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Abstract

The tensile creep behavior of a Lu-doped silicon nitride was studied in the temperature range 1400–1550 �C with test periods of
up to 10 200 h. Strain rates were 3–4 orders of magnitude less than those for Yb-doped grades of silicon nitride under the same
conditions, suggesting a potential for prolonged operation of this material at temperatures up to 1470 �C. The stress exponent, n,

and the activation energy, Q, for creep are 5.3�2.0 and (757�117) kJ/mol, respectively. Precise density and ultra-small-angle X-ray
scattering measurements revealed that, in contrast to other grades of silicon nitride, cavitation could not be detected in the material
studied. Redistribution of the secondary phases via solution-precipitation combined with grain boundary sliding is discussed as a
possible creep mechanism. A discussion of the effect of Lu on viscosity indicates that replacement of Y by Lu may explain the

improvement of creep behavior. # 2002 Published by Elsevier Science Ltd.
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1. Introduction

The maximum allowable turbine inlet temperature
limits the efficiency of gas turbines. During the past
three decades, turbine inlet temperatures in conven-
tional gas turbines increased on average by 500 �C.1 In
the near future, the introduction of special types of
blade cooling combined with thermal barrier coatings
are expected to increase the turbine inlet temperature by
another 230–330 �C, to as high as 1650 �C.1�3 While
these techniques may work for larger (>1 MW) power
generating turbines, internal cooling of the blades is
technologically unfeasible for small components in low-
power turbines. Thus, the requirement for structural
materials that can sustain high temperatures without

cooling is a critical issue in the development of small
high-efficiency gas turbines.
Structural ceramics, particularly silicon nitride, are

candidate materials for components in low-power gas
turbines because of their good mechanical properties at
high temperatures. Tests of a Japanese 300 kW ceramic
gas turbine, CGT 302, demonstrated the feasibility of an
operating temperature of 1400 �C with a thermal effi-
ciency of 42%.4,5 This is twice the efficiency of a com-
parable metallic turbine. However, this turbine operated
at 1400 �C for only 200 h4,5 which is insufficient time to
prove their reliability for industrial application.
Research efforts in the USA have been concentrated on
retrofitting conventional stationary gas turbines with
ceramic parts.6,7 Preliminary results confirmed some of
the benefits expected from ceramic components, how-
ever, problems with the effects of environment and for-
eign object damage limit their commercial applicability
in gas turbines.7
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Creep resistance of the current generation of Y- and
Yb-doped silicon nitride ceramics [for example, hot iso-
statically pressed (HIP-ed) NT 1541,8�10 or gas-pressure-
sintered SN 882,11�17]3 is sufficient for long-term oper-
ation (>10 000 h) at temperatures as high as 1325 �C.
To achieve higher temperatures, however, the develop-
ment of more creep resistant grades of material for
small engines is desirable.
Preliminary studies on newer Lu2O3 containing silicon

nitrides, SN 2814,12,18�21 and SN 282,22 indicate a
decrease in creep rate and an increase in lifetime of up
to two orders of magnitude. Lu2O3 in SN 281 and SN
282 may be responsible for the improvement in creep
behavior. However, neither the reason for such a dra-
matic increase in creep resistance nor the mechanisms
controlling creep behavior are well understood. The aim
of the current work is to present some new data to
clarify possible creep mechanisms in silicon nitrides with
Lu-doped sintering aids.

2. Experimental procedure

2.1. Tensile creep testing

The material studied was a HIP-ed grade of silicon
nitride, SN 281. Tensile creep tests were performed on
flat, dog-bone shaped specimens designated as SR 51
type by French and Wiederhorn.23 The gauge size of the
specimens was 2 mm�2.5 mm and the gage length was
15 mm. They were loaded via single pin SiC pull rods
using a commercial creep machine with dead weight
loading (Model TCS 300X, Satec Systems, Inc., Groove
City, PA). Tensile strain during creep was measured in
situ using a laser-extensometer system to detect pair of
silicon carbide flags hanging by their own weight from
the specimen. The raw data were recorded on a compu-
ter in time intervals of 1, 5 or 15 min and were averaged
over a time period corresponding to 3–7 data points.
Details of the testing procedure are given elsewhere.14,23

2.2. Microstructure characterization

The phase composition of the material (as received
and after testing) was investigated by X-ray diffraction
(Cu Ka, l=1.54046 Å) from different areas of the bulk

samples. The interior of the specimens, revealed by
grinding away half of the specimen thickness, was used
as a representative composition for the evaluation of
changes in the bulk. The volume fraction of the second
phase was measured on polished and plasma-etched
specimens using the point count method.24 The mean
and standard deviation of the mean were determined
from 20 randomly selected areas from the polished sur-
face. Twenty different micrographs were used for the
analysis. The line-intercept method was used to deter-
mine the grain size;24 the mean intercept of a series of
random lines on 13 randomly selected areas from the
polished surface is reported as the grain size.
The samples for transmission electron microscopy

(TEM) studies were prepared from five creep-tested
specimens. They were cut from the core of the gauge
section parallel to the direction of the applied stress.
After hand grinding and polishing to approximately 100
mm thickness and dimpling, the foils were thinned by
ion milling at 5 kV using Ar gas until foil perforation.
Transmission electron microscopy investigations on
carbon-coated specimens were carried out at 200 kV
(Model 3010, Jeol Inc., Japan).
Creep damage was investigated by scanning electron

microscopy (SEM) on secondary fracture surfaces pro-
duced at room temperature after creep and on polished
and plasma etched cross sections.

2.3. Density measurement

The sink–float technique was used for the measure-
ment of specimen density. Bars were cut from the gauge
and grip section of five specimens after creep testing.
They were then ground to remove the oxide layer at the
surface. The final size of the samples was approximately
2.3 mm�1.7 mm�10 mm. Samples were put into a
water solution of thallium malonate formate contained
in a water-jacketed test-tube connected to the constant
temperature bath. Two float standards (3.340 and 3.400
certified to �0.0005 g/cm3 by Cargille Corp., Cedar
Grove, NJ) were added to the solution. The standards
bracketed the expected density of the specimens. The
density of the solution was initially adjusted by adding
or by evaporating a small amount of water in such a
way that the heavy standard just sank at room tem-
perature. By adjusting the temperature of the water in
the jacket, it was possible to bracket the buoyancy tem-
perature of each specimen and standard to an accuracy
of 0.5 �C. The density of the specimens was then calcu-
lated from the measured buoyancy temperature.10 Dur-
ing the tests, a 3–5 mm thick layer of heptane prevented
evaporation of the water from the test chamber. The
layer was removed after each test by suctioning and
evaporation.
The density change from creep strain was assumed to

be equivalent to the volume fraction of cavities, fv,

1 St. Gobaine, Northboro, MA, makes NT 154 for high tempera-

ture applications.
2 SN88 is a self-toughened grade of silicon nitride made by NGK

Insulators, Nagoya, Japan for use at high temperatures.
3 Certain commercial equipment, instruments or materials are

identified in this paper in order to specify the experimental procedure

adequately. Such identification is not intended to imply recommenda-

tion or endorsement by the National Institute of Standards and

Technology, nor is it intended to imply that the materials or equip-

ment identified are necessarily the best available for the purpose.
4 Kyocera Corp., Kyoto, Japan, makes both SN 281 and SN 282.
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which was determined as the difference between the
densities of a sample from the gauge, �gauge and a sam-
ple from the grip, �grip:

fv ¼ �grip � �gauge
� �

=�grip ð1Þ

This procedure eliminates possible changes in the
microstructure and density due to heat treatment in air.
However, it cannot eliminate the effect of inhomogeni-
eties in the as-received material. From error propaga-
tion theory and the repeatability of the density
measurements (�0.00135 g/cm2), the expected error in
fv is approximately �0.000564.

2.4. Ultra-small-angle X-ray scattering

Four pairs of samples from the gauge and the corre-
sponding grips, with dimensions of 2.5 mm�4
mm�0.15 mm, were cut from specimens deformed to
strains of 0.5, 1.1, 1.75 and 2.50%. The grip-gauge pairs
of specimens were compared to account for the initial
porosity and possible changes in the microstructure
induced by prolonged heat treatment. The cavity size
distribution was determined from ultra-small-angle
X-ray scattering (USAXS) data measured on beam line
33ID-D at the Advanced Photon Source at Argonne
National Laboratory. Details of the USAXS instrument
and evaluation of the anomalous USAXS data, which
account for both the secondary phase and the porosity,
are reported elsewhere.25,26

3. Results

3.1. Creep behavior

Nineteen specimens were tested in air at 1400, 1450,
1500 and 1550 �C at stresses ranging from 184 to 280
MPa, for periods of up to 10 200 h. Data from the creep
experiments are summarized in Table 1. Two specimens

broke during loading. Seven were interrupted prema-
turely due to failure in the gauge section, or breakage of
the pins or tabs of the specimen. Therefore, of the 19
specimens tested, 10 gave data that were suitable for
analysis.
Fig. 1 shows the tensile creep behavior of the material

at 1400 �C under a stress of 200 MPa. The test was ter-
minated prior to failure after 10 200 h. It was inter-
rupted only once during this period due to a power
outage. The total strain, �0.5%, has an uncertainty of
�0.1% because of several interruptions in the data col-
lection system. The transient stage exceeds 6000 h. The
minimum strain rate in the last 6000 h of testing was
estimated as 6.7�10�11 s�1. Similar transient creep was
observed at 1450 �C, whereas a more conventional
behavior with the primary and secondary stages was
observed at higher temperatures. To obtain an activa-
tion-energy, Q, and a stress exponent, n, from the creep
data, a logarithmic form of the following equation was
fitted to the data by the method of least squares:

"
:
¼ "

:
o �=�oð Þ

nexp �Q=RTð Þ ð2Þ

where "
:
is the minimum creep rate, T is the temperature

in K, R is the gas constant and � is the applied stress.
The constant, �o, is set equal to 1 MPa for dimensional
purposes and the pre-exponential coefficient, "

:
o, is a

constant of the fit having dimensions of s�1. Values
obtained for the present study were ln("

:
o)=3.6�9.5,

n=5.3�2.0 and Q=(757�117) kJ/mol. The standard
deviation of the fit of lnð"

:
Þ upon � and T is 0.694.

3.2. Material characterization

3.2.1. As-received material
The microstructure of the SN 281 (Fig. 2) consisted of

Si3N4 matrix grains with a mean diameter of about
0.69�0.10 mm. The grains appeared to be mainly
equiaxed, however, a small number of the large grains

Table 1

Summary of the creep tests performed on SN 281

Specimen Temperature

(�C)

Stress

(MPa)

Creep rate

(s�1)

Strain

(%)

Lifetime

(h)

77/24 1400 200 6.7�10�11 0.5 >10200

77/19 400 280 4.1�10�10 – >4965

59/31 1450 200 1.4�10�9 – 1380

59/32 1450 210 1.5�10�9 – 643

59/36 450 230 2.5�10�9 1.1 421

59/30 1450 255 6.1�10�9 – 147

77/13 1500 184 2.6�10�9 – 453

77/15 1550 184 7.4�10�9 1.75 >546

77/14 1550 200 6.8�10�9 2.5 >570

77/23 1550 220 1.9�10�8 0.3 24.9

Fig. 1. Tensile creep curve obtained at 1400 �C under stress of 200

MPa in air indicate prolonged transient stage and the minimum rates

below 1�10�10 s �1.
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of length up to 30 mm and diameters of 3–6 mm were
dispersed throughout the microstructure. The secondary
phases (7.3�2.5% by volume from the grips and
5.8�2.4% by volume from the gauges) were con-
centrated at the multigrain junctions (Fig. 2). Energy
dispersive analysis (EDX) by transmission electron
microscopy showed the presence of lutetium in the
pockets originating from sintering additives (probably
Lu2O3). Aside from Si, N, and O, no other elements
were seen either in the pockets or at the grain bound-
aries. Subsequent X-ray diffraction analysis revealed the
existence of monoclinic Lu2Si2O7 (JCPDS cards No.
35–326, 34–509) and Lu4Si2N2O7 (JCPDS card No. 33–
847) as the dominant crystalline secondary phases in the
as-received material.27 However, another modification
of lutetium disilicate, triclinic B-Lu2Si2O7 (JCPDS card
No. 31–777), was found in some billets instead of
monoclinic disilicate.

3.2.2. Microstructural changes after creep
Fig. 3 is a comparison of the X-ray diffraction pat-

terns from the interior of the specimens after long-term
creep at high temperatures. The same major secondary
phases are present after 10 200 h exposure at 1400 �C
and 520 h at 1550 �C as are found in the as-received

material. This agrees with the absence of any visual
changes due to oxidation. The oxidation layer on the
specimen surface is approximately 10–20 mm thick even
after the prolonged tests at 1550 �C.
In agreement with our SEM observations, TEM

observation of thin foils of the creep-tested specimens
revealed that many of the triple junctions contained no
secondary phase (Fig. 4). Multiple EDX analysis con-
firmed that Lu was the dominant constituent in the
pockets. A very small Lu peak could be detected in the
silicon nitride grains themselves, but at a much lower
concentration than in the pockets or grain boundaries.
This observation contrasts with other studies we made
on Y or Yb containing silicon nitrides; we observed no
lanthanides within the grains of these materials. A
stronger peak of Lu appeared in the EDX spectra taken
with the same spot size in the area including a boundary
between two silicon nitride grains. Thus, a thin Lu-con-
taining intergranular film or an adsorbed layer is pre-
sent at the grain boundaries.
The grain boundaries were curved and twisted, mak-

ing an analysis of the grain boundary thickness difficult.
The boundaries that we could align parallel to the elec-
tron beam ranged in thickness from about 0.5 to 1 nm,
which is typical of boundaries in crept materials
(Fig. 5a). Such thickness variations in crept silicon
nitride have been reported by others and related to the
viscous flow of the amorphous phase during grain
boundary sliding.28 The boundary films between silicon
nitride grains and secondary phase grains were up to 2
nm thick (Fig. 5b). The intergranular films were amor-
phous and continuous, and completely wetted all of the
phases.
The crept SN 281 specimens had an unusually low

volume fraction of cavities compared to other grades of
silicon nitride. For example, fewer than 10 cavities were
found in a thin foil prepared from the sample deformed
to �2.5%, whereas hundreds of cavities were typically
observed in SN 88 silicon nitride at comparable
strains.11�13,15�17,29 Cavities that we did see varied in

Fig. 2. This scanning electron micrograph was made by lightly plasma

etching a polished section of SN281.

Fig. 3. X-ray diffraction study revealed Lu2Si2O7 and Lu4Si2N2O7 as

the crystalline secondary phases in the silicon nitride studied contains.

Phase composition is stable even after 10 000 h at 1400 �C in air.

Fig. 4. Transmission electron micrograph shows that many of the tri-

ple junctions (arrows) within SN 281 contain no secondary phase.
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size from 50 to 400 nm, which is the same range as the
size of the secondary phase pockets.
By USAXS analysis, the SN 281 specimens displayed

almost no porosity, in either the grip or the gauge. Fig. 6
is a summary of the USAXS results showing the
dependence of the volume fraction of cavities on strain.
The data indicate that the volume fraction of cavities is
very low compared to the strain, which agrees with
TEM observations. The occurrence of very small posi-
tive and negative values for fv, consistent with fv=0, is
an indication of the uncertainty in the results which
is�0.002.

3.2.3. Direct density measurements
Fig. 6 also shows the dependence between the volume

fraction of cavities and tensile strain in SN 281 mea-
sured by the sink–float technique. Two data points were
obtained for the specimen strained to 2.5% to indicate
the uncertainty in the density measurement. The data
for the density change scatter about the strain axis
indicating a negligible dependence on strain, in agree-
ment with USAXS data and TEM observations. Data
obtained on Yb/Y containing silicon nitride, SN 8813,30

are also plotted in Fig. 6 as a comparison to the current
set of data. The linear equations fitted to the SN 88 data
give the line with a slope of 0.72 in the case of density
measurement 13,30 and approximately the same value for
USAXS measurement.26

4. Discussion

4.1. Comparison of creep resistance

The creep resistance of SN 281 at 150 MPa is much
higher than that of other commercial grades of silicon
nitride (Fig. 7). A maximum allowable strain of 1% in
10 000 h is considered to be a critical design limit for
components designed for gas turbines.17 If the strain
exceeds this limit, rotating and moving parts stand in
danger of rubbing or binding. Over a 10 000 h period,
this strain corresponds to a strain rate of 	3�10�10 s�1.
Fig. 7 can be used to estimate the maximum tempera-
ture allowed at a stress of 150 MPa to achieve a strain
of 1% in 10 000 h. For SN 281, this temperature is
about 1470 �C. This temperature is about 230 �C higher
than that for SN 88, 130 �C higher than that of NT154
and 100 �C higher than AS950EXP5,31 an experimental
grade of material with nanoparticles of SiC at the grain
boundaries. Only one successful tensile creep measure-
ment has been carried out on silicon nitride sintered
without additives.32 This measurement can be used as a
reference for the creep behavior of silicon nitride since it

Fig. 5. High resolution electron microscopy micrographs of grain

boundaries in SN 281: (a) an amorphous intergranular film between

two silicon nitride grains with the thickness less than 1 nm after creep

at 1550 �C up to 2.5%; (b) glassy film with the thickness of approxi-

mately 2 nm between silicon nitride and secondary phase grains.

Fig. 6. A comparison of the dependencies between strain and volume

fraction of cavities determined from USAXS and density change

measurements in SN 281 and SN 88.16,30 The contribution of cavities

to tensile strain in SN 281 is close to zero while it is around 70% in SN

88.

5 AS950EXP is a designation for an early version of AS950,

Honeywell.
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contains pure oxynitride glass at the grain boundaries.33

At 1500 �C and 75 MPa, the minimum strain rate of the
silicon nitride sintered without additives was 1.16�10�8

s�1; the failure time was 203 h.32 This strain rate is
approximately 17 times greater than that for SN 281 at
150 MPa. If the creep rate of the SN 281 is extrapolated
to 75 MPa, then the creep rate of the silicon nitride
without additives at the same temperature and stress is
approximately 63 times that of the SN 281.
Ohji studied the tensile creep behavior of a gas-pres-

sure-sintered modification of SN281 designated SN
282.22 These two grades of silicon nitride reportedly
have the same chemical composition. A fit of Eq. (2) to
Ohji’s data yields the following values for the con-
stants:6 ln("

:
o)=�6.44�6.01; n=11.5�0.8; Q=(1

074�74) kJ/mol. The stress exponent for SN 282 is
higher than that for SN 281, 11.5 vs. 5.3, as was the
activation energy, 1074 vs. 757 kJ mol�1. Because the
two sets of data had different stress dependencies, the
SN 282 creeps slightly faster than SN 281 at higher
stresses.

4.2. Cavitation vs. non-cavitation creep

SN 281 differs from other grades of silicon nitride
because it deforms without cavitation. In the absence of
cavitation, the deformation is non-dilatational, which
implies that only non-dilatational mechanisms con-
tribute to the creep. These include solution pre-
cipitation,34�38 grain boundary sliding39 and
deformation by dislocation motion.40 The latter is not a
likely mechanism for the creep of silicon nitride, because

the kinds of dislocations structures that are consistent
with dislocation creep, pileups, etc., are not seen in sili-
con nitride deformed by creep.41�48 Therefore, only two
mechanisms can be active in SN 281, solution pre-
cipitation and grain boundary sliding. Since each of
these mechanisms acting alone results in cavity forma-
tion, they must occur together to avoid cavitation.40

The absence of cavities suggests that diffusion can
occur fast enough in SN281 to prevent the build-up of
stresses that cause cavities to form in the silicate phase
pockets. As creep occurs, the grains must be able to
change their shape by grain boundary diffusion to
maintain intergranular continuity. The slower of the
two creep processes, sliding or diffusion, is the one that
will be the rate-limiting step for creep. Regardless of
which mechanism controls creep, n is expected to have a
value of 1 or 2, provided both sliding and diffusion can
be treated as linear processes with regard to the applied
stress. The fact that the stress exponent for the creep
rate is 5.3 suggests that a non-linear process is occurring
in SN 281.
The higher stress exponent, n, observed for SN 281

can be justified by a mechanism suggested by Gas-
daska,39 whose model is based on viscous breakdown of
the intergranular amorphous phase during deformation.
Viscous breakdown of glass is a property in which the
viscosity of the glass decreases as the shear rate increa-
ses. The phenomenon has been observed by several
investigators and is predicted to occur at high rates of
shear.49 Gasdaska assumed sliding along grain bound-
aries controlled the creep of silicon nitride. As the creep
rate increased, the viscosity of the amorphous phase
decreased, yielding the kind of behavior observed
experimentally.50

Luecke and Wiederhorn13 raised a serious objection
to this theory based on the behavior of silica glass, one
of the most viscous glasses at high temperature. Using
the same assumptions as were used by Gasdaska, they
modeled the creep behavior of silicon nitride and calcu-
lated the strain rate of the intergranular amorphous
phase. The calculation showed that the strain rate was
only one-thousandth that required for viscous break-
down in bulk silica glass. Consequently, the glass at the
grain boundaries should still have been in the New-
tonian range of behavior. The glass found at grain
boundaries in silicon nitride will not be pure silica or a
nitrogen-silica glass, but will contain sintering aids that
significantly lower the glass viscosity. Hence, an even
higher creep rate will be needed for non-Newtonian
behavior.

4.3. Lu2O3 in glass

Understanding the role of Lu2O3 in the amorphous
phase is also problematic. If the effect of Lu was pri-
marily its effect on the viscosity of the amorphous phase

Fig. 7. A comparison of the temperature dependence of creep rates in

SN 281 and SN 28222 with earlier generations of silicon nitride with

different rare-earth additives normalized to the stress of 150 MPa

according to Eq. (2). The data point for the reference silicon nitride

without sintering aids corresponds to 75 MPa.32.

6 Differences between the SN 281 and SN 282 in Fig. 6 and a simi-

lar Figure in Ref. 21 are due to the use of Eq. (2) instead of the for-

mula for cavitation creep developed by Luecke and Wiederhorn.13
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at the grain boundaries, then the higher resistance to
creep might be explained by a change in composition of
the grain boundaries. The effect of rare-earth oxides on
glass transition temperature, Tg, or on viscosity has been
studied on oxynitride glasses by a number of authors51�53

Ramesh et al.52 measured a variety of physical prop-
erties (including the glass transition temperature, Tg,
and the viscosity) of glasses containing 17% equivalent
fraction nitrogen and Y, Ce, Nd, Sm, Eu, Dy, Ho and
Er as additives. With the exception of Eu,7 the proper-
ties of the glasses varied linearly with cationic field
strength of the rare-earth oxide. All glasses contained
16% equivalent fraction Al in the structure. Direct
measurements demonstrated a three order of magnitude
change in viscosity with the change in rare earth oxide
at 900 �C (Fig. 8). For the same series, Tg increased by
55 �C from about 890 �C to 945 �C. Neither Yb nor Lu
were used in the study. This study demonstrates a large
change of viscosity over the range of variation of rare-
earth oxide. It also demonstrates a strong correlation
between Tg and viscosity at a given temperature.
Becher et al.53 carried out a study using rare-earth

oxides that only exhibited a valence of +3. Their study
included Lu, but not Yb (which can have a +2 charge).
Four glass types were studied; two were free of nitrogen.
The other glasses had a concentration of either 20 or
30% equivalent fraction nitrogen. In general, their
measurements of Tg were in agreement with those made
in earlier studies.51,52 For the nitrogen containing glas-
ses, the Tg increased by approximately 50

�C from La to
Lu, which was about one-half the rate observed by
Ramesh et al.52

The increase in viscosity when Lu is substituted for Y,
can be estimated from the data of Ramesh et al.52 A
plot of Tg as a function of cationic field strength (from
their paper, but not shown here) is extrapolated to esti-
mate a Tg of about 960

�C for Lu.8 Viscosities at 900 �C,
from the paper by Ramesh et al., are then plotted as a
function of Tg, and the value of Tg for Lu is used to
determine a value of the viscosity for a Lu containing
glass (Fig. 8). The estimated increase in viscosity of 1.5
orders of magnitude is less than the approximately 3
orders of magnitude needed at 1400 �C to explain the
differences in creep behavior shown in Fig. 7. Never-
theless, this substantial change in viscosity offers pro-
mise that under the right conditions, exchanging Lu for
Y could increase viscosity enough to account for the
observed creep behavior. The applicability of the glass
data to the SN 281 may, however, be questioned because
of the absence of Al in the sintering aid for this material.
Other features of the composition or microstructure

of SN 281 may also affect its creep behavior. The visc-
osity of glass, for example, is strongly affected by the
concentration of nitrogen ions in the glass,53�57 a net-
work former that strongly cross-links the glass network
and increases its viscosity. The transition temperature in
Y–Si–Al–O–N glass is increased by 70 �C and its visc-
osity by two orders of magnitude when the nitrogen
content is increased from zero to 1.5% atom
fraction.55�57 Therefore, a small change in nitrogen
concentration will have a large effect on viscosity. While
these observations are intriguing, determination of the
exact mechanism that results in the superior creep beha-
vior of this material will have to await future investigation.

5. Conclusions

The creep resistance of silicon nitride containing Lu-
doped additives is 3–5 orders of magnitude greater than
those of the earlier grades containing Y- and/or Yb-
additives. This material has a potential for prolonged
operation at temperatures up to 1470 �C. The stress
exponent, n, and the activation energy, Q, for creep are,
5.3�2.0 and 757�117 kJ mol�1, respectively. Precise
density and USAXS measurements revealed that, in
contrast to other grades of silicon nitride, cavitation does
not occur in SN 281. Redistribution of the secondary
phases via solution precipitation accompanying grain
boundary sliding was discussed as possible creep mechan-
ism in SN 281. Replacement of Y by Lu and an associated
increase in viscosity of the amorphous grain boundary
phase may explain the changes in creep behavior.

Fig. 8. Prediction of viscosity from the glass transition temperature.

The data is taken from Ramesch et al.52 The glass transition tempera-

tures, Tg, and viscosities at 900 �C for these glasses were obtained

from Ref. 52.

7 Eu does not fit the series and is believed to have a charge of +2

rather than +3.

8 An Eu containing glass was included in the figure but was not

used in the extrapolation
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