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Abstract: This paper provides areview of two recent studies undertaken to examine the
oxidation behavior of monolithic SiC and SIC-SiC composites in simulated and actual gas
turbine environments. In the first study, a high-pressure and high-temperature test facility
was used to expose a variety of structural ceramics and ceramic matrix compositesto 15%
water vapor carried in an air environment at 10 atm of total pressure and 1204°C. The
second study involved the exposure of a SiC-SiC combustor liner in an industria gas
turbine for approximately 2300 h at atotal pressure of 10 atm and peak liner temperature
of 1150°C.

In the two studies microstructural analyses were used to measure the rates of both
silicascale formation and SiC recession. These experimentally determined rates were then
compared with values predicted from established oxidation/volatilization models. The
estimates of the temperature and pressure sensitivities of the oxidation and volatilization
rate constants, required for this comparison, were obtained from the literature. For the case
of the combustor liner, the recession rate of SIC was wel described by the model.
However, the predicted rates of scale formation in both studies were significantly lower that
the corresponding experimental values. Possible reasons for this discrepancy are
addressed.
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I ntroduction

Monoalithic silicon nitride and silicon carbide ceramics as well as continuous fiber
reinforced 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 partia pressures, and (5) their shape fabrication technology is mature.

The gas turbine components, where ceramics could be inserted, include combustors,
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transition sections, hot gas ducts, vanes, and turbine blades. All but turbine blades are
classified as stationary components. The materials for the stationary component require
moderate hot strength, good thermal shock resistance, and shape stability. The rotating
turbine blades cal for higher strength materials and tolerance to impact. These
components must also operate reliably for extended periods (>30 000 h for industrial gas
turbines).

Because the af orementioned materials are typically fabricated from SiC or Si;N,,
their long-term reliability depends upon the formation of a passive oxide layer. This
situation arises when the diffusion of the oxidant controls the oxidation and the rate of
scale growth decreases with time in accordance with parabolic rate kinetics. Unfortunately,
the gas turbine environment includes water vapor at pressures well in excess of 1
atmosphere. For a given temperature, oxidation of both silicon nitride and silicon carbide
isincreased by (1) the replacement of oxygen by water vapor and (2) an increase in the
pressure of the oxidant [6-8]. In addition, the high velocities and presence of water in the
environment can lead to the voldtilization of the normally protective slica layer. The
modeling of this behavior is discussed in the next section.

Paralinear M odél

The competing processes of scale formation and scale volatilization ultimately lead
to the linear recession of the ceramic substrate (paralinear kinetics).? For the case of SiC,
the total change in weight is the sum of two components, Dw,, the increase in weight
arising from the oxidation of SIC, and Dw,, the lossin weight arising from volatilization of
the silicascale. Theresulting paralinear kinetics are described by the two equations

t=(a’k /(2k?)) [- 2k Dw,/(a k,) —In (1 - 2kDw,/(a k)] (1a)

and
Dw, =-b Kk, t (1b)

where t isthe time, k, is the parabolic oxidation rate constant, and k; is the linear rate
constant for silica scale volatilization. The values of the constants, a and b, depend upon
the molecular weights (MW) of the oxidation species. In the case of SiC, these constants
are calculated from the following expressions

a =MW(SiO,)/[MW(O,) - MW(C)] (29)
and
b = MW(SIC)/MW(SiO,) (2b)

To apply these expressions to the experimental data described in this paper, the
temperature and pressure sensitivities of k; and k, must first be known. As discussed in
Ref 8, volatilization of dlica in the presence of water vapor occurs primarily by the
formation of a gaseous Si(OH), species. For lean burn conditions examined in Ref 8, k;
for anumber of SIC based materials was found to be well described by the expression,

2 The discussion that follows including the derivations of Egs 1 through 9 is based upon
the work in Ref 6.



b k, (mg/cm? h) = 2.04 exp(-108 k¥mole/RT) v¥2 P, *2, ®)

wherev isthe gas velocity in m/sec, T is the absolute temperature (K), and P, is the total
pressure in atmospheres. The b term must be included in Eq 3 in order to convert the
slicarecession rate, represented by k;, to the SIC recession rate.

The pressure and temperature sensitivities of k, were recently measured in Ref 7.
The data are reproduced in Figure 1. For temperatures above 1100°C, the pressure
dependency isto afirst approximation independent of T. Therefore, k_ can be represented
by the expression

k, = A exp(-Q/RT) P,o" 4)

where Q is the activation energy and N isaconstant. A multi-linear regression analysis
was used to smultaneoudly estimate A, Q, and N. The kP dataat 1100°C were not used in
thisfitting procedure due to a possible change in oxidation mechanism at this temperature
[7]. Thelinesin Figure 1, which illustrate the best fit to the data, are described the equation

k, (mg?/cmt* h) = 0.22 exp(-56.7 kJmole /RT) P, (5
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Figure 1 Pressure and temperature sensitivities of K generated from data found in [ 7].
The unitsfor K are (mg?/ent h). The lines represent the multi-linear regression fit of the
data to the model described in the text.

Equations 1 through 5 describe paralinear kinetics in terms of the specific weight changes.



Thethickness of the silicascale, X, can be related to Dw;, viathe expression
Xsoz = Dy alr g0, (6)

where r 4, is the density of the scale. Likewise, the thickness of the scale that has
volatilized, Xgqy), iSgiven by

XSiOZ(v) = -Dw,/b/r g0,. (Dw, < 0) (7

Finaly, the thickness of the SiC recession zone is related to the total thickness of the silica
scale through the expression

Xgc = Kgop + XSiOZ(v)) brgooll sc (8a)

orusing Eqs6 and 7
Xgc = (Dwy a b - Dwy) /r g¢ (8b)

wherer 4. isthedensity of the SIC. Using these equations, the relationship between silica
scalethicknessand timeis

t= (K/(2) [- 2k X500/ (k) = In (1 - 26X 50/ (k)] (9)

wherek and k are the parabolic and volatilization rate constants, respectively, expressed in
terms of thickness rather than specific weight.

In accordance with the paralinear model, Dw, and X increase to constant values at
which time the generation of the silica scale by oxidation is balanced exactly by the loss of
the scale due to volatilization. The steady-state thickness of the scale, X, (SS), is given by
(k/(2k)). Thetotal weight of the system, Dw, + Dw,, continues to decrease due the linear
dependence of Dw, upon time. The recession of the SIC a so continuesin accordance with
Eq 8.

A magjor objective of this research was to compare the SiC recession and oxidation
rates predicted from the paralinear model described above with available experimental data.
In this case the experimental data were obtained from two recent studies[9, 10] undertaken
to examine oxidation behavior of SIC based materialsin simulated and actual gas turbine
environments. In the first study [9], a high-pressure and temperature test facility (HPTTF)
was used to expose avariety of structural ceramics and ceramic matrix composites to
steam. The second study involved the exposure of SIC-SIC combustor liners (Figure 2) in
field tests of a Centaur 50S natural gas turbine.®

Experimental Procedure

The materialsinvestigated in this paper are summarized in Table 1. The composite
materials were exposed as coupons in the HPTTF and as combustor linersin the field test
of an industrial gasturbine. In most cases, a dense chemical vapor deposited (CVD) SIC
seal coat was applied to surfaces of the SIC-SIC specimens. The monoalithic sintered-apha
silicon carbide was exposed only in the HPTTF.

¢ Solar Turbines, Dan Diego, CA.



Figure 2 SC-SC combustor liner utilized in afield test of Solar Turbine's
Centaur 50S Natural Gas Turbine. The diameters of the inner and outer liners are 330
mm (13 in) and 762 mm (30 in), respectively.

Table 1-Summary of materials examined in this program.

Material | Supplier | Comments
SA SIC Carborundum Company Exposed inthe HPTTF
NiagaraFalls, NY 14302-0832
Enhanced SC/SIC-  AlliedSignal Composites, Inc. Exposed inthe HPTTF
PyC-CG-Nicaon P.O. Box 9559 Liner field-tested for 1000 h
Newark, DE 19714-9559
Enhanced SC/SIC-  AlliedSignal Composites, Inc. Exposed inthe HPTTF
PyC-Hi-Nicalon P.O. Box 9559 Liner field-tested for 2250 h
Newark, DE 19714-9559
Enhanced SC/SIC-  AlliedSignal Composites, Inc. Exposed inthe HPTTF
BN-Hi-Nicalon P.O. Box 9559 Liner field-tested for 2250 h

Newark, DE 19714-9559

An overview of the high-temperature, high-pressure test facility is shown in Figure
3. The primary components of the test system were the furnace, ceramic containment
tubes, and gas supply system. The top-loading furnace was capable of 1550°C operation
and had external dimensions of about 1.2 m on each side with a hot zone that was
approximately 25 cm wide by 41 cm deep by 66 cm high. The top cover of the furnace
had six holes. Asshown in Figure 3a, each hole accommodated a 8.9 cm OD containment
tube (SA SIC). These tubes, which were 1.2 m long, contained the test atmosphere.
Approximately 28 cm of the tube extended above the top of the furnace. The tubes were



closed at the end that extends into the furnace and the open end had an expanded section to
provide a sealing surface and a means to hold the tube. This expanded section
accommodated a stainless steel flange that contained fittings so that a pressurized gas
mixture could be fed to and removed from the tubes at pressures up to 20.4 atm (300 psia).
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Figure 3 Key elements of the High-Pressure and Temperature Test Facility (HPTTF)
including (a) schematic drawing of pressure containment tube and (b) Aluminum Oxide
Specimen Holder.

An aduminum oxide hollow-tube specimen holder (Figure 3b) was suspended
within each ceramic containment tube. This tube was approximately 0.9 m in length and
4.5 cm in diameter with a 0.635 cm wall thickness. In order to accommodate the
specimens to be exposed, regularly spaced slots were machined into the holder. These
slots could accept standard flexure bars 3 by 4 by 50 mmin size. Asshown in Figure 3b,
larger sized specimens were hung from aluminum oxide pins placed through the machined
slots.

The gas supply system permitted a measured amount of bottled gas to be combined
with a controlled amount of steam to simulate the atmosphere. For these studies, the flow
of air, which was used as the carrier gas, was regulated with a mass flow controller. A
pneumatically driven metering pump controlled the supply of high-purity distilled water to
the evaporator. The amounts of air and distilled water supplied to the system were
manually adjusted to the desired proportions (typically to maintain 15% steam). The gas
mixture was fed to each of two SA SIC ceramic containment tubes used in this study.

The effluent gas from the ceramic tubes was conducted to a pneumatically driven
back-pressure control vave which was controlled through a feedback loop that
incorporated a pressure transducer. Water in the effluent was condensed in an air-cooled
coil, collected and the volume measured. The volume of the remaining effluent gas was
determined using a calibrated flow meter.



Table 2 lists the environmental test conditions for the HPTTF. Because the gas
velocity was low, volatility effects were expected to be negligible in accordance with Eq 3.
Specimensin the form of either flexure bars or tensile coupons were exposed for repeated
periods of 500 h. In afew instances selected specimens were exposed for asingle 100 h
test. After a500 h exposure, each specimen was weighed and measured. Following
removal of small sections for microstructural analysis, the specimens were weighed again
and then loaded into the specimen hold for the subsequent exposure.

Table 2 Summary of exposure environments considered in this work.

Environment Pressure (atm) Test Veocity T(°C)
Total/Water Vapor Duration (h) (m/s)
HPTTF 10/1.5 100 0.0005 1204
H,Oin Air [9] 500
Combustor 10/1.5 2250 61 1150
Liner [10]

In the case of the combustor liner field tests, the nominal gas pressure and velocity
in the combustor were 10 atm (with 15% water vapor) and 61 m/sec, respectively (Table 2).
The peak liner temperature was 1150°C [10]. To date, linerswith an accumulated exposure
time of 2250 h have been characterized.

In both of the af oremention studies, the measurement of weight changes associated
with oxidation and volatilization of the silica scale proved either unreliable in the case of the
HPTTF exposure (due to spallation of the scale upon cooling) or impractical in the case of
the combustor liner. In order to overcome this problem, scale thickness and SiC recession
for the specimens exposed in the HPTTF were measured from polished cross sections
using an optical microscope equipped with calibrated x-y stages. The resolution of these
measurements was better that 1 um. Inthe case of the combustor liners, the rate of
recession of the CVD SiC seal coat, which was always present on the as-fabricated liners,
was determined by noting the approximate time required for the first breach of the seal
coat. The complete penetration of the seal coat was identified during periodic boroscope
ingpections by the appearance of awhite scale. In the present study, the times to breach the
seal coats were determined for three liners each having different initiad seal coat
thicknesses. Consequently a plot of initial thickness versus penetration time was used to
estimate the rate of seal coat recession.

Results
HPTTF Data

Scanning electron micrographs of polished cross sections of SA SiC and CVI SIC-
SiC materials are shown in Figures 4 and 5, respectively. The scales on both materials
consisted of athick defective (cracked and porous) silicalayer, which was identified by x-
ray diffraction as cristobalite. In the case of the SiC-SiC composite, a thin amorphous
silicalayer was present at the surface of the CVD SiC seal coat (Figure 6). The thickness
of the amorphous layer stayed constant at 4-6 um throughout the exposure. Two
mechanisms may have been responsible for the extensive vertical cracking observed in the
silicalayer. Thefirst, which occurred at temperature, involved the transformation of the
amorphous scale (density = 2.21 g/cm®) to the crystalline silica (density = 2.37 g/cm?).
The second mechanism, which occurred upon cooling, was the conversion of b cristobalite
to a cristobalite. The volume decrease associated with both processes would lead to the



generation of in-plane tensile stresses.
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Figure 4 Scanning electron micrographs of a SA SC specimen exposed in the HPTTF.

as-processed seal coat - 300 um seal coat after 500 h - 250 um

Figure 5. Scanning electron micrographs of a SC-SC specimen exposed in the HPTTF
for (a) 0, (b) 500, and (c) 1000 h.
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Figure 6 Thin amorphous silica layer.

In addition to the cracks, extensive porosity was also observed. The most likely
source of this porosity was the evolution of gas during the oxidation of the SIC. Image
analysis of the scale microstructures (excluding the cracks) further revealed that the area
fraction of poresincreased with time. Given the extensive damage present in the outer
silica scale, its effectiveness as a barrier to oxygen (or water vapor) diffusion may have
been limited. As discussed below this observation is consistent with the fact that parabolic
oxidation rate constant required to fit the experimental oxidation data was much larger than
the value predicted from Eq 5.

The recession and oxidation data obtained for the dense SA SiC inthe HPTTF
exposure are shown in Figure 7 (symbols). Because the gas velocitiesin the HPTTF are
relatively low, volatilization of the silicascaleis negligible. Asaresult, the scale thickness
does not reach a steady-state value but continues to increase with time. Using the HPTTF
environmental datain Table 2, the values of k; and k, were estimated from Egs. 3 and 5,
respectively (see Table 3). These numbers were then used to calculate the silica thickness
and SiC recession as a function time in accordance with Egs 1, 6, 7, and 8. The predicted
trends (solid linesin Figure 7) significantly underestimate the experimental data.

It must be emphasized that the extrapolation of the oxidation datain Ref 7 to the
conditions in the HPTTF is based upon the assumption that silica scale morphology is
independent of environment. Because the scales formed in the HPTTF were heavily
damaged, their effectiveness as an oxidation barrier was reduced significantly over that in
Ref 7. This difference may be accounted for by increasing the value of the oxidation rate
constant. Although amuch better fit is obtained if k, isincreased by afactor of 10 (Figure
8), the predicted curves are parabolic while the actua data exhibit more of a linear
dependence upon time. There are number of possible mechanisms that could giveriseto
linear oxidation (and recession). The first concerns the effectiveness of the silicascale asa



diffusion barrier. In particular, image analysis of the SA SiIC micrographs showed that the
area fraction of pores increased with time. Assuming that the porosity reduces the
effectiveness of the silicaas adiffusion barrier, this behavior would counter the tendency
for parabolic scale formation. A similar role of porosity has been discussed in Ref [7].

Table 3 Summary of rate parameters for the two environments.

Environment k, (mg/cnt' h) k, (mg/cm? h)
Eq. 5 Eqg. 3
HPTTF
H,Oin Air 3.0X 103 3.28 X 10*
Gas Turbine
Combustor 25 X 10° 8.2 X 107
200 1.5 atm Steam /O2 at 10.0 atm/1204°
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Figure 7 Comparison of SC recession and oxidation data obtained in the HPTTF with
model predictions.

The second mechanism for the linear time dependencies of SIC oxidation and
recession in the HPTTF concerns the rate controlling process. Asdiscussed in Ref 11,
oxidation of SiC involves three sequential steps:. (1) diffusion of the oxidant to the silica-
ceramic interface, (2) oxidation reaction at the interface, and (3) diffusion of the gaseous
reaction products from the interface to the free surface. Parabolic oxidation kinetics will
only prevail if either Steps 1 or 3 arerate limiting. At ambient pressures the diffusion of
the oxidant through the scale is generally assumed to be the low step. Anincreasein the



oxidant pressure increases the transport rate through the scale and thus k;, in accordance
with Eq 4. If the oxidation reaction (Step 2) is somewhat insenditive to pressure as
suggested by limited datain Ref 7, an increase in oxidant pressure may cause Step 2 to
become rate limiting.

Combustor Liner Data

The SIC-SIC combustor liners utilized in the field tests of Solar Turbine’s Centaur
50S natural gas turbine had protective CVD SIC seal coats. The combined effects of high
water vapor pressure and high gas velocity led to relatively high SIC recession rates. Once
the seal coat was breached, a white scale formed quickly due to the extensive oxidation of
the underlying composite (Figure 9). The subsequent microstructural analysis of the liner
showed that the oxide scale that formed along the surface exposed directly to the
combustion environment reached a steady-state thickness of approximately 5 um (Figure
10). In order to estimate the rate of seal coat recession, the time at which the seal coat was
first breached was determined from periodic boroscope inspections of the turbine. It was
assumed that theintial breach of the seal coat occurred in the highest temperature region of
the liner (taken as 1150°C). Data for three liners having different initia seal coat
thicknesses are shown in Figure 11.
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Figure 8 Effect of increasing k, upon model predictions.

Using the environmental datain Table 2, the values of k; and k, were estimated
from Eqgs 3 and 5, respectively (see Table 3). The predicted SlC recess on curve (see



Figure 11) dightly over-predicts the experiment recession data. The most likely reason for
this discrepancy is that the combustor liner was not continualy operated at the peak
conditionsgivenin Table 1. Therefore, the estimated vaue of k;, which controls the
recession rate in the case of the combustion environment, represents the maximum value
rather than an effective average. The steady-state thickness of the silica scale, which was
also estimated from the model, was 0.66 pm (Figure 11), which is well below the value
measured experimentally. Asin the case of the HPTTF results, much better agreement was
obtained by increasing k, by a factor of 10. In this case, the predicted steady-state
thickness was 5.5 pm. Because SiC recession is controlled by the k, value, the predicted
recession curve was not affected by increasing k...
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Figure 9 Panoramic view of surface of inner liner exposed for 2250 h. The white patches
represent regions in which the seal coat was breached. Strips from 4 areas (designated
1-4) were sectioned for microstructural and mechanical property measurements.

The model may be tested further by predicting the thickness of the oxide scale
formed along the internal SiC coated surfaces of the composite. Because these surfaces
wereisolated from the high gas velocities, volatilization effects were negligible (k, <<0). As
shown in Figure 12, the thickness after 2250 h was approximately 75 um, which isin fair
agreement with the value of 100 pm predicted assuming that k, is afactor of 10 higher
than the value given in Table 3.
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Figure 10 Cross-section of inner liner showing oxide scale on the CVD seal coat.
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Figure 11 Comparison of CVD SC recession and oxidation data obtained in the
combustion environment with model predictions.



Figure 12 Cross-section of inner liner showing oxide scale on the internal SC surfaces.

Conclusions

The exposure of SiC based ceramicsin the HPTTF led to rapid oxidation. The
silica scales were extensively damaged as reflected by the presence of cracks and pores. In
terms of the porosity, the extent of this damage increased as the scale grew. In the case of
the combustion environment, the high gas velocities |ead to the volatilization of the silica
scale.

For the case of the HPTTF tests, volatility effects could be neglected. The rate of
oxidation was much higher than that predicted by extrapolating the data generated in
Figure 1. Thisdifference could in part be attributed to the ineffectiveness of the damaged
silicascale as adiffusion barrier. Much better agreement was obtained by increasing the
extrapolated va ue of the parabolic rate constant by afactor of 10.

The application of the paralinear oxidation model to experimental combustor liner
results provided a good estimate of the SiC recession rate. However, the predicted value of
the steady-state silica scale thickness, which depends upon the rate constants for both
parabolic oxidation and linear volatilization, was significantly lower than the experimental
value. Once again better agreement was obtained by increasing parabolic rate constant by a
factor of 10. These results suggest that the silica scale volatility isfairly well described by
Eq 3 while the oxidation data (Figure 1) tend to underestimate the parabolic rate constant
when extrapolated to higher pressures.
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