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ABSTRACT 

The corrosion of iron-manganese-aluminium alloys in CO-C02-SOrN2 atmospheres 

has been investigated at 1073 and 1173 K. These alloys contained up to 32 wt% 

manganese and 8 wt% aluminium. Atmospheres were selected that were sulfidising, 

oxidising and oxidising-sulfidising to pure iron. 

The corrosion kinetics were mostly parabolic. In sulfidising atmospheres, the main 

reaction products were sulfides. Low manganese alloys corroded to produce FeS 

nodules, with irregular kinetics. At higher manganese levels, the alloys corroded 

according to parabolic kinetics, producing scales of mostly a-MnS, containing 

aluminate spinels at the base of the scales. 

In oxidising atmospheres, the corrosion scales were mostly oxides. Low alloys 

corroded rapidly at 1073 K to form iron-rich oxide scales. Sulfide was present in 

small amounts. With increasing levels of manganese, this scale changed to one of 

mostly manganese oxide, with a corresponding decrease in the parabolic rate 

constant. At 1173 K, alloys of composition Fe 5Al 21Mn and Fe 3Al 32Mn 

corroded according to a linear rate law, producing an outer scale of iron oxide

sulfide lamellae. 

In oxidising-sulfidising atmospheres, the scale was mostly oxide. Small amounts of 

sulfide observed in these scales were thought to be formed by initial reaction of the 

alloy with sulfur dioxide. Lower alloys formed iron-rich oxide scales, containing 
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some FeS. More protective alloys formed manganese oxide scales, with aluminate 

spinels and MnS at the scale-metal interface. 

Aluminium additions resulted in lower corrosion rates, compared to iron-manganese 

binary alloys. This was thought to be due to the formation of aluminate spinels at 

the base of the corrosion scales, which lowered outward cation diffusion rates. 

Aluminium was also considered beneficial in suppressing the formation of iron-rich 

duplex scales of oxide and sulfide. 

Sulfide formation was considerably reduced in SOi-N2 atmospheres and corrosion 

rates were lower. The reduced sulfide formation was due to the lower partial 

pressures of sulfur in these atmospheres. These experiments also indicated that in the 

carbon-containing atmospheres, gases such as C02 may have been reacting species. 
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CHAPTER 1 

INTRODUCTION 

The high temperature corrosion of metallic materials in oxygen- and sulfur

containing atmospheres is a commonly encountered problem in the chemical industry 

and is of particular interest in coal conversion processes1•2• These atmospheres also 

contain species such as carbon dioxide and carbon monoxide. 

It has been found for many metals, in sulfur- and oxygen-containing atmospheres, 

that sulfide formation can occur. This is usually detrimental to corrosion resistance 

as sulfides often support faster diffusion rates than the corresponding metal oxides. 

The situation is further complicated by the fact that, in mixed atmospheres, sulfides 

are frequently formed on metals even where the thermodynamically stable phase is 

the oxide3. 

The conventional approach to high temperature alloy design has been to include an 

element such as chromium or aluminium to form a slowly-growing, protective oxide 

scale4• This strategy is not always effective in mixed gases. Particularly severe 

corrosion has been noted in simulated coal gasification atmospheres, featuring high 

sulfur and low oxygen potentials2• In these atmospheres, sulfidation of the base 

metal results in high corrosion rates. 
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An alternative strategy is to include an element which forms a low-diffusivity 

sulfide5• In this case, the formation of a sulfide would not necessarily mean rapid 

corrosion. Manganese additions has been previously found to lower the sulfidation 

rate of pure iron6, by formation of low-diffusivity manganese sulfide scales. 

Iron-manganese alloys have recently been investigated in simulated combustion 

atmospheres of CO-C02-S02-N2 mixtures7• While the formation of manganese-rich 

oxides or sulfide resulted in reduced corrosion rates relative to pure iron, this was 

generally observed only at relatively high manganese levels. 

Iron-manganese-aluminium alloys have previously been of interest as possible 

substitutes for chromium and nickel-containing stainless steels8• Previous studies 

have found that certain iron-manganese-aluminium alloys form highly protective 

alumina scales in pure oxygen9• Relatively little is known about sulfidation of these 

alloys, but at low sulfur partial pressures, a protective scale of mostly a-MnS and 

Al2S3 has been observed on these alloys10•11 • 

Iron-manganese-aluminium alloys seem to show potential for separate oxidation and 

sulfidation resistance. It therefore seems worthwhile to investigate whether the 

performance of iron-manganese alloys, in mixed gas atmospheres, can be improved 

by aluminium additions. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. INTRODUCTION 

The literature relevant to the corrosion of iron-manganese-aluminium alloys may be 

more conveniently divided into four different sections. 

The first section of this chapter is concerned with the oxidation of more or less pure 

metals, in simple oxidants. In this section, a brief overview is given of the main 

oxidation rate equations and mechanisms. The next section applies these principles to 

consider some fundamental aspects of alloy oxidation. 

The following section then deals with the more complicated situation where more 

than one oxidising species is present in the gas. This is discussed with specific 

reference to the mechanisms of scale formation in gases containing both sulfur and 

oxygen. 

The final section of the literature review considers previous work on specific gas

metal systems. There are many gas-metal systems of relevance to corrosion of iron

manganese-aluminium alloys. The metals and iron-base alloys concerned include: 
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( 1) pure iron 

(2) pure manganese 

(3) iron-manganese alloys 

( 4) iron-aluminium alloys 

(5) iron-manganese-aluminium alloys 

Each of these systems is considered. For each of these systems, the oxidation and 

sulfi.dation is reviewed separately. In addition, the reaction of these metals and alloys 

in sulfur- and oxygen-containing gases is discussed. 

2.2. OXIDATION OF PURE METALS 

In this section, a brief overview of the main oxidation rate equations and 

mechanisms will be given. It should also be emphasised that oxidation is a general 

term and thus the remarks made could also apply to other oxidants. For example, 

these might apply also to sulfi.dation, carburisation, nitridation, etc. 

2.2.1. The Parabolic Rate Law and Wagner's Theory of Oxidation 

It is found that for many metals, oxidation at high temperatures follows a parabolic 

time dependence. This dependence is expressed as: 

dX = kp 
dt X 

4 

(2.1) 



or: 

where: 

X = scale thickness 

kP = parabolic rate constant 

t = time 

C = integration constant 

X 2 = 2k t + C p (2.2) 

A parabolic time dependence is generally associated with a reaction rate controlled 

by diffusion12• If this controlling step is lattice diffusion through the corrosion 

product scale, then Wagner's Theory of Oxidation may be applicable. 

The Wagner Theory of Oxidation13 is applicable to many gas-metal reactions. The 

theory contains a number of assumptions: 

1. The corrosion product layer is compact and perfectly adherent. 

2. The rate-controlling process of scale growth is the transport of ions or electrons 

through the product layer. 

3. Phase boundary reactions are rapid and thus thermodynamic equilibrium is 

assumed at both the metal-scale and scale-gas interfaces. 
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4. The corrosion product exhibits only minor deviations from stoichiometry. 

5. Thermodynamic equilibrium exists locally throughout the scale. 

6. The scale is relatively thick, and space charge effects can thus be neglected. 

7. The oxidant has negligible solubility in the metal. 

Consider the case of a metal, M, in an atmosphere of X2 gas. This is shown in 

Figure 2.1. For a particle, i, moving in a chemical potential gradient, the flux of the 

particle, Ji, is given by Fick's first law: 

(2.3) 

where: 

aµi ax = chemical potential gradient 

Cj = concentration 

Bi = mobility 

The Nernst-Einstein equation relates the mobility to the electrical mobility: 

B-= l. 

D. 
_l. = 
RT 

(2.4) 
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Metal 

M 2+ V "= MX 
M M 

MX 

cation vacancies 

electron holes 

electrons 

interstitial cations 

Overa 11 React ion: 
1 

M + '2 X2 = MX 

1 
12 X2 = X X + V " + 2h . 

X M 

Figure 2.1. Diffusion through scale according to Wagner's Theory13• 
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where: 

D; = diffusion coefficient of component i 

R = gas constant 

T = absolute temperature 

v; = electrical mobility of component i 

Z; = relative charge of component i 

e = electronic charge 

This can also be expressed in terms of the partial conductivity, u; : 

or: 

Substituting equation (2.6) into equation (2.3), we then obtain: 

(2.5) 

(2.6) 

(2.7) 

The particle is also moving in an electrical potential gradient and this flux is given 

by: 
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a. ( a(j>) J.=- 1 z.e-
1 (z .e) 2 1 ax 

1 

(2.8) 

where : is the electrical potential gradient. 

The total flux in an electrochemical potential gradient is therefore expressed as the 

sum of the chemical and electrical potential fluxes ( equations (2. 7) and (2. 8)): 

a. [ aµ. ;M.,l J.=- i __ 1 + z.e ~ 
1 ( Z . e) 2 ax 1 ax 

1 

(2.9) 

Wagner's theory assumes a zero net electrical current. In terms of lattice defects in 

MX, the migrating species are vacancies, interstitial ions, electrons and electron 

holes. It is usually possible to simplify the derivation by considering only the 

predominant lattice defects. Many metal oxides and sulfides are metal-deficit p-type 

semiconductors, forming cation vacancies and electron holes. If we assume that this 

is the defect structure of the compound MX, then the fluxes of the cation vacancies 

(v) and electron holes (h), are given as: 

(2.10) 
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(2.11) 

The condition for zero net charge transfer is: 

(2.12) 

Substituting equations (2.10) and (2.11) into (2.12) yields: 

(2.13) 

or: 

&I>= ax 
aµh] 
ex (2.14) 

The electric potential, ~: , cannot be measured and is eliminated by substituting 

equation (2.14) into equation (2.10) to obtain: 

10 



(2.15) 

As h is an electron hole, z h = 1 and thus: 

(2.16) 

If the conductivity of the electronic defects is very much greater than that of the 

ionic defects in MX, then: 

Equation (2.16) can thus be simplified to: 

J = - av [ aµv + lz I aµhl 
V ( Z Ve} 2 ax V ax (2.17) 

For the hypothetical compound MX, the defect reaction is the creation of a cation 

vacancy and electron hole(s). This reaction can be written as: 

½ X = X x + V lzvl, + I Z I h. 
2 X M V 

(2.18) 

11 



where the Kroger-Vink notation14 has been used. The symbols have the following 

meaning: 

Xxx = X anion on an X site (no relative charge) 

vJzvl, = vacant M cation site with a relative charge of zv (where zv is a 

negative number) 

h · = electron hole with a relative charge of positive one 

From equation (2 .18): 

Equation (2.17) then becomes: 

J = -
Ov dµx 

V 
(zve) 2 dx 

= 
ov 

RT dlnax 
( zve) 2 

= 
Ov 

RT dlnpx2 
'n 

( zve) 2 

12 



Equation (2.5) can be rewritten as: 

Therefore: 

If equation (2.19) is integrated over the scale thickness, then: 

Pz2 (x•X) 

f Dv CvdlnpXz ¼ 

Pz2 (x=O) 

(2.19) 

The flux is independent of position in the scale, as the compound has already been 

assumed to exhibit only minor deviations from stoichiometry, and therefore 

Pz2 (x•X) 

Ji,X = - f Dv CvdlnpXz ¼ 

Pz2 (x=O) 

If n is the volume of scale formed per unit of the diffusing species, then: 

13 
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and: 

Therefore: 

dX 
- = JMQ 
dt 

1 dX J = 
V -0 dt 

Substituting this into equation (2.20): 

or: 

dX 
dt 

This can also be written as: 

x•X 

= ~ f DvCv dlnpxz'n 
x•O 

14 

(2.21) 



where 

dX = kp 
dt X 

x•X 

kP = 0 f DvCv dlnPx,. 1n 

x•O 

Integrating equation (2.22) gives the parabolic rate law: 

X 2 = 2k t + C p 

(2.22) 

It is also possible to express the parabolic rate constant, kp, as a function of the 

oxidant presure, provided that the defect structure is known. This is best 

demonstrated using an example. The predominant defect reaction in manganese 

sulfide, MnS, is believed to be the creation of a doubly ionised manganese vacancy 

and two electron holes15 • 

½S 2 = St + VMn" + 2h. (2.23) 

15 



where: 

Ssx = sulfur ion on sulfur site (zero relative charge) 

VMn" = vacant manganese site (relative charge of minus two) 

h · = electron hole (relative charge of plus one) 

If K is the equilibrium constant for the above reaction, then: 

(2.24) 

but 2 [VMn"] = [h ·1 and so: 

Thus we obtain: 

[VMn"] = 3TT _61 

4 Ps2 
(2.25) 
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If this is substituted into the expression for kP from equation (2.22), using [vMn"] 

for Cv, and assuming Dv to be independent of sulfur pressure, then: 

Ps2 (x=X) 1 

kP = 0Dv1(1 f Ps2 6 
p 52 (x•O) 

1 

dlnp5 2 
2 

K = 2 K [p ¾ ( x=X} - p ¾ ( x=O} ] p 2 S2 S2 

(2.26) 

It can be seen from the above that if lattice diffusion is the rate-determining step in 

scale growth, then the scale growth follows a parabolic time dependence. 

Furthermore, if the defect structure is known, then the parabolic rate constant can be 

related to the pressure of the oxidant. 

It should be noted that whilst lattice diffusion results in parabolic growth, a 

parabolic rate equation is not sufficient evidence that lattice diffusion is the rate 

determining mechanism. There may be a significant contribution from diffusion 

along grain boundaries, also referred to as short-circuit diffusion. This often results 

in parabolic rate constants that are higher than those predicted from Wagner's 

theory. This has been found, for example, in nickel oxidation, especially at low 

temperatures16• Grain boundary diffusion, for example, is known to control the 
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formation of a-Al2O3 scales on aluminium-containing alloys17• 

2.2.2. Linear Oxidation 

When linear oxidation occurs, the oxidation rate is constant and can be expressed as: 

or, in integrated form: 

dx -- -kl 
dt 

(2.27) 

Linear reaction rates may be associated with surface reactions18• For low oxygen 

partial presures, CO-C02 mixtures are often used. In this case, the reaction steps are 

as follows: 

1. Adsorption of C02 

2. Dissociation of C02<ac1a> 

3. Ionisation of C02cac1s> and incorporation into the lattice. 

This process is depicted below: 

co"> 

' C02(g> - C02cads> - CO<ads> + Ocac1a> 

' ' co(g> co2(g) 

18 
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In this sequence, it is frequently found that the rate determining step is the 

dissociation of adsorbed carbon dioxide to form adsorbed carbon monoxide and 

adsorbed oxygen18 • 

Linear oxidation may also be observed in dilute gases. In these cases, if the reactive 

gas is depleted near the metal surface, then the continued reaction depends upon the 

diffusion of the oxidant across a boundary layer. This is particularly likely in the 

early stages of reaction, when the reaction is fast18 • 

A further kinetic possibility is that linear rates may be observed even when diffusion 

is the rate-determining step, provided that the diffusion barrier is of constant 

thickness. The kinetics may thus be initially parabolic, but then become linear as the 

scale thickness attains a steady-state value. This situation is known as paralinear 

oxidation. An important example of this behaviour is cause by the evaporation of 

chromium oxides from chromia scales19• 

2.2.3. Formation of Double-Layer Scales 

Even for relatively pure metals in simple oxidants, with a single reaction product, it 

has often been found that a two-layered scale is formed, consisting of an inner 

porous layer and a compact outer layer. The conditions previously outlined 

(particularly Wagner's Theory) apply to the formation of the outer compact scale. 

The mechanism of formation of the inner porous layer is less clearly explained, and 
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has been the subject of renewed interest in recent years. 

Wagner's Theory assumes that the oxide scale is compact and perfectly adherent to 

the metal. If the scaling reaction proceeds by outward cation diffusion, continued 

reaction will cause the metal surface to recede. The scale cannot remain adherent to 

the receding scale-metal interface unless it can deform plastically. If this is not 

possible, the metal and scale separate. This is especially likely at the edges and 

comers of the sample. Once contact is lost, outward diffusion of cations from the 

metal is reduced. In order for oxidation to continue, contact between the metal and 

the scale must be re-established. In considering how the duplex scale forms, there 

are two principal issues. The first concerns how the inner layer is formed. The 

second question concerns how the porosity of the inner scale develops. 

Mrowec20 has suggested that contact is restored between the scale and the metal by 

formation of an inner porous layer. After the scale and the metal separate, cations 

still diffuse through the scale owing to the chemical potential gradient. As the inner 

surface of the scale becomes more cation deficient, the chemical potential of the 

oxidant increases. The inner edge of this scale dissociates, thus releasing oxidant. 

Formation of a porous product then occurs at the metal surface. Eventually this 

inner layer may fill the void between the outer scale and the metal, thus allowing 

continued outward diffusion of cations. This is depicted in Figure 2.2. 

In addition, Mrowec has suggested that decomposition of the outer scale is 

anisotropic. The highest rate of decomposition is thought to be along the grain 
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Figure 2.2. Formation of double-layer scale by dissociative mechanism20• 
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boundaries perpendicular to the metal surface. This leads to the formation of 

micro fissures at the inner surface of the outer layer. It has been further suggested 

that at the scale edges, where separation occurs most readily, these microfissures 

may in fact extend across the entire outer scale. This would obviously allow for 

direct penetration of the oxidant to the metal surface2°. 

This explanation for the formation of microfissures has been further developed by 

Gibbs and Hales21 and expanded to provide another explanation for duplex scale 

growth. They have suggested that when cations diffuse outwards, cation vacancies 

are injected into the metal at the scale-metal interface. These vacancies may 

condense out as voids at the interface or they may be annihilated at vacancy sinks 

such as interfaces or grain boundaries. Dissociation of the outer scale above this 

void follows. As previously explained by Mrowec20, this process is favoured at grain 

boundaries in the scale, thus creating microchannels. 

Another explanation for the formation of porous inner layers has been suggested by 

Atkinson and Smart22• They argued that the formation of porous inner oxide scales 

on nickel and a nickel-chromium alloy was the result of gas penetration through 

fissures. It was proposed that these fissures could arise from growth stresses. While 

the stresses would have mostly been compressive, it was argued that local tensile 

stresses could be generated at grain boundaries. The growth of oxide on the grain 

would produce a local compressive stress, which in tum could create a tensile stress 

on neighbouring grain boundaries. The process is shown in Figure 2.3. 
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Figure 2.3. Opening of microfissures by oxide growth on neighbouring grain 

boundaries, proposed by Atkinson and Smart22• 
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This idea is crucial to Atkinson and Smart's theory. If fissures develop in the oxide, 

which traverse the oxide layer, oxygen gas then has direct access to the metal and 

porous oxide is formed at the scale-metal interface, in voids created by the 

coalescing of metal vacancies. The fissure is healed by formation of oxide but this 

creates tensile stresses at neighbouring grain boundaries, thus opening new fissures. 

Breakaway oxidation can also be explained in this context. In this case, the fissure 

does not heal and gas access to the metal continues. 

Kofstad23 has pointed out a shortcoming of Mrowec's theory, which is basically that 

it does not provide an explanation of how these microchannels remain open. If the 

oxidant moves inwards, then the oxygen potential must increase. If metal ions, from 

the dissociation process, are migrating outwards, then the channel should be closed 

by oxidation. Gibbs and Hales21 have argued that the microchannels are not 

completely healed. They have suggested that at a residual level of porosity in the 

inner scale, the oxidant presure gradient within the microchannel matches that within 

the scale. If this occurs, then lateral diffusion of cations across the scale to the 

microchannel surfaces will not occur. Certainly if it is accepted that gaseous 

penetration is a major contributor to the formation of an inner layer, then one of the 

requirements of any mechanism is an explanation of the means whereby these 

fissures remain open, or alternatively how new ones continually form. 

It can therefore be seen that there are two possible ways for oxygen to gain 

continued access to the scale-metal interface. The first is that the oxygen is formed 

by dissociation of the original scale. The second possibility is that the oxygen 
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penetrates through microchannels from the gas phase. The issue that must now be 

considered is how the porosity develops in this second layer. 

The porosity of the inner layer has been accounted for by Mrowec in the following 

manner. Initially, the inner layer is also compact but has some variations in 

thickness. This is illustrated schematically in Figure 2.4. If it is assumed that 

diffusion through the newly-formed scale is rate controlling, scale growth will be 

most rapid where the scale is thin (point A in Figure 2.4). This would mean that 

local differences in thickness would be removed, giving an even surface20• 

If, on the other hand, it is assumed that further scale growth is controlled by 

diffusion of oxidant through the void, then scale growth will be more rapid where 

the void is narrower - that is, where the scale is already thicker. This is shown as 

point B in Figure 2.4. The tendency is therefore for irregularities in the inner scale 

to increase. It is these magnified surface irregularities that eventually lead to the 

porosity of the inner layer2°. It is therefore apparent that in order for Mrowec's 

explanation of porosity to be valid, it must be assumed that gas phase diffusion in 

the void is the rate controlling step in scale growth. 

Gibbs and Hales21 suggested that gas travelling inward through the microchannels 

reacts at the surface of the exposed metal, thus creating new scale crystals. This in 

tum causes injection of further vacancies, which condense at nearby vacancy sinks 

such as adjacent areas of exposed metal. These new crystals are therefore undercut, 

leading to a porous inner layer. This process is shown in Figure 2.5. 
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Figure 2.4. Development of irregularities at surface of inner scale2°. 
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Figure 2.5. Formation of duplex scale, according to mechanism proposed by 

Gibbs and Hales21 • 
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Atkinson and Smart22 do not explain the cause of porosity in the inner layer. Kofstad 

has suggested that pores and microchannels develop as a result of growth stresses23 • 

Kofstad' s argument is that oxide growth results in compressive stresses in the scale. 

In order for the scale to remain coherent, the oxide must deform. Each grain 

deforms individually by diffusional creep, but the grains must also move relative to 

each other. This process is grain-boundary sliding. If this is impeded, voids are 

formed at the grain boundaries. 

It is suggested that in scales where the predominant defects are metal vacancies, 

deformation rates increase with nonstoichiometry and are therefore faster in the 

outer scale. Thus, the outer scale is able to deform more rapidly to maintain 

coherence. Voids may be created by the receding metal at the scale-metal interface. 

This, combined with the slower deformation rate in the inner scale, favours the 

development of porosity within the inner scale. In addition, segregation of impurities 

at grain boundaries is thought to enhance porosity, by inhibiting deformation and 

grain boundary sliding. For this reason, it is argued, porous inner layer scales 

develop more frequently on relatively impure metals23 • 

Yurek and Schmalzried24 have studied the movement of pores in cobalt oxide 

crystals in an oxygen potential gradient. A diagram of their mechanism is shown in 

Figure 2.6. They have suggested that a planar interface is unstable at the lower 

oxygen potential and a jagged interface develops. Indentations in this interface 

become separate pores, which then migrate to the higher oxygen potential. As can be 

seen in Figure 2.6, this migration is in the same direction as that of cations and in 
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Figure 2.6. Mechanism of vacancy migration proposed by Yurek and Schmalzried24 • 
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the opposite direction of vacancies. The reaction on the inner edge of the pore (at 

the lower oxidant potential) is represented by: 

½02 (g) + Coe~ = V' co + h · + CoO (2.28) 

The reaction at the outer edge of the pore (at higher oxygen potential) can be written 

as: 

V'co + h · + CoO = ½02 (g) + Coe~ (2.29) 

Thus, CoO is nucleated at the side of lower oxygen potential while CoO dissociates 

at the side of higher oxygen potential. The pore therefore migrates to the higher 

oxygen potential24• 

2.3. OXIDATION OF ALLOYS 

The general principles outlined in the previous section should also apply to the 

oxidation of alloys. However, additional factors present complications when 

interpreting the oxidation of alloys. 

1. The different metals will have different affinities for oxygen, and there may be 

more than one metal that will oxidise under the conditions specified. 

2. The metals will also have differing diffusivities in the alloy and in the product 
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scale, thus introducing the possibility of concentration gradients in both the metal 

and scale. 

3. If there is more than one possible reaction product, then the scale may be a solid 

solution of component oxides. Alternatively, if solubility limits are exceeded in 

the scale, then a two-phase product may result. Another possibility is that ternary 

compounds such as spinels are formed. 

4. One or more oxides may precipitate within the alloy (internal oxidation). 

The general area of alloy oxidation has been reviewed extensive1y25-29• In this 

section, no attempt will be made to exhaustively review alloy oxidation. Instead, 

some fundamental aspects of alloy oxidation will be briefly discussed. In the 

following sections, discussion will be mostly limited to the binary alloy A-B (where 

Bis the less noble i.e., more reactive metal). 

2.3.1. Internal Oxidation 

Internal oxidation refers to the process where oxygen dissolves into the alloy phase 

and diffuses inward to react with the less noble alloy component (or components, if 

a ternary or higher alloy is involved)25 • This reaction can be written as: 

B (diss) + UO (diss) = BOu 
(2.30) 
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From the above equation, it can be seen that the critical oxygen pressure required for 

internal oxidation depends not only on the free energy of formation of BO'\) but also 

on the activity of B in the alloy25: 

( 
aBO )3 ( 2AG0 

) p > __ u oeXp BO 
0 2 a RT B 

(2.31) 

The thickness of the internally oxidised zone is parabolically related to time30: 

x2 = k <1 i t (2.32) 

where: 

X = depth of internally oxidised zone 

t = time 

k W = rate constant of internal oxidation 

There are two limiting cases. One is where oxygen diffusion is the rate controlling 

step and in this case: 

(2.33) 
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where: 

D0 = diffusion coefficient of oxygen in the alloy 

C0 = concentration of oxygen in the alloy at the surface 

Cs = concentration of B in the bulk alloy 

The other case concerns that where both metal and oxygen diffusion are significant, 

where: 

kW (2.34) 

where: 

D8 = diffusion coefficient of B 

If the concentration of B in the alloy is sufficiently high, then oxidation will result in 

an external BO. scale and the alloy will not be internally oxidised. The basis for this 

transition is that oxide formation in the alloy reduces the available cross-sectional 

area for inward oxygen diffusion. At a critical volume of oxide, the reduced oxygen 

flux results in the formation of a surface scale25 • 

The development of a surface scale, as opposed to internal oxidation, can be 
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encouraged by lowering the oxygen pressure, as this lowers the oxygen solubility in 

the metal. Kofstad25 has summarised the situation by stating that, in general, external 

oxidation is favoured by high concentration and/or rapid diffusion of B and low 

solubility and/or slow diffusion of oxygen. The crucial requirement is that the 

outward metal flux exceeds inward oxygen diffusion. 

It is also possible for internal oxidation to occur along with external scale formation. 

If both components are oxidisable, and the alloy is dilute in the less noble metal, 

then an external scale (predominantly of the base metal oxide) will form. Once this 

scale is thick enough to form a diffusion barrier, the oxygen activity will be set by 

the oxide (say, AO) in equilibrium with the metal. This is still greater than the 

dissociation pressure of BO. Thus the dissolved oxygen is still sufficient to internally 

oxidise B25 • 

2.3.2. External Scale Formation 

The simplest external scale which can arise is that where B is the only metal which 

oxidises and the scale consists of BOx. This case is known as selective oxidation26 • In 

time, this leads to enrichment of A in the alloy, perhaps even to the extent that 

interdiffusion of B in the alloy is the rate-determining step. 

The interdiffusion in the alloy phase has an important effect on the stability of the 

alloy-scale interface. Consider an initially wavy interface, shown in Figure 2. 7(a). If 

interdiffusion in the alloy is fast, then scale growth will be most rapid at point X, 
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Figure 2.7. (a) Stabilisation of planar alloy-scale interface on alloy A-B. 

(b) Development of irregular alloy-scale interface26• 
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where the scale is thin, because diffusion through the scale is rate-controlling. Thus 

a planar interface is stable, and the perturbation shown in Figure 2.7(a) will decay. 

On the other hand, if interdiffusion determines the reaction rate, then the reaction 

rate will be faster at point Y in Figure 2. 7(a) where a greater concentration gradient 

of B exists, in the troughs. This means that small perturbations in the alloy-scale 

interface are exacerbated26• This effect is shown in Figure 2. 7 (b). 

If both components in the alloy oxidise, then the nature of the corrosion scale is 

dependent on a number of factors, including the solubility of the product oxides, as 

well as the relative cation diffusivities and individual oxidation rates. Bastow et al. v 

produced a classification of alloy scale types, based on such factors. This will not be 

repeated here, but some limiting cases will be discussed. 

If both component oxides are completely miscible with each other, then the product 

will be a single phase oxide solid solution. However, unless the diffusivities of both 

components are equal, then a concentration gradient will be established in the scale. 

The faster-diffusing component will be enriched in the outer portion of the scale27. 

A related case concerns an alloy where the components form spinel-type ternary 

compounds, A.)33_~04• The stability of a single-phase spinel would depend on the 

composition range of the compound. Given that the faster-diffusing element would 

be concentrated towards the outer scale, a reasonably thick layer of single phase 

spinel could still form if the tolerable composition range was fairly wide. 
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Conversely, the formation of the spine! as a continuous layer would be unlikely if 

there was only a narrow stability range27• However, the continued formation of the 

spine! over time would also depend on whether the alloy composition remained such 

that the oxide formed was still within the permissible composition range. If the alloy 

composition were to change over time (due to oxidation) the spinel may have 

become unstable. 

If the oxidation products are partially miscible, then precipitation of a second phase 

can occur. This would be dictated by the solubility products of the relevant oxides. 

It could therefore be expected that the regions where precipitation might take place 

would once again be determined by the relative diffusivities of the components. 

Bastow et al. 27 quoted for example the cases of Ni-Cr and Ni-Fe alloys. For the 

former case, diffusion of Cr is slower and Cr segregation occurs in the inner scale. 

Spine! is therefore precipitated in the inner scale. By contrast, Fe diffuses more 

rapidly than Ni in the oxide formed on the Ni-Fe alloy and the spinel is precipitated 

in the outer regions of the NiO scale27 • 

If limited miscibility exists, then a layered scale morphology is possible27• Consider 

the case of an inner BO layer adjacent to an AO layer, as shown in Figure 2.8. In 

order for this morphology to be stable, then BO must be stable with respect to AO. 

That is to say, for the reaction: 

AO + B = BO + A 
(2.35) 
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Figure 2.8. Formation of layered scale morphology, after Bastow et a127• 
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the equilibrium must lie to the right. It can be seen that for the continued growth of 

AO, some miscibility of A in BO is necessary and A must diffuse through BO faster 

than B. Equation (2.35) also demonstrates the influence of alloy depletion on this 

layer. Clearly if B is depleted significantly in the alloy, conversion of BO to AO in 

the scale may result27• 

If the oxides are completely immiscible, then an overgrowth mechanism may apply. 

If both metals are oxidisable, then both AO and BO will be nucleated in the initial 

stages. If AO grows faster than BO, then AO can overgrow BO and form an outer 

layer. If the slower growing BO eventually links up, then AO will cease to grow 

once it is cut off from the alloy. If this undercutting does not occur, then the oxide 

BO will exist as precipitates in an AO matrix27• 

Wood28 has summarised the following factors as determining which steady state scale 

forms on an alloy: 

1. Standard free energies of formation, which predict the oxide which is 

thermodynamically favoured. However, these are not prescriptive, and do not 

mean that this oxide will form. Any oxide with a negative free energy can form. 

The oxide with the most negative free energy of formation (per mole of oxygen) 

is the thermodynamically favoured oxide, but kinetic factors may prevent its 

formation. For example, if other cations are more rapidly transported to the 

scale-gas interface, their oxides will form in preference. 
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2. The alloy composition, which dictates whether the favoured oxide can form and 

maintain an oxide layer. 

3. The alloy interdiffusion coefficient, which influences the rate at which the alloy 

component can be transported to the interface, as well as the ability of the scale 

to reform if damaged. 

4. Oxygen solubility and diffusivity - if these are high, internal oxidation is more 

likely. 

5. The separate growth rates of the oxides, which may indicate the likelihood of 

overgrowth (if they are very different). 

2.3.3. Breakaway Oxidation 

Generally, the term "breakaway oxidation" refers to a situation where after a period 

of initially protective kinetics, unexpectedly rapid corrosion occurs29 • 

There is no universally applicable mechanism, but most discussions on the subject 

refer to a protective scale failing and the subsequent formation of another scale 

consiting of a rapidly-growing oxide. Wood28, in a discussion of breakaway 

oxidation of Fe-Cr and Ni-Cr alloys, has suggested a mechanism where the initially 

formed Cr20 3 scale either cracks or spalls from the alloy. The alloy, depleted in 

chromium, is exposed directly to the atmosphere and oxidation of the iron or nickel 
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results. This is seen in the growth of base metal nodules and the gradual coalesence 

of these to form a thick scale28• The failure of Al20 3 scales is also seen as a cause of 

catastrophic oxidation in aluminium containing alloys17• 

It would also appear that second oxidants have a very important role in breakaway 

corrosion; this will be discussed in Section 2.4.4. 

2.3.4. Multicomponent Alloys - the Gettering Effect 

In a ternary or higher alloy, more than one element may be capable of being 

oxidised, either internally or to form an external scale. 

The term "gettering" describes a situation where one alloy component assists the 

oxidation of another. For example, consider a Ni-Cr-Al alloy. During the initial 

oxidation, Cr20 3, Al20 3 and NiO are all nucleated. However, any NiO formed may 

be converted to Cr20 3 by the displacement reaction: 

(2.36) 

Once the Cr20 3 layer is established, the oxygen activity at the scale-metal interface 

is determined by the equilibrium between Cr20 3 and chromium in the alloy. In 

Section 2.3.1, it was noted that lowering of the oxygen partial pressure at the alloy 
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swface lowers the oxygen concentration in the metal. This encourages the 

development of an external oxide scale. By reducing the inward oxygen flux, 

aluminium can diffuse through the alloy to oxidise at the metal surface, rather than 

within the alloy. Thus a protective scale of alumina can form on an alloy of 

composition Ni 9%Cr 6%Al. By contrast, a binary nickel-aluminium alloy requires 

up to 20wt. % aluminium before an external Al20 3 scale is formed. The Cr20 3 

produced in the inital stages is eventually evaporated as Cr03, leaving a continuous 

The preceding mechanism was used by Wagner to explain why Cu-Zn-Al alloys 

formed Al20 3 scales at lower aluminium levels than Cu-Al binary alloys31 • The 

gettering element (in this case zinc) must be of intermediate oxygen affinity. Whilst 

this element does not actually form the external corrosion scale, its presence is 

important as the oxide formed reduces inward oxygen diffusion. As a result, internal 

oxidation of the more reactive metal is prevented. 

This is illustrated by the kinetic equations for internal oxidation (Equations (2.32) -

(2.34) ): 

x 2 = k <i> t (2.32) 

k (i) (2.33) 
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(2.34) 

Where these equations are used to describe simultaneous internal oxidation and 

external scale formation, equations (2.33) and (2.34) are modified. In this situation, 

the alloy-scale interface recedes and thus kW is replaced with 

Jk W (k <i> - k 1) , where k 1 is the parabolic rate constant for interface 

recession30• 

If oxygen is the main diffusing species (Equation 2.33), the parabolic rate constant is 

proportional to C0 (the oxygen concentration at the alloy surface). If both oxygen 

and the metal are diffusing, the rate constant is proportional to C0 2 (Equation 2.34). 

By forming an oxide of intermediate stability on the surface of the alloy, p02 is 

reduced to that in equilibrium with the oxide. As oxygen solubility follows Sievert's 

the oxygen concentration at the alloy-scale interface, C0 , is accordingly reduced. 

This causes a reduction in the rate constant for the growth of the internally oxidised 

zone. 
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2.4. MIXED OXIDANT SYSTEMS 

2.4.1 Introduction 

In this section, discussion will be with reference to systems containing sulfur and 

oxygen. In reactions of these gases with metals, the possible products will be oxides, 

sulfides and sulfates. The first part of this section will therefore deal with the 

thermodynamic principles used in predicting the reaction product. 

It is often the case in oxygen and sulfur-containing atmospheres that the 

thermodynamically predicted product does not form exclusively. The second part of 

this section discusses other factors which influence the reaction product. Finally, the 

role of second oxidants in breakaway corrosion will be discussed. 

2.4.2. Thermodynamic Principles 

For a metal M (assumed divalent for simplicity), in an atmosphere containing sulfur 

and oxygen, the following reactions are possible: 

M + ½02 = MO 

M + ½S = MS 2 
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If the metal and the reaction products are assumed to be at unit activity, the Kellogg 

phase stability diagram can be constructed for a given temperature. These diagrams 

show the stable phases in equilibrium with the metal as a function of the oxidant 

pressures. 

The boundaries between the metal and MO, and between the metal and MS, are set 

by the free energies of the above reactions. Thus, the oxide is stable if : 

( 2AG0 
) P > exp Mo 

02 RT 
(2.39) 

Sulfide is similarly predicted if: 

( 2AG0 
) Ps > exp MS 

2 RT 
(2.40) 

The boundary between the oxide and sulfide is determined by the free energy change 

of the reaction: 

MS + ½02 (gl = MO + ½S2 (gl (2.41) 

If MO and MS are at equilibrium, then: 

'h ( 0 0 ) Ps2 aMo - AG Mo - AG Ms 
'h - exp RT 

Po aMs 2 
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or: 

Ps2 _ ( 2 (.ll.G 0 MS - .ll.G0 MO) ) 2 -2 
- exp -------- aMsaMo 

P RT Oz 

If unit activity is assumed for MO and MS, then this simplifies to: 

(2.42) 

If the sulfur and oxygen pressures obey the above condition, then both the oxide and 

sulfide are stable in equilibrium with the atmosphere. The condition necessary for 

sulfide to be converted to oxide is given by: 

( 2 ( .ti.Go MO - .ti.Go MS) ) 

Poz > Ps2 exp RT 
(2.43) 

Thus, even though sulfide is stable by means of equation (2.38), if the above 

equation applies~ it is less stable than the oxide. Therefore, if equilibrium is 

achieved, conversion to oxide will occur. 

In Figure 2.9, for the system M-0-S, atmospheres in region A are in equilibrium 

with the unreacted metal. Region B corresponds to atmospheres where the oxide is 
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Figure 2.9. Thermodynamic stability diagram for the hypothetical system M-O-S. 
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the only stable species, as p52 is below the dissociation pressure of MS. Similarly, in 

region C, the sulfide is the stable species. 

Atmospheres in regions D and E allow the formation of both oxide and sulfide, as 

p52 and p02 are above the dissociation pressures of MS and MO respectively. 

However, in region D, the sulfide is unstable with respect to the oxide and is 

converted by the reaction shown above. The converse applies in region E. The 

boundary between D and E represents the atmospheres where both oxide and sulfide 

are in equilibrium with the gas. 

Region F corresponds to the conditions where sulfate is stable. The border between 

E and F, for example, represents the conditions where both sulfide and sulfate are in 

equilibrium with the gas. The reaction is: 

MS + 202 (gl = MS04 (2.44) 

Assuming that MS and MS04 are at unit activity, then the condition for these phases 

to coexist is given by: 

( A.GMSo -AGMS) 
P - exp • 

Oz - 2RT 
(2.45) 
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Using a similar argument, the oxide can react to form sulfate: 

(2.46) 

The condition necessary for these two phases to be at equilibrium is given by: 

(2.47) 

This condition is obeyed for those sulfur and oxygen partial pressures along the line 

between D and F. 

All of the above predictions are based on the assumption that local thermodynamic 

equilibrium is achieved at the scale-gas interface. 

2.4.3. Kinetic Factors 

In the preceding section, it was demonstrated that to form both oxide and sulfide in 

equilibrium with the gas phase, a defined gas p5/p02 ratio as shown in equation 

(2.42) is required. Nonetheless, mixtures of oxide and sulfide are frequently 

encountered on metals in sulfidising-oxidising environments3. In particular, sulfides 
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are often found in addition to the predicted oxides. It is therefore necessary to 

consider kinetic factors responsible for the formation of these mixtures. 

Flatley and Birks32 suggested a co-operative mechanism to explain the formation of 

iron sulfide and iron oxide in Ar-SO2 atmospheres. This mechanism was 

subsequently extended to copper and nickel33 • They suggested that a mixture of oxide 

and sulfide was made possible by large concentration gradients in the boundary layer 

between the scale and the gas. 

In the mechanism proposed by Flatley and Birks32 , sulfide is not expected to form as 

it is not in equilibrium with the gas phase, although the oxide is expected to form. 

During the initial reaction, the rate controlling step is assumed to be diffusion across 

a boundary layer depleted in SO2• The formation of oxide, combined with continued 

depletion of SOz, lowers the oxygen pressure to a level close to that of the iron-iron 

oxide equilibrium. This is tum leads to a local increase in sulfur partial pressure to 

satisfy the gas-phase equilibirum: 

(2.48) 

When the sulfur pressure next to the scale exceeds the dissociation pressure of, in 

this case, FeS, sulfide is formed. The two-phased lamellar structure which develops 

is a result of co-operative growth. The formation of oxide is necessary to produce 

the conditions allowing the formation of sulfide. The continuous sulfide lamellae 
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allow more rapid cation diffusion. This is shown schematically in Figure 2.10. The 

overall reaction during this stage is therefore: 

3Fe + S02 (g) = 2Fe0 + FeS (2.49) 

The rapid cation diffusion is necessary to keep forming both oxide and sulfide. If 

metal activity at the scale surface drops, diffusion of cations through the scale 

becomes the rate-determining step rather than boundary layer diffusion. Once this 

occurs, the formation of a single-phased scale (usually the oxide) commences, 

because scale-gas equilibrium is closely approached. 

Gesmundo35 has rejected this idea. The main reason for this concerns the S02 

equilibrium. For the reaction: 

½S2 (gl + 0 2 (gl = S02 (gl (2.48) 

the equilibrium lies heavily to the right. In order, therefore, to produce the 

necessary rises in sulfur pressure, the oxygen pressure must be very low - so low 

that oxygen is no longer a reacting species. Furthermore, it has been argued that the 

establishment of large concentration gradients in the gas phase is not likely3. The 

alternative mechanism suggested is that of a direct reaction with S02 at the surface 

to form oxide and sulfide simultaneously: 
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Metal 
Fe 

Oxide 
FeO 

Scale Boundary 
layer 

Gas 

Fe2+ + 2e-
i-------------------a-+-------so2 

Sulphide 
FeS 

Oxide 
FeO Fe2+ + 2e-~--------------------t-----S02 

Figure 2.10. Simultaneous formation of sulfide and oxide on iron by co-operative 

mechanism34• 
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3M + S02 (gl = 2MO + MS (2.50) 

The overall reaction is therefore identical to that proposed by Flatley and Birks in 

equation (2.49). The essential difference concerns the presence of improbably large 

concentrations of molecular sulfur which must be maintained at the scale-gas 

interface for the reaction to proceed by the co-operative mechanism. The 

establishment of gaseous concentration gradients is not required by the direct 

mechanism, although this need not be excluded35• 

In the direct reaction mechanism, the sulfide formed may be less stable than the 

oxide as outlined in the previous section. In this event, it would be expected that 

sulfide would be converted to oxide through the reaction: 

3 
2MS + S02 (gl = 2MO + 2 S 2 (gl (2.51) 

However, if the scale growth rate exceeds the rate of conversion, the sulfide is 

preserved in the growing scale. Once again, this reaction will persist while cation 

activity is high at the scale-gas interface. Once diffusion through the scale is rate 

determining, the thermodynamically favoured phase (generally the oxide) will 

form35 • 

It is therefore clear that it is possible for sulfide to form along with oxide in the 
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early stages of reaction. The other possibility that must be considered is that of 

sulfide forming within an existing oxide scale. Strafford and Hunt36 have reviewed 

the causes of sulfide formation within an oxide scale. There are, they state, two 

possible transport routes for sulfur through an oxide scale. The first is that sulfur 

diffuses through the scale, by either lattice or grain boundary diffusion. The second 

possibility is that molecular sulfur or another sulfur-containing gas species has direct 

access to the scale-metal interface. 

In order to assess whether lattice diffusion is a likely means of inward sulfur 

transport, it is essential that the solubility and diffusivity of sulfur is known. 

Strafford and Hunt have concluded that whilst information in this area is scarce, the 

results at least indicate that significant lattice diffusion of sulfur could occur36• The 

question of lattice diffusion through the oxide remains controversial, as even the 

mechanism by which sulfur diffuses remains unclear. 

Gesmundo et al. 3 have also suggested that a method for significant inward diffusion 

of sulfur could be through the sulfide in the case of a two-phased scale. This would 

be especially so if continuous paths of sulfide existed. 

The final method of solid state sulfur transport is by grain boundary diffusion. This 

explanation is also speculative. Clearly this is likely to be a more significant 

contribution in the case of fine-grained duplex scales, with higher grain boundary 

areas available. It has been claimed that evidence of sulfur diffusion through grain 

boundaries has been obtained experimentally for iron3 • 
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In any case concerning solid state diffusion of sulfur, the critical point is whether the 

sulfur activity exceeds the dissociation pressure of the sulfide within the scale or at 

the scale surface. A related point is whether the sulfur activities so obtained are 

sufficient to explain observed reaction rates. 

The second route of sulfide formation is by molecular transport through pores or 

cracks in the scale. Strafford and Hunt36 have suggested that the most likely species 

is SO2• Birks33 has outlined a mechanism similar to the co-operative mechanism 

explained earlier. Sulfur dioxide penetrates cracks in the scale and the reaction to 

form oxide generates sulfur at the scale-metal interface. This in turn leads to 

sulfidation of the metal. 

Gesmundo et al. 3 have instead explained that simultaneous oxide and sulfide 

formation occurs by direct reaction with SO2, arguing that reaction at the surfaces 

within a crack is analogous to that on the metal surface discussed earlier. 

Gesmundo35 has suggested that a direct reaction with SO2 can also occur to produce 

sulfide: 

M + S02 <g> = MS + 0 2 <g> (2.52) 

If reaction (2.48) is at equilibrium in the gas phase, this would be equivalent to the 

reaction of the metal with elemental sulfur. If, however, equilibrium is not achieved, 

then the above reaction does not depend on the sulfur partial pressure. 
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A further point to the molecular transport mechanism would concern the porosity of 

the scale. It is obvious that this method would be a more favoured transport 

mechanism for a porous scale. It could also be expected that sulfide formation would 

be localised according to the location of cracks. A study of iron in sulfur dioxide 

labelled with 35S has been reported by Gilewicz-Wolter37 • It was found that scale 

growth occurred by outward diffusion of metal ions, provided metal-scale adhesion 

persisted. Once contact was lost, however, an inner layer was produced by sulfur 

penetrating from the outside, as well as that produced by dissociation of the detached 

outer scale. There was no evidence found to indicate volume diffusion of sulfur, 

suggesting that inward transport occurred along preferred paths. These were thought 

to be microfissures in the scales. The work of Atkinson and co-workers22, 

concerning microporosity in oxides, is also of interest here, as it relaxes the 

requirement for a visibly porous scale. If scales are assumed to be microporous, 

then penetration of S02 over the entire surface is possible for even an apparently 

compact scale. 

Currently, the debate over the mechanism of sulfur transport through corrosion 

scales has not been resolved. Strafford and Hunt36 have concluded that none of the 

above mechanisms can be definitely ruled out. They have surmised that more than 

one process may contribute to sulfur transport in individual cases, although the 

process which actually dominates is dictated by the characteristics of the particular 

scale. 

A study by Grabke et al. 38 reported that in compact chromia scales, radiotracer 
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studies showed minimal sulfur solubility. This would suggest that sulfur transport by 

diffusion is unlikely to be significant, in chromia at least. 

2.4.4. Breakaway Corrosion 

This was treated briefly in Section 2.3.3, but should be dealt with in this section 

also, as the presence of sulfur in the gas is an important factor in loss of protective 

behaviour. 

Breakaway oxidation has been previously defined as unexpectedly rapid corrosion 

after the formation of an initially protective oxide scale. In a sulfur- and oxygen

containing environment, this rapid corrosion may be the result of formation of 

another, less protective oxide, or a sulfide. The formation of sulfides is particularly 

undesirable as sulfides typically exhibit higher transport rates than the corresponding 

metal oxides39 • Thus, corrosion rates are greatly enhanced. 

Two recent reviews on alloy corrosion m mixed gases1•40 have stressed the 

importance of forming and maintaining a protective oxide scale in preventing 

breakaway corrosion. As most alloys intended for high-temperature service are 

either chromia- or alumina-formers, most attention has been focused on the effect of 

sulfur on these two oxides, especially chromia. 

Stringer's review1 has discussed the corrosion of metals in coal conversion 

processes. His basic conclusion was that even small amounts of sulfur in a corrosion 
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atmosphere produce microstructural effects in a nominally protective oxide, which 

increase the propensity for breakaway. 

Both Stringer1 and Natesan40 suggested that internal sulfidation was an important 

precursor to breakaway. Natesan40 proposed that oxide scales initially formed in 

SO2-containing atmospheres are quite porous and also may contain a sulfide phase. 

These scales easily allow gaseous SO2 to penetrate to the scale-gas interface and 

internally sulfidise the protective element. The element is thus depleted and thus 

oxidation and/or sulfidation of the base metal results. 

Stringer1 suggested that internal sulfidation occurs fairly early in the reaction. The 

formation of internal sulfide, however, is not necessarily detrimental, provided that 

the internal product is finely dispersed. If the internal sulfide is finely dispersed and 

less stable than the oxide, then it may still oxidise to form an external scale. 

The onset of breakaway corrosion is correlated with a "critical microstrucure" of 

coarse internal sulfides. These are oxidised in situ to produce a coarse dispersion of 

internal oxide, thus consuming the protective element1• 

Another mechanism of breakaway has been suggested by Natesan40 for high sulfur

low oxygen environments such as Hi-H2S-H2O atmospheres. It was proposed that 

sulfur present in the oxide scale alters the transport properties of the scale so that 

cation diffusion outwards is enhanced. Nucleation and growth of sulfides therefore 

occurs at the scale-gas interface. 
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This was also suggested by Stott et al.41 as being a major factor in breakaway 

corrosion of alumina-forming alloys in HrH2S-H2O atmospheres. Alloys were first 

preoxidised in H2-H2O atmospheres. The alumina scales continued to grow in the 

bioxidant atmosphere, but sulfur-containing species penetrated the scale, and sulfide 

formed at the scale-metal interface. These sulfides allowed for outward cation 

diffusion, and the cations diffusing outwards reacted with the inward-diffusing 

sulfur. This eventually led to the formation of continuous sulfide "ducts" across the 

scale. The establishment of these rapid diffusion paths resulted in diffusion of base 

metal cations, such as iron, to the scale-gas interface, where sulfides were formed. 

The main step in this mechanism was identified as the penetration of sulfur

containing gases through localised paths, such as cracks, in the oxide scale. 

An important point in breakaway corrosion, therefore, is the ability of the oxide to 

adhere to the metal. Natesan40 has pointed out that alumina-forming alloys, while 

more resistant to sulfidation than chromia-forming alloys, fail because of continued 

spalling of the oxide. This exposes the depleted alloy directly to the reaction gas. 

Stringer• has agreed that sulfur may accumulate at the alloy-scale interface, thus 

reducing the adherence of the scale. 

It is therefore apparent that breakaway corrosion is a serious problem in oxygen

sulfur systems. The exact mechanisms for breakaway are still under debate and 

probably vary according to the alloys and the atmospheres used. What is clear is that 

the presence of sulfur has a very serious effect on the ability to form, maintain and, 
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if necessary, reform a protective oxide scale. 

2.5. METAL-GAS REACTIONS 

2.5.1. Oxidation of Iron 

The oxidation of iron has been extensively studied and has been reviewed by 

Goursat and Smeltzer42• Oxidation in carbon monoxide - carbon dioxide mixtures has 

been reviewed more recently by Kofstad43 • 

At high temperatures, iron forms three oxides. The lowest oxide is wustite with the 

nominal composition FeO, the second is magnetite (F~04) and the highest oxide is 

haematite (Fei03). In wustite, both the iron and oxygen species are arranged in cubic 

close-packed lattices. The oxide is highly nonstoichiometric, with a composition 

range corresponding to an iron vacancy concentration from 5 to 12 % 44 • It is believed 

that the defects, rather than existing as simple point defects, are arranged in clusters. 

These clusters consist of four cation vacancies tetrahedrally arranged around an 

interstital iron ion45 • The basic unit is shown in Figure 2. ll(a). These clusters can 

also combine to form larger clusters and an arrangement of two such clusters is 

shown in Figure 2. ll(b). 

The oxidation kinetics of iron in oxygen follow a parabolic rate law where a 

multilayer scale is formed46• Marker experiments by Davies et al. have demonstrated 
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(a) 

(b) 

Figure 2.11. Defect clusters in wustite45
• 

(a) 4: 1 cluster 

(b) 6:2 cluster 
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that both the wustite and magnetite layers grow by outward cation diffusion46, 

although the predominant transport mechanism in the haematite layer is uncertain47• 

The process is shown schematically in Figure 2.12. 

Wustite typically occupies a great proportion of the total scale thickness (around 

95%46) at high temperatures. The rate of iron oxidation reflects mostly the growth 

rate of wustite at temperatures above about 893 K46• 

When iron is reacted with oxygen, there is an initial period of non-steady-state 

oxidation, followed by parabolic kinetics. During the parabolic period, the relative 

thicknesses of the three oxide layers remain essentially constanf2• Goursat and 

Smeltzer studied the reaction of iron with oxygen over a range of oxygen pressures 

(3 x 10-6 to 4 x 104 atm at 1073 K48 and 4 x 104 to 1 atm at 1073-1273 K49). They 

found that an initial period of increasing reaction rate was followed by a period of 

linear oxidation. This linear period corresponded to the establishment of a wustite 

scale of uniform thickness48• 

Once this scale was sufficiently thick, diffusion control of the reaction rate resulted 

in parabolic kinetics. The magnitude of the parabolic rate constant was essentially 

independent of oxygen pressure. This was due to the fact that the growth of wustite 

dominated the oxidation kinetics. Once the magnetite layer was established (at Po2 = 

2.21 x 10-15 atm at 1073 K), the defect concentration gradient across the wustite 

layer was constant, regardless of the experimental oxygen pressure. The small 

amounts of magnetite and haematite formed did not noticeably affect oxidation rates. 

62 



Fe FeO F~O4 Fe2O3 
Fe2+ 

Fe2+ Fe3+ 

Fe3+ 
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o2-

½O2 + 2e- = 0 2-

+ / 2Fe3 + 30 2- = Fe203 

Fen+ + ne - + 4Fe203 = 3Fe304 

Figure 2.12. Mechanism of iron oxidation to form multilayered scale47• 
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The values of the parabolic rate constant were therefore not dependent on the 

experimental oxygen pressure48•49• 

Several measurements of iron self-diffusion in wustite have been made. Himmel et 

al. so evaluated the self-diffusion coefficient of iron in Feo.90'70 as: 

DFc = 1.18 x 10·2 exp (-29700/RT) cm2/s 

This data was used in conjunction with data on the oxygen activity of wustite as a 

function of composition to calculate parabolic rate constants50• Himmel et al. used 

Wagner's equation to evaluate the rational rate constant, Kr, assuming dominant 

cation diffusion. This is given by5°: 

where: 

Kr = rational rate constant (equivalents cm·1 s·1) 

Zpc, Zc, = valencies of iron, oxygen 

C0 = oxygen concentration in the oxide 

(2.53) 

ao', ao" = activity of oxygen at metal-scale and scale-gas interfaces, respectively 

These were found to be in good agreement with those of Davies et al46 • This 
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agreement between calculated and experimental rate constants demonstrated the 

applicability of Wagner's theory of oxidation to the iron-oxygen system. 

Engell evaluated the diffusion coefficient of iron vacancies (Dv), from chemical

tracer and electrochemical measurements respectively51 , as : 

Dv = 1.22 x 10·1 exp (-29 700/RT) cm2/min 

and 

Dv = 2.35 x 10·1 exp (-30 500/RT) cm2/min 

Smeltzer2 calculated the parabolic rate constant for wustite formation from the 

above diffusivities and found good agreement with the experimental rate constants 

determined by Davies et al46• 

Chen and Peterson also determined the self-diffusion coefficient, by serial

sectioning, and reported that for Ft;i.94O53: 

DFe = (8.6±0.5) x 10-3 exp [(-29350+300)/RT] cm2/s 

This is in quite good agreement with the determination by Himmel et al50• The 

relationship between diffusivity and composition remains unclear. Himmel et al. 50 

suggested that diffusivity is essentially linearly related to the concentration of cation 

vacancies. Chen and Peterson, however, argued that the relationship is not a simple 
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one as the vacancies do not behave independently of each other as simple point 

defects53 • 

Chen and Peterson concluded that the diffusivity does not vary a great deal with 

vacancy concentration and that the exact dependency varies with temperature. It was 

suggested that iron ions diffuse by exchanging sites with II free mobile vacancies 11 , 

but that vacancies in defect clusters are much less mobile. The concentration of free 

mobile vacancies would apparently increase with nonstoichiometry, but this could be 

offset by a decrease in mobility. Thus the overall effect of increasing 

nonstoichiometry, it was argued, depends on the dominance of either the 

concentration or mobility of these vacancies. Which process actually dominates 

would depend on the relative sensitivity of each process to temperature53 • 

The oxidation of iron has also been studied in carbon monoxide - carbon dioxide 

mixtures54•55 • Pettit et al.54 reported that in the temperature range 1198 to 1348 K, 

the oxidation kinetics were linear for scale thicknesses from 4 x 1 o-4 to 

1. 8 x 10-3 cm. The magnitude of the linear rate constant was linearly related to both 

the mole fraction of carbon dioxide and the total pressure. This was consistent with 

the rate determining step being the surface dissociation of carbon dioxide, to produce 

carbon monoxide and adsorbed oxygen: 

C02 Cgl = CO Cgl + 0 Cacisl (2.54) 
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Pettit and Wagner55 also found that the oxidation initially followed a linear rate law 

from 973 to 1373 K. They reported that the kinetics were linear for oxide 

thicknesses from 4 x 104 to 1 x 10-2 cm, and confirmed that the linear rate constant 

was a function of both the carbon dioxide concentration and the total pressure. Like 

Goursat and Smeltzer48 (who studied the reaction in oxygen), they found that the 

initial linear rate gave way to parabolic oxidation. 

Smeltzer52 studied oxidation in pure carbon dioxide from 873 to 1373 K. Once 

again, initial rates were linear with a transition to parabolic kinetics after long 

oxidation times. He concluded that at low temperatures (less than 1183 K) the linear 

oxidation rate was determined by the incorporation of chemisorbed oxygen into 

wustite. At temperatures greater than 1193 K, the linear rate was determined by both 

dissociation of carbon dioxide and incorporation of chemisorbed oxygen. The 

parabolic rate constant was lower in 1 atm carbon dioxide than in 1 atm oxygen. 

Kofstad and Bredesen56 found that in carbon monoxide - carbon dioxide mixtures, 

the reaction rate was initially linear, but eventually followed parabolic kinetics. The 

value of the parabolic rate constant, like the linear rate constant'4·55 , increased with 

the C02:CO ratio but that the exact dependence varied with temperature. At 1273K, 

the parabolic rate constant was linearly related to Pc02, At 1472K, however, the rate 

constant was dependent on (pco:l~. The scales in this study were found to contain 

only wustite, although the oxygen activity was sufficient to form magnetite. 

Magnetite was observed only after the specimens were completely oxidised. 
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To explain this observation, Kofstad and Bredesen suggested that thermodynamic 

equilibrium was not established at the scale-gas interface and that an enrichment of 

carbon occurred on the scale surface. This then affected the defect concentration at 

the scale surface and thus the defect concentration gradient. This explained the fact 

that the parabolic rate constant, in carbon dioxide and carbon dioxide-carbon 

monoxide mixtures, was lower than that in oxygen50•56• It was further suggested that 

the enrichment of carbon prevented the defect concentration from attaining a critical 

concentration for the formation of magnetite. 

Bredesen and Kofstad57 correlated the reaction kinetics and scale morphologies of 

iron reacted in carbon monoxide - carbon dioxide mixtures at 1273 to 1473K. The 

first nonlinear stage of growth was attributed to the gradual nucleation and growth of 

a wustite film, after which linear kinetics were observed. Parabolic kinetics 

gradually took over once the scale had reached sufficient thickness. During this 

period, porosity developed and this eventually had the effect of reducing the cross

sectional area available for diffusion. A reduction in the parabolic rate constant was 

thus observed. 

High reaction potentials (that is, high carbon dioxide concentrations, high 

temperatures and high pressures) produced higher growth stresses in the scale. These 

scales therefore experienced continuous deformation, and thus a stable wustite film 

was not achieved. Consequently, a distinct linear region was not observed in these 

cases57• 
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Grabke studied the mechanism of this reaction using 14C exchange rates58 • These 

studies indicated that the rate-determining step of the reaction is the transfer of 

oxygen from carbon dioxide to the wustite surface: 

CO2 (g) = CO (g) + 0 (ads) (2.54) 

Later studies by Grabke and Veifhaus59•60, using AES, failed to find adsorbed oxygen 

at temperatures above 1073K. They concluded that at these temperatures, the rate of 

reaction is determined by the charge transfer in the following sequence: 

CO2 (gl = cof<adsl + 2h. 
(2.55) 

2- 2-
CO2 (ads) = CO (g) + 0 

The above studies would indicate that iron generally oxidises in accordance with a 

parabolic rate law. In oxygen, a linear rate law is observed only at low oxygen 

pressures before a transition to parabolic kinetics. The rate constants agree with 

those calculated from diffusivity measurements, thus verifying the applicability of 

Wagner's theory and confirming the dominance of outward cation diffusion as the 

transport mechanism in the wusite scale. 

In carbon monoxide - carbon dioxide mixtures, linear rate periods are often observed 
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before a transition to parabolic kinetics. These linear periods are more distinct at 

lower carbon dioxide concentrations and are caused by a surface reaction controlling 

the oxidation rate. It would also appear that the presence of carbon in the reaction 

gas mixture affects the parabolic reaction rate. 

2.5.2. Sulfidation of Iron 

The sulfidation of iron has been studied by many investigators. These studies have 

involved the use of sulfur vapour61-68 and hydrogen sulfide - hydrogen 

atmospheres69-78 • The subject has also been reviewed by Young79 and by Mrowec and 

Przyby lski80• 

For the most part, iron sulfidises to produce a scale of highly defective, hexagonal 

Fei~s. At higher sulfur pressures, FeS2 is also formed, but the rate of formation of 

FeS2 is much lower and hence it is usually the formation of Fe1~S which is of 

interest79• It is believed that the predominant defects in ferrous sulfide are cation 

vacancies80• 

These ferrous sulfide scales generally consisted of large, columnar grains, usually 

with a preferred orientation. Generally, the c cystallographic axis is aligned normal 

to the scale-metal interface, although with decreasing sulfur partial pressure, the c

axis is inclined away from the normal62• At lower sulfur partial pressures, the a-axis 

is normal to the scale-metal interface76• In many cases, the scale was duplex, with 

the outer layer just described. The inner layer contained smaller, equiaxed grains, 
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usually with discernable porosity. 

In sulfur vapour, the kinetics were reported to be parabolic, thereby suggesting solid 

state diffusion as the rate determining step. In hydrogen sulfide - hydrogen mixtures 

(that is, at low sulfur partial pressures) the kinetics were varied. Some investigators 

reported parabolic kinetics being established more or less immediately75•77; others 

reported that the parabolic kinetics were observed only after an induction period74•74• 

During this period, the rate constant appears to increase continuously with time. The 

kinetics reported by Dravnieks and Samans70 and Haycock71 , originally interpreted as 

paralinear, have been interpreted this way also78 • Orchard and Young78 concluded 

that the linear kinetics observed were a result of surface reaction control, where the 

rate determining step was the dissociation of adsorbed H2S: 

H2S (ads) = S (ads) + H2 (g) (2.56) 

They suggested that once the sulfide surface was in equilibrium with the gas, then 

parabolic kinetics would be expected. Short equilibration times were found with low 

concentrations of diluent, high temperatures and low equilibrium sulfur partial 

pressures. Workers using these reaction conditions were therfore expected to 

observe parabolic kinetics from a relatively early period, and an induction time may 

not have been observed. 

The growth of the outer compact layer of iron sulfide has been agreed to proceed by 
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outward diffusion of cations. Wagner's law applied to iron sulfidation can be 

expressed as75: 

(2.57) 

where: 

kr = rational rate constant in equivalents cm·1 s·1 

C eq = average concentration of sulfide in the scale 

P' 52 , P" 52 = sulfur partial pressures at scale-metal and scale-gas interfaces, 

respectively 

Zp8 , z 5 = effective valences of iron and sulfur, respectively 

Dp0 = self-diffusion coefficient of iron in ferrous sulfide 

Young and Smeltzer75 evaluated the above integral and compared the rate constants 

with those obtained experimentally in hydrogen sulfide - hydrogen. Diffusion 

coefficients were those determined by Condit et al., using a radioactive tracer in 

single-crystal ferrous sulfide81 • Agreement was found to within half an order of 
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magnitude. Fryt et al. 77 also evaluated this integral and found excellent agreement 

with experimentally determined parabolic rate constants. In sulfur vapour, 

Danielewski et al. 67 calculated the chemical diffusion coefficient from sulfidation 

kinetics, and found good agreement with the chemical diffusion coefficient obtained 

by Condit et al81 • 

The good agreement between parabolic rate constants, and those calculated from 

diffusion coefficients, provides strong evidence that lattice diffusion is the transport 

mechanism in ferrous sulfide. This is seemingly unaffected by the nature of the 

sulfidising agent (i.e., hydrogen sulfide - hydrogen or sulfur vapour). 

If the cation vacancies in ferrous sulfide were independent of one another, then the 

parabolic rate constant would be expected to follow a 1/6 power law dependence, as 

in Equation (2.58). However, the results reported suggest a more complex 

relationship. Several investigators have attempted to find a value for n in the 

relation: 

(2.58) 

and results are reported in Table 2.1. Fryt et al. correlated this behaviour to a point 

defect model advanced by Libowitz77 • This model suggested a repulsive interaction 

between iron vacancies. From this, they demonstrated that the complex dependence 

of ~ on p82 was a consequence of this interaction. 
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Table 2.1. 

T/K 

1073 

773 

973-1173 

973 

1223 

973 

Pressure dependence of the parabolic rate constant for iron 

sulfidation. 

P82'atm n Reference 

l.3x10-2-6.6x10-1 6 61 

l.3x104 -l.3xl0-1 7.8 66 

l.0x10-2-l.0 3.5-5.7 62 

l .0xl0-3-6.5x10-1 8 67 

1.ox10-3-6.5xl0-1 6 67 

8.0xl0-8-6.0xlO-s 5.7 75 
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As outlined above, agreement between experimental and predicted parabolic rate 

constants is not affected by the sulfidising atmosphere. McKee and Druschel68 

concluded that there was no apparent difference in sulfidation rate between different 

atmospheres. 

In a more recent study, McKee et al. 82 suggested that the only difference was in the 

long-term sulfidation behaviour. It was reported that sulfidation kinetics, in sulfur 

vapour, obeyed a parabolic time dependence. In hydrogen sulfide - hydrogen 

atmospheres, however, after long periods of sulfidation, a deviation was observed. 

The measured scale thicknesses were greater than those predicted from the earlier 

parabolic kinetics. This deviation was found after scale thicknesses measured 

approximately 80µm. No explanation was offered for this behaviour. 

The formation of the inner porous layer has been explained by the dissociation 
! 

mechanism proposed by Mrowec20• This mechanism was discussed in Section 2.2.3. 

Bruckman and Romanski65 reported autoradiograph studies which also showed direct 

sulfur penetration at the specimen edges. They explained this within the context of 

the dissociation mechanism, arguing that dissociation was more likely at grain 

boundaries. This could cause fissure formation. This process started earlier where 

geometrical constraints were greater, in areas such as sample ends. This could make 

inward sulfur transport from the gas phase significant. However, they concluded, 

gas access through fissures was not necessary for formation of a porous inner layer. 
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2.5.3. Oxidation-Sulfidation of Iron 

The oxidation of iron, in pure sulfur dioxide, argon - sulfur dioxide mixtures and 

complex atmospheres, has been studied by several investigators. 

Chatterjee and Dowel183 reported parabolic kinetics in 1 atm pure sulfur dioxide 

from 773-1158 K. Flatley and Birks32 studied the reaction of iron in argon - sulfur 

dioxide atmospheres, using sulfur dioxide pressures from 2.5xl0-3 to 1 atm and 

temperatures from 873-1273 K. They reported that after an initial linear period, the 

reaction followed a parabolic rate law. 

Kurokawa et al. 84 also studied the reaction in argon-sulfur dioxide atmospheres, at 

1073 K. They reported that the kinetics were ultimately parabolic, but the initial 

kinetics varied according to the sulfur dioxide partial pressures. At low p802 values 

( < 10-2 atm), linear kinetics were initially observed before parabolic kinetics were 

established. From p802 = 10-2 to 10-1 atm, two parabolic rate periods were reported, 

but above p802 = 10-1 atm, only one parabolic rate period was observed. 

A similar pattern was also observed by Ota et al. 85 , who used pure sulfur dioxide, at 

pressures from 10-2 to 1 atm at 1073K. In all cases, the kinetics were parabolic, 

although the time taken for parabolic kinetics to be established was greater at lower 

p802 values. Ota et al. did not attempt to interpret the nature of the early reaction 

period. 
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All the above investigators reported similar scale morphologies. In most cases, the 

scale consisted of two zones: the inner zone contained both iron sulfide and iron 

oxide, while the outer zone was essentially oxide. Kurokawa et al. 84 and Flatley and 

Birks32 both observed that the structure of the inner scale was dependent on Pso2• 

Flatley and Birks found that oxide and sulfide were found across the entire scale at 

low p802• Closest to the metal, the scale consisted of a fine distribution of sulfide in 

FeO. This was surmounted by a region of fine oxide and sulfide lamellae, before 

giving way to a coarse-grained mixture of F~O4 and FeS. At high sulfur dioxide 

pressures, the lamellar region was not observed. In these cases, the narrow inner 

layer consisted of a granular oxide-sulfide duplex structure. The outer layer 

contained oxide, and was similar to the oxide scale formed on iron in oxygen. 

Kurokawa et al. 84 also observed the lamellar region formed only at low p802 and that 

the duplex regions were granular when Pso2 > 10-1 atm. 

These observations were consistent with those of Chatterjee and Dowell83 , at high 

p802 • At 773 K, the scale consisted of alternating layers of oxide and sulfide. This 

changed to a structure of large, isolated sulfide particles in an oxide matrix at 

873 K, and eventually, at temperatures above 923 K, to structures similar to those 

observed by Flatley and Birks32 • That is, the inner layer consisted of a granular FeS

FeO duplex structure, surmounted by an oxide layer. The lamellar structure was not 

observed, which was in agreement with both Flatley and Birks32 and Kurokawa et 

al. 84 , at high p802• 

Flatley and Birks32 and Kurokawa et al. 84 both concluded that the lamellar oxide-
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sulfide structure was formed during the linear rate period. It has also been noted that 

under the experimental conditions, the thermodynamically stable phase is 

magnetite32 • Flatley and Birks proposed that during this initial period of reaction, the 

lamellar oxide-sulfide structure was produced by a co-operative mechanism. It was 

suggested that diffusion across a boundary layer was the rate-determining step, and 

that initial reaction to form oxide causes a lowering of the local oxygen partial 

pressure. The sulfur pressure then rises to satisfy the local S02 dissociation 

equilibrium, thus permitting the formation of sulfide. This mechanism was discussed 

in Section 2.4.3. 

Rahmel86 studied the reaction of iron in CO-COi-COS and N2-02-S02 atmospheres 

from 973-1173 K. It was reported that mixtures of FeO and FeS could also be 

formed in these mixtures. Rahmel argued that the simultaneous formation of oxide 

and sulfide could occur in cases where the rate-determining step was either a phase

boundary reaction at the scale-gas interface or mass transport in the gas phase. The 

most important aspect, in both cases, is that equilibrium was thought not to be 

achieved between the scale and the bulk gas composition. Like Flatley and Birks32, 

Rahmel surmised that at a critical scale thickness, diffusion in the scale becomes 

rate-determining. Once this occurs, duplex formation ceases, and formation of the 

thermodynamically predicted phase (either pure oxide or pure sulfide) occurs86 • 

Gesmundo35 suggested that the simultaneous formation of oxide and sulfide could 

occur by direct reaction with sulfur dioxide: 
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3Fe + S02 (g) = 2Fe0 + FeS (2.59) 

As already noted in Section 2.4.3, the overall reaction is identical to that proposed 

by Flatley and Birks. The essential difference is whether the sulfide is stabilised 

because of concentration gradients in the gas phase (Flatley and Birks) or due to 

kinetic factors (Gesmundo). Gesmoundo has suggested that the main argument 

against Flatlay and Birks' mechanism32 concerns the SO2 dissociation equilibrium. 

This equilibrium greatly favours SO2, and the partial pressures of 0 2 and/or S2 were 

too low to support the observed reaction rates35• 

Gesmundo et al. 87 also studied the reaction of pure iron with pure sulfur dioxide at 

973 K under various pressures. The experiments at low pressures, using static 

atmospheres of pure sulfur dioxide, suffered from poor reproducibility, but 

experiments in 1 atm flowing sulfur dioxide were more successful. The scale 

morphology was similar to that reported by Flatley and Birks32 at high p802• The 

inner layer consisted of sulfide islands in oxide. The sulfide content gradually 

decreased towards the outer scale. 

The kinetics were surprising. They were initially parabolic (up to approximately 20 

min) and then followed a linear rate law. This was in conflict with other 

researchers32•83-85 , who all reported that the kinetics were ultimately parabolic. No 

explanation was offered for the long-term linear kinetics. 
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Table 2.2 shows the various parabolic rate constants obtained by various 

investigators. The parabolic rate constants for the reaction of iron in pure oxygen 

have been included for comparison. It can be seen that at both 973 and 1073 K, the 

parabolic rate constants quoted by Chatterjee and Dowell83 and Kurokawa et al. 84 

(the latter at 1073 K only) are lower than those quoted by Gesmundo et al87 • In fact, 

the rate constant quoted by Kurokawa et al. 84 at 1073 K is very close to that for iron 

in pure oxygen reported by Davies et al46• 

As was discussed in Section 2.4.3, once cation diffusion becomes the rate

controlling step, scale-gas equilibrium is closely approached and the formation of 

oxide, free of sulfide, might be expected. In this case, it would be reasonable to 

expect that the parabolic rate constants would be close to those for oxidation. 

A comparison of parabolic rate constants indicates that the rate constants differ by as 

much as one order of magnitude under nominally identical conditions. It has been 

suggested that one of the most important factors is the presence of trace amounts of 

free oxygen. In fact, Gesmundo et al. 87 found that in the presence of 1 % 0 2, 

corrosion constants close to that for iron oxidation could be obtained. The presence 

of free oxygen decreases the surface cation activity, below the minimum required for 

Reaction (2.59) to occur. Other investigators reported that this was observed for 

nominally pure SO2• 

Most of the studies outlined above were in sulfur dioxide atmospheres, with or 

without diluents. They involved compositions where the oxide was the 
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Table 2.2. Parabolic rate constants for corrosion of iron in sulfur dioxide. 

Temp/K P802/atm K/g-.cm"'.s·1 Reference 

973 1 5.5x10-10 83 

973 1 4.5xl0-8(1) 87 

973 1 (+1% OJ 7.5xl0-9(1) 87 

973 Pure 0 2 6.6x10-9 46 

1073 1 1.2x10-s 83 

1073 1 5.0xl0-8 84 

1073 Pure 0 2 6.0x10-s 46 

Note: (1) Parabolic period observed first in Ref. 87. 
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thermodynamically predicted phase. A study reported by McAdam and Young88 

utilised S02-CO-COi-N2 mixtures at 1073 K to produce mixtures where the sulfide 

was the predicted phase. 

Under conditions where the sulfide was the only stable phase, mixtures of oxide and 

sulfide were formed as a result of direct reaction with sulfur dioxide. This proposal 

was also advanced to explain the formation of oxide-sulfide mixtures in the reverse 

case, where oxide was the stable phase88 • 

Marker experiments by Flatley and Birks32 indicated that the scale grows mostly by 

outward cation diffusion. Tracer studies by Gilewicz-Wolter7 indicated, however, 

that once scale-metal separation occurs, continued scale growth occurs by inward 

S02 transport through microchannels. This was previously discussed in Section 

2.2.3. 

2.5.4. Oxidation of Manganese 

The oxidation of manganese has been studied in air, oxygen and carbon monoxide

carbon dioxide atmospheres. 

Gumick and Baldwin89 studied the oxidation of manganese in air over the 

temperature range 673-1373 K and reported parabolic kinetics. The scales formed 

consisted mainly of Mn30 4 ; significant quantities of MnO were not detected until 

the temperature reached 1273 K. Similar results were reported by Paidassi and 
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Echeverria90 over the range 673-1473 K. They found that the scale consisted 

predominantly of MnO at temperatures above 1173 K. 

Evans et al. 91 confirmed that manganese in air oxidised according to a parabolic rate 

law. In this study, double-layer scales were found. The inner layer consisted of 

MnO, while the outer layer varied according to temperature. At low temperatures 

(less than 1098 K) the outer layer was mainly Mn2O3, although Mn3O4 was also 

detected. Above this temperature, the outer layer consisted of MnO, containing a 

dispersion of Mn3O4• It was thought that the Mn3O4 formed during cooling92 • 

This study also reported marker experiments. The marker experiments, at 1273 K, 

indicated that the outer MnO layer grew by outward cation diffusion. The porous 

inner layer of MnO grew by the inward diffusion of oxygen91 • Fueki and Wagner92 

performed some marker experiments at 1273 K in 1 atm oxygen. In this case, a 

double-layered MnO scale was also reported, with Mn3O4 precipitates. In this case, 

the markers were found within the porous inner layer, close to the scale-metal 

interface. 

Fueki and Wagner92 also studied the oxidation of manganese in carbon monoxide -

carbon dioxide mixtures, at 1073-1473 K. The kinetics were mostly parabolic, 

except for low CO2:CO ratios. The parabolic rate constant did not depend on the 

partial pressures of CO and CO2 but on their ratios. No linear rates were observed. 

The scales were single-layered and compact, consisting of MnO. Markers were 
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located at the scale-metal interface, thus indicating that the scales grew by outward 

cation diffusion. Fuek:i and Wagner proposed that the predominant defects in MnO 

were cation vacancies formed by the following reaction92: 

CO2 (gl = CO(gl + V"Mn + 2h. + o; (2.60) 

Kof stad93 also studied the oxidation of manganese in CO-CO2 mixtures and found 

that the oxidation obeyed parabolic kinetics. He found that at constant CO2:CO ratios, 

the parabolic rate constant decreased with decreased total gas pressure. To account 

for this, he has proposed that in MnO, the most stable defects are clusters. He has 

suggested that in carbon-free atmospheres, the predominant defects are clusters of 

four metal vacancies (on octahedral sites) around an interstitial cation (on a 

tetrahedral site)93, similar to that discussed for FeO in Section 2.5.1. 

In carbon monoxide-carbon dioxide atmospheres, carbon may be first deposited as 

interstitial atoms or ions, according to: 

(2.61) 

These interstitial species then associate with defect clusters (Ve") to form a carbon

cluster defect, [V cC]"93: 

84 



(2.62) 

According to this model, where both the defect clusters and the carbon-cluster 

defects have effective charges of minus two, the parabolic rate constant, ~. is 

dependent on both Pco and Pc02 as follows: 

(2.63) 

In other words, the parabolic rate constant is dependent on both the CO/C02 ratio 

and the total pressure. Kofstad demonstrated experimentally that at a constant ratio of 

CO/C02, the rate constant was indeed proportional to Pco2¼. The rate constants 

obtained by Fueki and Wagner92 did not follow this relation, but no explanation for 

this discrepancy was offered by Kof stad93• 

2.5.5. Sultidation of Manganese 

Manganese sulfidation has been studied in both sulfur vapour and hydrogen sulfide -

hydrogen atmospheres, and has been reviewed by Mrowec and Przybylski80• 

At high temperatures, manganese sulfidises according to parabolic kinetics, to 

produce a compact scale of cx.-MnS80• The parabolic kinetics are apparently unaffected 

by the nature of the gas phase. 
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Danielewski94 studied manganese sulfidation in sulfur vapour over the range 104 < 

P82 < 0.8 atm at 673-1373 K. Mostly parabolic kinetics were reported, although at 

intermediate temperatures (800-1000 K) a non-parabolic induction period was 

observed. At high temperatures (1000-1373 K), the scale consisted of coarse 

columnar crystals of a-MnS. 

Marker experiments were performed using platinum wire to elucidate the reaction 

mechanism. The markers were always found at the scale-metal interface, suggesting 

that the scale grew entirely by outward cation diffusion94 • Where the sulfidation 

followed parabolic kinetics from the start of the reaction, the parabolic rate constant, 

kj,, obeyed the following pressure dependence: 

(2.64) 

This was consistent with a reaction model where the predominant lattice defects 

were doubly ionised cation vacancies. The defect reaction was represented15 as: 

½S = V, 11 + 2h. + S X 
2 Mn S 

(2.65) 

Perez and Larpin95 also utilised sulfur vapour over the range 4.5x10·5 < P82 < 

7.2xl04 atm, from 973-1173 K. They also reported parabolic kinetics and scales 

86 



consisting of large columnar grains. They found a similar pressure dependence of 

the parabolic rate constant. In the expression: 

(2.66) 

Perez and Larpin determined that n=6.4+0.8. The relatively large confidence 

interval for n was attributed to difficulties in using sulfur vapour for low sulfur 

pressures95 • Values of n obtained by various investigators are reported in Table 2.3. 

Elrefaie and Smeltzer96 utilised hydrogen sulfide - hydrogen mixtures to study 

manganese sulfidation at lower sulfur partial pressures (10·8 < p82 < 104 atm) over 

the temperature range 1073-1273 K. The scales formed were similar to those 

reported above and reaction kinetics were also parabolic. They also reported a sulfur 

partial pressure dependence according to Equation (2.66) where the average value of 

n was 6.1. Once again, the defects were concluded to be doubly ionised cation 

vacancies, but in these atmospheres, the defect reaction was written as: 

H S = H + V, " + 2h. + S x 2 2 Mn S 
(2.67) 

Papaiacovou et al. 'l7 also studied manganese sulfidation in hydrogen sulfide -

hydrogen atmospheres. Once again, the kinetics were parabolic. They also calculated 

the self-diffusion coefficient of manganese in MnS at 1 bar (0.99 atm), using 
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Table 2.3. Dependence of parabolic rate constant on sulfur partial pressure for 

manganese sulfidation. 

T/K p8/atm D Reference 

673-1373 104 -0.8 6 94 

1073 4.5x10-5 -7.2xl04 6.4±0.8 95 

1073 10-8-104 6.3+0.5 96 

1173 10-8-104 6.2±0.5 96 

1273 10-8-104 5.8+0.1 96 
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Wagner's equation (Equation (2.57)). These are compared with those calculated by 

Elrefaie and Smeltzer96 and Danielewski94 in Table 2.4. 

Buscail and Larpin98 used hydrogen sulfide - hydrogen mixtures at low sulfur partial 

pressures 2.2x10-10 < p82 < 3.4x10-5 atm at 673-1223 K. They also reported 

parabolic kinetics at high temperatures, with an approximate 1/6 power dependence 

of the rate constant on p82• At intermediate temperatures (773-973 K), however, this 

pressure dependency was not found, although the kinetics were still parabolic. In 

fact, the parabolic rate constant was independent of sulfur partial pressure. At lower 

temperatures (673-773 K), linear kinetics were reported. 

No definite explanations were offered for the behaviour at lower temperatures, 

although it was observed that in the intermediate temperature range, the activation 

energy was much lower than that observed at higher temperatures. This was also 

observed by Danielewski94 , who interpreted this as the increasing importance of 

grain-boundary diffusion of manganese at lower temperatures. Linear kinetics, in the 

lowest temperature range, were tentatively attributed to diffusion, across a sublayer 

of constant thickness, being the rate-controlling step. It was also suggested that an 

interfacial reaction could be rate-controlling98 • In the absence of comparable low 

temperature studies in these atmospheres, it is difficult to draw definite conclusions 

from these results. 
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Table 2.4. Self-diffusion coefficients of manganese in MnS. 

T/K D0Mn/cm2s"1 

973 1.42x1Q·9 

2.1x10·10 

1073 l.92xl0·9 

8.6x10·10 

l.2x10-9 

1173 5.23x1Q·9 

2.7x1Q·9 

3.0x10·9 

1273 7.3x1Q·9 

6. lx1Q·9 

Notes: 

(1) Ref. 97 values calculated at 0.99 atm 

(2) Ref. 94 and 96 calculated at 1 atm 

Reference 

97 

94 

97 

94 

96 

97 

94 

96 

94 

96 
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2.5.6. Oxidation-Sulfidation of Manganese 

The reaction of manganese with sulfur dioxide has not been extensively investigated. 

Gesmundo et al. 99 reacted manganese with pure sulfur dioxide at 1 atm pressure 

from 973-1173 K. Two parabolic rate periods were observed, with the second rate 

being slower than the first. The innermost scale consisted of an inner layer of fine 

MnO-MnS duplex. This was surmounted by a coarse dispersion of MnS islands in 

MnO. The outer scale consisted of MnO. The steady-state scale is established within 

the first two hours of reaction. 

Gesmundo et al. 99 proposed that the fine duplex layer is formed at the beginning of 

the reaction by direct reaction with sulfur dioxide: 

3Mn + S02 = 2Mn0 + MnS (2.68) 

This reaction is possible because the scale is not at equilibrium with the gas and the 

initial reaction rate is controlled by the surface reaction. When the metal activity 

drops below the minimum required for the above reaction, scale-gas equilibrium is 

approached. Once this occurs, formation of the thermodynamically stable phase (in 

this case, MnO) commences and the kinetics change to parabolic99• 

The intermediate duplex layer was thought to be the result of transport of sulfur 

within the oxide scale. It was suggested that the sulfur penetrated the scale as 
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gaseous sulfur dioxide, through discontinuities in the scale. 

Gillot and Radid100 used sulfur dioxide from 0.01-0.5 atm at 890-1350 K. They also 

reported two parabolic rate constants at 0.5 atm and the scale morphologies were 

similar to those reported by Gesmundo et al99• 

These investigators also reported that the scale morphologies were very sensitive to 

traces of free oxygen in the system100• Most experiments were conducted after the 

reaction chamber had been evacuated to 10-s atm, but some were evacuated only to 

1<>4 atm. When this occurred at 900 K, different scale morphologies were noted. A 

thin layer of MnS was present at the scale-metal interface. This was surmounted by 

two oxide layers. The inner of these two layers contained MnO, while the outer 

contained Mn3O4• This sensitivity was also observed by Gesmundo et al. for iron in 

sulfur dioxide87• 

McAdam and Young101 utilised CO-CO2-SOi-N2 atmospheres at 1073 K. Both MnO 

and MnS were stable in these atmospheres. Where MnO was the thermodynamically 

predicted phase, they also reported an MnO - MnS duplex beneath MnO. Both the 

MnO - MnS duplex and outer MnO layers were thought to be formed by reaction 

with SO2• Under conditions where the sulfide was more stable, the reaction product 

was MnS. This sulfide was produced by the reaction of either COS or SOi at low 

equilibrium partial pressures. If, however, sulfur partial pressures in the mixtures 

were high, the reacting species was concluded to be molecular sulfur. 
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2.5. 7. Oxidation of Iron-Manganese Alloys 

Mayer and Smeltzer10'l reported the reaction of a series of iron-manganese alloys (up 

to 59 wt% Mn) in carbon monoxide-carbon dioxide mixtures at 1273 K. The 

conditions were chosen such that the scales consisted of manganeseo-wustite, 

(Fe,Mn)O. 

Generally, the scales consisted solely of single-phase (Fe,Mn)O, although for pure 

iron and a dilute alloy, magnetite was also detected at high COifCO ratios. These 

scales were compact and of uniform thickness. The kinetics were parabolic, after an 

induction period, which was attributed to rate control by reaction at the scale-gas 

interface. It was found that the parabolic rate constant decreased with increasing 

manganese content and increasing COif CO ratio. The reaction was controlled by the 

outward diffusion of cations, as is the case for oxidation of each of the parent 

metals. 

As manganese was the less noble metal, it tended to enter the scale preferentially, 

and consequently some manganese depletion in the alloy was observed. The 

depletion zone was quite narrow and did not exceed 50 µm. Concentration gradients 

were also noted in the oxide. The reduced mobility of manganese (compared to iron) 

in the oxide resulted in an increased iron content with increasing distance from the 

alloy-scale interface. These concentration gradients generally achieved a steady-state 

value. Mayer and Smeltzer10'l found that the self-diffusion coefficients of both metals 

decreased with increasing manganese content. 
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Jackson and Wallwork103 investigated the oxidation of alloys containing 20 and 40 

wt% manganese at 973 and 1073 K, in 0.26 atm oxygen. They also reported the 

oxidation of both iron and manganese under the same conditions. 

The pure metals formed triple-layer scales, containing, moving out form the metal, 

MO, M3O4 and M2O3• Similar scales were formed on the alloys, where the oxides 

were solid solutions. The Fe 20Mn alloy formed a scale containing layers of 

(Fe,Mn)O, (Fe,Mn)3O4 and FeiO3, surmounted by thin layers of Mn3O4 and Mn2O3• 

The Fe 40Mn alloy produced a similar scale, but FeiO3 did not appear as a 

continuous layer. Instead, it appeared within the (Fe,Mn)JO4 layer. 

It was suggested that FeiO3 may have initially been formed as a surface layer on the 

Fe 40Mn alloy but that this may have reacted with (Fe,Mn)O: 

(2.69) 

The partitioning of iron and manganese within individual layers was accounted for 

by differing diffusion rates within the oxides. It was suggested that manganese 

diffused preferentially through the FeiO3 layer to form the outermost manganese 

oxide layers. The higher concentration of manganese within the (Fe,Mn)O layer was 

attributed to the faster diffusion of iron ions through this phase. 

The higher manganese alloy showed parabolic kinetics, with two kinetic stages. The 
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first stage was faster but after 20 hours, the second parabolic period was established. 

It was thought that this corresponded to a transition from iron-rich to manganese

rich oxide scales. 

Examination of the oxidised Fe 40Mn alloy showed a network of interconnecting 

voids. These voids were assumed to be the result of vacancy coalesence. Continued 

growth after void formation may have then depended on vapour phase transport to 

the base of the scale, if the fraction of alloy surface affected was sufficiently large. 

Jackson and Wallwork103 reported that at 1073 K, the vapour pressure of manganese 

was several orders of magnitude higher than of iron. This could have led to a scale 

enriched in manganese. 

2.5.8. Sulfidation of Iron-Manganese Alloys 

Like the sulfidation studies of the parent metals, this reaction has been studied in 

both sulfur vapour and hydrogen sulfide-hydrogen atmospheres. 

Nishida et al. 6 sulfidised a series of iron-manganese alloys in 1 atm sulfur vapour 

from 973-1273 K. Low concentrations of manganese (up to 11 wt%) did not 

noticeably affect the corrosion rate. The scale formed on these alloys was mostly 

single phase Fe(Mn)S. Manganese tended to concentrate at the scale-gas interface 

and with higher manganese contents in the alloy, precipitates of a-MnS were formed 

near this interface. 
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Alloys of higher manganese content (11 - 63 wt%) sulfidised to produce a two-layer 

scale. The inner layer consisted of cx-Mn(Fe)S whilst the outer layer contained 

Fe(Mn)S. The parabolic rate constants in this group exponentially decreased with 

increasing alloy manganese content. The activation energy for growth of the inner 

layer was higher than that for the outer layer. It was thus concluded that for these 

scales, growth was controlled by diffusion in the inner layer6. 

The corrosion rate of an Fe 80Mn alloy was shown to be the same as that of pure 

manganese, which was unexpectedly low compared to the rates exhibited by the last 

group. The sulfide formed was single-phase cx-MnS. It was thought that in these 

alloys, the sulfidation rate was controlled by diffusion in the alloy. The Fe 75Mn 

alloy tested did not sulfidise according to a parabolic rate law. The initial corrosion 

product was a scale of cx-MnS (similar to that formed on the Fe 80Mn alloy). As 

sulfidation proceeds, however, iron diffuses into the alloy and the iron concentration 

increases. The sulfide scale formed thereafter is similar to that formed on Fe 58Mn. 

From these results, it can be concluded that up to 63 wt% Mn, the parabolic rate 

constants are directly related to the structure of the sulfide scale. Significant 

reductions in corrosion rates are only possible with continuous layers of Mn(Fe)S. 

Above 80 wt% Mn, preferential sulfidation results in a scale of cx-MnS. The reaction 

rate in this case is apparently controlled by diffusion in the alloy. For intermediate 

concentrations (63-80 wt%), a transition between the two corrosion behaviours is 

seen6• 
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Nishida and Narita104 studied sulfidation of Fe12Mn, Fe29Mn and Fe48Mn, under 

lower sulfur partial pressures, from 973-1173 K. Hydrogen sulfide-hydrogen 

mixtures were used such that 10-2 < p82 < 10-11 atm. In all cases, the sulfidation 

followed parabolic kinetics, after an induction period, which varied according to 

manganese content, temperature and sulfur pressure. 

The corrosion of each of these alloys at 1073 K could be divided into one of three 

classifications, depending on the sulfur pressure. At lower sulfur partial pressures 

(p82 < 10-9 atm for Fe 12Mn), a single-phase scale of (Mn,Fe)S was formed, with 

internal sulfidation. At high sulfur partial pressures, duplex scales were formed. The 

outer layer contained (Fe,Mn)S, while the inner layer consisted of cubic (Mn,Fe)S. 

The duplex scale caused only a slight diminution in the corrosion rate. For the 

Fe 12Mn alloy, this corresponded to sulfur pressures of p82 > 10-7 atm. The region 

between these two kinetic behaviours was regarded as a transition zone96. 

The sharp decrease in parabolic rate constants which occurred during this transition 

(lQ-9 < p82 < 10-7 atm) was attributed to a change in the rate-determining step. At 

high sulfur pressures, this was cation diffusion through the external scale but 

changed to alloy interdiffusion at lower pressures. It was further suggested that the 

sulfidation kinetics at lower pressures were higher than those expected by 

interdiffusion. This enhancement was due to diffusion along grain boundaries and 

through internal sulfide precipitates. It was also thought that vapour transport of 

manganese through voids at the scale-metal interface and in the internal oxidation 

zone could also be significant. This has also been suggested as a significant transport 
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process in iron-manganese oxidation by Jackson and Wallwork103• Marker 

experiments indicated that cations were the dominant diffusing species104• 

The main trend highlighted in Nishida and Narita's work is that the reduction in 

sulfidation rates in iron-manganese alloys is caused by the formation of single-phase 

Mn(Fe)S scales, as well as the reduction in sulfur activity gradients across the 

scales. It was also noted that for the high manganese alloy (48 wt%), the manganese 

content was sufficient to allow selective sulfidation of the manganese at high sulfur 

pressures. It was also found that with increasing manganese alloy content, the single

phase scale was stable at higher sulfur presssures 104• 

This trend was expressed in a table by Nishida105 and this is reproduced in Table 

2.5. 

Smeltzer et al. 106 sulfidised an Fe28Mn alloy from 973-1173 K. Hydrogen sulfide

hydrogen atmospheres were used such that 10·11 < p82 < 10·1 atm. They reported 

duplex scales similar to those described by Nishida and Narita104• Single phase 

Mn(Fe)S scales were also reported by Smeltzer et al. 106 for p82 = x10·9 atm at 

1073 K and p82 = 10-s atm at 1173 K. 

A study by Papaiacovou et al. '17 restricted sulfur pressures to those where MnS was 

the only stable sulfide, at temperatures of 973-1173 K. Like the experiments above, 

the reactions followed a parabolic rate law. At 973 K and 1073 K, the rate

determining step was interdiffusion in the alloy. As alloy interdiffusion was the rate-
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Table 2.5. Morphological development of scales formed on Fe-Mn alloys in 

sulfidising atmospheres at 1073 Ktos. 

Mn log (p8/atm) 

(%) 
-2 -3 -4 -5 -6 -7 -8 -9 -10 -11 

12 Double-phase scale Single-phase 

Sub-scale Internal sulfidation 

29 Double-phase scale Single-phase 

Sub- Internal 

scale Sulfidation 

48 Double- Single-phase scale 

phase 

Internal Sulfidation 

Sub-scale Voids in substrate 
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determining step, a rugged metal-scale interface developed. 

At 1173 K, the sulfidation rate was controlled by diffusion through the sulfide scale. 

Under these conditions, the alloy-scale interface was planar. 

Perez and Larpin107 studied the sulfidation of two alloys (containing 20.5 and 28 

wt% manganese) in sulfur vapour at 7.9x10-9 atm, from 873-1173 K. They found 

that the kinetics suffered from poor reproducibility and that two different corrosion 

behaviours could be observed under nominally identical conditions. 

Some experiments exhibited slow parabolic kinetics. The resulting scales were 

double-layered. The innermost layer consisted of cubic Mn(Fe)S, while the outer 

layer contained hexagonal Fe(Mn)S. This was in fact identical to the scales reported 

by Nishida and Narita104• Other experiments exhibited faster corrosion which was 

described as quasi-linear. The porous scales produced in these experiments consisted 

of microcrystalline mixtures of Mn(Fe)S and Fe(Mn)S. The likelihood of fast 

kinetics increased with temperature; it was noted that below 973 K, kinetics were 

always slow but were always fast above 1023 K99. 

Southwell and Young108 further investigated these results, by studying the sulfidation 

of an alloy containing 27 wt% manganese. The alloy was reacted at the same sulfur 

pressure, but hydrogen sulfide-hydrogen mixtures were used. This study replotted 

the quasilinear, fast corrosion behaviour reported by Perez and Larpin107 and found 

that the kinetics conformed to a parabolic law, after an initial period. The rate 
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constants obtained from this were in good agreement with those obtained by Narita 

and Nishida104 and Southwell and Young108• This induction period was related to 

slow dissociation of H2S in the gas phase. 

The slow parabolic kinetics reported by Perez and Larpin 107 were much slower than 

kinetics reported earlier104 .It was thought that this may have been a result of 

preoxidation, by high residual oxygen levels, when sulfur vapour was used108• 

2.5.9. Oxidation-Sulfidation of Iron-Manganese Alloys 

This subject has not received a great deal of attention save for a study by McAdam 

and Young7• Binary alloys containing up to 50 wt% manganese were corroded in 

CO-CO2-SOrN2 mixtures at 1073 K. The gas mixtures used corresponded to regions 

of the Fe-O-S phase diagram where: 

(a) FeS was stable 

(b) FeO was stable 

(c) Both FeS and FeO were stable. 

In all the mixtures used, both MnO and MnS were stable. A supported platinum 

catalyst was used in the reactor to facilitate gas-phase equilibration. 

In sulfidising gas mixtures (where FeS was stable) the kinetics were parabolic for all 

alloys except for the lowest manganese content (2%). The scales were mostly 

sulfides, although traces of MnFeiO4 were also observed. Significant reductions in 
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the parabolic rate constant were not observed until the manganese level reached 

25 % . The slower reaction rates were attributed to the formation of lower-diffusivity 

MnS scales. 

In oxidising-sulfidising conditions, the reaction kinetics were also parabolic. In most 

cases, mixtures of oxides and sulfides were formed. The innermost scale contained 

finely dispersed sulfide in oxide. This sulfide was more coarsely distributed in the 

middle layer of scale, while the outer layer was essentially oxide. In keeping with 

their similar scale morphologies, the Fe 2Mn and Fe 15Mn corroded at similar rates 

to pure iron. The Fe 50Mn alloy produced a scale that was mostly oxide, but 

contained large amounts of sulfide in the inner scale. 

The experiments under oxidising conditions (FeO stable) mostly produced lamellar 

structures. These also corroded mostly according to parabolic kinetics, although with 

an initial linear period. This was taken to indicate that the reaction rate was 

controlled by surface reaction in the early stages. As the scale grew thicker, the 

kinetics transformed to parabolic. The scale produced on the Fe 50Mn alloy was 

slightly different, as it contained large sulfide islands. Dramatic reductions in the 

parabolic rate constant were not reported. 

McAdam and Young concluded that when rate constants were reduced, this was due 

to the formation of either manganese oxide or MnS, both of which have low 

diffusivities. However. if slower rates were observed, this was not until manganese 

levels were relatively high. In oxidising and oxidising-sulfidising mixtures, it was 
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concluded that binary iron-manganese alloys were not suitable101 • 

2.5.10. Oxidation of Iron-Aluminium Alloys 

The oxidation of iron-aluminium alloys has been studied by several investigators, 

and reviewed by Tomaszewicz and Wallwork109• These studies have involved 

oxidation in pure oxygen, air, and also water vapour and gas mixtures. 

At low aluminium concentrations, it has been reported that aluminium additions 

increase the oxidation rate of iron. Boggs110 reported that in 0.92 atm oxygen, alloy 

additions of up to 0.09 wt% aluminium increased the oxidation rate of iron at 

773 K. Bateman and Rollsm also studied low aluminium alloys, although the 

atmospheres used were very different. This study used simulated combustion 

atmospheres of Ni-H2O-CO2 with and without additions of 5% 0 2• In the 

temperature range 1123-1323 K, the rate of oxidation increased for alloys with 

aluminium less than 0.045 wt%. In both studies, this was interpreted as an effect of 

Wagner-Hauffe doping. The addition of trivalent cations to a metal-deficient oxide 

MO increases the defect concentration, and therefore the diffusion rate112: 

(2.70) 

At moderate aluminium levels, layered scale morphologies are often observed. 
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Saegusa and Lee113 studied the oxidation of an Fe-1 wt% Al alloy from 773-1273 K, 

in 1 atm oxygen. At temperatures up to 1173 K the scales contained layers of mostly 

iron oxides, although aluminium oxides were enriched in the innermost layer. These 

inner oxides were identified as Al20 3 or the hercynite spinel, FeA120 4• 

Ahmed and Smeltzer114 reported similar morphologies at 1173 K, in 1 atm oxygen, 

formed on 0.7 and 1.5 wt% aluminium alloys. The scales formed in this study 

consisted of an innermost layer of (Fe,Al)J04, surmounted by Fei03• The internal 

oxidation zone contained platelets of Al20 3 and FeA120 4• Tomaszewicz and 

Wallworkus reported that at 1073 K, an Fe 2Al alloy formed a layered scale in 0.26 

atm oxygen. The outer layer of this scale was Fei03, while there was an aluminium

rich phase (tentatively identified as FeA120 4) at the scale-metal interface. 

Bateman and Rolls111 also observed aluminium-rich oxides as discrete particles near 

the scale-metal interface, on alloys containing 0.045-0.2 wt% aluminium. This oxide 

was identified as FeA120 4• 

The presence of aluminium oxides in the base of the scales, usually as hercynite, 

was associated with decreased oxidation rates. It was thought that these oxides 

retarded outward cation diffusion111,113-us. Saegusa and Lee113 observed that this 

protective behaviour did not occur at 1273 K; the scale formed on the Fe lAl alloy 

was essentially Fei03• There was no continuous layer of aluminium-containing 

oxide, and thus the oxidation rate at 1273 K was much higher than observed at 

1173 K. 
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Selective oxidation, to produce an alumina scale, was not observed unless the 

aluminium content exceeded about 5 wt%. Boggs110 reported the formation of an 

alumina film at 1073-1123 Kon an Fe 4.9Al alloy. Saegusa and Lee113 reported that 

at 1273 K, an Fe 5Al alloy formed an Al20rrich solid solution of Al20 3-Fei03• 

Boggs concluded that alumina formation was only possible at higher temperatures 

because these temperatures allowed increased mobility of aluminium in the alloy 

substrate110• 

An important feature of iron-aluminium oxidation was the incidence of oxide nodule 

formation. Saegusa and Lee observed nodule formation at 1173 K on an Fe 5Al 

alloy113 • These nodules extended into the alloy as well as protruding from the alloy 

surface. When analysed, the nodules contained Fei03, FeA120 4 and Al20 3• Nodules 

were randomly located over the surface, but tended to concentrate near specimen 

edges and comers. 

Boggs110 also reported nodular growth on an Fe 4.9Al alloy at temperatures from 

1073-1173 K. The nodules formed on alloys that initially formed a protective 

alumina film. It was suggested that the formation of alumina depleted the substrate 

of aluminium. When the alumina scale cracked or lifted from the alloy, oxygen 

gained direct access to the aluminium-depleted alloy, thus producing iron-rich oxide 

in the region of the cracked scale. 

Tomaszewicz and Wallwork115 surveyed the growth of nodules on a series of alloys 

at 1073 K. These alloys contained between 2.5 and 6.9 wt% aluminium. Unlike 
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Boggs110, these authors postulated that nodule growth was present from the start of 

oxidation. It was suggested that during initial oxidation, both FeO and Al2O3 were 

nucleated. If sufficient aluminium was present in the alloy, an Al2O3 scale still 

formed, reacting with FeO to form FeA12O4 , thus isolating the FeO grains from the 

alloy. 

If, however, there were faults in the scale, some FeO crystals continued to grow, 

supported by outward diffusion through the FeO. The outer nodule therefore 

consisted of the higher oxides F~O4 and FeiO3• Internal oxidation below the nodule 

occurred also. The healing of the nodule depended on the formation of a continuous 

Al2O3 layer beneath it. Stratified scales (such as that observed on the Fe 2Al alloy) 

developed if the nodules coalesced before the healing layer of alumina formed. 

Conversely, if the aluminium content was high, and the healing layer was rapidly 

established, nodules remained small. Tomaszewicz and Wallwork reported that 

nodule formation did not occur at aluminium concentrations above 6.9 wt% 115• 

The presence of water vapour was another important influence on oxidation 

behaviour. Boggs reported that the presence of water vapour increased oxidation 

rates. The reaction kinetics for an Fe5Al alloy in 0.029 atm water vapour were very 

similar to those in 0.029 atm water vapour with 0.89 atm oxygen. The presence of 

oxygen apparently had little effect110• 

In dry oxygen, a decreasing rate was observed during the growth of an alumina 

scale. The rate increased during nodule growth, before decreasing once more. When 
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water vapour was present, the oxidation rate was continually increasing103• 

Boggs also observed that water affected the formation of nodules. Where water 

vapour was present, nodule formation commenced very early in the reaction time. In 

dry oxygen, at 1073 K, nodule formation did not occur until after approximately 200 

minutes. Boggs suggested that water vapour may have acted as an oxygen carrier 

across voids110, but this explanation was not detailed. 

Ahmed and Smeltzer116 also noticed the changes in scale morphology and kinetics 

with the presence of water vapour. In moist oxygen (containing 0.023 atm H2O) or 

moist laboratory air, four-layer scales were mostly formed. These layers contained 

FeiO3, F~O4, FeO with F~O4, and FeO with (Fe,Al)3O4. The internal oxides 

FeA12O4 and Al2O3 were also formed. By contrast, the scale formed in dry oxygen 

contained FeiO3 and (Fe,Al)3O4 layers. Internal oxidation also occurred. It is 

particularly significant that even the quantities of water vapour present in air were 

apparently able to produce these effects. 

These authors proposed a mechanism detailing the role of water vapour116• Water 

reacts to form FeiO3 at the surface, producing hydrogen. This diffuses inward and 

forms water vapour within voids (FeO dissociates at the edges of the void), thus 

carrying oxygen across the void. The water vapour reacts at the scale-metal interface 

and within the alloy to form oxides. This increases the oxidation rate and also 

increases the oxygen activity within the void, thus stabilising the FeO/(Fe,Al)JO4 

mixture, as opposed to the spine! or alumina layer. This is shown in Figure 2.13. 
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Figure 2.13. Model for scale growth in moist atmospheres, proposed by Ahmed and 

Smeltzer116• 
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Generally, the kinetics obtained by these authors were not analysed in detail. 

Saegusa and Lee observed that oxidation in pure oxygen followed a parabolic law 

only during the initial stages of reaction. Thereafter, the weight gains were usually 

lower than those predicted by extrapolation of the earlier reaction rates. These 

deviations from parabolic kinetics occurred earlier with increasing aluminium 

content and increasing temperature. These authors also describe reproducibility 

problems; these were blamed on scale cracking and growth of nodules113• 

Ahmed and Smeltzer114 reported slightly different results in oxygen. The kinetics 

comprised two parabolic stages: initially rapid and finally a slower stage. A 

transition period occurred between these two stages. In air, there was an initial slow 

period, before a period of increasing rate. The reaction rate then decreased and 

parabolic kinetics were finally established. In moist oxygen, the initial slow period 

was not distinguished. It was proposed that during the transition period, iron oxide 

nodules were nucleated and after these had coalesced, forming a continuous scale, 

parabolic kinetics were established116• 

Boggs did not comment whether the kinetics obtained were in fact parabolic, but he 

outlined a similar pattern to Ahmed and Smeltzer. That is, there was an initial 

period of decreasing rate, after which the rate increased to a maximum ( during the 

growth of nodules). The rate continued to decrease after this110• 

From the above, it can be seen that iron-aluminium oxidation is a complicated 

reaction system. Selective oxidation of aluminium is possible (if present in sufficient 
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concentration in the alloy), and this results in a protective alumina scale. It would 

seem, however, that these scales are vulnerable to cracking and nodule formation, 

where iron is oxidised instead. It is also apparent that the kinetics are sensitive to 

even small quantities of water vapour. This results in accelerated oxidation. 

The morphologies of scales are best represented by a continuum. At low aluminium 

levels, multilayered scales result because oxide nodules coalesce. As aluminium 

concentration increases, the scale consists of an alumina film, interspersed with iron 

oxide nodules. These oxide nodules gradually disappear as the aluminium reaches 

sufficient levels to allow rapid healing of scale faults and suppression of nodule 

formation. 

2.5.11. Sulfidation of Iron-Aluminium Alloys 

Iron-aluminium sulfidation has been studied in both sulfur vapour117•120 and hydrogen 

sulfide-hydrogen atmospheres121·122, and has been reviewed by Young79• At 

aluminium contents up to about 10 wt%, the scale morphologies reported by most 

investigators were very similar. The scales formed on these alloys were usually 

duplex. The outer scale consisted of FeS, doped with small amounts of aluminium. 

The inner scales were porous and usually consisted of two-phase mixtures of FeS, as 

well as FeA12S4 or Al2S3. 

Different researchers, however, reported different kinetics. Strafford and 

Manifold66•117 studied the sulfidation of an Fe 5wt% Al alloy in sulfur vapour. This 
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was at temperatures of 773-973 K and sulfur pressures of l.3x10·2 and l.3x10·3 atm. 

Linear kinetics were reported, although an early parabolic stage was also noted. 

Strafford and Manifold also sulfidised a series of alloys, at higher temperatures, in 

hydrogen sulfide - hydrogen atmospheres121• The alloys contained 5, 10 and 20 wt% 

aluminium. The atmospheres used were equivalent to sulfur partial pressures of 

2.6xl0-5, l.4x10·3 and 5.5x10·3 atm at 1073, 1173 and 1273 K, respectively.Under 

these conditions, the Fe SAi alloy sulfidised according to a linear rate law at 1073 K. 

At 1173 K, however, a period of rapid linear reaction was followed by catastrophic 

(accelerating) sulfidation. Linear kinetics were also observed when the Fe lOAl alloy 

was exposed to the mixtures at 1173 K. Nevertheless, the rates of sulfidation were 

lower than that of iron sulfidation117• 

Nishida118 also reported duplex scale formation on Fe 3Al, Fe 6Al amd Fe 1 lAl 

alloys. These were exposed to 1 atm sulfur vapour at 823-1173 K. In this st=udy, 

however, the kinetics were described as parabolic. Young79 has suggested that there 

may be an explanation for these apparently conflicting results, as generally Strafford 

and Manifold made kinetic measurements for relatively short periods at high 

temperatures (generally up to about 20 minutes121). In all the above studies, the 

protective effects of aluminium were suggested to be caused by the formation of 

Al2S3• It was thought to have had a blocking effect on outward iron diffusion, thus 

reducing the sulfidation rate. 

Parabolic kinetics were also reported by Patnaik and Smeltzer at 1173 K122• Alloys 
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containing 4.6 and 9.6 wt% aluminium were sulfidised in hydrogen sulfide-hydrogen 

mixtures such that 10~ < p82 < 10-2 atm. The Fe 4.6Al alloy sulfidised to produce 

a duplex scale similar to those described above by Strafford and Manifold121 • 

Precipitates of Al2S3 were also found in the alloy. 

A transition in scale morphology is generally observed at about 10 wt% aluminium. 

In the above study by Patnaik and Smeltzer122, the Fe 9.6Al alloy initially sulfidised 

to produce nodules of FeS and FeA12S4, with internal sulfidation products beneath 

the nodules. These nodules eventually coalesced, forming a layered scale. This scale 

contained a layer of FeS and an inner layer of FeA12S4 , like the low aluminium 

alloy, but a continuous Al2S3 layer also formed underneath these two layers. Platelets 

of Al2S3 extended from this layer into the alloy. This alloy exhibited two parabolic 

stages; the second (slower) stage corresponded to the presence of the continuous 

Al2S3 layer122• 

Strafford and Manifold also observed a nodular scale, during the early stages of 

sulfidation, on the Fe lOAl alloy11 • These grew laterally as well as vertically, thus 

coalescing to produce a duplex scale. The outer layer of this scale was once again 

FeS, while the inner layer was a porous mixture of FeS and Al2S3• This time, 

however, a layer of approximate composition FeS.Al2S3 was found at the alloy-scale 

interface. Unlike Patnaik and Smeltzer122, however, these authors reported that the 

sulfidation followed linear kinetics at 1173 K, and very rapid sulfidation was 

observed at 1273 K111 • 
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The Fe 20Al alloy behaved very differently. It was only at 1273 K that sufficiently 

reliable kinetics could be obtained, as the reaction rate was too slow at lower 

temperatures. The kinetics were essentially parabolic, but three parabolic periods 

were reported, with the parabolic rate constant increasing with time. The outer scale 

was FeS, but severe cracking of the alloy, as well as internal sulfidation, producing 

Al2S3 precipitates, was noted121 • 

Patnaik and Smeltzer studied a series of alloys containing from 3 to 16 wt% 

aluminium at the dissociation pressure of FeS (p82 = l.4xl0-8 atm at 1173 K)119• 

These experiments demonstrated a clear transition from internal to external scale 

growth. The kinetics were parabolic for all alloys. The lowest alloy (2.9%) showed 

internal sulfidation in the form of FeA12S4 platelets. Both internal and external 

sulfidation occurred on the Fe 4.5Al and Fe 9.7Al alloys. The external scales 

consisted of FeA12S4, while the internal sulfide platelets were mostly FeA12S4, with 

Al2S3 observed at the lower edge of the platelet. The Fe 15. 7 Al alloy, by contrast, 

was not sulfidised internally and exhibited an external scale of Al2S3• 

Marker experiments indicated that the outer FeS layer formed by outward cation 

diffusion, but that inward sulfur transport was the mechanism of formation of the 

inner layer122• It was suggested that this inner layer formed by dissociation of the 

outer FeS layer. The sulfur from this dissociation diffused inwards through the alloy 

and alloy-platelet boundaries to form Al2S3• This eventually reacted further with FeS 

to produce FeA12S4• 
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Later studies involving labelled S2 have suggested instead that formation of the inner 

sulfide layer occurs predominantly by penetration of sulfur from outside. It was 

thought that as this inner layer was fairly uniform over the entire sample, the sulfur 

penetrated through microchannels120• 

From the above discussion, it can be seen that the most sulfidation resistant alloys 

owe their resistance to the formation of a continuous Al2S3 layer. It should also be 

noted that except for fairly high aluminium alloys, at low sulfur pressures, it is 

apparently not possible to exclusively sulfidise aluminium 120• 

The question remains as to how aluminium sulfide is apparently able to retard 

sulfidation rates. Aluminium sulfide has a relatively low melting point of 1373 K80• It 

has been pointed out that a temperature of 1073 K is equal to 0.78Tm, where 

reasonably fast diffusion would be possible in an aluminium sulfide layer121 • Most of 

the protective kinetics outlined above were obtained at 1173 K, where diffusion 

would be more rapid. In addition, little is known about defect or transport properties 

of aluminium sulfide79• 

2.5.12. Oxidation-Sulfidation of Iron-Aluminium Alloys 

This has received only scant attention, with studies in sulfur dioxide by Kurokawa et 

al. 123, Jang et al.124 and Goncel et al125• 

Kurokawa et al.84•123 studied the corrosion of alloys containing 1, 3, 5 and 7 wt% 
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aluminium at 1073 K. Sulfur dioxide pressures ranged from 10-3 to 10-2 atm, m 

sulfur dioxide-argon- mixtures. 

The kinetics were found to be parabolic, and the parabolic rate constant decreased 

exponentially with increasing aluminium content. Significant changes in the scale 

morphology were also apparent. Iron in 10-2 atm sulfur dioxide produced a lamellar 

oxide-sulfide scale. The Fe lAl alloy still formed a lamellar scale, but with 

aluminium contents greater than 3 wt%, the lamellar structure was not observed. 

Sulfide was still observed as an internal precipitate, but sulfide in the outer scale 

diminished with increasing aluminium concentration in the alloy. 

It was noted that at similar sulfur dioxide partial pressures, iron also corroded 

according to parabolic kinetics, with two parabolic periods being observed. The first 

parabolic period (with the faster rate constant) was attributed to the growth of the 

lamellar scale. This was not observed for alloys with aluminium contents of 3 wt% 

or greater84. 

It was suggested that the diminution of parabolic rate constants with increasing 

aluminium content was due to the formation of Al2O3 , which retarded outward cation 

diffusion. It was observed that aluminium was also sulfidised, but the possible 

effects of aluminium sulfidation were not discussed84• 

These investigators also reported than preoxidation in 1 atm oxygen had a most 

beneficial effect on subsequent corrosion resistance in sulfur dioxide. The parabolic 
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rate constants were reduced, and sulfide was barely detected on an Fe3Al alloy 

subsequently exposed to 0.01 atm sulfur dioxide. Such benefits did not result from 

preoxidation of iron84 • 

Jang et al. studied the reaction of a series of iron-aluminium alloys, with up to 7.9 

wt% aluminium, at 1158 K124• Sulfur dioxide at 1 atm was used. The reaction 

obeyed parabolic kinetics. 

The scales formed were classified into three groups. On low aluminium alloys (up to 

1.8%), a multilayered scale was formed. The compact outer layer was F~O4, 

although a thin region of aluminium and iron oxide was noted at the base of this 

layer. Underneath this layer was a duplex FeO - FeS layer, while an aluminium and 

sulfur-containing region was adjacent to the alloy. Extensive internal corrosion was 

also noted. 

Nodular scales were observed on alloys with 3.3 - 6.8% aluminium. The nodules 

were simialr to the scales described above. As the aluminium content exceeded 

6.3 % , the region between nodules was covered with a thin Al2O3 scale. Nodule 

formation was not observed on the Fe 7.9Al alloy, except at the specimen edges. 

Like the studies of Kurokawa et al. 84, this investigation reported a decrease in 

parabolic rate constant with increasing aluminium content. The formation of a 

duplex FeO - FeS layer was also suppressed with aluminium additions. 
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Goncel et al. studied the reaction of Fe 5Al and Fe 10 Al alloys in oxygen-sulfur 

dioxide mixtures at 973 K125 • The Fe 5Al alloy corroded to produce a duplex scale. 

The outer scale was mostly Ft!:3O4, while the duplex layer consisted of Al2S3 and 

FeS. There was also considerable internal sulfidation of aluminium. The Fe lOAl 

alloy showed an increased amount of aluminium sulfide within the inner layer, and it 

was believed that the increased amount of aluminium sulfide was responsible for the 

decreased corrosion rate. 

No internal oxidation of aluminium was reported, and aluminium oxide was 

apparently not observed in the product layers. This was a surprising result, given the 

high oxygen potential of the system, and the low dissociation pressure of aluminium 

oxide. 

2.5.13. Oxidation of Iron-Manganese-Aluminium Alloys 

Oxidation of these alloys has previously been of interest because of the possibility of 

these alloys being used as substitutes for chromium- and nickel-containing stainless 

steels126•8• The subject has been reviewed by Jackson and Wallwork127• 

Jackson and Wallwork9 studied a wide range of iron-aluminium-manganese alloys, 

containing up to 40% manganese and 15% aluminium. These were oxidised in 

0.29 atm oxygen, mostly at 1073 K. The kinetics of oxidation were complex and 

parabolic kinetics were not often observed. They divided the alloys into four groups 

based on scale morphology, superimposing these groups on the iron-aluminium-
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manganese phase diagram, to create an "oxide map". This is shown in Figure 2.14. 

Region I contained alloys with low levels of aluminium that were insufficient to 

form alumina scales. The scales were alumina, but also contained oxide nodules. At 

lower manganese levels, the scales formed were similar to those formed on the 

binary alloys. The nodules comprised an outer FeiO3 layer and an inner (Fe,Mn)JO4 

layer. The higher manganese alloys in this group formed nodules also, but these 

nodules were much smaller and contained an outer Mn2O3 layer above the FeiO3 and 

(Fe,Mn)3O4• These also contained continuous alumina or aluminate spinel layers at 

the base of the nodules. These layers were believed to isolate the nodule from the 

alloy at an earlier stage of growth9• 

Region II covered alloys which were duplex in structure, and structural factors were 

believed to be responsible for their poor oxidation resistance. The scales formed on 

the ferrite regions were mostly alumina, but manganese-rich oxides which grew 

through this scale were associated with austenite in the substrate9• 

The most protective scales were formed in Region III. These were alumina scales 

which did not contain manganese oxides (like Region II) or nodules (Region I). 

These alloys were totally ferritic and were in the range Fe (5-lO)Mn (6-10)Al9• 

The alloys in Region IV also formed alumina scales, but these were interrupted by 

small nodules, containing mostly manganese oxide. It was suggested that flaws in the 

initially formed alumina scale were associated with voids in the alloy. The nodules 
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Figure 2.14. Oxide map of iron-manganese-aluminium alloys at 1073 K9• 
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were formed by the reaction of manganese vapour in the void with oxygen9• The 

scales on these alloys spalled badly on cooling, and voids were apparent in the alloy, 

under the spalled areas. An estimate of the reaction rate can be made by considering 

the vapour pressure of manganese. At 1073 K, the vapour pressure of manganese is 

reported to be 2.9x1Q·7 atm103• Assuming that the alloys form ideal solutiions, then 

the pressure of manganese vapour over the alloys can be estimated by multiplying 

the vapour pressure of manganese by its mole fraction in the alloy. For an alloy of 

composition Fe 30Mn 12Al (wt%), the mole fraction of manganese is 0.27. The 

vapour pressure of manganese over this alloy would thus be expected to be 

8xl0·8 atm. Using the Hertz-Knudsen-Langmuir equation35, the flux of gas molecules 

can be calculated as: 

J(X) = 

(2.71) 

where J(X) is the flux in g cm·2 s·1 and M is the molecular weight of X. Using this 

equation, the flux of manganese vapour at 8xl0·8 atm at 1073 K is 8x10·7 g cm·2 s·1• 

The average corrosion rate (over 24 hours) of the Fe 30Mn 12 Al alloy was reported 

as l.6xl0·6 g cm·2 s·1, which is double the calculated impingement rate. However, the 

alloy corroded according to a decreasing rate, so it is certainly feasible that in the 

latter (slower) stages of reaction, the flux of manganese vapour through voids would 

have been sufficient to maintain the observed reaction rate. 
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This study concluded that at moderate aluminium levels, manganese additions 

increased oxidation resistance. They lowered the aluminium concentration necessary 

to form continuous alumina scales. This was interpreted as manganese acting as an 

oxygen getter in the alloy, preventing internal oxidation of aluminium9• 

Lower aluminium levels were required to produce a ferritic structure at higher 

temperatures, and thus the transition to protective oxidation behaviour occurred at 

lower aluminium concentrations at 1273 K. In addition, in ferritic alloys, the 

aluminium required to form an alumina scale decreased with increased temperature. 

This has been attributed to increased aluminium diffusion in ferrite9• 

This study also highlighted one of the main difficulties of using these alloys at high 

temperatures. The most oxidation-resistant alloys are totally ferritic. However, the 

ferritic alloys have poor ductility and toughness. In an effort to obtain austenitic 

alloys, most iron-aluminium-manganese alloys which have been studied have also 

included carbon. 

Sauer et al.128 oxidised an Fe 7 .5Al 32Mn 0.6C alloy in air at 1123 and 1273 K. The 

alloy oxidised non-parabolically at 1123 K to produce a scale of iron and manganese 

oxide, with extensive internal oxidation. Oxidation was also rapid at 1273 K. The 

scale was alumina, but this was penetrated by areas of MnA120 4• 

Prakash and Krishnan129 oxidised some aluminium-manganese steels (also containing 

various levels of carbon and silicon) from 873 - 1073 K, in air. The kinetics were 
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parabolic at 873 and 973 K, but the scales spalled badly at 1073 K. The scales were 

mostly layered, and the most oxidation-resistant alloys, which were ferritic, 

developed inner layers of Al2O3 or FeO.Al2O3• 

Kao and Wan oxidised alloys of composition Fe 5.4Al 1.5Mn 0.58C and 

Fe 5.3Al 3.5Mn 0.53C, in air, from 873-1273K130• The scales formed contained 

mostly iron oxides. At 1073 K, however, the higher manganese alloy showed two

stage parabolic oxidation, where the second stage was slower. This was correlated to 

the formation of an aluminate layer at the base of the scale. At 1273K, both alloys 

oxidised according to parabolic kinetics and, once again, there was a second (slower) 

parabolic stage accompanied by formation of aluminate. 

Overall, it would seem that the original objective of selective oxidation to form an 

alumina scale in these alloys is possible only for select compositions. In addition, 

these compositions correspond to ferritic alloys. In other iron-manganese-aluminium 

alloys, some reduction in oxidation rate is still possible by formation of aluminate 

scale layers. 
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2.5.14. Sulfidation of Iron-Manganese-Aluminium Alloys 

There is little information available on the sulficlation of these alloys. 

Smeltzer et al. 11 sulfidised an Fe 23Al 27Mn alloy, in hydrogen sulfide-hydrogen 

atmospheres, at 973 and 1073 K. The sulfur partial pressures were in the range 

10-9 < p82 < 10·3 atm. Two modes of sulfidation were reported. The first, where 

parabolic kinetics were observed, resulted in a thin scale of a-MnS. This occurred at 

973 Kand also at 1073 K, when p82 < 10-7 atm. 

At higher sulfur partial pressures, this scale failed, exposing the depleted alloy to 

sulfur. This resulted in nodule formation, and the nodules eventually coalesced to 

give a thicker scale. The scale then consisted of (Fe,Mn)Al:zS4 and a-Mn(Fe)S. 

Traces of Al2S3 were also detected at the scale base. The kinetics were also 

different. After an initial slow period, the rate accelerated before slowing again. 

These kinetics were described as sigmoidal11 • 

Quan and Y oung10 studied the sulficlation of a lower alloy steel 

(Fe 4.5Mn 8.8Al 0.36C), also in hydrogen sulfide-hydrogen atmospheres. The 

sulfidation took place at 973 - 1173 K, at 10-8 < p82 < 104 atm. They also reported 

protective kinetics, due to the formation of a-MnS at p82 S 10-7 atm, at 1073 K. As 

was the case for the higher alloy material, these scales also failed at higher sulfur 

pressures, resulting in nodule formation. In this study, the scale was ultmately 

composed of FeA12S4 and FeS. Once more, gas access to a depleted alloy was 
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considered responsible for the nodule formation. 

Another study by Perez and Larpin107, reported a range of kinetic behaviours. These 

alloys contained 30-40 wt% manganese and 2.5-8 wt% aluminium, with small 

quantities of carbon. Their alloys were reacted with sulfur vapour at 8x10-5 atm, in 

the temperature range 873 - 1173 K. 

These authors reported that two kinetic regimes were observed. The first set, which 

were parabolic, were associated with formation of a duplex scale. The outer layer of 

this scale was Fe(Mn)S, surmounting an inner a-Mn(Fe)S layer. Aluminium sulfide 

was detected near the scale-metal interface. The second kinetic mode was rapid and 

was described as "quasilinear". The scale formed was described as a 

microcrystalline mixture of the above sulfides. Either of these two kinetic regimes, it 

was proposed, could occur under nominally identical conditions107• The work of 

Quan and Young10, as well as Smeltzer et al. 11 , suggests that it is certainly possible 

for sulfidation to follow one of two different kinetic regimes. However, they usually 

did not report different kinetic behaviours for replications of individual experiments. 

Southwell and Y oung108 discussed the results of Perez and Larpin 107 with respect to 

iron-manganese sulfidation and found that the quasilinear kinetics could also be 

regarded as an initial non-steady-state period, followed by parabolic kinetics. They 

suggested that some of the reproducibility problems found by Perez and Larpin may 

have been due to the sensitivity of low-pressure sulfur vapour experiments to oxygen 

mgress. 
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2.5.15. Oxidation-Sulfidation of Iron-Manganese-Aluminium Alloys 

Two studies by Tjong131•132 report the oxidation-sulfidation of these ternary alloys, in 

oxygen-sulfur dioxide atmospheres. The lower alloy, of composition 

Fe 21Mn 2.5Al 0.04C, corroded to produce a thick stratified scale. The outer layer 

of this scale consisted of (Fe,Mn)i03, with an inner layer of (Mn,Fe)S and internal 

oxide131 • Greater corrosion resistance was found in an Fe 30Mn 8Al alloy. The outer 

scale was similar, but the inner layer contained a-A120 3, along with possibly Al2S3• 

This inner layer was believed to protect the underlying alloy from internal 

sulfidation, as well as reducing the corrosion rate by limiting outward cation 

diffusion132• 

2.6. CONCLUSIONS 

It can be seen from the preceding sections that, generally, little information is 

available regarding mixed oxidation-sulfidation of the alloys discussed above. The 

great disadvantage of iron and manganese in sulfur dioxide atmospheres was that 

they produced two-phase oxide-sulfide scales, which allowed for rapid diffusion of 

cations. This was also true for iron-manganese binary alloys. 

The information available on aluminium additions to iron suggests that aluminium 

additions may suppress the formation of oxide-sulfide duplex structures in corrosion 

scales. This was thought to be caused by the formation of aluminium oxides at the 
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scale-metal interface. It is already known that the presence of manganese in iron

aluminium alloys reduces the necessary aluminium concentration to achieve selective 

oxidation in iron-base alloys. It therefore seems worthwhile to investigate whether 

aluminium additions improve the oxidation-sulfidation resistance of iron-manganese 

alloys. 
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CHAPTER 3 

EXPERIMENTAL 

3.1. ALLOY PREPARATION 

Alloys were prepared from high purity starting materials. These were electrolytic iron 

(supplied by Materials Research Corporation, 99.95% min), manganese (Alfa 

Products, 99.97% min) and aluminium (Merck, 99.95% min). 

Alloy ingots approximately 25 g each were produced. These were produced by arc

melting, using a non-consumable tungsten electrode, under argon in a small arc 

furnace. Extra manganese was added to compensate for manganese loss from 

vapourisation during the melting. Each alloy was melted a total of four times, with 

inversion of the alloy ingot after each melt. The alloys were annealed at 1273 K, 

under argon, for 24 hours after the melting operations. 

The ingots were then sectioned and a minimum of three sections were mounted in 

cold-setting epoxy resin and polished to a 1-µm finish for analysis. This was done 

using a JEOL 840 Microanalyser Scanning Electron Microscope (SEM), equipped 

with a LINKS Energy Dispersive X-Ray Analysis (EDAX) facility. This was 

calibrated using a nickel standard. Nominal and analysed compositions are shown in 

Table 3.1. Specimen sections were also examined to confirm uniform structure before 

exposure. 
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Table 3.1. Experimental Alloy Compositions 

Nominal Aluminium Manganese Iron 

Composition (wt%) (wt%) 

Fe 5Al 5Mn 4.6 5.4 Balance 

Fe 5Al lOMn 4.4 10.4 Balance 

Fe 5Al 21Mn 4.5 21.0 Balance 

Fe 3Al 32Mn 2.5 31.6 Balance 

Fe 5Al 32Mn 4.5 31.6 Balance 

Fe 8Al 32Mn 7.5 32.6 Balance 
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After annealing, approximately rectangular sample coupons of approximate surface 

area 0.8-1 cm2 and thickness 0.6-0.8 mm were cut using a low speed saw. A small 

hole was drilled towards one end of the sample coupons, to enable suspension of the 

samples on silica hooks in the reactor. These coupons were then abraded on silicon 

carbide papers (up to 1200 grit). The faces of these coupons were then polished on 

3µm and lµm diamond paste pads. Immediately after the lµm polish, the sample 

was degreased in soap and water and ultrasonically cleaned in acetone. The sample 

was then weighed and recleaned in acetone and immediately suspended on a silica 

hook for positioning in the reactor. 

3.2. EXPERIMENTAL CONDITIONS 

Gas mixtures of the required composition were obtained by mixing CO, COi, SO2 

and N2. When these mixtures required low flowrates of CO or SO2, dilute mixtures 

(prepared by Commonwealth Industrial Gases Ltd) of SOi in N2 and CO in CO2 

were used. The stated impurity levels of these gases are given in Table 3.2. All 

gases, with the exception of the chemically pure carbon monoxide and the anhydrous 

sulfur dioxide (which were supplied by Matheson) were supplied by Commonwealth 

Industrial Gases Limited. 

All gases were further dried before use by passing through columns packed with 

"Aquasorb" (supplied by Mallinckrodt). This contained phosphorus pentoxide, 

supported on vermiculite. The anaerobic carbon dioxide was further purified by 
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Table 3.2. Stated impurity levels of supplied gases 

Gas Grade % Purity H2O/ppm Ozfppm 

Carbon Chemically 99.5% min < 10 < 800 

Monoxide Pure 

Sulfur Anhydrous 99.98% min < 150 not reported 

Dioxide 

Carbon Anaerobic 99.95% min < 50 < 50 

Dioxide 

Nitrogen High Purity 99.99% min < 12 < 10 

Oxygen Free 

10.3% CO in Special Gas not applicable < 25 < 50 

CO2 Mixture 

0.452% co Special Gas not applicable < 25 < 50 

in CO2 Mixture 

0.96% SO2 in Special Gas not applicable < 25 < 10 

N2 Mixture 
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passing over a copper catalyst, supported in diatomaceous earth, at 473 K, to 

remove oxygen. Oxygen was removed by the reaction: 

(3.1) 

The gas compositions employed were selected according to their positions on the 

Fe-O-S phase stability diagram, at 1073 and 1173 K. Compositions were chosen that 

were: 

(1) sulfidising but not oxidising to iron (Experiments A and D) 

(2) oxidising but not sulfidising to iron (Experiments B and E) 

(3) both oxidising and sulfidising to iron (Experiments C and F) 

Experiments A - C were carried out at 1073 K; experiments D - F were carried out 

at 1173 K. In addition, two experiments using containing sulfur dioxide and nitrogen 

only, were performed at 1173 K. The input and equilibrium compositions are given 

in Table 3.3. The compositions in this table do not include minority species such as 

SO3, COS and CS2, but the full equilibrium compositions are included in Appendix 

A. The flowrates of each of the gases, used to achieve these compositions, are given 

in Appendix B. 

The equilibrium compositions were calculated by free-energy minimisation. These 

calculations were performed using the CSIRO program "Chemix"133• Figures 3.1 and 

3.2 show these compositions on the Fe-O-S phase diagrams. Also included in these 
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figures are the Mn-0-S and Al-0-S diagrams. These diagrams were drawn using the 

CSIRO program "System"133• 

Superimposing phase diagrams for pure metals has some limitations, as pointed out 

by Giggins and Pettit134• This is of course an approximate approach only, as these 

diagrams depict the phases stable on the pure metals, and it also assumes that the 

corrosion products are pure. It does not take into account any ternary compounds 

such as spinels. However, these diagrams illustrate some useful points. Firstly, the 

most stable oxide by far is aluminium oxide, at both temperatures. Manganese forms 

the most stable sulfide, but as Figure 3.2 demonstrates, the dissociation pressures of 

Al2S3 and MnS are very close at 1173 K. 

3.3. EXPERIMENTAL APPARATUS AND PROCEDURE 

The experimental apparatus, shown in Figure 3.3, consisted of two main parts: 

(1) the spring balance 

(2) the gas control system 

The gas control system used four gas lines. These were 

(1) Pure S02 or a dilute S02-N2 mixture 

(2) Pure CO or a dilute COi-CO mixture 

(3) C02 

(4) N2 
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The flowrates of each gas were controlled with needle valves, and measured using 

calibrated rotameters. The rotameters were calibrated against either a digital 

flowmeter or soap bubble meter, for low flowrates, or a wet test gas meter at high 

flowrates. 

After the mixing point, a three-way valve could be used to direct the reaction gas to 

the reactor or to bypass. After the reactor exit, the gas was passed through a 

scrubbing system to remove sulfurous gases before venting. The scrubbing system 

contained three bubblers. The first bubbler was empty and used in reverse to prevent 

accidental suckback of liquid into the reactor. The second bubbler contained an 

aqueous solution of approximately 15 % sodium hydroxide, while the final bubbler 

contained water. 

The spring balance consisted of a Vycor and Pyrex tube with a winch at the top. 

Suspended from the winch was a spring made of NiSpan-C alloy. Just below the 

winch, two forked positioners enabled the spring to be centrally placed so that it was 

free of the reactor walls. A target was placed on the lower end of this spring and a 

long silica thread was suspended from the end of the spring. The sample was placed 

at the end of the thread. 

A catalyst was used in the hot zone of the reactor to assist equilibration of the gas 

phase. This catalyst was platinum, supported on honeycomb alumina. Furnace 

temperatures were maintained to + 3 K by electronic controllers. The furnace 

controller used on the reaction furnace was programmable, which made it possible to 
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slowly cool the sample after reaction, thus minimising spallation of the scale from 

thermal shock. 

The ground glass joints were sealed with silicone high vacuum grease. Gas lines in 

and out of the reactor were connected through Quickfit screw caps. These were 

sealed with silicone rubber rings and teflon washers. Before reactions were 

commenced, the apparatus was leak-tested as a precaution against ingress of oxygen. 

The main requirement was that the apparatus could maintain a vacuum of 0.05 atm 

approximately two hours, which exceeded the time required for the apparatus to 

reach the reaction temperature. 

The NiSpan-C spring was precalibrated. Small weights were placed on the end of 

the spring and the extension of the spring was monitored by viewing the target with 

a digital cathetometer. The digital cathetometer used was manufactured by Mitutoyo. 

The springs were linear over the weight range 0-0.0220 g. Each time a new spring 

was used, it was calibrated separately, but the sensitivity of each spring was 

approximately 1.6xl0-3 g mm-1• The entire arrangement enabled the detection of 

weight changes of 5xl0-5 g. 

After the freshly-polished sample was placed in the reactor, it was kept in the cool 

zone of the reactor (outside the furnace) during the preparation of the furnace. The 

reactor was first evacuated to approximately 0.1 atm. This vacuum was then 

released by filling the reactor with high purity nitrogen to approximately 0.9 atm. 

This process was repeated twice. This was to eliminate as much oxygen as possible. 
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The reactor was then evacuated to approximately 0.05 atm and then the furnace was 

heated to the reaction temperature ( 1073 or 1173 K). 

During this heating stage, the required gas flows were established, using the needle 

valves and rotameters, on the by-pass line. The gases were mixed for about fifteen 

minutes before the furnace reached the reaction temperature. This was to purge the 

gas lines. 

Once the furnace was stable at the reaction temperature, the pressure in the reactor 

was increased to approximately 0.9 atm with high purity nitrogen. The sample was 

then lowered into the hot zone of the reactor and the position of the spring adjusted 

with the positioning forks, so that it was free of the reactor walls. The pressure was 

then brought to atmospheric pressure with nitrogen. The isolating valve at the 

reactor exit was then opened, allowing purge nitrogen to flow across the reactor, 

below the spring. This isolated the spring from the corrosive gas. Finally, the 

reaction gas was switched from the bypass line to the reactor. The start of the 

reaction was timed from this switching. 

The progress of the reaction was monitored by following the movement of the target 

on the end of the spring, using the digital cathetometer. As the experiment 

progressed and the sample corroded, it gained weight, thus extending the spring. 

The consequent downward movement of the target was followed with the 

cathetometer, and the sensitivity of the spring could be used to determine the weight 

gain. 
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The surface area of the sample was measured prior to the start of the experiment. 

The weight gain per unit area of sample could thus be obtained as the reaction 

proceeded. The experimental results were plotted as the weight gain per unit area 

(WGPUA) against the square root of time. This approach was used, rather than the 

square of the weight gain per unit area versus time, to minimise the errors in the 

weight gain. 

The duration of the experiments varied, according to the corrosion resistance of the 

alloys. Most of the experiments were of about 6 hours' duration, but some continued 

for up to 30 hours. For some experiments with high sulfur partial pressures, it was 

not possible to continue kinetic measurements after about 6 hours, as sulfur 

condensation on the cool part of the reactor walls made it difficult to see the target. 

The reaction was stopped by turning off the supplies of CO, C~ and SO2, while the 

flow of nitrogen into the reactor was increased to flush out the corrosive gas. The 

samples were cooled, in the furnace, under positive nitrogen pressure. The slow 

cooling rate was controlled to 100 K h-1• 

3.4. METHODS OF ANALYSIS 

The corroded samples were analysed by in situ X-Ray Diffraction, in order to 

identify the phases present on the scale surface. Samples were analysed using either 

a Phillips PW1101 X-Ray Diffraction Analyser (at 40 kV and 36 mA) or a Siemens 
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D5000 X-Ray Diffraction AnalyserUnit (at 40 kV and 40 mA). Both these units 

measured the diffraction pattern of Cu-K.x radiation. The phases were identified by 

comparison with the standard ASTM powder diffraction file patterns. 

Some samples were ground back and further analysed by X-Ray Diffraction, to 

identify underlying phases. 

After X-Ray analysis, the samples were mounted in resin, by vacuum impregnation. 

Cold-setting epoxy resin (Araldite LC191, supplied by Ciba-Geigy) was used. After 

setting, the mounted samples were ground back on 320, 600, 1200 and then 4000 

grit silicon carbide abrasive papers. Kerosene was used as a lubricant, to prevent 

hydrolysis of any sulfides present. The last grade of silicon carbide paper ( 4000 grit) 

was used in place of a 6 µm diamond wheel. This was to minimise pull-out of 

sulfides. The final polish was achieved using a 1 µm diamond wheel. The samples 

were then examined using an optical microscope. 

The 1 µm-polished samples were then coated with carbon, prior to examination in a 

scanning electron microscope (SEM). The microscope used was a JEOL 840 

Microanalyser Scanning Electron Microscope (SEM), equipped with a LINKS 

Energy Dispersive X-Ray Analysis (EDAX) facility. 

Some samples were also deep-etched, in order to examine the underside of the scale. 

This was done using an approximately 10 vol % solution of bromine in methanol, to 

dissolve the alloy substrate. After rinsing several times in methanol, these samples 
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were then coated and examined in the SEM. 
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RESULTS AND DISCUSSION 

CHAPTER4 

REACTION OF IRON-MANGANESE-ALUMINIUM ALLOYS UNDER 

SULFIDISING CONDITIONS 

4.1. INTRODUCTION 

This section deals with those experiments that were sulfidising but not oxidising to 

iron, at 1073 K and 1173 K. These experiments were denoted A (at 1073 K) and D 

(at 1173 K). The compositions of gas mixtures A and D were shown in Figures 3.1 

and 3.2, respectively. 

Experiments with the lower manganese alloys were carried out at 1073 K. Later 

experiments, on more resistant alloys, were performed at 1173 K. Parabolic rate 

constants are given in Table 4.1. The values for ~ were found by regression on the 

equation: 

l1W = k t½ + C 
A P 

The first section of the results describes the effects of varying manganese 

concentrations. The second section deals with the effect of aluminium 
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Table 4.1. Parabolic rate constants for iron-manganese-aluminium alloys in 

sulfidising atmospheres, at 1073 and 1173 K. 

Alloy Temperature/K Experiment kJg cm·2 min-½ 

Fe 5Al lOMn 1073 A 2.3xl04 

Fe 5Al 21Mn 1073 A 3x10-5 

Fe 5Al 21Mn 1173 D 1. lxl04 

Fe 5Al 32Mn 1173 D 1. lxl04 

Fe 3Al 32Mn 1173 D 1.9xl04 

Fe 8Al 32Mn 1173 D 1.8x104 
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concentrations. As these effects are difficult to discuss in isolation, the results will 

be discussed together in Section 4.4. 

4.2. EFFECT OF MANGANESE CONCENTRATION 

The kinetics for the Fe 5Al 5Mn alloy, at 1073 K, were very irregular. Some 

experiments proceeded according to approximately parabolic kinetics. However, the 

rates varied between individual experiments, by up to an order of magnitude. Some 

of these kinetic runs are shown in Figure 4.1. The scales formed on this alloy also 

tended to spall badly during cooling. This was despite furnace cooling of the sample 

in an attempt to minimise spallation. 

The scales were similarly complex. The corrosion product consisted of a thin surface 

scale, interspersed with large nodules, as shown in Figure 4.2. The surface scale was 

generally present only as fragments. The composition of these fragments was difficult 

to determine, as they were generally only a few microns thick. Analysis by Energy 

Dispersive X-Ray Analysis (EDAX) revealed that all three metals were present, as 

was sulfur. The sulfur content, however, was insufficient to account for the metal 

concentration, implying the presence of an oxide also. These regions of thin scale 

were rich in aluminium (up to approximately 30 at% Al) and the sulfur concentration 

was approximately equal to the combined iron and manganese. It was therefore 

concluded to be a mixture of (Mn,Fe)S and Al20 3, or possibly an aluminate spinel. 
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(a) 

50µm 

(b) 

50µm 

Figure 4.2. Nodular scales formed on Fe-Mn-Al alloys at 1073K, Experiment A. 

(a) Fe 5Al 5Mn, 6.0 h. 

(b) Fe 5Al lOMn, 5.0 h. 
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The nodules were approximately elliptical in cross-section, and consisted of two 

layers. The interface between these layers roughly coincided with the scale-metal 

interface. The outer layer was single-phased and consisted of large grains of FeS, 

which was confirmed by in situ X-Ray Diffraction Analysis. The inner region 

generally exhibited a fibrous structure, which was two-phased. This was of a 

composition similar to the thin scale described above. The aluminium content varied 

once more (from about 10 to 30 at%), but this inner nodule was richer in iron than 

the thin external scale. The inner nodules were identified as a mixture of (Fe,Mn)S 

and either Al20 3 or aluminate. 

Extensive internal corrosion was observed under these nodules. Owing to the 

fineness of these precipitates, analysis was difficult but they seemed to contain 

aluminium. Sulfur was only occasionally detected. These needles appeared to be a 

continuation of the stringers in the inner nodules. It was concluded that they 

consisted of either aluminium oxide or spinel. Because of the irregular reaction 

product morphology and the correspondingly irreproducible kinetics displayed by 

this alloy, no reaction rate constants are reported. 

Under the same conditions, the Fe 5Al lOMn alloy reaction kinetics showed better 

reproducibility. The kinetics conformed to a parabolic rate, after an initial induction 

period. The average value of the rate constant was 0.23 mg cm-2 min-½, although 

there was a reasonable scatter about the straight line on the parabolic plot shown in 

Figure 4.3. Nodules were still formed on this alloy, and they were of similar 
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Figure 4.3. Kinetic plots for Fe 5Al lOMn and Fe 5Al 21Mn, Experiment A, at 

1073 K. 

148 



structure to those formed on the Fe 5Al 5Mn alloy. Nodule formation on this alloy, 

however, was less frequent. A cross-section of this corrosion product is shown in 

Figure 4.2. 

When the manganese concentration was increased to 21 wt%, the corrosion rate 

conformed to a parabolic law, although it was too slow at 1073 K for satisfactory 

measurement. The kinetics of this reaction are plotted in Figure 4.3. This alloy was 

therefore tested at 1173 K, where the reaction also followed a parabolic time 

dependence, as shown in Figure 4.4. 

The scales formed at both temperatures were similar in appearance, as can be seen 

in Figure 4.5. The scales were mostly single-phased, although a second phase was 

detected at the scale-metal interface by EDAX. This could be distinguished as a 

separate phase at 1073 K (as seen in Figure 4.5(a)), but was not distinguishable at 

1173 K (Figure 4.5(b)). Analysis by EDAX suggested that the bulk of the scale was 

essentially MnS. The average composition of this phase was approximately 48% 

Mn, 1 % Fe and 50% S. This composition did not seem to vary with the 

temperature. The presence of a-MnS was confirmed by in situ X-Ray Diffraction. 

Internal corrosion was not observed. 

The second phase was difficult to analyse by EDAX. The analyses suggested that the 

second phase contained aluminium oxides, either Al20 3 or aluminate spinel. 

Successive X-Ray Diffraction analyses of the ground back scale failed to detect 

Al20 3, but the spinel phase MnA120 4 was detected, as well as Mn30 4• It was thus 

149 



5.-----------------------, 
V 

4 

C\I 
I 

E3 
0 
0) 

(') 
I 

0 ..... 
~ 
a.. 
C, 

:: 2 

1 

0 

0 

V 

0 
V 

0 5 10 

V· 

·v 

y· 

. 
V 

15 20 25 

(time/minf2 

Fe SAi 21 Mn 

~ Fe SAi 32Mn 

.v 

30 35 

V 

,V 

40 45 

Figure 4.4. Kinetic plots for Fe 5Al 21Mn and Fe 5Al 32Mn, Experiment D, at 

1173 K. 

150 



(a) 

10µ.m 

(b) 

10µ.m 

Figure 4.5. Corrosion scales formed on Fe5Al21Mn. 

(a) Experiment A at 1073 K, 8.0 h. 

(b) Experiment D at 1173 K, 5.25 h. 
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concluded that the inner layer was probably aluminate, although it appeared that 

manganese oxide was also present. 

The Fe 5Al 32Mn alloy was also tested at 1173 K. Once more, approximately 

parabolic kinetics were observed, as can be seen in Figure 4.4. The scale in this 

case also consisted of a single layer of ai-MnS. Analysis by EDAX gave an overall 

composition of this phase of approximately 1 % Fe, 49% Mn and 49% S. Close to 

the scale-metal interface, the aluminium concentration increased dramatically, while 

the manganese and sulfur concentrations decreased. The composition was 

approximately 45% Al, 17% S, 22% Mn and 16% Fe. This was consistent with the 

inner layer containing an aluminate spine! such as (Fe,Mn)i04, as well as the MnS 

present in the remainder of the scale. This was not visible as a separate phase in the 

micrograph of this scale, shown in Figure 4.6. This was similar to the scale formed 

on the Fe 5Al 21Mn alloy at 1173 K (Figure 4.5(b)). 

4.3. EFFECT OF ALUMINIUM CONCENTRATION 

In these experiments, the manganese content was held at approximately 32 wt% and 

the aluminium concentration was at levels of 3, 5 and 8 wt%. All three alloys were 

corroded at 1173 K. These alloys all corroded according to a parabolic rate law. The 

kinetics are shown in Figure 4. 7, while cross-sections of the scales are shown in 

Figure 4.8. 
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lOµm 

Figure 4.6. Scale formed on Fe 5Al 32Mn, Experiment D at 1173 K, 6.0 h. 
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(b) 
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20µm 

Figure 4.8. Scales formed under conditions of Experiment D at 1173 K. 

(a) Fe 3Al 32Mn, 6.5 h. 

(b) Fe 8Al 32Mn, 30.0 h. 
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The surface scale formed on the Fe 3Al 32Mn alloy consisted of 01-MnS. The 

overall composition of this layer was 2% Al, 51 % Sand 46% Mn. The scale formed 

on the Fe 5Al 32Mn alloy also consisted of 01-MnS, but EDAX analysis revealed an 

aluminium-containing oxide (thought to be a spinel) at the base of the scale. For the 

Fe 3Al 32Mn alloy, there was no discernible aluminium-containing oxide phase at 

the scale-metal interface. There was, however, extensive internal corrosion 

underneath the MnS scale. No sulfur was detected by EDAX analysis, but the 

fineness of the precipitates made analysis difficult. Some enrichment of alumimium 

and manganese was indicated. One such analysis yielded a composition of 10% Al, 

69% Mn and 20% Fe. The internal corrosion product was thus concluded to contain 

both managnese and aluminium oxides. 

The kinetics for the Fe 8Al 32Mn, shown in Figure 4.7, were approximately 

parabolic. While it appeared that the rate increased towards the end of the reaction 

period (perhaps suggesting linear kinetics), the best fit was obtained from a parabolic 

plot. The Fe 8Al 32Mn alloy also corroded to produce a scale of 01-MnS, but the 

morphology of this scale was slightly different from that formed on Fe 5Al 32Mn. 

The outer scale contained large cracks and numerous voids. The scale also appeared 

to be porous, especially in the region of the cracks, which almost traversed the 

thickness of the scale. The remains of a thin layer, at the base of the external scale, 

can be seen in the micrograph in Figure 4.8. Voids were also observed between this 

inner layer and the external scale. There was an additional layer of corrosion 

product, which protruded into the underlying alloy. 
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The outer layer was still essentially MnS, according to EDAX analyses, although 

small quantities of aluminium were also detected (up to 6 at%). The presence of 

cx-MnS was confirmed by in situ X-Ray diffraction. Some sections of this scale 

(shown in Figure 6.8(b)) may have been two-phased, but it was not possible to 

confirm this from the micrograph. The composition would suggest that if a second 

phase was present, this may have been the mixed sulfide MnA12S4• However, this 

would have been present only in small quantities and may have been missed by in 

situ X-Ray Diffraction. This composition was apparently unrelated to the structure of 

the scale; the composition was identical in the region of the scale cracks. The 

innermost layer, next to the alloy, appeared to be a mixture of Al2O3 and MnS. The 

composition of the layer at the base of the outer scale could not be determined, 

owing to the small quantities present. 

4.4. DISCUSSION 

From Section 4.2, the effects of increasing alloy manganese concentration in these 

atmospheres can be readily seen. As the manganese concentration increased, the 

corrosion scale changed from a scale containing nodules to a thin, protective scale of 

MnS. This was also reflected in the corrosion kinetics. The nodules were associated 

with irreproducible corrosion kinetics which became mostly parabolic as nodule 

formation ceased. 

When the performance of the ternary alloys is compared to that of binary alloys, the 
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beneficial effects of aluminium additions can be clearly seen. Table 4.2 compares 

the corrosion rates, in mixed gases, of binary iron-manganese alloys7, iron

manganese-aluminium alloys, and pure iron88 and manganese101 • These experiments 

were all carried out in CO-CO2-SO2-N2 atmospheres corresponding to point A in 

Figure 3 .1, which was sulfidising to iron, at 1073 K. As can be seen from the table, 

at similar manganese concentrations in the alloys, the ternary alloys showed lower 

corrosion rates, by approximately an order of magnitude. 

In the present study, the Fe 5Al 21Mn alloy formed a product scale of mostly a

MnS at 1073 K. The Fe 25Mn alloy also formed a product scale of MnS7 at 1073 K, 

but the rate constant was much lower for the ternary alloy. It was thought that this 

was due to the blocking effects of the aluminium oxide sublayer on outward cation 

diffusion. The effect of aluminium oxides on blocking outward cation diffusion has 

already been observed in the oxidation of iron-aluminium alloys113•115• 

It is also worthwhile to compare the compositions of scales formed on binary and 

ternary alloys. As the scales formed in the present study are mostly sulfides, it is 

valid to compare these scales with those formed in sulfidation studies. Nishida and 

Narita104 sulfidised alloys containing 12.2, 28.6 and 47.8 wt% Mn in Hi-H2S 

atmospheres, and analysed the scales by Electron Probe Micro Analysis (EPMA). At 

a sulfur partial pressure of 3. lxlo-6 atm at 1073 K, the scales formed on both 

Fe 12.2Mn and Fe 28.6Mn contained only about 4% manganese. The approximate 

composition of the outer scale was 50% S, 46% Fe and 4% Mn. The scale formed 

on the Fe 47.8Mn alloy was mostly MnS, although the manganese concentration fell 
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Table 4.2. Comparison of parabolic rate constants for iron88 , manganese101 , iron

manganese7 and iron-manganese-aluminium alloys, in sulfidising 

CO-CO2-SOi-N2 atmospheres, at 1073 K. 

I 
Material 

I 
kJg cm·2 mm·~ 

Fe 1.31x10"3 

Fe 15Mn 1.71xl0·3 

Fe 5Al lOMn 2.3xl04 

Fe 25Mn 7.18xl04 

Fe 5Al 21Mn 3xl0·5 

Mn 8.04xl04 
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towards the scale-gas interface. 

By contrast, the scales formed in the current study contained at least 46 % Mn, once 

the alloy manganese concentration exceeded 21 % in the alloy. These experiments 

were carried out at similar sulfur partial pressures (p82 = 1.3x10~ atm at 1073 Kand 

p82 =7.6x10-5 atm at 1173 K) to Nishida and Narita's104 experiments. In the current 

study, in CO-CO2-SO2-N2 atmospheres, manganese-rich sulfide scales were thus 

formed on lower manganese alloys. It can therefore be seen that the aluminium

containing oxides, at the base of the scale, were important in slowing outward iron 

diffusion. 

The results for the iron-manganese-aluminium alloys, in these atmospheres, were 

quite similar to those found for the ternary alloys in purely sulfidising (hydrogen 

sulfide - hydrogen) atmospheres10•11 • When protective kinetics were observed in those 

studies, the corrosion product consisted of an outer scale of a-MnS (containing some 

dissolved aluminium), with a sublayer of Al2S3• The sulfidation rate was controlled 

by outward cation diffusion through this layer. Under more aggressive conditions 

(higher sulfur partial pressures and/or temperatures) nonprotective scales, containing 

nodules, were observed. These nodules contained (Fe,Mn)Al2S4 and a-Mn(Fe)S, 

with an outer layer of FeS. The nodules formed in the current study were similar, 

save for the presence of aluminium oxides, rather than the mixed sulfide, within the 

inner nodule. The more protective scales were once again MnS, although the inner 

layer, in the mixed gas, contained aluminium oxides, rather than sulfides. 
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Quan and Young10 explained the mechanism of nodule formation as follows. 

Manganese was initially sulfidised preferentially to form a protective scale. If the 

scale failed, the underlying alloy was then directly exposed to the corrosive gas. If 

the alloy was depleted of both manganese and aluminium, then the protective layer 

could not be re-formed and iron reacted to produce the fast-growing sulfide. The 

inner nodule grew by inward sulfur transport. 

It is plausible that a similar mechanism was applicable in the present case, although 

the effects of the aluminium oxides must be considered. Table 4.3 compares rate 

constants, obtained in gas atmospheres A and D, to those obtained from pure 

sulfidation studies, all at 1073 K. At sulfur partial pressures higher than 10·1 atm, 

parabolic kinetics were not reported in hydrogen sulfide - hydrogen atmospheres10•11 • 

For these sulfur pressures, the lower alloy material (Fe 4.5Mn 8.8 Al 0.36C) 

corroded according to linear kinetics10, while the Fe 23Al 27Mn alloy corroded to 

approximately sigmoidal kinetics11 • 

The parabolic rate constant for the Fe 5Al l0Mn alloy, in the present study, is 

roughly equivalent to those reported in the other studies. This is depsite the fact the 

sulfur partial pressure in the CO-COi-SOrN2 atmosphere (l.3xlo-6 atm) is 

approximately an order of magnitude higher than that of the H2-H2S atmospheres 

where parabolic kinetics were reported. In HrH2S atmospheres where Ps2 > lo-6 

atm, rapid sulfidation of the ternary alloys pressure was reported. Thus the 

formation of oxide in CO-COrSOrN2 atmospheres was an important factor in 

lowering corrosion rates. 
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Table 4.3. Comparison of parabolic rate constants for ternary alloys in 

I Alloy I Ps,latm I kp/g cm-, mm-· I Reference I 
Fe 5Al lOMn 1.3x10-6 2.3xl04 This study 

Fe 23Al 27Mn 10-1 1.3xl04 11 

Fe 4.5Mn 8.8Al 10-1 2.6xl04 10 

(+0.36C) 

Fe 5Al 21Mn 1.3x10-6 3x10-5 This study 

Mn 10-6 5.3xl04 96 
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In the case of the Fe 5Al 2 lMn alloy, the parabolic rate constant was about an order 

of magnitude slower than those obtained in hydrogen sulfide - hydrogen mixtures, 

although manganese sulfide scales were formed in both cases. This suggests that the 

aluminium oxide sub layer, formed in the mixed gas atmosphere, had an important 

effect in reducing the corosion rate. The corrosion rate is also slower than for pure 

manganese, further supporting the argument of blocking by an aluminium oxide 

sublayer. 

The only kinetic data on the sulfidation of the ternary alloys available at 1173 K 

concerns the Fe 4.5Mn 8.8Al O.36C alloy, studied by Quan and Young10. Parabolic 

kinetics were not reported at 1173 K; instead the reaction followed a linear rate law. 

Table 4.4. compares the parabolic rate constants for the ternary alloys in this study, 

at 1173 K, with sulfidation rates of manganese96, iron-manganese108 and iron

aluminium122 alloys. The reaction rate in mixed gases is still slower than the 

sulfidation rate of pure manganese, but comparable to the sulfidation rate of iron

aluminium alloy. 

In Section 4.2, it was found that the distribution of aluminium oxides was heavily 

dependent on alloy composition. Both the Fe 5Al 5Mn and Fe 5Al lOMn alloy 

produced nodular scales, where aluminium oxides were present in the inner nodules. 

Alloys with 21 wt% manganese or more produced scales that were mostly MnS, 

with aluminium-containing oxides at the base of the scales, provided that the 

aluminium concentration in the alloy was at least 5 wt%. The Fe 3Al 32Mn alloy 

contained insufficient aluminium to form external aluminium-containing oxides and 
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Table 4.4. Comparison of parabolic rate constants for ternary alloys in 

CO-COi-SO2-N2 atmospheres with binary alloys and manganese in 

Hi-H2S atmospheres, at 1173 K. 

Material Psiatm k/g cm·2 JDin·½ Reference 

Fe 5Al 21Mn 7.6x10-6 1.lxl04 This study 

Fe 3Al 32Mn 7.6x10-6 1.9xl04 This study 

Fe 5Al 32Mn 7.6x10-6 1.lxl04 This study 

Fe 8Al 32Mn 7.6x10-6 1.8xl04 This study 

Fe 4.6Al 10-6 3.9xl04 122 

Fe 27Mn 7.9x10-s 5.2x10-3 108 

Mn 10-6 5.71xl04 96 
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internal corrosion resulted. It can therefore be seen that the formation of aluminium

containing oxide sublayers depended not only on sufficient reserves of aluminium in 

the alloy, but also on reasonably high manganese levels. 

One possible explanation is that the manganese assisted in the formation of an 

external scale. If a manganese oxide scale was produced initially, the oxygen 

concentration at the alloy-scale interface would be reduced, thus preventing internal 

oxidation of the aluminium. This situation, where one alloy component assists the 

oxidation of another, was described by Wagner as gettering31 and was discussed in 

Section 2.3.4. 

One sample of the Fe SAi 32Mn alloy was prepared and placed in the reactor. The 

reactor was then brought to temperature under vacuum, as for a normal experiment. 

When the furnace temperature was reached, the sample was wound down briefly into 

the hot zone before being winched up again. The scale thus formed was too thin to 

be examined metallographically, but was analysed by in situ X-ray Diffraction. This 

revealed both MnO and Mn3O4• Some preoxidation of the manganese was therefore 

possible, and this may have promoted external oxidation of the aluminium. 

The positions on the phase stability diagrams, for aluminium, of points A (Figure 

3.1) and D (Figure 3.2) are within the Al2O3 stability region. Even if Al2S3 were to 

initially form due to kinetic reasons, the sulfide is unstable and subject to conversion, 

provided that thermodynamic equilibrium is attained: 
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(4.1) 

The experimental finding was that oxide formed rather than sulfide, indicating that 

local equilibrium was in fact achieved. The continued stability of the oxide after it 

had been overgrown by sulfide is an interesting observation. For continued growth 

of manganese sulfide to have occurred, the oxide layer must have still permitted the 

outward diffusion of manganese ions. Little information is available regarding the 

diffusion of cations through alumina or spinels, but the formation of the aluminate 

spinel (Fe,Mn)Al2O4 would have allowed for some outward diffusion of manganese 

to occur. The mobility of iron in spinels is not well-known, although it has been 

reported that iron diffusion in (Fe,Al)iO4 is slower with increasing aluminium135 at 

1653 K. 

The variation in corrosion behaviour with varying aluminium concentration in the 

alloy suggests that there is an optimum aluminium leval. The alloy with 3 wt% 

aluminium clearly contained insufficient aluminium to form an external oxide scale, 

resulting in internal corrosion. The results for the Fe 8Al 32Mn alloy were curious. 

The parabolic rate constant for this alloys was in fact higher than for the 

Fe 5Al 32Mn alloy. It was not immediately apparent why additional aluminium in 

the alloy would have resulted in a deterioration in corrosion resistance. The 

micrograph of this scale, shown in Figure 4.8(b), suggested that a second phase may 

have formed, possibly MnA12S4• This may have been responsible for the increased 
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corrosion rate for Fe 8Al 32Mn. This suggests that the most important effect of 

aluminium additions in lowering corrosion rates was in fact the distribution of the 

reaction product. 

4.5. CONCLUSIONS 

Aluminium additions to iron-manganese alloys were of great benefit in reducing 

corrosion rates in CO-C02-S02-N2 atmospheres which were sulfidising to iron. At 

sufficiently high manganese concentrations, the reaction product was a.-MnS, as was 

previously found for binary alloys. The improved performance of the ternary alloys 

was accounted for by the presence of aluminium oxides at the base of the corrosion 

scale. 
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CHAPTER 5 

REACTION OF IRON-MANGANESE-ALUMINIUM ALLOYS UNDER 

OXIDISING CONDITIONS 

5.1. INTRODUCTION 

In this chapter, the corrosion of iron-manganese-aluminium alloys in oxidising 

atmospheres is discussed. In these atmospheres, F~O4 is the thermodynamically 

stable species. The equilibrium sulfur pressure is insufficient to form FeS. These 

experiments are labelled 'B' in Figure 3.1 (at 1073 K) and 'E' (at 1173 K) in Figure 

3.2. Rate constants for the corrosion of alloys in these atmospheres are set out in 

Table 5.1. 

Experiments on the Fe 5Al 5Mn, Fe 5Al lOMn and Fe 5Al 21Mn alloys were 

performed at 1073 K (Experiment B). The Fe 5Al 21Mn alloy was also tested under 

the conditions of Experiment E at 1173 K, as were the Fe 3Al 32 Mn, Fe 5Al 32Mn 

and Fe 8Al 32Mn alloys. 

5.2. EFFECT OF MANGANESE CONCENTRATION 

To illustrate the effects of manganese on corrosion resistance, the aluminium 

concentration in the alloys was kept constant at approximately 5 wt%., while the 
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Table 5.1. Parabolic rate constants for iron-manganese-aluminium alloys in 

oxidising atmospheres, at 1073 and 1173 K. 

Alloy Temperature/K Experiment k/g cm·2 mm·¼ 

Fe 5Al 5Mn 1073 B 1.74xlQ·3 

Fe 5Al lOMn 1073 B 2.8xl04 

Fe 5Al 21Mn 1073 B N.D. 

Fe 5Al 21Mn 1173 E 1. 78xl04 (Lin) 

Fe 5Al 32Mn 1173 E N.D. 

Fe 3Al 32Mn 1173 E l.46xl04 (Lin) 

Fe 8Al 32Mn 1173 E 2xlQ·5 

Notes: 

(1) N.D. = not determined 

(2) (Lin) = linear kinetics. Rate constants in units of g cm·2 min-1• 
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manganese concentration was varied between 5 and 32 wt%. 

The Fe 5Al 5Mn alloy corroded according to parabolic kinetics under the conditions 

of Experiment B at 1073 K. The kinetic plot for this reaction is shown in Figure 5.1. 

The scale produced was bulky and consisted of two layers, with extensive internal 

corrosion, and can be seen in Figure 5.2. Both the external layers were two-phased. 

The innermost layer consisted of a dark grey matrix, with slightly darker grey 

stringers. These stringers extended into the alloy as internal precipitates. No sulfur 

was detected by EDAX in this layer. The average composition, determined by 

EDAX, of the metals in this layer was (at%) 16% Al, 6% Mn and 78% Fe. 

Voids were observed at the interface between the two layers, and traces of a bright 

material, thought to be FeS, were observed in these voids. The outermost layer was 

free of sulfur outside these voids. The matrix of the outer layer was mid-grey, with 

dark stringers also. The composition of this layer was approximately 20% Al, 7% Mn 

and 72% Fe. Both the layers, and the FeS, were porous. 

The iron-aluminium-oxygen phase diagram at 1073 K has been constructed by 

Elrefaie and Smeltzer136, and is reproduced in Figure 5.3. If the manganese in these 

scales is neglected, it can be seen from this diagram that while alumina exists in 

equilibrium with iron, it is not found in equilibrium with wustite. Wustite, however, 

is at equilibrium with the spinel hercynite (FeA120 4). The inner layer was therefore 

probably FeA120 4 and (Fe,Mn)O. The oxides FeO and MnO form a continuous solid 

solution137• The inner layer was concluded to be aluminate ((Fe,Mn)Al20 4) stringers 
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(a) 

(b) 

Figure 5.2. Experiment Bat 1073 K. 

(a) Fe 5Al 5Mn, 5.0 h. 

(b) Fe 5Al lOMn, 5.0 h. 
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in (Fe,Mn)O. 

The approximate composition of the outer layer was 20% Al, 7% Mn and 72% Fe. 

Once more neglecting the manganese concentration, hercynite is in equilibrium with 

magnetite for mole fractions of iron from 0.51 to 0.76136• However, at the equilibrium 

oxygen pressure of this experiment (9.3x10·12 atm), magnetite is in equilibrium with 

alumina rather than hercynite136• The Fe30 4 was confirmed by in situ X-Ray 

Diffraction, but no Al20 3 was found. It was therefore concluded that the outer layer 

consisted of aluminate stringers in (Fe,Mn)30 4• 

The fineness of the internal corrosion product made EDAX analysis difficult, but 

sulfur was not detected. The precipitates appeared to be aluminium-rich, so it was 

concluded that the product was either alumina or an aluminate spinel. 

The Fe 5Al lOMn alloy also corroded according to parabolic kinetics, although the 

parabolic rate constant decreased from 1.74x1Q·3 to 2.8xl04 g cm·2min·½. The kinetic 

plot for this alloy is shown in Figure 5.1. The corrosion scale that formed on this 

alloy was prone to spallation during cooling. This scale also consisted of two layers, 

with the inner layer extending into the alloy. A micrograph of this scale is shown in 

Figure 5.2. The outer layer of this scale was single phased, containing negligible 

aluminium or sulfur. The composition (determined by EDAX) was approximately 

10% manganese, with the balance iron. This layer was identified as (Fe,Mn)30 4, 

confirmed by in situ X-Ray Diffraction. 
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The porous inner scale was also oxide, although two-phased, and of varying 

composition. Close to the alloy-scale interface, the manganese concentration was up 

to 30 at%, while the aluminium was up to 24 at%. This layer was probably 

(Fe,Mn)Al2O4 in (Fe,Mn)O. The increased aluminium concentration near the alloy

scale interface was consistent with at least a semi-continuous spinel layer at the base 

of the scale. 

The kinetics obtained for the Fe 5Al 21Mn alloy at 1073 K were erratic, and no 

single value of the parabolic rate constant was obtained. Some of these kinetics are 

shown in Figure 5.4. The rate constant for the slow corrosion run was 

approximately 5x10-s g cm·2min·½. The other run shown here appeared to corrode 

according to two parabolic rate periods, with rate constants of 2.5x104 and 

9x10-s g cm-2 min·'\ respectively. 

The scale also tended to spall. The scale that remained on the alloy (seen in Figure 

5.5) consisted of two layers. The outer scale was identified as (Fe,Mn1O4 , with a 

fine dispersion of sulfide in the inner part of this layer. The inner layer was 

apparently free of sulfide, and seemed to contain two separate sublayers. The 

innermost sublayer, adjacent to the alloy, contained approximately 30 at% each of 

manganese and aluminium. The outer sublayer contained less of the alloying 

elements (8% aluminium and 4% manganese). The entire scale probably contained 

(Fe,Mn)O and (Fe,Mn)Al2O4, although the compositions would suggest the inner 

layer is enriched in aluminate. 
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Figure 5.4. Kinetic plots for Fe 5Al 21 Mn, Experiment B, 1073 K. 
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(a) 

20µm 

lOOµm 

Figure 5.5. Fe 5Al 21Mn, Experiments B and E. 

(a) Fe 5Al 21Mn, Experiment B, 1073 K, 6.0 h. 

(b) Fe 5Al 21Mn, Experiment E, 1173 K, 6.0 h. 
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The same alloy reacted very differently under the conditions of Experiment E, at 

1173 K. The reaction proceeded according to a linear rate law. The kinetic plot for 

this alloy is shown in Figure 5. 6. The corrosion product consisted of two layers, as 

can be seen in Figure 5.5. The outermost layer (shown in detail in Figure 5.7) 

contained FeS lamellae in oxide (which was identified as F~O4). These lamellae 

extended across the entire layer to the scale-gas interface. This region also contained 

numerous cracks and voids. 

The inner layer of the scale was two-phased and porous. This is shown in Figure 

5.8. Negligible quantities of sulfur were detected, mostly near the interface between 

the two layers. Most of this layer had the overall composition (at%) of 20% Al, 

20% Mn and 60% Fe. The Fe-Al-O oxygen pressure diagram at 1173 K 

(constructed by Elrefaie and Smeltzer)136 indicates that the spinel and wustite still 

form a two-phased mixture and that once again aluminate spinel, rather than 

alumina, is in equilibrium with wustite. This diagram is shown in Figure 5. 9. The 

dispersed dark grey phase in the inner scale was concluded to be aluminate, in a 

matrix of (Fe,Mn)O. 

Reproducible kinetics could not be obtained for the Fe 5Al 32Mn alloy under the 

conditions of Experiment E, at 1173 K. Some of these kinetic runs are shown in 

Figure 5.10. One of these runs was a good fit on the parabolic plot: the rate constnat 

was equal to 1.8xl04 g cm·2min·½. On the other run shown here, the kinetics 

appeared to be accelerating after an initially slow period. 
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Figure 5.6. Kinetic plot for Fe 5Al 21Mn, Experiment E, 1173 K. 
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20µ.m 

Figure 5.7. Fe 5Al 21Mn, Experiment Eat 1173 K, 6.0 h (lamellar region). 
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SOµm 

Figure 5.8. Fe 5Al 21Mn, Experiment E at 1173 K, 6.0 h (inner scale). 
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Figure 5.9. Fe-Al-O equilibrium oxygen pressure diagram at 1173 K, constructed by 

Elrefaie and Smeltzer136 • 
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The corrosion product, shown in Figure 5 .11, consisted of an external scale, with a 

porous layer underneath, and some internal corrosion. The porous inner layer varied 

in thickness. The outer scale was essentially manganese oxide, although there were 

two phases present: a dark grey phase and a second lighter one. The iron content of 

this scale varied, but was no greater than 4 at%; aluminium and sulfur 

concentrations were negligible. The dark phase was identified as MnO and the 

lighter phase as Mn3O4• The presence of both phases was confirmed by X-Ray 

Diffraction. The porous inner layer was also oxide, which was identified as a 

mixture of aluminate and (Fe,Mn)O. At the base of the external scale was a thin, 

convoluted but continuous layer. This was difficult to analyse, but its apparent 

composition was consistent with the spine! MnA120 4• 

5.3. EFFECT OF ALUMINIUM CONCENTRATION 

The three alloys containing 32 wt% manganese and 3, 5, and 8 wt% aluminium 

showed a great range of kinetics and scale morphologies. These alloys were 

corroded under the conditions of Experiment E, at 1173 K. The lowest aluminium 

alloy (Fe 3Al 32Mn) alloy corroded according to linear kinetics, with a linear rate 

constant of l.46xl04 g cm-2 min-1• The kinetic plot for this reaction is shown in 

Figure 5.12. 

The scale formed on this alloy was similar to that formed on the Fe 5Al 21Mn alloy 

at 1173, and is shown in Figure 5.13. The outer layer (seen in finer detail in Figure 
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Figure 5.11. Fe 5Al 32Mn, Experiment Eat 1173 K, 6.0 h. 
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Figure 5.12. Kinetic plot for Fe 3Al 21Mn under the conditions of Experiment E, at 

1173 K. 

186 



Figure 5.13. Scale formed on Fe 3Al 32Mn, Experiment E, at 1173 K, 6.5 h. 
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5 .14) consisted of a lamellar structure of sulfide and oxide. The outer layer, 

identified by in situ X-Ray Diffraction, contained Mn3O4 and F~O4 • Both these were 

spinel phases and thus many of the peaks were similar. As these samples were 

analysed in situ rather than as powders, it was not possible to distinguish between 

the two. FeS was also detected. This was consistent with a mixture of (Fe,Mn)S in 

(Fe,Mn)3O4• The lamellar structure extended across the entire layer. The inner layer 

of this scale, shown in Figure 5.15, was a porous, two-phased mixture of 

(Fe,Mn)Al2O4 in (Fe,Mn)O. Between these two layers was a thin, semi-continuous 

layer of (Fe,Mn)S. As was found for the Fe 5Al 21Mn alloy, there was also some 

internal corrosion. 

The kinetics for the corrosion of the Fe 8Al 32Mn were parabolic, as shown in 

Figure 5.16, and the scale was mostly single-phase, as shown in Figure 5.17. The 

scale was poorly adherent and spalled during cooling. The micrograph in Figure 

5 .17 thus shows only the portion of scale that actually adhered to the sample. The 

rate constant for this alloy was 2.0xl0-5 g cm-2 min-'A. Both MnO and Mn3O4 were 

identified by X-Ray Diffraction. The bulk of the scale was identified as MnO. A 

sublayer at the base of the scale contained mostly Al2O3 , although MnS was also 

occasional! y detected. 

A blank experiment, using Fe 5Al 32Mn, indicated that MnO could form during the 

heating of the furnace to the reaction temperature. The weight gain during 

preoxidation was less than 0.1 mg, and the resulting scale was too thin to be 

examined microscopically. However, the oxide was identified readily by in situ 
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Figure 5.14. Close-up of outer (lamellar) region of scale formed on Fe 3Al 32Mn, 

Experiment E, at 1173 K, 6.5 h. 
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Figure 5.15. Close-up of inner scale formed on Fe 3Al 32Mn alloy, Experiment E, 

at 1173 K, 6.5 h. 
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Figure 5.16. Kinetic plot for Fe 8Al 32Mn, Experiment E, 1173 K. 

191 



• 
0 

Figure 5.17. Scale formed on Fe 8Al 32Mn alloy, Experiment E, 1173 K, 28.5 h. 

192 



X-Ray Diffraction. 

5.4. DISCUSSION 

In these atmospheres, a wide range of rate laws and scale morphologies can be 

observed. 

A common feature of all the scales formed ( except for that formed on the 

Fe 8Al 32Mn alloy) was a two-phased inner layer of oxide, where one of those 

phases was aluminate. Where the corrosion proceeeded rapidly, this was often 

associated with extensive internal oxidation. Bastow et al. n have suggested that 

where the internal oxide is not stable in contact with the bulk scale, conversion of 

the internal oxide would occur. In this case, if the internal oxide was Al20 3 (which 

cannot exist in equilibrium with FeO), conversion of alumina to the spinel would be 

expected to occur as the scale-metal interface receded. The original distribution of 

alumina would be preserved as the aluminate in the inner scale. 

Alternatively, conversion of the internally precipitated alumina may have occurred 

within the needles themselves. This has been suggested by Ahmed and Smeltzer114 

for the oxidation of iron-aluminium alloys in oxygen at 1173 K. These authors 

reported that a duplex scale of Fei03 and (Fe,Al)30 4 formed above platelets of 

FeA120 4 • The tips of these platelets consisted of Al20 3• They suggested that the scale 

grew mostly by outward cation diffusion, although some inward oxygen diffusion 
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also took place. Inward oxygen transport was thought to occur along grain boundaries 

between the internal oxide and the alloy. Oxygen reacted with aluminium at the 

precipitation front: 

2Al (alloy) + 30 (diss) = Al 20 3 (5.1) 

With further oxidation, the Al20 3 reacts with iron to produde the spinel: 

(5.2) 

Ahmed and Smeltzer114 used pure oxygen in their experiments. Under these 

conditions, therefore, the oxygen potential gradient would have been large and thus 

rapid inward transport of oxygen would have been expected. In the present study, the 

oxygen partial pressures were quite low (9.3x10·12 and 6.9x10·12 atm at 1073 and 

1173 K, respectively) and much slower inward oxygen diffusion would have been 

expected. It was therefore unlikely that conversion of alumina, by inward transport of 

oxygen, through the interface between precipitate and alloy, would have made a great 

contribution. Most of the conversion probably occurred as the iron oxidised and the 

scale-metal interface receded. It was also possible that direct spinel formation 

occurred in the early stages of reaction, without alumina formation. 

At 1073 K, the scale formed on the Fe 5Al 5Mn alloy was different from those on 

the Fe 5Al lOMn and Fe 5Al 21Mn alloys. The major difference was the internal 
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oxidation seen on the low manganese alloy and the apparent accumulation of spinel 

at the alloy-scale interface observed on the other two alloys. 

Because the corrosion scale formed on the Fe 5Al 5Mn alloy contains a matrix of 

essentially iron oxides (if the dispersed aluminate phase is neglected), it is 

worthwhile to compare the parabolic rate constant with that of iron oxidation. 

Davies et al. 46 reported a parabolic rate constant for pure iron of 1.85x1Q-3 g cm-2 

min-½ at 1073 K, in oxygen. This is quite close to the rate constant observed in this 

study on Fe 5Al 5Mn (1. 74xl0-3 g cm-2 min-'n). Thus no significant reduction in 

oxidation rate, compared to pure iron, was obtained. This was because the aluminate 

formed a dispersed phase, rather than a continuous blocking layer. The decrease in 

the parabolic rate constant observed for the Fe 5Al lOMn alloy was probably due to 

the accumulation of aluminium and manganese oxides at the alloy-scale interface. 

The formation of healing aluminate layers at the base of oxide nodules was noted 

previously as an important factor in iron-manganese-aluminium oxidation9• These 

aluminate layers prevented the growth of large, iron-rich oxide nodules9• 

When the behaviour of the ternary alloys, in oxidising conditions, is compared to the 

behaviour of binary iron-manganese alloys in identical atmospheres7 (as shown in 

Table 5.2), some interesting differences are noted. The most obvious difference in 

the kinetic results lies in the rate equations themselves. At 1073 K, the Fe 15Mn 

alloy and pure iron corroded according to linear kinetics. The scales formed on the 

binary alloys (containing up to 25% manganese) and pure iron consisted of a 

lamellar structure of oxide and sulfide7• This was not observed on the ternary alloys 
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Table 5.2. Comparison of rate constants for iron-manganese-aluminium alloys, 

under conditions of Experiment B at 1073 K, with iron-manganese 

alloys7 , iron88 and manganese101 • 

Material k/g cm-2 min->n 

Fe 7.41x10-5(Lin) 

Fe2Mn 2.96x10-3 

Fe 5Al 5Mn 1.74x10-3 

Fe 5Al 10Mn 2.8xl04 

Fe 15Mn 8.29xl0-5(Lin) 

Mn 7.70xl04 

Note: 

(Lin) denotes linear kinetics. Rate constant in units of g cm-2 min-1• 
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at 1073 K, in this study. 

The suppression of the lamellar structure at 1073 K can probably be attributed to the 

effects of the aluminium additions. Gesmundo35 has previously suggested that high 

cation activities at the surface, during the initial reaction of a metal with SOi, permit 

the following direct reaction: 

Fe + S02 (g) = 2Fe0 + FeS (2.59) 

If, however, an aluminium-containing oxide could form upon initial exposure, which 

permitted only slow outward transport of cations, then the surface cation activity 

would fall. If this value fell below the minimum cation activity for the above 

reaction, then formation of the thermodynamically stable phase (in this case, the 

oxide) would be expected. 

Manganese may also be expected to play a role in this initial oxide formation. In 

Section 2.3.4, the gettering effect31 was discussed. It has previously found that for 

aluminium-containing alloys, the presence of a third element, whose oxide is of 

intermediate stability, may promote the formation of an alumina scale at lower 

aluminium concentrations than would be required for the binary alloy25. Jackson and 

Wallwork9 have also suggested that manganese may act as an oxygen getter for iron

manganese-aluminium alloys. 
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In the current study, the action of manganese in promoting an aluminium oxide scale 

(and preventing internal oxidation of aluminium) may also help to explain the 

improved corrosion resistance of the Fe 5Al lOMn alloy. This may account for the 

apparently protective aluminate sublayer found at the base of the scale formed on the 

Fe 5Al lOMn alloy. This was not found on the Fe 5Al 5Mn alloy, despite the 

identical aluminium concentration in the alloys. 

The ability of aluminium additions to suppress the duplex oxide-sulfide structure was 

less evident at 1173 K. The scales formed on the Fe 5Al 21Mn and Fe 3Al 32Mn 

alloys were similar in structure. Both contained an outer scale of a lamellar oxide

sulfide mixture. The inner layer was a two-phased mixture of oxide. 

In both cases, the kinetics followed a linear rate law. A linear rate law is indicative 

of a surface reaction controlling the rate. It is likely that the rate is controlled by the 

surface reaction with sulfur dioxide, according to Equation (2.59). The possibility of 

this reaction can be checked using the Hertz-Knudsen-Langmuir equation. This 

equation calculates the rate of impingement of gas molecules3s: 

(2rtRT) ¾ 
(5.1) 

where J (Xi) is the rate of impingement of gas X2 in g cm·2 s·1 and M is the molecular 
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weight of X2 • Using this equation, it can be calculated that at the equilibrium partial 

pressure of sulfur dioxide in this atmosphere (3.0xlo-4 atm), J(SOi) = 3.lx1Q-3 g 

cm-2 s-1 or 1.9x10-1 g cm-2 min-1• This would be sufficient to account for the 

observed reaction rates of 1. 78xlo-4 and 1.46xl04 g cm-2 min-1 for Fe 5Al 21Mn and 

Fe 3Al 32Mn, respectively. The impingement rate is sufficient even if only one SO2 

molecule in one thousand that impinged on the metal surface actually reacted. 

Assuming unit activity for FeS and FeO, at p802 = 3.0xl04 atm, the minimum value 

for the iron activity necessary for reaction is ape = 2.3x10~. 

Another possibility would be reaction with COS, according to: 

Fe + cos 1g> = FeO + FeS + c (5.2) 

However, when the impingement rate of COS is calculated, at Peas = 5.9xl0-8 atm, 

J(COS) = 3.5x10-5 g cm-2 min-1, which is insufficient to account for the observed 

reaction rate. 

The lamellar structure would allow for fast outward diffusion of cations, so some 

degree of scale-metal separation might be expected. The inner scale may be formed 

by Mrowec's dissociative mechanism20 (described in Section 2.1.3), where the outer 

scale dissociates at the lower edge, releasing oxidant. This oxidant gas then travels 

across the gap, reacting at the metal surface. 

Another mechanism for the formation of the inner layer would be the penetration of 
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gas through the outer scale, possibly through microchannels22•37 • The micrographs of 

the outer scale (in Figure 5. 7) would suggest that cracks could form through the 

outer scale, which would allow for gas penetration even without microchanels. The 

reacting species involved was unclear. 

Provided the surface reaction was continuing at the scale-gas interface, the activity 

there would have been at least aFe = 2.3x10~. If cations were diffusing outwards, 

the cation activity below the scale-gas interface would have been higher than this. 

Therefore, the reaction to produce, say, iron oxide and iron sulfide, by Equation 

(2.59) would have been at least possible. As was already demonstrated by the Hertz

Knudsen-Langmuir calculation, the impingement rate of S02 at the scale-gas 

interface was sufficiently high to avoid significant depletion of SDz in the gas phase. 

The sulfide is of course unstable in equilibrium with this atmosphere and would be 

subject to conversion by the reaction: 

2FeS + S02 (g) = 2Fe0 + S2 (g) (2.5 la) 

If the rate of conversion exceeded the rate of sulfide formation, then an inner scale 

of oxide only may have resulted. Alternatively, it was possible for oxide to have 

been produced by reaction with CO2, for example: 
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Fe + C02 (g) = FeO + co (g) (5.3) 

The reaction with CO2 would appear to be even more likely when the gas 

compositions are considered. The most abundant species in these gas mixtures is 

CO2, at Pco2 =0.88 atm, at both temperatures. By contrast, p802 =2.2xl04 and 

3.0xl04 atm at 1073 and 1173 K, repectively. 

It was quite probable that the inner layer formed by a similar mechanism to that 

suggested for the Fe 5Al 5Mn alloy, where the first reaction was the formation of 

aluminium oxide. Further reaction, as the alloy-scale interface receded, would have 

resulted in conversion of the alumina to (Fe,Mn)AlzO4• 

The higher aluminium alloys (Fe 5Al 32Mn and Fe 8Al 32Mn) formed external 

scales of mostly manganese oxide, although with sublayers of aluminium oxides. 

The appearance of of the inner scale formed on the Fe 5Al 32Mn alloy (shown in 

Figure 5 .11) suggested that this scale was the result of coalesence of oxide nodules. 

This would account for the poor reproducibility of the kinetic results obtained for 

this alloy. Little or no sulfide was observed on these alloys. Small quantities of 

sulfide, at the scale-metal interface, were probably formed as a result of initial 

reaction with SO2• If, however, the aluminium-containing oxides formed at the base 

of the scales slowed outward cation diffusion, then the cation activity at the scale-gas 

interface would fall. This could have resulted in early cessation of the formation of 

oxide-sulfide mixtures. 
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The outer scale formed on the Fe 5Al 32Mn alloy contained patches of a light grey 

material which was identified as Mn30 4 • This is a rather unexpected result, as the 

phase stability diagram for manganese at 1173 K indicates that this phase is not 

stable. In the atmospheres used in this study, the oxygen partial pressure is 

insufficient to form the higher oxide. The oxides MnO and Mn30 4 are in equilibrium 

at 1173 K at p02 = 4.2x10-s atm, whereas the oxygen partial presure in this 

experiment is 6.9x10-12 atm. It was believed that small amounts of aluminium in the 

scale stabilised the M30 4 oxide. The free energy of formation of MnA120 4 at 1173 K 

is -391 kcal, while the free energy of formation of Mn30 4 is -234 kcal at the same 

temperature133 • It might therefore be expected that the dissolution of aluminium 

might lower the dissociation pressure of the oxide. 

It should be noted from Figure 5 .11 that the oxide nodules formed on the 

Fe 5Al 32Mn alloy were relatively small. The formation of small oxide nodules on 

manganese-rich iron-manganese-aluminium alloys, in 0.26 atm at 1073 K, has 

already been noted by Jackson and Wallwork9• These authors proposed that nodules 

were formed from voids underneath cracks in an external alumina scale. The 

manganese oxide-rich nodule formed by the reaction of manganese vapour and 

oxygen within the void. The further growth of the nodule was curtailed by the 

formation of an alumina or aluminate layer at the base of the nodule. Aluminium 

rich oxides were also found at the base of nodules formed in the present study. 

Where no nodules were found, aluminate was still found at the base of the 

manganese oxide scale. 
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The behaviour of the Fe 5Al 32Mn alloy is a dramatic contrast to the Fe 5Al 21Mn 

alloy, which suffered rapid corrosion under the same conditions. The aluminium 

concentration is the same for both alloys. A likely explanation is that the manganese 

was acting as an oxygen getter in the higher manganese alloy, assisting in the 

formation of an aluminate layer at the base of the scale. The Fe 5Al 2 lMn was 

oxidised internally, while the Fe 5Al 32Mn alloy showed only slight internal 

corrosion. The reformation of aluminate was also a factor in preventing the growth 

of large oxide nodules. 

Some preoxidation of manganese also occurred, as a result of the way experiments 

were performed. The blank experiment, performed on the Fe 5Al 32Mn alloy, 

resulted in the formation of a thin layer of MnO over the sample surface. If the 

sample was in an atmosphere of high purity nitrogen, the maximum oxygen partial 

pressure would have been lx10·5 atm. If it is assumed that the manganese oxide 

initially formed is at unit activity, the minimum manganese activity for MnO 

formation is 3.8x1Q·13 at 1073 K and 1.5xl0·11 at 1173 K. Manganese would thus 

have been easily preoxidised. This would have helped to prevent internal oxidation 

of aluminium, due to the gettering effect, discussed in Section 2.3.4. 

The Fe 8Al 32Mn alloy was the only alloy to corrode reproducibly, according to 

parabolic kinetics, in these atmospheres, at 1173 K. The scale was quite thin, as 

shown in Figure 5.17, and was essentially MnO. Fueki and Wagner2 oxidised pure 

manganese in carbon monoxide - carbon dioxide mixtures. For a gas mixture where 

Pcoz=Pco = 100:1, a rate constant equal to 2.2x104 g cm·2 min·'h was obtained. The 
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equilibrium oxygen pressure of this mixture would have been 1.2xl0-12 atm. In the 

current study, the oxygen pressure was 6.9xl0-12 atm, and the rate constant for the 

Fe 8Al 32Mn was 2x10-5 g cm-2 min-'h. The corrosion rate for this alloy is therefore 

an order of magnitude lower than that for pure manganese : a considerable 

achievement. 

The scale did contain traces of sulfide at the base and this seemed to be mostly 

finely dispersed MnS. It was thought that this remained from the initial reaction of 

gaseous SO2 with manganese: 

3Mn + S02 = 2Mn.O + Mn.S (2.68) 

Clearly, this reaction did not occur for long periods, as the oxide-sulfide regions 

were discontinuous. This oxide-sulfide mixture may have also formed later in the 

reaction. If sulfur dioxide had gained access to the alloy via cracks in the oxide 

scale, then the a mixture of sulfide and oxide may have formed by reaction (2.68). 

From the above discussion, it is apparent that the most protective alloys formed 

mostly manganese oxide scales. This is a surprising result, given the high 

thermodynamic stabilty of aluminium oxide. It might be expected that manganese 

oxide would be unstable and converted into alumina by the reaction: 

204 



3Mn0 + 2Al (alloy) = Al 20 3 + 3Mn(alloy) (5.4) 

The equilibrium represented by Equation (5.4) lies heavily to the right. At 1173 K, 

assuming that the oxide phases are of unit activity, MnO is converted when 

(aMJJ3/(aAJ2 < 1.3xl018• For example, if aMn = 0.2, the minimum acivity of 

aluminium required is aA1 = 8x10-11 • The continuing formation of a manganese oxide 

scale must therefore be due to kinetic factors. If manganese oxidises more rapidly 

than it is displaced by aluminium, then the corrosion scale will consist mostly of 

maganese oxide. Continued diffusion of aluminium to the alloy-scale interface may 

result in conversion of manganese oxide to the aluminate spinel. This would 

probably still allow for continued outward diffusion of manganese. 

5.5. CONCLUSIONS 

The addition of aluminium to iron-manganese alloys results in substantial 

improvements in their corrosion resistance in oxidising atmospheres. At 1073 K, 

ternary alloys generally formed oxide scales. Duplex scales, like those formed on 

iron-manganese alloys, were not observed. The initial formation of aluminium 

oxides was thought to be important in suppressing the formation of duplex oxide

sulfide scales, by early establishment of equilibrium at the scale-gas interface. The 

more corrosion-resistant alloys at this temperature formed an inner scale containing 

aluminate spinels, which were concentrated at the alloy-scale interface. 
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Less protective behaviour was observed at 1173 K. A minimum of 5 wt% 

aluminium and 32 wt% manganese was necessary, at this temperature, to prevent the 

formation of a lamellar oxide-sulfide scale. Such a scale allowed high transport rates 

and was not protective. Manganese oxide scales were formed on Fe 5Al 32Mn and 

Fe 8Al 32Mn alloys, but nodule formation on the lower aluminium alloy hindered its 

corrosion resistance. The only alloy which clearly followed parabolic corrosion rates 

was the Fe 8Al 32Mn alloy, where a corrosion rate comparable to that of pure 

manganese was obtained. For both these scales, the formation of aluminium

containing oxides at the base of the scale was important. 
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CHAPTER 6 

REACTION OF IRON-MANGANESE-ALUMINIUM ALLOYS UNDER 

OXIDISING-SULFIDISING CONDITIONS 

6.1. INTRODUCTION 

This chapter concerns those experiments that were both sulfidising and oxidising to 

iron, at 1073 K and 1173 K. These experiments were labelled C (at 1073 K) in 

Figure 3.1 and F (at 1173 K) in Figure 3.2. 

Experiments with alloys containing 5, 10 and 21 wt% manganese were performed at 

1073 K. More resistant alloys (with 21 and 32 wt% manganese) were corroded at 

1173 K. The first section of the results describes the behaviour obtained with various 

manganese concentrations, with a constant aluminium concentration in the alloy. The 

next section describes the reverse, where the aluminium concentration was varied 

and manganese was kept constant. These results are discussed together in Section 

6.4. Table 6.1 contains the rate constants obtained for these experiments. Rate 

constants, for parabolic kinetics, were obtained by regression on the equation: 

llW = k t'n + C 
A ,:, 
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Table 6.1. Parabolic rate constants for iron-manganese-aluminium alloys in 

sulfidising-oxidising atmospheres, at 1073 and 1173 K. 

Alloy Temperature/K Experiment k/g cm·2 m.in·"n 

Fe 5Al 5Mn 1073 C 1.21x10-3 

Fe 5Al 21Mn 1073 C 1.5xl04 

Fe 5Al 21Mn 1173 F 1.lxl04 

Fe 5Al 32Mn 1173 F 4.0xl04 
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6.2. EFFECT OF MANGANESE CONCENTRATION 

The Fe 5Al 5Mn alloy corroded according to parabolic kinetics, under the conditions 

of Experiment C at 1073 K. A parabolic plot of the kinetics for this reaction is 

shown in Figure 6.1. The scale formed on this alloy is shown in Figure 6.2. This 

scale consisted of three layers, with extensive internal corrosion underneath. The 

innermost layer was porous and contained stringers of a dark grey material, in a 

mid-gray matrix. These stringers appeared to extend into the alloy as internal 

precipitates. The average composition of this layer was approximately (in atomic % ) 

18% Al, 7% Mn and 75% Fe. The Fe-Al-O phase diagram (due to Elrefaie and 

Smeltzer136), indicates that hercynite, rather than alumina, forms a two-phased 

mixture with wusite at 1073 K. This diagram was shown in Figure 5.3. It was 

concluded that the inner layer was FeA12O4 in (Fe,Mn)O. 

The middle layer of this scale was also porous and was essentially FeS. This layer 

was surmounted by a single-phase, compact outer layer which was identified as 

(Fe,Mn)3O4 (containing about 6 at% Mn). The presence of F~O4 was confirmed by 

in situ X-Ray Diffraction. The outermost layer was separated from the remainder of 

the scale by voids, although it was uncertain whether this separation occurred during 

cooling from rection temperature. 

Deep etching of cross-sections in methanolic bromine revealed that the internal 

precipitates were oxides, containing high concentrations of aluminium, although iron 

was also found. These precipitates (seen as platelets) were concluded to be either 
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Figure 6.1. Kinetic plots for Fe 5Al 5Mn and Fe 5Al 21Mn, Experiment C, 

1073 K. 
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(a) 

SOµm 

(b) 

SOµm 

Figure 6.2. Scale formed on Fe 5Al 5Mn alloy, Experiment C, 1073 K, 6.6 h. 

(a) Cross section. 

(b) SEM image of underside of deep-etched scale, showing internal 

precipitates. 
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alumina or FeA120 4• A micrograph of the precipitates revealed by etching is shown 

in Figure 6.2. 

The Fe 5Al lOMn alloy behaved quite differently. The kinetics showed poor 

reproducibility. Some of the replications conformed to a parabolic rate law, while 

others showed an increased corrosion rate after a period of apparently slow kinetics. 

Some of these runs are shown in Figure 6.3. 

The corrosion product on this alloy consisted mostly of nodules, which is shown in 

Figure 6.4. These nodules were similar, in both appearance and composition, to the 

layered scales formed on the lower manganese alloy. Once again, the outer scale 

was identified as (Fe,Mn104• The thin scale on the regions between these nodules 

spalled readily, and little remained on the sample. The thin scale at the edges of the 

nodules seemed to be mostly manganese oxide. 

The corrosion rate slowed considerably when the manganese concentration in the 

alloy was increased to 21 wt% . A kinetic plot for this alloy was shown in Figure 

6.1. The kinetics were parabolic, like those for the Fe 5Al 5Mn alloy, but the 

parabolic rate constant decreased by almost an order of magnitude from that of the 

lower alloy material (l.21xl0-3 to 1.5xl04 g cm-2 min-'h) The scale morphology also 

apparently changed. The scale spalled readily, and only small fragments of scale 

were visible, as shown in Figure 6.4. What remained was single-phase and was 

identified as MnO by in situ X-Ray Diffraction. 
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Figure 6.3. Kinetic runs for Fe 5Al lOMn alloy, Experiment C, 1073 K. 
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(a) 

(b) 

20µm 

Figure 6.4. Scales formed under conditions of Experiment C, 1073 K. 

(a) Fe 5Al lOMn, 5 .5 h. 

(b) Fe 5Al 21Mn, 6.0 h. 
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The Fe 5Al 2 lMn alloy was also tested under the conditions of Experiment F, at 

1173 K. The kinetics of this reaction were still parabolic (as can be seen in Figure 

6.5), although the rate constant was slightly lower at this temperature. The product 

scale also spalled readily in this case. The bulk of the scale seemed to be manganese 

oxide, confirmed by in situ X-Ray Diffraction as MnO. Small nodules were also 

observed, as shown in the micrograph in Figure 6.6. The outermost layer of this 

nodule (above the alloy-scale interface of the surrounding area) was still manganese 

oxide. The lower, lighter-coloured region of the nodule contained both manganese 

and aluminium but also some sulfur. The overall composition of this layer was 

approximately 18% Al, 30% S, 49% Mn and 3%. This material was concluded to 

be MnO and MnS, as well as aluminium-containing oxide. It was unlikely that this 

oxide was alumina, as it has been reported that MnO reacts with Al20 3 to form 

aluminate (MnA12O4)138 • It was therefore concluded that the aluminium was present 

as MnAl2O4. 

The Fe 5Al 32Mn alloy also corroded according to parabolic kinetics at 1173 K, and 

this kinetic plot is included in Figure 6.5. The scale, shown in Figure 6.6, consisted 

of two layers. The outermost layer contained regions of light and dark grey material. 

There were also pores and fissures visible in this scale. This outer layer did not 

appear to contain aluminium, according to EDAX analysis: its average composition 

was approximately 80-90 at% manganese, with the balance being iron. The phases 

Mn30 4 and MnO were both identified by in situ X-Ray Diffraction. The dark phase 

was therefore identified as (Mn,Fe)O and the lighter phase as (Mn,Fe)JO4. 
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(a) 

(b) 

Figure 6.6. Experiment F, 1173 K. 

(a) Fe 5Al 21Mn, 6.1 h. 

(b) Fe 5Al 32Mn, 20.0 h. 

20µm 

20µm 
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The inner layer of this scale was very porous and a small degree of internal 

corrosion was also evident. This layer contained mostly manganese and aluminium

containing oxides (the latter probably MnA12O4), although traces of a brighter phase 

were occasionally detected. In these regions, the composition, determined by EDAX, 

was consistent with a mixture of MnS and MnO. 

6.3. EFFECT OF ALUMINIUM CONCENTRATION 

Under the conditions of Experiment F, the Fe 3Al 32Mn alloy showed complex 

kinetic behaviour. In most of the replicate experiments, the kinetics were 

approximately parabolic, but the rate varied. In the examples shown in Figure 6. 7, 

the rate constant had the values 8.5xl04 and 2.52x10-3 g cm-2 min-'h. 

The corrosion scale morphology was also complex. Some areas of the alloy were 

covered in little or no scale, indicating extensive scale spallation. In other areas of 

the sample, a thick, multilayered scale was found. This was not present as nodules, 

but spread over reasonably wide areas. This scale is shown in Figure 6.8. 

The innermost region of the scale was two-phase and porous, with internal corrosion 

at the base of the scale. The average composition of this region, determined by 

EDAX, was approximately (at%): 10% Al, 30% Mn and 60% Fe. This was 

concluded to be a mixture of (Fe,Mn)AliO4 in a matrix of (Fe,Mn)O. This was 

surmounted by a lighter-coloured porous layer of composition 23 % Mn manganese, 

27% iron and 49% sulfur. This composition lies within the range of a single-phase 
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Figure 6. 7. Kinetic results for Fe 3Al 32Mn, Experiment F, 1173 K. 
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Figure 6.8. Scales formed under conditions of Experiment F, 1173 K. 

(a) Fe 3Al 32Mn, 5.0 h. 

(b) Fe 8Al 32Mn, 5.0 h. 
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solid solution of a-Mn(Fe)S, according to the pseudobinary FeS - MnS studies by 

Nishida et al6• Between these two layers, there was a transition zone which 

contained both oxide and sulfide. 

The remainder of the scale was separated from this inner region by large voids. The 

two outermost layers were both single-phase, and sulfide-free. The outermost layer, 

which was thinner, had the approximate composition of 70% Mn and 30% Fe. The 

inner layer was a darker grey. Its composition varied from the above composition, at 

the interface between the two layers, to 30% manganese and 70% iron at the inner 

edge. The Fe-Mn-O phase diagram at 1173 K, constructed by Pelton and 

Thompson139, and reproduced in Figure 6.9, indicates that there are two M 30 4 

phases present : the cubic spinel and tetragonal hausmannite, with limited miscibility 

between phases. The upper limit of manganese of the spinel phase (Fe,Mn1O4 

occurs at about 70 % manganese. It was therefore concluded that the inner layer was 

the spinel (Fe,Mn}3O4 , while the outer layer was (Mn,Fe}3O4 (hausmannite). The 

identity of the outermost layer was confirmed by in situ X-Ray Diffraction. 

The kinetics for the Fe 8Al 32Mn alloy were parabolic but irreproducible, as shown 

in Figure 6.10. No single rate constant could be determined under these conditions, 

although the kinetics were very slow. The apparent values of the parabolic rate 

constant varied between 6x10-s and 1.4xl04 g cm-2 min-v.. The scale formed on this 

alloy also spalled badly during cooling. The corrosion product, shown in Figure 6.8, 

consisted of two layers. The outermost layer was single-phase MnO, identified by in 

situ X-Ray Diffraction. The inner scale layer consisted of a mixture of oxide and 
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sulfide. A typical composition of this region was 19% Al, 31 % S, 34% Mn and 

16% Fe. This layer was therefore concluded to be a mixture of (Mn,Fe)S, MnO 

and (Fe,Mn)Al2O4• A thin, dark layer was observed at the scale-metal interface, but 

it was not possible to determine its composition by EDAX. 

6.4. DISCUSSION 

In oxidising-sulfidising atmospheres, there were two main types of scale formed on 

iron-manganese-aluminium alloys. The first type was a thick,bulky scale, which was 

associated with high corrosion rates. The second type was a more protective scale of 

manganese-ricn oxide. 

The first type of scale observed was a thick, layered scale. This was observed on 

Fe 5Al 5Mn at 1073 K (Experiment C, Figure 6.2) and Fe 3Al 32Mn at 1173 K 

(Experiment F, Figure 6.8(a)). These scales were quite similar, although the in the 

case of the latter alloy, the scale was not observed over the entire sample. In both 

cases, there was an outermost oxide layer, a middle layer of porous sulfide and an 

inner, two-phase oxide scale. 

These scales also partially resembled those formed on iron-manganese alloys 

reported by McAdam and Young7• It was reported that Fe 2Mn, Fe 15Mn and Fe 

25Mn alloys all corroded in these atmospheres to produce multilayered scales. These 

contained an inner layer of oxide, surmounted by a lamellar oxide-sulfide layer. The 
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outer layer was oxide. An alloy of composition Fe 50Mn produced a similar scale, 

but an additional layer of sulfide was observed at the base of the lamellar region. 

There was also an extra layer of manganese-rich oxide at the scale-gas interface. 

The most noticeable difference between the scales formed on the binary7 and ternary 

alloys, in these atmospheres, was the absence of a lamellar layer in the latter. This 

would have had an important effect on corrosion rates. It was found for binary iron

manganese alloys7, that the lamellar structure was the result of direct reaction with 

sulfur dioxide: 

3Fe + S02(g) = 2Fe0 + FeS (2.59) 

The continuous sulfide network resulted in enhanced outward cation diffusion. The 

presence of aluminium in the ternary alloy may have suppressed the formation of a 

lamellar structure. If an aluminium-containing oxide formed, which allowed only 

limited cation diffusion, then the surface cation activity may have been below the 

minimum required for reaction (2.59) to occur. Kurokawa et al. 84 also found that 

aluminium additions to iron suppressed sulfide formation, suggesting that this may 

have been due to formation of Al20 3, which had only low cation diffusivity. 

Both the Fe 5Al 5Mn and Fe 3Al 32Mn product scales contained a layer that was 

essentially sulfide; this layer was also observed on the Fe 50Mn alloy, reported by 

McAdam and Young7• Figure 6.11 shows a scale formed on Fe 5Al 5Mn after only 
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Figure 6.11. Scale formed on Fe 5Al 5Mn, Experiment C, 1073 K, after 10 min. 
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10 minutes' exposure, where both the sulfide and inner oxide layers are clearly 

visible, indicating that both these layers were formed early in the reaction. 

Comparison with Figure 6.2(a) would suggest that formation of the inner oxide layer 

continued at later times, but it is apparent that much of the sulfide layer formed 

quite early in the reaction. 

The sulfur pressures of these gas mixtures were sufficient to form both FeS and 

MnS, but both these sulfides were unstable with respect to their corresponding 

oxides. However, if scale-gas equilibrium was not achieved, and the rate of sulfide 

formation exceeded the rate of conversion, the metastable sulfide may have been 

preserved by the growing scale. It might be expected that this sulfide was formed by 

reaction with molecular sulfur. However, the equilibrium gas partial pressures of 

sulfur and sulfur dioxide suggests that this was not the sole reactant. The partial 

pressures of sulfur were much lower than those of sulfur dioxide, by around five 

orders of magnitude, as shown in Table 6.2. 

It was not clear why only sulfide was formed, as opposed to an oxide-sulfide 

mixture. McAdam and Y oung101 have suggested that the presence of molecular sulfur 

assists in nucleating the initially-formed sulfides. 

The innermost layers of these scales were two-phased oxides, like those formed 

under oxidising conditions. It is believed that the aluminate in the inner layer was 

originally alumina, but was converted to aluminate as the scale-alloy interface 

receded. The original pattern of internal precipitation would thus have been retained 
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Table 6.2. Equilibrium gas partial pressures for Experiments C and F. 

Experiment Temperature/ Psoiatm Psiatm Poiatm 

K 

C 1073 7.3x10-2 l.9x10~ 8.4xl0-13 

F 1173 l.0xlo-1 2.8x10~ 3.lx10-11 
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in the inner scale. This was dicussed previously in Section 5.4, for the scales formed 

in oxidising atmospheres. This mechanism was suggested by Bastow et al27• 

The scale formed on the Fe 3Al 32Mn alloy displayed an additional layer adjacent to 

the scale-gas interface, which was identified as hausmannite, while the rest of the 

outer oxide scale was the spinel (Fe,Mn)J04• As hausmannite is richer in manganese 

than the spinel phase, it seems likely that enhanced diffusion of manganese (relative 

to iron) occurred through the outer scale. 

Enrichment of manganese, at the scale-gas interface, has also been noted by Jackson 

and Wallwork103, in studies of iron-manganese oxidation. In those studies, layers of 

Mn30 4 and Mn20 3 were observed outside a layer of Fei03• In the current study, 

Fei03 would not be expected to form, nor would Mn20 3• However, the Fe-Mn-0 

phase diagram at 1173 K, constructed by Pelton and Thompson139, shown in Figure 

6.9, indicates that the hausmannite and spinel phases could coexist at oxygen partial 

pressures down to approximately p02 = 10·11atm. The equilibrium partial pressure of 

oxygen for Experiment Fat 1173 K was p02 = 3.lx10·11 atm. McAdam and Young7 

also observed enrichment of manganese in the outer oxide scale formed on an Fe 

50Mn alloy, in CO-COrSOrN2 atmospheres, at 1073 K. The formation of a 

manganese-rich M30 4 phase, outside a spinel phase (Fe,Mn)30 4 , was therefore 

consistent with earlier observations of iron-manganese alloys. 

The other extreme in corrosion behaviour in these atmospheres was the formation of 

a mostly manganese oxide scale. This was observed for Fe 5Al 21Mn, Fe 5Al 32Mn 
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and Fe 8Al 32Mn. Some deviation from this pattern was found in the case of the 

Fe 5Al 21Mn alloy under the conditions of Experiment F, at 1173 K, where small 

nodules were still occasionally observed, above what appeared to be partially filled 

voids. The outermost oxide was still manganese oxide, but sulfide was observed 

within the void. The material in the void appeared to be a mixture of MnO and MnS, 

as well as aluminate (MnA120 4). 

Similar scales to those formed on Fe 5Al 21Mn at 1173 K have been reported by 

Jackson and Wallwork9 for oxidation of manganese-rich iron-manganese-aluminium 

alloys. Initially, a protective oxide scale was formed, but cracks developed in this 

scale above voids in the alloy and oxygen reacted with manganese vapour in the 

void. Eventually, interdiffusion of aluminium through the alloy to the base of the 

void resulted in the formation of a healing layer of (Fe,Mn)Al20 4, which reduced 

outward cation diffusion, thus inhibiting further nodule growth. 

It was argued by Jackson and Wallwork that reaction with manganese vapour was 

likely to be significant, owing to the high relatively high vapour pressure of 

manganese. Most of their experiments were conducted at 1073 K, where the vapour 

pressure of pure manganese was reported to be 2.9x10-7 atm103• At 1173 K, the 

vapour pressure of pure manganese is higher still (estimated by the CSIRO progam 

"Vapour" to be 2.6x10-5 atm133), and this mechanism would be even more readily 

available. Using the Hertz-Knudsen-Langmuir equation35 (Equation 2.71), the flux of 

managanese vapour over the Fe 5Al 21Mn alloy can be estimated to be 

5x10-5 g cm-2 s-1, or 3x10-3 g cm-2 min-1• This would quite clearly be sufficient to 
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allow a parabolic reaction rate of 1. lxl04 g cm-2 min-½ (Table 6. l)to continue, 

despite void formation. 

The formation of sulfide, within the void, observed in the current study, could be 

explained by the reaction: 
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3Mn<gl + S02 (gl = 2Mn0 + MnS (6.1) 

The source of the SO2 for the above reaction was uncertain. The gas may have 

gained access through cracks in the outer scale. Alternatively, it may have 

penetrated through microchannels. The penetration of sulfur dioxide, through 

microchannels, through an iron oxide scale, has previously been suggested by 

Gilewicz-Wolter37• 

It is uncertain how applicable this mechanism was in the current study (especially 

with respect to the Fe 5Al 21Mn alloy at 1173 K). As the scale formed on the 

Fe 5Al 21 Mn alloy did not appear to be cracked, it was unlikely that gas ingress 

through cracks was a major contributor to reaction rates. However, if scale-metal 

separation did occur, then the high vapour pressure of manganese would mean that 

outward transport of manganese could continue. In these cases, scale-metal 

separation would not necessarily mean a cessation of the reaction. It was also 

possible that the observed partially filled voids were originally completely filled 

inner nodules, where later removal of the material had occurred as a result of 

metallographic damage. 

These interpretations of the scale morphologies formed on the Fe5Al21Mn alloy 

must stil be viewed with some caution, in view of the fact that only small areas of 

the sample retained significant quantities of scale. Scale losses of up to 

approximately 90 % were frequently observed. The actual kinetic plots seem to be 
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fairly uniform, so it would seem that the spallation occurred during cooling after 

reaction. 

The surface of the Fe 5Al 32Mn alloy (Figure 6.6 (b)) was covered in a scale of 

mostly uniform thickness. The outer layer was sulfide-free, but some sulfide 

(probably MnS) was observed in the porous inner layer. It is doubtful that alumina 

was present as a continuous layer at the base of this scale, although aluminium was 

detected. If a continuous alumina sublayer was present, a substantially reduced rate 

constant would have been expected. Ahmed and Smeltzer114 reported the formation 

of a continuous alumina layer at the base of a scale formed on an Fe 5Al alloy, after 

extended reaction times. The rate constant, at 1173 K and in pure oxygen, was 

equivalent to l.4xl0-5 g cm·2 min·'h. This is one order of magnitude less than that 

obtained in the present study (4.0xlo-4 g cm·2 mm·'h). In any case, the continued 

stability of alumina would have been inconsistent with continued outward diffusion 

of manganese, as manganese oxide reacts with alumina to form the spinel 

MnA120 4138• 

The rate constant obtained for this alloy is comparable to that obtained by Fueki and 

Wagner92 for manganese oxidation in carbon monoxide-carbon dioxide mixtures. As 

seen in Table 6.3, the rate constants for the Fe 5Al 32 Mn and Fe 5Al 21Mn alloys, 

in the oxidising-sulfidising atmospheres in the current study, are comparable with the 

manganese oxidation rates reported by Fueki and Wagner92 • 

The inner scale formed on the Fe 5Al 32Mn alloy may have been a result of gas 
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Table 6.3. Comparison of parabolic rate constants for iron-manganese-aluminium 

alloys, in oxidising-sulfidising atmospheres, with manganese oxidation92, 

at 1173 K. 

Material Poifatm kp/g cm·2 mm·½ 

Mn 1.2xl0·12 2.2xl04 

Fe 5Al 21Mn 3. lxlo·11 1. lxl04 

Fe 5Al 32Mn 3. lx10·11 4.0xl04 
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access to the base of the scale. This could have been possible through 

microchannels, although the outer oxide scale also contained pores and fissures. The 

formation of manganese sulfide could once again be explained by direct reaction of 

sulfur dioxide, according to: 

3Mn + S02 (gl = 2Mn0 + MnS (2.68) 

The diffusion of aluminium to the scale-metal interface would have resulted in 

formation of aluminate, although a slowing of the reaction rate may not have 

occurred immediately. It may have taken some time for sufficient accumulation of 

aluminate to constitute a barrier to outward cation diffusion. The access of the gas 

phase through fissures may also help in accounting for the presence of (Mn,Fe)J04 

throughout the scale thickness. 

Figure 3.2 indicates that at the composition of Experiment E, the thermodynamically 

predicted phase on pure iron was F~04, and on pure manganese, MnO. The Fe-Mn-

0 phase diagram, by Pelton and Thompson139 (shown in Figure 6.9) indicates that a 

two-pase region of (Fe,Mn)O and (Fe,Mn)J04 may be stable. The lighter lines on 

this diagram indicate observed phase boundaries; the darker ones correspond to 

calculated phase boundaries. The composition of the scale formed on the Fe 5Al 

32Mn was found to be 80-90% Mn, with the balance being iron. The Fe-Mn-0 

pahse diagram indicates that at 80% Mn, the two-phase mixture is stable at 

approximately p02 = 10-13 atm. For Experiment E, p02 = 3. lxI0-11 atm. This was 
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one possible explanation for the formation of the MO and M30 4 phases in the scale. 

An anltemative explanation would have been related to crack formation. If cracks 

appeared in the scale, and the gas phase penetrated these cracks, then the higher 

oxide may have been stabilised in the vicinity of these cracks. This would have 

allowed the formation of the M30 4 phase, even within the interior of the scale. 

The outer scale formed on the Fe 8Al 32Mn alloy was essentially compact MnO, 

although sulfide was still present in the inner scale. The rate constant apparently 

decreased. The relatively poor performance of the Fe 5Al 32Mn alloy (with respect 

to Fe 5Al 21Mn and Fe 8Al 32Mn) may be related to alloy phase constitution. 

Figure 6.12 shows the 1033 K section of the iron-manganese-aluminium alloy phase 

diagram140• As this diagram shows, the compositions Fe 5Al 21Mn and 

Fe 8Al 32Mn both lie in a two-phase region of austenite and ferrite. The 

Fe 5Al 32Mn alloy, however, is completely austenitic. It has been previously found 

that ferritic iron-manganese-aluminium alloys show superior oxidation resistance, 

owing to the enhanced aluminium interdiffusion in ferrite9• 

Considering the performance of the ternary alloys, overall, in these atmospheres, 

there were two main types of scales. The first was where a thick scale was formed, 

such as that found on the Fe 5Al 5Mn alloy. The higher manganese alloys 

(containing at least 21 wt% manganese) generally produced manganese oxide scales, 

although these scales also contained sublayers with aluminate and some sulfide. 
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Figure 6.12. Iron-manganese-aluminium phase diagram at 1033 K, by Schmatz140• 
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The Fe 5Al lOMn and Fe 3Al 32Mn alloys could also be explained as part of this 

pattern. These alloys may have initially formed thin, protective scales. If, however, 

these scales failed, then the alloy would have been re-exposed to the corrosive gas. 

If the alloy had been depleted, then rapid localised corrosion would have resulted, 

forming nodules, surrounded by the original protective scale. This mechanism was 

previously used by Quan and Young10 to explain the formation of sulfide nodules on 

iron-manganese-aluminium alloys in Hi-H2S atmospheres. 

In Section 2.5.10, it was found that oxide nodules were a common feature of 

previous scales formed in iron-aluminium oxidation. The exact mechanism of nodule 

formation was in dispute. Tomaszewicz and Wallwork115 argued that nodules were 

initiated at the start of the reaction, while Boggs110 suggested a mechanism where an 

initially protective scale failed. While the exact mechanisms of nodule formation are 

controversial, it can still be concluded that the formation of oxide nodules in the 

present study indicated transitional compositions, where the manganese and/or 

aluminium concentrations were not sufficient to maintain a protective oxide scale 

over the entire alloy. 

The more protective scales mainly consisted of manganese oxides, with aluminium 

only present as aluminium-containing oxides (usually aluminate spinels) at the base 

of the scales. The presence of aluminium, however, clearly had a most important 

effect on corrosion resistance. This is readily demonstrated by comparing rate 

constants and scale morphologies for binary7 and ternary alloys. For binary iron

manganese alloys, in oxidising-sulfidising atmospheres, large quantities of sulfide 
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were always produced and continuous sulfide networks resulted in high corrosion 

rates, as seen in Table 6.4. The atmosphere used in the study by McAdam and 

Y oung7 was the same atmosphere used in the current study (both at 1073 K). 

Table 6.4 also shows that the Fe 5Al 5Mn alloy was not a great improvement over 

binary alloys of comparable manganese concentration. At higher manganese 

concentrations, aluminium additions were more beneficial in reducing corrosion 

rates. If aluminium-containing oxides, such as aluminate spinels, lowered cation 

diffusion rates through the scale, then the cation activity at the scale-gas interface 

would also be lowered. If the cation activity was below the minimum required for 

the simultaneous formation of oxide and sulfide, then exclusive formation of the 

thermodynamically predicted product (in this case, the oxide) would occur. 

The most important question, if the above mechanism is correct, is why this effect 

of aluminium additions was only seen at relatively high manganese levels. The 

answer may be that initial formation of manganese oxides was important in 

formation of the aluminate spinels at the scale-metal interface. If manganese oxide 

formed initially, then the oxygen concentration at the alloy-scale interface would be 

lowered to that specified by the equilibrium between manganese in the alloy and 

MnO. The lower oxygen concentration would encourage the formation of an external 

scale, rather than the internal oxidation of aluminium. This was termed the 

"gettering" effect by Wagner31 and was discussed previously in Section 2.3.4. 

Formation of manganese oxide scales led to reduced corrosion rates. While the 
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Table 6.4. Comparison of parabolic rate constants, for iron-manganese101 and iron

manganese-aluminium alloys, in sulfidising-oxidising atmospheres. 

Alloy Temperature/K Iyg cm·2 min_.,,. 

Fe2Mn 1073 1. 74x10"3 

Fe 5Mn 5Al 1073 1.21xlo·3 

Fe 15Mn 1073 l.88xl0·3 

Fe 5Al 21Mn 1073 1.5xl04 

Fe 25Mn 1073 1.82x10·3 

Fe 5Al 21Mn 1173 l.lx104 

Fe 5Al 32Mn 1173 4.0xl04 
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Fe 5Al 5Mn alloy did not show a great decrease in corrosion rates compared with 

binary alloys of comparable manganese levels, higher manganese alloys fared 

considerably better. In the case of the ternary alloys, the lamellar oxide-sulfide layer 

was not observed, and with alloy manganese levels above 10 wt%, the addition of 5 

wt% aluminium suppressed the formation of continuous iron-rich sulfide layers. 

6.5. CONCLUSIONS 

It was found that aluminium additions had a most beneficial effect on the resistance 

of iron-manganese alloys to sulfidising-oxidising environments. The formation of 

aluminium-containing oxides was important in preventing the formation of a high

diffusivity oxide-sulfide lamellar structure. In most cases, the kinetics were 

parabolic, and the formation of manganese oxide scales, for alloys containing at least 

21 wt% manganese and 5 wt% aluminium, resulted in lower parabolic rate 

constants. 

It is believed that the initial formation of aluminium oxides (probably as aluminates) 

was an important factor in the improved performance of the ternary alloys. This 

prevented the formation of sulfides under nonequilibrium conditions. In all cases, the 

outer scales were the thermodynamically predicted oxides, with the scale changing 

from iron-rich oxide at low manganese concentrations, to manganese oxide at higher 

manganese levels. 
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CHAPTER 7 

EFFECTS OF GAS COMPOSITION 

7.1. INTRODUCTION 

The preceding chapters were concerned with the performance of individual alloys in 

the different gas atmospheres. In this chapter, the general performance of the alloys 

will be compared for different gas compositions. The corrosion of the alloys in the 

CO-COrS02-N2 atmospheres, as presented in Chapters 4 - 6, will be discussed in 

Section 7.2. Section 7.3 will deal with a few experiments where the possible effects 

of carbon monoxide and/or carbon dioxide in the gas phase were investigated. 

7.2. CORROSION IN CO-CO2-SO2-N2 ATMOSPHERFS 

The CO-COrS02-N2 atmospheres used in this study were broadly classified 

according to their positions on the Fe-0-S phase diagram. These were: 

1. Sulfidising but not oxidising to iron (Experiments A and D) 

2. Oxidising but not sulfidising to iron (Experiments Band E) 

3. Both oxidising and sulfidising to iron (Experiments C and F) 

These experiments were shown on the phase stability diagrams in Figures 3.1 and 

3.2. The results of these experiments were discussed in detail in Chapters 4 - 6 but 
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it is useful to summarise the scale morphologies formed. This is done in Table 7 .1. 

From Table 7 .1, it can be seen that there is one major distinction in scale types, 

which can be drawn among the separate experiments. The sulfidising experiments 

(Experiments A and D) formed sulfide scales, although some oxide was observed at 

the base of these scales. The oxidising experiments (B and E) and oxidising

sulfidising experiments (C and F) produced oxide outer scales, although sulfide was 

often produced simultaneously. 

A summary of the rate constants for these alloys is given in Table 7.2. From the 

two tables, it can be seen that the presence of significant quantities of iron sulfide in 

the corrosion scale is associated with poor corrosion resistance. It is therefore 

worthwhile to examine the factors that encourage sulfide formation, particularly for 

those gas compositions where sulfide is not the thermodynamically predicted phase 

(i.e., experiments B, C, E and F.) 

For the oxidising atmospheres (B and E), iron sulfide formation via reaction with 

molecular sulfur was impossible, as the partial pressure of sulfur was below the 

dissociation pressure of iron sulfide. However, iron sulfide was formed on the 

Fe 5Al 5Mn, Fe 5Al 21Mn and Fe 3Al 32Mn alloys. For the latter two alloys, a 

lamellar structure of sulfide in oxide was observed, with the sulfide extending to the 

scale-gas interface. 
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Table 7 .1. Summary of scales formed on iron-manganese-aluminium alloys in 

CO-COrSO2-N2 atmospheres, at 1073 and 1173 K. 

Experiment (1073K) 
Alloy 

A B C 

Fe 5Al 5Mn Nodules (inner Bulky scale. Inner Inner FeA12Oi 
(Mn,Fe)S and scale aluminate/ (Fe,Mn)O. FeS 
Al2Oi aluminate, (Fe,Mn)O, some layer, then outer 
outer mostly FeS) FeS. Outer scale (Fe,Mn)3O4. 

aluminate/ 
(Fe,Mn)3O4. 

Fe 5Al lOMn Aluminate at alloy Nodules of inner 
-scale interface. FeA12Oi 
Inner (Fe,Mn)O, (Fe,Mn)O, outer 
Outer (Fe,Mn)3O4. (Fe,Mn)3O4. 

Fe 5Al 21Mn MnS, inner layer Inner (Fe,Mn)O, MnO fragments 
containing aluminate. Some 
aluminate FeS, then outer 

(Fe,Mn)3O4. 

Experiment (1173 K) 

D E F 

Fe 5Al 21Mn Inner layer of Inner (Fe,Mn)O/ Mostly MnO 
aluminate/MnS, aluminate. Outer fragments. Small 
then MnS. layer of FeS oxide nodules. 

Fe 3Al 32Mn Internal corrosion. 
lamellae in F~O4. 

Inner (Fe,Mn)O/ 
Outer MnS scale. aluminate, then 

(Mn,Fe)S, outer 
layer (Mn,Fe)3O4 

Fe 5Al 32Mn Inner layer Inner aluminate Inner MnO/MnS/ 
containing sublayer, variable aluminate. Outer 
aluminate/MnS, thickness. Outer (Mn,Fe)O/ 
outer MnS. MnO/Mn3O4. (Mn,Fe)3O4. 

Fe 8Al 32Mn Inner layer Inner layer of Inner MnO/MnS/ 
containing Al2Oialuminate aluminate layer, 
aluminate/MnS, with MnS. Outer outer mostly 
outer MnS (with mostly MnO MnO. 
fissures visible). 
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Table 7 .2. Summary of rate constants for iron-manganese-aluminium alloys in 

CO-COrSO2-N2 atmospheres, at 1073 and 1173 K. 

Experiment (1073 K) 

Alloy k/ g cm·2 m.in·* 

A B 

Fe 5Al 5Mn N.D. 1.74x1Q·3 

Fe 5Al lOMn 2.3xl04 2.8x104 

Fe 5Al 21Mn 3x1Q·5 (Ave) N.D. 

Experiment (1173 K) 

k/ g cm·2 m.in·* 

D E 

Fe 5Al 21Mn 1.lxl04 1.78xl04 (Lin) 

Fe 3Al 32Mn 1.9xl04 l.46xl04 (Lin) 

Fe 5Al 32Mn 1.lxl04 N.D. 

Fe 8Al 32Mn 1.8xl04 2x10-5 

Notes: 

(1) N.D. = not determined. 

(2) (Lin) = linear kinetics. Rate constant in g cm·2 min·1• 

(3) (Ave) = average value 
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C 

1.21x1Q·3 

N.D. 

1.5xl04 

F 

1.lx104 

N.D. 

4.0xl04 

N.D. 



Some iron sulfide was also observed in oxidising-sulfidising atmospheres, mostly on 

the Fe 5Al 5Mn alloy, as the middle layer of scale. Continuous sulfide networks, 

through the outer scale, were not observed in these atmospheres. 

Because iron sulfide is not thermodynamically stable in oxidising atmospheres, it 

follows that kinetic factors must be responsible for its formation, as was discussed in 

Chapter 5. It is possible for iron sulfide to form in oxidising-sulfidising 

atmospheres, but it is unstable with respect to iron oxide. 

It is possible to define a minimum iron activity necessary to simultaneously form 

iron oxide and iron sulfide. If these are formed by the direct reaction with sulfur 

dioxide: 

3Fe + S02 (g) = 2Fe0 + FeS (2.59) 

the minimum cation activity necessary for this reaction to proceed is given by 

(assuming unit activity for FeS and FeO): 

-1. 
aFe = (K1Pso) 3 

where K1 is the equilibrium constant. 
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The minimum activity for the reaction: 

2Fe + S02 (g) = 2Fe0 + ½S2 (g) (7.2) 

would be given by: 

1 1 

aFe = Ps2 
4 (K2Pso) - 2 (7.3) 

where K2 is the equilibrium constant. The ratio for these minimum cation activities is 

therefore: 

1 _ 1 
aFe(2.s9J _ Kp 6p "'i 

- S02 S2 
aFe(7.2) 

(7.4) 

The direct reaction, forming oxide and sulfide, would be favoured if this ratio was 

low101• This is likely if either p52 is high or p502 is low. Table 7.3 shows the sulfur 

dioxide, sulfur and oxygen partial pressures, at equilibrium, for Experiments A - F. 

This table also contains the values obtained for the expression: 
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Table 7 .3. Equilibrium partial pressures of sulfur dioxide, oxygen and sulfur for 

Experiments A - F, at 1073 and 1173 K. 

Experiment p8/atm p80/atm Po/atm p ll'p -1/4 
S02 S2 

1073 K 

A l.3xl0-6 3.0x10-10 4.2x10-21 0.766 

B l.4x10-13 2.2xl04 9.3x10-12 402 

C l.9x10-6 7.3x10-2 8.4xl0-13 17.4 

1173 K 

D 7.6x10-6 2.2x10-10 4.0x10-20 0.468 

E 3.0xl04 3.0xl04 6.9x10-12 55.3 

F 1.ox10-1 l.0x10-1 3.lx10-11 16.66 

247 



If the oxidising experiments (Experiments B and E) and oxidising-sulfidising 

experiments (Experiments C and F) are compared, it can be seen from Table 7.3 

that the simultaneous formation of oxide and sulfide was more favoured for the 

oxidising-sulfidising experiments than for the oxidising experiments. This does not 

explain the extensive formation of iron sulfide within oxide-sulfide lamellae, 

observed under the conditions of Experiment E, for the Fe 5Al 21Mn and Fe 5Al 

32Mn alloys. The same alloys, under the oxidsing-sulfidising conditions of 

Experiment F, demonstrated only limited sulfide formation in the product scales. 

The ratio calculated in Table 7.3 is based on thermodynamic considerations. It does 

not take kinetic factors into account. The preservation of sulfide, as a metastable 

phase, is controlled by kinetics, as explained by Gesmundo35• Provided that the 

cation activity exceeds the minimum defined in Equation (7 .1), then simultaneous 

oxide-sulfide formation is permitted. Even if the sulfide formed is not in equilibrium 

with the gas phase and unstable with respect to the oxide, it is still possible for the 

sulfide to be preserved. Provided that the rate of sulfide formation exceeds the rate 

of conversion, then the sulfide will be retained in the growing scale35• 

Previous studies of the reaction of iron with sulfur dioxide have demonstrated that 

the scale morphology depends on the SO2 partial pressure. At low sulfur partial 

pressures, the oxide and sulfide are more likely to form lamellae, while at higher 

partial pressures, the oxide-sulfide region is more likely to be granular32•87 • The 

extent of oxide-sulfide formation reflects the relative rates of formation and 

conversion. If the lamellar structure forms, oxide-sulfide formation is likely to 
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continue, as the continuous sulfide phase allows for rapid outward diffusion of 

cations, thus maintaining high cation activities at the scale-gas interface87• It is still 

possible, however, that granular sulfides would also form a fairly continuous 

network. It may also be that the conversion rate (of sulfide to oxide) is much slower 

at low SO2 partial pressures, thus encouraging the preservation of sulfide. 

Equation (7.1) also provides an explanation of why simultaneous iron oxide and 

sulfide formation would not be expected for the sulfidising atmospheres. Table 7.4 

shows the minimum cation activity for the simultaneous formation of iron oxide and 

sulfide, and manganese oxide and sulfide, for the different atmospheres. The 

minimum iron activity for Experiment A was aFe = 0.48 and for Experiment D, 

aFe = 1.5. Clearly for Experiment D, oxide-sulfide formation was imposssible and for 

Experiment A, unlikely to proceed for long periods. 

In the sulfidising atmospheres (A and D), another possible reacting species was COS. 

This may form sulfide and oxide by the following reaction: 

2Fe + COS (gl + C02 (gl = FeS + FeO + 2CO Cgl 

In sulfidising atmospheres, the partial pressure of COS was quite high 

(Pcos = l.8x10·3 and 1.9x10·3 atm at 1073 and 1173 K, respectively). The 

(7.5) 

minimum cation activity for reaction (7.5) to occur equals 0.2 and 0.6 at 1073 and 

1173 K, respectively. This is quite a high activity, and it is therefore unlikely 1that 

simultaneous formation of oxide and sulfide would have continued for long periods, 
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Table 7 .4. Minimum cation activities for simultaneous formation of oxide and 

sulfi.de, calculated from Equation (7.1). 

Temperature Experiment Psoiatm aFc(min) aMnCmin> 

(K) 

1073 A 3.0xlo-10 0.48 2.9x1Q-7 

B 2.2xl04 5.3x1Q-3 3.2x1Q-9 

C 7.3x10-2 7.6xl04 4.6x10-10 

1173 D 2.2x10-10 1.5 2.7x10-5 

E 3.0xl04 6.3x1Q-3 2.4x1Q-7 

F 1.ox10-1 2.0x10-3 3.5xl0-8 
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if it had occurred. 

From this, it can be concluded that for low alloy material, an important factor in gas 

composition was the sulfur dioxide partial pressure. In sulfidising atmospheres 

(Experiments A and D), where S02 partial pressures were very low, simultaneous 

oxide-sulfide formation was not possible. This was because the cation activities 

required to allow such reactions were very high. The thermodynamically predicted 

phase (in this case, the sulfide) was formed, as scale-gas equilibrium was achieved. 

The bulk of the scale consisted of sulfides for experiments A and D. The sulfide 

scales formed in Experiments A and D may have been formed by the reaction of 

molecular sulfur (p82 = 1.3x10-6 and 7.6x10-6 atm at 1073 K and 1173 K, 

respectively). It was also possible that the reacting species was in fact COS. The 

reaction to produce sulfide can be written as (for manganese): 

Mn + COS !gl = MnS + CO !gl (7.6) 

This reaction is even more likely given the relative abundance of COS <Pcos -

l.8xlQ·3 and 1.9xl0·3 atm at 1073 and 1173 K, respectively). 

At higher S02 partial pressures (the oxidising and oxidising-sulfidising atmospheres), 

the minimum cation activities to support the formation of sulfide and oxide were 

much lower, as seen in Table 7.4. Thus a mixture of oxide and sulfide was likely to 

form at the beginning of the reaction, when the cation activity exceeded this 
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minimum value. The sulfide was unstable with respect to the oxide, but was 

preserved by the growing scale. 

As the manganese and aluminium concentration in the alloys increased, this effect 

became less important. If exclusive reaction of manganese and aluminium occurred, 

some reaction of manganese with sulfur dioxide was still possible, in all atmospheres 

studied. This reaction was analagous to that for simultaneous formation of iron oxide 

and sulfide: 

3Mn + S02 (gl = 2Mn0 + MnS (2.68) 

The minimum cation activity for this reaction is also given by Equation (7 .1): 

(7. la) 

Table 7.4 shows that this reaction could occur even at very low cation activities. 

The formation of MnS was noted freqently, especially for higher manganese alloys, 

as shown in Table 7 .1. The alloys which formed MnS in the corrosion scale often 

exhibited low corrosion rates, as shown in Table 7.2. 

The simultaneous formation of manganese sulfide and oxide did not have such a 
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dramatic effect on reaction rates as was observed for iron sulfide-oxide mixtures. 

This was because of the different cation fluxes within oxides and sulfides. The 

reported self-diffusion coefficient of iron ions at 1073 K in Feo.907O K was reported 

as 1. lxl0-8 cm2/s50 and in Fe0_9S as 7.9xl0-8 cm2/s76 • It could therefore be expected 

that an iron sulfide-containing scale would corrode according to a faster rate, as the 

cation flux through the scale would be greater in the sulfide. The self-diffusion 

coefficient of manganese in MnO was reported as 2.6xl0-9 cm2/s at 1305 K, in 10-8 

atm 0 2141 • The self-diffusion coefficient of manganese in MnS can be calculated to 

be 4.5x10-10 cm2/s at the same temperature, in 10-8 atm S215• While the latter 

coefficients are not at the reaction temperatures used in the present study, they do 

show that the self-diffusion coefficient in MnS is slightly lower than in MnO. The 

formation of manganese sulfide, rather than oxide, therefore is not associated with 

an increased corrosion rate and may even reduce corrosion rates. In the current 

study, the amount of manganese oxide and sulfide mixture observed in corrosion 

scales was usually quite low. This was because the manganese oxides and sulfides 

supported slower transport rates, leading to an earlier approach to gas-scale 

equilibrium. 

For experiments B, C, E and F, the scale consisted mostly of oxides. For lower 

alloys, these scales were iron-rich oxides, changing to manganese-rich oxides as the 

concentrations of the alloying elements increased. These were the predicted phases 

in equilibrium with the experiments on the Fe-O-S and Mn-O-S phase diagrams, as 

seen in Figures 3.1. and 3.2. The reacting species may have varied. For the 

simultaneous formation of oxide and sulfide, the reacting species was thought to be 
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SO2• After sulfide formation ceased and exclusive formation of oxide occurred, SO2 

could still have been the reacting species: 

2Fe + S02 (g) = 2Fe0 + ½S2 (g) (7.2) 

It was also possible that oxide formation was due to reaction with CO2, for example: 

Fe,Mn + co2(g> = (Fe,Mn)O + co(g> (7.7) 

Table 7.5 shows the equilibrium gas compositions for Experiments B, C, E and F. 

For both the oxidising experiments (B and E) and oxidising-sulfidising experiments 

(C and F) the most abundant species by far was carbon dioxide. The probability that 

the major reacting species, leading to oxide formation, was carbon dioxide is 

therefore quite high. 

7.3. EFFECT OF CARBON MONOXIDE - CARBON DIOXIDE MIXTURES 

In the preceding section, it was seen that the sulfur dioxide partial pressure was an 

important influence on reaction rates. This factor was concluded to be particularly 

important in the simultaneous formation of iron oxide and iron sulfide. It was also 

suggested that for oxidising and oxidising-sulfidising atmospheres, carbon dioxide 

was one of the reacting species. It was therefore useful to examine the corrosion of 

these alloys in mixtures of sulfur dioxide in nitrogen only (that is, without carbon-
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Table 7 .5. Equilibrium gas compositions for Experiments B, C and E - H, at 1073 

and 1173 K. 

Expt Psozfatm Pszfatm Pozfatm Pcozfatm Pc0 /atm 

1073 K 

B 2.2xlO4 l.4xl0·13 9.3xlO·12 8.8xlO·1 1.8xlO4 

C 7.3x10·2 1.9x10-6 8.4x10·13 8.3x10·1 5.5xl04 

1173 K 

E 3.Oxl04 4.8xlO·10 6.9x10·12 8.8x1O·1 3.Ox10·3 

G 3.OxlO4 3.7x10·14 7.9x1O·10 - -

F l.Ox10·1 2.8x10-6 3. lx1O·11 6.OxlO·1 9.8xl04 

H l.Ox10·1 l.6x10·9 1.3x10·9 - -
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containing gases), with identical partial pressures of sulfur dioxide. 

Table 7.5 shows the equilibrium partial pressures of oxygen, sulfur and sulfur 

dioxide for Experiments E, F, G and H. Experiments G and H denoted the carbon

free gases. The compositions of these gases were shown in the phase stability 

diagram in Figure 3.2. This table shows that Experiments E and G contained equal 

SO2 partial pressures, as was also the case for Experiments F and H. Removing 

carbon monoxide and carbon dioxide from the system had significant effects on the 

sulfur and oxygen pressures. The sulfur dioxide - nitrogen mixtures had higher 

oxygen partial pressures (up to two orders of magnitude) and much lower sulfur 

partial pressures (by four orders of magnitude). 

The parabolic rate constants obtained for these experiments are given in Table 7.6. 

It should be noted that the rate constants obtained for the sulfur dioxide - nitrogen 

mixtures were quite low, and reproducibility was not very good. The rate constants 

are average values only. The standard deviation of the rate constant for replicate 

experiments was around lxl0-5 g cm-2 min-'h • It was therefore difficult to make a 

distinction between the rate constants for the different SOrN2 experiments as the the 

difference between the different rate constants was approximately equal to the 

standard deviation. 

Representative kinetic plots for these experiments are shown in Figures 7.1 and 7.2. 

Cross-sections of the scales formed are shown in Figures 7.3 - 7.5. 
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Table 7.6. Parabolic rate constants for SOi-N2 and CO-C02-S0i-N2 atmospheres, at 

1173 K. 

Alloy p80/atm Experiment k/ g cm·2 mm·½ 

Fe 5Al 21Mn 3.0xl04 G 6xl0-5 

E 1. 78xl04 (Lin) 

Fe 5Al 21Mn l.0x10·1 H 5x10-5 

F 1.lxl04 

Fe 5Al 32Mn l.0x10·1 H 6x10-5 

F 4x104 

257 



C\I 
I 

E 
0 
C) 

C') . 
0 
,-

< :::, 
a.. 
C, 
3: 

10..---------------------, 

9 

8 

7 

6 

5 

X 

4 
X 

3 
X 

2 X 

1 
X 

X 

0 
0 5 

X 

10 

x Fe 5AI 21 Mn (Expt E) 

v Fe 5AI 21 Mn (Expt G) 

'v'. 

15 20 25 30 35 

(time/min)½ 

40 

Figure 7.1. Kinetic plot for Fe 5Al 21 Mn, Experiments G and E, at 1173 K. 

258 



10 

+ I . 
9 . 

+ 

8 + Fe 5AI 32Mn (Expt F) 

7 
-t 

• Fe 5AI 32Mn (Expt H) 

C\I x Fe 5AI 21 Mn (Expt F) 
I 

E 6 -f 0 V Fe 5AI 21 Mn (Expt H) C) 
C') 

I . 
0 + ,- 5 
~ 
a. 
C, 
~ 4 

+ 

3 + 

2 .,,,x. .v 
+ .,,,X' 

. V . 

X.,,, 
/ 

1 
/ 

+ X 
/ 

~ . . . . 
X 

X 
0 
0 5 10 15 20 25 30 35 40 45 

(time/min)½ 

Figure 7.2. Kinetic plots for Fe 5Al 21Mn and Fe 5Al 32Mn, Experiments F and 

H, at 1173 K. 

259 



The most dramatic results were observed for the Fe 5Al 21Mn alloy, under the 

conditions of Experiment G. The kinetics were parabolic and the scale formed was 

essentially manganese oxide, with internal corrosion. This scale is shown in Figure 

7.3, where it is compared with the scale produced in Experiment E. In situ X-Ray 

Diffraction of the surface revealed the presence of hausmannite {Mn3O4). Analysis of 

this scale by EDAX revealed iron and manganese only, with iron contents up to 13 

at% . It was concluded that the darker phase, near the alloy-scale interface, was 

MnO, while the lighter phase was (Mn,Fe1O4• The internal corrosion product was 

enriched in both manganese and aluminium, but sulfur was not detected. 

Under the conditions of Experiment E, the same alloy corroded rapidly, according to 

a linear rate law. This scale consisted of a lamellar stucture of iron sulfide in 

(Fe,Mn)3O4, surmounting a layer of mixed oxide (aluminate and (Fe,Mn)O). The 

absence of a continuous sulfide network, for Experiment G, explains the much 

slower corrosion rate. 

In Section 7.2, the conditions necessary for the simultaneous formation of iron oxide 

and iron sulfide were examined. The minimum iron activity for sulfide and oxide 

formation, relative to oxide formation, was shown to be: 

aFe(2.59) 

aFe(7 .2) 

1 1 
- Kp 6P -"i 
- S02 S 2 

260 

(7.4) 



(a) 

(b) 

20µm 

Figure 7.3. Scales formed on Fe 5Al 21Mn at 1173 K. 

(a) Experiment E , 6.0 h. 

(b) Experiment G, 27.5 h. 
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From Equation (7.4), it could be seen that oxide and sulfide formation was favoured 

over oxide formation, for low values of Pso2 and high values of p52 • If the 

compositions of Experiments E and G are compared (see Table 7.5), it can be seen 

that for Experiment G, the sulfur partial pressure was lower, by about four orders of 

magnitude. This may have discouraged lamellae formation. 

The depth of the internal oxidation zone, for Experiment G, was quite large 

(approximately lOOµm). Nothing like this degree of internal oxidation was observed 

for Experiment E. However, it was concluded for Experiment E that the inner mixed 

oxide scale developed from internal oxidation. The initial internal oxidation product 

was incorporated into the inner scale as the scale-metal interface receded. This was 

discussed in Chapter 5. The lower corrosion rate, observed for Experiment G, 

would have meant a much lower rate of interface recession and therefore the 

preservation of an internal corrosion product. 

The Fe 5Al 21Mn and Fe 5Al 32Mn alloys, under the conditions of Experiment H, 

produced the scales shown in Figures 7.4 and 7.5, where they are compared with 

the results of Experiment F. The external scales were essentially manganese oxide 

(MnO), although the Fe 5Al 21Mn alloy showed internal corrosion. This was 

concluded to be a mixture of manganese and aluminium oxides, possibly as 

aluminate. The Fe 5Al 32Mn alloy shows a semi-continuous sublayer at the base of 

the MnO scale. This was concluded on the basis of EDAX analysis to be a mixture 

of MnS and Al20 3 and/ or aluminate. The maximum sulfur concentration found in 

this layer was 20 at%. 
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(a) 

20µm 

(b) 

., 

20µm 

Figure 7.4. Scales formed on Fe 5Al 21Mn at 1173 K. 

(a) Experiment F, 6.1 h. 

(b) Experiment H, 30.0 h. 
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(a) 

(b) 

.. 

20µm 

Figure 7 .5. Scales formed on Fe 5Al 32Mn at 1173 K. 

(a) Experiment F, 20.0 h. 

(b) Experiment H, 27.1 h. 
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The internal corrosion of the lower alloy material may be rationalised in terms of 

oxygen gettering. For the Fe 5Al 21Mn alloy, the manganese concentration in the 

alloy may not have been sufficient in the initial stages of reaction to establish a 

continuous layer of MnO, before internal oxidation commenced. Curiously, this 

level of manganese in the alloy was sufficient to prevent internal oxidation for 

Experiment F. Similarly, this alloy shows considerably less internal corrosion under 

the conditions of Experiment E, compared to Experiment G. It seems likely that in 

the initial reaction, carbon dioxide is a possible reacting species in Experiment F. 

The high partial pressure of carbon dioxide in Experiment F (6.0xl01 atm) may 

have assisted in the growth of a manganese oxide scale in the initial reaction: 

Mn + C02 (gl = MnO + CO (gl (7.7) 

Another explanation for the reduced internal oxidation may be the difference in 

equilibrium oxygen pressure. Table 7.5 shows that the partial pressure of oxygen in 

Experiment H is about two orders of magnitude higher than than in Experiment F. 

Similarly, the oxygen partial pressure in Experiment G is two orders larger than that 

in Experiment E. This effect was previous! y discussed in Section 2. 3 .1, where it 

was shown that the depth of the internally oxidised zone was dependent upon oxygen 

pressure30• The depth of the internally oxidised zone, X, was parabolically related to 

time by the parabolic rate constant "f!J: 
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x 2 = k wt (2.32) 

There are two limiting cases30• One is where oxygen diffusion is the rate controlling 

step and in this case: 

(2.33) 

where: 

D0 = diffusion coefficient of oxygen in the alloy 

C0 = concentration of oxygen in the alloy at the surface 

c B = concentration of B in the bulk alloy 

The other case concerns that where both metal and oxygen diffusion are significant, 

where: 

k Cil = 7t ( CoIJ0)2 
DB UCB 

(2.34) 

where: 

266 



DB = diffusion coefficient of B 

In either limiting case, the rate constant increases with oxygen pressure. Increased 

oxygen partial pressure would increase the initial o~ygen concentration on the surface 

of the alloy, C0 • The increased oxygen partial pressure, observed in SO2-N2 

atmospheres, may explain the increased internal oxidation compared to the same 

alloys in CO-CO2-SO2-N2 atmospheres. 

The two alloys, under the conditions of Experiment H, showed lower corrosion rates 

than those of Experiment F. This was despite identical values of Pso2 and indeed 

lower p02 values for Experiment F. The rates, as shown in Table 7.6, were 

approximately half those obtained in the carbon-containing atmosphere. The rates 

should be viewed with caution as a measure of corrosion resistance for the 

Fe 5Al 21Mn alloy, however, beacuse they do not properly reflect the relatively rapid 

internal corrosion under the conditions of Experiment H. For the Fe 5Al 32Mn alloy, 

under the conditions of Experiment H, the rate was about half that reported in 

Chapter 7 (Experiment F). It would seem that the thin inner layer formed on this 

alloy was important in slowing outward cation diffusion rates, relative to those 

observed in Experiment F. 

Kofstad84 studied the defect structure of MnO at 1273 K. He proposed that the 

predominant defects, in carbon monoxide-carbon dioxide atmospheres,are strongly 

dependent on the oxygen partial pressure. At low oxygen pressures ( < 10-s atm at 
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1373 K), the most important defects are carbon cluster defects. At higher oxygen 

partial pressures, carbon-free defect clusters predominate. 

If this is accepted, then the lower corrosion rates, in carbon-free atmospheres, found 

in the current study are easier to interpret. If carbon-cluster defects are important 

contributors to nonstoichiometry, then the total defect concentration would have been 

lower in the carbon-free atmospheres. This would have resulted in slower outward 

diffusion of cations, and therefore lower oxidation rates. 

It was noted that the Fe 5Al 32Mn alloy produced a scale containing (Mn,Fe1O4 

under the conditions of Experiment F, but Experiment H produced a mostly MnO 

scale. This was an unexpected result, as the oxygen partial pressure was in fact 

higher for Experiment H, where the lower oxide was observed. Why this occurred 

was not immediately apparent. 

It is also worthwhile to compare the rates for Experiment H with the reaction rates 

of pure manganese with sulfur dioxide by Gillot and Radid100• For manganese at 

1128 K, in 0.5 atm SO2, there were two parabolic rate constants, with the second 

one lower than the first. This slow parabolic rate constant was equivalent to 

1.3xl04 g cm·2 min·½. In the current study, at p502 = 0.1 atm and 1173 K, the 

corrosion rate for the Fe 5Al 32Mn was 6x10·5, which was half the value of the rate 

constant reported by Gillot and Radid100• 

Gillot and Radid100 reported significant quantities of mixed oxide and sulfide at the 
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scale-metal interface. This was not observed in the current study. The absence of 

large amounts of mixed oxide-sulfide may be a result of aluminium in the alloy. If a 

sublayer of aluminium oxide or aluminate accumulated at the scale-metal interface, 

this may have resulted in the manganese activity at the scale-gas interface falling to 

below the minimum value necessary for simultaneous oxide-sulfide formation. 

7.4. CONCLUSIONS 

A general comparison of alloy performance in CO-CO2-SO2- N2 atmospheres 

suggested that one of the most important factors of gas composition was the partial 

pressure of sulfur dioxide. At very low values of p502 (approximately 10·10 atm), the 

pressure was too low for the simultaneous formation of iron oxide and sulfide. In 

these cases, the scale formed was that predicted by the Fe-O-S phase diagram: 

single-phased sulfide. At higher values of p502, sulfur dioxide was an important 

reacting species, responsible for the formation of sulfides. This was observed in 

atmospheres where the formation of sulfide would not have been predicted on 

thermodynamic grounds, with respect to the bulk atmosphere composition. 

Experiments in SO2-N2 atmospheres have indicated that carbon-containing gases were 

also important reacting species. The slightly increased oxidation rates observed when 

these gases are present have been linked to the effect of carbon on the defect 

structure of MnO. Furthermore, it would appear that formation of the high-diffusivity 

oxide-sulfide lamellar structure was assisted by the presence of carbon-containing 
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gases. 
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CHAPTER 8 

CONCLUSIONS 

The corrosion of a series of iron-manganese-aluminium alloys in CO-CO2-SO2-N2 

atmospheres has been studied at 1073 K and 1173 K. The atmospheres used were 

classified as sulfidising, oxidising or oxidising and sulfidising with respect to pure 

iron. 

The nature of the corrosion scale was highly dependent on the atmospheres used. 

Under sulfidising conditions, where the sulfur dioxide partial pressure was low and 

the sulfur partial pressure high, the corrosion scale consisted mostly of sulfide. For 

low manganese alloys, the scale consisted of a thin sulfide scale, interspersed with 

large nodules, with an outer layer of FeS. With increased manganese concentrations, 

the scale changed to one consisting chiefly of cx-MnS. The cx-MnS scales also 

contained aluminium-rich oxide (thought to be aluminate spinel) at the base of the 

sulfide scales. In these atmospheres, the predominant reacting species was concluded 

to be S2 or COS. 

At higher sulfur dioxide partial pressures, and low sulfur partial pressures, oxide 

scales were formed. The most protective alloys formed manganese oxide scales, 

although MnS and aluminate spinels were observed near the scale-metal interface. 

Linear corrosion behaviour was sometimes observed (for the Fe 5Al 21Mn and 

Fe 3Al 21Mn alloys), under the oxidising conditions at 1173 K. These alloys formed 
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lamellar oxide-sulfide scales, where the continuous sulfide across the scale allowed 

for rapid cation transport. 

In atmospheres with the highest sulfur dioxide partial pressure, the outer scale 

formed on these alloys was oxide. A small amount of sulfide was formed in the 

initial stages of the reaction. Low manganese alloys produced thick scales, with high 

corrosion rates. The Fe 5Al lOMn alloy formed a nodular scale, but at higher 

manganese levels, the scale consisted principally of manganese oxides. The sublayer 

formed on these alloys contained an aluminium-containing oxide, but some sulfide 

formation in this region was also observed. 

Sulfide formation in oxidising and oxidising-sulfidising atmospheres was concluded 

to be the result of direct reaction with SO2• The species responsible for exclusive 

oxide formation was thought to be SO2 or CO2• 

The general trend for the alloys, in all the CO-CO2-SO2-N2 atmospheres, was quite 

marked. At the 5 wt% aluminium concentration, the low manganese alloys corroded 

rapidly to produce a bulky scale. As the manganese concentration increased, the scale 

changed to a nodular scale, usually with a thin scale between these nodules. When 

nodular scales were observed, the kinetics were generally erratic. The most protective 

scales were formed on high manganese alloys. In these cases, the scale was mostly 

manganese oxide (in oxidising and oxidising-sulfidising atmospheres) or manganese 

sulfide (in sulfidising atmospheres). 
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Although aluminium reaction products were not a major component of the product 

scale, aluminium additions to binary iron-manganese alloys resulted in greatly 

improved corrosion resistance. In most cases, this was attributed to the aluminium

rich oxides at the base of the corrosion scales of the more protective alloys. These 

were thought to slow outward cation diffusion, and thus the reaction rate. The most 

noticeable difference in the corrosion scales between binary and ternary alloys was 

the decreased incidence of sulfide formation in the latter, when exposed to oxidising 

and oxidising-sulfidising atmospheres. This was thought to be due to the initial 

formation of aluminium-containing oxide, which lowered the concentration of cations 

at the scale-gas interface. 

For alloys containing 32 wt% manganese, it was found that 5 wt% aluminium was 

sufficient to allow the establishment of a reasonably protective manganese oxide or 

sulfide scale. An aluminium concentration of 3%, however, was not effective. The 

scales formed on this alloy were rapidly corroding. It was also found that the 

Fe 8Al 32Mn did not appear to possess enhanced corrosion resistance over the 

Fe 5Al 32Mn alloy, except under oxidising conditions. 

While the sulfur dioxide partial pressure was an important factor in the corrosion 

scale morphology, the presence of carbon monoxide and carbon dioxide was also 

important. It was found that in S02-N2 mixtures, corrosion rates were less than that 

observed for the same alloys in CO-COi-S02-N2 mixtures with identical S02 partial 

pressures, indicating that carbon-containing species were important reacting species 

in CO-COi-S02-N2 atmospheres. 
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APPENDIX A 

INPUT AND EQUILIBRIUM COMPOSffiONS OF CORROSIVE GASES AS 

DETERMINED BY "CHEMIX"133 

EXPERIMENT A (1073 K) 

Species lnput/atm Equilibrium/atm 

co 8.3x10·1 7.4x10·1 

C02 7.9x10·2 

N2 l.6x10·1 l.8x10·1 

S02 1.7x1Q·3 3.QxlQ·lO 

S2 1.3x10-6 

02 4.2x10·21 

so 1.QxlQ·lO 

S03 l.6x10-20 

CS 2.ox10·9 

CS2 9.4x10-6 

cos l.8x1Q·3 

C l.8x1Q·27 
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EXPERIMENT B (1073 K) 

Species lnput/atm Equilibrium/atm 

co 1.8xl04 1.8x104 

CO2 8.8x10·1 8.8x10·1 

N2 1.2x10·1 1.2x10·1 

SO2 2.2xl04 2.2xl04 

S2 l.4x10·13 

02 9.3x10·12 

so l.6x1Q·9 

SO3 5.5x10·10 

CS 3.3x10·21 

CS2 s.2x10·21 

cos 1.4x10·10 

C 9.2xl0-36 
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EXPERIMENT C (1073 K) 

Species Input/atm Equilibrium/atm 

co 5.6xl04 5.5xl04 

CO2 8.3x10·1 8.3x10·1 

N2 l.0x10·1 l.0x10·1 

SO2 7.3x10·2 7.3x10·2 

S2 1.9x10-6 

02 8.4x1Q·l3 

so 1.Sxl0-6 

SO3 5.5xl0·8 

CS 1.2x1Q·16 

CS2 7. lx10·13 

cos 1.6x10-6 

C 9.6x1Q·35 
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EXPERIMENT D (1173 K) 

Species lnput/atm Equilibrium/atm · 

co 8.0x10-1 7.8x10-1 

CO2 1.7x10-2 

N2 2.ox10-1 2.ox10-1 

SO2 2.ox10-3 2.2x10-10 

S2 7.6x10-6 

02 4.0x10-20 

so 4.4x10-10 

SO3 1.4x10-20 

CS 3.7xl0-8 

CS2 5. lxlQ-S 

cos 1.9x10-3 

C l.8x10-24 
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EXPERIMENT E (1173 K) 

Species Input/atm Equilibrium/atm 

co 3.0x1Q·3 3.0x1Q·3 

CO2 8.8x10·1 8.8x10·1 

N2 1.2x10·1 1.2x10·1 

SO2 3.0xl04 3.0xl04 

S2 4.8x10·10 

02 6.9x10·12 

so 4.6xl0·8 

SO3 2.6x10·10 

CS 8.6x10·17 

CS2 9.4x1Q·16 

cos 5.9xl0·8 

C 5.2x10·31 
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EXPER™ENT F (1173 K) 

Species lnput/atm Equilibrium/atm 

co l.0x10-3 9.8xl04 

C02 6.0x10-1 6.0x10-1 

N2 3.0x10-1 3.0x10-1 

S02 l.0x10-1 l.0x10-1 

S2 2.8x10-6 

02 3.lx10-11 

so 7.4x10-6 

S03 l.8x1Q-7 

CS l.0x10-15 

CS2 8.3x10-13 

cos 1.4x10-6 

C 8.lxl0-32 
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EXPERIMENT G (1173 K) 

Species lnput/atm Equilibrium/atm 

co 

C02 

N2 1.0 1.0 

S02 3.0xl04 3.0xl04 

S2 3.7x10·14 

02 7.9x10·10 

so 4.3x10·9 

S03 2. 7x10·9 

CS 

CS2 

cos 

C 
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EXPERIMENT H (1173 K) 

Species Input/atm Equilibrium/atm 

co 

CO2 

N2 9.0x10-1 9.0x10-1 

SO2 l.Oxl0-1 1.ox10-1 

S2 l.6x1Q-9 

02 1.3x1Q-9 

so 1.lxlO~ 

SO3 1.lxlO~ 

CS 

CS2 

cos 

C 
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APPENDIX B 

GAS FLOWRATES USED FOR EXPERIMENTS 

The gases used for these experiments were: 

(1) Chemically Pure CO 

(2) Anaerobic CO2 

(3) Anhydrous SO2 

( 4) High Purity Nitrogen 

(5) 10.3 % CO in CO2 (Special Gas Mixture) 

(6) 0.452% CO in CO2 (Special Gas Mixture) 

(7) 0.96% SO2 in N2 (Special Gas Mixture) 

The flowrates of each gas are given in the Table B.1, as well as the linear velocity 

of the gas in the hot zone of the reactor. 
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N 
\0 
00 

Gas or Gas Mixture 

co 
C02 

S02 

N2 

10.3% co in col 
0.452% co in col 
0.96% S01 in N1 

Total (mUmin) 

Linear Velocity at 
Reaction Temperature 
(m/min) 

A 

414 

-

-

-

-

-

86 

500 

0.97 

1073 K 

B C 

- -

839 351 

- 36 

99 51 
' - -

39 ' 62 

23 -
1000 500 

1.94 0.97 

Flowrates (mUmin) 
Experiment 

1173 K 

D E F 

396 - -

- 849 189 

- - 50 

- 91 150 

- 29 -
- - 111 

104 31 -

500 1000 500 

1.06 2.12 1.06 

G H 

- -

- -

- 50 

969 450 

- -

- -
31 -

1000 500 

2.12 1.06 

~ 
;" 

~ .-. 
f 
~ 
0 
~ 
;i 
Jl 
~ 
('D 

~ 

:;' 
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