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Dynamic fatigue and stress rupture tests in four-point bending
were conducted on a commercially available SN88 silicon
nitride ceramic at temperatures in the range 700°–1000°C in
air. The objective of the present study was to elucidate the
failure of SN88 silicon nitride ceramic nozzles arising from a
critical crack initiated at the intermediate temperature airfoil
region during an engine field test. Results of dynamic fatigue
tests indicated that SN88 silicon nitride tested at a stressing
rate of 30 MPa/s exhibited little change in characteristic
strength at the various test temperatures. However, SN88
silicon nitride exhibited a significant degradation in mechani-
cal strength when tested at 0.003 MPa/s at temperatures
indicative of a great susceptibility to slow crack growth,
especially at 850°C. SEM and XRD analyses indicated that the
mechanical instability of SN88 silicon nitride at intermediate
temperatures resulted from the transformation of secondary
phase(s) from oxidation. These phase transformations were
accompanied by a large volume change, which led to the
generation of large local residual tensile stresses. As a result,
extensive damage zones were formed, which led to a sub-
stantial degradation of mechanical strength and reliability.
Microstructural examination of failed SN88 airfoils indi-
cated that a similar damage zone was formed in the regions
exposed to intermediate temperatures during engine testing.
Consequently, the ultimate failure of these vanes was attrib-
uted to the loss in mechanical strength from the damage zone
formation.

I. Introduction

SILICON nitride ceramics with appropriate characteristics of the
grain-boundary phase and with reinforcing elongated grain

microstructure are leading candidates for use as high-temperature
structural components in advanced gas turbines because of their
superior thermomechanical properties.1–5 Recent ceramic gas tur-
bine programs, funded by the U.S. Department of Energy (DOE),
at both Solar Turbines and Rolls Royce Allison6–8 have conducted
many field tests to increase the experience base concerning the
behavior of ceramic components in industrial gas turbine environ-
ments. The Solar Turbines Program, for instance, was awarded the
Ceramic Stationary Gas Turbine (CSGT) Development contract
from the DOE in 1992.9 The goals of this program were to improve
turbine engine performance (fuel efficiency and output power) and
reduce CO and NOx exhaust emissions. The approach involved
retrofitting an existing gas turbine (4.14 MW; Model Centaur 50S)
with silicon nitride nozzles, silicon nitride blades, and a SiC
fiber-reinforced SiC ceramic matrix composite combustor liner.

In September 1998, a 100 h nozzle engine test was planned
in which the engine would be subjected to cold and hot engine

restarts and shutdown cycles that progressively increased in
severity. The nozzles were fabricated from a commercially
available SN88 silicon nitride ceramic (NGK Insulators, Ltd.,
Nagoya, Japan). The first engine test was successfully con-
ducted, including one-hour full-load and 10 h total runtime.
Subsequently, the second engine test was initiated for a 100 h
endurance test. Note that the steady-state temperature during
the engine test was estimated to be �1120°C. However, the
second test did not reach completion because borescope inspec-
tions, which were conducted after routine shutdown cycles,
revealed severe cracking after 68 h of engine testing, including
15 start/stop cycles. The field test with SN88 silicon nitride
nozzles was, therefore, terminated.

The selection of NGK SN88 silicon nitride for solar turbines’
first-stage turbine nozzle application resulted from extensive
mechanical testing and life-prediction modeling efforts.10 The
mechanical database generated for lifetime modeling covered the
range of 1038°–1350°C in air. The test results indicated that SN88
exhibited excellent fatigue and creep performance at the temper-
ature range used and no slow crack growth behavior at 1038°C in
air. It was then expected that the SN88 silicon nitride would not be
subject to any mechanical degradation induced by slow crack
growth processes at temperatures �1000°C.

The cracking, which was observed on the airfoil surface of
SN88 silicon nitride nozzles, initiated at the region near
airfoil/platform transition region, as shown in Fig. 1(a). Finite-
element-analysis of temperature distribution at steady-state
(�1120°C) during engine operation indicated that the temper-
ature in the airfoil/platform transition region ranged from
800°–900°C, as shown in Fig. 1(b).11 Therefore, the failure of
SN88 silicon nitride nozzles, which resulted from crack gener-
ation in the airfoil/platform transition region, would lead to the
hypothesis that the SN88 silicon nitride might exhibit a me-
chanical instability at intermediate temperatures in an oxidizing
environment. Recent studies conducted by Wereszczak et al. 12

have shown that some commercially available silicon nitride
materials can exhibit substantial strength degradation at 850°C
in air. The strength degradation observed was attributed to the
change of state of secondary phases (i.e., softening of secondary
phases), resulting in a significant increase in susceptibility to
slow crack growth.

This paper describes the dynamic fatigue studies of a commer-
cially available SN88 silicon nitride conducted over a temperature
range of 700°–1000°C in air to evaluate its mechanical and
microstructural stability. SEM analysis was used to correlate the
changes in the microstructure and/or chemical compositions with
the observed strength degradation. In addition, the stability of
secondary phase(s) as a function of test temperature and loading
rate was evaluated using XRD analysis.

II. Experimental Procedures

The SN88 silicon nitride material evaluated in the present study
was gas-pressure-sintered using rare-earth sintering additives
(NGK Insulators, Ltd., Nagoya, Japan). The predominant second-
ary crystalline phase present after densification is Yb4Si2O7N2,
designated as the J-phase, as identified by XRD. Bend bar
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specimens with dimensions 3 mm � 4 mm � 50 mm were
machined from purchased billets. Bend bars were longitudinally
machined per ASTM C1161.13 All specimens were also longitu-
dinally chamfered.

Dynamic fatigue testing was conducted in four-point bending
using 20/40 mm, �-SiC, semiarticulating fixtures at test conditions
of 20°C and 30 MPa/s; 850°C and 30 MPa/s; and 850°C and 0.003
MPa/s in ambient air. The first two test conditions were chosen to
compare the characteristic strength dependence on temperature,
whereas the last two conditions were chosen to measure dynamic
fatigue susceptibility at 850°C. To evaluate the temperature
dependence of the dynamic fatigue susceptibility, tests were also
conducted at 700°C and 1000°C and at 0.003 MPa/s. Each flexural
testing system consisted of three load frames within a single
furnace chamber. The pneumatic actuators were programmed to
produce the desired loading (and corresponding stressing) rates via
a personal computer through sintered �-SiC push rods. Load was
continuously measured as a function of time, and flexure strength
was calculated using ASTM C1161. On the failure of the last
sample in the furnace chamber, the sensors interrupt the furnace
power supply circuit to allow the bend bars to cool quickly to
minimize damage and oxidation of the fracture surface of the last
test bend bar.

Fractography and SEM analysis were performed on selected
samples to provide insight into the dominant failure controlling
process as a function of test temperature and stressing rate. XRS
analysis was also conducted to compare the dominant secondary
phase(s) present before and after dynamic fatigue tests at elevated
temperatures in air. Polished cross sections for selected samples,
which included fracture surface edges, were also prepared to
elucidate the change in microstructure as a function of test
conditions.

III. Results and Discussion

Figure 2 summarizes the dynamic fatigue response of SN88
silicon nitride tested at 850°C at stressing rates of 30 MPa/s and
0.003 MPa/s. Note that both SN282 and NT154 are used as a
benchmark in this study. The SN282 (Kyocera Industrial
Ceramics Corp., Vancouver, WA) contained �7 wt% Lu2O3,
whereas the NT154 (Saint-Gobain Ceramics & Plastics, North-
boro, MA) contained �4 wt% Y2O3 as sintering additive.

Results showed that the fracture strength obtained for both
SN282 and NT154 at 850°C was similar to that obtained at
room temperature and was independent of stressing rates. Note
that SN282 and NT154 exhibited a high fatigue exponent of 155
and 87, respectively, indicative of the absence of fatigue effects
at this test temperature.

On the other hand, flexural strength of SN88 silicon nitride
was very sensitive to stressing rates at 850°C. For instance,
samples tested at 30 MPa/s exhibited a comparable strength to
those obtained at room temperature (759 MPa versus 825 MPa),
whereas samples tested at 0.003 MPa/s exhibited a substantial
decrease in strength (�44%, from 825 MPa to 464 MPa).
Consequently, SN88 silicon nitride exhibited a low fatigue
exponent of 16, indicative of a high susceptibility to slow crack
growth (SCG). The observed strength degradation at 850°C and
0.003 MPa/s was contradictory to the data reported previously,

Fig. 1. (a) Macro photograph of SN88 silicon nitride nozzle after 68 h engine test with a critical crack developed at the airfoil/platform transition region.
(b) FEA map showing temperature distribution in the silicon nitride nozzle at steady state (1120°C) during engine operation.

Fig. 2. Fracture strength of SN88 silicon nitride tested at 850°C at 30
MPa/s and 0.003 MPa/s in air. Results of SN282 and NT154 silicon nitride
are used as a bench mark in the present study.
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which showed SN88 exhibiting excellent SCG and creep
resistance at temperatures between 1038° and 1350°C.10

To understand how the test temperature influenced the extent of
strength degradation, dynamic fatigue tests were also carried at
700° and 1000°C at 0.003 MPa/s. Figure 3 compares the flexural
strength of SN88 as a function of test temperature at a stressing
rate of 0.003 MPa/s. Results showed that the strength of SN88
decreased with an increase in test temperature with a minimum
value occurring at 850°C and then increased with test temperature
�850°C. Note that the strength obtained for SN88 at 700°C and
1000°C was comparable and �24%–28% higher than that ob-
tained at 850°C at the same stressing rate. Nonetheless, the
strengths obtained at the low stressing rate at 700° and 1000°C
were still 16%–19% lower than that obtained at 850°C and 30
MPa/s.

Because the SN88 exhibited a significant SCG susceptibility
at 850°C, studies of stress rupture were subsequently conducted
to understand how the applied stress levels influenced the
lifetime of SN88 at 850°C. Figure 4 shows the lifetime versus
applied stress data at 850°C. Results showed that the SN88
exhibited a strong stress-dependent lifetime behavior at stress
levels as low as 200 MPa. For instance, the lifetimes of SN88
tested at 200 MPa ranged from 65 to 447 h. The SN88 also
exhibited a low stress exponent of �10, similar to the low

fatigue exponent,16 again indicative of a strong susceptibility to
SCG at 850°C. Limited SN88 samples were tested in nitrogen to
demonstrate that the observed mechanical degradation of SN88
was indeed related to oxidation-induced phenomenon. Nitrogen
gas was continuously purged through the furnace chamber at a
flow rate of 8 cm3/s during the testing, and the measured
oxygen content via an oxygen monitor (Centorr/Vacuum Indus-
tries, Nashua, NH) at the gas output line was �50 ppm. Results
showed that the lifetime of SN88 obtained in nitrogen was at
least two orders of magnitude longer than those obtained in air
under the same applied stress level (Fig. 4).

Macroscopically, the fracture surface of SN88 samples tested
at 0.003 MPa/s over the temperature range used or under stress
rupture tests at 850°C revealed a light-colored layer on all
surfaces of the bend bars (as shown in Fig. 5), indicating the
presence of an environmentally affected zone (EAZ). The
presence of the light-colored EAZ was similar to that observed
in the crack region of the SN88 nozzle that failed after the 68 h
engine test.14 Note that the depth of the EAZ developed in
SN88 samples after stress rupture tests increased with an
increase in lifetime. SEM examinations of the fracture surfaces
of SN88 tested at 0.003 MPa/s at 850°C indicated a change in
the secondary phase microstructure, i.e., presence of pores,

Fig. 3. Flexure strength of SN88 silicon nitride as a function of test
temperature under 0.003 MPa/s stressing rate. Fig. 4. Applied stress versus lifetime curve of SN88 silicon nitride tested

at 850°C in air. Limited data were obtained in nitrogen environment.

Fig. 5. Optical fractography of SN88 silicon nitride tested at 850°C at (a) 30 MPa/s and (b) 0.003 MPa/s. Note that the EAZ developed is �125 �m.
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inside the EAZ. The change in secondary phase was not
observed in material outside the EAZ or in the samples tested at
the 30 MPa/s, as shown in Fig. 6. Similar features of an EAZ
were also observed in all samples tested at 700° and 1000°C at
0.003 MPa/s and after stress-rupture tests at 850°C. Therefore,
these SEM observations suggested that the EAZ developed in
SN88 silicon nitride was a thermally activated, time-dependent
process.

The EAZ became more prominent in polished cross sections of
0.003 MPa/s test samples. SEM observations revealed an �30 �m
damage zone, consisting of multiple cracks and pores in the
secondary phase (Fig. 7(a)). The formation of an EAZ was
observed in all four-sided surfaces, suggesting that the develop-
ment of the EAZ was not a stress-promoted phenomenon, but
solely oxidation-related. Figure 7(b) shows the development of a
damaged microstructure in the compressive surface region. Results
of XRD analysis for 0.003 MPa/s test samples indicated a change
in the secondary phase from J-phase (Yb4Si2O7N2) to Yb2Si2O7

plus Yb2SiO5, as shown in Fig. 8. Similar phase transformation of
secondary phase was also observed in SN88 nozzles, which failed
during the engine test.14

The phase transformation from J-phase to Yb2Si2O7

plusYb2SiO5 could introduce a high residual tensile stress in the
EAZ due to an �71% decrease in material volume.15,16 The
material volume change can be estimated assuming the oxidation
reaction is:

Yb4Si2O7N2(s) � SiO2(s) � 3/2O2(g)3 Yb2Si2O7(s)

� Yb2SiO5(s) � N2(g) (1)

Note that the molar volume of Yb4Si2O7N2 is 475.55 cm3/mol,
whereas the molar volume of Yb2Si2O7 and Yb2SiO5 is 85.20
cm3/mol and 62.40 cm3/mol, respectively. Also, the molar volume
of SiO2 is 25.90 cm3/mol. The development of a high tensile stress
would then lead to the fracture of elongated Si3N4 grains and
generation of intergranular cracks in the surface region of the bend
bars. The formation of these through-surface flaws would result in
a substantial decrease in mechanical strength and reliability.
Similar mechanical instability at intermediate temperatures due to
phase changes was previously reported for Si3N4 materials sin-
tered with Y2O3 additive.17–20

For the case of oxidation-induced strength reduction, one can
assume that the flaw size scales with the size of the oxidation

affected zone that forms. This zone may be in the form of an
oxide scale (typically silica) or a subsurface region into which
the oxidant penetrates. In the present study, an oxidation
induced damage zone extended from the surface into the bulk,
as shown in Fig. 7. Figure 9 illustrates the size of this damage
zone as measured by SEM as a function of time to failure. The
rate of growth, which was linear with time, was estimated from
a regression analysis as 0.58 �m/h. For a constant stress test,
the strength degrades with time in accordance with the expres-
sion

Sf �
KIC

Y�ao � 0.58t�
1

2 (2)

where Y is geometry factor, ao is the initial crack size, and t is the
time in hours.21 Failure occurs when the strength becomes equal to
the applied stress. Taking Y as 	
, ao as 20 �m, and KIC as 5.5
MPa m1/2 as typical values for the SN88 silicon nitride, one can
generate a stress rupture curve (Fig. 10). The experimental data in
this figure agree quite well with the predictions. For the case of
dynamic fatigue, failure will occur when the applied stress, which
increases linearly with time, exceeds the strength as defined by Eq.
(2). Figure 11 compares the predicted strength and experimental
data as a function of stressing rates. Once again, the agreement is
reasonably good.

Results of dynamic fatigue and stress rupture tests at 850°C in
air suggested that an EAZ developed in the airfoil/platform
transition region of SN88 silicon nozzles, where the temperature
was low and no protective silica layer would form during the
exposure. The generation of extensive multiple cracks in the EAZ
would significantly reduce the mechanical reliability and, thus,
greatly increase the susceptibility of nozzles to SCG processes
during engine testing. Consequently, a critical crack could readily
initiate at the airfoil/platform transition region and lead to the
failure of the nozzles. On the other hand, the reason that the EAZ
was not observed in the higher temperature regions, i.e., middle
airfoil region, appeared to be due to rapid formation of a silica
scale, which prevented the ingress of the oxidant into the bulk.
Based on other studies of airfoils, the material subjected to the
higher temperatures would be expected to exhibit significant
recession due to the competing effects of silica scale volatilization
and oxidation.

Fig. 6. SEM fracture surface of SN88 silicon nitride tested at 850°C at (a) 30 MPa/s and (b) 0.003 MPa/s. Arrows denote pores in secondary phase.
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Fig. 7. SEM micrographs of polished cross section of SN88 silicon nitride tested at 850°C at 0.003 MPa/s taken from (a) tensile surface region and (b)
compressive surface region. Arrows denote pores in secondary phase and fracture of silicon nitride grains and grain boundaries.

Fig. 8. X-ray spectra of SN88 silicon nitride in as-received (a), after
tested at 850°C, 30 MPa/s (b), and after tested at 850C, 0.003 MPa/s (c).
1 denotes �-Si3N4, 2 denotes J-phase (Yb4Si2O7N2), 3 denotes Yb2SiO5,
and 4 denotes Yb2Si2O7, respectively.

Fig. 9. Flaw size (damage zone) developed as a function of specimen
lifetime.
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IV. Summary

Studies of dynamic fatigue and stress rupture at intermediate
temperatures in air were conducted on SN88 silicon nitride to
elucidate the failure mechanism of SN88 silicon nitride nozzles
during field test in an industrial gas turbine. Mechanical results
showed that the SN88 silicon nitride exhibited a significant
strength reduction accompanied by a low fatigue exponent
when tested at 850°C in air, indicative of a great susceptibility
to SCG. The subsequent stress rupture tests showed that SN88
exhibited a strong dependence of lifetime on applied stress level
and further confirmed the mechanical instability at 850°C in air.
Both SEM and XRD analyses indicated mechanical instability
of SN88 silicon nitride at intermediate temperatures in air
resulted from the phase transformation of secondary phase(s)
from oxidation. The phase transformation, accompanied by a
large material volume change, would lead to the generation of
a large residual tensile stress. Subsequently, an extensive

microstructural damage zone would form in the surface region,
resulting in substantial degradation of mechanical strength and
reliability. The substantial decrease in mechanical strength and
reliability of SN88 silicon nitride at intermediate temperatures
in an oxidizing environment would ultimately lead to the failure
of turbine nozzles.
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Fig. 10. Predicted strength versus time curve for SN88 silicon nitride.
Note that the lifetime-stress data agree well with the prediction.

Fig. 11. Predicted flexure strength of SN88 silicon nitride as a function
of stressing rates. Note that the measured strength agrees well with the
prediction.
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