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INTRODUCTION 

Failures due to corrosion limit the selection of materials in countless 

operations. The corrosion of ceramic materials is a significant factor limiting 

the design of new systems for coal gasification, coal liquification, energy 

conversion, thermal storage, and the battery storage of power. (l) Advances in 

the science and technology of processing, fabricating, and testing of brittle 

materials have resulted in ceramic parts with mechanical properties acceptable 

in a broad range of energy related applications. 

Severe material degradation is common in environments where the combustion 

of fuel occurs. As superalloys and complex cooling systems have been developed 

the operating temperatures of turbine engines has been raised to increase their 

efficiency. Many of the raw materials used in superalloys are expensive and can 

be obtained from a limited number of foreign sources. Low heat rejection diesel 

and gas turbine engines are in development which allow a substantial decrease in 

the size of power source, primarily due to the elimination of bulky cooling 

systems.(2T3) The continuing development of more efficient and compact engines 

as well as the reduction of cost and dependence on strategic materials is dependent 

on advances in materials technology. In addition to being inherently refractory 

and resistant to corrosion, most ceramic materials are available from domestic 

sources and are much less expensive than the elements used in superalloys. 

Although ceramics tend to be refractory, the corrosion of ceramics occurs 

at an appreciable rate in many systems. This is reflected in cost of refractoris 

used by the steel and glass industries. The research resulting from the 
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widespread use of ceramics as vessels to hold and direct the flow of molten metal 

and glass has led to an understanding of the corrosion of ceramics in the presence 

of a melt. 

Alumina is an excellent bulk refractory which is used in impure and fairly 

pure forms. It is also generated as a scale which is protective of coatings on 

superalloys. Its corrosion resistance to gases at high temperatures, in presence 

of deposits which may enhance the corrosion was studied in this research. Gaseous 

corrosion of alumina was discussed in appendix A. The conditions of this study 

are particularly relevant to turbine applications since the gases were generated 

by SO2-02 mixtures and the deposits were Na2 S04. 

In a turbine engine at 1000°C, gases have oxygen pressures of 0.2 atm or 

greater and SO3 pressures of about 10e4 to lo- 5. f4) Deposits results from the 

condensation of gases produced when burning fuels with sodium and sulfur impurities 

in air-containing sodium. The composition of condensed Na2S04 at equilibrium 

with gas mixtures will be governed by the decomposition reaction: 

Na2S04 = Na20 + SO3 (11 

K1 = [aNa [PSO3] 
or 

so42- = 02- + so3 (21 

assuming that the salt is at unit activity. The Na20 and SO3 dissolved in the 

melt are the basic and acidic species, respectively. 

During hot corrosion the activity of Na20 and pressure of SO3 in the 

deposit determine the type and extent of reaction. The composition of the 

deposit in an engine can be determined by the gas phase or by the reaction of the 

substrate material with components in the salt. If the activity of Na20 is high 

and the pressure of SO3 is low or nil, solid oxides exhibit a basic solubilityin the 

melt as in the reaction: 
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MO + 02- = M022- (3) 

If the activity of Na20 is low and the pressure of SO3 is high, solid oxides exhibit 

an acidic solubility in the melt as in the reaction: 

MO = M2+ + 02- (4) 

If the activity of Na20 (i.e. 02-) and pressure of SO3 in the deposit are within an 

intermediate range then the oxide is stable and negligible solubility is observed. 

More specifically, the degradation of an Al203 substrate by reaction with a 

molten Na2S04 film may proceed by acidic or basic fluxing reactions: 

3 Na2SO4(1) + Al203 = Al2(SO4)3 + Na20 (3) 

Na2S04(1) + Al203 = s NaA102 + SO3(g) (6) 

The regions where the hot corrosion of Al203 occurs by either mechanism are 

shown on the stability diagrams in Figure l.@y6) 

The solubilities of many oxides over a range of compositions of Na2S04 

have been measured experimentally. Results for Al203 and SiO2 are shown in 

Figure 2.(7-g) Plots of the solubilities of different oxides are displaced to the 

left and right of each other depending on the relative acidity or basicity of those 

oxides. 

Alloys resistant to degradation at elevated temperatures are characterized 

by the formation of continuous compact solid oxide scales with a low rate of 

transport of metallic or oxidant species. In addition, the volatilization rate of 

the oxides in the scale must be negligible. The extent of degradation by hot 

corrosion is partially determined by the solubility of the oxide scale in the 

molten salt. 

Where the solubility of the oxide in the molten salt deposit is low or is not 

a function of the acidity or basicity of the melt, corrosion may proceed at a 

rapid rate until the liquid is saturated. When the solution reaction stops the 

corrosion rate decreases. 
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Figure l(a). :Stability diagram showing phases of alumina that can 
be stable in Na2SO4 at 700°C, and defining regions 
where acidic or basic fluxing are possible. Dashed lines 
are SO4 isobars (atm). 



Appendix C-Hot Corrosion of Alumina 93 

0 

LOG 

P 
02 

-a 

BASIC 

FLUXING 

AIO; 

1 

-8 

I / - 

t 
-16 

IO 
/ 

/ 
/ 

/ 1 
/ -10.6, 

/ IO / 
/ / 1 

/ 
/ 

/ 
/ 

/ 
/ -s ’ 

/ IO ’ 
/ / 

/ / 
/ / t 

/ / 
/ / 

/ / 
/ I 

/ 
/ 

A’203 c 

ACIDIC 

FLUXING 

A13+ 

AG3 
-Y 0 Y 

LOG Ps, 
3 

Figure l(b). Stability diagram showing phases of alumina that can be 
stable in NaZSO4 at 1000°C, and defining regions where 
acidic or basic fluxing are possible. Dashed lines are sulfur 
isobars. Very high SO3 pressures are required for acidic 
fluxing. Refractory metal oxides are believed to make acidic 
fluxing favorable at lower SO3 pressures as indicated by the 
displaced boundary (arrows).(ll) 
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Figure 2. Solubilities of alumina in fused Na2S04 at 927OC. 
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In acidic or basic conditions sustained attack results if solution of oxide 

and precipitation of the oxide in the salt away from the oxide-salt interface is by 

a negative gradient of the solubility of the oxide across the salt film.(lO-lll The 

gradient in the solubility of the oxide is established by the local variation in the 

activity of Nat0 (i.e. 09-) across the film. The resultant solution and 

precipitation of the oxide produces a porous scale. The growth of a non- 

passivating oxide scale on a metallic engine component results in high corrosion 

rates. 

In acidic conditions sustained attack may arise when the acidic component 

is derived from the gas phase.(5p12*131 Als o, acid fluxing can result when an 

acidic component comes from the solid phase and reduces the Na90 activity in 

the deposit. This causes the melt to become more acidic. Alloy induced acid 

fluxing results from the solution of refractory metal components of superalloys 

in Na$304. More specifically, the formation of tungstates, vanadates, and 

molybdates reduces the oxide ion concentration in the melt.(121 In a similar 

manner, the oxidation of the vanadium which is contained in many fuels can 

promote acidic fluxing. 

EXPERIMENTAL PROCEDURE 

Materials 

The materials chosen are single crystal alumina and three poiycrystalline 

aluminas containing different levels of impurity and microstructures. They have 

been discussed in previous reports. Their sources were given in Table I of the 

first part of this report. The single crystal is 99.99% pure. The chemical 

analysis of the polycrystalline aluminas is given in Table I. 
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Fe203 

CaO 

MgO 

Ti02 

SiO2 

K20 

Na20 

** High PP = 

Med PP = 

Low PP = 

TABLE I 

Chemical Analysis of Polycrystalline 

Aluminas* (units: wt%) 

High PP** Med PP 

O.Ol^ O.Ol^ 

0.01,. 0.02 

0.10 0.17 

O.Ol^ O.Ol^ 

0.11 0,17 

O.OOl^ 0.001- 

O.OOl^ 0.02 

High Purity Polycrystalline Alumina 

Medium Purity Polycrystalline Alumina 

Low Purity Polycrystalline Alumina 

Undetected, Limits of detection 

Low PP 

0.02 

0.07 

0.75 

0.02 

1.65 

O.OOl^ 

0.09 
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Hot Corrosion Experiments 

All specimen had areas about 1 x 1 cm which were polished down to 1 urn 

diamond. After cleaning, they were usually coated with 5 mg/cm2 of Na2S04 

and exposed for various times from 1 to 100 hours. Some samples were also 

subjected to cyclic exposures with 45 hours exposure for cycle, and washing and 

reapplication of Na2SO4 between cycles. Two temperatures 700°C and 1000°C 

and two atmospheres, pure 02 and initially 1% SO2-balance oxygen at a total 

pressure of 1 atm, were used in the experiments. The pure 02 tended to give 

basic conditions and the SC2 containing atmospheres set up acidic environments 

with pSO3 = 1.5 x 10e3 atm at 1000°C and pSO3 = 7 x 10N3 atm after passage of 

the initial mixture over a platinized catalyst at 700°C. Since Na2S04 melts at 

883OC, the sulfate used at 700°C was an equimolar mixture of Na2S04 and CoSO4 

which was molten at that temperature. 

The changes in morphology and products focused on the samples were 

characterized mostly with the SEM, and its X-ray spectroscopy attachment (EDS 

and WDS) for microanalysis. After exposures and observations of the samples, 

they were washed and the weight changes were measured to iO.l mg. The wash 

water was analysed as required using a semiquantitative microprobe method. 

When sufficient products were formed, they were identified by X-ray diffraction. 

These procedures were described in detail in previous reports. 

RESULTS AND DISCUSSION 

Wetting 

The wetting angles for the 1 hour and 24 hours isothermal exposures were 

measured and are given in Tables II, and III. In most cases the wetting morphology 
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Low PP 

Med PP 

High PP 

sxtaI 

TABLE II 

WETTING DATA Al203 

1 & 24 Hour Isothermal Exposures 

ACIDIC 
1 HR 7oooc 24 HR 1000°/24 

MS04 
BM(S) 
LD18O 
SD 40° 

MS04 
140 
RP=50° 

Na2S04 
190 

MS04 
300 

MS04 Na2S04 
220 130 
RP=48O RP 2O NC 

MS04 
8O 

MS04 
200 

Na2SO4 
120 

MS0 
140 

MS04 
220 

Na2S04 
180 

KEY: MS04 (Na2,CO)S04 CWContinuous 
Wetting NCNearly Continuous 
Wetting PSPhase Separated 
Drop Wetting Angle (Cobalt 
Oxide+SaIt) BMBimodal (Two 
Wetting Angles) BM(S)Angles - 
f(Drop Size) LDLarger Drop 
Wetting Angle SDSmaller Drop 
Wetting Angle BM(H)Angles = 
f(Drop Habit) RFReaction 
Product Angle 
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TABLE III 

WETTING DATA Al203 

1 & 24 Hour Isothermal Exposures 

BASIC 
1 HR 1ooooc 24 HR 700°/24 

Low PP Na2SO4 
30 
NC 

Na2SO4 
BM(H1 
40/21° 

MS04 
PS 
=16O 

Med PP Na2SO4 
cw 

Na2S04 
cw 

MS04 
PS 
=14o 

High PP ;$2s04 Na2S04 
40 

MS04 
PS 
=14o 

sxtsl ~o~so4 Na2S04 
E” 

MS04 
PS 
200 

KEY: MS04 
cw 
NC 
PS 

BM 
BM(S1 
LD 
SD 
BM(H1 
RP 

WwWSO4 
Continuous Wetting 
Nearly Continuous Wetting 
Phase Separated Drop Wetting 

Angle (Cobalt Oxide+Salt) 
Bimodal (Two Wetting Angles) 
Angles - f(Drop Size) 
Larger Drop Wetting Angle 
Smaller Drop Wetting Angle 
Angles = f(Drop Habit) 
Reaction Product Angle 
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which distinguished each set of exposure conditions, atmosphere, and temperature, 

was nearly developed minutes after the coupon reached the furnace temperatures 

except in a few eases. 

The phase separation of the (Na2,Co)SO4 deposit used in the 700°C exposures 

only occurred in the oxygen atmosphere as predicted by thermodynamics. After 

exposure the deposits were composed of Na2S04 and masses of equiaxed cobalt 

oxide crystals. The cobalt oxide formed a discontinuous layer on the substrate 

surface. The cobalt oxide was preferentially wetted by the molten salt which 

was prevented from wetting the alumina substrate. 

In some cases two distinct wetting angles were measured on some of the 

coupons. Bimodal wetting morphologies resulted from the phase separation of 

the salt or from the formation a reaction product in the deposit. In other cases 

the difference in contact angle was a function of drop size as reported in Tables 

II and III. 

The wetting of all the aluminas exposed in acidic conditions was limited. 

In acidic conditions the wetting angle observed on the two higher purity aluminas 

(High PP and single crystal) increased between 1 and 24 hours of exposure at 

700°C. The wetting angle observed on the two lower purity aluminas (LowPP 

and MedPP) decreased between 1 and 24 hours of exposure at 700°C. No trend in 

the wetting with composition is apparent. In general, the wetting angle of the 

salt on the aluminas in acidic conditions is lower at 1OOOoC than at 700°C. The 

reaction of the more impure aluminas with the molten salt results in the formation 

of multiple reaction products and the spreading of the droplets. There is less 

reaction on the two higher purity substrates and the wetting decreases as the 

angle of contact approaches the equilibrium wetting angle. 
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In basic conditions the wetting angle of the salt on the alumina is lower at 

1000°C than at 700°C. However, the crystallization of cobalt oxide from the 

salt at 700°C affected the results. At both temperatures, the wetting of the 

alumina by the salt is more extensive in basic conditions than acidic conditions. 

In generai, a slight decrease in the contact angle occured between 1 hour and 24 

hours in basic conditions at 1000°C. In basic conditions the wetting generally 

increases with the impurity content of the substrate. The lower purity aluminas 

were wetted much more extensively by the molten salt than were the higher 

purity aluminas. This is attributed to the fact that the wetting behavior is 

affected by the reaction of impurity phases with the basic component of the 

melt, sodium oxide, which is promoted by an increase in temperature. 

Photographs taken during long term exposures where partial wetting of the 

coupons occurred did not provide substantial evidence of the repeated wetting of 

specific areas of a coupon when salt was reapplied before each cycle. This is 

important since localized attack could be very damaging. 

In those experiments where the wetting was poor and the resultant contact 

angle was high, relatively thick droplets were observed. When the deposit is 

thick the effect of the atmosphere on the composition of the salt, especially in 

the vicinity of the substrate, may be significantly less than when the salt wet the 

coupon in a thin continuous layer. On coupons where a low wetting angle is observed, 

the area for reaction at both the oxide-salt and salt-gas interfaces is increased 

and the distance over which the oxidant must be transported inward from the 

salt-gas interface is decreased. Hence, the corrosion rate may be enhanced 

when the contact angle is low. John observed that an increase in salt film thickness 

results in a decrease in corrosion rate, for exposures of alloys with significant 

solubility in the molten salt.(141 
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Hot Corrosion of Al203 

Even after long term exposure with thermal cycling and the reapplication 

of the salt the total weight changes measured were very small, less than 1 mg/cm2, 

even after 500 hours of cyclic exposure. The weight changes recorded for 1, 24, 

405, and 495 hour experiments are listed in Tables IV,V, and VI. 

A globular silica reaction product was observed on the washed polycrystalline 

coupons from the exposures made in either atmosphere at 700°C. Well defined 

crystalline silicate reaction products were observed on the washed polycrystalline 

coupons from expures in either atmosphere at 1000°C. After exposure, the silica 

or silicate reaction products were etched from some of the coupons using 

concentrated hydrofluoric acid. The weight decreases are listed in Table VII. 

The weight losses due to the etching of the coupons indicate that these reaction 

products were present on the washed polycrystalline substrates in significant 

quantities which were not unreasonably large compared to the impurity content 

of the samples. 

The weight changes must be affected by the smaller area of reaction when 

the coupon surface was not wetted completely by the melt. In acidic conditions 

at both temperatures all the materials lost weight. The formation of cobalt 

oxide on the surfaces of the coupons exposed at 700°C in basic conditions increased 

the weight of the samples. The weight changes recorded for any of the exposures, 

particularly of the polycrystalline materials, are probably the result of two or 

more contributions, possibly of opposite sign. Also, a combination of both gaseous 

and hot corrosion occurred over fractions of the coupon surfaces during exposure. 

Coupons of the same materials were exposed to gaseous corrosion in the same 

atmospheres for 168 hours (appendix A) and no weight changes were detected 

with a sensitivity of 0.1 mg. 
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TABLE IV 

WT CHANGE ALUMINA [mg/cm2] 
1 & 24 Hour Isothermal Exposures 

BASIC 1OoOoC 

LOWPP 
MedPP 
HighPP 
sxtal 

BASIC 7OOoC 

1 HR 

0 
0 

- 0.5 
- 0.1 

HR 24 

- 0.2 
+ 0.1 
- 1.1 
- 0.4 

LOWPP + 0.4 
MedPP + 0.1 
HighPP 0 
sxtal + 0.1 

ACIDIC 7OOoC 

LOWPP 
MedPP 
HighPP 
sxtal 

ACIDIC 1OOOoC 

LOWPP 
MedPP 
HighPP 
sxtel 

1HR 

- 0.1 
- 0.8 
- 0.5 
- 0.1 

24 HR 

- 0.2 
- 0.4 
- 0.2 

0 

24HR 

- 0.3 
-0.3 

- 1.1 
- 0.3 

LowPP = Saxonsburg 
MedPP = 3M 
HighPP = Lucallox 
sxtal = Single crystal 
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TABLE V 

WT CHANGE ALUMINA [mg/cm2] 

495 HR Cyclic Exposure (45 HR Cycles + ResaIt) 

ACIDIC 700°C 

Cycle 

2 

3 

4 

5 

6 

7 

a 

9 

10 

11 

LOWPP 

-0.2 

-0.1 

0 

0 

0 

-0.1 

0 

0 

-0.1 

-0.1 

0 

Material 

MedPP 

-0.3 

-0.1 

0 

0 

-0.1 

-0.1 

0 

+0.1 

-0.1 

0 

0 

HighPP SXtal 

-0.3 0 

-0.1 0 

0 0 

0 0 

-0.1 0 

0 -0.1 

0 0 

0 0 

0 0 

0 -0.1 

0 0 

-0.6 -0.6 -0.5 -0.2 



Cycle 

1 

2 

3 

4 

5 

6 

7 

8 

9 
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TABLEVI 

WTCHANGE ALUMINA[mg/cm2] 

405 HR Cyclic Exposure(45 HR Cycles + ResaIt) 

BASIC 1000°C 

LOWPP 

-0.2 

+0.3 

0 

0 

0 

0 

0 

0 

0 

Material 

MedPP 

0 

-0.1 

+0.1 

-0.1 

0 

0 

0 

0 

0 

HighPP 

0 

0 

0 

0 

0 

0 

0 

0 

0 

SXtal 

0 

0 

0 

0 

0 

0 

-0.1 

0 

0 

+0.1 -0.1 0 -0.1 
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TABLE VII 

RESULTS HP ETCH 
WT CHANGE ALUMINA [mg/cm2] 

Exposed Samples Etched in HP 

BASIC 1000°C 

LOWPP 
MedPP 
HighPP 

24 HR 

0 
- 0.7 

405 HR 

- 0.6 
- 0.3 

0 

ACIDIC 700°C 495 HR 

LOWPP 
MedPP 
HighPP 

ACIDIC 1000°C 

LOWPP 
MedPP 

24 HR 

0 
- 1.0 

- 0.3 
- 0.1 
- 0.1 
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The data given in Table VIII were obtained from the semiquantitative 

processing of the EDS spectra taken from the wash water. This analysis was 

performed on 1, 10, and 100 hour exposures in acidic conditions at 700°C. 

Results, Acidic Conditions 

The 700°C exposures in acidic conditions were emphasized because sulfate 

formation is favored at the low temperature for a given SO2 pressure. 

Single Crystal Alumina 

At 700°C limited reaction was detected after 1 hour of exposure. 

The wetting was spotty and a wetting angle of 14O was measured. After 24 hours 

of exposure the wetting angle was 22 o. The EDS spectra of many drops below 

100 microns in diameter indicated that limited solution of Al had occurred. 

Negligible reaction was detected on the washed substrate after 100 hours of 

exposure. Aluminum ions were consistently present in the wash water at 1, 10, 

100 hours. A limited amount of Si was detected after 10 and 100 hours of exposure. 

Since negliglble silicon was present in the single crystal, it is assumed that 

limited contamination of the samples occurred and that the levels of Si detected 

for the single crystal alumina are not significant. The alumina furnace tube in 

which the samples were heated may have been a source of Si. After 495 hours of 

cyclic exposure, networks of shallow depressions were observed over portions of 

the coupon. 

The coupon exposed at 1000°C for 24 hours exhibited a faint etching at the 

perimeters of drop areas. A significant amount of Al was present in some of the 

EDS spectra of the salt at the drop edges. The substrate was wetted by drops up 

to several millimeters across with a wetting angle of 180. 
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Material 

LOWPP 

MedPP 

HighPP 

sxtal 

TABLE VIII 

Wash Water Analysis, Al203 Exposures 
700°C Acidic Conditions 

Element 1 Hour 10 Hour 100 Hour 

Na 17.0 18.0 16.0 
S 14.0 14.0 14.0 
Si 0.99 0.96 1.4 
Al 2.0 1.2 2.2 

Mg 2.4 1.3 1.3 
Ca 0.00 0.00 0.00 
co 4.1 4.2 3.5 
0** 60.0 60.0 61.0 

Na 18.0 19.0 
S 13.0 11.0 
Si 0.94 1.5 
Al 2.2 

Mb? 1.8 ::: 
Ci 0.00 0.00 
co 4.2 3.9 
0 59.0 58.0 

Na 17.0 19.0 17.0 
S 15.0 15.0 16.0 
Si 0.46 0.00 0.40 
Al 1.0 0.52 0.66 

ME 1.4 1.0 0.43 
Ca 0.00 0.00 0.00 
co 3.0 3.9 3.9 
0 62.0 61.0 62.0 

Na 19.0 18.0 16.0 
S 15.0 15.0 16.0 
Si 0.00 0.46 0.56 
Al 0.60 1.3 0.16 

I% 0.81 1.6 0.00 
Ca 0.00 0.00 0.00 
co 3.9 3.7 4.4 
0 61.0 61.0 63.0 

16.0 
13.0 

3.6 
1.5 

I?“00 
3.3 

61.0 

** by stoichiometry 
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High Purity Polycrystalline Alumina 

At 700°C limited reaction was detected after 1 hour exposure. The 

substrate was wetted by two large patches covering about half of the coupon 

area. A wetting angle of 8Owas measured. 

After 24 hours of exposure the wetting angle was approximately 20°. The 

drops were patchy and typically under 1000 microns across. The solution of Al 

was indicated by some of the EDS spectra of salt at the edges of drops. These 

spectra also indicate the presence of significant amounts of Si. Washing the 

substrate revealed the preferential solution of alumina grains and the presence 

of a fine poorly defined silicate along the edges of the drop areas. A few 

isolated patches of cobalt sulfate 10 to 20 microns across, containing Na and 

significant amount of Si were observed. 

The etching of alumina grains throughout the drop areas was evident after 

100 hours of exposure. A thin discontinuous layer of silica on the edges of grains 

in a drop area is shown in Figure 3 (top). Aluminum ions were consistently 

present in the wash water after 1, 10, and 100 hour exposures. 

After 495 hours of cyclic exposure small thin patches of silica covered 

portions of the substrate and fractions of individual grains (Figure 3, bottom). In 

these areas the etching and preferential solution of grains was apparent. 

The coupon exposed at 1000°C for 24 hours was wetted by several discrete 

drops about 2 millimeters across with a 12O wetting angle. Traces of Al and Si 

were detected in EDS spectra of salt at the drop edges. Washing the substrate 

revealed the presence of a thin poorly defined silica-containing layer with traces 

of Na and Mg detected in some spectra. This discontinuous layer covers a large 

fraction of the grains in the drop areas (Figure 4, top). 
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Figure 3. High purity polycrstalline alumina exposed in acidic
conditions at 700oC or 100 hours {top) and 495 hours
{bottom). Etched grains in drop areas and thin patches of
silica are shown on washed substrates.
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Figure 4. High, medium, and low purity polycrystalline aluminas
(top, middle, and bottom, respectively) exposed in
acidic conditions at lOOOoC for 24 hours. Silicate
reaction products on washed substrates are shown.
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Medium Purity Polycrystalline Alumina 

At 700°C after 1 hour of exposure a significant amount of Al and a 

limited amount of Si were indicated by the EDS spectra of drops. Wetting was 

spotty except for a single large patch of salt covering about a fifth of the coupon 

area. The droplets were typically 10 to 200 microns across. A wetting angle of 

30° was measured. A few isolated patches of cobalt sulfate 10 to 20 microns 

across and containing Na and a significant amount of Si were observed. 

After 24 hours exposure the wetting was spotty with some small patches. 

Substantial solution of Al was indicated by the EDS spectra of salt in drops with 

a measured wetting angle of 22O, and in droplets containing larger well defined 

crystals richer in Al with a wetting angle of about 48O. Washing the substrate 

revealed that fine poorly defined bands a few microns wide, containing Co, Si, 

and traces of Mg and Ca, skirted large fractions of the perimeters of the large 

drop areas. In the drop areas, some of the grain boundaries had been etched. 

The etching of grains throughout the drop areas is evident after 100 hours 

of exposure. Small globules rich in Si scattered on raised blocky areas 20 to 30 

microns across were observed. Aluminum and Mg ions were consistenly present 

in the wash water at 1, 10, and 100 hours in much greater concentrations than 

for the single crystal or the high purity polycrystalline material. The 

concentration of Mg detected after 10 hours of exposure was relatively large. 

The concentration of Si ions in the wash water was also much greater, and increased 

drastically between 10 and 100 hours. 

After 495 hours of cyclic exposure patches of a continuous layer of well 

defined globular silica covered portions of the substrate. The etching of grains 

was apparent. 
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The coupon exposed at 1000°C for 24 hours was wetted nearly continuously 

over some portions of the surface and by discrete droplets with a 13O wetting 

angle in other areas. In both areas, substantial amounts of Ca, Mg, Si, Al, a 

limited amount of Ba, and traces of K were present in EDS spectra of the salt. 

Washing the substrate revealed the presence of numerous well defined sodium 

aluminum silicate and sodium magnesium aluminum silicate crystals scattered 

across the substrate (Figure 4, middle). Also, smaller sodium magnesium 

aluminum silicate crystals had formed as platelets aligned in parcels on the 

substrate. Some crystals were present in groups but in most cases they 

protruded from grain boundaries where discontinuous etching had occurred. 

Low Purity Polycrystalline Alumina 

At 700°C after 1 hour of exposure the wetting was spotty with some 

larger patches of salt over 500 microns across. Wetting angles of la0 for the 

larger drops and 40° for the droplets were measured. A significant amount of Al 

and a limited amount of Si were indicated by the EDS spectra of drops. Blocky 

crystals about 20 microns across were visible below the salt in several droplets. 

After 24 hours of exposure patches of salt nearly as large as 2000 microns 

across wetted the substrate. Substantial solution of Al was indicated by the EDS 

spectra of salt in drops with a measured wetting angle of 14O. Sulfate drops with 

a wetting angle of about 500 contained well defined sulfate crystals rich in Al. 

Some of the crystals contained Al and Mg as well as Si (Figure 5). Washing the 

substrate revealed that a thin poorly defined layer as large as 100 microns wide 

containing Co, Si, a significant amount of Mg, and traces of Ca skirted the 

perimeters of the larger drop areas. In the drop areas a relatively even etching 

between the grains had occurred. A few isolated patches of cobalt sulfate 10 to 

30 microns across and containing Na and a significant amount of Si were 

observed. 
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Figure 5. Low purity polycrystalline alumina exposed in acidic
conditions at 700oC for 24 hours. Salt crystals containing Al
and Mg are shown (top and bottom).
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The etching of grains throughout the drop areas is evident after 10 hours of 

isothermal exposure. Distributions of silica globules about 1 or 2 microns across 

have formed on fractions of the drop areas. After 100 hours of exposure many of 

the globules coalesced. Aluminum and Mg ions were consistently present in the 

wash water at 1, 10, and 100 hours in much greater concentrations than for the 

single crystal or high purity polycrystalline materials. The concentration of Si 

ions in the wash waters was also much greater, but the increase observed 

between 10 and 100 hours was not as great as that observed for the medium 

purity polycrystalline material. 

After 495 hours of cyclic exposure a thin discontinuous layer of silica 

covered portions of the substrate. The etching of grains was apparent. 

The coupon exposed at 1000°C for 24 hours was wetted by drops up to 3000 

microns across with a measured wetting angle of 19O. Spotty wetting was also 

observed, particularly in the areas outside the perimeters of the larger drops. In 

both areas, substantial amounts of Ca, Mg, Si, Al, and traces of Ba and K were 

present in EDS spectra of the salt. Washing the substrate revealed the selective 

solution of grains in the drop areas. Well defined aluminum silicate containing 

Na and Ca formed in limited quantities (Figure 4, bottom). Minor amounts of Mg 

were present along with the Ca in a few of the crystals. 

Results, Basic Conditions 

The 1OOOoC exposures in basic conditions were emphasized because more 

extensive reaction occurred at the higher temperature when preliminary short 

term exposures were made in oxygen. At 700°C a large fraction of the molten 

salt did not remain in contact with the substrate throughout the exposure due to 

the formation of cobalt oxide. 
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Single Crystal 

At 700°C phase separation of the salt occurred within 24 hours of 

exposure. The wetting was patchy and irregular. A wetting angle of about 20° 

was measured. The concentration of Al ions was limited to the EDS spectra of a 

few small drops, where the molten salt had remained in contact with the substrate. 

Cobalt oxide separated the sulfate from the substrate over most of the area of 

the larger drops. 

No reaction was detected after 1 hour of exposure at 1000°C. A wetting 

angle of loo was measured and broad patchy wetting covered large areas of the 

coupon. After 24 hours of exposure an So wetting angle was measured. 

Some sodium aluminum silicate was observed after 405 hours of cyclic 

testing at 1000°C. Negligible quantities of Si are present in the as-received 

substrate material. The alumina furnace tube is a likely source of the Si. 

High Purity Polycrystalline Alumina 

At 700°C phase separation of the salt occurred within 24 hours of 

exposure. The wetting was patchy and irregular. A wetting angle of about 14O 

was measured. Traces of Si and limited concentrations of Al ions were indicated 

by the EDS spectra of small drops where the molten salt had remained in contact 

with the substrate. A network of globular silica associated with Co formed on 

the substrate in the perimeter of the larger drop areas. From the morphology of 

the washed substrate it appeared that preferential solution of grains and growth 

of Si rich needles had occurred in the drop areas. The growth direction of the 

needles was constant across the surface of each grain (Figure 6, top). A few 

larger needles were observed at or near the triple points between grains and 

contained significant amounts of Ca. 
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Figure 6. High purity polycrystalline alumina exposed in basic
conditions at 700oC for 24 hours (top) and 1000oC for
405 houl'S (bottom). Oriented silica rich needles (top)
and silicate reaction products at grain boundaries
(bottom) are shown on washed substrates.
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After 1 hour of exposure at 1000°C a distribution of well defined 

hemispherical silicates formed across the substrate surface in the drop areas. 

Crystals of sodium aluminum silicate between 5 and 10 microns across protruded 

from beneath the salt near the centers of some of the drop. A wetting angle of 

So was measured. After 24 hours of exposure a 4O wetting angle was measured. 

A distribution of globular silicate had formed in the drop areas. Some 

anomalously large globules contained Ca and Mg. A consistent pattern of 

formation of sodium aluminum silicate along grain boundaries and sodium 

magnesium aluminum silicate at the triple points between grains was apparent on 

the washed substrate after 405 hours of cyclic exposure (Figure 6, bottom). The 

preferential solution of the surfaces of certain grains is apparent. 

Medium Purity Polycrystalline Alumina 

At 700°C, phase separation of the salt occurred within 24 hours of 

exposure. The wetting was patchy and irregular. A wetting angle of about 14O 

was measured. The EDS spectra of small drops where the molten salt had 

remained in contact with the substrate indicated that significant amounts of Ca, 

Si, Al, and Mg were present in the salt. Washing the substrate revealed the 

pronounced etching of the grains in drop areas accompanied by the deposition of 

a poorly defined discontinuous layer of silica. A sparse network of globular silica 

associated with Co formed on the substrate in the perimeter of the drop areas. 

After 1 hour of exposure at 1OOOoC the salt had formed a continuous film 

over most of the coupon. Substantial amounts of Ca, Mg, Si, and Al were present 

in EDS spectra of the salt. Washing the substrate revealed the presence of 

numerous well defined magnesium aluminum silicate crystals scattered across 

the substrate and a random distribution of vugs up to 20 microns across where 
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preferential solution of the substrate occurred. After 24 hours of exposure the 

continuous wetting of the coupon resulted in a substrate surface which was 

partially covered with poorly defined crystals. Some of the crystals, particularly 

the one near vugs, contained substantial amounts of Si and Mg. Small patches of 

a thin layer of silica were also observed on the substrate. On the unwashed 

sample large peaks for Ca, Ba, Mg, Al, Si and traces of K were present in the 

EDS spectra of the salt. Rosettes about 10 to 15 microns across were present in 

some areas where substantial amounts of Be were present in the salt (Figure 7, 

top). The pronounced etching of grains was apparent after 405 hours of cyclic 

exposure. Numerous bunches of poorly defined sodium aluminum silicate crystals 

were scattered over the substrate surface. 

Low Purity Polycrystalline Alumina 

At 700°C phase separation of the salt occurred within 24 hours of 

exposure. The wetting was patchy and irregular. A wetting angle of about 16O 

was measured. The EDS spectra of small drops where the molten salt had 

remained in contact with the substrate indicated that significant amounts of Ca, 

Al, Mg and Si were present in the salt (Figure 8). Washing the substrate revealed 

a dense network of globular silica associated with Co on the substrate over 

portions of the drop areas. A significant amount of Mg was present in many of 

the globules suggesting that they were a magnesium silicate. 

After 1 hour of exposure at 1OOOoC the salt had formed a nearly continuous 

film on over half of the coupon surface. A wetting angle of 3O was measured. 

Substantial amounts of Ca, Ba, Mg, Si, Al, and K were present in EDS spectra of 

the salt, both in the salt film and in small groups of well defined salt crystals 

rich in impurity ions. Washing the substrate revealed a fine globular silicate 
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Figure 7. Medium purity polycrystalline alumina exposed in basic
conditions at lOOOoC for 24 hours. A multi-phase
deposit with rosettes containing Ca, Ba, Al, Si, Mg, and
K (top) and a typical multi-phase deposit containing Ca,
Al, Si, Mg and K (bottom) are shown.
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Figure 8. Low purity polycrystalline alumina exposed in basic
conditions at 700oC for 24 hours. Salt crystals
containing Ca, Mg, Al, and Si are shown (top and
bottom).
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containing a significant amount of Mg. An intermittent distribution of larger 

globules up to 

over 2 microns across contained Ca. A random distribution of vugs typically 

below 10 microns across where preferential solution of the substrate had 

occurred was also observed. 

After 24 hours of exposure a bimodal wetting morphology had developed. 

A wetting angle of 4O was measured on drops as large as 4000 microns across. A 

thin discontinuous film of salt with a network of holes and branches was left 

behind by the dewetting of the molten salt. A 21° wetting angle was measured 

on the edges of the film. On the unwashed sample a substantial concentration of 

Al ions and traces of Ca, Si, and Mg were indicated by the EDS spectra of the 

salt. On the washed sample well defined tabular crystals of sodium magnesium 

aluminum silicate and blocky sodium aluminum silicate crystals containing Ca 

were observed (Figure 9, top). 

The etching of poorly defined grains was apparent after 405 hours of cyclic 

exposure. Blocky crystals of sodium magnesium silicate were predominantly free 

of Ca and had become less well defined than after 24 hours of isothermal 

exposure (Figure 9, bottom). A phase rich in Al and Mg formed on some sites on 

the substrate, probably magnesium aluminate spineL 

Discussion of Results 

Impurities increase the attack of the polycrystalline aluminas by the 

molten sulfate. This effect is enhanced by their pronounced segregation, at the 

grain boundaries and at the triple points between grains in impurity second 

phases. In each condition of exposure the hot corrosion of the lower purity 

polycrystalline materials was dominated by the reactions of the impurity silicate 

phases with the melt. 
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Figure 9. Low purity polycrystalline alumina exposed in basic
conditions at 1000oC for 24 hours (top) and 405 hours
(bottom). Aluminum silicate crystals containing Ca left
and Na right (top) and Mg and Na (bottom) are shown on
washed substrates.
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The data available on the solubility of alumina in Na2SO.t as a function of 

the composition of the salt is not directly applicable when significant amounts of 

Si are present in the melt. The formation of phases not predicted by thermodynamic 

stability diagrams occurred at less than unity activity as in the previous work on 

gaseous corrosion (Appendix A). 

Activities of Na20 in the salt as great as 10-6 to 10e4 at temperatures 

between 7OOoC and 1000°C in an oxygen atmosphere have been reported. 

However, the actual activity of Na20 in the deposits during the exposures and 

the profile of the activity across the thickness of the deposits is not known. In 

the exposures of alumina the salt tended to form discrete droplets. Impurities 

which result in more extensive wetting of the substrate increase the extent of 

degradation by increasing the area of attack and promoting the formation of a 

thinner molten salt film as discussed in the introduction. This is observed for the 

polycrystalline aluminas, particularly under basic conditions. 

At 400°C in acidic conditions all the coupons exposed were covered by 

discrete droplets of salt. The data obtained from the analysis of the wash water 

indicates that the atomic sodium to sulfur ratios were significantly below 2.0 for 

all times of exposure (Table VIII). This is true for all four aluminas. Since no 

insoluble products rich in Na were detected, it is likely that SO3 from the 

atmosphere enriched the deposit as the composition of the melt shifted toward 

being less acidic because aluminum sulfate and other sulfates formed in solution 

in the melt. 

The presence of Al in the wash waters and the weight losses recorded for 

all exposures in these conditions are COnSiStent with the fOrtTIatiOn of A12(S0.+)3. 

The wash water indicates that Mg was present as a soluble reaction product in 

the salt, probably MgSO4, since it is stable at lower pressures of SO3 than 
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Al3(SO4)3. The well defined sulfate crystals in Figure 5, contain substantial 

amounts of Al and significant amounts of Mg. An abundance of these crystals 

was observed on the two least pure aluminas. 

After 495 hour cyclic exposures silica was present on portions of all of the 

substrates but the single crystal (Figure 10, top). The solution of Si rich impurity 

phases at the grain boundaries of the two lower purity polycrystalline materials 

resulted in a marked lack of connectivity of surface grains as in Figure 10 (bottom). 

At 700°C in acidic conditions the principal reaction during the hot corrosion 

of alumina is the formation of Al3(SO4)3, as was observed for gaseous corrosion 

(Appendix A). A mechanism for the reactions which occurred during the long 

term exposures of the less pure polycrystalline aluminas has been developed. It 

is proposed that the acidic solution of alumina lowers the pressure of SO3 at the 

substrate-salt interface below that at the salt-gas interface, resulting in a 

negative solubility gradient for silica across the molten salt layer and satisfying 

the Rapp-Gotto criteria for fluxing. (11) Impurity silicates are dissolved from the 

grain boundary areas on the substrate. As the silicate ions are transported toward 

the salt-gas interface they advance into a negative solubility gradient and the 

precipitation of nearly pure SiO3 results. The coalesence, growth, and coarsening 

of the SiO3 which is precipitating from the melt results in the formation of 

globular silica patches on fractions of the substrate surface. Because the 

precipitation of SiO3 in the melt occurs some distance away from the substrate- 

salt interface the size and shape of the patches of globular silica were not dictated 

by the microstructure of the substrate. 

The morphology of the reaction products are shown in the schematic in 

Figure 11. The solution of silicates present at the grain boundaries and as impurity 

grains lowers the local Na30 activity of the melt in a manner analogous to the 
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Figure 10. Medium purity polycrystalline alumina exposed in acidic 
conditions at 700°C for 495 hours. Globular silica (top) and 
etched grains (bottom) are shown on washed substrates. 
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S/G 

Distance 

O/S = Oxide-salt 
Interface 

S/G = Salt-gas 
Interface 

Q = Impurity Silicate Phases 
R = Globular Silica Reaction Product 
S = Sulfate Deposit Containing (Al, Mg, Si) 

A = Alumina Grains at Substrate Surface 
Solution Reaction at A: 

3NagSO4 + Al303 = Al3(SO4)3 + 3Na30 
B = Intergranular Attack 

Solution Reaction at B: 
Silicate + Nag0 = Na3O*xSiOg (in sulfate) 

C = Away from Oxide-Salt Interface where Melt is More Acidic 
Precipitation Reaction at C: 

Na3O.xSiOg (in sulfate) = xSiO3 + Nag0 (in sulfate) 

(Between grains and impurity phases at substrate 
surface Reaction A + Reaction B: 

3NagSOq + Al303 + xSilicate = Al3(SO4)3 + 3NagO-xSi0g) 

Figure 11. Schematic diagram of the morphology of reaction 
products on polycrystalline aluminas exposed in acidic 
conditions at 7OOoC. 
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way in which the solution of refractory oxides in molten Na3S04 lowers the 

sodium oxide concentration of salt deposits during the alloy induced fluxing of 

certain superalloys.(11~131 The formation of Al3(SO4)3 and MgSO4 occurs 

concomitant to and in the vicinity of the localized solution of silicates, raising 

the Nag0 activity and increasing the solubility of the silicate impurities in the 

vicinity of the substrate surface. Intergranular corrosion results in a substantial 

decrease in the connectivity of the grains of the substrate. 

For the proposed model it is likely that the rate of reaction is controlled by 

the inward transport of reactive species (i.e. SO3) from the salt-gas interface 

across the thickness of the film or by the transport of soluble reaction products 

away from the substrate-salt interface. This assumes that the transport of 

reactant and product species proceeds more slowly than the dissolution of the 

alumina grains or of impurity silicates at the substrate surface. The kinetics 

could not be measured to check this statement, however, there is some evidence 

that it is correct. As mentioned above, higher concentrations of Al were 

detected in the drop edges than in the bulk of the salt on several of the samples 

exposed in low temperature acidic conditions. The SO3 atmosphere has greater 

effect on the chemistry of the salt at the drop edges because the distance for 

transport of SO3 to interface or Na30 to surface is minimized. 

At 1OOOoC in acidic conditions all of the coupons exposed were wetted by 

discrete droplets of salt, except for the exposure of the medium purity 

polycrystalline material where nearly continuous wetting was observed. Weight 

losses were recorded for all the exposures in these conditions. After exposure, 

well defined crystals with the form and chemistry of silicates were observed on 

the washed polycrystalline substrates. 



Appendix C-Hot Corrosion of Alumina 129 

The silicates on the washed substrates of the polycrystalline materials 

after 24 hours of exposure were shown in Figure 4. A fine poorly defined silicate 

covers grains over large portions of the drop areas on the high impurity 

substrate. Sodium aluminum silicate crystals containing substantial amounts of 

Mg cover portions of the medium purity substrates. Sodium aluminum silicate 

crystals containing substantial amounts of Ca cover portions of the low purity 

substrate. In the drop areas on the washed substrates where the crystals are 

present in substantial quantities, the substrates are etched more deeply than on 

similar exposed at 700°C in acidic conditions. Within the etched drop areas the 

intergranular corrosion which had been observed on the samples exposed at 

700°C was absent (Figure 12). 

The salt deposits on the two least pure materials contained significant 

amounts of Al, Si, Mg, and Ca after exposure. The EDS spectra of most of the 

smaller salt droplets do not contain Al or Si, so the Ca and Mg are in solution in 

the salt as sulfates (Figure 13, top). Since the partial pressure of SO3 in the 

atmosphere at 1000°C was less than at 7OOoC, the formation of Al2(SO4)3 would 

not have been predicted by thermodynamics, but was observed for gaseous 

corrosion (Appendix A). Under acidic conditions the formation of the CaS04 

occurred at 1000°C but not at 700°C although it is stable at both temperatures. 

This is believed to be the result of more severe degradation of impurity silicate 

phases at the higher temperature. The uniform etching of the substrate, by the 

formation of Al2(SO4)3, could result from local decreases in the basicity of the 

melt at the oxide-salt interface in areas of copious silicate crystal growth. 

The multi-phase salt deposit on the unwashed medium purity substrate 

shown in Figure 13 (bottom) is characteristic of the two least pure materials. 

The lighter blocky phase contains Ca, Si, Al, and Mg, and the remainder of the 
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Figure 12. Medium purity polycrystalline alumina exposed in 
acidic conditions at 1OOOoC for 24 hours. Sodium 
aluminum silicate reaction products and etching of 
drop area are shown on washed substrates. 
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Figure 13. Low and medium purity polycrystalline aluminas (top 
and bottom, respectively) exposed in acidic conditions 
at 1000°C for 24 hours. Sulfate crystals containing 
Ca, Si, Al, and Mg (bottom) are shown. 
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salt contains Al. The two phase salt droplet reaction product morphology must 

be linked to the growth of aluminum silicates at surface heterogenieties in the 

substrate. 

As a result of the substrate microstructure unique reactions occurred 

concomitantly over different areas of the substrate and produced local variations 

in the composition of the melt. The formation of a network of well defined 

aluminum silicate crystals occurred preferentially at the grain boundaries and 

triple points of the microstructure. The results and the morphology of the 

products described earlier and shown schematically in Figure 14 can be explained 

as follows. As the alumina grains are dissolved by the sulfate, the local SO3 

pressure decreases and the Nag0 activity increases accordingly near the alumina 

grains. The increased Nap0 activity promotes the transport of Nag0 in the melt 

to the grain boundaries and grains of silicate phases in the low purity aluminas, 

where it reacts with these silicates, forming sodium silicates and alumina 

silicates as well as calcium and magnesium sulfates. This maintains the acidity 

of the sulfate melt thus promoting the dissolution of the alumina grains. As the 

transport is rapid at 1000°C, the corrosion under the sulfate is quite uniform and 

deeper than at ‘i’OO°C. At lower temperatures, 700°C under acidic conditions, a 

similar mechanism operates but the transport is slower and the acid and basic 

reactions cooperate mostly near the grain boundaries leading to strong 

inter-granular attack (Figure 11). 

The results of the exposures in basic conditions at 700°C are more difficult 

to interpret due to the extensive formation of cobalt oxide crystals on the 

substrate surface. Weight gains were recorded for the exposures. 

Photomicrographs indicate that significant amounts of alumina were etched from 

the substrates. The formation of nearly pure silica on the substrate did not 

occur nearly as extensively as at 700°C in acidic conditions. 
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Figure 14. Schematic diagram of the morphology of reaction 
products on polycrystalline aluminas exposed in acidic 
conditions at 1000°C. 
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The presence of CaS04 in the salt on the two lower purity aiuminas, which 

was not detected on samples exposed in acidic conditions at the same 

temperature (700°C), may be due to a more severe attack of the impurity 

silicate in the oxygen atmosphere. The conditions in the oxygen atmosphere are 

not conducive to the type of sustained fluxing which occurred at 700°C in acidic 

conditions. Significant amounts of both Si and Al were dissolved in the salt. 

Because of the depletion of the basic component of the melt due to the 

formation of cobalt oxide, it is likely that the initial dissolution products 

generated at the aluminum oxide-salt interface were silica and aluminum 

sulfate. 

In basic conditions at 1000°C the most extensive wetting of all four of the 

aluminas occurred. The lower purity materials were wetted more extensively 

emphasizing the influence of the impurities. Vugs developed at some of the 

triple points between grains on the surfaces of the two least pure substrates. 

Even after 405 hours of cyclic exposure negligible reaction was detected on 

the single crystal substrate. Aluminum silicates formed on the substrates of the 

polycrystalline materials. They were sodium aluminum silicates at grain 

boundaries and sodium magnesium aluminum silicates at triple points on the high 

purity substrate. Sodium calcium aluminum silicates and sodium magnesium 

aluminum silicate formed on the lower purity substrate. A variety of multi- 

phase deposit morphologies formed on the two least pure materials after 

exposure at IOOOoC in oxygen. These deposits consisted of mixtures of sulfate 

with various aluminum silicates of sodium, potassium and the rare earth 

elements contained as impurities in the substrates. 
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The formation of NaA102 as the primary reaction product in the deposits 

would be predicted on the basis of solubility data published by Rapp (Figure 2). 

While this may be the case for the single crystal material, the degradation of the 

polycrystalline materials cannot be analyzed without consideration of the 

formation of aluminum silicates which occurred on the substrates and in the 

molten salt. This is obvious when one considers the multiple phase morphology 

of the deposits on the two least pure materials. 

Relatively small weight gains and losses were recorded for the exposures at 

1000°C in basic conditions. Intergranular corrosion resulted in a decrease in the 

connectivity of the surface grains of the two lower purity substrates. The 

weight changes and photomicrographs indicate that the formation of alumina 

silicates and the solution of alumina were not as extensive as that which 

occurred in acidic conditions at the same temperature. It is proposed that the 

silicate impurities shift the activities in the melt towards values intermediate 

between the acidic and basic conditions promoted by the atmosphere, thus 

making the corrosion behaviors at 1000°C under both atmospheres similar. 

However, the greater acidicity of the melt under acidic conditions increases the 

dissolution of alumina. Under basic conditions the cooperative reactions initiate 

with the attack of the silicates impurities by the basic sulfate forming various 

sodium alumina silicates including those of the rare earths. This raises the pSO2 

of the melt providing for acidic solution of the alumina grains. This sulfate 

formation is limited and the silicate formation is more extensive than under 

acidic conditions, leading mostly to intergranular corrosion. 
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