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The simultaneous oxidation-sulfidation of pure iron in CO2-10%S02 

o atmospheres has been studied at 871 C. Although thermodynamic calcula-

tions predict the formation of an oxide layer, complex product layers of 

oxide and sulfide porous structures are observed. The sulfide within 

the scale is formed due to depletion of oxygen adjacent to the scale/gas 

interface, shifting the thermodynamic equilibrium to a sulfide stable 

region. The scale consists of three layers. The outer layer is a mag-

netite matrix, containing sulfide-rich streaks and protrusions. The 

inner layer is a mixture of wustite and sulfide. At the scale/metal 

interface, there is a layer of large grains formed by inward diffusion 

of anions. The protrusions on the scale are thought to be developed by 

the fast transport of iron ions through the sulfide-rich streaks. The 

wrinkles which spread allover the scale surface are due to grain boun-

dary diffusion. Unbalanced diffusion is proposed to account for the 

formation of the porous structure. 
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INTRODUCTION 

Sulfur is a critical impurity in almost all fossil fuel energy 

sources and leads to accelerated, and often unacceptable, rates of metal 

degradation. As the areas of energy conversion and enviromnental pro-

tection become increasingly concerned with the processing and cleanup of 

sulfur-bearing fossil fuels and their combustion products, the attack of 

metals by sulfur compounds at high temperatures has become a major cor-

rosion problem. 

Generally speaking, metals, and particularly alloys, resist oxida-

tion in pure oxygen by forming a more or less protective oxide scale. 

When a second oxidant, such as sulfur, is present, the reaction product 

may change to include low melting compounds or compounds with higher 

ionic conductivities than the oxides normally formed. Both possibi1i-

ties cause accelerated attack on the metal. 

The mechanisms of the simultaneous attack of metals by two oxidants 

have been 
1 2 3 

discussed by Pettit et a1. , Rahme1 and Birks. One of the 

major features is that sulfide is always formed" in the scale even in 

atmospheres in which calculation shows it to be thermodynamically 

unstable. Reaction mechanisms which result in enhancement of the sulfur 

activity have been proposed. For example, it has been postulated that 
.. 

sulfur can penetrate through the growing oxide layers, possibly as a 

gaseous species, via physical defects. However, the mechanism is still 

in some doubt. A second interesting observation is that in many studies 

of oxidation in sulfur-containing atmospheres the scale has been 

observed to have a porous inner layer. 4 5 Birks and Mrowec have proposed 

a "dissociation mechanism" to account for the formation of this porous 
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layer. 6 An alternative explanation suggested by Atkinson et a1. is that 

the inner porous layer is formed by the inward transport of oxygen or 

sulfur; either by bulk, grain boundary, or gaseous diffusion, incor-

porating any porosity which has formed at the interface. However, the 

details of this mechanism have not been developed.' 

the 

The intent of this paper is to present a detailed description of 

corrosion mechanism of iron in o C02-10%S02atmospheres at 871 C 

EXPERIMENTAL PROCEDURES 

The furnace used was a Lindberg horizontal tube furnace with a mul-

lite reaction tube. Samples were introduced into the hot zone of the 

furnace by means of a moveable alumina specimen holder'. The required 

gas composition was prepared by mixing pure gases metered though cali-

brated flow meters. 

The samples were 1x1xO.3 cmcoupons cut from electrolytically pro-

duced iron supplied by Golden Metals (99.91% Fe). The surfaces of the 

specimens were prepared immediately before each run by grinding down to 

600 grade carborundum paper followed by washing in acetone. Before and 

after each oxidation test, the furnace was flushed with argon containing 

an estimated 1 ppm oxygen impurity. To start an experiment, the alumina 

specimen holder was positioned in the hot zone, after the reaction tem

perature of 871 °C(1600oF) had been reached. When the specimen was in 

place, the argon was replaced by the reactive gas at a flow rate of 

approximately 1.SxlO-6m3/s. 
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The oxidation kinetics were determined by thermogravimetry using a 

Cahn microbalance. The surface topography and compos:i. tion of oxidized 

samples were examined using a Scanning Electron Mlcroscope(SEM) fitted 

with an energy dispersive X-ray(EDX) analysis facility. Scale products 

were also characterized using X-ray diffraction(XRD) and Scanning Auger 

Microscopy(SAM). Cross-sections of the corroded specimens were examined 

using conventional metal10graphic techniques. 

RESULTS 

In this stu~y,·most of the samples were exposed to a CO2-10%S02 

atmosphere which at 

S2 -_ 10-10•1 , ial a part 

equ1li brium gives 

pressure of 

a partial pressure of 

a : 10-9• 3 
c at 

The activity of carbon is too low to cause any carburization, 

and thus only sulfidation and oxidation problems are encounted. 

Reaction Kinetics 

The reaction kinetics of pure iron exposed to a CO2-10%S02 atmo

sphere were determined by thermogravimetric analysis. Parabolic kinet-

ics were observed during the latter stages of growth. Ini tia1 growth 

rate (within the first 2 hrs) was linear as shown in Figure 1. The par-

abo1ic rate of iron exposed to CO2-10%S02 falls between the rate of pure 

sulfidation and the rate of pure oxidation as shown in Figure 1. The 

reaction kinetics of pure iron exposed to an Air-1%S02 atmosphere were 

the same as those for iron subjected to simple oxidation in air. 

Scale Morphology 

.. 
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After pure iron was exposed to a CO2-10%S02 atmosphere for 3 hrs, a 

large number of protrusions were observed to grow outward from the scale 

surface as shown in Figure 2. The diameters of some of these protru-

sions are over 50 pm. These protrusions are irregular, non-

crystallographic, randomly oriented and with branches. The number and 

size of the protrusions decrease with time. Closer examination reveals 

that wrinkles, which look like a 'Pattern of ridges, spread ·all over the 

protrusions and the scale surface. Figure 3 unveils that these pro

trusive wrinkles grow along the grain boundaries of the scale. A 

sulfide-rich core runs through the center of a protrusion as seen in 

Figure 4. Oxide grains surrounding the sulfide-rich core appear to grow 

radially out of the sulfide-rich core. 

A fractured cross-section of the scale stripped from the metal 

mechanically by quenching in liquid nitrogen reveals that the outer 

layer is composed of oxide grains and sulfur-rich grains. Some small 

pores exist in the outer layer. As for the inner layer, it is mostly 

porous, particularly near the scale/metal interface. The pores in the 

inner layer seem interconnected and some faces of the grains appear con

cave in shape as shown in Figure 5. Beneath the inner layer, there 

exists a layer of large grains at the scale/metal interface. Figure 6 

is the bottom view of the scale. By comparing with the sulfur map, it 

is clear that many small grains which look like nuclei spread on the 

left side of Figure 6, i.e., the sulfur-rich area. These nuclei are on 

the underside of the large-grained layer which is much denser than the 

porous inner layer. Figure 7 is the top view of the metal surface after 

the scale was removed. The metal surface shows the scale grains imprint 

which is an indication of good contact of scale and metal. 
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Sectioned and polished specimens were examined. A typical optical 

microscopic section is shown in Figure 8. The scale/metal interface is 

relatively uniform, whereas the scale/gas interface is irregular. Near 

the scale/gas interface, the scale consists of different phases. White 

streaks and spots which are rich in sulfur distributed in a gray mag-

netite matrix. There are sometimes long streaks extending as protru-

sions on the surface of the scale. 

streaks beneath the protrusions. 

Sometimes there are no sulfide 

The observation of sulfide streaks 

below the protrusion depends on whether the section cuts through a pro

trusion. In the inner regions of the scale, the sulfide particles are 

smaller and not so obvious as the outer layer. The porosity of this 

inner layer is shown in Figure 5. It is hard to differentiate the two 

phases in this layer because there are no distinct contrasts, but 

presumably the sulfide phase is intimately mixed with the wustite rather 

than the more distinguishable distribution in the outer layer. 

Based on the above observations, the morphology of the scale 

exposed to a CO2-10%S02 atmosphere is drawn in Figure 9. 

Scale Microstructure 

The scales were further analyzed by using SAM and X-ray diffrac

tion. Figures 10(a)-(d) are some of the SAM analyses. Figures 10(a) & 

10(b) show the compOSition/depth profile of a sulfur-rich grain and of 

an oxide grain respectively. These were produced by using an argon ion 

sputtering rate of 400 R/min. They demonstrate that the sulfur-rich 

grain contains high concentration of oxygen (at least 10% at.) whilst 

slight amount of sulfur is detected in the oxide matrix. Figures 10(c) 

and 10(d) are the other two Sk~ analyses of the inner layer grains. It 

,.. 

• 
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is noted that these SAM results are not typical, and are actually very 

sensitive to position: close to the scale/metal interface, the sulfur 

content increases gradually. The core of a protrusion was also examined 

by . SAM. Similar composition/depth profile was obtained, approximately 

20 at.% sulfur and 40 at.% oxygen. Neither pure sulfide nor pure oxide 

was detected. Since SAM has a resolution of approximately 1 pm, the 

sulfur is present either as a solid solution in the oxide'or as a very 

fine second phase. The X-ray diffraction results suggest that the 

latter is the case. 

DISCUSSION 

Thermodynamic Consideration 

The thermodynamic phase stability diagram for Fe~S-o system at 

871 °c is shown in Figure 11. Point A represents the environment to 

which the specimens were exposed. According to this equilibrium 

diagram, sulfide is not a thermodynamic stable phase in contact with a 

CO2-10%S02 gas mixture, nor is sulfur potential of the gas high enough 

to form the iron sulfide. The existence of sulfide in the scale indi-

cates, however, that the sulfur activity must be increased somehow, 

probably because oxygen is consumed by the reaction with metal (partial 

f ° - 10-8• 6) d h ulf iii pressure 0 2 _ ,an as a consequence, t e s ur act v ty s 

increased. The reaction can be expressed as: 

In order to further explore this depletion phenomenon, it is impor-

tant to establish how the composition of the CO2-10%S02 gas mixture, 
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assuming that. it is always at equilibrium, will change when one of the 

components is removed from the gas~by reacting with the metal. Espe

cially, the effect on the activities of oxygen and sulfur reactants 

should be considered. 

Equilibria of theS~-C gas system have been calculated by Pope et. 

7 
al. A combination of an Ellingham-Pourbaix-type diagram and a CO2-

10%502 gas system equilibrium diagram is shown in Figure 11. The inter-

dependencies between sulfur and oxygen potentials have a considerable 

influence on the corrosion behavior. For example, a gas mixture equili

brated in the oxide region (Point A) might shift into a sulfide stable 

region (Point B) when oxygen is consumed by reacting with the metal. In 

other words, during the formation of an oxide phase contiguous to the 

metal, local equilibria may be set up temporarily at the scale/gas 

interface or internally within the scale, such as within pores, which 

deviate greatly from the bulk gas phase and thereby allow the formation 

of sulfide. 

In the first case, the change of thermodynamic equilibrium to a 

sulfide stable region by reaction on the specimen surface would imply 

that diffusion of the oxidant through the gas phase to the scale/gas 

interface is the rate determining step. This implication is in agree-

ment with a linear reaction rate which was observed as described in the 

experimental results. The formation of sulfide, which can cause the 

depletion of sulfur for the same reason, shifts the thermodynamic 

equilibrium back to the oxide stable region, i.e., the gas composition 

near the scale surface fluctuates between a sulfide stable region and an 

oxide stable region. In addition, the reaction rate is so fast that an 

... 

.. 
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oxide/sulfide duplex structure is formed rather than the separate grains 

of oxide or sulfide. The formation of sulfide is very sensitive to the 

depletion of oxygen. As the scale thickens, the transport rate of 

cations is limited, therefore, the depletion of oxygen becomes more dif-

ficult J and as a result, there is less tendency for sulfide to be 

formed. Therefore, sulfur concentration decreases from the scale/metal 

interface to the scale/gas interface. 

However, Figure 11 is plotted on a log scale, therefore, the change 

of partial pressure of 02 from Point C to Point B is very much greater 

than from Point A to Point B, Le., the amount of oxygen which must be 

removed in order to reach the sulfide-stable region (e.g., Point B) will 

be much greater from Point C rather than from Point A. This accounts 

for the experimental res.ult in which the reaction kinetics of 'pure iron 

exposed to an Air-l%S02 atmosphere (equilibrium at Point C) is the same 

as the rate of oxidation in the air, for' it is impossible to deplete the 

oxygen locally in this case. As a further consequence, no sulfide was 

observed in the scale. 

As an alternative for the reaction at the surface of the scale pro-

ducing depletion of oxygen, there is also a possibility of a change in 

thermodynamic equilibrium to a sulfide stable region due to the reaction 

within the scale, providing gas transport through the scale occurs via 

physical defects (e.g., cracks or pores). To determine the predominant 

reaction, an iron sample of 3 mm thickness was completely oxidized in 

CO2-37%CO for 2 days, and subsequently exposed to CO2-10%S02 for 3 hrs. 

The porous iron oxide formed in the first stage was further oxidized to 

a lower iron activity equilibrating with CO2-10%S02 in the second stage, 
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as shown in Figure 11, from Point D to Point A. According to the gase

ous transport theory, S02(g) can penetrate into the oxide scale via 

pores or cracks very rapidly, thus sulfide should be formed uniformly 

throughout the scale or concentrated in the center of the scale. How-

ever, sulfide was concentrated near the scale surface, as shown in Fig

ure 12. This result indicates that the diffusion of iron ions to the 

scale/gas interface is more significant and faster than the transport of 

S02(g) into the scale, i.e., the depletion of oxygen at the scale/gas 

interface is predominant in sulfide formation. As a reference, a simi

lar iron sample was completely oxidized in CO2 for 2 days, subsequently 

exposed to CO2-10%S02 for 3 hrs, as shown in Figure 11 from Point E to 

Point A. Under these conditions, the partial pressure of 02 remained 

the same, i.e., no' change in iron activity, accordingly no sulfide was 

formed in the scale after the second exposure. This experiment confirms 

that the change of iron activity is essential for the formation of sul

fide. 

The Irregularities of the Scale 

As mentioned earlier, after exposure of pure iron to CO2-10%S02 

atmospheres, there are two kinds of irregularities in the microstructure 

of the scale. The larger irregularities are the protrusions; the 

smaller ones are the wrinkles formed on the surfaces of the scale and 

the protrusions. These irregularities are not observed in either pure 

sulfidation or pure oxidation, where the scale surface usually forms 

some type of crystallographic facetting. For this reason, they must be 

related to a specific growth mechanism. 

The formation of protrusions on the scale is explained by the 
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following mechanism (see Figure 13): 

Stage .!.. 

As discussed earlier, during the exposure of pure iron to co -2 

10%502, the gas layer adjacent to the metal becomes enriched in sulfur 

vapor due to the depletion of oxygen consumed by oxidation. Conse-

quently there is a local change of the gaseous equilibrium from an oxide 

stable region into a sulfide stable region leading to the formation of 

sulfide. In this case, the reaction rate is limited by diffusion in the 

gaseous phase and a linear kinetic rate is observed as shown in Figure 

1. 

Stage ! 

The existence of sulfide is very sensitive to the depletion of oxy-

gen. Basically, the depletion of oxygen is due to cation transport in 

the scale being faster than oxygen transport from the bulk gas to the 

scale/gas interface. The most possible area where oxygen is easily 

depleted is over a pre-existing sulfide-rich area, since cations tran-

sport faster through this than through the oxide. A higher iron aci-

tivity might thus be expected to exist in the sulfide-rich area (i.e., a 

surplus of iron ions waiting for the possible reaction), leading to a 

more rapid reaction and hence a faster growth rate than the surrounding 

oxide. This phenomenon insures that once the sulfide forms, a depleted 

atmosphere always surrounds it; any available oxidant, either sulfur or 

oxygen, will react with the iron ions at the top of the protrusion to 

form sulfide or oxide, so that the protrusions will continue to grow in 

the undepleted bulk atmosphere rather than spreading laterally. In 
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other words, scale/gas equilibrium has not been achieved at the surface 

of sulfide-rich areas, and the gas composition fluctuates locally 

between sulfide and oxide stable regions. This leads to the continuous 

formation of a sulfide and oxide lamellar structure at the original 

sulfide-rich areas on the surface of the scale. 

However, due to the local fluctuations in gas composition, it is 

also possible for adsorbed sulfur to form sulfide nuclei on the surface 

of oxide, thus inducing new depletion areas. An indication that this 

can also be a contributory factor is demonstrated by the following 

e~periment: Pure iron was pre-oxidized in air for 3 hrs, then exposed to 

a CO2-lO%S02 atmosphere for 1 hr. Protrusions were present evenly over 

the surface with a relatively uniform oxide layer beneath them. The 

existence of these protrusions, which had sulfide-rich cores, indicates 

that sulfide can nucleate on the oxide s'urface, thus inducing local 

depletion. A further possibility is that sulfur can penetrate along the 
. 8 

grain boundaries of the oxide to the scale/metal interface and thus 

enhance the diffusion of iron ions. 

Stage 1 

It should be noted, however, that sulfide is not a thermodynami-

cally stable phase in equilibrium with the bulk gas, and that eventually 

oxide will be formed when the composition of the atmosphere surrounding 

the protrusions approaches that of the atmosphere of the bulk gas due to 

transport of oxidants such as CO2 or S02 to the scale surface. 

possibilities of oxide formation are suggested as follows: 

Three 
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Step A: oxide is formed on the top of a sulfide protrusion, 

resulting in the development of branches on the protrusion 

due to the blockage of the rapid iron transport by the 

oxide. 

Step B: oxide surrounds a protrusion, thus the sulfide-rich cores 

will continue to grow. 

Step C: oxide covers ,the sulfide-rich core, thus the protrusion 

will be buried as the surrounding oxide grows around it. 

Stage ~ 

As a result of the surrounding oxide growing with the protrusions, 

the long streaks of sulfide and oxide lamellar structure are formed. 

Also, some sulfide-rich streaks are buried inside the scale, and some 

isolated sulfide-rich grains covered by oxide are randomly distributed 

within the scale as shown earlier in Figure 8. 

The proposed mechanism is consistent with the following facts: 

a. No protrusions are formed in pure sulfidation or oxidation for 

neither local fluctuation in surface gas composition between 

sulfide and oxide stable regions, nor local diffusion rate 

differences caused by sulfide within the scale can occur. 

b. No protrusions are observed when iron is exposed to an Air-

1%S02 atmosphere, since depletion of oxygen is insignificant". 

c. As the exposure time increases, the number and size of protru

sions decrease, because the outward transport rate of cations 
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is limited by the thickening scale, i.e, the differences 

between sulfide-rich and oxide-rich areas diminish. 

d. The number of protrusions is less at the edges of the speci

men. Since at the edges, depletion is less likely. 

In order to· confirm the mechanism, illustrated in Figure 13, it is 

important to identify the sulfide-rich active centers. However, no sul-

fur was detected by SEM or SAM at the heads of the protrusions. It is 

believed that these active centers are covered with oxide during the 

cooling stage, following the experiment, by oxygen impurities within the 

argon gas used for flushing the reaction chamber. Consequently, a 

specimen was cooled down in a sulfur-containing atmosphere (C02-10%S02) 

instead of the argon atmosphere. This time, the SEM.and EDAX pictures 

(see Figure 14) revealed the existence of sulfide at the heads of the 

protrusions. They developed a flower-like appearance at their heads 

indicating that the protrusions grew fast. This experiment confirms 

that the protrusions are formed by rapid ionic transport through the 

sulfide-rich areas. 

Figure 15 portrays a fractured section through a protrusion, with a 

sulfide-rich core, which is surrounded by many oxide grains formed dur

ing the argon flushing stage. The surface of the sulfide-rich protru

sion, where it penetrates into the bulk gas, (which would be closer to 

the CO2-10%S02 composition or flushing argon), tends to be converted to 

oxide. As a consequence, these oxide grains grow in a columnar orienta

tion normal to the surface of the protrusion core. This orientation 

indicates that the transport of cations through the sulfide-rich core is 

faster than through the oxide grains, and thus confirms Stage 3 of 
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Figure 13: oxide nucleates easily and grows on the sulfide-rich core. 

Otherwise, the oxide would grow parallel rather than perpendicular to 

the sulfide-rich core as shown in Figure 16, ~nd it would be impossible 

for many oxide grains to grow and to cover the sulfide-rich core. 

The protrusive wrinkles formed on the scale surface and on the sur-

face of the protrusions as shown in Figure 2 are probably a result of 

grain boundary diffusion of iron which is enhanced by sulfide at the 

grain boundaries. Figure 3 reveals that the wrinkles grow along the 

scale grain boundaries. 

Wrinkles are not found in either pure sulfidation or pure oxidation 

of iron, although the grain boundary exists in both cases. Therefore, 

it is believed that sulfur plays an important role in grain boundary 

8 diffusion. In a recent study the existence of sulfide at the oxide 

grain boundary was demonstrated. The sulfide might enhance the grain 

boundary diffusion of cations, because the bonding of the sulfide is 

much weaker than that of the oxide, Le., the transport of iron ions 

along the sulfide network at grain boundary is much faster. 

To confirm this, pure iron was sulfidized in H2-10%H2S for 1.5 hrs 

and then exposed to air for 4 minutes at 87loC. The sulfur below the 

oxide scale penetrated along the grain boundaries of the oxide scale and 

enhanced the outward diffusion of cations. Therefore, wrinkles should 

be observed on the surface of the oxide scale despite the fact that 

wrinkles were not observed in either pure sulfidation or pure oxidation. 

Figure 17 shows these wrinkles. 

These wrinkles (Figure 17) are finer than those observed on the 
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scale formed in a CO2-10%S02 atmosphere(Figure 3). This difference is 

due to a different sulfur content in the matrix. Nucleation of oxide on 

the scale surface depends on the supply of iron ions combining with oxi

dant. However, iron ions transport faster in the pure sulfide formed in 

H2-10%H2S than in the sulfide/oxide mixture formed in CO2-10%S02. 

a finer oxide gra:f.n size is obtained on a pure sulfide scale. 

Porous Structure 

Thus, 

Apart from the irregularities on the scale surface, the second 

major feature of the scale is the porous structure. Pores are present 

throughout the scale, but particularly in the inner layer. The forma-

tion of this porous structure is explained by the mechanism of unbal

anced diffusion illustrated in Figure 18. The diffusivity of sulfur is 

greater than that of oxygen. The pores can be formed by the following 

mechanism: 

In the scale, the sulfur concentration decreases from the 

scale/metal interface to the scale/gas interface as shown in Figure 18. 

With sulfur diffusing inward, presumably as an anion, formation of new 

sulfide at the scale/metal interface is not balanced by a continuous 

supply of sulfur from the outer layer, and this contributes to the 

porosity. 

The inward transport of sulfur ions through sulfur-rich areas or 

grain boundaries results in either the formation of nuclei or the growth 

of the existing grains at the scale/metal interface. Separation of the 

scale from the metal using liquid nitrogen, revealed many nuclei at the 

scale/metal interface as in Figure 6. The nuclei are concentrated in 

". 

.. 
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the sulfur-rich areas. This proves that sulfur diffuses along the 

sulfur-rich channels. In addition, the layer of larger grains below the 

inner porous layer, as shown in Figure S, indicates grain growth at the 

scale/metal interface. Both nucleation and grain growth are evidence of 

the inward diffusion of anions, which is the basis of the mechanism for 

the formation of the porous layer. 

This mechanism was further. confirmed by the following two experi

ments: 

.Experiment 1 

Pure iron was exposed to CO2-10%S02 for 3 hrs, followed by another 

3 hrs exposure to air. In the first stage, sulfide-rich protrusions 

were formed on the scale surface. After being exposed to air for 

another 3 hrs, these protrusions were covered by oxide. The sulfur in 

the protrusions diffused toward the scale/metal interface. However, 

because there was no continuous supply of sulfur from the gas in the air 

exposure, the protrusions became porous as illustrated schematically in 

Figure 19 and as exhibited in Figure 20. Comparing Figure 20 with Fig

ure 2, the wrinkles which exist in the first stage exposure disappear 

after second stage exposure. This is because the sulfur in the protru

sion diffuses inward, and therefore enhanced grain boundary diffusion 

due to sulfur is no longer applicable. 

Experiment 2 

Pure iron was exposed to air for 1 hr, followed by 2 hrs H2-10%H2S 

exposure, and exposed subsequently to air for a further 3 hrs. 

pores were developed in the scale, as shown in Figure 21, due 

Large 

to the 
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diffusion of sulfur through the oxide formed in the first 1 hr and the 

blockage of sulfur supply in the air exposure. The pores formed in this 

experiment were much larger than those formed in Experiment 1. This 

difference is related to the sulfur content. In the Experiment 1, the 

protrusions contained about 30% sulfide and 70% oxide(at.%). After sul

fur diffused inward, the oxide still remained in the center of the pro

trusion (see Figure 20). However, in this experiment, the middle layer 

was pure sulfide. Inward sulfur diffusion and outward iron diffusion 

resulted in the formation of large pores. In addition, the inner part 

of the scale was porous, whereas the outer part of the sulfide scale 

(close to the oxide scale formed in the latter air exposure) was quite 

dense. This result excludes the possibility that the porous protrusion 

in Figure 20 is formed due to sulfur diffusing outward or oxidation to 

form sulfur dioxide. 

Other factors, such as vacancy condensation at the scale/metal 

interface, stress generations as a result of phase transformations of 

Fe-oxide and wustite-magnetite, or a dissociation mechanism, may also 

contribute to the formation of a porous layer. However, since the 

large-grained layer is quite dense, and the porous layer is above this 

layer, but not at the scale/metal interface, unbalanced diffusion seems 

to be a predominent factor in forming the porous scale on Fe exposed to 

a CO2-10%S02 atmosphere. 

CONCLUSIONS 

1. The reaction rate for pure iron exposed to CO2-10%S02 is between 

the rates of oxidation and of sulfidation. 
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2. The scale is composed of three layers: an outer magnetite layer 

with protrusions on the surface and sulfide-rich streaks beneath 

the protrusions, an inner wustite/sulfide duplex layer, and a layer 

of large grains at the scale/metal interface. The grains in the 

scale contain different amounts of sulfur, which is in the form of 

a sulfide and oxide lamellar structure. 

3. The existence of sulfide in the scale is due to the depletion of 

oxygen contiguous to the scale/gas interface. This phenomenon 

shifts the thermodynamic equilibrium in the gas from one in which 

oxide is stable to one in which sulfide is stable. 

4. The fast corrosion rate of iron exposed to oxygen-rich but sulfur

containing atmospheres and the formation of protrusions at the 

scale surface are due to the rapid transport of iron ions through 

sulfide-rich channels in the oxide. 

5. Wrinkles which are observed on the surface of the scale and of the 

protrusions are formed by sulfur-enhanced grain boundary diffusion. 

6. The unbalanced diffusion of sulfur leads to the formation of pores 

in the scale. 
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Figure 1. Cross-section of a 
fractured scale formed on Fe 
oxidized in CO -10%SO for 3 
hrs at 871°C. 2 2 

Figure 4. Fr act ured cross
section of a protrusi on formed 
on Fe ox id ized ino C0 2-10%S02 
for 3 hrs at 871 c; ta ) S~ 
image; ( b) S map. 
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Figure 5. The inner layer of scale formed on Fe oxidized for 3 

- 0 
hrs in CO 2-10%S02 at 871 C: (a) fractured section; (b) S map_ 
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Figure 6. Bottom view of the scale (the scale/metal interface) 
a 

formed in CO
2

-10%S02 for 3 hrs at 871 C: (a) SEM image; (b) S map. 

Figure 1. Top view of the 
metal surfac e after the s cale 
wa s r emo·\'ed. 

Outer layer 

I • 
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Figure 8. Polished cross
secti on of Fe oxidized in 
e0

2
-I O%S02 at 87Ioe for 12 

hrs. 
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Figure~. Cross-section of the scale formed on Fe exposed 
CO
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-10%S02 for a few hrs at 871°C. 
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Figure 10. Concentration profiles across the grains of a frac
tured section of the Fe scale oxidized in C0

2
-10%SO : 

(a) Point analysis of a sulfide-rich grain in Figur~ 9; 
(b) Point analysis of an oxide-rich grain in Figure 9; 
(c), (d) two point analyses of two S-rich grains in Figure 9. 
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Figure 11. Fe-S-o phase stability diagram and partial pressure 
relationship of oxygen and sulfur for 10%S02 at 871°C. point A: 
COZ-IO%S02~ point B: in sulfide stable .region; point C: Air-l%SOZ; 
p01nt D: D0

2
-37%CO; point E: CO 2, 

(a) (b) 

Figure 1I. Fractured cross-section of Fe oxidized in CO -37%CO 
for 2 days, subsequently exposed to CO Z-IO%S02 for 3 hrs: ta) SEM 
image of t he scale corner; (6) S map. 
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Figure li. Top view of pro
trusions formed in 00 2-10%5°2 
for 3 hrs at 871 °C. la) SEA 
image; (b) S map. (cooled 
down 1n a sulfur-containing 
atmosphere) 
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Figure 16. Schematic diagram 
of the growth mechanism of 
oxide grains on the sulf ide-
rich core. ( a) cations tran-
sport along the sulf ide-r ich 
core; (b) cations transport 
along oxide grains. 
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Figure E. Top \'iew of Fe 
sulfidized in H -lO%H S for 

2 2 1.5 hrs, subsequently exposed 
to air for 4 minutes at 871 0 e. 
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Figure 18. Schen:a tic d ieg r am 
of the growth mechanism of the 
porous scale formed on Fe 
exposed to CO -10%SO at high 
temperature. toots tepresent 
sulfur distribution,) 
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Figure~. Schematic diagram of the formation mechanism 
porous protrusion. (a) a protrusion formed in 002-10%50

2 sure; (b) a protrusion covered with oxide; (c) sulfur in the 
trusion diffusing inward; (d) a porous protrusion formed. 
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Fi gu re lQ. SEM image of a 
fractured protrusion formed on 
Fe oxidized in eo -10%SO for 
3 h rs and subsequ~ntly e~posed 
to air for 3 hrs at 87I oe. 
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Figure 11. Fractured 
section of the scale 
exposed to air for 1 hr, 
H2-10%H S for 2 hrs, and 
se~uentty exposed to air 
another 3 hrs at 871 °C. 
SEM image; (b) S r:Jap. 
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