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J\GSTf<I\CT 

Calcium Sulf(1te··induced Accelerated Corrosion 

By 

Hilary Chikezie Akuczue 

In fluidised-bed coal combustion, dolomite or lin1estone is fed along 

with the coal to absorb the sulfur. Originally, it was incorrectly 

expected that the spent acceptor, Caso4, would not give rise to corrosion 

problems. H01vever, pilot experience has shown cases of extensive oxida-

tion and sulfidation, which is presumably related to the calcium sulfate 

deposit. 

The attack of Ca0/Caso4 and CaO/CaS salt mixtures (1:1) on typical 

fluidised-bed coal combustor materials in the temperature rahge 850°C -

1100°C and oxygen partial pressures in the range of lo-19 - 1 atm. (air) 

were investigated using the following test materials: pure iron, nickel 

and chromium, Fe-20Cr, stainless steel 310 and incoloy 800. Also the 

effects of the introduction of sulfur-containing gases, carbon as sub-

stitute for particles of unreacted coal~ and NH 3 into the CaO/CaS04 

mixture were investigated. 

There appear to be two aspects of Caso4-induted attack: (a) direct 

attack by Caso4 at low tempel~atures. 950°C and be.iow. which does not 

involve sulfidation. In iron-base materi0ls, the main scale contains 

non-protective. porous CaFe2o4 
spinel and the outermost scale is a thin, 

sometimes loosely adhering complex calcium-iron sulfate, (b) complex 

calcium-iron sulfate liquid-phase attack. This occurs at high temperature. 

above 950°C and induces oxidation/sultidation type of attack which is 

catastrophic. 

A high partial pressure of sulfur· app0ars to significantly depress 
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the nit:' lt i ng point of the comp 1 ex~cal ci um ·iron sulfate. Also, it depresses 

the melting point of Caso4. It is probable that cas2o7 may form. Addi

tions of carbon or NH 3 induce the Caso4 to decompose and hence act as 

a source of sulfur. High temperature also causes Caso4 to decompose. 

Increase in the oxygen partial pressure increases the severity of Caso
4
-

induced attack, whilst increase in the sulfur partial pl'essure increases 

both oxidation and sulfidation. 

Based on the above experimental results. a model of the Caso4-

induced accelerated attack on pure iron and iron-base materials is pro

posed. 
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CHAPTER 1: INTRODUCTION 

Combustion of coal in a fluidised-bed is a relatively new method 

of burning coal in a confined environment. The confined environment 

1. 

enables the waste toxic gases released during the burning of the coal to 

be adequately disposed of~ and not allowed to escape and pollute the 

environment. A means for capturing most of the fuel's sulfur content 

dur·ing u.ctual combustion~ thus reducing the release of sulfur compounds 

to the atmosphere is by adding an acceptor, e.g., calcium oxide, CaO, 

and magnesium oxide, MgO. in the form of calcined limestone or dolomite 

into the bed. 

In a typical coal-fired fluidised-bed combustor (figure 1), crushed 

coal and suitably sized acceptors are introduced into the combustor. A 

stream of hot air enters the base through bubble cap distributors at 

a superficial velocity of the order of 0.4 ~ 3.5 ms- 1. At this critical 

velocity, the bed material is held in suspension to give a state of boiling 

fluidisation. The coal combusts at a relatively lm•J temperature, in 

the range of 750 ~ 950°C, which enables good sulfur retention by the 

acceptors in the bed; it is suggested that this temperature is below 

the ash fusion point and hence the release of alkali sulfates from the 

ash is less likely in the fluidised-bed combustion(!)_ The limestone 

reacts with the sulfur dioxide~ so2, released during the coal combustion 

to form calcium sulfate. 

There are various ways the heat released during the combustion 

of the coal can be removed: by operc.ting at high exGess air and removing 

the heat in the exhaust gases; by passing hodzontal pipes cal~rying wat0r 

across the bed and genet'ating steam; by heating the driving fluid for a 

closed-cylce gas turbine in in-bed tubas, or the bed may bo used, in effect, 
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as the combustion chamber of a gas turbine, when operation is usually 

carried out at pressure. 

Whereas the development of various prototype coal-fired fluidised 

combustion systems has been encouraged by the concern for quality of the 

environment, efficiency and the emergent competitiveness of coal as an 

alternative source of energy in the wake of the uncertainties surrounding 

oi1, a growing concern has centered on the corrosion problems encountered 

~ the bed materials. In addition, whereas the different forms of corrosion 

attack in the fluidised bed combustor have been identified, their mecha-

nisms and source(s) are not fully understood, or as.yet clearly identi

fied. For instance, hard, adherent deposits have been ideniified on 

the in-bed components while burning coal with and without limestone 

additions. The growth and survival of these deposits contradict early 

suggestions that the erosive action of bed particles was likely to keep 

tubes deposit-free and might even lead to an erosion problem(l). 

Tests( 2) have shown that in-bed materials suffer accelerated 

corrosion and severe sulfidation/oxidation attacks under some circum-

stances, inspite of the fact that most of the aggressive sulfur compounds 

that could have accounted for the sulfidation have reacted with the 

acceptor, CaD, to form caso4, suggests an alternative source of hot

corrosion type of attack should be present within the bed-deposit, maybe 

as a micro-co1nponent. Typical fluidised-bed combustor materials are 

shown in Table (1). It was incorrectly expetted that accelerated cor

rosion type of attack would be unlikely in a fluidised-bed combustor 

because at the low temperature of combustion, the release of alkalis 

from the mineral constituents in the coal is relatively low. Accelera~ed 

corrosion was originally observed in the fireside corrosion of superheater 

tubes in conventional boilers. The mcchanism( 2) of corrosion appears 



to involve the formation of alkali iron trisulfat~s~ of the general 

form (Na~K) 3 Fe(S04 ) 3 . 

Nevertheless~ recent emphasis towards isolating the cause and 

source of the severe corrosion attack on the in-bed components of a 

fluidised-bed combustor is centered on the deposits. The fundamental 

importance of such deposits is now clearly evident as numerous evidence 

is relating the cause of the severe corrosion to possibly micro

components contained in the deposit. Chemical analysis of the deposits 

has been carried out by CRE( 2), and these were found to contain particles 

of calcium sulfate, Casb4• and calcium oxide, CaO. 

According to the CRE test( 3), a typical deposit in the fluidised

bed contains about 50 per cent caso4 and 40 per cent CaO, therefore~ 

the role of the spent acceptor, caso4, on the corrosion behavior of 

the fluidised-bed combustor materials should be considered. In assessing 

the role of spent acceptor as a potential cause of severe corrosion 

attack in fluidised-bed combustors, the role of calcium sulfide, cas. 
as one of the stable products during the reaction of the acceptor, cao. 
with sulfur or sulfur dioxide inside the bed has to be considered and 

examined in isolation or with Caso4 ~ the chief by-prod~ct. 

Furthermore, whilst the state of fluidisation encountered within 

the fluidised bed combustor serves to ensure thorough mixing of the 

bed content as well as a uniform gas environment, pilot tests( 4). indi~ 

cate there are micro-environments inside the bed which fluctuate from 

oxidising to reducing conditions. The micro-environment is established 

due to the side-by-side existence of air !:,>ubbles and combusting coal 

particles. Each cool particle is, in principle, surrounded by an envelope 

in \llhich the oxygen activity falls f1·om its value in the sorrounding 

gas to a value equal to the C/CO equilibrium at the surface temperature. 
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but it is probable that this envelope is quite small in extent, because 

of the rapid heat exchange in the bed, At anytime, the bed will contain 

perhaps one per cent coal, so on average each coal particle is 4- 5 

diameters from the next. The gas outside these small combustion envelopes 

will exchange with the air in the bubbles, and will thus have an oxygen 

activity below that of the overall system (0.03 atm. typically); but 

in the absence of more information, the actual activ·ity is difficult 

to estimate. 

Also, the heat transfer tubes traversing the bed are swept by 

various sizes of rising bubbles which have the ability to either split 

or coalesce. Each of these bubbles carries a wake of particles, thus 

causing an upward drift of particles. Overall, it has been noted that 

there is a marked tendency for the degreee of vertical mixing to exceed 

lateral mixing and this can also help to establish regions of micro

environment~ which may fluctuate from oxidising to reducing conditions. 

A. rrosion 

Degradation of materials when due to the chemical reaction occur

ring between one or more elements of the material and oxygen is called 

oxidation. However, when the reaction involves sulfur, the degradation 

is known as sulfidation. The oxygen and sulfur can be in gaseous or 

liquid phase. Thus, a corrosion reaction involves the degradation of 

the material due to either oxidation or sulfidation, or both. 

The product of corrosion reaction is called the scale, so that 

the scale can be either a sulfide, or an oxide, or a combination of 

both. Once a scale is formed during a corrosion reaction, the scale 

acts as a barrier against further direct contact between the reactants. 

In this way, subsequent degradation will depend on the transport rate 

of the reactants, or one of the reactants across the scale. Thus, if 
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an·alloy is to resist oxidation, for instance, it must form a protective 

oxide scale on its surface; the scale then acts as a barrier which mini-

mizes further interaction with the environment, An oxide is said to provide 

a good barrier to protection when the transport of reacting ions through 

the oxide is slow. Most oxides are non-stoichiometric and contain defects: 

cation and anion sub-lattices permitting lattice transport, or more 

extended defects, such as sub-grain and grain-boundaries acting as short 

circuit diffusion paths. In addition, if the protective scale is to 

functioh as an effective barrier, it must remain adhered to the alloy 

and the detailed morphology of the alloy/scala is critical. Extensive 

work has been done by l4hittle(S)( 6) et al on th·e critic~l parameters 

affecting oxide adherence. 

Chromium and aluminum oxides both have slow growth rates, i.e.~ 

transport of reacting ions through their oxides are slow. Furthermore, 

they deviate very minimally from their stoichiometric compositions. 

Al 2o3, although possessing all of the above good protection properties, 

does not possess a good adherin9 property. Consequently, Al 2o3 scales 

frequently spall off. This results in the depletion of the Al content 

of the alloy below the minimum necessary to m9intain or form a continuous 

protective Al 2o3 layer. In the last five years, successful techniques 

have been developed to improve the adherence of Al 2o3 oxides to their 

substrates( 4). 

Simultaneous oxidation and sulfidation .can take place, The most 

common environment in which this is encountered is in the burning of 

foss-il fuels, Virtually all fossil fuels contain sulfur as an impurity 

and when they are burned, vvhether in a tw·bine~ in fluidised beds, or · 

in conversion processes, such as coal gasification o~ liquefaction, they 

generate atmospheres that contain sulfur compounds. In turn~ the sulfur 
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compounds can lead to sulfidation problems; and formation of metal 

sulfides always accelerates the rate of material degradation. Sulfur 

competes with oxygen for the principal scale forming elements, Cr and 

Al, thereby interfering with the process of protective scale formation; 

and because sulfides are far more defective than corresponding oxides, 

they thicken more rapidly. 

Figure (2a) is a schematic metal-sulfide-oxide stability diagram. 

The regions - as a function of oxygen and sulfur potential - where metal 

sulfide or oxide are stable are outlined. First, consider gaseous atmos

pheres corresponding to the shaded area (as in 'A'); such atmospheres 

are typical of coal conversion, in which the oxYgen activity is high 

enough to for111 the oxide, and the sulfur potential is high enough to 

form the sulfide. 

In general, the atmosphere will have oxygen and sulfur potentials 

that 1vi1l support either, but not both, oxide or sulfide formation (to 

the right or left of the oxide/sulfide co-existence line, respectively). 

Joint format·ion of oxide and sulfur in equilibrium with the atmosphere 

demands a unique gas composition (corresponding to the co-existence line). 

There are other conditions, however, under which sulfide and oxide 

can form together at the scale/gas interface. For example, localized 

changes in gas composition, due to restricted access, can occur and act 

to shift the composition to point 'B'. Such conditions can exist under 

ash deposits in coal-fired utilities; rate-limiting diffusion in the 

gas phase is also a possibility. 

The formation of sulfides within or below the oxide scale is more 

common. The obvious conclusion is that sulfur can penetrate growing 

oxide layers, and that it might be over optimistic to depend simply on 

oxide layers for protection from sulfidation under conditions in which 
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a conjoint attack is possible. Two possibilities present themselves: 

dissolution followed by lattice diffusion; and tra·nsport of gaseous 

molecules via physical defects, such as pores and micro-cracks. These 

are alternative and parallel mechanisms and may operate together. A 

gas composition such as that at point 'C' in figure (2~. (now in the 

hatched area) is typical of a process atmosphere from a low-sulfur 

fuel. Sulfide formation tannot be produced in such an atmosphere if 

sulfur dissolves in the oxide and transports to the metal/scale inter

face. There is no mechanism by which the sulfur activity can be increased 

(path (i) in figure (2a)) .. 

If, for example, so2 molecules can penetrate the scale through 

micro-crack or physical defects, however, then changes in gas composi

tion within the restricted volume of the crack or pore can occur. 

Effectively, removal of oxygen to form oxides increases the sulfur poten

tial to the point at which sulfide may be formed (path (ii)). The 

effective gas composition within the porous scale moves from the cross

hatched area into the shaded area (figure (2a)). Here differences are 

expected between the combusted and process atmosphere~. In the com-

busted atmosphere, sulfur is pressnt mainly as so2. Consequently, the 

sulfur potential is closely linked to the oxygen potential through the 

so2 decomposition equilibrium. In process atmospheres, in v1hich there 

are significant concentrations of hydrogen, the sulfur is present as H2s 

and its potential is virtually independent of the oxygen potential. 

The fluidised-bed coal combustion corresponds to a combustion pro

cess in which the sulfur mainly is so2 and the sulfur potential is there

fore closely linked to the oxygen potential through so2 decomposition. 

However, due to locally poor mixing of the charge inside the fluidised

bed and occurence of Caso4-containing deposits on the in-bed components, 
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regions typical of process or reducing atmospheres can be present w·ithin 

the fluidised-bed coal combustor operating with dolomite and limestone 

additions. A reducing atmosphere, for instance, can reduce the Caso
4 

or cause it to decompose, releasing sulfur. If the reducing atmosphere 

contains hydrogen species in addition, the sulfur is present as H2S and 

its potential is virtually independent of the oxygen potential. A sul

fatic deposit like caso4 may be reactive under reducing conditions in 

addition to decomposing. However, the decomposition of the Caso4 is 

such that the function of the salt deposit is to fix the reaction poten

tial of sulfur and oxygen in much the same way that .the interrelated 

gas equilibria do. Besides, there are additional possibilities of direct 

reaction between the salt and the protective oxide. 

Thus, the degradation of a material due to corrosion is further 

influenced by the degradation of the protective oxides: (a) by sulfur

bearing gases; (b) by reactive deposit, e.g, Caso4; (C) by H2, C etc. 

bearing gases. 

Furthermore, in the fluidised bed coal combustor operating with 

limestone addition, the deposit on the in-bed componerits consists mainly 

of Caso4 and CaD. The deposit can be porous, semi-porous, or compact. 

If the deposit is compact and homogeneous, it can act as an oxygen bar

rier. Therefore, towards the metal/deposit interface the oxygen poten

tial is low, and the Caso4 can decompose. In semi-porous deposits, 

pockets of isolated so2 gas depleted in oxygen due to local oxidation 

can fix relatively high sulfur potential, enough to sulfidise the oxides. 

Porous deposits act as stagnant local regions in which the oxygen content 

is rapidly decreasing as the oxidation continues, thereby promoting hidh 

sulfur potentials with time. 

All of the above operating modes can occur simultaneously or in 

combination in which case, one mode may be characteristically dominant. 
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B. Previous .Corrosion Studies In Fluidised Bed Combustors 
-------~--·~ .. ----~-

There have been few systematic studies of corrosive attack in 

fluidised-bed coal combustion systems~ and most relate to work carried 

out by the Coal Research Establishment (CRE) of Great Britain and 

sponsored by the Electric Power Research Institute (EPRI) of U.S.A. 

The EPRI project was mainly a pilot test to assess the overall 

corrosion performance or resistance of various sections of the fl u·i d-

ised-bed combustor system while burning different grades of coal with 

or without dolomite or limestone additions, The CRE test consists 

of, among others, four horizontal tubes across the bed, one cooled by 

passing air at room temperature and ~ constant temperature was maintained 

by controlling the flov.; rate on the mean of four thermocouples inserted 

into the wall of each tube. Each tube consisted of a number of 50 mm 

o.d. x ?2 rnn rings of different alloys clamped together. The pilot 

tests were run between the temperature range 540°C to 900°C for 2~000 

hours and at the end of the first 1,000 hours, highly corroded coupons 

were replaced for the next 1,000 hours run. 

At 900°C, the CRE test reported that in some cases, the deposits 

apeared molten, but added that this was not borne out by later tests 

which gave decompJs"ition temperatures of the deposits considerably higher 

than 900°C. However, the CRE test failed to account for the molten 

deposits in the first place, At 540°C and 650°C, the low chromium steels 

suffered extensive oxidation with a corresponding decrease in the tube 

wall thickness. The high chromium ferritic steels showed moderate sul

fidation at 540°C with some increase at 650°C. At 760°C and 840°C~ 

incolloy 800, inconnels 601, 617, 671, hastelloy X, HA 188 and inconel 

690 suffered severe sulfidation accompanied in most cases by considerable 

pitting and localised thick scales above the pits, Sulfidation also 



occurred on type 347 and type 310~ but with an absence of pitting. 

As the temperature increased, sulfidation became more severe. Also~ 

more attack was observed when limestone was added to reduce the sulfur 

dioxide emission level. The CRE reports~ to a very good extent~ 

demonstrated that accelerated oxidation and sulfidation occurs within 

the bed of the fluidised-bed combustors during pilot tests~ but no 

systematic tests were carried out to determine the various variables 

involved in the attack. 

A more detailed study of the corrosion environment within 

the fluidised bed was c~rried out by CRE( 2) using medium carbon steel~ 

lCr-~Mo, 2-~Cr-lMo, 12Cr steel, types 316 and 347. The steels were 

obtained as two in o.d. cold drawn tubes~ fully heat treated. These 

coupons were stationed at diffet'ent positions inside the pilot plant. 

After corrosion testing, the test specimens were examined visually, 

10, 

photographed, then the majority were descaled for weight loss measure-

ments. The results presented below represent a summary of the whole 

program. 

Negligible deposition was found, with only slight accumulations 

on tubes near the coal nozzles and on tubes in the freeboard. These 

generally had the same composition as the ash, although in some isolated 

instances there was a slight enrichment in alkalis and sulfur. The 

lack of deposition was mainly attributed to reduced volatilization of 

alkalis because of the low combustion temperature compared to the con-

ver.tional boiler, with possibly some contributions from the scouring 

action of the bed. 

In general, specimens in the f~eeboard of the combustor were 

corroded less than in-bed specimens. Typical (descaled) weight losses 

after 1,000 hours are shmvn in Table (2) and 1r1eight loss-time curves 
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are shown in figures (3) and (4). In these diagrams a line has been 

drawn representing what CRE considers to be an acceptable rate of weight 

loss: 30~g/cm2h, which is equivalent to a penetration rate of 1.5 x 10-6 

in/hr assuming no preferential loss around the circumference of the 

tube and no intergranular penetration and, of course, a linear rate, 

which may not be the case. 

Specimens exposed at or below their normal maxium working tempera

ture in conventional plants did not suffer significant intergranular 

sulfidation. At 700°C intergranular penetration of the high-chromium 

steels were observed after only 100 hours, with oxidation penetration 

of 15~m and in some places sulfidation penetrat1on to 10 - 20~m. Coupons 

held in the bed at 850°C showed intergranular sulfidation to depths 

of 30 - 50JJm in the 100 hour tests, and 30 - 60JJm in the 1000 ho~~r tests. 

For the low-chromium steels, sulfidation was a particular problem with 

the 2-1t;%Cr-i%r1o alloy at 600°C, with maximum penetration of 70vm. Car

burisation was not detected. The nature of the coal was not thought to 

have exerted a major effect on corrosion in the fluidised-bed combustor. 

Operation under sub-stoichiometric conditions caused little change in 

the corrosion rate of in-bed tubes, but the corrosion rate of 

the freeboard tubes was increased. In very strongly reducing conditions, 

however, when loss of fluidisation occurred~ the corrosion rate of in-

bed tubes was increased four-fold. Increased sulfide penetration was 

observed for tests with limestone or dolomite additions to the bed, 

particularly for the high-chromium steels at 700°C and 850°C 1 b~t the 

reasons were not clear. 

Earlier crucible test(B) experiments suggested that mixtures of 

calcium sulfate and graphite can induce sulfidation attack in the absence 

of any apparent molten phase, although more extensive study still needs 



] 2' 

to be carried out in this respect. Furthermore, recent tests funded 

by EPRI(g) shovJ that localized hot regions differing by as high as 200°c 

from the operating temperature are possible within the bed due to the 

presence of the deposits. Thus, a bed operating at 850°C can expect 

to have local hot regions at about 1,000°C or higher. The obvious 

implication of the above is that Caso4 can then start decomposing locally, 

thereby acting as a source of sulfur. 

C. ectives 

This study is aimed at investigating the factors responsible for 

the corrosion associated with spent acceptors, Caso4, in fluidised-bed 

coal combustors, and attempts to determine how these are related to the 

operating variables. Typical materials for fluidised-bed components 

include mainly stainless steel and other iron-base alloys. 

In a fluidised-bed containing an acceptor, the bed material consists 

of a mixture of CaO, caso4, ash and uncombusted coal. Calcium oxide, 

CaO, is added to absorb the so2 emitted during the combustion of the 

coal and form calcium sulfate, caso4. Thus, Caso4 and CaO constitute 

the large majority of the bed and deposits on the tubes accounting for 

about 50 per cent and 40 per cent of the entire bed deposit respectively. 

The environment condition can then best be envisaged in terms of the 

Ca-0-S stability diagram which.presents the phases present at equilibrium 

as a function of oxygen and sulfur potentials. This is shown in figure 

(2), and has been calculated according to the following reactions: 

CaS + 202 :::; CaS04 (A) 

KA 

acaso4 
::: 

a cas . P0 2 
2 

and assuming acaso
4 - a cas ::; 1: 



2CaS + 02 = 2Ca0 + 

for pure CaD and CaS: 

2 
a CaQ 

K =~-~~~ 
B 2 

a CaS 

Ps 
2 

KB = -
Po 

2 

2CaO + s2 + 302 = 2Caso4 

caso4 
K "" ~~--~-~-;;:--
C 

CaOPS2 

assuming puY'e caso4 and CaO: 

1 

T°C 750 850 950 

Log Kc 50.5 43.25 38 
--.. ~~ 

Log K8 10 9 8.3 
.~~ 

Log KA 30 26 23 
-~~-~-~·~~"'F~ 

13, 

(B) 

(C) 
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Since Caso4 and CaO constitute the majority of deposit and bed, 

it might tentatively be assumed that they are at equilibrium according 

to reaction (C); therefore, equation (c1) represents the line separating 

the CaD and Caso4 regions in the Ca-D-S stability diagram- figure (2). 

The slope of the CaSOLJ/CaO boundary line ind·icates the local atmosphere 
' 

depends on Po2. For instance, increasing Po 2 corresponds to decreasing 

Ps 2, while decreasing Po 2 corresponds to increasing Ps 2. A direct 

measurement of the oxygen activities inside and above the bed in the 

fluidised-bed combustor has been carried out~ Cooke, et al(?), using 

a solid electrolyte probe. Within the bed, the probe indicated an oxygen 

activity of 10- 12 atm. at 850°C in normal operation, with occasional 

excursions to higher values due to bubbles passing up through the bed 

past the probe. In figure (2), an oxygen activity of 10- 12 atm. at 850°C 

corresponds to a sulfur activity of 10-7 atm. providing CaD and Caso4 
are in equilibrium. Furthermore, consider the equilibrium sulfur par

tial pressures for the system: Cr/CrS and Fe/FeS at 850°C (1123°K) from 

the following equations: 

Cr + l/2S 2 
-· CrS, 6G 0 = -48400 + 13.4T (1) 

K1123° k :::: 3.27 X 106 

Ps -13 :::: 10 atm. 2 

Fe + l/2S 2 
:::: FeS, 6G 0 

"' l/2(-71820 + 25.12T) ( 2) 

Kll23o k = 104 

Ps 
2 

:::: 10-8 atm. 

Hence, the corresponding sulfur activity as calculated from the Ca0/Ca~o4 
·1·b. t. Po 10- 14 t t 850°C. 1 • h th th 'l'b. equ1 1 num a 2 = am. a 1s 111g er an e equ1 1·num 

sulfur activity for the Cr/CrS and Fe/FeS systems at the same temperature 

and Pa2. That is, sulfidation of deposit-laden in-bed metal compor1ents within 
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the fluidised-bed is very possible at normal operating conditions according 

to the Ca-0-S stability diagram. For instance~ addition of graphite to 

the Caso4;cao deposit has previously been shown to induce sulfidation 

of iron-base alloys at 950°C in static air(B). The graphite addition 

to the Caso4 was made on the assumption that the graphite will establish 

low oxygen activity thereby inducing the Caso4 to decompose, the decom

position of Caso4 being all that is needed to provide the sulfur necessary 

for the sulfidation attack. The experimental results indicate graphite 

can induce Caso4 to decompose at 950°C(l), but whether this was as a 

resu1t of lovJ oxygen activity established by the graphite is debatable. 

If graphite induces caso4 to decompose as a result of the low oxygen 

activity established by the co2;co equilibria, arrived at, and not 

involv·ing Caso4 ·in the process, then lov: oxygen activity established 

via gaseous co2;co mixture will also induce the Caso4 to decompose and 

similarly induce sulfidation of iron-base alloys. 

As a consequence, the effects of these local atmosphere conditions 

in combination with Ca0/CaS04 mixture on the fluidised-bed materials 

seem important. In the first instance, the oxygen pressures (lo-19 and 

10-ll atm.) have been fixed via CO/C02 gas mixture, expecting the CaS04 
or CaS to decompose and fix the corresponding sulfUr partial pressures. 

The oxygen activity in a CO/C02 gas mixture is related by the following 

equations: 

2CO + 02 "" 2C02 

Po = 1/1< 2 4 

( 4) 

an alternative approach is to use H2/H 20 n1ixtures according to the following 

equ·i ·1 i bri a: 



2 
Po = 1/k PH 0 

2 5 2 
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(5) 

where K4 and K5 are the appropriate equilibrium constants and which are 

given below: 

700 750 800 850 900 950 

21.262 19.79 18.432 17.208 16.086 15.036 

20.922 19.618 18.436 17.354 15.748 15.436 

In order to control the Po2 at 10-15 atm., for instance, requires 

ratios of approximately 250 and 200 respectively and these are difficult 

to control. However, at least two different oxygen pressures, 10-19 

and l0- 11 · 5 atm. were fixed via the CO/C02 gas mixtures. The reason 
. -19 for particularly choosing these two oxygen pressures is because 10 

atm. is a relatively low oxygen activity and if the suggestion that low 

oxygen potentials induce the Caso4 to decompose is correct then expect 

sulfidation attack; on the other hand, Io- 11 · 5 atm. of oxygen is about 

the recorded equilibrium oxygen pressure in a fluidised-bed coal combus

tor operating at 850°C. 

Besides, both the oxygen and sulfur activities can be fixed using 

co2;H2/H 2s or co;co2;so2 gas mixtures in which case the role of the Caso4 
is completely redefined in terms of whether there is any direct chen1ical 
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or solid-state interactions between the protective oxide and the Caso4 
salt. The direct reaction between the Caso4 and the protective oxide 

has also been investigated by coating the test pieGes with Caso4 paste 

or oxidising the samples embedded in the Ca0/Caso4 mixture in static 

air. Effects of temperature on the caso4-induced attack have also been 

studied. Since the 50 per cent caso4-containing deposit also contains 

small particles of unburnt coal as micro-constituents and the gaseous 

environment in the fluidised-bed combustor contains NH 3 as a micro

component, the effects of these 'contaminants' on the corrosion poten

tials of the Caso4 have also been investigated and compared. 

Thus, the investigation is aimed at demonstrating with the aid 

of the Ca-0-S equilibrium diagram and other operating parameters that 

Caso4 can cause unacceptable degradation of in-bed components of the 

fluidised-bed coal combustor operating with limestone or dolomite addi

tions as sulfur sorbents. Based on the above study, a model of the 

mechanism(s) of the caso4-induceJ accelerated attack is attempted (for iron

based materials). 
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CHAPTER 2: EXPERIMENTS 

A. mental Procedures 

Earlier work by Whittle et al(B) had shown that iron base materials 

when oxidised in graphite-containing Caso4 at 950°C in·static air suf-

fered sulfidation attack, but whether the low oxygen activity as induced 

by the graphite via CO/C02 equilibria was the cause of the Caso4 decom

position is debatable. To investigate the above, a more controlled 

experiment involving Caso4;c and Caso4;co2;co respectively was designed; 

first the experiment at 950°C using Caso4;c is repeated. 950°C is a 

relatively high temperature, because most fluidised-beds operate at 850°C 

and below, therefore, the comparison between the attacks ~y Caso4;c and 

Caso4;co2;co have been carried out at 850°C. 

The attacks of Caso
4
;c (1:1) on typical fluidised-bed combustor 

materials at 950°C and 850°C in static air were investigated using the 

following test materials: 

1. pure iron (99.94% purity) 

2. pure chromium 

3. pure nickel 

4. Fe-20Cr (as cast) 

5. incoloy 800 

6. stainless steel 310 

Samples of IN 800, Fe-20Cr and st. st. 310 having 12 x 8 x 2 mm average 

dimensions were prepared by grinding on SiC metallographic polishing 

papers to 600 grit. All samples used in this experiment have above di-

mensions except when otherwise stated. The samples were degreased and 

finally washed in alcohol and then dried. The Caso4 is optically pure 

grade (99.99%). 

The test samples were en1bedded in Caso4;c (1:1) mixture contained 
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in a recrystallized alumina boat and then introduced into a horizontal 

furnace at 950 and 850°C respectively. While introducing and removing 

the boat into and fron1 the furnace~ considerable care was taken to 

avoid the cracking of the re~crystallized alumina boat due to thermal 

shock. The test samples were oxidised for different times in order to 

investigate the effect of time and hence the rate of attack. The test 

samples after each set of tests were mounted in Klarmount mounting com~ 

pound and polished. The cross sections were examined under the light 

microscope and the interesting features were noted. Also, all the test 

samples were examined quantitatively for phases present in the scale 

or regions of attack using the scanning electron microscope and fitted 

with Edax attachment. Electron image and X-ray maps of some of the 

cross-sections are shown in the next heading under results. 

To investigate whether the low oxygen activities as established 

by the graphite via the co
2
;co equilibrium is the cause of the Caso4 

decomposing to release sulfur for sulfidation attack~ an apparatus was 

set up to investigate the attacks by CaOJ.CaS04 and CaO/CaS salt mixtures 

(1:1) on IN 800, st. st. 310 and Fe-20Cr at low oxygen (Io- 19 atm.), 

fixed via co2;co gas mixture at 850°C. The Ca-0-S stability diagram, 

figure (2), shows that at 10-19 atm. oxygen pressure, and 850°C, the 

equilibrium phases are CaS and CaO so that the caso4 /CaO mixture is 

unstable. Also, since the equilibrium oxygen activity within the fluidised

bed operating with limestone addition at 850°C is about l0- 12 atm .• the 

test samples were also tested at relatively high oxygen activity of 10-11 · 5 

atm. Again, the oxygen activity was fixed via co2;co gaseous equilibria. 

The apparatus for all tests involving the fixing of one or all 

of the gaseous components, o2 and s2• consists of a vertical muffle fur

nace with three built-in compar·tlllents into which three quartz tubt:;s \vith 
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two gas outlets respectively. can be lowered. Each quartz tube consists 

of two matching parts which can be made air-tight by means of adjustable 

clamps. The best overall view of the apparatus is shown in figure (6). 

In each run of the experiment, about 3 mm depth of the salt mix-

ture was first introdu into the quartz tube, then the samples were 

gently lowered and covered with the salt mixture. In the first trial 

runs, continuous flow of the CO/C02 gas mixture was maintained through

out the duration of each experiment and very little attack was observed. 

To test whether the flow of the gas was contributing to the effect of 

no-attack, 8 x 1 em o.d. quartz tube filled with CaO/CaS/Caso4 and 

Fe-20Cr samples, was evacuated and sealed. The sealed-off quartz tube 

was maintained at 850°C for 100 hours. Sulfidation attack was observed 

in Fe-20Cr alloy contained in the sealed quartz tube. This merely shows 

that Fe-20Cr when embedded in Caso4 and oxidised in a stagnant condition 

will in the course of the oxidation deplete the available oxygen as a 

result of formation of cr2o3 and FeD. Further growth of Cr2o3 or Feo 

will be accomplished by removal of oxygen from Caso4 thereby causing 

the release of sulfur for sulfidation. In figure (5) is shown the Ca-0-S 

stability diagram at 850°C on which the Fe-0-S and Cr-0-S stability dia

grams are superimposed. In this figure (5), it is seen that Caso4 at 

low oxygen pressures will be unstable relative to FeD, FeS, Cr2o3 and 

CrS. In subsequent runs the gas was turned on only for the first 15 -

20 minutes of the experiment to allow the salt mixtures to equilibriate. 

The latter technique produced considerable attack in most oxygen pressures. 

To further- "invest-igate the mechanism of the attack, thin coatings 

of CaSO 4 VJere deposited on pure iron samples ( 2 mg/ en/) by spraying very 

dilutecolloidof Caso4 onto sa111ples placed on a hot plate. Isothermal 

weight measurements vJere carr"ied out at the following oxygen pressures: 
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L 10-11. 5 atm. ) 

10-14 atm. 
) constant flow rate of CO/C02 2. ) 

10- 19 atm. 
) gas mixture- 1,000 CC/min 

3. ) 

the first of which was mounted for metallographic examination. Also, 

micro-probe analysis was carried out on the scales formed. 

A paste of Caso4 was moulded onto the samples and allowed to harden 

under low heat and just before the paste completely hardened, excess 

paste was cut off with a razor blade leaving about 2 mm uniform thick

ness of paste iround the samples. The caso4 paste-coated samples were 

oxidised in static air for 100 hours and at the end of the exposure, 

the adhering Caso4 paste was gently separated from the scales formed 

on the samples and examined visually and it appears yellowish in color 

i~nediately next to the scale. The yellowish looking deposit next to 

the scale is confined to a relatively thin section. The pH of this thin 

yellowish layer was determined (average pH: 7.3). For comparison, the pH 

of the original Caso4 was also determined (average pH: 6.2). 

To observe the CaS04/metal and subsequent Caso4;oxide interface 

during the Caso4 induced accelerated oxidation, a hole 0.131 in o.d. 

was drilled on a 1.24 x 0.1.56 in o.d. cylinderical pure iron sample 

and caso4 was packed into the hole. The upper surface of the cylinder 

was polished and the hole very well cleaned before the Caso4 was packed 

into the hole. Alsot care was taken to prevent contamination of the 

po 1"i shed surface by the CaSO 4 during packing. This ensured the CaSO 4; 

metal interface was defined initially. The sample was then oxidised 

at 850°C in a hot stage microscope. The Caso4;n~tal interface was examined 

at 850°C temperature by using a stet·eo nricroscope. To record results 

from these experiments, motion picutres of the reaction were obtained 

which allowed the accelerated oxidation proc~ss to be studied. 
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To simulate and investigate a situation within the fluidised-bed 

coal combustor operating vJith ·limestone addition and in wfrich the lime-

stone had been discontinued after a while, IN 800, Fe-20Cr and st. st. 

310 were oxidised embedded in caso4 derosit under a H 2~/H/C02 gaseous 

mixture (3.5%H 2, 1%H 2s, bal. co2) which was allowed to flow through for 

the first fifteen minutes of a 100 hour test at 850°C. Assuming ther-

modynamic equilibrium is established, the gas mixture should correspond 

to 10-4 atm. of sulfur at 850°C. Schematic representation of the above 

situation is shown in figure (7). 

Samples were also oxidised, embedded in Caso4 in static air at 

different temperatures to determine the effects of temperature on Caso4-

induced attacks. NH
3 

gas is present during the combustion of the coal 

in the fluidised-bed combustor and therefore the effect of this gaseous 

trace on caso4-induced attack was also investigated and compared with 

that of graphite. 

The results are presented under the next heading. 

B. Results Of Corrosi ·iments 

In the Objectives (see pp. 12-17) it was mentioned that Whittle 

et al(B) had shown that IN 800 when oxidised in graphite-containing Caso4 
salt at 950°C in static air suffers sulfidat-ion at'tack. It is postulated 

that the graphite induces a low oxygen potent·ial around the Caso4 there

by caus·Jng it to decompose and act as a source of sulfur. So far no 

controlled experin1ent has been carried out to investigate the accuracy 

of th·is postulate. Furthermore, 950°C is relatively high vvhen compared 

to 850°C, the normal working temperature of most fluidised-bed coal com-

bus tors. 

In figure (8) is shmvn the optical photograph of the cross-section of 

the scale formed on IN 800 after oxidation in Caso4;c (1:1) at 950°C 



for twelve hours in static air. The dark areas in the micrograph are 

regions where the incoloy has suffered an attack. The white regions 

are the unattacked alloy matrix. The boundary between the attacked and 

unattacked alloy matrix is not defined. In some places, the unattacked 

alloy matrix is completely surrounded by the attacked regions. There

fore, the attacked regio~do not provide a protective barrier against 

further attack. Deeper in the alloy matrix, the attack tends to occur 

along the grain-boundaries. The maximum depth of internal attack is 

about 0.03 mm. In figure (9) are shown the results of the scanning 

electron analysis of the cross-section of the scale formed on IN 800. 

The Edax analysis of a point within the grain-boundaries attack shows 

a high peak intensity of sulfur and chromium, indicating that the grain~ 

boundary phase is primarily chromium sulfic;Je. The titanium, iron and 

aluminum peaks are relatively small and it is unlikely any of their sul

fides is in much quantity. Also, the Edax analysis of a point near the 

top of the scale shows a high chromium peak~ but in addition, an iron 

peak which is higher than that associated VJith the grain-boundary attack 

can be seen. Furthermore, a calcium peak is present. The X-ray maps 

show the distributions of the different elements. In the chromium map, 

the regions surrounding the grain-boundaries where chromium sulfides 

have formed are correspondingly depleted in chromium. Therefore, the 

migration of chromium towards the grain-boundaries to form CrS results 

in the depletion of chromium in the vicinity of the grain-·boundary. 

Consequently, more noble components of the alloy, e.g., iron, nickel 

and titanium, become oxidised as the chromium is tied. The CrS later 

gets oxidised and the sulfur diffuses de~per into the alloy matrix. 

The process is self-sustaining once it starts and propagates at a rate 

that depends on the oxidation rate of CrS which is considerably faster 
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than the rate of oxidation of chromium. The overall result is that 

the main scale consists of a mixture of oxides as the X-ray maps show; 

iron and nickel are contained in the outermost scale. 

In figures (10) are shown the optical micrographs of the cross-

sections of the scale formc~d on Fe··20%Cr and stainless stee·l 310 after 

oxidation in Caso4;c mixture at 950°C for twelve hours in static air. 

The attack on 20Cr is severe and the main outermost scale is 

detached. It is not certain whether the detachment occurred during 

oxidation or during cooling due to thermal stress. However, the region 

of internal attack can be seen below the main adhering scale, penetrating 

to a depth of about 3 x 10-2 mm into the matrix. The internal attack 

is also chromium sulfide and the mechanism of attack and propagation 

is similar to that of figure (8), i.e., sulfur diffuses into the alloy 

along the grain-boundaries. Chromium migrates towards the grain boun-

dary and forms CrS. The adjoining regions around the grain--boundary 

becomes depleted in chromium so that the more noble iron gets oxidised. 

The chromiu1n sulfide gets oxidised releasing the sulfur which diffuses 

further into the alloy. In this way, the main scale consists of a mix-

ture of iron and chromium oxides. Calcium is also present in the outer-

most scale. The cross-section of stainless steel 310 (figre 98) shows 

mainly internal attacks of Cr'S and Cr 2o3. The depth of maximUin penetra

tion of CrS is about 3 x 10-2 mm. Stainless steel 310 is the least 

attacked of the three alloys oxidised in Caso4;c mixtul'e at 950°C in 

static air for twelve hours. 

In figures (11) are shown the optical micrographs of the cross

sections of the scales formed on the three alloys (IN 800, Fe-20Cr and 

sL st. 310) after oxidation in Caso4;c mixture at 950°C for fifty hours 

in static air. At longer times, the effect of carbon in inducing Caso4 



to decompose diminishes as the graphite and Caso4 are consumed and as 

the sulfur is oxidised away. 

In figure (12) are shown the scanning electron image and X-ray 

maps of a region on the cross-section of the scale formed on Fe-20Cr 

after oxidation in Caso4;c in static air at 850°C for 100 hours. The 

sulfide region in figure (12) is very confined and incidentally, this 
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is the only region with sulfide penetration in the entire cross-section. 

Generally, sulfidation attack by graphite-containing caso4 diminishes 

with temperature. Also, IN 800 and stainless steel 310, when oxidised 

in Caso4;c at 850°C for 100 hours, suffered insignificant sulfidation 

confined to very small sulfide precipitates below the scale. The 

sulfide phases in most cases are so small that they can only be seen 

at magnification greater than 10,000 

C. Effectof Cont.rol_'!_£Q2_Q!l_I~~--:Inquced Corrosion 

It is suggested that the graphite established low oxygen activity 

around the Caso4, thereby causing it to decompose at 950°C. At 950°C, 

there are two possible reactions between graphite (C) and oxygen in static 

air: 

C + 02 = co2 (A) 

C + ~02 = CO (B) 

Therefore, expect the calcium sulfate to similarly decompose when a low 

oxygen potential is established by an entirely gaseous phase, CO/C02 
mixture (say). The attack of caso4 in low oxygen pdtential established 

via co2;co gas should be similar to that obtained in Caso4;c mixture 

if the function of the graphite is to merely maintain a low oxygen 

activity around the Caso4. Therefore, the use of more controlled atmos .. 

phere in investigating the effect of low oxygen activity on caso4-induced 

corrosion is ideal and practical. In figure (13) are shown the optical 
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micrographs of the cross-sections of IN 800, Fe-20Cr and stainless steel 

310 oxidised in caso4;cao mixture at 850°C in low oxygen pressure of 

10- 19 atm. for 100 hours. The low oxygen pressure was fixed via CO/C02 
mixture which was allowed through the test tube containing the samples 

and the CaSO~/CaO mixture for fifteen minutes. The depth of attack of 
' 

-3 the lN 800 was of the order 5 x 10 mm. Also, the thickness of the 

scales formed on stainless steel 310 and Fe-20Cr were of the order of 

5 x 10-3 rrm. There is no sulfidation in all cases. The scales in all 

three cases also contain small quantities of calcium. When compared 

with figures (8) to (10) where graphite is supposed to fix the low 

oxygen potential, the results of figures (13) s~ggest that it is not 

necessarily low Po2 that causes the sulfidation attack of caso4. From 

p -19 the Ca-0-S stability diagtam, CaS and CaD are stable at o
2 

of 10 atm. 

Therefore, the three alloy samples were also oxidised in CaS/CaD mix-

p ( -19 ) ( ture at the same o2 10 atm. for the same time 100 hours) with 

the same gas mixtures. Figure (14) shows the micrographs of their 

cross-sections. The attacks are very similar and the extent of oxida-

tion is approx<imately the same. Also, there is no sulfidation. The 

simnarity in the attacks of Caso4;cao and CaS/CaO is due to the fact 

that the reduction of Caso4 to CaS does not involve loss of sulfur. 

The measured oxygen pressure of a typical fluidised-bed coal com

bustor operating with limestone addition at 850°C is the order of 10-12 

atm. (see page !'t ). In figure (15) is shown the optical micrograph of 

the cross-sections of the scale formed on the three alloys (IN 800, 

Fe-20Cr, st. st. 310) after oxidation in caso4;cao mixture at 850°C 

in a relatively higher oxygen pressure of 10-11 ·5 atm. for 100 hours. 

As before, the CO/C02 gas mixture was used in fixing the oxygen pressure, 

the flow being maintained for the first fifteen minutes of the total 
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100 hours of the tests. The IN 800 developed a depth of internal oxida

tion of the order of 10-2 mm at the sides~ attaining a maximum value of 

10-l rnm at the corners ivith occasional blisters on the main scale, Blis-

tering of oxides isusu~ly due to growth stress, There is no sulfidation. 

Fe-20Cr showed a completely detached main scale and there are no regions 

of internal attack. It is not certain whether the scales detached during 

cooling or during oxidation. Stainless steel also developed consider-

able internal penetration attack. In all three cases considered above, 

there is no sulfidation. With stainless steel 310 and IN 800, the regions 

of internal penetration attacks appear, at first,to resemble sulfides, 

but no sulfides were detected in Edax analysis. Also, in al1 three tests 

above, calcium peaks were detected in some regions of the scale parti-

cularly towards the surface. Iron peaks always appear with calcium 

suggesting the possibility of reaction between the iron oxide and the 

caso4. In figure (16) is shown the scanning electron image and the X-ray 

maps of the simplest of the three alloys, Fe-20Cr after oxidation at 

Po2 of 10-11 · 5 The calcium and iron maps correspond and there is little 

chromium in the detached portion of the scale, Howev6r, the adherent 

portion of the scale is mainly chromium oxide. 

D. Effe0:_Qf Fixitl_s__.~th PQ2 And ps2_Q_Q_~~~-Induced Corrosion 

In figures (17) is shown the cross-section of IN 800, oxidiscd 
0 for 100 hours in caso4 salt at 850 C under a gas environment established 

by 3.5%H 2 ~ l~~H 2S, bal. co2 gas mixture wh·ich Y.Jas allowed to flmv through 

for fifteen minutes, Assuming thermodynamic equilibrium is established, 
4 -G the gas mixture should correspond to 10- atm. of sulfur and 10 atm. 

of oxygen. The scale formed on IN BOO consists of non~adherent porous· 

outermost scale, It is not cel'tain whether the scale detached dur·in9 

cooling. Hoi<Jever, the adherin9 portion of the scale appears to be main"ly 
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regions of internal penetration attack consisting of irregularly shaped 

chromium sulf·ides. Further beneath, the chromium sulfides follo1t1 the 

grain-boundaries, keeping ahead of the oxidation front. The sulfides 

themselves oxidise, and the sulfur released can either diffuse further 

into the alloy forming sulfides, in which case the attack is self-propa

gating, or escape through the porous, non-adherent outermost scale, in 

which case the attack is self-limiting, and will slow down, unless there 

is a continuing supp.ly of sulfur. Or-iginally, it was thoughtthat the 

removal of the chromium to form the sulfides allowed the rapid oxidation 

of the depleted matrix, but,in fact, it appears that the chromium-rich 

sulfides thelilselves oxidise rapidly, forming a ·layer in which particles 

of metal depleted in chromium are embedded in a non-protective chromium 

oxide matrix. Eventuany, tovvards the outer part of the scale the 

particles of relatively noble metal oxidise. In other cases, the sul-

fur activity can rise sufficiently high so that sulfides of the more 

noble metals form, and these may be liquid, e.g., NiS at 850°C. The 

appearance of a liquid phase within the metal appears to result in accele

rated breakdown, the liquid phase penetrating rapidly along the grain

boundaries. The depth of penetration of the zone of internal attack 

is about 0.4 mm. 

In figure (18) is shown the cross-section of Fe-20Cr oxidised under 

the same conditions as that of figure (17). Fe-20Cr amassed a consider

ably bigger scale, but it is detached from the alloy. Again, it is not 

known whethe1· the detachment occurred during cooling or oxidation. There 

is sulfidation confined to the interface between the adhering portion 

of the scale and the unattacked mat1Aix. The thickness of the external· 

scale is about 0.3 mm. The main detached scale consists of tvJO re9ions, 

an innermost layer containing chronl"ium and iron and an outermost region 
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consisting mainly of iron and calcium oxide with very little chromium. 

The adhering portions of the scale is mainly chro~ium oxide. Therefore, 

the effect of fixing both oxygen and sulfur partial pressures is to cause 

increase in the rate of Caso4-induced oxidation and sulfidation. In 

addition, the caso4 was molten after the tests of figures (17) and (18). 

Thus it appears that high partial pressures of sulfur lower the melting 

point of Caso4. It is also possible calcium pyrosulfate, cas 2o7• is 

formed and then melts. 

E. .[ffe~t._g_f NH 3 
NH 3 is among the gases that are given off during the combustion 

of coal, although the exact percentage in the case of the fluidised

bed combustor is yet to be deten;Ji ned and measured. Hmvever, NH 3 can 

be present as a micro-component in the gas phase to the extent that 

it could possibly affect the equilibrium of the Caso4-containing 

deposit. In figure (19) are shown the cross-sections of IN 800, and 

stainless steel 310 oxidised in caso4 salt and (NH 4)2co3 vapor at 8b0°C 

for 60 hours. The ammonium carbonate has a melt·ing point of less than 

100°C, thus, by introducing a small quantity of (NH 4){03 into the hori

zontal furnace containing the sample and the Caso4 at 850°C, the ammonium 

carbonate will evaporise mainly as NH 3 and co2 gases which then sweep 

across the crucible containing the specimens and Caso4. Internal sul

fides are present as the Edax result suggests and furthermore, there 

is significant internal penetration attack iri both IN 800 and stainless 

steel 310. Also, there is no marked detachment of the main scale, although 

there is quite considerable porosity within the main scale which some-

times border on near--complete detachment. 
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F. _E ff ectQf_~ T el}lj2era t ~ re_Q_n Ca SJ4_::l~d uced Corrosion 

There are local hot regions within the f1uidised-bed. Temperatures 

are known to differ by as much as 200°C. To investigate the effect of 

temperature on the Caso4-induced attack, consider figures (20) which 

show cross-sections of IN 800, stainless steel 310 and Fe-20Cr oxidised 

embedded in caso4 at 1100°C for three hours in static air. The scale 

formed on IN 800 consists of an outermost detached scale and a porous, 

loosely adhering inner scale. There is also a zone of internal oxidation/ 

sulfidation confined along the grain-boundaries. The presence of the 

internal sulfides along the grain-boundaries automatically exposes this 

alloy to catastrophic attack, i.e., the CrS- cr2o3 cycle. The porous 

loosely adherent portion of the scale consists of pockets of oxides of 

particles of relatively noble metals, chromium oxide, chromium sulfides, 

nickel oxides, iron and calcium oxide. The outermost detached scale 

consists of mixtures of iron oxide and some calcium sulfate. 

Fe-20Cr at 1100°C developed a considerably thicker scale, about 

0.6 mm. The scale consists of mixtures of oxides and sulfides of iron, 

and chromium with some CaD and Caso4. The dendritic appearance of the 

scale on Fe-20Cr suggests the possibility of a liquid phase. 

Stainless steel on the other hand was relatively mildly attacked. 

Evaporation reaction appears to have taken place in the regions in which 

the stainless steel was attacked. Grooves penetrating to a depth of 

about 2.5 x 10-2 mn below the surface can be seen in the cross-section. 

Connecting these grooves to the interior of the matrix are grain-boundary 

attacks. Chromium sulfide was identified along the grain-boundaries. 

At 1100°C, the Caso4 apparently decomposes, providing sufficient sulfur 

to form NiS and which is liquid. CrS and Cr2o3 will also form as well 

as the volatile phase of chromium oxide. The presence of these volatile 
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and liquid phase accounts for the loss of material inside the grooves. 

Under the above circumstances, the attack will tend to be catastrophic 

with time. 

In figures (21) are shown the cross-sections of stainless steel 

310, Fe-20Cr, and IN 800 oxidised in Caso4 depost at 1050°C for twenty 

hours in static air. Stainless steel at lower temperature, 1050°C and 

longer time, developed relatively thick scale, about 2.5 x 10-2 mm thick. 

The scale appears very porous. Cracks run through the scale, connecting 

the grain-boundary attack within the matrix. The depth of the maximum 
. -2 penetration of the grain-boundary attack is about 5 x 10 mm. Chromium 

can be identified along the grain-boundaries. Oxides of nickel and iron 

are present in the main scale, but the n1ain component is chromium oxide. 

Chromium sulfides are also present within some of the cracks that run 

through the main scale. It appears that within these cracks. pockets 

of isolated gas were depleted in oyxgen causing the sulfur partial pres

sure to dra~tically increase. NiS can form and at 1050°C is liquid. 

The liquid phase will thus enhance the propagation of the crack right 

into the alloy matrix. The cracks in the fil~st place can be caused by 

sheer stresses due to the growth stress. On cooling, the NiS reacts 

with cr2o3 forming NiO and CrS. 

Fe-20Cr at 1050°C deve 1 oped a sea 1 e of about 1 mm thickness. The 

main scale is made up of a mixture of sulfides and oxides of iron and 

chromium as well as calcium sulfate and calcium oxide. There is no internal 

oxidation or sulfidation. The scale/alloy interface is smooth. The 

upper-most portion of the scale is detached. It is not certain whether 

this detachment took place during cool·ing Ol' oxidation. 

Stainless steel 310 at 1050°C. had quite considerable internal 

attack that does not necessarily follG\' 1 the grain-boundaries but appenrs 
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as elongated spikes. Some of these spikes are aluminum and chromium 

oxides although in some places, chromium sulfide can be identified. 

The upper adhering scale is very porous and is made up of cr2o3, NiO, 

FeO and some calcium sulfate. Directly beneath the main scale, exten

ding about 7 x 10-3 mn inwards is a zone of CrS. 

The Caso4-induced corrosion at 1100°C and 1050°C contrasts very 

sharply with those at lovJer temperatures. 0 At 950 C and below, the Caso
4
-

induced attack in static air and in controlled sulfur-free bulk atmos

phere, does not involve sulfidation while at 1050°C and 1100°C, the 

caso4-induced corrosion generally involves sulfidation. Also, a strong 

0 temperature dependence is shown by graphite-containing CaS04: at 950 C, 

for instance, Fe-20Cr after oxidation in Caso4;c in static air for twelve 

hours, suffered sulfidation attack right around and beneath the main 

scale while at 850°C, and under the same condition, Fe-20Cr after 100 

hours suffered sulfidation at only one region- beneath the entire main 

scale (see figures (8), (9) and 12)). 
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CHAPTER 3: MECH/\NISM(S) /\NO CONCLUSIONS 

The summary of the results presented above indicate that caso
4 

is 

capable of inducing unacceptable corrosion of iron-based materials employed 

in fluidised-bed coal combustors operating with limest~ne or dolomite 

additions. 

At constant temperature, for instance 850°C, the Caso4-induced 

corrosion of incoloy 800, stainless steel 310 and Fe-20Cr increases 

with increasing bxygen activities (see table below). The increase in 

CaSOLI-induced corrosion with increase in oxygen activity is contrary 
' ' 

to the earlier expectation that the Caso4-induced attack should depend 

only on the sulfur activity according to the Ca-0-S stability diagram, 

figure (2), (c.f see chapter on objectives). 

A. 

IN 800 

Fe-20Cr 

St. St. 310 . 

B. 

IN 800 

Fe-20Cr 

St. St. 310 

Dept_~.Qi_j_ ntc.~rn£2_ 

Att~ck (mm) 

(Average) 

5 X 10-3 

]§)th Of I ntern-~.L 

At_tack (mm) 

(A '/2l'age) 

10"" 2 10-l 

-19 "'10 atm. (100 hts.) 

Thickness Of 
Sulfide Attack? 

.Ma i,!:!__~cal e ( rnm) 

(Average) 

Thickness Of 

Ma·in Scale~) 

(Average) 

4 X 10- 3 

(detach:~) 
2.4 X 10 

2.5 X 10-2 

No 

No 

No 

lfi de /\ttack? 

No 

No 

No 
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At all oxygen pressures, the main scale contains calcium, the 

relative amount of which increases with increasing Po2 and corresponds 

also to increasing overall attack by the Caso4. It appears the Caso4; 

oxide interaction is associated with the frequent loss of adherence by 

the scale. Furthermore, the occurence of calcium within the scale does 

follow a certain pattern: iron peaks are always picked up along with 

calcium peaks in all Edax analysis, thereby suggesting the possibility 

of a solid state reaction between the two (calcium and iron oxide). 

In mixed gases of oxygen and sulfur with high sulfur and oxygen 

. . . (10- 6 ~0 d 10-4 t PS t 850°C) IN 800 ff d act1v1t1es atm. 2 an . a.m. 2 a" , su "ere 

considerable sulfidation attack in Caso4 deposit after 100 hours, the 

overall attack consisting of a non-adherent porous outermost scale 

(figure 17) and an adhering portion of the scale which consists mainly 

of regions of internal sulfidation. The internal sulfides run along 

the grain-boundaries, penetrating to a depth of about 0.4 mm below the 

main scale. Fe-20Cr in Caso4;Po2;Ps2 environment also suffered consider

able attack consisting of relatively thick scale- 0.3 ~n, with limited 

sulf·idation along the scale/alloy interface, i.e., aheucl of the oxidat-ion 

front. stainless steel 310 in Caso4;Po2;Ps 2 environment suffered only 

considerable oxidation and no sulfidation. Presence of calcium within 

the scale was observed in all three cases, with relatively high iron peaks 

occurring with the calcium peaks during the Edax analysis. Furthermoroe, 

at this high Po2 = 10-6 atm. and Ps 2 = 10-4 atm. (850°C), the caso4 
appeared molten after the test. The attack of Caso4 in high oxygen and 

sulfur activities corroespond to tl1e case where the addition of the CaO 

into the fluidised-bed coal combustor is not continuous in which case 

the unreacted CaO ivould have an reacted to form Caso4. Thus, the sulfw~ 

activity within the bed will revert to its pre-dolomite-addition value. 
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The sulfidation attack observed after oxidising In 800 and Fe-20Cr 

in Caso4 deposit under a sulfur activity of 10-4 at 850°C is largely 

due to the sulfur in the gas and not the Caso4 deposit; for instance, all 

samples oxidised in Caso4 and in sulfur-free bulk gases did not suffer 

sulfidation at 850°C (see figures 13 & 14). 

With graphite additions to Caso4 in static air, the Caso4-induced 

attack involves sufidation at 950°C, but the rate of sulfidation decreases 

with decreasing temperature. Therefore, the mechanism by which the graphite 

induces the Caso4 to decompose is temperature-sensitive. Also, at a fixed 

temperature, the rate of sulfidation and oxidation of IN 800, Fe-20Cr and 

St. St. 310 in a Caso4;c deposit decreases wit~ increasing e~posure time. 

It appears, the graphite and the Caso4 become depleted with time. 

However, when ammonia gas is passed through Caso4 in static air (850°C). 

the Caso4-induced attack involves sulfidation. Below is shown a table of 

.comparison between the sulfidation effects of graphite and ammonia gas 
-when they are contained in Caso4 deposit in static air. The parameters 

are depth of internal sulfide penetration below the main scale and maximum 

thickness of main scale. 

~1aximum Depth mum Scale Thickness 
Alloy ---~-~ 

NH3 (60 hrs.) c (100 hrs.) (60 hrs.) c (100 hts.) 
-~--.-- ~-~·-

(mm) (mrn) (mm) (mm) 

IN 800 8 X 10-2 7 X 10-2 1.1 X 10-2 1. 25 X 10-2 

10-2 _? 
10-2 "' ":{ St. St. 310 4 X 2.5 X 10 ,_ 3 X 8 X 10 v 

-----·- -~--- ~----- -----·-··~- --------~-~-~e· 

It appears the NH3 acts as a strong reducing agent for the caso4. The 

effects of NH 3 and graphite in caso4-induced sulfidation/oxidation as 
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shown above, at first can be misleading: in C~S04/NH 3 case. the ~ulfida

tion attack was generally uniform at 850°C~ while in the case of C/Caso4 ~ 

the sulfide regions are confined to one or two locations and in most 

cases appear hard to detect (figure 12). Also, the test in C/Caso4 lasted 

longer than the caso4;m1
3 

test at 850°C in static air.· Hov;ever, at 950°C, 

graphite/Caso4 s~lfidation becomes marked and uniform. The sulfidation 

usually follows grain~boundaries. 

With temperature as the only variable~ and in static air, the Caso4-

induced attack increases with increasing temperature. 0 At 950 C and below, 

Caso4 ~induced attack do~s not involve swlfidation. Only direct reaction 

between the a~ide and the salt is observed and which relates to the calcium 

within the scale. Also~ in all cases, where there was no sulfidation 

(950° and below). the main scale consists of a mixture of oxides, with 

Cr2o3 often predominant. The table belm·J shmvs the types of oxides com·· 

prising the main scale of IN BOO. Fe~20Cr and stainless steel 310 after 

oxidation in Caso4/o2 "' 10-ll.S atm. at 850°C. 

IN 800 

Fe-20Cr 

St. St. 310 

TYPES OF OXJDES IN THE NAIN SCAl-E 

(In Order Of Increasing /\mount) 

,....,,..,_.,..~ 

~-----_,.,..,. ' 

cr2o3 FeO Cr2o3 CaO 

FeO CaO Cr2o3 
Cr

2
o3 FeO NW CaO 

~----....,.......-..,-,. 

Thus, it appears the caso
4
; oxide interaction alters the stability or 

kinetics of the different oxides present within the scale. substantially 

favorin~J iron migrat·ion and hence incorpol~ation into the sca1~. At temper·· 

atures greater th~n 950°C, Caso4-induced ftttack involves sulfidation, the 



attack decreasing with time possibly due to depletion of Caso4. The 

extent of attack on st. st. 310 is always the least. 
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Temperature effect as the only variable in Caso4-induced attack is 

particularly severe above 1000°C. IN 800, Fe-20Cr and stainless steel 310 

when oxidised in caso4 in static air, develop scales which appear to have 

been molten during exposure (see figure 20 and 21). The scale formed on 

Fe-20Cr when oxidised in CaSO~ deposit in static air at 1100°C had dendritic 
r 

appearance, possibly developed during cooling of the molten scale, while 

stainless steel 310 developed grooves which are possibly related to evapora-

tion reaction. In the case of stainless steel, as mentioned previously, 

the~aporatjon reaction may be linked to the fdrmation of th~ volatile 

chromium oxide or liquid nickel sulfide. Liquid or molten phase attack 

once present during corrosion invariably leads to catastrophic attack, 

often involving grain-boundary crack and subsequent liquid penetration. 

From the experimental results, it appears Caso4-induced attacks fall 

into two main categories: 

1. Solid-state attack involving calcium 

and iron or iron oxide mainly. 

2. Liquid phase attack. 

The two modes of attacks above have one common characteristic: regions 

within the main scale containing calcium also have relatively high iron 

contents than regions where there are no calcium (see for in$tance figure 

(16). Therefore, the attack of iron by Caso
4 

needs to be investigated to 

establish the possible mechanisms involved. First of all, it has to be 

established that it is iron oxide that interacts with the calcium and not 

any other oxides present within the scale. In figure (22) are shown 

cross sections of the scale formed on pure iron, nickel and chromium after 

oxidation for (11) hours in Caso4;c deposit at 850°C in static air. The 
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pure chromium is relatively resistant. forming a continuous Cr2o3 
scale 

of about 2.5 x 10-3 mm thick. There is no scale on the pure nickel after 

similar oxidation. rather rugged, protruding unattacked nickel matrix 

mark the interface between the Caso4;c deposit and the initial nickel. 

NiS frequently is seen cutting right through the base of a protruding 

unattacked nickel matrix. Since NiS is liquid at 850°C, this means the 

protruding matrix will shear off at the base where the liquid NiS is 

formed. In this way. the pure nickel matrix loses its ~rains. Therefore 

Ni does not appear to interact with the Caso4 salt, but if the Caso4 is 

induced to decompose and release Sulfur, NiS and NiO will be formed and 

at 850°C, NiS is liquid, thus leading to the bulk metal loss. 

Pure Iron after oxidat-ion in caso4;c dc·posit at 850°C in static air 

for (11) hours developed relatively thick porous mixed scale, consisting 

of FeS, iron oxide and calcium. Therefore, pure iron and hence its oxide 

interacts strongly with caso4 deposit. Pure chromium is resistant to 

direct Caso4 attack, while nickel is susceptible only if sulfidation is 

involved. 

The chemical analysis of the calcium/iron oxide interaction vJas 

invest·igated by oxidising pure iron embedded in caso4 at 10- 17 atm. Po2 for 

four hours, the resulting scale was crushed and analysed using the Debye-

Scherrer powder method. The calcium-iron compound has the chemical formula 

CaFeo2 and the cl~ystah are rounded under the microscope. It is cubic 
0 

with unit cell length of 4.762A. CaFe02 consists of 72.6% CaO, 21.99% 
(10) 

FeO and 4.9% Fe2o3 . 

To study the interaction between the Caso4 and the iron and/or 

iron oxide, a hole 0.13l.inches was drilled in a 1.25 x 0.156 o.d. cylin-

derical pure iron and Caso4 was packed into the hole. The iron-Caso4 
assembly was oxidised in air between 850°C and 950°C in a hot stage micro-
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-5 scope evacuated to 10 atm. total pressure. In figure (23) are shown the 

micrographs of the cross-sections of the CaS04/iron interface during 

different periods of the test. The micrographs in figure (23) are 

numbered 'A', 'B' ., 'E'. Time and temperature are continuously 

monitored and are recorded on the bottom right-hand side of each picture. 

'A' shows the top view of CaS04/iron assembly at room temperature. The 

vJhite shiny central region is the CuS04 contained in the hole and the 

very dark, immediately adjoining region, is the iron matrix. The caso4; 

iron interface shown by the white arrow is enlarged in 'B', Again the 

white and dark regions are the Caso4 and the pure iron matrix. As the 

temperature is increased, there is local re-arrangement of the Caso4 salt 

possibly as a result of sintering and the pure iron matrix becomes lighter 
0 in color due to increase in conductivity. Above 800 C (see 'C') a crack 

or partition is suddenly developed at a point within the Caso4 and ne2r 

the Caso4;iron oxide interface. This crack propagates leaving some of 

the caso4 attached to the FeD-since oxidation must have occurred. Two 

stages during the detachment are shown by 'C' and '0'. In some places 

(see 'E') the caso4 attacked dug deeper into the iron oxide regions 

towards the iron matrix. At the end of the test, the sample was analysed 

under the scanning electron microscope In figure (24) are shown the 

scanning electron image and X-ray maps of a section through the Caso4; 

iron oxide after the hot stage experiment. 

As regards the relative positions of the Caso4 and the iron matrix: 

the black region tracing out a curve about the top left-hand corner of 

the scanning electron image defines the partition or the crack profile 

whose method of propagation is the same as those already shown in 'C 1 and 

'D' of figure (23) respectively. The crack or partition in figure (24) 

occurred after those of figure (23), this time serving to detach the product 
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of reaction between the Caso4 and the iron oxide. The X-ray maps of 

figure (24), indicate Iron migrated out into the Caso4. The sulfur level 

or amount in the region where calcium, iron and sulfur occur together 

is significantly less than its level in the region where only calcium 

and sulfur occur together. Evidence that iron oxide grows out towards 

the Caso4 or the calcium can be seen in the scanning electron image 

of figure (23): finger-like out-growths can be seen deep along the void 

and X-ray map of iron indicates these protrusions are iron oxides. There-

fore, iron on diffusing out, forms iron oxide which tends to grow directionally 

towards the caso4. The resulting reaction between iron oxide and caso4 
yields a non-adherent scale, which in time will detach. It, thus, appears 

the reaction between iron oxideand Caso4 produces sulfur, or rather, 

releases Sulfur because, the region where calcium, iron oxide and sulfur 

occur contains significantly less sulfur than that associated with Caso4. 

To investigate the stability of the product phase of Caso4;iron 

reaction, a section of the interface with a rounded scale was selected. 

The temperature was increased and the behav·ior of the scale \vas monitored 

continuously by the video camera. In figure (25) are shown the stage-by

stage demonstration of the recorded reaction that took place during the 

increase in ten1perature. Again, the temperature and time are shown on 

the bottom right-hand corners of each micrograph. The scale melted forming 

a pool. The melting started at about 927°C & at957°C, only pool of liquid 

marked the position of the rounded scale. In addition, the region on the 

top left-hand corner of figure (25) also melted and it is Caso4, possibly 

with some iron contaminations. However, this motion picture demonstrates 

vividly that a liquid phase attack does, indeed, occur and is involved in 

caso4-induced attack at high temperature provided iron is present, For 

pure Ir·on in caso4 deposit, the onset of the liquid phase is about 927°C. 
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To isolate the molten phase in the iron/Caso4 reaction, a pure iron 

sample was oxidised in Caso4 deposit at 1100°C for two hours, in static 

air. At the end of two hours, the crucible containing the iron and caso
4 

was quickly withdrawn. A molten pool was observed in place of the pure 

iron sample and the covering Caso4 . In figure (26) is shown the scan

ning electron image of the molten phase after cooling. Edax analysis 

shows the protruding light regions of figure (26) contain Ca, Fe, s2, 

while the dark regions contain mainly smaller amounts of Ca and Fe. 

The chemical analysis result of the molten compound formed from the 

CaSO/·i ron react·i on after so 1 i difyi ng as computed by Annamet La bora tori es 

is shown be 1 Ovi: 

CHEMICAL ANALYSIS 

Calcium (Ca) 30.8% 

Iron (Fe) 36. 35; 

Oxygen ( 0) zg.m;, 

Sulfur (S) 5.75% 

Two possible formulae, or empirical formulae are as follows: 

3Ca0 . 3Fe0 . CaS0
4 

Or 

4Ca0 . 2Fe0 . FeS0
4 

Therefore, the possible n1echanism(s) of the attack of iron by Caso4 
involves first the fonnation of iron oxide, in the presence of oxygen. 

The iron oxide grows directionally, as spikes, towards Caso4 deposit. The 

iron-oxide reacts with the Caso4 releasing sulfur and forming CaFe02. The 

CaFe02 is sulfidised by the sulfur gas, requiring lesser an1ount of sulfur 

than Caso4;Fe0 reaction had made available. The above reactions may be 



represented by the following equations: 

Fe+ ~02 = FeO (1) 

FeO + CaS04 = CaFe02 + S03 (2) 
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Direct evidence that the iron oxide locally induces the decomposition of 

the Caso4 is presented in figure (27) and shows the top view of the part 

of the Caso4 immediately bordering the scale. Unlike the white color of 

Caso4 in the regions away from the scale/Caso4 interface, the Caso4 
bordering the scale is yellowish in color. In figure (27), the scale 

has been removed exposing the caso4 bordering it. The black areas are 

particles of iron oxide. The thickness of this yellowish layer is very 

small and very difficult to measure quantitatively. PH measurements of 

the yellovJish layer v·Jere taken and compared with that of ordinary Caso4, 

i.e., unused Caso4 together vvith that of a region away from the yellovrish 

layer. The results are presented below: 

Unused Caso4 
Used Caso4 -

not yellovlish 

Used Caso4 -

yellowish . 

pH (measured) 

6.2 

6.45 

7o3 

(Above pH values are relative) 

Finally. weight gain versus time measurements were conducted to further 

ver·ify that the caso4-induced attack at 850°C in sulfur-free bulk gases. i.e .• 

CO/C02 increases with increasing Po2. In figure (28) are shown the weight 

gain versus time curves for pure iron wh~n coated with Caso4 and oxidised 

in various oxy9en pressures at 850°C. The break in the initial parabolic 
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curves occur at about the first 50 - 60 rninutes of exposure, thereafter, 

the curves swing upward to higher weight gain values, while still maintain-

ing parabolic rates. Initially, FeO is formed and its growth t'ate is parabolic 

and corresponds to the early parabolic curve. The break in the initial 

parabolic curve is associated with the sudden formation of CaFe02 and the 

subsequent reaction rate is determined by the kinetics of CaFe02 growth. 

The upward swing of the curve indicates CaFe02 is less protective than 

FeO and experimental results have confirmed the CaFe0 0 scale is, indeed, 
L 

unprotective. The occurrence of CaFe02 within the outermain scale results 

in a layered scale with iron oxide usually found beneath the CaFe02 outer 

layer. Also, the shape of all the curves suggest the attack of iron by Caso4 

once initiated occurs very quickly at first, the rate diminishing \vith 

time and this is consistent with all the results obtained previously. The 

occurrence of CaFe02 within the outermain scale results in a layered scale 

with iron oxide usually found beneath the CaFe02 outer layer. In figure 

(29) is shown the scale formed on pure iron after oxidising in Caso4 

d ·t f th l • Po ~- lo- 19 · epos1 or ree 11ours 1n 2 ~ atm. The layered morphology of 

the scale can be seen in figure (29) and the complex iron-calcium-sulfate 

occur as very thin layer above the CaFe02. During oxidation the complex 

calcium iron sulfate does not increase in thickness with time, but becomes 

liquid at high temperature thereby initiating catastrophic attack. 

Essentially, this project has demonstrated that Caso4-induced 

attack of iron-based materials and especially pure iron can be catastro-

phic, involv·ing: 

{a) so"!id state reaction, or direct attack by Caso4; 

{b) liquid-phase attack at 927°C and above (pure iron). 

Furthermore, the CaSOn-induced attack is sensitive to oxygen and 
1 

sulftw activH·ics~ carbon or graph-ite contaminants, NH 3 containing envir'on-

ment and temperature; all except uxygcn cause sulfidation in some cases. 
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Future Work 

Further studies will concentrate on: (1) phase studies of Ca-Fe-0-S 

system and (2) the effect of packing density of the Caso4 deposit on 

Caso4-induced corrosion. This will involve pore size distribution studies. 

In this regard, the pore size distribution will be time dependent. Also, 

Caso4 deposit-induced corrosion will be compared with corrosion under 

an inert deposit. 
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FlGUHE 14 
of the seale fon:ed on 

and Stainless
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Steel 310 

ing in CaS/CaO at 850 C and r
0 for 100 hrs, 2 

Stain.!ess Steel 

62. 



~ 

lN SOQ 

~ 

Fe-20%Cr 

FIGURE 15 
Cross-sections of the scale formed on In 800, 
Fe-20Cr and Stainless S~eel 310 after oxidis
ing in CaS04/Ca0 at 850 C and P

0 
= l0-11.5 

atm. for 100 hrs. 2 
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FIGURE 16 
Scann·ing electr·on image and 

of the sea 1 e fon~1ecl on 
oxidisi in CaSOa/CaO at 850°C 

and P
0 

.5 atm. · for 100 hl'S. 
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FIGURE 

Cross-sections of 20Cr oxidised 
in Ca~o4 deposit under.a H2S/H 2;co2 gas mlxture corressondlng 
to l0-4 Ps at 850 c for 100 hours. 
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IN 800 

FIGURE 20 
Cross-sections of In 800, Fe-20Cr and 

;~·na6b~ ~~;e; ~~6~~t~~'\i~t~~504ait·. 
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FiGURE 21 

Cross-sections of In 800, Fe-20Cr and 
St.s0.3!0 afte)' oxidation in caso4 at 
!050 C for 20 hours in static air. 
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FiGURE 23 

Cross-sections of the CaS0 4 /iron and 
CaS0 4 /iron oxide interface oxida-
tion in a hot stage microscope in the 

range l9°C to 850°C. 
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r!GURE 21t 

Scanning electron image and maps 
of CaS0 4 /iron oxide interface er 
oxidation in a hot stage microscope at 
850°C. 
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FIGUHE 26 

of pure lron 
at 10500C 

Edax analysis results of regions 'A' 
and 1 B1 above. 
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FIGURE 28 

3 

Weight gain versus time for pure iron 
after oxidising coated with CaS0 4 at 
850°C in various oxygen activities. 
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