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Abstract: 

A fused silica of high purity and alumina in single crystal and poly- 

crystalline forms with different impurity levels xiere exposed to mixtures of 

SOj- SO2~02 at 700°C and 1000°C. The silica and alumina are very resistant 

to corrosion in these environments. No reaction was observed with the silica. 

Sulfates formed on the aluminas particularly at low temperature and high SO3 

pressures. The reaction occurred under less 

intensity with increasing impurity content, 

severe conditions and with greater 

particularly Ca and Mg. 
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32 High Temperature Corrosion of Ceramics 

I. INTRODUCTION 

Ceramics are considered actively for components of advanced power systems 

operating at high temperatures. (1) This is because they have high refractori- 

ness ( chemical stability and mechanical properties much improved thrcugh 

extensive research over the past twenty years. They have been partially 

successful in recent demonstration projects (*) and it may be anticipated that 

the needed improvements in reliability of components will result from the 

present emphasis on ceramic processing. Ceramics may be 

peratures as monolithic parts rePlacing superalloys, as 

coatings or as coatings protecting 

them severe corrosion problems. 

metallic alloys from 

used at high tem- 

thermal barrier 

environments which cause 

One should not assume however that ceramics are totally corrosion resistant. 

Corrosion of refractories by oxide melts such as slags and glasses are costly 

to the steel and glass industries. As a result research has been performed on 

the corrosion of ceramics in deep melts, (3) but little is known about the 

corrosion df these materials in gaseous atmospheres. The environments encountered 

in advanced energy systems may contain corrosive products of combustion. 

In addition, deposits of salts such as NaZSO4 mpy form on the components and 

tend to enhance the gaseous corrosion. It has been shown recently that ceramics 

such as AlZO3, Si3N4 and yttria-stabilized ZrO2 can react with molten deposits 

of Na2S04 in SO3 gas.(b) The gaseous corrosion of ceramics has been studied 

in this research (5,6) not only to establish the susceptibility of ceramics to 

the corrosion by gaseous atmospheres representative of those encountered in 

energy systems but also as the baseline for research on the hot corrosion of 

crramics( ‘1 C i n presence of salt deposits). The corrosion of silica and alumina is 

discussed here. These materials are of great importance since they perform 

as protective scales on superalloys and SiOZ forms on silicon nitride and silicon 

carbide in oxidizing environments. 
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II. GASEOUS CORROSION OF CERAVICS 

Gaseous corrosion of ceramics can occur by a variety of mechanisms 

just as in the case of the gaseous corrosion of metals and alloys. Moreover, 

the corrosion process are ultimately controlled by the nature of the products 

that are formed as a result of reaction between the gas and the ceramic. In 

metals and alloys reaction with the gas is almost always characterized by 

metallic elements being oxidized via transfer of electron to reducible species 

in the gas. The cations of the ceramics are already in oxidized states and the 

following possible corrosion processes can be proposed. First, the cations 

may be oxidized to higher states which in the case of oxygen as an oxidant 

would result in oxygen being incorporated into the ceramic. Such a process 

could result in the formation of new phases or merely changing of stoichrometry 

of the phase being oxidized. This plays a major role with degradation of chrome- 

based refractories with temperature and particularly atmosphere cyclings. 

Second, the atoms or molecules of the gas may form more stable compounds with 

the cations of the ceramic, for example silicon nitride reacts with oxygen to 

form silicon dioxide and nitrogen. This type of reaction will depend on the 

properties of the products formed upon the surface of the ceramic but effects 

produced by the elements displaced by the oxygen can also be very important. 

h third possibility involves the formation of volatile species such as the re- 

duction of SiOz (s) to SiO (g) or the oxidation of CrpOj (s) to CrOj (g). Such 

reactions probably would involve diffusion through gaseous boundary layers and 

could proceed at rates fast compared to those of processes involving the form- 

ation of condensed phases on the surface of the ceramics. Finally, molecules 

in the gas such as SOj. CO2 or Hz0 may possess a significant affinity for the 

cationic component or its oxide and react to form compounds such as sulfates 

carbonates or hydrates. 
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The rates of such processes will be dependent upon transport through 

corrosion products and rather complicated mechanisms may prevail. 

The gaseous corrosion of ceramics is expected to be similar in some 

respects to the corrosion of ceramics in melts which has been studied extensively 

in the literature (gv 3l It is usually modelled as a dissolution process. 

The kinetics involve the transport of reactants and products which often 

determine the overall rate of the corrosion process. The corrosion reaction 

rate depends on the relative corrosion rate of the various phases, the viscosity 

of the liquid, the density gradient in the liquid, the concentration gradient 

in the liquid, the porosity of the solid, the wettability of the solid phases 

by the liquid, the boundary layer at the interface and the geometry of the system. 

The grain size and the pore structure are major factors in controlling the rate 

of dissolution. Fine grain materials dissolve faster than coarse grain materials. 

The liquid may penetrate into the grain boundaries resulting in engulfment of the 

solid grains by the liquid (9,101 
.The influence of the microstructure on the 

corrosion complicates greatly the interpretation of corrosion experiments so that 

for fundamental studies Simple systems with simple geometries and microstructures 

must be used. This is valid also for gaseous corrosion studies since except for 

wetting effect, the grain size, the pore structure and the grain boundaries should 

play a similar role as in liquid corrosion. 

There is significant literature on the oxidation of silicon nitride and 

silicon carbide (*l! the only literature on gaseous corrosion of simple oxides 

appears to be on their reduction and volatilization particulary for silica. 

Silica at high temperature under low oxygen pressures volatilizes forming 

of SiO (g) by thermal decomposition and/or by reaction with hydrogen or CO (12*13! 

For instance, significant weight losses were observed in wet hydrogen (51 at 
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1400oc. Alumina is much more resistant to conditions of this tvpe and tends 

to lose impurities such as sodium at high temperatures. Significant losses of 

alumina are only observed at very high temperatures, of the order of 19OOOC. (14) 

Steam at low temperatures can form hydrates with silica resulting in degradation 

of silicate refractories. (15) However, there are no reports on the Influence 

of sulfur oxide gases on alumina and silica; this is discussed below. 

III. EXPERINENTAL PROCEDURE 

(1) Materials 

They include four aluminas and a fused silica which were obtained from 

commercial suppliers in relatively high densities and flat configurations. 

A brief description is given in Table I. The aluminas were selected to investigate 

the influence of microstructure and impurities on the corrosion. The single crystal 

is a transparent substrate with (0001) orientation. The (L) material is 

in the form of almost transparent washers; (S) and (M) are white substrates. 

The more impure (S) alumina was included to show the gross effects of impurities. 

The (S) and (MI aluminas have a much finer average grain size L-kin 
I’ 1 

than (L) 

alumina (19Urn). Their microstructure will be discussed later as needed. 

(‘2) Experiments 

Flat specimens ( z l~l.cm) were exposed to sulfur oxide eases at ml and lno~~c 

in either as received, polished or relief polished conditions. Prior to exposure 

they were cleaned thoroughly in acetone and alcohol and then heated in flowing 

oxyeen atmosphere at IOOOoC for one hour. The ~02 and 02 mixtures were passed 

over a platinized catalyst at the temperature of the experiments before contact 

with the samples. The conditions were selected to have relevance to gas turbine 

operations. The SO3 pressures were high enough in most instances to prevent the 

decomposition of Na2Sfl4 in hot corrosion exueriments performed in the same 

environments. The initial SO2 contents of the gases were “s~ally 1%. 0.1% and 



Designation 

Silica 

8.C. 

L 

M 

S 

TABLE I. MATERIALS UNDER STUDY 

Materials 

3 

% Purity (Imp) Suppliers 

fused silica 2.20 99.89 (0.1 H20) Corning 7940(l) 

sapphire 3.97 99.99 Saphikon(2) 

a-A1203* 3.97 99.79 (0.1 MSO. 0.11 Lucalox (3) 

u-A1203* 
SiO2) 

3.89 99.6 (0.17 t&O, AlStiS 772 (4) 
0.17 a-A1203* SiO2) 

3.74 97.4 (0.75 ugo, 
+l.6SiO2, O.lNa20 S-697 (5) 

* Polycrystalline 

(1) 

(2) 

(3) 

(4) 

(5) 

Corning Glass 

Tyco Laboratories 

General Electric, Lamp Div. 

3M, Technical Ceramic Prod. Div. 

Saxonburg Ceramics. Inc. 

Joe Sulton




Appendix A-Gaseous Corrosion 37 

0.01% with the balance 02 for a total pressure of one atmosphere and a flow race 

of about lcm3/sec. The corresponding equilibrium SO3 pressures are shown in Table 

II. The exposure times were usually one week but ware varied from one day to one 

month. Some experiments were performed in sequential exposures to follow the 

product development on the same area of the sample, examined also before exposure. 

Since the materials are electrically non-conductive the samples were coated with 

o 
about 200A of carbon prior to any observation in the Scanning Electron Microscope 

(SEM). This carbon was oxidized at 700°C in 02 before any additional exposure 

of the samples in sequential experiments. It was checked by comparison of 

duplicate samples exposed only once for the same total time that this procedure 

did not interfere with the results of the sequential experiments. 

The major investigative tools were the SM’s equipped with Energy 

dispersive X-ray Spectrometers (EDS) for elemental analysis. X-ray diffraction 

(XRD) was used to identify the products when they formed in sufficient quantities. 

Some specimens were also analyzed by Electron Soectroscopy for Chemical Analysis 

(ESCA) after exposure. The weight of the specimen was checked on an analytical 

balance before and after the experiments. 

IV. Results and Discussion 

No significant weight change was measured in any of the experiments. It can 

be shown, considering the size of the samples, that a weight change of D.Img/ 

cm2 of exposed surface corresponds to the formation of a continuous layer of 

product about lum thick. The corrosion products were usually discrete and often 

with little coverage of the surface, they could be detected using the SEM , EDS 

and ESCA, but in no case were 

I urn thickness. These products 

(1) Silica 

Silica is very resistant 

No visible product formed and 

they equivalent to a continuous layer of the order 

are described in the following. 

to atta’ck by SD2- SO3 atmospheres at 700 or 1DDO’C. 

no sulfur was detected by EDS or ESCA after exposure 
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Tr\BLE II: Environmental Conditions in Experiments on 
A1203 and Silica 

Gas 
Initial 
Pressure 
(Atm) 

02 Sl. 

SO2 10-2 

SO3 

02 %I. 

SO2 10-3 

SO3 

02 -1. 

SO2 10-4 

SO3 

Pressure (Atm) at 
7oooc 1ooooc 

‘Ll . -1. 

2.9 x 10-3 8.7 x 1O-3 

7.2 x 10-3 1.3 x 10-3 

Sl. %I. 

2.9 x 10-4 8.7 x 10-4 

7.2 x 1O-4 1.3 x 10-4 

Sl. %I. 

2.9 x 10-5 8.7 x 10-5 

7.2 x 10-5 1.3 x 10-5 

Joe Sulton


Joe Sulton


Joe Sulton
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up to one month. where is no evidence of sulfate formation and there is *o thermo- 

dynamic data for silicon sulfate. The oxygen pressure of the experiments was too 

high for the formation of silicon sulfide. No experiments in C3-SO3-So3 

atmospheres were performed above 1OOOoC since Sulfate formation is less favorable 

as the temperature increases. .No devitrificatioa of the silica glass was observed 

after the exposures at 700 or 1OOOoC. 

(2) Alumina 
(a) General Results 

The alumina samples were exposed to all three atmospheres at 700cC 

and 1000°C in extensive experiments including sequential exposures to observe 

the evolution of the products. The results are summarized in Table III. This 

cable is based on three types of results: the observation of products in the 

SEM. the detection of sulfur by EDS and the identification of sulfates 

by ESCA. Since only very small amounts of products were formed in many cases and 

the analytical techniques were close to their limit of detection, the formation 

of products (P) is reported in the table only when it was indicated by at least 

two techniques. If only one technique suRRested the presence of products, Su 

was placed in the table. 

It was established that the products were sulfates by the combined observations 

of sulfur in the products by EDS and the identification of the valency of this 

sulfur as S -6 as in sulfates by ESCA. Moreover, on the purer aluminas the 

1 elements de:ec:cd in the products were only aluminum and sulfur. Extraction replicas 

on exposed (L) samples showed also the same combination, thus leading to the 

conclusion that aluminum sulfate was formed on the purer aluminas, Mg and Ca 

sulfates were identified in a similar manner on the more impure samples. 

Table111 clearly shows that there is an increasing tendency to form 

sulfates with decreasing temperature, with increasing impurity contents and 

with increasinR SO3 pressure in the atmosphere. These general trends are 



TABLE III 

Results of Alumina Corrosion Experiment in SO3 Gas at 700° add 1000°C for One Week 

Tempe'rature SO3 pressure (atm.) Single Crystal Polycrystalline Aluminas 

(OC) in approx. 1 atm 02 Alumina (L)99.8% M)99.5% S)97.4%" 

700 7.2 x 10-3 P P P P 

7.2 x IF4 P P P 1' 

7.2 x IO-' N P P P 

1.3 x 10-3 N P P - 

1.3 x 10-4 N SU P P 

1.3 x 10-5 N N SU SU 

P: Sulfur containing products present 
N: No sulfur containing products 
su: Presence of sulfur suggested but not confirmed 
* Purity 
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consistent with thermodynamic analysis. 

(b) Thermodynamics of sulfate formation 

Considering the reaction: 

Al*03+ 3SO3(g)= Al*(S04)3 

at equilibrium one has: 

g_ a Al2 W4)3 

a Al203 (pso3j3 

and the SO3 pressure for the equilibrium between hl2(SO4) 3 can be calculated. 

The stability diagrams of Figure 1 for A1303 in SO3-SO3 atmospheres were 

generated bv considering the appropriate equilibrium reactions assuming 

unit activity for the solid phases. The test conditions and the relevant 

boundaries for the HgO- Mg SO4 and CaO- CaSO4 equilibria are shown on the 

diagrams. 

The oxide-sulfate equilibrium boundaries shift to lower SO3 pressures ac 

lower temperatures. Furthermore, for a given initial mixture of 02- SO3 the 

eqdlibfiumSO3 pressure increases with decreasing temperature. Therefore, 

sulfates have a greater tendency to form at lov temperatures as shown by comparison 

of Figures la and 16 and observed experimentally: It is also obvious from Figure 1 

that the SO3 pressures required for sulfate formations increase from CaSO4 

CO ?IgSO4 and finally co A12(SO4; 3 so thar under similar activity conditions 

CaSC4 and YgSO4 will form more readily than Al?(SO4)3 this explains the increase 

in product formation with increasing contents of CaO and YgO. 

*Preliminary results obtained by Raman spectroscopy also indicated that 

sulfates formed on S alumina (16) 

Joe Sulton
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4- 
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-10 * 
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Figure 1. Stability diagrams for A1203 in SO@03 atmospheres at: (a) 

700°C (b) 1OOOoC. The experimental conditions (+) and the 
boundaries for CaO and MgO are also shown. 
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Cc) Single Crystal 

Very little reaction of the single crystal alumina was observed during 

exposure to any of the gas mixtures at 700°C and IOCWC. A few thin tetragons 

about 0.5 pa on a side were detected after an exposure of one week to the highest 

SO3 pressures of 7000C (Table III). For the same time of exposure to the inter- 

mediate pressure of SC3 at 70C°C no products could be found but sulfur was 

detected by EDS and sulfates were indicated by ESCA analysis. NO sulfur was 

found after exposure to the lower SD3 pressure at 700°C nor for any of the 

gas compositions at IOOOoC. These results show that the single crystal material 

was affected by the environment when the experimental conditions were most 

favorable for reaction. The stability diagrams of Figure 1 show that Al2(SC4)3 

should not be formed in any of the experiments. These diagrams have been 

constructed however for unit activity of the phases. Solid solutions (e.g. 

Al2(SO4)3 at less than unit activity dissolved in Al2O3) or other phases not 

considered in these diagrams may be formed. 

(d) Polycrystalline Aluminas 

The sintering aids added to the (L) material degrade its purity but it is 

anticipated that the MgO isilithin its solubility limits in A120,. 

No magnesium spine1 was found by optical metallography or the electron microprobe. 

The role of Sin2 is less clear and it may have enhanced solubility in presence 

of MgD.(L6) If its solubility is exceeded, it would be expected to segregate 

to the grain boundaries, but this has not been observed. MgO apparently does not 

segregate greatly at grain boundaries but Ca does even though its average concentrat_ 

ion in this lnrterial is very srr.alL. (17) 
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More products were evident on the (L) alumina compared to the single 

crystal material. Products were evident after exposures of one week to all of 

the three gas mixtures at 7OO’C. As shown in Figure 2 the amount of products 

increased with increasing SO3 pressure. Corrosion products were also observed 

at the higher SO3 pressure at 1OOOnC (Table III), but in less quantity than at 

7oonc. Exposure to the intermediate SO3 pressure at 1OOW’C did not produce any 

observable products but sulfates were identified on specimens by EDS and ESCA. 

The products formed on the (L) alumina did vary for apparently, the 

same exposure conditions. Two types of morphologies were detected which are 

shown in Figure 2 and 3 for as received (L) altiina. One is small cuboids. 

The other contains many cuboids but also other shapes are evident such as laths 

and films. The prodlicts were concentrated on certain grain faces of the same 

grain while other faces of these grains exhibited no products indicating a 

strong influence of crystallographic orientation of the grain. This nay be 

due in part to surface segregation of impurities but in no case could any 

impurities such as Ca or Mg be detected on these surfaces or in the products. 

?iore corrosion products formed on the aluminas 

L. M, S than on the single crystal. These materials are all polycrystalline and of 

greater impurity content than the single crystal. Products were formed on all 

polycrystalline materials under all conditions at 700°C and at least under the 

higher SO3 pressure at 1000%. In general. the products formed more readily 

(Table III) and were larger and in greater quantity (Figure 4) with increasing 

impurity content. The samples in Figure 4 were relief polished and exposed in 

tha same axpari-nt (7 x 10-3atm.S03at 700°C for one week). It shows also that 

the products form preferentially at grain boundaries. 
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Figure 2. (L) alumina surfaces (A) as received, B,C,D, exposed for one
week at 700oC to 7 x 10-4 atm. 503 and 7 x 10-3 atm. 503
respectively. More products form at higher P503 (5EM)
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A

L alumina surfaces exposed to 7 x 10-3 atm. SQJ at 700oC
for one week. A shows various morphologies of reaction
products and 8 only a few discrete ones. (SEM).

Figure 3.
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Figure 4. Relief polished polycrystalline A1203 surfaces exposed to 7 x
10-3 atm. 803 at 700oC for one week (a) L , (b) M, (c)
another M-type (d) 8 aluminas. Products increase in size and
quantity with decreasing A1203 purity. They form
preferentially along grain boundaries. (8EM).
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Two types of products were found on the (M) alumina, exposed to 7 ~10~~ 

atm SO3 for one week at 700°c. one was larger and was a magnesium sulfate 

with no ca1ci.m in it and the other smaller in size was a CaSOh with little 

or no magnesium. 

The lowest purfty (S) alumina had the mosf product in both number and 

size after exposure. EDS analysis of the products Indicated S, Al, Si, Mg, 

Ca. They appear to be mainly magnesium sulfate, calcium sulfate and their 

solid solutions. The larger products were mostly MgSDq which formed on impurity 

magnesium silicate grains identified by EDS before exposure. The impurity 

phase( s’) in (S) occur as large grains of the size of the alumina grains 

and along grain boundaries. Some smaller products, mostly CaSO4, appeared to 

be on the grain boundaries. (Fi_eure 51. As indicated by analysis of the large 

grains of products and of products extracted by replica techniques. silicon 

and aluminum are included in the products. It is believed that the silicon 

is present as silica formed by reaction of SO3 with the silicate impurities 

while Al is probably dissolved in the sulfates. In the (S) alumina, this 

aluminum is expected to come mostly from the impurity phases Since talc and clay 

are used as sintering aids. 

The evolution of the corrosion products as a function of time is shown 

in Figure 6, for the same area of a relief-polished sample (S) after a sequence 

of exposures from three days to 30 days. The products nucleate on the impurity 

phases which are darker on the initial micrograph due to a weak acomic number 

contrast and the relief polishing. The products grow wirh coalescence and 

coarsening occurring ddring the latter stages. The product marked by the arrow 

is a calcium-magnesium sulfate of unknown aluminum content. 
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Figure 5. Relief-polished 5 alumina exposed to 7 x 10-3 atm. 503 at
700oC for one week. EDS spectra (1) whole micrograph, 2,3,4
areas indicated by numbers. (5EM).
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Figure 6(a). Same area of relief-polished (S) alumina exposed to 7 x 10-3
atm. SQ3 at 700oC. (A) before exposure, (6) for 3 days, (C)
for 10 days, (D) for 30 days. (SEM).
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V. GENERAL DISCUSSION 

‘Ihe results that have been obtained in the present studies show that 

silica and alumina are considerably more resistant to sulfur-oxygen gas mixture 

than metallic alloys. Nevertheless. reaction of such materials do occur when 

the thermodynamic and kinetic conditions are appropriate. In the present studies 

the experimental conditions were such that no reactions of the gas mixtures 

with silica were possible. In the case of alumina, however, reactions did 

occur and these reactions were significantly affected by the purity of the 

specimens. 

On the aluminas it appears that a layer of sulfate is first absorbed 

on the sample building perhaps to thicknesses giester than a monolayer. The 

reactions are possible by solid solutions of the sulfate probably 

with alumina in the case of the single crystal and with the impurities in 

the other materials. Calcium sulfate and magnesium sulfate form at lower PSO3 

than aluminum sulfate so that their solid solutions maybe anticipated to form 

at lower PSO3. The formation of intermediate compounds cannot be ruled out at 

this point although no such sulfates are known with Ca and Mg. Intermediate 

compounds occur in the sulfation of K20.3 A1203 in which above 300% a mixed 

sulfdte K~u(Su4)3 is formed. (lg).Sulfates were produced on the impurity phases 

and the grain boundaries as documented for the more impure aluminas; however, 

the control of the sulfate formation by the impurities appears to play a major 

role in all the polycrystalline aluminas studied. This explains at least in 

part the prominent role of the grain boundaries in this corrosion. The 

impurities may not only increase the driving force for sulfate formation but 

also provide nuclei for the growth of sulfates. A major point is that when 

reaction products involving the impurities are formed, due to their greater 

thermodyhamic stability, reaction of the alumina itself becomes possible. 
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The observation that corrosion of alumina is dependent upon impurity 

(19) 
content is consistent with data in the literature for reaction of Sic and Si3N4 

with oxygen where impurities such as Mg and Ca have been found to accumulate 

in the oxidation products and thereby significantly modify the protective 

properties of the scales that are formed on such materials. 

In view of the results that have been obtained with the alumina samples, 

deposits of Na7S04 can be expected to significantly influence the corrosion of 

alumina (hot corrosion) because these products should have significant solubilities 

in NazS.04. This effect will be especially pronounced when temperatures are 

such that the Na7304 is liquid. Moreover, liquids can be expected to be formed 

below the melting ooint of Na7SOh due to the 

solution of Na7S04 and impurity phases. This 

emphasis on the hot corrosion of ceramics. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

IV CONCLUSIONS 

formation of phases involving 

research is continuing with major 

Silica and alumina are very resistant to corrosion by SO3 gases. 

No interaction was found between SO3 and fused silica. 

Small amounts of products were formed on the aluminas. 

The products identified as sulfates formed only under the more favorable 

conditions on the high purity sapphire. They formed in greater quantities 

and at lower PSC3 on the more impure polycrystalline materials. 

The general trends of the sulfate formation are in qualitative agreement 

with predictions from thermodynamics which are that the corrosion of alumina 

in SO3 gases becomesmore favorable at higher SO3 pressures and lower 

temperatures. It is suggested that the aluminum sulfate formed on the 

Single crystal is stabilized by solid solution with alumina. 

The severity of the corrosion increases with the impurity content. 

The severity of the corrosion increases with time. 

In the polycrystalline aluminas the impurities dominated the corrosion 
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by formation of various solid-solutions of CaSO;- MgS04 and Alp (So,)-, _ 

The corrosion products formed preferentially on impurity phases and at grain 

boundaries. 
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