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ABSTRACT
Studies of dynamic fatigue were carried out on CVD-

mullite coated and uncoated of SN88 silicon nitride at 850°C
and at 30 MPa/s and 0.003 MPa/s in air.  The objective of the
studies was to evaluate the effect of thin CVD-mullite coatings
on the mechanical reliability and lifetime performance of SN88
subjected to mechanical loading conditions.  Mechanical results
showed that the CVD-mullite coated SN88 samples exhibited
similar strength degradation and lifetime performance to those
uncoated samples under similar test conditions.  SEM
examinations of both coated and uncoated samples after
mechanical testing also showed similar development of damage
zone (i.e., pores and cracking were generated in SN88 surface
region) due to oxidation reaction.  Results of mechanical
testing and SEM examinations indicated that the CVD-mullite
coating could not environmentally protect SN88 to ensure a
long-term mechanical performance and lifetime in gas turbine
environments.

INTRODUCTION
Silicon nitride ceramics with in-situ reinforcing elongated

grain microstructure are leading candidates for use as high-
temperature structural components in advanced gas turbines due
to their superior thermomechanical properties [1-5].  Recent
ceramic gas turbine programs, funded by US Department of
Energy (DOE), at both Solar Turbines and Rolls Royce Allison
[6,7] have carried out many field tests to increase the experience
base concerning the behavior of ceramic components in
industrial gas turbine environments.  For instance, Solar
Turbines was awarded the Ceramic Stationary Gas Turbine

(CSGT) Development contract from the DOE in 1992 [6,8].
  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 Solar Centaur 50S gas turbine (4.14
MW) 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, manufactured by NGK
Insulators, Ltd, Nagoya, Japan.  The first engine test was
successfully carried out including one-hour full load and 10-h
total run time.  Subsequently, the second engine test was
initiated for a 100-h endurance test.  However, the second test
did not reach completion, since borescope inspections, which
were conducted after routine shutdown cycles, revealed severe
cracking after 68 h of engine testing including 15 start/stop
cycles.  The planned 100-h engine test with SN88 silicon
nitride nozzles was, therefore, terminated.

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.  Finite-
element-analysis of temperature distribution at steady state (~
1120°C) during engine operation indicated that the temperature
in the airfoil/platform transition region ranged from 800 to
900°C [9].  Therefore, the failure of SN88 silicon nitride
nozzles, which resulted from crack generation in the
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airfoil/platform transition region, would lead one to surmise
that the SN88 silicon nitride might exhibit a mechanical
instability at intermediate temperatures in an oxidizing
environment.  Recently studies carried out by Haynes et al.
have shown that thin CVD mullite coatings (~ 2 µm) can
effectively suppress the rapid oxidation of SiC/SiC CFCC
with CVD SiC seal coats in high-temperature, high-pressure
steam environments [10].  Thus, it is hypothesized that the
dense CVD-mullite coatings could also provide effective
protection from oxidation and subsequent phase change of
SN88 silicon nitride components during engine operation.  The
long-term mechanical reliability and lifetime performance of
SN88 silicon nitride can then be retained.

This paper describes the results of the dynamic fatigue
study on the CVD-mullite coated and uncoated SN88 silicon
nitride ceramic carried out at 850°C in air.  Both optical and
scanning electron microscopy were used to elucidate the
changes in the microstructures arising from the oxidation
process.  The stability of the secondary phases was evaluated
using x-ray diffraction.

EXPERIMENTAL PROCEDURE
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 secondary crystalline phase present after
densification is Yb4Si2O7N2, designated as the J-phase, as
identified by X-ray diffraction. Bend bar specimens with
dimensions 3 mm x 4 mm x 50 mm were machined from
purchased billets.  The bend bars were longitudinally machined
per ASTM C1161 [11].  Some of the SN88 bend bars from the
same billet were coated with CVD mullite in the laboratory-
scale horizontal CVD reactor at ORNL.  Two bend bar
specimens were coated per CVD run.  Deposition conditions
were as follows: deposition temperature - 1000°C, gas flow
rates (sccm) – Ar-150, H2-300, CO2-50, SiCl4-8.5.  Standard
deposition time was 2h, and the final coating thickness was 2-
2.5µm.  The experimental details of coating procedures can be
found elsewhere [10].  

Dynamic fatigue testing was conducted in four-point-
bending using 20/40mm, a-SiC, semi-articulating 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 per ASTM C1465
[12].  The first two test conditions were chosen to compare the
inert characteristic strength dependence on temperature, while
the last two conditions were chosen to measure dynamic fatigue
susceptibility at 850°C.  Note that 15 and 6 test specimens for
uncoated and coated samples were employed for each test
condition, respectively.  The test frame’s pneumatic actuators
were programmed to produce the desired loading (and
corresponding stressing) rates via a personal computer through
sintered a-SiC push rods.  Load was continuously measured as

a function of time, and flexure strength was calculated using
the total thickness of coated bend bars via the ASTM C1161.
Upon 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 rapidly 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.  X-ray diffraction analysis was also carried out 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 condition.

RESULTS AND DISCUSSION
Figure 2 summarizes the dynamic fatigue response of

SN88 silicon nitride with and without CVD mullite coating at
850°C and at stressing rates of 30 MPa/s and 0.003 MPa/s.
Note that the strength result of SN88 tested at 20°C and 30
MPa/s, illustrated by the shaded horizontal bar line, was
included as a reference.  Results showed that the fracture
strength obtained for CVD-mullite coated SN88 was similar to
that obtained for the uncoated SN88 tested at 850°C and 30
MPa/s, which was also similar to that obtained at room
temperature.  The results suggested that the mechanical strength
of SN88 silicon nitride was not altered by the presence of a
thin CVD mullite coating.  Also, the characteristic strength of
SN88 was not influenced by the test temperature range
employed.  

On the other hand, the flexural strength of both coated and
uncoated SN88 silicon nitride was very sensitive to stressing
rates at 850°C.  For instance, both type samples tested at 30
MPa/s exhibited a comparable strength to those obtained at
room temperature (738-759 MPa vs. 825 MPa), while samples
tested at 0.003 MPa/s exhibited a substantial decrease in
strength (~ 42-44 %, from 825 MPa to 464-483 MPa).  In
addition, SN88 silicon nitride exhibited a low fatigue exponent
of 16-22, suggestive of a high susceptibility to slow crack
growth (SCG) at test temperature.  Therefore, the results
obtained at 850°C and 0.003 MPa/s suggested that the dense
CVD mullite coating could not effectively protect SN88 silicon
nitride under a dynamic fatigue loading condition.  Note that
the observed strength degradation for both coated and uncoated
SN88 silicon nitride at 850°C and 0.003 MPa/s was
contradictory to the data reported previously, which showed
SN88 exhibiting excellent SCG and creep resistance at
temperatures between 1038 and 1350°C [13].  

Since the coated and uncoated SN88 exhibited a significant
SCG susceptibility at 850°C under the dynamic fatigue loading
condition, studies of stress rupture were subsequently carried
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out to understand how the applied CVD-mullite coating as well
as the stress levels would influence the lifetime of SN88 at
850°C.  Figure 3 shows the lifetime versus applied stress data
at 850°C.  Results showed that the lifetimes of coated SN88
were similar to those obtained for the uncoated SN88 under the
stress range applied, which suggested that the lifetime
performance of SN88 was not enhanced by the application of
CVD mullite coating.  Also, both the coated and uncoated
SN88 exhibited a strong stress-dependent lifetime behavior at
stress levels as low as 200 MPa.  In addition, the SN88
exhibited a low stress exponent of ~10-15, similar to the low
fatigue exponent (16-22), again indicative of a strong
susceptibility to SCG at 850°C.

Analysis of optical fractography for uncoated SN88
samples tested at 0.003 MPa/s over the temperature range
employed or under stress rupture tests at 850°C revealed a
light-colored layer on all surfaces of the bend bars (as shown in
Fig. 4a), indicating the presence of an environmentally-affected
zone (EAZ).  The light-colored layer was only observed on the
tensile surface region of coated samples (as shown in Fig. 4b)
where dominant cracks initiated.  In addition, the depth of the
EAZ developed in both coated and uncoated SN88 samples
after stress rupture tests increased with an increase in lifetime.
Note that a similar light-colored EAZ was also observed in the
crack region of the SN88 nozzle that failed after the 68 h engine
test [14].  SEM examinations of the fracture surfaces of coated
and uncoated samples tested at 0.003 MPa/s at 850°C indicated
a change in the secondary phase microstructure, i.e., presence of
pores, inside the EAZ (Fig. 5).  The change in secondary phase
microstructure was not observed in material outside the EAZ.
Therefore, these SEM observations suggested that the EAZ
developed in SN88 silicon nitride was a thermally-activated,
time-dependent process.

The light-colored EAZ became more evident on polished
cross sections of 0.003 MPa/s test samples for both coated and
uncoated SN88.  SEM observations showed a ~ 30 µm damage
zone consisting of multiple cracks and pores in the secondary
phase (Fig. 6).  The formation of an EAZ was observed in all
four surfaces of the uncoated SN88, suggesting that the
development of the EAZ was not a stress-promoted
phenomenon, but solely oxidation-related.  Results of X-ray
diffraction analysis for 0.003 MPa/s test samples indicated a
change in the secondary phase from J-phase (Yb4Si2O7N2) to
Yb2Si2O7 plus Yb2SiO5.  Similar phase transformation of
secondary phase was also observed in SN88 nozzles, which
failed during engine test [14].  The phase transformation from
J-phase to Yb2Si2O7 plusYb2SiO5 will introduce a high residual
tensile stress in the EAZ due to a ~71% decrease in material
volume [15,16]. The development of a high tensile stress
would then lead to 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 sintered with Y2O3 additive [17-19].

As for the coated SN88 samples, a dominant crack in the
CVD-mullite coating induced at the earlier stage of mechanical
testing would allow the oxygen to readily diffuse into the
substrate and oxidize the surface.  This would result in an
undesirable phase change and the resultant mechanical
degradation.  Therefore, a more compliant coating system needs
to be engineered to ensure that proper protection and thus long-
term mechanical reliability of SN88 silicon nitride components
under various mechanical loading conditions in gas turbine
environments.

SUMMARY
The dynamic fatigue susceptibility of SN88 silicon nitride

bend bars with and without a thin, dense CVD mullite was
evaluated at 850°C at loading rates of 30 MPa/s and 0.003
MPa/s in air.  Dynamic fatigue results showed that the CVD-
mullite coated SN88 samples exhibited strength degradation
similar to that of uncoated samples under identical test
conditions.  Also, the coated SN88 exhibited similar stress-
dependent lifetime behavior to that of the uncoated samples
under the stress range employed.  SEM examinations revealed
similar defects, i.e., pores and cracks were generated, due to
oxidation reaction in both the coated and uncoated samples.
Results, therefore, indicated that the CVD mullite coating
could not effectively protect SN88 in an oxidizing environment
under mechanical loading conditions.  Both mechanical testing
and SEM examinations suggested that cracking in CVD
mullite could initiate in the earlier test stages, and, thus allow
oxygen to readily diffuse to the silicon nitride and oxidize its
surface.  This would  result in the undesirable phase change and
the resultant degradation in mechanical reliability.
Consequently, a more compliant EBC system needs to be
engineered to ensure that proper protection of SN88 silicon
nitride components occurs under various mechanical loading
conditions in gas turbine environments.
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Figure 1.  Photos of (a) SN88 silicon nitride nozzle sections
after 68 h engine test and (b) nozzle show crack initiated at the
air foil/platform transition region.
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Figure 2:  Flexure strength versus stressing rate curves of CVD-mullite coated and uncoated SN88 silicon nitride
tested at 850°C in air.

Figure 3.  Applied stress versus time-to-failure curves of CVD-mullite coated and uncoated SN88 silicon nitride
tested at 850°C in air.
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 Figure 4. Optical fractography of (a) uncoated and (b) CVD-mullite coated SN88 tested at 850°C and 0.003 MPa/s
in air.
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Figure 5. SEM of fracture surface for (a) uncoated and (b) CVD-mullite coated SN88 silicon nitride tested at 850°C
and at 0.003 MPa/s.  Arrows denote pores in secondary phase.
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Figure 6. SEM micrographs of polished cross section of (a) uncoated and (b) CVD-mullite coated
SN88 silicon nitride tested at 850°C at 0.003 MPa/s.  Arrows denote pores in secondary phase and
fracture of silicon nitride grains and grain boundaries.  Also, T.S. and EBC denote the tensile
surface and CVD-mullite region, respectively.
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