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EFFECTS OF HIGH WATER-VAPOR PRESSURE ON OXIDATION OF SiC AT 1200°C
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ABSTRACT

The oxidation of SiC at 1200°C in a slowly flowing gas mixture of either air or air+15 vol% H,O at
10 atm was studied for extended times to examine the effects of elevated water-vapor pressure on
oxidation rates and microstructural development. At a water-vapor pressure of 1.5 atm, distinct silica
scale structures were observed on the SiC; thick, porous, non-protective cristobalite scales formed above a
thin, nearly dense vitreous SiO, layer, which remained constant in thickness with time as the crystalline
silica continued to grow. The pore morphology of the cristobalite layer differed depending on the type of
SiC on which it was grown. The crystallization and growth rates of the cristobalite layer were
significantly accelerated in the presence of the high water-vapor pressure and resulted in rapid rates of
SiC surface recession that were on the order of what is observed when silica volatility is rate controlling
at high gas-flow velocities (30 m/s). The recession process can be described by a paralinear kinetic model

controlled by the conversion of dense vitreous silica to porous, non-protective SiO,.
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Introduction

The effects of water vapor on the high-temperature oxidation of Si-based ceramics in high-temperature air
or oxygen have been investigated for many years (see, for example, references 1-12). A principal effect is

the influence of H,O on the parabolic rate constant, k;, that often governs the growth of SiO, on SiC:
x* =kt (1)

where x is the thickness of the oxide product and ¢ is the oxidation time. As shown by Deal and Grove for
silicon' and as extensively characterized by Opila for SiC,* water vapor significantly increases k,, even at
relatively low concentrations in the environment, through its direct influence as an oxidant.
Fundamentally, this is because k, is dependent on the product of oxidant diffusivity (D) and solubility (C)
in the growing oxide and, while D for H,O in silica is somewhat less than that of oxygen, C is

substantially higher such that’
k, (H,O, Si0,)/k, (O,, Si0,) = ~50. )

Another effect of water vapor relates to the formation of volatile products, such as Si(OH),, by its direct
reaction with silica.”'® Under conditions where significant volatility of the silica can occur, the silica can
grow by the solid-state oxidation process governed by k,, but, after a certain time, its thickness is limited
by the simultaneous loss of SiO, by formation of gaseous products. These coupled reactions can be
described by paralinear oxidation kinetics in terms of both &, and a linear rate constant, &, related to the
volatilization rate of the silica.” The equilibrium silica layer is created at the same rate it is removed by
formation of the volatile products and the underlying ceramic is consumed at a linear (recession) rate set
by k. Because £; is related to the volatilization rate, it should be dependent on the velocity and pressure
of the oxidizing gas in well-prescribed ways. This relationship has been recently rigorously demonstrated

experimentally for SiC.’
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From a practical viewpoint, the effects of water vapor on high-temperature oxidation form an important
area of study for combustion applications where H,O partial pressures (py,0) can be quite significant. For
gas turbines with high pressure ratios, values of py,o are higher than those encountered in most oxidation
experiments; relatively few laboratory studies have been conducted at water-vapor pressures greater than
1 atm. Furthermore, most exposures at high H,O pressures have been for short times (< 100 h).
Consequently, as part of an effort to characterize and understand environmental effects on SiC-based
composites at the higher system pressures and longer operating times typical of combustion conditions in
land-based gas turbines, the oxidation of various silicon carbides and silicon in air+15% H,O at 10 atm
has been studied for exposures up to 4000 h. The present work is for the case where the water vapor
pressure is high and the gas velocity is low.'"'* This paper addresses the effect of H,O on the oxidation
of SiC (and material recession based on such) in the absence of significant loss of silica by volatilization,

which, as described above, is the dominant controlling recession mechanism at high gas velocities.”'

Experimental Procedures

Bars (~ 50 x 4 x 3 mm) or thin plates (~ 40 x 10 x 3 mm) of silicon carbide and silicon were exposed at
1200°C to slowly flowing (typically, ~3 cm/min, but, in one case, 18 cm/min) air or air+15 vol% H,O ata
total pressure of 10 atm, typically in 500 h increments. Multiple specimens were hung vertically from a
slotted pure alumina holder (Coorstek, Inc., Golden, CO) inside an 8-cm-ID sintered a-SiC (Hexoloy™
SA, The Carborundum Co., Niagara Falls, NY) closed-end tube (about 1 m long) that served as the
pressure vessel. The a-SiC tubes were externally heated by SiC heating elements encased in a large
refractory lined box. The oxidizing gas was delivered to the bottom of the SiC tube through a preoxidized

0.5-cm-OD tube fabricated from an alumina-forming alloy and flowed upward past the specimens.



Tortorelli & More, “Effects of High Water Vapor Pressures...”
As-revised, March 2003 4

To study the effects of H,O on high-temperature oxidation, pure water was injected into the high-purity
compressed air stream and flashed to vapor. Water injection was by means of a calibrated-volume
mechanical pump. The water was condensed from the gas after exiting the reaction zone; its volume was
measured (usually every 24 h) and, combined with flow velocity determination, used to monitor and
control the H,O concentration. The water-vapor concentration was controlled by changing the injection
volume and/or frequency of the pump as appropriate or by adjusting the carrier gas velocity. Sufficient
gas volume was used so that little change (<~1%) in the water-vapor concentration occurred due to
reaction with the specimens and SiC tube. Additional details regarding the high-temperature, high-

pressure experimental facility can be found elsewhere.®"!

The silicon carbide materials used in this study were sintered a-SiC (Hexoloy™ SA, The Carborundum
Co., Niagara Falls, NY) and high-purity B-SiC produced by chemical vapor deposition (CVD). The CVD
SiC was exposed in bulk form (Morton International Advanced Materials, Woburn, MA) or as a thick
(>200 um) seal coat on SiC fiber-reinforced SiC composites (General Electric Power Systems
Composites, LLC, Newark, DE). Specimens of pure semiconductor-quality silicon (obtained from H.

Wang of General Electric Power Systems) were simultaneously oxidized in some experiments.

X-ray diffraction (Scintag Pad V, Thermo ARL, Dearborn, MI) was used to determine the phase and
extent of crystallinity of reaction products on the surfaces of exposed specimens. Polished cross-section
specimens were characterized by backscattered electron (BSE) imaging and associated microchemical
analysis using a JEOL 733 electron probe microanalyzer (JEOL USA, Inc. Peabody, MA). Specimens for
analysis by transmission electron microscopy (TEM) were prepared using the focused ion beam (FIB)
technique (Hitachi FB-2000A, Hitachi Scientific Instruments, Tokyo, Japan) and subsequently examined
in a Hitachi HF-2000 field-emission gun TEM (Hitachi Scientific Instruments, Tokyo, Japan). Mass

change and oxide thickness were found to not accurately reflect the extent of oxidation reaction due to
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irregular loss of friable or loosely adherent reaction products during specimen handling. Consequently,
the degree of degradation by oxidation was determined from post-test microstructural analysis and

measurement of the SiC recession directly from the polished cross-sections.

Results

Exposure of SiC to air+15%H,0 at 1200°C and 10 atm always resulted in the formation of a thick, porous
silica scale on the specimen surfaces. An example of such for a-SiC is shown in Fig. la. In contrast, if

the same SiC was exposed to only air at 1200°C and 10 atm, the extent of oxidation was much less — see

Fig.1b.

Figure 1 Silica scales on sintered a-SiC after exposure at 1200°C for 100 h at 10 atm in
(a) air+15% H,O0 and (b) 100% air. Arrows in (a) denote dense vitreous silica layer.

Similarly, CVD SiC showed extensive silica formation when water vapor was present in the environment.
As shown in Fig. 2a, CVD silicon carbide oxidized in air+1.5 atm H,O at 1200°C for 500 h also exhibited
a thick porous SiO, product, but this layer was morphologically different from that formed on the

identically exposed a-SiC (Fig. 2b).
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a) CVD SiC b) Sintered a-SiC

Figure 2 Silica scales formed on (a) CVD SiC and (b) sintered a-SiC, after exposure at
1200°C for 500 h in 8.5-atm air+1.5-atm H,0O. Arrows denote underlying dense vitreous silica layer.
X-ray diffraction of numerous specimen surfaces of CVD- and a-SiC after exposures to the air+15% H,O
environment for >100 h consistently identified the thick, porous surface SiO, layer as cristobalite. The
porous cristobalite scales that formed on the silicon carbides exposed to air+1.5 atm H,O environment

continually thickened with exposure time (Fig. 3).
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Figure 3 Silica scales on sintered a-SiC as a function of exposure time at 1200°C in 8.5-atm
air+1.5-atm H,O.
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A thin, denser SiO, layer adjacent to the SiC was typically observed under the much thicker, porous silica
scales. The arrows in Figs. 1a and 2 indicate this layer, which was always distinct on oxidized CVD SiC
specimens, but was more difficult to clearly observe on the a-SiC due to the typical roughness of the
interfaces between the outer and inner products and between the oxide and the carbide. Pores were
apparently sometimes observed in this underlying layer on the a-SiC, but their precise location was
difficult to determine because of the irregular interfaces in this system. Two-layer scale morphologies
have been reported previously'? and have been observed under similar exposure conditions for CVD SiC

seal coats used to protect SiC-based, fiber-reinforced composites."'

Cross section TEM of FIB-prepared CVD SiC exposed for 500 h revealed that the thin underlying layer

was fully dense vitreous silica, as shown in Fig. 4.

Figure 4 Cross sectional TEM image of the thin underlying dense layer on CVD SiC exposed
for 500 h in 8.5-atm air+1.5-atm H,O at 1200°C
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This layer was typically 4-6 um thick. Precise thickness determinations were limited by interfacial
roughness and microstructural differences among the various forms of SiC. However, in contrast to the
outer product, which thickened with exposure time, no significant change in the thickness of this vitreous
silica layer on any of the CVD or a-SiC specimens over 100-4000 h of exposure time was observed. This
can be seen in Fig. 3, where a micro structurally distinct underlying layer has a similar thickness at 100
and 3500 h of exposure. A clearer example of the constancy of the thickness of the vitreous layer is
shown in Fig. 5, which compares cross sectional images of a CVD SiC seal coat on a SiC/SiC composite

after 500 and 3500 h of exposure at 1200°C in air+1.5 atm H,O. Substantial recession of the SiC has

occurred between 500 and 3500 h yet the vitreous silica layer has not thickened.

CVD SiC seal

Figure 5 Silica scales formed on CVD SiC seal coated SiC/SiC composites after exposure in
8.5-atm air+1.5-atm H,O at 1200°C (500 h vs. 3500 h at 1200°C).

Pure silicon was also exposed to air+1.5 atm H,O at 1200°C and exhibited a similar two-layer oxide
structure consisting of cristobalite overlying a thinner vitreous silica, as shown by the BSE and TEM
images in Figs. 6 and 7, respectively. However, unlike the reaction products observed on the different
silicon carbides, the cristobalite that formed on pure Si during exposure to a high partial pressure of H,O
was dense. Only a few isolated, large pores were observed in the cristobalite that formed on the silicon
and they were microstructurally distinct from those in the crystalline silica on the silicon carbides (Figs. 1

and 2).
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Figure 6 Silica scale formed on pure Figure 7 Cross sectional TEM image of
silicon after exposure at 1200°C for 500 h in the thin underlying dense layer on pure
8.5-atm air+1.5-atm H,0. Cracking in silicon exposed for 500 h in 8.5-atm air+1.5-
cristobalite most likely occurred during atm H,O at 1200°C.

cooling

Continual exposure in the air+1.5 atm H,O environment resulted in relatively rapid recession (loss) of SiC
by oxidation, as clearly shown in Fig. 5. Because reliable measurements of cristobalite thickness were
not always possible due to oxide spallation during either cooling or handling, direct measurement of SiC
recession was used to experimentally determine oxidation rates. This was done by careful determination
of the thickness of remaining unreacted SiC (x) from imaging of polished cross sections of sequentially
exposed specimens of sintered a- and CVD SiC. Multiple measurements were made on each cross-
section to determine a mean value of x (x,,); the difference between this and the starting thickness of the
specimen (x,) yielded recession data, which are plotted as (x,-x,)/2 versus oxidation time in Fig. 8.
Typically, standard deviations were on the order of +30% due to nonplanar oxidation fronts as well as
microstructural inhomogenities. This latter factor was significantly greater for the sintered a-SiC, which,

in turn, tended to have a greater recession measurement uncertainty.
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Figure 8 SiC recession as a function of exposure time for 8.5-atm air+1.5-atm H,0O at 1200°C.

Data points represent average recession and lines (black for CVD SiC, gray for a-SiC) are best
linear fits. CVD SiC data represented by fully and partially shaded squares. Sintered [1-SiC data
shown as squares enclosing x, +, /, or \. Upper solid curve (no data points) is based on recession
controlled by parabolic oxidation kinetics with a k, value calculated for this temperature and gas
environment using the formulation of Opila.®

Furthermore, a small, but consistent, effect of vertical position in the reaction tube was noted using a
series of control experiments. The data showed that recession rates were slightly higher for specimens
positioned near the bottom of the tube. This position effect was taken into account in the presentation of

the recession data of Fig. 8; each data set was for specimens taken from the same position.
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Despite the sources of scatter in the experimental recession data, Fig. 8 clearly indicates that the extent of
oxidation is substantially greater (~40-80 pm of SiC recession in 1000 h) than what is reported for this
temperature and more modest pressures of water vapor.*>® Furthermore the recession distances measured
in this study are much greater than what are expected for solid-state oxidation of SiC controlled by
oxidant transport across a growing silica layer at 1.5 atm of H,O. This difference is shown by comparing
the experimental curves with the upper one in Fig. 8. The measured SiC recession at 1200°C and 10 atm
of air+15% H,O is considerably greater than what would be predicted based on the extrapolation of
Opila’s determination of the functional dependence of k, on the partial pressure of water vapor for CVD
SiC® to 1.5 atm of H,O. Furthermore, the present recession rates are also substantially greater than what
would be predicted from the paralinear kinetic formulation based on silica volatization”'® because of the

very low gas flow velocity of the current experiments (see below).

DISCUSSION

The presence of water vapor at a partial pressure of 1.5 atm had a dramatic and unique effect on the
oxidation of SiC in view of the low gas-flow velocity used in this work. The total thickness of the silica
that formed on SiC exposed to 8.5-atm air + 1.5-atm H,O at 1200°C was always much greater than that
produced during exposure to 10-atm air (~25 versus ~3 um, respectively, after 100 h, Fig. 1). When
oxygen was the major oxidant, only thin vitreous SiO; scales formed (Fig. 1b) at a rate comparable to that
reported in the literature for low H,O pressures.* This finding is consistent with the work of Deal and
Grove' and Opila,® who demonstrated that H,O is the dominant oxidant when it is present in significant
concentrations and with a finding by Keiser'” that substituting argon for air in an air + H,O gas mixture
had little effect on oxidation of a-SiC at partial pressures of water vapor that were of the same order as

used in the present study.
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The observation of crystalline oxide after 1200°C exposures at 1.5 atm of H,O is in contrast to the work
of Opila,® who observed little conversion of amorphous silica to cristobalite during exposure of CVD SiC
to 0.9 atm of H,O at 1200°C. However, studies with silica glasses have indicated that H,O can somewhat
increase the devitrification rate and lower the crystallization temperature.'* Furthermore, Opila et al.”®
have shown that water vapor will facilitate the delivery of impurities from elsewhere in the system to the
silica surface and thus increase the devitrification process. These effects may be enhanced at higher water
vapor pressures such as used in this study. More et al.'? reported that the exposure of fused silica in
10 atm of air or air+15%H,0 at 1200°C resulted in a thick surface layer of cristobalite after 100 h, but
only in the presence of added water vapor. Furthermore, exposure of fused silica in

8.5-atm air+1.5-atm H,O at 1200°C for 500 h showed that the converted vitreous SiO, (dense cristobalite,

see Fig. 9) was similar in thickness to that of the porous crystalline silica layer formed on sintered a- and

CVD SiC (Fig. 2) given the respective differences in densities.

cristobalit

vitreous

50 uym

Figure 9 Fused silica surface after exposure in 8.5-atm air+1.5-atm H,O at 1200°C for 500 h.
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As described in the Introduction, it is well known that the presence of water vapor increases the rate of
silica growth on SiC at high temperature. However, as demonstrated in Fig. 8, the recession lengths
measured in this study are much greater than what are expected for solid-state oxidation of SiC controlled
by transport across a growing silica layer at 1.5 atm of H,O. Therefore, the increase in SiC recession at
1200°C and 10 atm of air+15% H,O observed in the present case cannot be explained solely on the basis

of a direct effect of water vapor on the parabolic rate constant, .

Impurities in the system (such as from the furnace tube or specimen holder) can increase the oxidation
rate of SiC, as well as the conversion of vitreous silica to cristobalite (see above), particularly in the
presence of water vapor.™® These impurity effects may contribute to the measurement of SiC recession
rates that are higher than those predicted by Opila’s relationship for kp.8 However, such impurity effects

alone cannot explain the observations reported here.

Water vapor can also accelerate SiC recession by limiting the thickness of the silica reaction product by
formation of volatile Si(OH)s.'® As reviewed in the Introduction, such a process is well described by
paralinear kinetics and, at longer times, results in linear recession rates. Under these conditions, the linear
rate constant (k;) is a function of temperature, H,O partial pressure, and the flow velocity of the oxidizing
gas for a given Si-based ceramic.”'’ However, the results presented above indicate such volatization is
not playing a major role: (1) the thickness of the cristobalite layer is continually increasing with time and
(2) the appropriate functional description for recession of SiC controlled by volatilization of SiO, (ref. 9)
predicts a k; of ~0.001 um/h for the high H,O pressure, low flow velocity of the present experiments
while a linear fit for the data in Fig. 10 yielded significantly higher measured recession rates: ~0.06 pm/h
for CVD SiC and ~0.04-0.08 pm/h for sintered a-SiC. Additionally, when the gas-flow velocity was

raised to 18 cm/min (from 3 cm/min) in one experiment, the effect on SiC recession was negligible.
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Figure 10 CVD SiC seal coats (on SiC/SiC composites) after exposures in 8.5-atm air+1.5-atm
H,O at the high gas velocity (~30 m/s) of a Solar Turbines, Inc. combustor (~1200°C, 5016 h) and at
low gas velocity (~3 cm/min) of a laboratory furnace at 1200°C after 500 h.

While SiC recession is obviously not controlled by volatization of silica in this low-gas-velocity case, the
present observations that the thin vitreous SiO, layer does not thicken with time suggest a process of
similar paralinear kinetic form: a layer of fixed thickness is maintained as the oxidation front proceeds
into the SiC at the same rate at which the dense silica is converted to a porous, nonprotective oxide. As
such, the phenomena functionally resembles that represented by the model of Haycock,"> who treated the
kinetics of a moving boundary problem as controlled by the transformation of a compact dense scale to a
porous nonprotective one (without specifying a specific mechanism). In such a paralinear kinetic model,

the invariant thickness of the dense silica, d, is proportional to the ratio of the parabolic rate constant for

the solid-state oxidation of SiC to SiO», k,, to k!

d = k,/2k 3)
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As the current microstructural measurements yield experimental values of d (~4 pm) as well as k
(0.06 um/h for CVD SiC and 0.04-0.08 um/h for a-SiC), &, can be calculated from the above equation.

Doing so yields

k,= 0.5 pm’/h for CVD SiC (4)

and

k,= 0.3-0.7 um*/h for a-SiC. (5)

These k, values can be directly compared to the expected value of the parabolic rate constant based on its
functional dependence on temperature and H,O partial pressure as determined by Opila for CVD SiC.?
Using the present experimental conditions of 1200°C and 1.5 atm of H,0, a k, of 0.5 um®/h is calculated
for SiC. This value agrees quite well with those derived from the experimental measurements (eqs. 4 and

5).

The excellent agreement between the predicted parabolic rate constant and the experimentally determined
values of k, (through its dependence on k; and d) is strong evidence for the applicability of the paralinear
kinetic model to the present case of oxidation of SiC at high water vapor pressures and low gas-flow
velocities. Furthermore, the microstructural observations of the porous outer layer are consistent with the
aforementioned model of Haycock."”” As adapted in this way, this model has technological relevance for
combustion conditions with respect to oxidation of SiC within a composite'' or underneath a defective

protective coating,'® where conditions of high water-vapor pressure and low gas velocity exist.

The experimental and analytical evidence for a paralinear kinetic model does not, in itself, yield a
mechanistic explanation for the process creating nonprotective oxide as represented by the linear
recession rate described by &;. Possibilities include the vitreous to cristobalite transformation or the dense

to porous oxide transition. The latter mechanism appears more likely as the conversion to a highly porous



Tortorelli & More, “Effects of High Water Vapor Pressures...”
As-revised, March 2003 16

silica quite clearly renders the oxide nonprotective, while the crystallization process alone would not
necessarily produce such high recession rates. In this regard, while pure Si formed cristobalite in this
study (Fig. 6), it was virtually pore-free and, based on very limited data, its recession rate was less than
that of the silicon carbides by about a factor of 3..

81719 and the present microstructural observations

Prior work in oxygen or lower pressures of water vapor
suggest that the conversion of dense to porous silica at high H,O pressures and low gas velocities is
related to the copious amounts of CO and other gaseous reaction products associated with
impurities/additives in the ceramic.'””® These products are generated during the accelerated solid-state
oxidation of SiC at high H,O pressures and then accumulate in the oxide layer. The lack of porosity in
the oxide grown on pure silicon (Figs. 6 and 7) would thus be explained by the fact that no such gaseous
species are produced. (Hydrogen is a reaction product, but shouldn’t contribute to pore formation.) Also,
the differences in the respective morphologies of the cristobalite layers grown on CVD and sintered o.-
SiC (Figs. 1 and 2) are consistent with a relationship between gaseous oxidation products and porosity.
The observations that the sintered a-SiC had a greater amount and finer distribution of pores in the
cristobalite grown on it compared to the higher-purity CVD SiC suggest that the pore morphology
appears to be directly related to the impurity/sintering aid distribution and amount in the former material,

172021 45 well as to the oxidation of excess

including the influence of grain boundaries and second phases,
carbon added for sintering.'™'® The absence of pores in the vitreous layer formed on CVD SiC is not
understood, but may be related to relative transport rates and critical oxide thickness and concentrations

of gaseous products for porosity formation in the respective silicon carbides.'®"

The present results suggest that, at sufficiently high water vapor pressures, a paralinear kinetic model can
describe the SiC recession process at both high and low gas velocities, albeit with different controlling

mechanisms by which dense silica is rendered ineffective as an oxidation barrier (either from removal by
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volatilization or by conversion to highly defective oxide, respectively). Figure 10 compares an oxidized
CVD SiC seal coat (on a SiC/SiC composite) from the present work with a similar coating exposed at
1200°C and 1.5 atm H,O as part of a combustor liner taken from a Solar Turbines, Inc. (San Diego, CA)
Centaur 50S gas turbine (see ref. 11 for details). As expected, there was no evidence of a porous layer in
the latter case; the oxidant gas velocity in the combustor was on the order of 30 m/s and volatilization
should be a dominant reaction.”'’ However, consistent with the applicability of the paralinear kinetic
model at high and low gas velocities and high water vapor pressures, a thin, dense silica layer was
observed under both turbine and laboratory conditions. Furthermore, Fig. 10 shows that the thickness of
the silica layer on the specimens exposed under the high-gas-velocity conditions of the combustor (d,)
was about the same as that of the dense vitreous silica layers observed on the CVD SiC held at 1200°C in
airt1.5-atm H,O flowing at 3 cm/min (d). Referring to eq. 3, this observation that d. = d would imply
similar SiC recession rates (k;’s) because k, should be the same for both cases as it is only dependent on
temperature and water-vapor pressure. Therefore, from the information obtained from the comparison of
the micrographs in Fig. 10, it is not surprising that the SiC recession rates measured in the present
experiments (0.04-0.08 pm/h) are of the same order as those predicted from the silica volatilization

model’ for the combustor liner conditions at a gas velocity of 30 m/s (0.16 pm/h).
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SUMMARY

Silicon carbides and pure silicon have been exposed at 1200°C to an 8.5-atm air+1.5-atm H,O gas
flowing at ~3 and 18 cm/min to examine the effects of high-water vapor pressures at low gas-flow
velocities. It was found that the high water-vapor pressure accelerated the formation of SiO,, the rate of
its crystallization, and the amount of porosity formed in the resulting oxide. Theses processes resulted in
measurements of SiC recession rates that were higher than what could be explained by models that relate
(1) parabolic oxidation rate constants to water vapor pressures or (2) linear recession rates to gas velocity
based on SiO, volatility. A key finding was the constant thickness of dense vitreous silica underlying the
continually growing porous oxide layer. In addition, there was a distinct difference in oxide morphology
among oxidized CVD SiC, sintered a-SiC, and pure silicon. These results, as well as others, indicated
that the water-vapor effect on SiC at high temperature and pressures, but low gas velocities, is manifested
as a paralinear phenomenon controlled by the rapid conversion of a constant-thickness, dense vitreous
silica layer to a porous, nonprotective SiO,, most probably by production of gaseous oxidation products.
Consequently, at sufficiently high H,O pressures and temperatures, relatively rapid SiC recession can

occur at both low and high gas velocities if silica is being produced by solid-sate oxidation.
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