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INTRODUCTION 

There is a great emphasis on higher working temperatures for heat engines 

which is dependent on advanced materials. As progress has been made in the 

science and technology of ceramics leading to greater reliability of ceramic 

parts, they are beginning to be incorporated in car engines and other high 

temperature-high stress device&). Since ceramics are becoming serious 

candidates for these applications, understanding their corrosion resistance under 

environmental conditions related to these uses becomes important. While 

ceramic compounds, in particular oxides are quite stable at high temperatures in 

air, the stability of ceramics under various conditions which might be 

encountered, e.g. in a heat engine, must be established. At high temperatures a 

material may not be stable in presence of some gases, i.e. metals in oxygen, and 

the degradation of a material by reaction with gases is called gaseous corrosion. 

In combustion systems, various compounds such as NagC03, Nags04 may be 

generated in addition to combustion gases t2). Below some temperatures these 

compounds condense in the engine and often enhance the gaseous corrosion in a 

complex process named ‘hot corrosion’. This type of degradation is well known in 

superalloys but has not been studied in detail in ceramics. 

Silica forms as a protective scale at high temperatures in oxidizing 

atmospheres on silicon carbide and silicon nitride and on some coatings on 

superalloys. Vitreous silica is protective in clean oxidizing environments because 

it is continuous with some ability to self heal at higher temperatures. However 

above llllO-12000C it is less protective as it begins to crystallize@). Although 

growing scales may differ in properties from the same materials in bulk, it was 
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believed that valuable information could be obtained from a study of hot 

corrosion of silica as a part of a systematic investigation of the hot corrosion of 

ceramics (4). This paper covers the study performed under conditions relevant to 

gas turbines, with deposits of sodium sulfates. 

HOT CORROSION 

Hot corrosion is dependent upon temperature and the gas atmosphere since 

they affect the stability of the deposit and its reactivity with high temperature 

materials. If the deposit is in equilibrium with the atmosphere, equation (1) 

applies: 

Na2S04 (1) = SO3 (g) + Na20 (1) 

Kl = PSO3. a(Na20) 

(1) 

The activity of Na20 and the pressure of SO3 in the melt are fixed by the 

temperature and PSO3 in the atmosphere as defined by Kl. For pure Na2S04, its 

activity can be taken as unity, and as a(Na20) increases, PSO3 decreases and 

viceversa. An Na20 activity of 2~1O-l~ was calculated from equation (1) for the 

equilibrium between the melt and the S03-containing atmosphere selected for 

the hot corrosion experiments at 1OOOoC. The corresponding activity at 7OOoC is 

lower. In presence of pure oxygen, the activity of Na20 in the melt is not 

defined by reaction (l), it is expected to increase to values of the order of 10-6 

to 10s4 since SO3 and SO2 are evolved from the Na2S04 to the gas. These 

values are high and such Na2S04 melts are considered basic. However 

equilibrium of the deposit with the atmosphere may be established only at the 

beginning of the hot corrosion process and acid or basic behavior depends on the 

specific reactions that occur between the sulfate and the ceramics. 
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EXPERIMENTAL PROCEDURE 

Materials 

The experiments reported here were all performed on a high purity fused 

silica (Corning 7940). The major impurities are 1OOOppm of ‘water’ and lo-100 

ppm of chlorine. All other impurities were in the ppm or subppm range. The 

samples were cut to about 1x1 cm in area and polished prior to exposure. 

Gaseous Corrosion 

The samples were exposed in tube furnaces at 700 and 1000°C. SO3-03 gas 

mixtures flowed through a platinized catalyst in the furnace before passing over 

the samples. The initial SO3 contents of the gas were usually 1, 0.1 or O.Ol%, 

balance oxygen at a total pressure of 1 atmosphere. The corresponding equilibrium 

PS03 and PSO3 are given in table I. The gas flow rate was 1 cm3/s. The exposure 

time was usually one week but varied from one day to one month. Weight changes 

were checked on an analytical balance. The major tool was an SEM equipped 

with X-ray spectrometers (Energy Dispersive, EDS and crystal spectrometers 

WDS) for elemental microanalysis. These experiments were supplemented by 

ESCA. (X-ray photoelectron spectroscopy). 

Hot Corrosion 

The polished specimens were placed on a hot plate and sprayed with an 

aqueous solution of Na3S04 to form a continuous layer of sulfate usually with a 

loading of 5mg/cm2. The samples were placed in a boat lined with platinum foil 

and exposed in tube furnaces for times of 1 to 495 hours. Flow conditions and 

catalysts were as described for gaseous corrosion. The extreme conditions of 
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Table I 

SO3 Pressures for Corrosion Experiments 

Temp. (OC) 

700 

1000 

Initial (SO2) (1) 

1 
0.1 
0.01 

1 
0.1 
0.01 

S03(atm.) (1) 

7x10-3 (2) 
7x10-4 
7x10-5 

1.5x10-3 (2) 
1.5x10-4 
1.5x10-5 

(1) 96 S02-Balance 02 - total pressure 1 atm. 

(2) Environments for Hot corrosion experiments. 
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table I were selected since they correspond to relatively acidic and basic 

conditions. They are the initial mixture of 1% S02-balance oxygen (acidic) and 

pure oxygen (basic) at 700 and 1000°C. Since Nags04 is not molten at 700°C, an 

equimolar mixture of CoSO4 and Na2SO4 was used at that temperature. Cycling 

experiments were also performed with or without water washing and reapplying 

the salt usually on a 45 hours cycle. 

The weight of the coupons was checked on an analytical balance with a 

sensitivity of 0.1 mg before salt application and after exposure once the salt was 

washed off in 10 cm3 of high purity water per cm2 of exposed area. The washing 

lasted 20 minutes in an ultra sonic cleaner. The washwater of some of the 

samples was analyzed by EDS in the SEM using a procedure adapted previously 

(5~6). A single drop of the washwater was deposited on a beryllium coupon and 

dried. The deposit left on the coupon was analyzed and the spectrum was 

processed semi-quantitatively* after subtraction of a water spectrum obtained 

under the same conditions and scaled to the same background. The specimens 

were examined in the light microscope and the SEM before and after removal of 

the salt, however the SEM with its X-ray spectrometers for microanalysis were 

the major tools of this investigation. When possible, crystalline products were 

identified by X-ray diffraction with a diffractometer. The wetting angle of the 

salt on the substrates was measured on photographs of the droplet profiles taken 

in the SEM at room temperature. Contact angles have been measured previously 

by this method(7). The crystallized thicknesses were measured on SEM 

micrographs of cross sections of the coupons. 

* SSQ software by Tracer-Northern 
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Gaseous corrosion 

RESULTS AND DISCUSSION 

The gaseous corrosion(*) was studied for comparison with the hot 

corrosion(g). No weight changes were detected, no products were visible in the 

SEM and no sulfur was detected by EDS or ESCA on the surface of the specimens 

after exposures up to one month under the conditions given in table I. While the 

smallest weight change that could be measured (0.1mg/cm2) would require a 

uniform deposit of the order of 1 urn, the SEM with careful examination and 

ESCA are much more sensitive. An estimate of the detection limits of discrete 

products in the SEM is 

10m7 to lo-* g/cm2. Under these assumptions* sulfur in the products seen in the 

SEM could be detected by EDS. ESCA is a surface technique, not a 

microanalysis technique, and its detection limits were of the order of lo-* to 

10mg g/cm2. 

No evidence of degradation or formation of solid products containing sulfur 

was found in these experiments. This might have been expected since there are 

no reports of the existence of a silicon sulfate, and no silicon sulfide was 

expected to form under the experimental conditions since the oxygen pressure 

was always around one atmosphere. The formation of silicon sulfide has been 

discussed recently(lOl. N o experiments were performed above 1000°C because 

sulfate deposition becomes less favorable at higher temperatures. No 

devitrification of the silica was observed after any of these exposures at 700 and 

1OOOoC in many experiments for times as long as 720 hours. Others have 

reported that SO2 has a fluxing action on fused silica. 

* A 1% coverage with islands 20nm thick containing 20% sulfur was assumed for 
the calculation of the limits of detection using SEM and EDS. In ESCA, 0.1% of 
a sampling depth of 5nm was assumed. 
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Wetting by sulfates 

The wetting angles of the salts used in the hot corrosion experiments varied 

with the environments. They are given in table II. The general wetting morphology 

developed in a few minutes at the temperature of the experiments. Some evolution 

occured with time with the wetting increasing from 1 hour to 24 hours. In general 

the sulfate wetted the silica better under basic conditions than acidic conditions 

under which discrete small droplets were formed. After 24 hours under acidic 

conditions at 1OOOoC the wetting angle was 24O on the droplets and 13O on an 

exceptionally large drop about 0.02cm across. Under basic conditions at 1000°C 

the salt wetted most of the coupon after 1 hour, and a wetting angle of 2O was 

measured; after 24 hours the wetting was continuous. 

In some cases, the salt formed drops of several sizes and different wetting 

angles were observed for different size-range (table II). The wetting angle 

measurements were very reproducible for given size range. The angles reported 

are called wetting angles and not contact angles since the latter terminology 

may imply that equilibrium was reached. It is clear from the increased wetting 

with time and the influence of atmosphere on the wetting that reactions are 

occuring between the sulfate and the silica surface, even under acidic conditions. 

The wetting tends to increase with the affinity between the liquid and the 

substrate surface and the greater wetting of the silica by the salt under basic 

conditions reflects the higher affinity of the basic salt for the acidic silica. 

It was established by careful microscopy of the same areas of samples 

which were cycled, with washing off the salt and reapplication between cycles, 

that the droplets did not reform preferentially on previous droplet sites. This 

suggested that no preferential local attack would occur under acidic conditions. 

This conclusion was substantiated by a long term experiment reported below. 
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Table II 

Wetting Angles of Na2 SO4 on Silica (O) 

7oooc (1) 1ooooc (2) 
lhr. 24hr. lhr. 24hr. 

Acidic 52 36-49 t3) 13-24 t3) 

Basic - 26 t4) 2 0 

(1) (Nag Co) SO4 

(2) Na2 SO4 

(3) Range of angles with drop sizes - smaller 
angles for larger drops. 

(4) Salt phase separated. 



66 High Temperature Corrosion of Ceramics 

Hot Corrosion 

Under acidic conditions, the salt did not wet well the silica and it formed 

droplets. At 700°C the weight changes were small, for example, after removing 

the deposit by washing there were losses of 0.1 mg/cmz after 1 hour and 1.1 

mg/cm2 after 24 hours. No evidence of devitrification was apparent. Some 

localized corrosion occurred under the droplets, as shown in figure 1. It is 

suggested that this ‘wormy’ void texture formed by dissolution of sodium silicate 

in water. This corrosion was very limited as indicated by the small weight 

losses. The attack occurred preferentially under the salt at the perimeter of the 

drops suggesting an interaction with the atmosphere. No spalling occurred after 

495 hours of cyclic exposure of the silica. The sample was washed and salt 

reapplied (5 mg/cm2) between cycles. The substrate had a strong texture after 

exposure and a region 33 urn thick contained sodium. This attack over the whole 

surface of the coupons is consistent with the separate observation that the 

droplets did not reform at the same locations after reapplication of the salt. 

Under acidic conditions, at 1000°C the wetting had improved and the silica 

was devitrifying under the drops. After 24 hours the cristobalite formed 

characteristic patterns intermediate between spherulitic and globular (figure 2). 

Devitrification occurred also under very small drops and no evidence of attack 

was detected outside the drops. The weight loss of 0.3 mg/cm2, was smaller 

than at 700°C. This can be explained by the greater stability of the cristobalite 

compared to the vitreous silica which will result in the formation of less sodium 

silicate to dissolve in the salt. The cristobalite layer which did not spall 

probably offered some general protection to the vitreous silica but it was not 

established if preferential attack occured at the boundaries between the 

spherulate fibrils as reported for silicon carbide under similar conditions(l2). 
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Figure I. Hot corrosion of fused silica under acidic conditions,
24 hoursat 700oC. SEM of sulfate drop area after
washing off sulfate showing wormy voids formed
preferentially at edge of drop.
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Figure 2. Fused silica exposed for 24 hours under acidic conditions
showing coarsened spherulites under sulfate drops (after
washing).
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Under basic conditions at 7OOoC the salt tended to decompose with 

extensive formation of cobalt oxide which complicated the interpretation of the 

data, particularly weight change. Under the salt drops there was limited 

formation of cristobalite spherulites mixed with some random globules after 24 

hour exposure and some localized cracking (figure 3) but there was no evidence 

of spalling or extensive attack of the substrate. 

The most extensive degradation of vitreous silica occurred under basic 

conditions at 1OOOoC. After 1 hour the salt wetted the coupon almost 

completely and a layer of cristobalite spherulites had formed under the salt. As 

shown in figure 4, the fibrils of the spherulites had already broken down 

significantly into arrays of globules. The spherulites had grown to impingement 

with radii of the order of 30 pm, underlining the high velocity of the surface 

crystallization. After 24 hours nothing was left of the spherulitic surface 

morphology as tridymite had formed at the silica-salt interface. Cristobalite 

separates the tridymite from the vitreous silica. After 212 hours the tridymite 

near the surface had coarsened into laths about 15 pm wide and over 60 pm long. 

The crystalline layer spalled extensively. The washwater analysis indicated that 

significant silicon was water soluble with the sulfate after 1 hour, however this 

was no longer found after 10 or 100 hours. The sulfur was never depleted as the 

Na/S ratios in the water remained of the order of 2 (t 0.4). This suggests that 

less reaction occurred after a continuous crystalline layer was formed and that 

at the longer times sodium silicates with low solubility in the sulfate at 1OOOoC 

formed between the crystalline silica and the sulfate. 

It became clear, as the previous results were obtained, that the major 

mode of degradation of vitreous silica under hot corrosion conditions was due to 

the crystallization and associated spailing. Qualitatively the extent of the 

degradation at constant time increased in the order: 
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Fused silica exposed under basic conditions at 700oC for 24
hours. Limited nucleation occured in small portions of drop
areas.

Figure 3.
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Figure 4. Fused silica exposed to basic conditions at lOOOoC for 1 hour.
The fibrils of the spherulites have broken up into globular
arrays.
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Acidic 7000 < Basic 700° < Acidic 1000° < Basic 1000°C 

The degradation increases with increasing Nag0 activity in the salt and decreasing 

equilibrium PSO3 under these conditions. Since the hot corrosion results 

emphasized the degradation associated with the devitrification, quantitative 

data was obtained on the crystallization. 

Kinetics of Crystallization 

The thickness of crystallized silica was measured on fused silica under 

basic hot corrosion conditions at 1000°C for times up to 300 hours. The 

measurements were made on the unspalled region of fractured specimens. The 

isothermal kinetics are shown in figure 5. They are for the propagation of the 

cristobalite-glass interface. The plot is parabolic and the incubation time is 

under an hour. A long term experiment was performed with exposure cycles of 

46 hours. In between cycles, the salt was washed off and new salt was reapplied 

as described previously. Since this was done at room temperature, the samples 

were thermally cycled. Extensive spalling of the crystalline layer occured and 

the thickness of the remaining silica glass was measured where the fracture had 

propagated at the interface. The plot of the thickness crystallized for 6 cycles 

is given in figure 6. The plot is linear instead of parabolic and the total thickness 

crystallized (about 1000 urn) is over twice that without cycling. In a separate 

experiment of 100 hours total duration, a sample was cycled without reapplication 

of salt by cooling to room temperature after 1 hour and 10 hours of exposure. It 

had the same layered structure as the other samples after the long exposures, 

cycled or uncycled, (figure 7). One can identify a thin sodium silicate layer, a 

tridymite layer and a cristobalite layer over the glass. The crystallized layer 

had a thickness of the order of 400 urn which is also about twice the thickness 
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I/2 l/2 
TIME (Hours) 

Figure 5. Kinetics of cr,stallization of silica glau during basic hot 
corrosion at lODOW in Oxygen. 
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Figure 6. Kinetics of crystallization of silica glass exposed to basic hot 
corrosion at 1OOOoC in Oxygen, with 45 hours cycles and 
reapplication of sulfate. Note linear kinetics. 
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crystallized for the same time under isothermal conditions. The larger rates of 

crystallization and the change in the type of kinetics under cycling show the 

strong influence of the salt on the crystallization but the increased damage under 

the cycling experiments is due to the stresses generated during the cycling and 

not to the replenishing of the salt. 

General Discussion 

The wetting was greater under basic than under acidic conditions. The 

wetting angle decreased in the sequence: 

Acidic 700 > Basic 700 > Acidic 1000 > Basic 1000°C 

The increased wetting at higher temperature (lOOO°C) under acidic conditions is 

due to a decreased acidity of the salt at higher temperature as predicted from 

equation (1). The negative free energy of a reaction between a substrate and a 

liquid enters in the interfacial energy balance of a sessile drop so as to increase 

the wetting tendency of the solid by the liquid(ll). Therefore the wetting 

behavior of the salt and in particular the influence of the atmosphere on it 

indicate a tendency towards basic fluxing according to a reaction of the form: 

xSi02 + yNa20 = yNa2OxSiO2 (2) 

I(2 = a&/ (aSiO2)x. (aNa2O)y 

Assuming that the silicate activity asil=l, y=l and x=2, the equilibrium 

constant at 1000°C gives aNa20=9.2xlO- 11. Therefore reaction 2 should proceed 

to the right when aNa is greater than this value. The experimental conditions 

for equilibrium with 1.5x lo-5 atm So2 which correspond to aNa20=2xlO-15 

should therefore not be .sufficient to form the silicate. A similar analysis was 

performed by Jacobson et. al for the corrosion of silicon carbide(13). However 
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the wetting behavior, the crystallization and the reaction of the sulfate with the 

silica indicate that the equilibrium is shifted to much lower values of aNa so 

that at least locally all conditions for this work might have been sufficiently 

basic to permit for reaction 2 to proceed to the right. This can be explained at 

least partially by aSiO2 > 1 since the glass is not an equilibrium phase and the 

OH and Cl impurities decrease its stability. A discrete silicate phase was observed 

under long term basic exposures at 1000°C. It is only expected to form under 

strongly basic conditions where the silicate activity might get close to 1. In the 

less basic experiments and early in the basic experiments the silicate formed is 

dissolved in the sulfate and has activities much less than 1. 

Some limited reaction occurs between the fused silica and the sodium sulfate, 

even under the less basic conditions at 700°C (acidic 700°C in table I.) Under 

these conditions, with cyclic replenishing of the salt, significant hot corrosion 

accumulated over long term exposures. The quantitative interpretation of the 

hot corrosion on the basis of reaction (2) was limited by the presence of cobalt in 

the melt at 700°C and the overwhelming effect of the crystallization under all 

conditions except the less basic (acidic 7OOOC). Neglecting these complications, 

the major interactions between the salt and the silica occur at their interface. 

They are the dissolution in the salt of the silicate formed via reaction (2) in the 

salt and diffusion of sodium into the vitreous silica. Accordingly, under the more 

basic conditions, the Si content of the washwater increases early during the 

exposure but decreases later as the silica at the interface crystallizes; after a 

long time a silicate layer is detected on top of the crystallized silica (after 

washing). Under the less basic condition, this reaction is localized leading to the 

observed ‘wormy’ texture. It is proposed that the reaction begins at impurity 

clusters in the fused silica. The OH and Cl impurities are connected only to one 
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silicon and they may generate microregions with more open structures more 

susceptible to attack under reaction (2). Since for the less basic condition (acidic 

7OOoC), the driving force for the reaction is small, the influence of these defects 

is emphasized and it will be suppressed by increases in concentration of the gaseous 

products in the salt. As a result it occurs more readily near the edge of the salt 

drops (figure 1) where the SO3 produced is released more easily to the atmosphere. 

Under more basic conditions these defects may play a role, but it is not as obvious 

in the surface morphology observed after corrosion. Others have reported no 

interaction of Na2SOq with fused silica under acidic conditions(14). This was not 

the case in any of the present experiments which included lower temperatures. 

Some of that difference in behavior may be due to the influence of the 

impurities discussed above. Silica scales formed in combustion environment are 

expected to contain OH impurities, so that the samples studied here are 

expected to be more representative of industrial applications. 

Sodium diffuses rapidly into fused silica with reported diffusion 

coefficients (DNa) of the order of 10s6 cm2/s at 1000°C(15). In type III silica 

glass such as used in the present experiments, the OH’s may slow down the 

sodium. In a recent discussion it was pointed out that impurity and structure 

seem to affect DNa( 13). Sodium can be incorporated in the glass as a network 

modifier(17) through the reaction: 

Na20 + Si-0-Si = 2Si-O- + 2Na+ (3) 

(CSiO)2. (CNa)2 
g3 =_________________ 

Cst. aNa 

in which an oxygen bridge (Si-0-Si) has been broken into two single bonded 

oxygens to incorporate the oxygen into the network. The sodium ions, as 

network modifiers, are located in holes of the structure near the single bonded 
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oxygens. The oxygen bridges most likely to be broken are the more strained in 

the structure(l6), and their concentration is Cst. Although the sodium ions are 

associated with single bonded oxygens they are mobile in the structure. These 

considerations are important in the oxidation of silica formers and similar 

concepts have been used by Schaeffer to discuss the influence of water on the 

oxidation of silicon(lg). The penetration of sodium is expected to increase 

rapidly with the activity of Nat0 in the melt as it increases the driving force 

and probably the mobility of Na+ for the low concentrations of Na+. Diffusion of 

sodium in silicate glass has been discussed in terms of a vacancy diffusion(20). 

Initially it must enter the glass structure by reaction 3 which could be rate 

controlling. If this reaction is slow it is likely that ion exchange between protons 

of the hydroxyls present in the glass and sodium might play a role. However, the 

situation is modified by the crystallization of the silica glass. Diffusion of 

sodium through cristobalite is very difficult since it does not contain the 

channels of vitreous silica or quartz. Diffusion is probably easier along the grain 

boundaries. 

Since it breaks up the network, reaction 3 is expected to promote the 

crystallization of silica and the required rearrangement of the network to 6- 

member rings. In this research, the silica did not crystallize under the lower 

Na30 activity (acidic, 700°C) but it did at the same temperature under the more 

basic condition. Qualitatively, the extent of the crystallization increased with 

the Nag0 activity as expected from the previous discussion and reaction (3). 

From reaction 3, the concentration of single bonded oxygens is proportional to 

(aNaaO)*. The strong influence of sodium on the crystallization of silica is well 

know in ceramics(21), here it has been shown that under basic hot corrosion 

conditions at 1OOOoC the crystallization proceeds at a rate of the same order as 

that observed above 1400°C on the same materials in oxygen or an enhancement 
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of many orders of magnitude due to the sodium. This is in line with previous 

results on the crystallization of sodium silicate glasses(21). Much greater rates 

of crystallization, of the order of 0.1 mm/min. have been observed at 1000°C in 

soda silica glasses with Na20 contents of the order of 1%. This shows that only 

very low concentrations of sodium, in the ppm range are necessary to obtain the 

crystallization rates of the order of 0.01 -0.1 um/min. observed here. 

Under the more basic conditions, at 1000°C, the greater Na20 activities 

lead to dissolution in the salt as well as sodium penetration in the vitreous silica, 

however this is short lived because of the onset of devitrification. The 

devitrification and the resulting spalling as the specimens are cooled through the 

a-g cristobalite and the a-B-y tridymite inversions as well as the differential 

contraction of the crystalline phases on cooling are responsible for most of the 

degradation of fused silica under basic conditions. The increased degradation 

under cycling is due to the cracking and spalling of the crystalline scale and 

penetration of the salt through the cracks. In line with this conclusion, little 

degradation was observed with no significant increase under cycling for the less 

basic condition at 7OOoC (acidic 7OOoC) for which the silica did not crystallize. 

Since it was responsible for most of the observed degradation the crystallization 

of silica under hot corrosion conditions will be discussed extensively. 

The crystalline phase formed initially was always cristobalite which forms 

instead of tridymite since a lower energy path is available because of the greater 

similarity between the structures of high cristobalite and vitreous silica(221. The 

cristobalite was globular in morphology (figure 2-4). Under the more basic 

conditions cristobalite globules were aligned in radial arrays related to their 

spherulitic formation. Under less basic conditions the spherulites did not 

nucleate under all the salt drops or over the whole areas covered by the drops 



Appendix B-Hot Corrosion of Silica 81 

and for less basic conditions yet (acidic 700°C) no crystallization was observed 

even after nearly 500 hours. Under the intermediate conditions, cristobalite 

globules formed randomly under the drops where no spherulites formed or in 

between spherulites. This suggests that the crystallization was initiated by two 

different mechanisms depending on the Na20 activity. In both cases the sulfate 

reacts with the silica by basic fluxing as discussed earlier and shown in reaction 

2. The relationship with SO3 pressure is obtained by combining reactions (1) and 

(2). Under the greater Na20 activities the cristobalite nucleated at the sulfate- 

glass interface and formed spherulites, with the well-known radial morphology of 

their fibrils, however the previous results suggest that a threshold concentration 

must be reached for the nucleation of the spherulites at the interface. These 

fibrils coarsen and break down due to interfacial instability giving the radial 

arrangements of globules. The spherulites grow in a thin surface layer in which 

high Na20 activities promote the crystallization of silica by breaking down the 

network, (reaction 3) and silica is transported rapidly through the liquid phase. 

On the other hand under intermediate basic conditions, the surface 

reaction of the sulfate with the silica is less extensive, the silicate ions dissolved 

in the sulfate diffuse into the sulfate away from the interface on which no 

crystallization is initiated. At the same time it is likely that the solubility of 

silicon, probably as silicate, in the sulfate decreases as the activity of Na20 is 

decreased as reported by Kim(22) in the same range of activities. Thus as the 

reaction proceeds at the interface, gradients of Na20 activity and SO3 pressure 

are set up across the salt. The solubility of the silicate decreases as it diffuses 

away from the interface leading to supersaturation and homogeneous 

precipitation of silica in the salt which generates the random globules of 

cristobalite (figure 3). 
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Discussion of Crystallization Kinetics 

The crystallization of silica which has rapid parabolic kinetics under the 

more basic isothermal conditions is not controlled by the transport of reactants 

or products through the crystalline layer, since the crystal has the same 

composition as the glass. As already discussed qualitatively, the very large rates 

of crystallization are associated with high Na30 activities. The sodium breaks 

oxygen bridges according to reaction (3). It is proposed that the crystallization 

begins when a threshold Na30 activity is present at the silica glass-sulfate 

interface generating sufficient concentrations of oxygen bridges to allow the 

local rearrangement of the network to the crystalline form. This could occur by 

a mechanism similar to that proposed by Fratello et. a&18) for the high pressure 

transformation of fused silica to quartz. The sodium in Si-0-Na groups would 

play a role similar to that of hydrogen in SiOH bonds, although the ONa bonds 

are more ionic than the OH bonds and as a result they were considered ionized in 

reaction (3). Since it is less tightly bound to the oxygen and because of size 

considerations, the Na+ is more mobile than the protons(24). The active defects 

sre still the non-bridging oxygens which are very mobile in combination with 

either thermally created single bonded oxygens, SiOH or other SiO- Na+ groups. 

The single bonded oxygens can attack oxygen bridges by simultaneous bond 

formation and breaking, and reshape the network into six member rings. After 

nucleation the crystallization front propagates at rates many orders of 

magnitude greater than in the pure system. From the present results this is due 

to the sodium which catalyses the crystallization. It has to be present at the 

cristobalite-glass interface, although it could not be detected with the electron 

microprobe, except in special cases. Only very small quantities of sodium are 

required for the previous mechanism which can rapidly propagate a crystal ledge 

into the glass. 
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In such an interfacial reaction a sodium can rapidly rearrange many bonds and 

the controlling step is the break up of a strained Si-0 bond(l@. Adapting this 

kinetic model the rate of advance of the interface (u) should be a function of the 

stoichiometry of the silica and directly proportional to the concentration of 

sodium which take the place of the hydroxyls in the model. The hydroxyls have a 

mobility 3 to 4 orders of magnitude smaller than Nalz41. It has been suggested 

previously that most hydroxyls in synthetic silicas are strongly bound and nearly 

sessile(z51. The sodiums are highly mobile although in small concentrations. 

The concentration of sodium ions is not constant in the moving interface. 

During the induction period some sodium diffuses into the glass. Soon this 

diffusion is essentially stopped by the formation of a continuous cristobalite 

layer, as discussed earlier. In the proposed model, the sodium at the 

cristobalite-glass interface is supplied by this original diffusion through the glass 

and essentially trapped once a significant crystalline layer has formed. 

Neglecting any diffusion through the crystalline layer and the solubility in the 

cristobalite, one can approximate the concentration of Na in the glass at the 

interface with the cristobalite as a spike of constant area, representing the 

sodium injected initially into the glass, which spreads as a function of time 

(figure 8). This spread which is due to the sodium diffusion into the glass is 

slowed by the rejection of the sodium ahead of the crystallization front. Based 

on this model, the concentration of sodium CNa at the interface is expected to 

decrease with time in line with the observed decrease of the rate of 

crystallization. Quantitatively the constant sodium in the spike can be written 

as: 

cNa.(Dt)+ = s 
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Figure 8. Proposed mechanism of crystallization of silica during basic 

hot corrosion. (1) Diffusion of Na into glass, nucleation of 
cristobalite; (2) A continuous layer of cristobalite forms 
rejecting Na; (3) with cristobalite growth the Na 
concentration at the cristobalite-glass interface decreases by 
diffusion into the glass. 
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in which D is the diffusion coefficient of Na+ into the glass and t is the time. 

And the rate of crystallization u is 

u = dx/ dt = A CNa+ = A S / (Dt)* 

which integrates to x = B tt / Dt and if D is 

independent of time, x takes the form: 

x=kt* 

which predicts the observed parabolic behavior. In the previous discussion, x is 

the thickness of the crystallized layer while S, A, B, and k are constants at 

constant temperature. 

One could still assume that the sodium at the interface is supplied mostly 

be diffusion through the crystalline layer by grain boundary diffusion however 

the cristobalite changes grain size by over an order of magnitude and it transforms 

to tridymite at the salt interface side without significant departures from the 

parabolic behavior. Furthermore Na is not consumed in the crystallization reaction, 

it is rejected into the glass at the cristobalite-glass interface and since it 

catalyzes the crystallization one cannot expect a falling rate of crystallization 

such as the observed parabolic behavior. Therefore it is concluded that the 

mechanism proposed above provides a better explanation. 

Hot Corrosion of Silica Pormers 

The present results are in general agreement with the protective properties 

of silica scales on ceramics (silicon carbide and silicon nitride) and coatings on 

superalloys. The silica was not affected by the SO3-SO3 containing environments 

of this study, however sodium plays a dramatic role under hot corrosion conditions. 
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The vitreous silica has a tendency to react with Na2S04 by basic fluxing, 

particularly at low PSO3, but more importantly it is very sensitive to 

crystallization which promotes spalling through temperature cycling. Under 

these conditions silica scales should be strongly affected and fundamentally not 

afford good protection to silica formers. The validity of these conclusions will 

depend on the purity of the silica formed, the nature of the impurities associated 

with the sealest and the rate of growth of the scale since thick scales are more 

sensitive to spalling. It is likely that OH impurities promote the hot corrosion 

and crystallization. Although only indirect indications are presented here, it is 

expected from the role of OH in glasses( 18p2@. This is important for high 

temperature structural applications since water is a major product of 

combustion. 

The results suggest also that some silicate scales might be more desirable 

than vitreous silica if they could be used at high temperatures without 

devitrification. 

CONCLUSIONS 

- No evidence of gaseous corrosion was obtained in atmospheres containing 
initially up to 1% SO2 and balance oxygen at 700 and 1000°C for times up to 720 
hours. 

- No devitrification was observed under these conditions and similar 
experiments in pure oxygen. 

- The wetting of the silica by the sulfate varied significantly with the PSO3 
and the Nap0 activity. It increased with aNa20. It was greater under basic than 
under acidic conditions at both temperatures. Under basic conditions at 1000°C 
the wetting was complete. 

- In all cases there was a tendency towards basic fluxing which increased 
with the activity of Na20. 

- Some limited corrosion was observed under acidic conditions at 7000C. 
At 1000°C under the same conditions, the silica devitrified and little reaction 
was observed between the salt and the silica. 
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- The most extensive degradation of vitreous silica occurs by crystallization 
and the associated spalling during temperature cycling. In general it increased 
with the activity of Na20 and was very severe under basic conditions (pure oxygen 
atmosphere) at 1000°C. 

- The sodium accelerates (catalyzes) dramatically the devitrification of 
silica and the rate of crystallization at 1000°C under basic conditions is of the 
same order as that observed by others at 1400°C in air (without sodium). 

- The kinetics of crystallization at 1OOOoC under basic conditions were 
parabolic with a short incubation time. Cycling increased the damage and changed 
the kinetics to linear. The extra damage was associated with the strains due to 
cycling not with additional salt applications. 

- The parabolic behavior observed under isothermal conditions can be 
explained with a model in which the crystallization is controlled by the sodium at 
the crystal-glass interface which diffuses into the glass prior to crystallization. 

- The need for the development of vitreous coatings for the protection of 
ceramics and metallic alloys is stressed. 
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