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ABSTRACT

This paper provides a review of a recent study
undertaken to examine the mechanical and thermal
stability of silicon nitride ceramic nozzles exposed in
an industrial gas turbine.  The average temperature and
pressure of gas entering the vanes were approximately
1066°C and 8.9 atm, respectively.  The total exposure
time was 815 h including a 22 h shakedown test.
Scanning electron microscopy was used to elucidate the
changes in the microstructures arising from the
oxidation process.  The stability of the intergranular
phases was evaluated using x-ray diffraction. The
surface strength was measured using a miniature biaxial
test specimen which was prepared by diamond core
drilling.  

INTRODUCTION

High performance silicon nitride and silicon carbide
ceramics are leading candidates for use as high-
temperature, structural components in advanced gas

turbines [1-5].  These materials offer the following
advantages over their metallic counterparts: (1) low
density, (2) refractoriness, (3) adequate short-term
strength, (4) good corrosion and oxidation resistance at
intermediate to high oxygen partial pressures, and (5)
their shape fabrication technology is fairly well
established.

Recent ceramic gas turbine programs at both Rolls
Royce Allison and Solar Turbines [6-8] have done
much to increase the experience base concerning the
behavior of ceramic components.  A key lesson learned
in both programs is that environmental effects may
severely limit the long-term reliability of silicon nitride
materials.  In particular, the high velocities and
presence of water vapor in the environment can lead to
the volatilization of the normally protective silica layer.
Researchers at NASA Glenn Research Center [9-11]
have shown that the presence of water vapor leads to the
formation of a gaseous Si(OH)4 species via a reaction
with the silica layer.  The rate of formation, k, of this
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species and thus the rate at which the SiC (or Si3N4) is
consumed by its continued oxidation is determined by
the expression,

k ∝ v1/2 P(H2O)2/(Ptotal)
 1/2 (1)

where v is the gas velocity, P(H2O) is the pressure of the
water vapor, and Ptotal is the total pressure. For lean burn
conditions, k for a number of SiC based materials is
found to be well described by the expression,

k (mg/cm2 h) =
2.04 exp(-108 kJ/mole/RT) v1/2 Ptotal

3/2 (2)

where T is the absolute temperature (K).  In addition to
the volatility issues, which may lead to loss of function
due to excessive changes in component dimensions, the
effect of the environment upon the mechanical stability
must be understood as well.  One approach addressing
this issue is to evaluate the component properties
directly using small test specimens.  For example, the
availability of the small dog-bone tensile specimen
[12,13] has provided for the measurement of the tensile
stress rupture properties of silicon nitride blades
(Figures 1 and 2).  As shown in Figure 21, there are
significant differences in the stress rupture
characteristics obtained for various parts of the ceramic
blade.  More importantly the data obtained from testing
specimens prepared from the billets greatly over-
estimate the lifetime.

This paper describes the results of a recent component
verification study involving a silicon nitride vane
exposed in an industrial gas turbine. The surface
strength was measured using a miniature biaxial
specimens which was prepared by diamond core
drilling.  Scanning electron microscopy was used to
elucidate the changes in the microstructures arising
from the oxidation process.  The stability of the
intergranular phases was evaluated using x-ray
diffraction.

EXPERIMENTAL PROCEDURE

The vanes examined in this effort were fabricated from
AS800 silicon nitride, which is classified as self-
reinforced material. It is densified using rare-earth
sintering aids.  The predominant intergranular phase

present after densification is variant of Y10Si7N4O23

commonly designated as the H-Phase.

The first stage ceramic vanes (Figure 3) were designed
for retrofit into a Model 501-K turbine (Rolls-Royce
Allison, Indianapolis, IN).  Following a 22 h shakedown
run in a test turbine, the first stage vane assembly was
mounted in a Model 501-K turbine at a commercial site
(Exxon - Mobile, AL).  

During the field tests at Exxon, the average temperature
and pressure of gas entering the vanes were
approximately 1066°C (1950 F) and 8.9 atm (128
psia), respectively. However, due to the combustor
temperature pattern, the mid-span gas temperature
could have been as high as 1260°C (2300 F) at the "hot
spot".  The inlet gas velocity at vane mid-span was
about 162 m/s (530 ft/sec) and the gas accelerated to
about 573 m/s (1880 ft/sec) at the vane exit.  The mole
fraction of water vapor for the gas entering the vanes
was calculated to be 0.101.

The engine sustained power and maintained
performance throughout operation.  It was subjected to
the rigors of commercial operation including
emergency shutdown (highest stress condition) and full
power water wash.  The engine was periodically
shutdown for pre-planned inspections and
removal/replacement of selected vanes for analyses
(Table 1).  Although no vane failures occurred during
the field test, dimensional measurements indicated that
recession of the silicon nitride was a problem.
Consequently, the engine test was terminated after 793
h (815 total time including shakedown test). The
various characterization techniques are discussed
further in the paragraphs that follow.

The first characterization method involved dimensional
inspection of the vanes removed during the periodic
field inspections.  Specifically, the thickness of the
trailing edge was measured at the tip, mid-span, and
vane hub using a micrometer.  Following completion
of the field test all remaining vanes were measured in
this manner.  As indicated in Table 1, a few vanes were
dimensionally inspected with a coordinate measuring
machine (CMM).  Here the primary emphasis was to
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measure changes in the shape of the mid-span slice of
the airfoil.

X-ray diffraction was used to identify the predominant
intergranular phases in the airfoil as a function of
engine time.  For each airfoil examined, diffraction
traces were obtained for the platform surface as well as
the convex and concave sides of the airfoil.

Scanning electron microscopy (SEM) was first used to
examine the surfaces of the airfoils and platforms after
removal of the vanes from the engine.  Selected vanes
were subsequently sectioned by making a longitudinal
cut parallel and adjacent to the trailing edge (Figure
3b).  This piece was subsequently polished and
 examined with SEM.

The biaxial flexure strength [14-16] was measured for
selected vanes using the ball-on-ring arrangement
shown in Figure 4.  Specimens were machined from
both the airfoil and platform surfaces by first diamond
core drilling small cylinders having nominal diameters
of 5.5 mm.  Each cylinder was then machined on one
face only until the thickness was 0.4 to 0.5 mm.  In this
way one face of each specimen always consisted of the
exposed surface of either the airfoil or platform.
During testing, this surface was loaded in tension.

The test fixture consisted of a 0.99 mm diameter
hardened steel ball, which was mounted to a miniature
load cell.  The lower support ring, which was 5.0 mm in
diameter, was fabricated from a high-strength polymer.
It was mounted to a vertical stepper motor (Z stage)
which was affixed to X-Y stages for positioning in the
horizontal plane.  All three stages were controlled by a
computer.  After placing a specimen on the lower
support ring, the X-Y stages were used to position the
assembly directly under the upper load ball.  The Z-
stage was then raised at a rate of 0.5 mm/s until the
specimen made light contact with the ball.  The
specimen was subsequently loaded to failure at a
displacement rate of 0.05 mm/s.  The computer
monitored and recorded the displacement, load, and
time.

The strength, Sb, was calculated from the equation

Sb = 3P(1+ν)/(4νt2)• [1 + 2ln(a/b) +
 ((1-ν)/(1+ν))(1 - b2/2a2)(a2/R2)] (3)

where P is the ultimate sustained load, a is the radius of
the support "ring", b is the effective radius of contact of
the loading ball on the specimen, R is the specimen
radius, t is the specimen thickness, and ν is Poisson's
ratio.  As a first approximation, b was taken as t/3.  

RESULTS

Figure 5 summarizes the micrometer-based thickness
measurements obtained for the mid-span region of the
trailing edge.  Each point represents a separate vane.
The loss of material, which was excessive for a number
of vanes, is due to the inability of the silicon nitride to
form a protective silica scale. In the gas turbine
environment, the silica reacts with water vapor to form
gaseous Si(OH)4, which is swept away by the high
velocity gas.  The competing processes of scale
formation and scale volatilization ultimately lead to a
steady-state value of the scale thickness as well as a
linear recession of the ceramic substrate [9, 10].  Using
the approach outlined in Reference [17], the steady-
state thickness was predicted to be less 1 µm for
temperatures above 900°C.  SEM confirmed that
during the engine tests little or no silica formed.

The extensive scatter in the data in Figure 5 is most
likely a consequence of the vane-to-vane temperature
variations arising from the combustor pattern.  To
assess the influence of these variations, Equation 2 was
used to calculate the recession as a function of time and
temperature for a constant pressure (8.9 atm) and
velocity (573 m/s).  The predicted range of recession
rates is comparable to that observed experimentally.

Dimensional measurements made with the CMM
showed that the greatest losses were at the vane leading
edge (the blunt nose where gas velocities are the lowest
on the airfoils) and are somewhat lower on the
downstream surfaces (Figure 6).  This result is contrary
to oxidation/volatilization model described above.  It is
possible that the in the nose region, the direct (normal)
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impingement of gas further aggravates the removal of
silica due to erosion or viscous flow of the silica layer.
A similar mechanism appears to be operative when a
gas torch is place normal to silicon nitride.  In this case
the silica is removed by viscous flow of the silica layer
away from the point of impingement.  The exposed
surface of the silicon nitride continues to oxidize at a
relatively high rate.  The combined effects of oxidation
and scale removal ultimately lead to high rate of silicon
nitride recession.

A visual inspection of the airfoil surfaces showed that a
light-colored scale appeared after about 222h (Figure
3b).   Initially this phase was assumed to be silica.
However, x-ray diffraction analysis indicated that silica
in the form of cristobalite was present on the as-
fabricate vanes but totally disappeared after 222h
(Figure 7).  The intergranular phase, which was
identified as a modified H-Phase, did not change with
test time.  

SEM of the airfoil surfaces (Figure 8) showed that the
light-colored scale noted above was actually the
intergranular phase, which was composed primarily of
La, Si, O, and trace amounts of Y.  The appearance of
this phase on the surface was most likely due to
selective recession of the silicon nitride.  A previous
study of silicon nitrides in a high-pressure, high-
temperature steam environment [17] showed that the
intergranular phases in most silicon nitrides were not
affected by water vapor.  Therefore as the silicon
nitride was removed by the combined effects of
oxidation and scale volatilization, the intergranular
phase accumulated on the surface.  Because this phase
was loosely bound, it was also found on the
downstream airfoils.

Other less common surface features detected with SEM
included a few voids (Figure 8a) and random deposits
rich in either Fe or Ni.  The voids may have been a
result of processing rather than surface reactions.

The SEM micrographs of the polished cross-sections
are shown in Figure 9.  In general there was very little
change in the microstructure of the region adjacent to

the surface.  As indicated in Figure 9b, there was a
slight increase in the amount of subsurface cracking of
the silicon nitride grains.  A previous study [17]
showed that oxidation of silicon nitride in the presence
of high-pressure water vapor leads to the formation of
an extensive damage zone consisting of transverse
cracking, partially oxidized silicon nitride grains, and
the intergranular phase.  Because that study did not
include high velocity gas flow, volatility effects were
expected to be insignificant.  In the case of the engine
tests, the continued recession of the silicon nitride
surface may have removed evidence of this damage
zone.

The strength data are summarized in Figure 10.  The
strengths of the specimens removed from the airfoil
ends were consistently higher than those removed from
the airfoil surface.  This difference could in part be
attributed to the better surface quality of the airfoil
ends.  There was very little change in average strength
with time, although there was a small increase in the
standard deviation in the strength of the specimens
taken from the airfoil surface.

SUMMARY

Silicon nitride vanes were successfully exposed in a
commercial gas turbine for 815 h, which included a
22 h shakedown test.  Both x-ray diffraction and SEM
analyses indicated that the microstructure and
intergranular phase composition were stable with time.
However, the vanes did experience extensive recession,
the rate of which appeared to be controlled by
temperature.  Although an existing
oxidation/volatilization model provided a fairly good
description the temperature dependency of the
recession versus time data, it did not adequately
account for the high material loss along the leading
edge.  Finally the strength measured from biaxial disks
machined from both the airfoil surface and ends did
not change significantly with time.  These observations
indicate that the lifetime of the vanes was controlled by
dimensional and not mechanical considerations.  
Furthermore environmental barrier coatings would be
required to reduce the recession rates to acceptable
levels.
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Table 1. Summary of AS800 Vanes Examined in this Program.

Condition Total Time in
Engine (h)

Vane No Comments

As Received 0 73 Microscopy, X-Ray
As Received 0 77  Biaxial Tests
Shakedown 22 34  Biaxial Tests
Shakedown 22 68 Microscopy , X-Ray
Field Test 222 9  Biaxial Tests
Field Test 222 58 Microscopy , X-Ray
Field Test 522 42  Biaxial Tests

12 mils loss at midspan
4-8 mils loss elsewhere

Ripples on airfoil surface
Field Test 522 71 X-Ray
Field Test 500 90  Biaxial Tests
Field Test 300 87 X-Ray
Field Test 815 1 CMM
Field Test 815 2 CMM
Field Test 815 3 Archive
Field Test 815 4 Archive
Field Test 815 5 Archive
Field Test 815 6 Archive
Field Test 815 78 CMM
Field Test 815 79 Biaxial Tests, SEM
Field Test 815 80 X-Ray

Figure 1 Example of a small dog-bone tensile specimen fabricated from a ceramic blade.
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Figure 2 Comparison of stress rupture data generated for various sections of a ceramic blade with that
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Figure 3 AS800 vanes: (a) as-fabricated (#73) and (b) after 500 h (#90).  The dotted line in (b)
shows how the vane was sectioned for SEM.  Note the presence of the light colored deposits on the

tested vane.
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Figure 4 Biaxial test fixture and specimen.

0

100

200

300

400

500

600

700

0 200 400 600 800 1000

Time (h)

1288°C (2350°F)
1204°C (2200°F)
1093°C (2000°F)
982°C (1850°F)
Measured

Figure 5 Measurement of recession of the silicon nitride vanes at the mid-span of the trailing edge
(open circles).  The lines in this figure represent predictions based upon a model developed in [11].

Z Stage



10

Original Surface
After 815 h

Figure 6 CCM measurements for cross-section at mid-span before and after engine testing.
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Figure 7 X-ray diffraction data for airfoil surface (convex side).
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25 µm
5 µm

Figure 8 SEM of airfoil surface after 500 h (#90).  La, Si, O, and trace amounts of Y were
associated with the light colored phase.

(a) (b)
Figure 9 SEM of airfoil cross-section: (a) as-received (#73) and after 500 h (#58).
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Figure 10 Biaxial flexure strength data versus engine exposure time.


