase. In the discussion that follows, we refer to
grains that are covered with a second phase as
``wetted'' grain boundaries; boundaries that are
free of a second phase are called ``dry'' or ``unwet-
ted'' grain boundaries.
Of the commercial grades of silicon nitride and

silicon carbide that ®t into these two categories,
two will be the primary subject of discussion in this
paper: sintered �-SiC, a fully dense material with
``dry'' grain boundaries, and liquid-phase sintered
�-Si3N4, a material with fully ``wetted'' grain
boundaries. We also discuss reaction-bonded sili-
con carbide, which contain ``dry'' boundaries
between directly bonded grains of silicon carbide.
The creep behavior of reaction-bonded silicon car-
bide, however, depends on the amount of silicon
within the material. With small amounts of silicon,
creep is controlled by the grains that are directly
bonded and deformation occurs by deformation of
the silicon carbide grains themselves, as in other
grades of silicon carbide with ``dry'' boundaries.
With large amounts of silicon, however, contacts
between the grains are easily broken. Then, creep is
controlled by deformation of the silicon phase and
the behavior of the material is similar to that of
materials with wetted boundaries.

2 Microstructures of �-SiC and �-Si3N4

2.1 �-SiC
The microstructure of sintered silicon carbide
depends on the method of manufacture. Because
silicon carbide is a covalent material, bulk di�usion
through the grains is too slow to achieve full den-
sity without the use of sintering aids. Boron and
carbon2,13±15 are usually used for this purpose. The
carbon removes SiO2 from the surface of the
grains, converting it to SiC.15 The role of the sin-
tering aids is not fully understood, although they
are believed to a�ect grain boundary and surface
energies and to enhance di�usion rates.14 A sinter-
ing temperature of 2150 �C for about 30min is
required for full density.2 Although large pieces of

silicon carbide can be made by this technique, they
are brittle, KIc � 3MPa�mÿ1

2 and have a low
strength, �b � �400ÿ500� MPa.14 The micro-
structure of a grade of �-SiC (Hexoloy, Carbor-
undum, Niagara Falls, NY)* made by this method
is shown in Fig. 1(a). As can be seen the material
contains blocky grains of �-SiC approximately 2±
5�m in diameter. Residual graphite inclusions
occur at multi-grain junctions. Despite the use of
carbon to reduce SiO2 at the grain boundaries,
some residual glass is still found at triple junctions,
Fig. 1(b). Most of the boundaries are, however,
free of glass.
High density, impermeable silicon carbides can

be made at a lower temperature by partially sin-
tering the SiC powder compact, and then in®l-
trating it with molten silicon.14,21,22 The volume
fraction of silicon carbide of such microstructures

Fig. 1. Transmission electron micrographs of Hexoloy, a
grade of sintered �-SiC made by Carborundum: (a) blocky
grains with graphite at multi-grain junctions; (b) grain

boundary wetted by glass.

*The use of commercial designations is for purpose of identi-
®cation only. It does not imply endorsement by the National
Institute of Standards and Technology.
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ranges from about 67 to about 92%. Carbon is
added to the SiC compact to remove SiO2 from the
surface of the grains; boron is not used. The silicon
reacts with the carbon to produce more silicon
carbide, which grows on the SiC grains.18

The microstructures of three materials of this
type are shown in Fig. 2. These include NT230 (St.
Gobain/Norton Industrial Ceramics Corp., 8%
volume fraction Si), SCRB210 (Coors, Golden,
CO, 18% volume fraction Si), and KX01 (Carbor-
undum, Niagara Falls, NY, 33% volume fraction
Si). To increase the volume fraction of SiC in the
solid, the SCRB210 was made of a mixture of 2±
4�m SiC and 10±30�m SiC. Both the silicon and
the silicon carbide structures are interconnected for
all three materials. Transmission electron micro-
scopy studies on KX01,18 SCRB21023 and other
grades of reaction bonded silicon carbide10 show
that the boundaries between silicon carbide grains
are unwetted. Because of the small area of contact
between the silicon carbide grains in KX01 and
SCRB210, however, contacts between the grains
are tenuous,18 so that during deformation the SiC
grain boundaries fracture, and the main resistance
to creep occurs by deformation of the silicon.18

Thus, though KX01 and SCRB210 are made by
reaction bonding, they behave more like materials
with ``wetted'' boundaries when deformed at high
temperatures. By contrast, the silicon phase in
NT230 is restricted to channels running through
the solid.24 Most of the SiC grains are in direct
contact and are separated by ``dry'' grain bound-
aries, Fig. 2(c). They are not wetted by the molten
silicon during the process of manufacture. Defor-
mation of this material, therefore, requires defor-
mation of the grains themselves, rather than the
silicon at the grain boundaries.

2.2 Si3N4

Most commercial grades of silicon nitride are made
with sintering aids that promote liquid-phase sin-
tering at temperatures of 1825±2080�C.17 High
pressure nitrogen, 1±8 MPa, is used to prevent
decomposition of silicon nitride at these tempera-
tures.25,26 Because of the way it is made, the
microstructure of the silicon nitride is very di�erent
from that of sintered silicon carbide. As can be
seen in Fig. 3, each grain of silicon nitride is sur-
rounded by a silicate phase that results from a
reaction between the sintering aid and residual
silica on the surface of the silicon nitride powder.
The grains of silicon nitride are separated by a
�0.5 nm to �1 nm layer of amorphous silicate, Fig.
4(a), whose thickness depends primarily on the
chemical composition of the sintering aid.27,28 At
temperatures between 1200 and 1400�C the silicate
phase in the multi-grain junctions partially devi-
tri®es, forming a variety of crystalline phases.28±30

Devitri®cation is never total, because a thin layer
of an amorphous phase, 2±3 nm thick, Fig. 4(b),
always separates the crystalline silicate phase from
the silicon nitride grain.27,28 The thickness of the
amorphous phases can be rationalized by the
model of interlayer thicknesses proposed by
Clarke.27 Examples of the sintering aids used and
the crystalline phases that form in some modern
commercial grades of silicon nitride are given in
Table 1.
The mechanical properties of the silicon nitride

at high temperatures depend on the amount and
composition of the sintering aid used to process
it.31 Because the sintering aid softens at a lower
temperature than the silicon nitride grains, a
refractory sintering aid is required for high-tem-
perature applications. Rare earth oxides such as

Fig. 2. Photomicrographs of the microstructure of reaction-bonded SiC: (a) KX01 (carborundum, Niagara Falls, NY, 33% volume
fraction Si); (b) SCRB210 (Coors, Golden, CO, 18% volume fraction Si); (c)NT230 (St. Gobain/Norton Industrial Ceramics Corp.,

8% volume fraction Si).
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yttrium oxide, which form high temperature eutec-
tics are normally used as sintering aids,28 also see
Table 1. For lower temperature applications,
toughness and strength are enhanced by in situ

toughening, in which sintering aids such as Al2O3,
MgO, and CaO cause the grains of silicon nitride
to grow in length to increase their aspect ratio.32±35

High toughness is achieved by debonding along the
silicon nitride grains during fracture, thus promot-
ing bridging across the propagating crack.36,37

Commercial grades of silicon nitride made in this
way have critical stress intensity factors as high as
KIc � 8MPa�m1

238,39 and bending strengths, �b, as
high as 1000MPa.39,40

3 Creep Behavior

3.1 Silicon carbide
Figure 5 compares the tensile creep behavior of
Hexoloy with that of silicon nitride, NT154 [41]*
and three grades of reaction-bonded silicon car-
bide. Creep data from the NT154 are included in
the ®gure because its creep resistance is higher than
most other commercial grades of silicon nitride.42

A dashed line at 1�10ÿ9 sÿ1 is plotted on the ®gure
as an index of long term lifetime. If a failure strain
of 1% is assumed, then 1�10ÿ9 sÿ1 gives a lifetime
of about 4 months. The most creep resistant mate-
rial in Fig. 5, NT230, crept too slowly, <4�10ÿ10
sÿ1, at 1525�C and 100MPa24 to be measured on
the equipment used for the study. If the NT230 has
about the same activation energy for creep as the
Hexoloy, the highest temperature of use for a 4
month lifetime is >1550�C. Of the remaining four
materials, the Hexoloy (sintered �-SiC) is easily the
most creep resistant material and can be used at
temperatures up to 1500�C. The NT154 is the next
most creep resistant material being able to sustain
100MPa at temperatures up to 1390�C. By con-
trast, the SCRB210 and the KX01 exhibited the
poorest creep behavior, being capable of a sus-
tained tensile stress of 100MPa at temperatures of
only 1360 and 1220�C, respectively.
Figure 6 compares the tensile and compressive

creep of Hexoloy12 with the compressive creep
behavior of several grades of silicon carbide. The
NC430 (St. Gobain/Norton Industrial Ceramics
Corp.),10 is a grade of reaction-bonded silicon car-
bide with a volume fraction of about 11% silicon.
The SiC A was made by hot-pressing without sin-
tering aid.43 The SiC B is an unnamed commercial
grade of silicon carbide containing 1% volume
fraction boron and less than 2000 ppm other
impurities.43 The compressive creep data on Hex-
oloy was stress corrected from 179 MPa, reported

Fig. 3. Scanning electron micrograph of a plasma etched sur-
face of silicon nitride: SN88 NGK Insulator, Inc., Nagoya,
Japan; The darker phase is the silicon nitride and the lighter

phase is the residual sintering aid.

Fig. 4. Transmission electron micrographs of silicon nitride,
SN88, showing residual sintering aid: (a) thin layer of silicate
phase separating two grains of silicon nitride; (b) multi-grain
junction showing the thicker boundary separating the silicon

nitride grains and the crystalline silicate phase.

*For each ®gure in which data was collected at the National
Institute of Standards and Technology, the relative standard
uncertainty is presented in the caption. This parameter is the
standard deviation of the ®t for each curve.
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in,10 to 150MPa using a stress exponent of 1.6. All
of the materials shown in Fig. 6 have been exam-
ined by transmission electron microscopy. None
had grain boundaries wetted by a silicate phase,
which explains their excellent creep resistance.
A comparison of the creep resistance of Hexoloy

tested in compression and tension shows that the
apparent activation energy in tension, (885�106)
kJmolÿ1, falls within the range (801±914) kJmolÿ1

reported for the compressive creep of this material
at temperatures above 1647�C.12 This range of
activation energies has been attributed to lattice
di�usion.12 The fact that similar values are
obtained for the activation energy for creep in ten-
sion and compression may indicate that creep in
tension is also controlled by lattice di�usion. The
results shown in Fig 6 also suggest that Hexoloy is
more creep resistant in compression than in ten-
sion. However, since measurements were made at
di�erent laboratories and on di�erent billets of this
material, the available creep data is not su�cient to
prove this assumption. Di�erences in experimental
technique at the two laboratories, and lot-to-lot
variability in impurity and sintering aid content
may also play a role in explaining the results. Fur-
ther experimentation on sintered silicon carbide

will be needed both to clarify the creep mechanism
and to support the data showing that creep in ten-
sion occurs more easily than creep in compression.
Experimental evidence is strong, however, that

other grades of silicon carbide exhibit di�erences in
tensile and compressive creep behavior. As shown
in Fig. 7, the creep rate of SCRB210 and KX01 in
tension is about 100 times that measured in com-
pression for both materials. Lot-to-lot variability
as a cause for the di�erence in creep behavior was
ruled out by using the same billet of material for
the tensile and compressive creep tests. Cavities
formed in both materials during tensile creep,18,44±46

but not during compressive creep.46 Furthermore,
the volume fraction of cavities in KX01 is
approximately equal to the total creep strain,45±47

Fig. 8, suggesting a close relationship between ten-
sile creep and the process of cavitation. Therefore,
we believe the di�erence in creep behavior in ten-
sion and compression is a consequence of the cav-
ity formation. As will be shown below, this type of
behavior is also observed in silicon nitride.

Table 1. Composition and phases in commercial grades of silicon nitride, as determined by transmission electron microscopy
analyses

Material Sintering aid Phases crystallizing in the residual glass

NT-154 Y2O3 �-Y2Si2O7, Y5(SiO4)3N{H-Phase}
PY-6 Y2O3 �-Y2Si2O7, Y5(SiO4)3N{H-Phase}
AY-6 Y2O3,Al2O3 �-Y2SiO7, Y5(SiO4)3N {H-Phase}
GN-10 SrO, CaO, Y2O3 (Y,Sr,Ca)4Si2O7N2{J-Phase}, (Y,Sr,Ca)5(SiO4)3N {H-Phase}
SN-88 Y2O3, Yb2O3 (Yb,Y)2Si2O7, (Y,Yb)5(SiO4)3N {H-Phase}
AS-800 Y2O3, La2O3, SrO (La,Y,Sr)5(SiO4)3N {H-Phase}, (La,Y)2Si2O7

Fig. 6. A comparison of the tensile and compressive creep of
Hexoloy with the compressive creep of NC430 and two other
grades of silicon carbide, SiC A and SiC B. The NC430 (St.
Gobain/Norton Industrial Ceramics Corp.) is a grade of reac-
tion-bonded silicon carbide with a volume fraction of silicon10

of 11%. SiC A is an experimental grade of hot pressed silicon
carbide43; SiC B is an unnamed commercial grade of sintered
silicon carbide. The apparent activation energy for the Hex-
oloy data is approximately 885�106 kJmolÿ1. The relative
standard uncertainty of the Hexoloy data was approximately

0.15.

Fig. 5. A comparison of the tensile creep behavior of various
grades of silicon carbide: Hexoloy; NT230; SCRB210 and
KX01.24 Silicon nitride, NT154, is also included in the ®gure
to compare the reaction sintered silicon carbide with liquid-
phase sintered silicon nitride.41 The relative standard uncer-
tainty of the Hexoloy and KX01 data was approximately 0.15.
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3.2 Silicon nitride
Based on recent investigations of the creep beha-
vior of a number of grades of silicon nitride, these
materials have the following characteristics: (a) for
much of the range of applied stress, creep occurs
faster in tension than in compression;48±56 (b) in
contrast to the creep behavior of most metals,
creep in tension is not a power function of the
applied stress;49±51,57±59 (c) cavity formation accom-
panies creep in tension;50,51,60±62 (d) the volume
fraction of cavities in tension is linearly propor-
tional to the axial creep strain;41,50,51,58 (e) cavita-
tion in compression is much less than that in
tension.50,53

Figure 9 is a log±log plot of the tensile and com-
pressive creep rates of SN88 (NGK Insulator, Inc.,
Nagoya, Japan) as a function of applied stress.63

The microstructure of this material is shown in
Fig. 3. The creep data in compression ®t a power
law function of applied stress with a stress expo-
nent of 0.96�0.08 and an activation energy of
491�37kJmolÿ1. Both the stress exponent and

activation energy are within the range of values
obtained in other studies of the compressive creep
of silicon nitride.42 In tension, the creep data are
curved over the entire range of the data. At low
stresses, the tensile creep data approach a straight
line with a slope of 1.
Microstructural examination of the gauge sec-

tions of crept specimens of many di�erent grades
of silicon nitride show that cavities form primarily
at multi-grain junctions within pockets of the resi-
dual sintering aid.50,59,61±63 Examples of the kind
of cavities that form in SN88 are shown in Fig. 10.
The shapes of these cavities are the same as the
silicate pockets in the undeformed material. Cavity
growth involves the ¯ow of the sintering aid away
from the cavitation site, along triple junction
channels to other silicate pockets in the micro-
structure. Simultaneously, a slight dilation of the
structure occurs to accommodate the sintering aid
previously located in the pocket. Similar creep
asymmetry50,53,54 and nonlinear behavior50,51,58 on
a log±log plot have also been observed on other
grades of silicon nitride.
The relationship between the volume fraction of

cavities and the total axial strain is shown in Fig.
11 for SN88.59 Cavities form in tension at all
applied stresses used in Fig. 9, even at stresses as
low as 15MPa. As with the KX01, the volume
fraction of cavities increases linearly with the axial
strain for each material tested. This linear rela-
tionship occurs in most silicon nitrides,50,51,58,63,64

usually with a slope close to unity.49 For NT154,
the volume fraction of cavities generated in com-
pression was less than 10% of the volume fraction
in tension,50 suggesting that compressive stresses
retard cavity formation.

Fig. 8. Cavity formation in reaction-bonded silicon carbide,
KX01. Volume fraction of cavities versus total strain.46 For
this linear ®t to the data, the relative uncertainty was 0.07.

Fig. 9. Tensile and compressive creep rate of silicon nitride,
SN88, as a function of applied stress. Compressive creep is
given by the open symbols, tensile creep by the solid symbols:
&,& 1400 �C; *,* 1350 �C; ^ 1300 �C.64 Using eqn 3 the
relative uncertainty for the compression data was 0.06. The
relatively uncertainty for the tension data, 0.16, was deter-

mined from the larger set of data shown in Fig 12.

Fig. 7. Tensile and compressive creep behavior of SCRB210
and KX01. In both of these materials creep occurs more easily
in tension than in compression. Equation 3 was ®tted, as an
empirical equation, to each of the four sets of data to deter-
mine the relative uncertainties. For the KX01, these were 0.14
in tension and 0.25 in compression. For the SCRB 210, these

were 0.16 in tension and 0.39 in compression.
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4 Mechanisms of Creep

In this section of the paper, we ®rst review classical
theories of creep deformation that relate to mate-
rials with ``dry'' grain boundaries. Then we
describe a new cavitation-based theory of defor-
mation developed to rationalize the creep of mate-
rials with ``wetted'' boundaries such as silicon
nitride.49,64 Means of improving creep resistance
for both kinds of materials are then suggested.

4.1 Dislocation and di�usion mechanisms of creep
Classical mechanisms of creep deformation are
based on the assumption that creep is a con-
sequence of dislocation motion or di�usion.65

Most theories suggest that the steady state creep
rate, _"s, should be a power function of the grain
size, d, and applied stress, �:

_"s � _"0��=�0�n�d=d0�m exp ÿ�H

RT

� �
�1�

The parameters, _"0; n;m and �H, are empirical
constants of the ®t; �H is the apparent activation
energy for creep. The magnitudes of the stress
exponent, n, and the grain size exponent, m,
depend on the mechanism of creep, as does �H. If
creep can be described by a di�usional model,66

then n should have a value of 1 or 2 and the para-
meter, m, should have a value of either ÿ2 or ÿ3
depending on whether di�usion occurs through the
grains66,67 or along grain boundaries.68 A depen-
dence of a creep rate on exp�ÿ1=�� for a mechan-
ism of di�usion creep has also been suggested by
Wakai69 for a solution precipitation mechanism
that is interface rather than transport-controlled.
For dislocation mechanisms, n is expected to have
a value between 3 and 5, depending on the
mechanism.66 The grain size exponent, m, is
expected to have a value of 0, i.e. the creep rate
should not depend on grain size when dislocations
are involved in the creep process.66 A ®nal con-
sequence of di�usion or dislocation-controlled
creep is the equality of the creep rate in tension and
compression.
Compressive creep data on several grades of sin-

tered or reaction bonded silicon carbide have been
shown to be consistent with Eq. 1. As can be seen
in Fig. 6, the compressive creep data can be repre-
sented by straight lines when plotting log _"s versus
1
RT, indicating an Arrhenius temperature behavior.
The data on the compressive creep of Hexoloy can
be ®tted to two straight, suggesting a change in
creep mechanism at about 1647 �C. Also, when the
compressive creep rates are plotted as a function of
stress on logarithmic axes, they also ®t straight lines
indicating that the creep rate is a power function of

Fig. 11. The relationship between the volume fraction of cav-
ities and total axial strain for SN88. The slope of the least
square ®tted line is close to 1.59 The relative uncertainty of this

data is 0.21.

Fig. 10. Transmission electron micrograph of cavity forma-
tion in silicon nitride, SN88, which was subjected to a tensile
stress. Cavities form within the silicate phase located at multi-

grain junctions.
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the applies stress. The stress exponents of the sin-
tered grades of silicon carbide range from about
1.4 to 1.8. A number of creep mechanisms have
been suggested for these materials. Above 1647�C,
the creep of Hexoloy is believed to be the result of
lattice di�usion accompanied by grain boundary
sliding.12 Below this temperature grain boundary
di�usion accompanied by grain boundary sliding
controls creep.12 At stresses up to approximately
600 MPa, the creep behavior of SiC A and SiC B
are both attributed to grain boundary di�usion
accompanied by grain boundary sliding.43 At
higher stresses, the stress exponent increases to a
value of 3.5±4 and dislocations play a dominant
role in the creep process.43 SiC B creeps about 2±5
times as fast as SiC A even though its grain size is
about ®ve times as large. This di�erence in creep
rate is attributed to di�erences in impurity con-
centration between the two materials; the SiC A is
made by hot pressing without sintering aids and
hence is purer than SiC B.43 The NC430 was tested
above the melting point of silicon, 1414 �C,70 so
that the creep is entirely due to deformation of the
silicon carbide. The creep of this material is
believed to be a consequence of dislocation
climb.10 The excellent creep resistance of the silicon
carbides shown in Fig. 6 is a consequence of the
high temperatures required for di�usive transport
in silicon carbide71,72 and the fact that dislocation
glide is also di�cult in this material.11

Compressive creep behavior of liquid-phase sin-
tered silicon nitride can also be described by Eq. 1.
Several studies on this material show that the stress
exponent lies between 1 and 2 for many grades of
silicon nitride.49,73±78 Creep on this material is
probably a consequence of solution precipitation, a
di�usion process in which the liquid phase acts as a
fast di�usion path for ion migration.79±82 Under a
chemical potential gradient set up by the applied
stress, silicon and nitrogen ions dissolve into the
silicate phase at regions of high local stress. They
then migrate through the grain boundary phase
and precipitate onto the silicon nitride grains in
regions where the local stresses are low. As noted
by Pharr and Ashby,82 this process is the same as
that occurring in Coble creep.83

4.2 Mechanisms of creep that involve the formation
of cavities
Cavitation in silicon nitride at multi-grain junc-
tions involves the nucleation and growth of cavities
within the silicate phase.50 As the cavities grow, the
silicate phase moves from the cavitated pockets to
other silicate pockets in the material, either by dif-
fusion or by mass ¯ow. The distance over which
the silicate phase moves during the the formation
of a cavity is equal to about one-half the distance

between active cavities.* Because the silicon nitride
is fully dense before the silicate pockets cavitate, a
slight dilation of the microstructure is required to
make room for the silicate phase that was in the
pockets.
In materials such as silicon nitride and siliconized

silicon carbide (KX01), volume expansion caused
by cavitation occurs primarily in the axial direc-
tion.49,63 Very little change in the lateral dimen-
sions is observed during deformation. In modeling
the deformation, Luecke and Wiederhorn49,65

therefore, assumed that all of the deformation
occurring during creep is due to cavitation. They
also assume that the net result of cavity formation
is an increase in the length of the material, i.e. no
change in lateral dimensions. By assuming that the
¯ow of the silicate phase from the cavity is the rate
limiting step for creep, they obtain the following
equation for the creep rate, _"s:

_"s � _"0
�

V3
f

1ÿ Vf� �2 � exp���� �2�

where Vf is the volume fraction of second phase, �
is the applied stress and � is the e�ective viscosity
of the silicate phase in the multi-grain pockets of
the microstructure. The creep rate in Eq. 2 increa-
ses exponentially with the applied stress at high
values of the stress and linearly with the applies
stress at low values of the stress. Since Vf is nor-
mally small, the creep rate increases as V3

f . Also,
because viscosity depends on temperature,
� � �o exp��H

RT�, Eq. 2 may be represented in the
following form:

_"s � _"0
�0

V3
f

�1ÿ Vf �2
� exp ��� � exp ÿ�H

RT

� �
�3�

In Fig. 12, eqn 3 has been ®tted to a set of tensile
creep data collected on SN88.64 The data set con-
tains 58 data points on 41 test specimens. Equation
3 captures the stress and temperature dependence
of this data very well. The equation also gives a
good representation of the creep data for two other
commercial grades of silicon nitride (NT154 and
AS800).50,58

Equation 3 predicts that the creep rate does not
depend on the grain size. This prediction is hard to
check as there have been few investigations of the
variation of the creep rate with microstructural
variables such as grain size. However, Haig et al.,84,85

*Active cavities are the cavities that are in the process of
forming. Once the pocket in which the cavity forms is com-
pletely drained of silicate phase, cavity growth stops.
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in a study on two grades of silicon nitride with the
same composition, but di�erent grain size, showed
that creep rate does not depend on grain size.*

Unpublished studies by French et al.86 also suggest
little if any dependence of the creep rate on grain
size, whereas unpublished studies by Luecke and
Wallace87 suggest a small increase in the creep rate
with grain size. Flexural creep studies of various
compositions of silicon nitride by Rendtel et al.88

have shown a 1=d dependence of the creep rate on
grain size. However, since the mechanism of creep in
tension and compression may di�er,49 it is not clear
how a grain size dependence of the creep rate in ¯ex-
ure relates to the grain size dependence in tension.
Understanding the dependence of the creep rate

on grain size is problematic because of the di�-
culty in changing the grain size as the only micro-
structural variable. Usually, a given composition of
silicon nitride is simply annealed in nitrogen to
promote grain growth. However, this treatment
can also a�ect other microstructural variables,
such as the grain size distribution and the compo-
sition of the silicate phase. To get a clearer picture
of just how the creep rate depends on one of these
microstructural parameters, all of the other micro-
structural parameters important to the creep equa-
tion must be controlled as well. These include the
volume fraction of silicate phase, the chemical
composition of the silicate phase, and the grain size
distribution. Control of these parameters to char-
acterize creep behavior of glass-bonded ceramics
has not been achieved to date in any systematic way.

4.3 Improving creep resistance of ceramics
In this paper, we have argued that two kinds of
microstructures exist for high temperature structural
ceramics: those in which the grains are directly

bonded via grain boundaries and those in which
the grains are separated by a second phase. In
directly bonded microstructures, classical mechan-
isms of deformation control the rate of creep.
Deformation then involves dislocation motion or
di�usive transport of material, either along grain
boundaries, or through the grains. Di�usion plays
an important role in the creep process by control-
ling the rate of climb of dislocations, or by chan-
ging the shape of the grains. Additives that increase
the di�usion rate in the silicon carbide will also
increase the creep rate. Therefore, one way to
improve the creep resistance of these materials is to
reduce the amount of sintering aid. This goal can
also be achieved by avoiding the use of sintering
aids entirely, as is done in NT230, where carbon is
reacted with molten silicon to produce a highly
creep resistant grade of silicon carbide, Fig. 5.
The main problem with silicon carbide, however,

is not its creep resistance, which is better than that
of most ceramic materials, but its low toughness,
KIc � 3MPa�m1

2.89 Some attempts have been made
to increase the toughness of �-SiC by seeding it
with �-SiC grains and by using additives that pro-
mote plate-like grain growth.90,91 This procedure
produces a structure that is similar to that of
liquid-phase sintered silicon nitride; it improves
toughness to as high as KIc � 9:5MPa�m1

2.91 High-
temperature creep of these materials has yet to be
systematically studied. As in silicon nitride, we
suspect that the low melting additives that might be
used to achieve high toughness in silicon carbide
would also limit its creep resistance at high tem-
peratures.
Of the high-temperature ceramic materials that

have a second phase at the grain boundary, the
strongest and toughest is silicon nitride. Commer-
cial grades of silicon nitride are available with
mean tensile strengths ranging from 600 to
800MPa40 and toughness in the range KIc �
6ÿ8MPa�m1

2.38 Higher strengths and toughnesses
have been obtained on experimental grades of the
material.92,93 The best of the commercial composi-
tions, however, cannot be used above 1400�C at
stresses of 100MPa because of the silicate phase at
the grain boundaries, Fig. 5. At an equivalent
stress and creep rate, this temperature is about
100 �C less than can be achieved with sintered sili-
con carbide. Liquid-phase sintered silicon nitride
can be made more creep resistant by increasing the
refractoriness of the silicate phase that bonds the
silicon nitride grains together. This has been
achieved on experimental billets containing only
silica as a bonding phase,38 or by using silica with a
limited amount of Y2O3 as a sintering aid.31,94

However, a much lower fracture toughness was
obtained for these materials, 2.5MPa.m1/2,38,94

Fig. 12. A ®t of eqn 3 to tensile data collected on SN88. The
58 data points in this ®gure were obtained from 41 tensile
specimens.64 The relative uncertainty for this data was 0.16.

*A preliminary study84 indicated a slight decrease in creep rate
with increasing grain size, but the ®nal study,85 which incor-
porated much more data, indicated no e�ect of grain size.
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probably due to a stronger bond between the
grains and the silicate phase and a blockier shape
to the grains.95 Sintering aids that yield tougher
grades of silicon nitride,32±35 also degrade the creep
resistance.42 Eliminating the grain boundary phase
entirely, as is done in reaction-bonded silicon
nitride, improves the creep resistance to that of
sintered �-SiC,1 but also decreases its toughness to
a value of about 2�5MPa�m1=2.1 This observation
is consistent with the ®ndings of Ho�mann et al.94

on experimental grades of silicon nitride. Thus,
there is a problem in designing the microstructure
of silicon nitride for high temperature creep resis-
tance. Grades of silicon nitride that are more creep
resistant are not as tough and vice versa. The
development of a silicon nitride or silicon carbide
that is both tough and creep resistant is a future
challenge for material scientists.

5 Summary

This paper presents a review of the creep behavior
of sintered �-SiC and liquid-phase sintered �-
Si3N4. Sintered �-SiC has ``dry'' grain boundaries,
i.e., the grain boundaries contain no second phase.
Creep occurs by deformation of the grains them-
selves by either di�usion or dislocation motion.
Consequently, sintered �-SiC is a creep resistant
material that can be deformed easily only at tem-
peratures greater than 1500�C. The creep resistance
of �-SiC can be improved further by reaction
bonding, which eliminates the use of the sintering
aids that also enhance the creep rate. Because �-
SiC has an equiaxed microstructure, it is weak,
�b < 500MPa, and has a low toughness,
KIc � 2ÿ4MPa�m1=2. Higher toughness grades of
SiC can be made by liquid-phase sintering, but this
process has the potential of degrading the creep
resistance of silicon carbide.
The toughness of silicon nitride is improved by

using a silicate phase as a sintering aid. Such aids
stimulate the growth of long grains that enhance
the toughness of the ceramic. Accordingly, com-
mercial grades of silicon nitride are now made
with a toughness that ranges from about KIc �
6ÿ8MPa�m1=2. A drawback to the silicate phases
is their low melting point. When the grain bound-
aries are completely covered by the silicate phase,
as they are in silicon nitride, the creep resistance is
reduced. The best creep resistant grades of liquid-
phase sintered silicon nitride are limited to a tem-
perature of approximately 100�C less than that of
sintered �-SiC. More creep resistant grades of sili-
con nitride can be made by reducing the amount of
sintering aid or by using silica glass as a sintering
aid, but then the toughness is low.
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