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INTRODUCTION 

Silicon nitride and silicon carbide are two ceramics materials considered 

seriously for structural applications at high temperatures. They form a protective 

silica scale in oxidizing atmosphere which is quite stable thermodynamically. In 

highly corrosive environments such as those prevailing in incinerators or gas 

turbines burning low grade fuels, SiOz may be attacked due to the pressure of 

SOS, CO2 as well as oxides of metallic impurities (e.g. NagO, Na$O& It has 

been shown in this program that Nap0 is the corrosive agent in the hot corrosion 

of silica in contact with NagSO4 deposits (Appendix B). In particular the sodium 

oxide promote devitrification and the crystalline layer formed tends to spa11 

under temperature cycling. Using the results for silica as foundation, the 

mechanisms and the extent of the hot corrosion of silicon nitride and silicon 

carbide must be established. 

EXPERIMENTAL PROCEDURE 

The general procedures have been discussed in previous report&) and in 

previous parts of this report. The materials are shown in Table I of the main 

report. High purity materials (single crystal silicon carbide and CVD silicon 

nitride) were studied in detail. Morphological studies of the corrosion were 

performed on these materials and representative engineering materials usually 

characterized by a significant level of impurities added during processing 

particularly as sintering aids. 

The two atmospheres used throughout the experiments were SOg-02 

mixtures with a total pressure of 1 atmosphere. One contained 1% SO2 initially, 

which generated a pressure of 1.5 x 1W3 atm of SO3 at 1000°C. The other was 

pure oxygen. The gases flowed at the rate of 1 cm5/s. Usually the sodium 
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138 High Temperature Corrosion of Ceramics 

sulfate was applied with a surface loading of 5 mg/cmz on polished substrates. 

The surface loading as well as the temperature were varied in the studies on the 

purer materials. The times of exposure varied from 1 hour to 168 hours, with 

standard times of 24 and 168 hours for all materials. The usual characterization 

techniques were used as described earlier. They depended strongly on the 

scanning electron microscope (SEM) with microanalysis of salient features by 

EDS and WDS. The thickness measurements based on X-ray spectroscopy, 

developed for this part of the research(2), where used for scale of thicknesses 

under 1 pm. Above 1 urn they were measured on cross sections in the SEM. 

These experiments were supplemented with a number of other techniques, in 

particular X-ray diffraction, weight change measurements, and many types of 

surface analysis (ESCA, SIMS, ISS). The methods will be discussed as needed in 

the text of this appendix. The morphology was characterized after exposure 

before and after washing off the soluble materials in water. Analysis of the 

wash water was performed as described earlier. 

RESULTS AND DISCUSSION 

The results of 24 and 168 hours exposures, in particular the product 

morphologies, were described earlier for the various silicon nitrides and silicon 

carbides(1~3~4). Scale thickness after 168 hours under gaseous, acidic and basic 

conditions are compared in Fig. 1 and table I. For the purer materials (CVD and 

single crystal) the thickness of oxide formed increased in order from gaseous 

corrosion, which was essentially oxidation, acidic and then basic corrosion. This 

trend is no longer clear for the more impure specimens whose behavior is 

dominated by the impurities. Under basic conditions it must be emphasized that 

the sulfate was not depleted on any samples which were not preoxidized before 



Appendix D-Hot Corrosion of Silicon Nitride and Silicon Carbide 139 

168 hour: 

sic-c Sic-Si Si3 IV, 

1. Figure Thickness of layers formed for the oxidation, acidic and basic hot 
corrosion of C-side and S-side single crystal silicon carbide and 
CVD silicon nitride after 168 hours at 1000°C (measured between 
sulfate drops for acidic corrosion). Note that oxide thicknesses 
increase as OxA&. 
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Table I Thickness of oxide scales after 168 hours exposures (urn) 

SC SC - si 

Gaseous Acidic 

0.11 0.6 

SC SC - c 0.5 

CVD SC _- 

HP SC 0.78 

CVD SN 0.07** 

HPSN 0.9 

Sin SN 2.5 

Basic 

12-25 

1.1 

1.2 (1.8)* 

0.61 

0.3 (1.41) 

4.3 - 7.1 

1.3 (2.1) 

7.7 

-- 1.4 (24 hrs) 

-6 

1.5 - 2.1 

2.4 - 3.2 

* Values in parenthesis are for spherulites under sulfate drops. 
For acidic corrosion the values not parethesis were measured 
between the droplets. 

** 0.045 by WDS, 0.06 by ellipsometry, 0.09 SEM 

SC SC -Si = 

SC SC-C = 

CVD SC = 

HP SC = 

CVD SN = 

HP SN = 

Sin SN = 

single crystal Sic, silicon side 

single crystal Sic, carbon side 

CVD silicon carbide 

Hot pressed silicon carbide 

CVD silicon nitride 

Hot pressed silicon nitride 

Sintered silicon nitride 
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exposure to the corrosion. Experiments on preoxidized specimens with thick 

scales (>lO um)(3) and on bulk fused silica(s) lead to the essentially complete 

consumption of the sulfate on these materials as indicated by EDS of the surface 

before washing and by the semiquantitative wash water analysis (table II). This 

shows the fundamental tendency for the reaction 

Nags04 + SiOq = Na silicate + SO3 (1) 

In many cases, no sulfate could be detected in the washwater and the silicate 

overall stoichiometry was about NagSiO3. This is probably indicative of a 

gradient in the silicate composition as the silicates in equilibrium with 

crystalline silicas are richer in silica than this average composition. Impurities 

in large amounts slowed this reaction as surface phases were formed on 

preoxidation (Mg silicates, yttrium silicates)(1p3). 

For the purer materials not preoxidized it is clear from these results that 

while reaction (1) occurs under basic hot corrosion, it is the rate of oxidation 

which controls the amount of silicate formed and the transport through the 

silicate and sulfate layers decreases the rate of oxidation as the scale thickens. 

Therefore the scale is protective. This is indicated since the preoxidized 

samples not only formed more silicates which was water soluble but they 

oxidized more as indicated by greater weight gains (after washing) than the same 

materials not preoxidized. Since the preoxidation scales were formed at 14OOoC, 

they had crystallized and cracked extensively during cooling before application 

of the salt and were not protective during the hot corosion. 

Under basic conditions the sulfate wets completely the sample surface and 

reacts with the scale as it forms leading to very thick silicate layers even on the 

purer silicon nitride (table I). This has been documented by Mayer and Riley(G) 

who reported a transient acceleration of oxidation with injection of NagCOS. 
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Table II Wash Water Analysis From 

Basic Hot Corrosion (168 Hours, 1000°C) 

Material Si02 SO3 
At% At% 

Na20 
At% 

SC SC 25 33 42 
SC SC (PO)(l) 52 0 47 

CVD SC 22 27 52 
CVD SC (PO) 50 2 48 

CVD SN 0 62 38 
CVD SN (PO) 53 12 35 

SN SN -_ -_ -- 

SN SN (PO) 59 13 27 

SC SC = Silicon Carbide single crystal 

CVD SC = CVD silicon carbide 

CVD SN = CVD silicon nitride 

Sin SN = Sintered silicon nitride 

(1) PO = Preoxidized in 02 for 10 hours at 1400°C 
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With Na2S04 the reaction is milder(3~4~71 as all sulfate was not consumed in 168 

hours. Also the extent of the reaction is affected by impurities and the purer 

materials formed thicker scales except possibly for the hot pressed silicon 

carbide which contained alumina as a sintering aid. The alumina showed no 

preference for segregation in the scale either on oxidation or hot corrosion. The 

aluminum present in the scale tended to stabilize the glassy silicate phase. As 

discussed in a previous report, magnesium and yttrium tend to segregate into the 

scale on oxidation. They complicate also the hot corrosion conditions. MgC in 

particular forms magnesium silicates and tends to promote basic conditions on 

the surface under acidic environmental conditions. In general the acidic 

corrosion on the impure samples formed continuous silicate layers, these layers 

were quite thick for hot pressed silicon nitride and sintered silicon nitride and 

were similar in morphology to those observed under basic conditions. 

Early in the research it became apparent that some hot corrosion occured 

under acidic conditions in addition to the expected corrosion under basic 

conditions. Data on pure materials for shorter times were needed in order to 

understand the fundamental mechanisms of hot corrosion under acidic conditions 

and establish if it could lead to significant degradation. Therefore the single 

crystal silicon carbide and the CVD silicon nitride were exposed for 1 to 24 hours 

under standard acidic conditions at 1OOOoC. In other experiments the 

temperature and Na2S04 loading were varied as necessary. 

Under acidic conditions the sodium sulfate does not wet the silicon’nitride 

and silicon carbide completely. The wetting angle was of the order of 40° for 

both materials. The drop size distribution was bimodal (fig. 2). There was a 

variation in the values of the wetting angles measured but it was not consistent 

with drop size, exposure time or nature of the sample. However the values 
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observed were greater than measured on fused silica under similar conditions. 

The evolution of the deposit as a function of time is shown in figure 2 for single 

crystal silicon carbide. The deposit which was sprayed as a layer around 120°C 

breaks up as the sulfate melts and morphologies similar to those in fig. 2 were 

observed after a few minutes of exposure at 1000°C. As shown in the figure the 

smaller droplets tend to disappear with time, probably as a result of a coarsening 

process. The large drops do not move on the surface and they are usually 

surrounded after 10 to 24 hours by bands free of small droplets (fig. 2). 

The kinetics of acidic corrosion for single crystal silicon carbide and CVD 

silicon nitride are shown in figures 3-5 for times from 1 to 24 hours at 1000°C. 

The plots of figures 3 and 4 were for thicknesses of vitreous oxide measured 

between, and generally away from the sulfate droplets. All the thicknesses in 

these two figures were obtained by the same method (X-ray spectroscopy(2)) in 

order to minimize the influence of systematic errors in the interpretation. The 

data for silicon carbide plots as good straight lines as function of the square root 

of time suggesting a parabolic behavior. The kinetics for silicon nitride do not 

show clearly this trend and are plotted as a function of time in figure 3a and as a 

function of the square root of time in figure 3b. The lines for oxidation data 

from previous workers and interpolated from previous experiments in this 

research indicate that the hot corrosion, even under acidic conditions enhances 

the formation of the oxide layers in all cases for the purer materials even 

between the salt droplets. 

The amount of sodium sulfate applied per unit area of surface was varied 

from 0, 0.1 and 5 mg/cm2, the standard surface loading. While higher than that 

for oxidation, the growth of the vitreous scale between the sulfate droplets is 

independent of the surface loading as shown in fig. 4. The data for different 
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Figure 3. Thickness of scale formed in the acidic hot corrosion of CVD 
silicon nitride at 1000°C (5mg/cm2 of NaZSOq). 
(a) linear plot 
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Fimre 3. (b) parabolic plot measured between the drops of 
Figure 3(a). 
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Figure 4. 

C-side 

(a) 

1.0 5.0 

7rme ‘12 (/+%) 

Thickness of scale formed at 1OOOoC in the Acidic hot 
corrosion of single crystal silicon carbide. Three different 
loadings of NaZSO4 on the surface 5mg/cm2 (A), less than 
0.1mg/cm2 (“) and 0.0mg/cm2 (0) fell on the same parabolic 
plot. The data for silicon and carbon side fall on two 
separate lines. (parabolic) 
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4. Figure (b) Parabolic plots comparing of the data of figure 4(a) for single 
crystal silicon carbide (solid lines) with the oxidation of 
silicon (D + G )8 and single crystal silicon carbide (for 
carbon side (“) and silicon side (A) (Harris) 22 at IOOOoC. 
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5. Figwe Thickness of spherulites (oxides) formed under the sulfate droplets 
for the C-side and Si-side of single crystal silicon carbide and 
CVD silicon nitride (Acidic hot corrosion at 1000°C). The solid 
line corresponds to the data of figure 4 for the acidic hot 
corrosion of C-side silicon carbide. 
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surface loadings fall on the same lines. No salt was applied initially on the 

samples with 0 mg/cm2 loading but they were exposed with the other samples, 

and they picked salt apparently through vapor transport. The independence of 

the data on the surface loading is consistent with a constant salt activity 

maintained through the vapor phase and a fixed pSOS (1.5 x 10e3 atm) setting a 

constant aNa for the experiments at 1000°C according to the reaction 

Na2S04 = Na20 + SO3 

Kg = aNa20.pS03/aNa$304 

No sulfate could be detected on the vitreous scale by SIMS and ISS, but sodium 

was found by ISS in the surface layers of the scale suggesting the formation of a 

silicate layer about 10 A thick at the surface of the scale. This conclusion and 

the role of sodium in the acidic hot corrosion will be discussed in detail below, 

but it underlines that the role of sodium is different in acidic corrosion from that 

in basic corrosion. 

The rate of oxide build up under the sulfate droplets formed during acidic 

corrosion on the purer silicon nitride and silicon carbides is much greater than 

that outside the droplets except for C-side SIC as shown in fig. 5. The silica 

crystallizes rapidly under the salt forming cristobalite spherulites. The evolution 

of the average thickness of this spherulitic material at the center of the 

droplets, measured after washing, follows approximate parabolic behavior which 

is close to that calculated from Deal and Grove%(*) data for oxidation of silicon 

at that temperature. However this is fortuitous since this part of the scale is 

fine crystalline material which grows from the melt. 
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Acidic Hot Corrosion of Silicon Nitride 

The data of figure 3a, is fairly linear with an intercept with the vertical 

axis at about 80 A. This suggests an initial oxide layer which is not consistent 

with the present experiments. The samples were cleaned in HF prior to the hot 

corrosion experiments so that an oxide layer close to 100 A is not expected 

although some oxygen and water are always readsorbed, as established in the 

electronic industry. The silicon carbide samples which were pretreated like the 

silicon nitride do not have a significant y-intercept (fig. 4). The silicon carbide 

data extrapolate essentially through the origin. The method of thickness 

measurements by X-ray spectroscopy is also pushed to its limit with the very 

thin oxide layers formed, but a systematic error in the measurements does not 

appear responsible for this intercept. Another explanation is that oxynitride is 

formed on oxidation as discussed below. 

Laser ellipsometry measurements on the product layers formed on the 

samples of table III were consistent with an index of refraction of 1.75 and the 

thicknesses given in the table. This index of refraction is much higher than 1.46, 

the one for vitreous silica. The corresponding thickness are larger than those of 

figure 3 measured by X-ray spectrometry (Oku). IR measurements were not 

conclusive since the spectrometer could not reach the major peak for the silicon 

oxynitride. The method in general did not appear sensitive to the presence of 

silicon oxynitride and was not pursued further. Tressler et al. recently reached 

the same conclusion after extensive specular reflection FTIR spectroscopy@). 

ESCA data is still expected. The thickness of the glassy product layers formed 

on CVD silicon nitride were generally lower when measured by X-ray 

spectrometry than measured on cross sections in the SEM. For the Sic single 

crystal the thicknesses measured by X-ray were larger than measured in the 
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Table III 

Scale Thickness of Selected Samples (A) 

X-ray (4) Ellip (5) 

A A 

CVD SN (1) 450 605 

CVD SN (2) 120 356 

CVD SN (3) 130 326 

(1) CVD silicon nitride exposed to gaseous corrosion 1% SO2-SO3 
balance 02 for 168 hours at 1000°C. 

(21 CVD silicon nitride exposed to acidic hot corrosion for 24 hours 
at 91OOC. 

(3) CVD silicon nitride exposed to acidic hot corrosion for 24 hours 
at 955OC. 

(4) 

(51 

X-ray spectrometry [2] 

Laser beam ellipsometry courtesy Terry O’Keefe Westinghouse 
R & D. 
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SEM(2). The of thicknesses in the SEM on very thin layers such as those formed 

on the silicon nitride are difficult and subject to errors but the trend in the 

thickness measurements is consistent with an oxynitride layer formed on the 

silicon nitride. This is in qualitative agreement with the results obtained by 

ellipsometry. Further analysis of the ellipsometry data indicated that it was 

consistent with a graded film of oxynitride with possibly an overlayer of silica 

50-100 A thick ( in contact with the atomsphere). Raider et al.(lO) reported 

graded layers of oxynitride apparently without overlayer of silica. 

The present results are in line with an initial formation of silica which 

would be rapid and controlled by the surface reaction: 

Si3N4 + 3 02 = 3 Si02 + 2 N2 (3) 

giving very steep linear kinetics for short times in figure 3. As a result of 

reaction 3, the pressure of nitrogen rises and the oxygen potential decreases at 

the interface favoring the formation of oxynitride which grows between the 

silicon nitride and the vitreous silica as proposed previously(ll). Diffusion 

through the vitreous oxynitride is expected to be more difficult than through the 

silica(12) since it is more tightly bound. The transport of oxygen through this 

layered scale becomes rate controlling at steady state giving parabolic 

kinetics(l3). The sequence of the three mechanisms and the distortion of the 

thickness data due to the formation of oxynitride instead of the silica assumed in 

the thickness calculation from X-ray spectrometry are responsible for the linear 

shape of the plot of figure 3a. The scale grows more slowly after 24 hours. The 

thickness after 168 hours was measured as 1 pm by X-ray spectroscopy and 1.2 

urn by imaging of cross section in the SEM. However data for longer times yet 

would be required to establish if the growth had reached steady state and 

became parabolic after one week exposure. Some data was obtained at lower 
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temperatures and shorter times in an attempt to determinethe activation energy 

of the linear process but this was not justified because of the complexity of the 

early kinetics. 

The formation of silicon oxynitride during the oxidation of silicon nitride 

has been proposed by previous workers but often not demonstrated convincingly 

since they usually used one technique which could not be interpreted 

unambiguously. Hench used IR spectroscopy (141, others a combination of ESCA 

and depth profiling and concluded that an oxynitride was formed during the 

oxidation of silicon nitride. Others report only silica as the product of this 

oxidation(l@. In the electronic industry silicon oxynitride is prepared readily 

and used as passivating layer. Comparison of the vapor deposited oxynitride and 

material formed by thermal oxidation of silicon nitride deposits on silicon 

indicated that graded oxynitride layers were formed by thermal oxidation(lO). 

ESCA and index of refraction measurements were used to reach these 

conclusions. Tressler et a1.(gy13) performed extensive characterization of scales 

formed on oxidation of silicon and silicon nitride using many different methods 

such as etch back rates, SIMS, FTIR, ellipsometry and concluded that a thin layer 

of silicon oxynitride formed under the silica. 

The steady state kinetics for a layered scale growing by transport through 

the layers are controlled by the mobility of a specie through the scale. This was 

treated in detail by Yurek et al.( 17) for the diffusion of metal ions through two 

layers of oxide scale to oxidize at the gas-scale interface. In the present case 

oxygen must diffuse through two layers, the silica and then the oxynitride in 

order to oxidize the silicon nitride. Part of the oxidation occurs at the 

oxynitride-silica interface and the other at the silica-silicon nitride interface. It 

is assumed that oxygen transport is controlling(g~l*) as generally accepted for 
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dry oxidation of silicont lg). Since diffusion through the oxynitride is more 

difficult than through silica, the oxynitride layer under steady state conditions 

should be thinner than the oxide layer. Based on(17), it is expected that the 

thickness of the layers under diffusion controlled steady state will be given by 

y/x = Kp’oxy/ Kp’sil (4) 

in which y, x, Kp’oxy, Kp’sil are the thicknesses and the rate constants for the 

formation on silicon nitride of individual layers of oxynitride and silica, 

respectively. Kp* for the total thickness y+x can be written 

Kp* = (1 + Y/x)~ Kp’sil (5) 

and if y is small Kp* = Kp’sil. Then the overall kinetics would be similar to those 

of a silica layer forming directly on silicon nitride. This discussion assumes 

distinct oxide layers. To a first approximation the formation of a graded layer 

of vitreous oxynitride would not change this conclusion except that this layer 

will spread over greater distance than a layer of specific composition. This is 

expected from the previous kinetic arguments since the mobility of oxygen 

through the oxynitride is expected to increase as the nitrogen content decreases. 

The detailed shape of the nitrogen distribution would depend on the specific 

concentration dependence of the diffusion coefficient through the layer. The 

conclusion is consistent with the graded layer found by ellipsometry and the 

large oxygen content of the scale found by X-rays. The index of refraction of 

the scale appears high for the proposed graded structure of the scale, this may 

be due to the fact that steady state was not achieved yet in the ellipsometry 

samples. The conclusions of this analysis are in agreement with the extensive 

work of Tressler et al.cg) on the oxidation of silicon nitride except that they 

found a lower index of refraction to films grown under different conditions. 

They find high actication energies for both the linear and parabolic constants of 
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a Deal and Grove analysis(*) for the oxidation of CVD silicon nitride between 

1100 and 13OOOC. They conclude that the low rate of oxidation and 

highactivation energies compared to silicon must be due to transport of oxygen 

through the silicon oxynitride and it must be rate-controlling. The 110-120 

kcal/mole for the parabolic activation energy seem to rule out the rate control 

between oxygen molecular or ionic diffision through vitreous silica. While 

oxygen transport, particularly molecular, through the oxynitride is expected to 

be slower and with a higher activation energy than for fused silica the previous 

analysis based on the formation of layered scale suggests that it cannot be rate 

controlling. 

Discussion of the Hot Corrosion of Silicon Nitride 

The oxidation of silicon nitride is very slow. The larger oxidation rates(20) 

observed in previous studies were due to impurities added for sintering as shown 

in this research in the gaseous corrosion (and hot corrosion) of CVD, sintered and 

hot pressed silicon nitride as shown in table I. The oxide layers formed on the 

high purity silicon nitride (CVD) were thinner than observed on the high purity 

single crystal or CVD silicon carbide under the same oxidation or hot corrosion 

conditions. This may not establish that silicon nitride is intrinsically superior to 

silicon carbide in this respect but it is certainly not inferior as stated in older 

literature. 

The oxidation of silicon nitride is much slower than that of silicon although 

at 1000°C in both cases a vitreous oxide scale is formed and it appears oxygen 

transport through the scale controls in both cases in that temperature range but 

the detailed mechanisms are apparently different and not established for silicon 

nitride. The general features of acidic corrosion already discussed are similar 
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for silicon nitride and silicon carbide and in particular the growth of the scale 

was increased under acidic corrosion. The presence of Na20 on the surface of 

the sample, supplied as Na2S04 (or Na2C03 etc...) modifies this oxidation. The 

behavior of the Na20 depends on its activity in the sulfate melt as determined 

by reaction 2. From the equilibrium constant Kp, the activity of sodium oxide is 

then determined by the SO3 pressure as described in previous reports. Under 

acidic conditions (here at 1000°C, a pSO3 of 1.5~10~~ atm was selected) the 

aNa is small and the sodium sulfate reacts little with the silica formed by 

oxidation of the silicon nitride or silicon carbide as indicated by the high values 

of the wetting angles on bulk silica(5) and on the scales formed on the purer 

specimens as reported above. Some penetration of Na20 into the silica scale is 

expected, loosening the network by the reaction 

Na20 + -Si-O-Si- = 2 -Si-O- + 2 Naf 

Kg = [Csio12.[CNa+12/ aNa20.Csiosi 

* [Csio14/aNa20 

(6) 

This reaction should be applicable also to the oxygen bridges of the oxynitride. 

As a result of this opening of the network molecular diffusion of oxygen and 

nitrogen is increased through the vitreous scales, thus generating a higher rate of 

oxidation. It is likely that the sodium ion diffuses to the reaction interface 

where it is reduced as proposed for silicon, it was proposed also that it would 

help in the silicon-oxide structural transition at the interface(21). The sodium 

may affect also the stability of the oxynitride phase. In the present experiments 

sodium has been suggested in the scale with the electron microprobe and ISS, but 

the evidence is not conclusive. Only very small amounts of sodium need to be 

dissolved in the network according to reaction 6 in order to increase interstitial 

diffusion in silica glass as discussed later for SIC. Under acidic conditions the 
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rate of oxidation of CVD silicon nitride is increased between the droplets 

probably by the mechanism discussed above. A very thin (slOA) layer rich in 

sodium was found by ISS on the scale between the droplets, it did not contain any 

sulfur. This adsorbed layer fed by the droplets by surface diffusion or vapor 

transport would supply the sodium into the glass. 

The silicon nitride under the sulfate droplets oxidizes more rapidly than 

outside and crystallization starts early (in the first hour). After 24 hours of 

exposure and washing off the salt the region which were under the droplets stood 

out(l). The corresponding thicknesses in Table I were measured outside the 

droplets. The crystal-glass interfaces provide high diffusivity paths normal to 

the surface of the sample. Some liquid is present in the intercrystalline regions 

in which sodium and other impurities concentrated during the crystallization. 

Thus the crystallization provides fast transport paths for oxygen leading to 

thicker scale under the sulfate drops and greater penetration of the scale under 

the intercrystalline regions such as the interfilamentary regions of the 

spherulites shown in figure 6. 

Under acidic conditions for pure materials, vitreous scales are formed 

which crystallize very slowly outside the droplets. Some crystallization occurs 

in between the droplets but it is sparse and the growth is extremely slow as 

judged by a few very small spherulites disperse in the glass even after 168 hours 

exposure. The difference in growth rates is illustrated in figure 6 where 

nucleation started under the edge of a sulfate drop. The growth away from the 

drops appear slower yet than in this example. As discussed in detail in appendix 

A, the crystallization of vitreous silica depends on the Oxygen ion activity (or 

aNa20) in the structure, and the presence of defects in the network. The sodium 

oxide reaction with the network (reaction 6) provides those defects and tends to 
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Acidic hot corrosion of CVD silicon nitride at lOOOoC. Under the
sulfate drops (washed off in micrographs) the oxide crystallizes as
spherulites. After 24 hours the spherulites coarsen to globular

arrays.

~6.
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occur preferentially at the interface between the salt and the sulfate where 

aNa is highest. Under acidic conditions, in close proximity to the atmosphere 

(outside the sulfate droplets) the gaseous potentials remain close to pSO3~1.5 x 

1V3 atm and ~02~1 atm and the aNa is low. Under the sulfate droplets, the 

oxygen and SO3 are more difficult to replenish as they are depleted by the 

oxidation reaction at the silicon nitride-oxide or sulfate interfaces. Based on 

equation (2) and 

so3 = so2 + l/202 

K7 = (p02)li2 .pSO2/pSO3 

(7) 

The activity of Na20 is raised under the sulfate droplets (it is higher than 

outside) and the crystallization is promoted under the droplets. 

Acidic Hot Corrosion Of Silicon Carbide 

The morphologies of the samples of single crystal silicon carbide after 

exposures were described previously (lp3) and for short times are generally 

similar to those described above for the silicon nitrides (see fig. 2). They are 

characterized by the formation of sulfate droplets separated by smooth vitreous 

regions. The spherulitic growth of cristobalite occurs rapidly under the drops 

and it is generally similar to the behavior observed on the silicon nitride (fig.6). 

Preferential attack occurs also under regions between the cristobalite crystals as 

shown in Figure 7 in which the silicon oxide has been etched away. 

The kinetics of acidic hot corrosion for single crystal silicon carbide at 

1OOOoC are plotted as a function of the square root of time in figure 4 and they 

fall on two distinct lines both higher than the oxidation data of Harris(22) 

sketched on the figure. The two lines have been associated with the carbon side 

and the silicon side of the single crystal. In agreement with the oxidation results 
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of Harris and Tressler et al.(g) the carbon-side is the fast or thick side and the 

silicon-side is the thin or slow side. Hot corrosion data was obtained also at 

955OC and 910 oC. The data at 910°C are plotted in figures 8 and 9 and both 

sides still show parabolic behavior at that temperature. Activation energies for 

the growth of oxide scale in the temperature range 910-1000°C were determined 

from the parabolic constants B* calculated from x2 = Bt in which x is the scale 

thickness at time t. The thickness measurements were all performed by one 

method (X-ray spectroscopy) in order to minimize the influence of systematic 

errors. The plots of figures 10 and 11 give activation energies of 34 and 118 

kcai/mole for the carbon-side and the silicon-side, respectively. 

Silicon carbide is a polar crystal and has different basal surfaces (0001) and 

(0001)(23) which can be differentiated by a number of methods based on different 

surface morphologies after high temperature wet oxidation or attack by fused 

salts(24). The present hot corrosion experiments resulted in milder attack but it 

was clear after extensive experience that slight differences in morphologies 

existed between the two surfaces which allowed their identification. Namely 

after hot corrosion for long times, the silicon side between the droplets appeared 

as-polished except for some interference colors on the thicker scales and the 

carbon-side was rougher, duller in texture. Different oxidation behaviors have 

been reported(g*22) for the two sides. This difference in behavior was no longer 

apparent at high temperatures (1400-15OOoC). Similar basic hot corrosion 

behaviors were found for the two sides in this research at 10000C(1~3~4(. Under 

acidic hot corrosion, the vitreous scale between the droplets grows faster on the 

*B was determined also by the Deal Grove formulation but it gave the same 
results since the data plotted as functions of t1/2 falls on good straight lines 
extrapolating through the origin (fig. 3,7,8). 
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~7. Acidic Hot CorroSion 0( silicon carbide single crystal (lOOOOC).
The substrate was attacked under the spherulites as shown after
disSOlution 0( oxide in HF.
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Figure 8. Kinetics of acidic hot corrosion of C-side single crystal silicon 
carbide at 910°C (parabolic plot). Note reproducibility of data. 
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carbide at 91OoC (parabolic plot). 
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Figure 1. Arrhenius plot for the acidic hot corrosion Si-side single crystal 
silicon carbide. 



168 High Temperature Corrosion of Ceramics 

carbon side than on the silicon side as reported by Harris for oxidation. However 

on figure 4 both sides show well defined parabolic behaviors while in Harris’ 

results the carbon-side was parabolic and the silicon side had linear kinetics over 

the broad time scale of the experiments. For the hot corrosion the apparent 

activation energy of the slow side (Si) is much larger than that of the fast 

carbon-side. 

Model for the Oxidation and Hot Corrosion of Silicon Carbide under Acidic 
Conditions 

In order to discuss the hot corrosion of silicon carbide under acidic 

conditions in between the sulfate drops, it is important to understand its 

oxidation. The formation of silica scales on silicon and on silica formers is 

dependent on the transport of oxygen to the substrate for the oxidation to occur. 

The molecular diffusion of oxygen through the scale might be rate controlling as 

established for silicon dry oxidation. It has been proposed(g) that as the 

temperature is increased contributions are made by the network oxygen 

diffusion. Others have argued that the diffusion of CO produced in the oxidation 

of silicon carbide is rate controlling and since the size of the two molecules is 

about the same it is difficult to distinguish(z5). Considering recent 

experiments(g) it is concluded that transport of oxygen is controlling the 

oxidation of silicon carbide at low temperatures (below c 14OOoC). In earlier 

work it was concluded that the diffusion of C-products was controlling at higher 

temperatures(l*). They found two regimes in the oxidation of C-side silicon 

carbide from 1200-1500°C, one with low activation energy (123kJ/mole) at low 

temperatures and the other with high activation energy at high temperatures 

(216kUmole) at 1 atm pressure of oxygen. However the oxidation of silicon-side 

silicon carbide had only one regime associated with a high activation energy 
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(240kJ/mole in 1 atm of oxygen). The kinetics of the carbon-side oxidation 

controlled by oxygen transport were modelled satisfactorily assuming that 

several processes contribute to this transport; vacancy diffusion in the network 

and molecular interstitial diffusion were considered specifically in the 

analysis(g). The molecular diffusion dominates at low temperatures 1200-1350°C 

while the vacancy diffusion dominates at high temperatures 1350-1500°C. In the 

temperature range of the present experiments the oxidation of the carbon side is 

similar to that of silicon, except slower with the same activation energy and 

linear dependence of B on the oxygen pressure (gl. The molecular diffusion of 

oxygen is dominating the kinetics. At low oxygen pressure a vacancy mechanism 

appears to control the oxygen transport through the scale. The silicon side is 

slower and has a high activation energy for the complete temperature range of 

1200-1500°C(gl. Harris reported linear behavior at low temperatures. These 

results must be considered in terms of the defect structure of the silica scale 

and the surface reactions, then mechanisms will be proposed for the oxidation 

and then for the hot corrosion. 

Proposed Model 

The following model is concerned with the lower temperature range 

around 1000°C. It addresses: 

il the different rates of oxidation and hot corrosion for Si-side 
and C-side silicon carbide 

ii) 

iii) 

iv) 

the enhancement of oxidation under acidic hot corrosion (the 
role of Na20) 

the activation energies for hot corrosion 

the magnitude of B, the parabolic constant, relative to that 
for silicon oxidation 
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It is based on: 

0 the variation in stoichiometry of vitreous silica with its 
formation under different ~02 at the reaction interfaces. 
This variation in stoichiometry and the associated defect 
structure modify the transport of oxygen through the scale 

ii) 

iii) 

the oxidation results of others summarized above 

the oxygen transport model of Tressler and Speartg) applied 
to lower temperatures 

iv) the surface analysis results of Muehloff et a1.(26) 

v) our acidic hot corrosion results. 

Defect Structure and Stoichiometry of Silica 

Vitreous silica is not often considered non-stoichiometric in the glass 

literature although glassy structures which are great solvents allow greater 

variation in composition than the corresponding crystals. It is known that the 

silica formed under oxygen deficient environments crystallizes more slowly than 

similar silica formed under more oxidizing conditions(27). Silicon rich silica has 

been prepared in the electronic industry. Fratello et a1.(28) discussed the 

influence of OH impurities on the crystallization of silica on the basis of the 

defects and stoichiometry of vitreous silica. While the defect structure of 

vitreous materials is relatively controversial for strpctural defects and mass 

transport, the electronic defects have been studied in great detai1(2gy30). In 

general it is accepted that the SiOg glass structure is built with SiO4 tetrahedra 

connected through oxygen bridges to form a continuous random network. Thus 

structural defects may extend to any kind of orderin$31). The major defects in 

silica have been reviewed by Motttao); they are dangling bonds in particular the 

well known single bonded oxygen, but also 3 bonded silicon. They include also 

oxygen vacancies in oxygen bridges as well as Si-Si bonds. The single bonded 
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oxygens tend to form in silicate glasses to accommodate extra oxygens 

associated with network modifying ions in the structure. It is reasonable to 

expect that oxygen vacancies and Si-Si bonds are favored under oxygen deficient 

conditions. It is anticipated also that compensating defects can be generated 

thermally. Reaction 8 generates 2 single bonded oxygens and an oxygen vacancy 

2 Si-0-Si = Si- -Si + ZSi-0 
nil = Vo + 2SiO (8) 

K8 = [Vo] [SiO12 = Cv [SiO12 

in which [V,] = C, is the concentration of oxygen vacancies Si- -Si in the 

network. Under low oxygen pressure oxygen vacancies could form by the 

equation so familiar for crystalline oxides 

00 = Vo + I/2 02 + 2e 

K = [e12 [Vo] [~02]~/~ = 4Cv3 [~02]l/~ 

where the vacancies are formed at the oxide-gas interface and the oxygen is 

supplied directly by the atmosphere and the electron concentration [e] is 

assumed to be supplied only by the reaction so that [e] = 2 Cv. It is more 

appropriate here to consider that the oxygen molecules are dissolved into the 

glass at the scale-gas interface with the concentration of dissolved oxygen 

proportional to the oxygen pressure through Henry’s law. Reaction 9 occurs 

inside the scale under pO2 lower than at the interface and the molecular oxygen 

is that dissolved in that environment (concentration Cm) so that 

Si-0-Si = Vo + l/2 02 dis + 2 Si- 

Kg = 4Cv3 Cm112 

(9) 

in which the electronic charges are associated with silicon dangling bonds and Kg 

includes the dissolution of 02 gas into the glass. The formation of electrons in 

equation 9 may have appeared unrealistic since silica is an insulator. However, 

they exist commonly in vitreous silica in trapped form such as dangling bonds on 
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silicon shown in equation 9. It has been shown that thermally grown silica 

contains positive and negative charge centers. Silica films support electronic 

conduction during anodization(32). 

The vitreous structure is built up on 5 and 6 member rings which are 

randomly distributed on 3 dimensions. These rings provide tortuous paths for the 

diffusion of gas molecules and impurity network-modifying ions smaller than the 

size of the windows in the structure, a little over 3A(33). In the growth of a 

scale the growth flux may introduce anisotropy to this structure by the 

formation of more aligned channel in the flux direction(34). Larger channels less 

than 50A in diameter have been postulated in order to explain silicon oxidation 

and reported from observations in the TEM(35). 

Oxidation of Silicon Carbide 

The oxidation of silicon carbide at the reaction interface generates 

very low oxygen pressures which cannot be calculated exactly except in presence 

of free carbon, for the ternary equilibrium Sic-SiO2-C. The results of this 

calculation which gives pO2 of the order of 10m30 atm at 1000°C can be 

considered a lower bound for the oxidation of materials not containing excess 

carbon. If active oxidation does not occur the silica formed at the reaction 

interface is expected to be oxygen deficient with the formation of corresponding 

defects: vacancies, 3-bonded silicons and possibly Si pairs. Thermal equilibrium 

of the type of equation 8 will suppress the concentration of single bonded 

oxygens 

CJoxid = mNB/2x (10) 

in which CJoxid is the sum of the oxidant fluxes which contribute to the 

oxidation and N, B, x are the number of oxygen molecules incorporated in 1 cm3 
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of scale, the parabolic constant and the scale thickness, respectively. The 

constant m is determined by the mass balance between oxidants and products(g). 

Two types of contribution are made to the transport of oxygen, molecular in 

which molecules of oxygens are transported through channels, in the vitreous 

silica and network contribution which can occur through the various network 

defects. Assuming that the major mode of network transport is by a vacancy 

mechanism equation 10 becomes 

DvCv + DmCm = mNb/2 (11) 

in which Dv, Dm, Cv and Cm are respectively the vacancy and molecular 

diffusivities and concentrations, respectively. Therefore the kinetics of 

oxidation of silica formers may depend on the relative contribution of the two 

transport paths which are determined by the stoichiometry of the scale at a 

given temperature. Different oxygen pressures on formation of the scale will 

result in different stoichiometries through equations 8 and 9. Under low oxygen 

pressure the quantity of dissolved oxygen (Cm) will be depressed and on the basis 

of equation 9 the concentration of oxygen vacancies (Cv) will be increased 

tending to favor transport by a vacancy mechanism over transport by molecular 

diffusion. This in line with the proposal of a gradual change from molecular 

mass transport at high pressures to ionic mass transport at low pressures for the 

thermal oxidation of silicon(g). Based on equations 8,9 and 11 one can explain 

the oxidation and hot corrosion of silicon carbide in the low temperature range in 

which oxygen transport is assumed to be rate controlling. 

First let us consider the oxidation of silicon in 1 atm of dry oxygen, 

molecular diffusion is dominating the transport@) and equation 11 becomes 

simply DmCm = NB/2. The parabolic constant B is proportional to pO2 and it has 

an activation energy Q = 28 kcal/mole which is similar to that measured for the 
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permeability of molecular oxygen through bulk vitreous silica(331. As discussed 

later, if one assumes that the silica scale formed on C-side silicon carbide is 

slightly oxygen deficient because it was formed under a low pO2 (Cm decreased), 

then by equation 9, Cv increased. Although it is smaller than for the oxidation 

of silicon, DmCm is still greater than DvCv. Molecular transport of oxygen 

dominates but from equation 11, B is smaller than for silicon. This was observed 

by Tressler et al.tgl, this oxidation has activation energy (27kcaVmole) and an 

oxygen pressure dependence similar to that measured for silicon oxidation. On 

the other hand if the scale on the silicon-side of silicon carbide was formed 

under very low oxygen pressure, by the same reasoning Cm is greatly depressed 

and Cv increased since Cv * Kg/(Cm) li6. So that now DvCv>>DmCm and the 

network diffusion controls the oxidation resulting in a much lower B, a higher 

activation energy (55-60 kcal/mole) and a low pO2 dependence(gl. Therefore 

with the proposed model it is possible to derive a consistent picture for the 

oxidation results obtained by others for silicon and silicon carbide. It postulates 

different conditions of formation of the scales on silicon-side and carbon-side of 

silicon carbide which are discussed below. 

As discussed earlier the two sides of single crystal silicon carbide oxidize 

at different rates for long periods of time at lower temperature below 1300° C. 

This indicates that under those conditions the two sides maintain their specific 

character as they oxidize. The two sides maintain their separate identity after 

grinding and polishing as shown in the present experiments and after ion 

bombardment (sputtering) to mix the surface. It was shown also by Muehloff et 

a1.(261 that the two surfaces had different stabilities under low pressure 

oxidation. Under ultra high vacuum the carbon side was observed to cover with 

carbon above 900 K while the Si-side did not start to graphitize until 13000K. At 
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that temperature the graphitization of the carbon-side was extensive. The two 

sides of silicon carbide maintained qualitatively their relative rates of oxidation 

during the early oxidation for thicknesses of silica up to 20A, even after surface 

mixing due to sputtering. This carbonization of the of the carbon side was 

explained the evolution of silicon under the very low oxygen pressure at the site 

of the reaction 

Sic + l/2 02 = CO + Si (12) 

Under 1 atm of oxygen, it is assumed that this difference in stability of the two 

sides is maintained and that silicon still tends to volatilize from the C-side, 

however both carbon and oxygen are oxidized in the reaction 

SIC + 02 = SiO + CO (13) 

In the pO2 range (s~O-~O atm) which is expected at the reacting interface SiO is 

the prominant vapor specie in the Si-0 system(36). As shown in figure 12, it is 

possible by this reaction to always maintain the order of the Si and carbon atoms 

at the interface so that on the C-side carbon is always at the surface of the 

silicon carbide as it oxidizes thus maintaining the C-side behavior. The SiO is 

oxidized as it meets with higher oxygen pressure near the interface but not at 

the interface and the silica forms as a rough porous scale and a rough interface 

results from the active oxidation reaction. As the oxidation proceeds the SiO 

oxidizes in the pores so that the scale porosity is filled. The scale is formed 

under higher pO2 than is found at the interface and it will be more 

stoichiometric. 

On the Si-side, the silicons are at the surface and it is proposed that 

oxygen is adsorbed first on the silicon (figure 13) and the carbon is oxidized by 

penetration of oxygen through this oxide layer always maintaining silicon 

between the oxide and the SIC in line with the Si character of that side. This in 
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1) SiC 

12. Figure Model for oxidation of C-side silicon carbide. A rough interface 
is formed and the C-side is maintained at the interface during 
oxidation. The SO2 is formed away from the interface. 
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13. Figure Model for oxidation of Si-side silicon carbide. The silicon side 
nature of the interface is maintained. 
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line with the results of Harris (linear kinetics of oxidation) as the CO would form

under the silica layer and desorption of CO from that position could control the

oxidation. At higher temperatures or in presence of sodium this desorption is no

longer rate controlling and parabolic kinetics are observed. The scale is formed

under very low oxygen pressure and it is expected to be very oxygen deficient as

discussed earlier. The scale formed under these conditions would be more

oxygen deficient than that formed on the C-side. In the oxidation of SiC the

network transport and the molecular transport add to supply the oxygen. This

interplay between the two types of transport processes is underlined as the

temperature of oxidation is increased and their relative contributions change for

the C-side and the Si-side. As the temperature is increased, transport by the

vacancy and other network mechanisms with high activation energies increases

rapidly and becomes a major contributor to the oxidation of the carbon side. The

oxidation of the silicon-side has been increasing also since it was dominated by

the network transport processes. As the temperature is increased the mobility

increases also in the SiC interfaces and they can no longer be differentiated by

the mechanisms of fig. 12 and 13 and around 1350oC the two sides oxidize at

about the same rate with the same activation energy as reported by Tressler(9).

Therefore the proposed model is qualitatively consistent with the data on the

oxidation of silicon and silicon carbide, now we shall apply it to our acidic hot

corrosion results.

Acidic Hot Corrosion

As discussed earlier acidic hot corrosion is oxidation enhanced by the

presence Na2Q at a low activity. Na2Q enters into the silica structure by

reaction 6 and generates single bonded oxygens thus modifying the defect
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concentrations in the vitreous silica. Single bonded oxygens are oxygen excess 

defects which lower the concentration of oxygen deficient defects through 

reactions of the type 

2 Si-0-Si = Si- -Si + 2 Si-O- 
K14 = [Vo] [Si-O12 = Cv [Si-012 

(14) 

Therefore as Na20 is introduced into the scale, it tends to increase the single 

bonded oxygen concentration (eq. 6), this decreases the vacancy concentration 

(eq. 14) which inturn increases the molecular oxygen concentration in the glass 

(eq. S).This can be written as a single equation which is the algebraic sum of 

equations 6, 14 and 9. 

Na20 = 2 Na+ + l/2 02 gas + 2e- (15) 

Kl6 = [Na+][02]1/2 [e12/aNa20 

showing the Cm is proportional to aNa20*. Therefore in oxygen deficient scales 

such as those formed on silicon carbide the sodium will decrease network 

transport and increase molecular transport as it drives the scales towards more 

stoichiometric compositions. 

This result and the previous oxidation model will now be applied to the 

acidic corrosion of C-side silicon carbide. According to the previous discussion, 

the oxidation under 1 atmosphere dry oxygen at low temperatures (1OOOoC) is 

controlled by molecular diffusion as DmCm >> DvCv. As shown in the previous 

paragraph, in the hot corrosion Na20 increases Cm and decreases Cv, therefore 

molecular transport is enhanced giving greater parabolic constant for the acidic 

corrosion of C-side silicon carbide compared to that for oxidation under 

*Equation 15 may be considered as the dissolution of sodium oxide in the glass in 
an interstitial position (network modifier). Interpretation beyond the 
relationship between aNa and [02dis] could be misleading since defects in the 
glass structure are required to accommodate the Na+ ions and the electrons. 
Therefore equations 6, 9 and 14 appear more representative of the reactions 
occuring in the glass. 
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corresponding conditions. In our experiments the parabolic constant B was 

increased by a factor of about 4 at 1000°C. It was about 3x lo-l4 cm2js which 

is similar to B=3.2xlO-I4 cm2js of Deal and Grove for the oxidation of 

silicon(*). This result is in line with the scales of silicon carbide being more 

stoichiometric under acidic corrosion than those formed in dry oxygen oxidation 

and with lower oxygen pressures expected in the formation of scales by oxidation 

of silicon carbidethan in the oxidation of silicon. From the previous analysis the 

activation energy for acidic hot corrosion is expected to be that of the 

permation of molecular oxygen through vitreous silica, the same as for the 

oxidation of silicon carbide and silicon. Therefore it should be 26-28 kcal/mole. 

The 34 kcal/mole measured is close but significantly higher because of the 

nature of the experiment. The parabolic constants plotted in figures 11 and 12 

were determined at constant sulfur content in the atmosphere and not constant 

Na20 activity. The initial mixture of 1% S02-balance oxygen at one atmosphere 

total pressure was used at all three temperatures. After passage over the 

catalyst it generated decreasing pSO3 for increasing temperatures (equation 7). 

From equilibrium relation 2 the activity of Na20 increases with decreasing pSO3 

and therefore with increasing temperature. Since B increases with aNa20, an 

apparent activation energy greater than the 26-28 kcal/mole for molecular 

diffusion of oxygen and the oxidation of silicon and C-side SIC will be measured. 

When the generation of 02 molecules by reaction 15 will be dominating the 

activation energy for diffusion will be increased since B will be proportional to 

DmCm and both terms will depend on temperature. It can be seen from reaction 

15 that Cm o (K aNa20P in which both K and aNa have exponential 

temperature dependences and n is a fractional exponent such as 2/9 obtained 

from the defect equations considered in this report. However the enthalpy of 

reaction 15 and in general the operating defect equations are not known so that 
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it is doubtful that an exact temperature dependence can be derived. It is clear 

that the activation energy for hot corrosion should be significantly higher than 

that for oxidation. The difference between the measured apparent activation 

energy (34 kcal/mole) and that for molecular diffusion (27 kcal/mole) may not be 

representative because the activity of sodium may be too low to completely 

dominate the transport. Simple considerations suggest that the two mechanisms 

of generation of the diffusing oxygen molecules were of the same order of 

magnitude in the present experimental conditions. Experiments with higher 

Na30 activities produced by initial gas mixtures such as 0.1% SOZ-balance 

oxygen would answer this question. 

For the acidic hot corrosion of Si-side silicon carbide, the same general 

reasoning is applicable, however the parabolic oxidation was expected to be 

dominated by network transport (vacancy mechanism) with a low parabolic 

constant B. As for the C-side, the Na30 introduced by the hot corrosion 

decreases the network contribution (lowers Cv) and increases the molecular 

contribution (raises Cm) according to equations 6, 9, and 14 or 15. In the 

reactions considered Cm increases rapidly as Cv decreases since Cm = k/Cv6 in 

equation 9 and Dm >> Dv by about 4 orders of magnitude. Therefore the change 

in defect concentration affect dramatically the relative contributions to the 

transport of oxygen although it is not possible to state if and at what 

temperature the molecular flux became dominant. B is increased dramatically 

as observed experimentally. It is increased by a factor of about 16 compared to 

B extrapolated from the oxidation data of Tressler et al.tgl. The large apparent 

activation energy is due to the same effect as for the carbon-side, the Na30 

activity increases with temperature as discussed above. A quantitative 

correlation between the results for C-side and Si-side acidic hot corrosion is 

being considered. 
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