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ABSTRACT 

The corrosiOn behavior of iron-chromium alloys m sulfur- containing envuon-

ments has been studied in controlled oxygen and sulfur partial pressures. The partial 

pressures were chosen to simulate the sulfur and oxygen activities in low oxygen par-

tial pressure locations such as those in fluidized bed combustors. The high-

temperature metal surfaces are covered with a calcium sulfate deposit. It was found 

that the calcium sulfate coupled with local low oxygen activities induces 

sulfi dation/ oxidation corrosion. 

Although the sulfur activity m the atmosphere is important in determining 

whether or not sulfidationjoxidation corrosion took place, the development of the 

attack is much more sensitive to the actual SO 2 partial pressure. Discrete internal 

Cr-rich sulfide particles were formed in the underlying alloy below an inner Cr-rich 

oxide layer. The development of internal sulfides is followed by in-situ internal oxida-

tion of the sulfides, instability of the interface between the scale and alloy, leading to 

the incorporation of fragments of the more noble metallic constituents in the scale, 

and finally the destruction of the ability of the alloy to regenerate the protective 

oxide. 
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The reaction kinetics associated with this morphological development are of the 

breakaway type. Sulfidation/oxidation is a breakaway process. After breakaway, the 

metal oxidizes· to form a non-protective characteristic two-layer oxide scale. It is 

shown that the breakaway can be correlated with the development of a "critical 

microstructure". The potential benefit of such an identification is that the prospect of 

breakaway can be identified by microstructural studies of specimens corroded for rela

tively short times, and may allow for quantitative modelling of breakaway. 
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1. Introduction 

Resistance to high temperature corrosion is an absolute requirement for materials 

used in any corrosive environment at high temperatures. One of the methods for 

alloys to protect themselves is to form their own slowly-growing protective Beale 1
; a 

continuous, adherent, compact oxide, to reduce their rate of reaction with the environ-

. . ment. A typical protective oxide scale for many high temperature alloys is Cr 20 3 • 

Evidently, the clear understanding of the nature and mechanism of breakdown of the 

protective chromium oxide scale is of vital significance to corrosion engineers both 

theoretically and practically. The breakdown mechanism of the Cr 20 3 scale by ther-

mal and mechanical stresses in an oxidizing atmosphere has been studied by Whittle 2-3 

et al. 

However, in practical situations such as a fluidized bed combustor, alloys are 

exposed at high temperatures to atmospheres containing oxygen and sulfur. Sulfur is 

a .critical impurity in almost all fossil fuel energy sources used in the chemical, metal-

lurgical and power generation in.dustries. Therefore, a basic understanding of simul-

taneous oxide and sulfide formation, or of sulfur penetration through a Cr 20 3 scale 
. 

and into an alloy, is of technical importance, in order to develop alloy systems capable 

of resisting an ultimate corrosive degradation in these severe environments. Basically, 

the protective Cr 20 3 scale must be able to resist sulfur penetration. An example of 

current interest is the case of in-bed materials in fluidized bed combustors operating 

with relatively low excess air to maximize their efficiency. The environment within a 

fluidized bed combustor is markedly different from that in conventional coal combus-

tion ByBterru~. The bed operating temperature is usually in the range of 1023-1223 K. 

The oxygen partial pressures within the bed, measured using zirconia probes, B uctu-

ates rapidly with minimum values which may be as low as 10-12-10-14 atm 8 at a bed 

temperature of 1123 K. Limestone may be added as a sulfur dioxide sorbent to bed to 
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effectively reduce SO 2 emission release from the fuel during combustion. When this is 

done, calcium sulfate deposits on the hotter metal surfaces of the in-bed heat 

exchangers and the uncooled support structure 7. The calcium sulfate deposit on the 

hotter metal surfaces above approximately 823 K, is well-bonded and has a very low 

porosity. 

It has been shown s.-7 that under these circumstances, alloys may undergo 

sulfidationjoxidation corrosion. The sulfidation/oxidation corrosion is of most impor

tance in nickel or cobalt-base alloys. The sulfur is present as sulfides in the metal 

ahead of the oxidation front: the presence of those sulfides appears to prevent the 

alloy forming a continuous protective Cr 20 3 scale, and the alloy oxidizes rapidly. In 

many cases the sulfides formed are chromium-rich. Nickel-base alloys at temperature 

above 873 K are very rapidly attacked. High chromium iron-base alloys are relatively 

resistant, and alumina-forming high chromium Fe-Cr alloys such as Fe-25Cr-4Al-

1Y(GE 2541) have excellent corrosion resistance. However, these latter alloys have 

relatively poor mechanical properties, and would be used only as coatings or claddings. 

For fluidized bed boilers, chromia-forming stainless steels such as Fe-10Ni-18Cr(type 

304 or type 347) have been proposed as materials for high temperature tubing, and 

alloys such as Fe-25Cr-20Ni or Fe-25Cr are being evaluated for uncooled support 

members in fluidized bed combuatorss.-10
• 

However, other studies have shown that, under some circumstances, the calcium 

itself may be a factor in the corrosion process. Perkins 11 showed that the preformed 

Cr 2 0 3 layer could be destroyed due to the formation of a compound oxide Ca0·Cr20 3 

which is capable of forming a low melting point eutectic. Akuezue 12 also demonstrated 

that the formation of a compound CaO· Fe 20 3 phase which melts at relatively low 

temperatures was related to the rapid corrosion. However, both of these laboratory 

studies were at temperatures somewhat above those encountered in fluidized bed 
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combustors, and these phases have. not been observed m any significant quantities in 

the corrosion products from actual combustors 13
• 

Materials testing in a fluidized bed combustor is expensive and time consuming, 

and it is very difficult to determine the reaction mechanism. Thus, a simple labora

tory method which may give comparable results is valuable. The early work to deter

mine the reaction mechanism was done by Stringer and Whittle 1\ using CaSO 4 powder 

and graphite in a crucible, and they reproduced the general form of the results in 

practice in this simple laboratory test. Later on, Stringer 15 et al continued the study 

using CaSO 4/CaO powder and the CO/ CO 2 gas mixture to define the oxygen partial 

pressure. But there was no independent measurement of the sulfur partial pressure. 

1.1. Basis of the present work 

From the earlier studies described above, it appears that the reaction mechanism 

is as shown schematically in Figure 1. The unanswered questions relate to the way in 

which sulfidation can occur beneath the oxide scale, the breakdown of the protective 

oxide, and the possible role of calcium-containing species in the reaction. To answer 

these question, three distinct experimental programs were conducted; 

(I) The corrosion behavior of iron-chromium alloys in the presence of calcium sul

fate. 

(2) Corrosion behavior of iron-chromium alloys in mixed gas atmospheres. 

(3) Development of microstructure giving rise to breakaway oxidation. 

This laboratory scale research project was organized to pass through three phases 

m proper sequence, by following a postulate based on the previous experimental 

results, in order to determine the cause of the material degradation processes. 

In the first phase, the corrosion type and the attack mode induced by calcium 

sulfate were examined in environments of controlled oxygen and sulfur partial pres-
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sures connected through the CaSO 4/CaO/CaS equilibria, usmg CaSO 4/CaO powder 

mixture in a crucible and CO/ CO 2 gas mixtures to define the oxygen partial pressure. 

In the second phase, the mechanism of sulfidation/oxidation corrosion and the 

breakaway process in the oxygen- and sulfur- containing atmospheres were examined, 

using a gas mixture rather than CaSO 4 powder. C0-COz-S0 2 gas mixtures at one 

atmosphere total pressure were used to study the specific corrosion phenomena in 

question. The CO-COz-S0 2 gas mixtures have been used to produce the environments 

of controlled oxygen and sulfur partial pressures (Po
2
=10-14-10-10, Ps

2
=I0-5·4- 10-4·0 

atm), without using any Ca-containing species. 

In the third phase, the development of microstructural features correlated with 

breakaway oxidation has been examined. The transport of sulfur-bearing species 

through the initially formed Cr 2 0 3 scale and in the underlying alloy, the mode of 

internal sulfidation in the alloy with different grain structure, and the oxidation of the 

internal sulfides i.e. the oxidation of two phase system has been examined. Finally, 

breakaway oxidation is discussed, correlating the growth kinetics and the microstruc

tural changes. 

1.2. Scope of present work 

A basic understanding of the undesirable degradation of structural materials in 

fluidized bed combustors is of primary concern in this study. Material degradation 

involves the breakdown of the protective Cr 20 3 scale followed by the accelerated loss 

of metal. Iron-chromium alloys have been tested in a sulfur-bearing environment, 

attempting to simulate conditions which have been shown to be appropriate for in-bed 

locations in fluidized bed combustors. 

The ferritic binary Fe-Cr alloys were chosen as the Cr 2 0 3-formers in part 

because alloys of this type are candidates for in-bed components, and in part to avoid 

the complication of the presence of nickel in the austenitic stainless steel alloys. Iron 
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and chromium are the major components present in the stainless steels used in appli

cations such as coal combustion. Another reason is that experience has shown alloys 

of this type to have the best resistance to attack in this environment as well as being 

more economical than alloys based on Ni or Co 10
• 

In the present study, the morphological changes in the scale and the scale-alloy 

interface, the phase distribution in the reaction product, and the development of cor

rosion as well as the sulfur distribution in the scale and alloy have been observed, to 

obtain further metallographic evidence to establish the reaction charateristics more 

fully. As represented schematically in Figure 1, in addition to the compositional and 

microstructural changes occurring during the degradation of the protective chromium 

oxide scale on iron-chromium alloys, the growth kinetics of scales were also observed, 

by measuring the weight change, the scale thickness and the penetration depth of 

internal precipitates into the alloy to predict the progress of corrosion reaction. The 

penetration depth was used as the parameter representing the corrosion rate of alloy 

to interpret the local corrosion practically. 

2. The corrosion behavior of iron-chromium alloys in the presence of cal

cium sulfate. 

2.1. Introduction 

The corrosion behavior of binary Fe-Cr alloys in the presence of calcium sulfate 

has been studied. The calcium sulfate deposited on the hotter metal surfaces in fluid

ized bed combustor could be decomposed locally at the low oxygen partial pressure 

atmospheres, and consequently significant sulfur partial pressures would be developed. 

It has been ahown &-7 that sulfidation of some of the constituents of typical alloys 

is certainly possible. A simple laboratory crucible experiment to determine the reac-
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tion mechanism was performed by Stringer and Whittle 1
\ studying commercial alloys . 

such as lncoloy 671 and stainless steel 316, in a CaSO 4lgraphite powder mixture in a 

crucible. The role of the graphite was to keep the oxygen partial pressure low enough 

to decompose the CaSO ,.. It was demonstrated that catastropic sulfidationloxidation 

attack of alloys can be induced in calcium sulfate at low enough oxygen activities, 

having some similarity to the attack observed in practice. Mark, Lin, Stevenson and 

Stringer 15 continued the study in the environments of CaSO 41Ca0 powder mixtures 

and CO I CO 2 gas mixtures using commercial alloys such as Type 304 stainless steel 

and lncoloy 800, and showed that sulfidationloxidation type attack of the alloys, espe

cially preferential penetration of sulfides along the grain boudaries, is responsible for 

the rapid corrosion. However, Akuezue 12 demonstrated that the formation of 

CaO·Fe 20 3 compound with the spinel structure appeared to be associated with the 

rapid corrosion of alloys. Various mixtures of CaSO ,., CaO and graphite powders, and 

several materials such as pure Fe, Fe-Cr alloys, stainless steel, lncoloy etc were used in 

this laboratory study. 

In the present investigation, CaSO 4ICaO powder mixture in crucibles and 

CO I CO 2 gas mixtures to define the oxygen partial pressure were used. Binary Fe-Cr 

alloys chosen as Cr 2 0~formers were tested. The corrosion type and attack mode on 

the scale and alloy were determined. This experiment was aimed at examining in 

some detail the phase distribution, scale morphologies and the development of corro

sion, with emphasis on the distribution of sulfide which usually determines the overall 

rate of material degradation. 

2.2. Experimental 

2.2.1. Specimen preparation 

The iron-chromium alloys were melted in an induction furnace under vacuum, 

and cast into 50 mm diameter ingots. The chemical compositions of the alloy ingots 



- 7-

are shown in Table 1, and also indicated on the Fe-Cr phase diagram shown in Figure 

2. The cast ingots were homogenized at 1473 K for 24 hours. The alloys were then 

cut into test coupons measuring approximately 10 x 10 x 1 mm. The specimens were 

wet polished on SiC papers ranging from 180 grit to 600 grit under flowing water, and 

then washed with soap solution, distilled water and ethanol thoroughly. Prior to oxi

dation the dimensions of each test sample were measured using a micrometer. To 

determine the amount of oxidation which had occurred, the weight of each specimen 

was measured using an analytical torsion balance before and after each oxidation test. 

2.2.2. Corrosion experiments. 

The oxidation tests were conducted in a vertical tube furnace at a temperature of 

1223 K for different time intervals up to 200 hours. The specimens were wholly 

immersed in the powder bed. The detailed experimental conditions are shown m 

Table 2. Mixtures of reagent grade CaSO 4 and CaO were used. A gas mixture of 

CO- CO 2 having a specified oxygen activity was passed over the powder bed. The 

certified grade CO-C0 2 gas mixtures were supplied premixed by Matheson Gas Pro

ducts Co. The oxygen partial pressure of 10-11·2 atm was selected based on the meas

ured values of CO-content in the gas in a fluidized bed using a zirconia probe 8 . The 

local P02 and P52 near the specimens inside the powder bed were calculated from the 

CO-CO 2 equilibria and the CaSO 4-CaO equilibria( see Appendix 8.1. for details). Fig

ure 3 shows the schematic diagram of the experimental apparatus. The alumina cruci

ble containing the specimens immersed completely in the powder mixture was intro

duced from the top of the furnace, supported by an alumina rod attached to the cruci

ble with alumina pins. After purging the apparatus with dry argon gas, the premixed 

gas mixture was admitted to the reaction chamber, and then the crucible was lowered 

to the furnace hot zone. At the completion of an oxidation run, the specimens were 

raised to the cold part while flushing with argon. 
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2.2.3. Analysis of corrosion products 

After oxidation, the bed material adhering to the external surface of the oxidized 

specimens was removed, by blasting off dust with compressed air and then by ultra

sonic cleaning with ethanol solution. After weighing,~each test specimen was cold

mounted in epoxy resin and sectioned for metallographic examination. The mounted 

specimens were wet ground mechanically in cross-section using SiC abrasive papers 

from 180 grit to 600 grit, and then ground finely on alumina papers using lapping oil. 

Fine details of the cross-section were resolved after fine polishing by using 1 I'm dia

mond paste under flowing Kerosene oil. The unetched cross-section morphologies of 

the scale and alloy were first examined using optical metallography. The typical 

thickness of the thin compact scale, which had a fairly uniform thickness over the 

alloy surface, and the maximum thickness of the thick two-layer scale which developed 

after the breakdown of the initial thin scale, were measured in the optical microscope. 

Several measurements were taken, and an average value calculated. The depth of 

penetration of the internal sulfide/oxide particles into the underlying alloy below the 

oxide layer was also measured, and the maximum measured value is reported. The 

maximum penetration is quoted even if it corresponded to a deep penetration along a 

grain boundary of the alloy. The established pattern used in this measurement is 

sketched in Figure 4. Following this examination of the unetched specimen, Villela's 

reagent(5 ml HCl, 1 g picric acid, 100 ml ethanol) was used as an etchant to reveal the 

grain boundaries of the alloy. Alternatively, a 10% bromine-90% methanol solution 

was used to dissolve away the metal, revealing the morphology of the inner surface of 

scale at the scale-alloy interface without destroying the scale mechanically, irrespective 

of whether the scale was in direct contact with alloy or separated from it. The mor

phology of the scale and alloy in cross-section after etching by Villela's reagent or by 

the bromine-methanol solution were examined in the optical microscope and then in 
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more detail using the Scanning Electron Microscope(SEM). In the latter case, the 

specimens were coated with conducting materials. Carbon was used mainly for coat

ing the specimen surface, and sometimes aluminum and gold were also used. The 

morphologies of the outer surface, of the fractured section and of the inner surface of 

the stripped scale were also observed carefully using the SEM. 

The chemical analysis of the corrosion products was carried out with an Energy 

Dispersive Analysis of X-rays(EDX) unit attached to the SEM. The system consisted 

of a Kevex Micro-X7000 analytical Spectrometer( energy dispersive, multichannel 

analyzer), a minicomputer, an integrated console, a dual floppy disk drive, and a 

printer terminal. The elements present were identified from the peak positions and 

analyzed quantitatively from the net intensity after substracting the background. The 

spatial distribution of each element was determined mainly from the EDX elemental 

mapping of selected areas, and less frequently from line-scans, as well as from quanti

tative analysis of small selected areas. 

The major crystallographic phases present m the corrosion products were 

identified using X-ray diffraction(XRD). A X-ray diffractometer using Cu-K a radiation 

and Ni-filter step-scanned at a very slow speed of the order of 1 o /min, on the external 

surface of oxidized samples and less frequently on the outer surface of the descaled 

alloy substrate. The phases present in the scale were identified from the characteristic 

peak positions and the corresponding intensities. 

2.3. Results 

Table 3 summarizes the overall experimental results in the crucible test. 

2.3.1. Kinetics 

Figure 5 shows the weight gain of the Fe-20Cr alloy and the Fe-25Cr alloy as a 

function of exposure time in the low external P02 environment(P02=10-11.2 atm) in the 
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CaSO 4/CaO mixture at 1223 K, illustrating the effect of the Cr-content in the alloy. 

At the early stage of oxidation until 100 hours, the Fe-20Cr alloy showed better oxida

tion resistance than the Fe-25Cr alloy. The weight change of the Fe-20Cr and the 

Fe-25Cr alloy after 100 hours oxidation was 2.07 mg/ em 2 and 3.10 mg/ em 2, respec

tively. Breakaway kinetics was observed after an exposure of 150 hours in the Fe-

20Cr alloy. In the Fe-25Cr alloy, the weight change increased slightly as the reaction 

time increased, still showing protective behavior. 

2.3.2. Scale morphology and chemical composition. 

As the chromium content in the alloy was increased, the scale formed on the 

alloy surface became thin, and also the chromium content in the scale was increased. 

The thin adherent Cr 2 0 3 scale was formed nearly uniformly on the alloy surface at 

the early stage of oxidation, from the 20 wt.% Cr in the alloy. In the CaSO 4-

con taining environments, no internal sulfidation was observed in the Fe-25Cr alloy. 

However, the Fe-20Cr alloy oxidized severely showing the characteristics of sulfidation, 

and the Fe-18Cr alloy oxidized more rapidly also showing sulfidation. The following 

discussion refers mainly to the Fe-20Cr alloy. 

Figure 6 illustrates the breakaway process for the Fe-20Cr alloy in the 

CaSO 4/CaO mixture in the low external P02 environment(P02=Io-1L2 atm) at 1223 K. 

Cross-section morphologies consistent with the kinetic curve shown in Figure 5 exhibit 

the breakaway process of the thin compact chromium oxide scale to a thick two-layer 

scale composed of an outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer. The 

protective chromium oxide scale formed on the Fe-20Cr alloy had broken away after 

150 hours oxidation. Figure 6a, 6b, 6c, and 6d show the compact chromium-rich oxide 

scale with a thickness of about 3-4 JAm, 6 JAm, 9-10 pm, and 14-15 JAm, respectively. 

The scale had grown gradually as the exposure time increased. At the early stage of 

oxidation, the grain size of oxide was about 1 JAm in the thin adherent chromium oxide 
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scale with a thickness of about 5 JAm. The morphology of the scale at the scale-alloy 

interface was wavy. Figure 6e shows the two-layered scale, with a thickness of 50 JAm, 

which was composed of an outer iron-rich oxide layer and an inner Cr-rich oxide layer. 

After the thickening and the separation of the scale, the overall scale was composed of 

two layers; an outer thick iron-rich oxide layer, and an inner relatively thin Cr-rich 

oxide layer. The external scale contained little or no chromium, no sulfur, and 

apparently no calcium at least close to the interface. The inner chromium-rich oxide 

layer contained some iron-rich regions which appeared under the optical microscope to 

be metallic iron. Figure 6f shows the thick two-layered scale composed of an outer 

Fe-rich oxide layer and an inner mixed Fe-Cr oxide layer, which gradually spreads, 

destroying the remaining protective scale; part of the scale is still protected by the 

chromium oxide, part shows the thick scale. The inner mixed Fe-Cr oxide layer was 

more porous and non-compact. The innermost thin chromium-rich oxide layer with a 

thickness of approximately 5-10 JAm was formed near the scale-alloy interface. 

In the metal, isolated particles rich in Cr and S but very low in Fe were detected. 

The maximum depth of the internal sulfidation zone containing Cr-rich sulfide parti

cles below the inner chromium oxide layer was approximately 20-30 JAm. It is possible 

that oxides or oxysulfides might have been present in this zone, but in the absence of 

an oxygen-distribution determination it is not possible to be sure. However, the 

appearance of all the particles is consistent with their being CrS. Discrete internal 

chromium-rich sulfide particles were globular in shape and aligned to a constant depth 

in the alloy parallel to the scale-alloy interface. Oxide intrusion into the alloy matrix, 

containing some sulfur, and globular Cr-rich sulfide particles just below them were 

also observed. Figure 7 shows an SEM micrograph exhibiting the cross-section mor

phology of an Fe-20Cr alloy oxidized for 150 hours in the CaSO 4/CaO mixture in the 

low external P02 environment(P02=10-11 ·2 atm) at 1223 K. Figure 8 shows the sulfur 
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distribution through the thick two-layer scale. Sulfur was detected at the boundary 

region between an outer Fe-rich oxide and an inner Cr-rich oxide, and between an 

inner Cr-rich oxide and alloy. Sulfur was also randomly distributed in the Cr-rich 

region in the scale. The observation of Cr-rich sulfides within and just below the 

thick two-layer scale suggests that this internal attack may be correlated with the for

mation and growth of the thick scale. There was a strong tendency for the scale to 

spall off more easily in the sulfur-containing environment, indicating that sulfur may 

be closely related with the non-adherency and the premature breakaway of the Cr 20 3 

scale. 

A scale composed of an outer (Ca/Cr) oxide layer and an inner Cr-rich oxide 

layer was produced on the Fe-20Cr alloy surface locally, as shown in Figure 9. The 

(Ca/Cr) oxide formed on the external surface of the oxidized samples as a reaction 

product appears to be a mixture of CaO and Cr 20 3, based on the EDX analysis 

results and on the CaO- Cr 20 3 phase diagram shown in Figure 10. In all cases, the 

mixture of CaO and Cr 20 3 was uniformly distributed, not too thick, and did not 

reach the bare alloy surface, which was always well covered by the inner Cr-rich oxide 

layer. The CaO and Cr 2 0 3 oxide mixture was also formed on the external surface of 

the oxidized samples as a reaction product, with the iron oxide just above the thin 

Cr-rich oxide layer. The CaO and Fe 20 3 oxide mixture was not continuously distri

buted, and not deep enough to penetrate through the thin Cr-rich oxide layer, reach

ing the scale-alloy interface. No Ca-bearing species were detected at or below the 

scale-alloy interface. Ca0·Cr 20 3 or CaO·Fe 2 0 3 single phase was not detected on the 

surface of the oxidized samples by XRD in any case, just a mixture was observed in 

the microscope. There was no evidence of compound oxide formation, either in the 

Ca-Fe-0 or Ca-Cr-0 system. 

2.4. Concluding remarks 

- .. 
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The severe sulfidation/oxidation type attack induced by CaSO 4 occurred locally, 

as shown in Figure 11, accompanying the breakaway of the protective chromium oxide 

scale on the iron-chromium alloy. 

Iron-rich oxides, chromium-rich sulfides and Cr 20 3 developed as corrosiOn pro

ducts. The reaction products at the external surface of scale on the iron-chromium 

alloys, such as a OaO and Cr 20 3 oxide mixture and a OaO and Fe 2 0 3 oxide mixture 

appear to be insignificant in controlling the overall corrosion mechanism. In the 

environment of a moderately low oxygen partial pressure and a relatively high sulfur 

partial pressure, Or-rich sulfides were formed below and within the scale. The 

chromium content in the alloy was critical i.e. low chromium alloys such as Fe-150r 

and Fe-180r were more susceptible to sulfidationjoxidation type attack. A uniform 

band of discrete globular chromium sulfide particles below an inner thin chromium

rich oxide layer was the most common observation locally, which seems to be 

significant in the long-term oxidation. 

The distribution of the internal Or-rich sulfide particles seems to be critical, as 

well as the chromium depletion caused by the sulfur pick-up locally. Internal 

sulfidation of the metal below an inner thin chromium oxide could be a precursor to 

breakaway corrosion. 

3. Corrosion behavior of iron-chromium alloys in mixed gas atmospheres. 

3.1. Introduction 

The corrosion behavior of binary Fe-Or alloys in mixed gas atmospheres has been 

studied. There is a need to determine the reaction mechanism of sulfidation/oxidation 

corrosion and the breakdown mechanism of protective chromium oxide scales in 

oxygen- and sulfur- containing atmospheres which simulate the corrosive environments 
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within the bed of a fluidized bed combustor. In this experiment, gas mixtures includ

ing SO 2 were used, without using any Ca-containing species such as solid CaSO 4 

powder. In the gaseous environments, sulfur-containing species could be supplied con

tinuously to the system i.e. the so2 partial pressure in the environment is time

independent throughout the oxidation run. Direct and independent control of the 

oxygen and sulfur partial pressures was thus possible. 

In oxidizing atmospheres without sulfur, Whittle 2-a et al proposed that the 

chromium oxide scale formed on binary Fe-Cr alloys(16, 18, 23% Cr) would break 

down mechanically. Birks 18
, Giggins 17

, Pettit 18, Worrell 1
g et al studied the corrosion 

behavior of metals and alloys in SOTcontaining gas mixture environments. Most pre

vious work using gas mixtures including SO 2 have been done in relatively high oxygen 

partial pressures such as S0 2/Ar, S0 2/0 2, S0 2/C0 2, S0 2/S0 3, and also usually large 

amounts of S0 2 were used to make the experiment easier. Meanwhile, Rahme/ 20 stu

died the corrosion behavior of Fe-20Cr alloy using H 2/H 20/H.f3 gas mixtures, in the 

very low oxygen partial pressure range. However, in a number of practical applica

tions, environments which have a moderately low oxygen partial pressure and a rela

tively high sulfur partial pressure are of great importance. 

The approach outlined here is to select experimental conditions which are 

intended to simulate a specific type of sulfidationjoxidation corrosion corresponding to 

that encountered in the fluidized bed combustor environment. The C0-C0 2-S0 2 gas 

mixtures were chosen to produce oxygen and sulfur partial pressures in the ranges 

P 02=10-14-10-10
, P52=10-a..-lo-t.o atm. Typically, the CO-C0 2-S0 2 gaseous environ-

ments can be defined thermodynamically in terms of the oxygen and sulfur partial 

pressures, and the carbon activity. In these experiments, the carbon activity was very 

low; low enough not to form a carbide as a reaction product. In this report, conse

quently, the atmospheres are characterized only by their oxygen and sulfur pressures. 
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In the thermodynamic phase stability diagram of the Cr-0-S system, shown in Figure 

12, the environments chosen in this study lie in the Cr 20 3 stability region just below 

the stability boundary between sulfide and oxide and also above the extrapolation of 

the stability boundary between sulfide and metal. 

The effect of the sulfur activity, the S0 2 partial pressure, and the Cr-content of 

the alloy(15, 18, 20, 25, 30% Cr) on the kinetics of the reaction, on the morphology of 

the reaction products, and on the development of the corrosion was studied. 

Emphasis was placed on the distribution of internal sulfides/oxides and the penetra

tion of oxide intrusions in the alloy, as well as the regeneration of the external protec

tive Cr-oxide scale. This experiment also concentrates on the critical factors which 

lead to the breakdown of the protective Cr 20 3 scale such as the microstructural 

changes in the Cr 20 s-rich scale, the adhesion characteristics of the scale-alloy inter

face, an~ the formation of internal sulfides in the alloy. 

3.2. Experimental 

3.2.1. Specimen preparation 

Specimens were prepared usmg the same methods as for the previous 

studies(section 2.2.1.). 

3.2.2. Corrosion experiment 

The oxidation tests were conducted m a vertical tube furnace for different time 

intervals up to 200 hours(mostly 100 hours) in the mixed gas environments. Figure 13 

shows a schematic diagram of the experimental apparatus. Table 5 shows the experi

mental conditions. P02 and Ps
2 

were calculated from the C0-CO~S0 2 equilibria(see 

Appendix 8.2. for details). The premixed C0-00 2 and SO~Ar gas mixtures were com

bined to form the required atmosphere, which then flowed into the reaction chamber. 

The certified premixed gases were supplied by Matheson Gas Products Co. Figure 14 
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shows the simplified stability diagram superimposed for the chromium-oxygen-sulfur 

system and the iron-oxygen-sulfur system at 1223 K and at 1123 K. The gas mixtures 

used in this experiment are indicated by the points on the stability· diagram. The 

premixed. CO-C0 2 and SO TAr gas mixtures flowed into the gas mixer filled with 

alumina granules, passing through each flowmeter already set up with the predeter

mined flow rate. After the completion of a continuous mixing, a preadjusted CO

COTSOTAr gas mixture passed through the long tube for gas equilibration. After 

purging the apparatus with dry argon gas, the fully equilibrated gas mixture was 

· admitted to the system, and then the specimens were lowered from the top of the fur

nace to the furnace hot zone using a ceramic specimen holder. At the completion of 

an oxidation run, the specimens were raised to the cold part while flushing with argon. 

3.2.3. Analysis of corrosion products 

After oxidation, the corrosion products on the alloy surface were visually exam

ined, noting such factors as the general appearance, colour, any evidence of spalling, 

general uniformity etc. After each oxidation run, specimens were weighed to deter

mine the amount of corrosion products. 

The observation of the surface and cross-section morphologies of the scale and 

alloy using optical metallography and scanning electron microscopy, and quantitative 

chemical analysis of the corrosion products using an EDX unit attached to the SEM 

were carried out using the same methods as described in the previous section 2.2.3. 

Fracture sections of the scale and alloy were prepared by breaking the oxidized speci

mens at liquid nitrogen temperature and examined in the SEM. Quantitative chemical 

analysis of the corrosion products and the depth profile of particular elements such as 

sulfur were performed using Auger Electron Spectrometry(AES). · 

The major crystallographic phases in the corrosion products were identified by 

using X-ray diffraction(XRD). A X-ray diffractometer using Cu-K Q radiation and Ni-
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filter step-scanned at a very slow speed, of the order of 1 sec/step, over 0.1 o 20 inter-

val, on the external surface of oxidized samples and less frequently on the inner sur-

face of the stripped scale. The phases present in the scale were identified from the 

characteristic peak positions and the corresponding intensities. The lattice constants 

of the M20 3-type scale such as Cr 20 3 or (Or ,Fe )20 3 solid solution were calculated 

from the measured 20 value or interplanar spacing, step-scanning at a very slow speed 

of the order of 4 sec/step, over 0.01 o 20 interval around each .of the (110), (116), {300), 

{220) peak positions. The overall characterization methods for the corrosion products 

are summarized in Table 4. 

3.3. Results 

Table 6 summarizes the overall experimental results in the mixed gas atm~ 

spheres at 1223 K. 

3.3.1. Kinetics 

The atmosphere with P0 =10-11•2, P5 =10"'"8 atm (environment number 3 in Table 
2 2 

5) produced no internal sulfidation in any of the alloys at 1223 K. Only minor traces 

of sulfur were detected in the scale on the Fe-15Cr alloy. The following discussion 

thus refers mainly to the remaining two sulfur partial pressures (Ps
2
=10_., or 10-5 atm) 

which are refered to as "high" and "low" P5 , respectively. 
. 2 

Figure 15 illustrates the effect of the Cr,.content in the Fe-Cr alloys. Fe-20Cr 

and Fe-25Cr were oxidized slowly up to 200 hours, but the Fe-15Cr alloy oxidized very 

rapidly even in the low P5 atmosphere(P0 =I0-11.2, P5 =10-5 atm). Figure 16 shows 
2 2 2 

the weight change of the Fe-20Cr alloy as a. function of exposure time in the two 

different P52 atmospheres at the same P02(P02=I0-11.2 atm) at 1223 K. Breakaway 

kinetics were observed after an exposure time of 150 hours in the high Ps atmosphere. 
2 

In the low Ps
2 

atmosphere, the weight change increased slightly as the reaction time 
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increased, still showing protective behavior. It is very difficult to compare the weight 

changes of the Fe-25Cr alloy because the scale formed on Fe-25Cr alloy spalled off 

more easily than that on Fe-20Cr alloy. Figure 17 shows the variation of the thick-

ness of the typical protective scale of Fe-20Cr and Fe-25Cr as a function of exposure 

time in the four different atmospheres. In the high Ps atmosphere, the measured 
2 

values of scale thickness were greater and more scattered than in the low Ps
2 

atmo-

sphere. Near-parabolic kinetics were observed except in the high P52 atmosphere. 

Comparison of averaged scale thickness with weight gains indicated th.at oxide had not 

nearly spalled from outside these thinner scale regions. Figure 18 shows the maximum 

penetration depth of Fe-20Cr and Fe-25Cr as a function of exposure time in the two 

P52 atmospheres at the same P02. For the high P52 atmosphere, the maximum pene-

tration depth of the internal Cr-rich sulfide/oxide particles into the underlying alloy 

- increased with time, exhibiting a similar trend to the scale thickness. For the low P5 2 

atmosphere, the internal penetration was negligible, although internal sulfides could be 

detected immediately beneath the interface. Comparison of Figures 16 and 17 indi-

cates that although a large part of the increased weight gain after 100 hours is attri-

butable to the thick two-layer scale, both the remaining protective scale and the pene-

tration exhibited increasing rates of growth. 

3.3.2. Scale morphology and chemical composition 

Fe-15Cr 

A continuous protective chromium oxide layer was not formed on the Fe-15Cr 

alloy in any case, irrespective of the sulfur activity in the environment. In the high 

P52 environment(P02=10-11·
2

, Ps
2
=Io-t atm), a thick two-layer scale composed of an 

outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer was formed on the alloy 

surface; the two layers had approximately equal thickness. In the inner part of the 
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inner mixed Fe-Cr oxide layer and also in the vicinity of the scale-alloy interface, sui-

fur was detected in Cr-rich regions. In the low Ps environment(P0 =10·1
1.

2
, Ps =10....s 

2 2 2 

atm), a thick two-layer scale was also formed on the alloy surface, but the thickness of 

each layer was less than that in the high P82 environment for the same oxidation 

period. For example, after 25 hours oxidation, the thickness of each of the layers was 

about 150 I'm in the low Ps
2 

environment, whereas the thickness of each layer was 

about 250 I'm in the high P82 environment. Even in the low P82 environment, sulfur 

was also detected in the Cr-rich region, at and near the scale-alloy interface; but the 

extent of sulfidation was less in the low P82 environment. The main differences 

between the high P82 environment and the low P82 environment were thus the thick-

ness of the oxide layers, and the extent of sulfidation at and near the scale-alloy inter-

face. Figure 19 shows optical micrographs of the cross-section morphology of the Fe-

15Cr alloy oxidized for 25 hours in the two different P82 atmosphere(Ps
2
=10-4, lO....s 

atm) at the same P02(P02=10-11
·
2 atm) at 1223 K. 

Fe-I8Cr 

In the low P82 atmosphere(Ps
2
=10....s atm), the Cr-oxide scale was uniformly dis-

tributed on the alloy surface after the specimens were oxidized for 100 hours. After 

200 hours oxidation, the metal was completely consumed. Internal sulfide/oxide parti-

cles do not appear to have increased in population with the increasing oxidation time. 

In the high P82 atmosphere(Ps
2
=10-4 atm), nearly all of the metal was consumed after 

the specimens were oxidized for 100 hours. The remaining Cr 20 3 scale was 6-10 I'm 

thick. 

Fe-20Cr 

Figure 20 illustrates the breakaway process for the Fe-20Cr alloy in the high P82 

atmosphere (P02=10-1
t.

2, ? 82=10-4 atm) at 1223 K. The scale formed on Fe-20Cr had 
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broken away after 100 hours oxidation. Internal Cr-rich sulfide/oxide particles were 

observed in the underlying alloy below an inner Cr-rich oxide layer. Internal 

sulfide/oxide stringers penetrated into the alloy perpendicular to the scale-alloy inter-

face. As the exposure time increased, the sulfide/oxide particles penetrated more dee-

ply into the base alloy. Meanwhile, the scale was gradually separating into two layers; 

an outer Fe-oxide and an inner Cr-rich oxide, more and more obviously. Finally, a 

two-layer scale composed of an outer layer of iron oxide and an inner layer containing 

iron and chromium oxides, with sulfur present in the innermost part was formed. 

Figure 21 shows the SEM topography and the optical cross-section morphology of 

the scale produced on Fe-20Cr alloy oxidized for 50 hours in the high P52 atmosphere 

at 1223 K. Nodules composed of an outer Fe-oxide and an inner Cr-rich oxide layer 

were observed. Internal sulfide particles were formed, and the internal sulfidation 

front advanced deep into the underlying alloy as the nodule thickness increased. Fig-

ure 22 shows the SEM micrograph exhibiting the cross-section morphology of an Fe-

20Cr alloy oxidized for 100 hours in the high P52 atmosphere at 1223 K. An outer Fe-

oxide layer was formed above an inner Cr-rich oxide layer. Coarse Cr-rich sulfide par-

ticles were distributed in the underlying alloy to a depth of 20-30 I'm below the 

metal/oxide interface. Sulfur was also detected at the part of the inner Cr-rich oxide 

layer. 

Figure 23 shows SEM micrographs of the scale-alloy interface, revealed by the 

deep etching technique, of the Fe-20Cr alloy oxidized for 100 hours in the two different 

P5 atmospheres(Ps =10-t, 10-6 atm) at the same P0 (Po =10-11.2 atm) at 1223 K. In 
2 . 2 2 2 

the specimen exposed to the high P52 atmosphere, the oxide intrusions shown in Figure 

23a were found, by means of the EDX technique, to contain sulfur. The scale itself 

was porous. The pores may have originated in one of several ways: by dissolving away 

isolated base-metal islands in the scale in the bromine-methanol solution; as a result of 
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pull-out during the polishing of the specimen; perhaps as a real feature of the oxida-

tion. In contrast, in the low P52 atmosphere, the scale-alloy interface was smooth. · 

The scale has no visible macropores and there was no internal sulfidation of the base 

alloy. 

For Fe-20Cr specimens oxidized in the low and very low P52 

atmospheres(P52=to-5, 10-11 atm), X-ray diffraction detected only Or 2 0 3 in the scale; 

small amounts of iron were detected in the Or 20 3 scale by EDX. Rapid corrosion did 

not occur in the low P5 2 
atmospheres. The Or 20 3 scale was uniformly distributed on 

the alloy surface. Some Cr-rich sulfide particles were detected, apparently within 

grooves present at the scale-alloy interface in the very low P5 environment. The 
2 

region which seems to connect the scale and alloy was very porous. Figure 24 shows 

the SEM topography of the descaled Fe-20Cr alloy substrate oxidized for 200 hours in 

the very low P52 environment (P02=to-1t.2, Ps
2
=tcre atm) at 1223 K. No sulfur was 

detected in the scale and alloy. Cr-rich sulfide particles formed probably by the 

molecular penetration of so2 gas through the scale. 

Internal sulfidation was not observed even in the high Ps atmosphere(Ps =10-4 
2 2 

atm) at the lower P02(P02=10-12·0 atm) at 1223 K up to 200 hours, if the partial pres-

sure of S0 2 is very low. Only slow oxidation was observed. In other words, in the low 

P502 gas atmosphere (P502=0.004, P02=10-12·0, P52=10-4 atm), internal sulfidation did 

not occur even in the high P52 atmosphere. The partial pressure of SO 2 in the 

environment apparently played a more decisive role in the occurrence of the internal 

sulfidation on the Fe-20Cr alloy than the partial pressures of oxygen or sulfur. 

Fe-25Cr 

In the high P52 atmosphere, the Fe-25Cr alloy was corroded more severely than 

the Fe-20Cr alloy m the early stages of the oxidation, forming internal Cr-rich 
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sulfide/oxide particles more deeply in the base alloy. But the internal sulfidation front 

advanced very slowly into the alloy as the reaction time increased. · Figure 25 shows 

an SEM micrograph of the cross-section of an Fe-25Cr alloy oxidized for 25 hours in 

the high P52 atmosphere (P02=10-1L2, Ps
2
=10-4 atm) at 1223 K. An outer Fe-oxide 

layer was formed above an inner Cr-oxide layer. Cr-_rich sulfide particles were distri-

buted in the underlying alloy to a depth of 20-25 ,m below the metal-oxide interface. 

Sulfur was present throughout the inner Cr-rich oxide layer; however, the concentra-

tion appeared to be significantly greater immediately adjacent to the metal/oxide 

interface. Figure 26a and 26b show an optical micrograph and an SEM micrograph of 

the cross-section of an Fe-25Cr alloy oxidized for 50 hours in the high P52 atmosphere. 

A band of Cr-rich sulfide particles was formed below the inner Cr-rich oxide layer to a 

depth of about 50-80 ,m. Local Cr-rich sulfide/oxide intrusions penetrated more dee-

ply into the alloy up to 120 ,m, along the badly-bonded grain boundaries which 

appear to be chromium-depleted regions or to be precracked by stresses created during 

specimen preparation. In the Fe-25Cr alloy specimen, etched with Villela's reagent, 

coarse internal Cr-rich sulfide particles were observed in the vicinity of the boundary 

between the unaffected base alloy and the affected zone of the underlying alloy, as 

shown in Figure 27. The smaller particles in the affected zone were located within a 

depth of 50 ,m below the Cr-rich oxide layer. The affected zone of the underlying 

alloy was created probably by the Cr-depletion. There was no tendency for the inter-

nal Cr-rich sulfide/oxide particle front to advance preferentially along the grain boun-

daries of the alloy under the adherent scale. 

In the very low P52 atmosphere(P02 . 10-11·2, P52=1o-G atm) small amounts of sul

fur were detected locally at the inner surface of the detached Cr-oxide scale produced 

on the Fe-25Cr alloy. Figure 28 shows the underview of the scale produced on an Fe-

25Cr alloy oxidized for 100 hours in the very low P5 atmosphere at 1223 K. No 
2 
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sulfur was detected in the scale or the alloy on the cross-sectioned specimens. This 

observation is also indirect experimental evidence that the sulfur-containing species 

such as SO 2 were transported through short-circuit diffusion paths in the scale by 

molecular penetration. 

Figure 29b shows SEM fractography of the scale formed on an Fe-25Cr alloy oxi

dized for 150 hours in the high Ps
2 

atmosphere(Pso
2
=0.026, P02=l0-1

1.2 , Ps
2
=10-4 

atm), and Figure 29a shows the scale on the same alloy oxidized for 200 hours in the 

low Pso
2 

atmosphere(Pso
2
=0.004, P02=to-1

2.
0

, Ps
2
=10-4 atm) at 1223 K. In the high. 

Ps
2 

atmosphere, the scale was composed of an outer columnar Fe-oxide layer and an 

inner porous Cr-rich oxide layer. The chromium sulfide was developed beneath and 

within the inner Cr-rich oxide layer, which appears to be related with the breakaway 

kinetics. In contrast, in the low P502 atmosphere a uniform fine-grained compact Cr-

oxide scale. was formed, which appears to be related to the parabolic kinetics, even 

though the sulfur partial pressure was the same(P52=10-t atm). 

Fe-30Cr 

In the low Ps
2 

atmosphere(Ps
2
=10-0 atm), the Cr-oxide scale was uniformly 

formed on the Fe-30Cr alloy oxidized for 200 hours at 1223 K. In the high P52 

atmosphere(Ps
2
=10-4 atm), internal Cr-rich sulfide/oxide particles were observed in 

the underlying alloy below the Cr-rich oxide layer to a depth of about 10-16 Jlm, after 

the specimens were oxidized for 50 hours at 1223 K. Figure 30 is an optical micro

graph of the cross-section of an Fe-30Cr alloy oxidized for 50 hours in the high Ps 
2 

atmosphere. 

Scale-surfaces 

Figure 31 shows the SEM topography of the scale produced on an Fe-20Cr alloy 

and an Fe-25Cr alloy oxidized for 100 hours, respectively, in the three different Ps 
2 
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atmospheres(Ps
2
=10"--4, 10-.s, 10~ atm) at the same P02 atmosphere(P02=10-1

1.2 atm) at . 

1223 K. In the high P52 atmosphere(Ps
2
=10-4 atm), the Fe-oxide which grew outward 

rapidly was distributed randomly on the upper part of the scale as an outer layer. 

Figure 32 shows the relation of the weight percentage ratio of Fe and Cr contents 

detected at the external surface of the scales with the thickness of scale formed in the 

two different P52 atmospheres {?52=10--4, 10...S atm) at the same P 02(P02=Io-11
·
2 atm). 

The (Fe/Cr) ratio was calculated frotn the EDX data. The measured values of 

(Fe/Cr) ratios in the thick scale were more scattered than in the thin scale. The 

(Fe/Cr) ratio in the high P52 atmosphere was higher than that in the low P52 atmo-

sphere irrespective of the scale thickness i.e. more iron was dissolved in the Cr-oxide 

scale in the high P52 atmosphere. 

3.3.3. Development of the corrosion of the higher chromium-containing alloys. 

The Cr 20 3 scale formed on the two higher chromium-containing alloys was 

nearly uniformly distributed on the alloy surface, and spalled off locally on cooling. 

When the specimens were slowly cooled after the oxidation run, there was a tendency 

for the initial, thin Cr 20 3 scale formed on Fe-25Cr alloy to spall off more easily than 

that on the Fe-20Cr alloy, the difference in adhesion increasing as the exposure time 

increased i.e. as the scale thickness increased. The tendency to spall increased with 

increasing Cr-content. Figure 33 compares the spalling tendency of Fe-20Cr and Fe-

25Cr alloy in the three different P52 atmospheres(P52=Io-4, 10-.s, 10-e atm) at the same 

P02 atmosphere(P02=I0-11·2 atm). Although part of the scale formed on the Fe-25Cr 

alloy frequently spalled explosively on cooling as a spray of finely shattered particles, 

much of the specimen surface was still covered with a thin adherent Cr-oxide scale. In 

other words, as the extent of scale spalling increased, although the alloy exhibited 

severe internal corrosion and developed an outer Fe-oxide above an inner Cr-rich oxide 
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layer, the overall oxidation rate of the Fe-25Cr alloy did not accel:rate greatly. How

ever, although Fe-20Cr alloy showed good protective behavior at the early stage of 

oxidation, with the adherent scale resisting spalling to a greater extent, when the ini

tial scale was broken down locally, the alloy corroded rapidly, forming a thick two

layer scale composed of an outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer. 

Then the two-layer scale grew laterally, destroying the neighboring Cr-oxide scale. 

Figure 34 shows SEM fractography of the scale formed on Fe-:25Cr alloy oxidized 

for 200 hours in the low P502 atmosphere(Pso
2
=0.004, ? 02=10-12·

0
, Ps

2
=10-4 atm). 

The sulfur-containing intrusions below the Cr-rich oxide scale appear to be responsible 

for the spalling of scale. The chromium sulfide agglomerates which look like black 

dots in the low magnification micrograph were observed locally on the external surface 

of the descaled substrate of Fe-25Cr alloy specimen in the high Ps
2 

atmosphere, as 

shown in Figure 35. These sulfide agglomerates probably formed below t~e Cr-rich 

oxide before the spalling-off of the scale or formed on the descaled alloy substrate after 

the spalling-off. Judging from the viewpoint of thermodynamic stability, CrS is ther

modynamically stable below the Cr 20 3 scale. 

Table 7 compares the scaling characteristics of Fe-20Cr and Fe-25Cr alloys in the 

high P52 atmosphere(P02=l0-11.2 , Ps
2
=10-4 atm), describing the sulfidation/oxidation 

type corrosive attack. Table 8 compares the extent of the corrosive attack of the Fe-

20Cr alloy and of the Fe-25Cr alloy in the high P52 atmosphere, attempting to relate 

the extent of corrosion with the scale thickness and the penetration depth. The rela

tive thickness of the outer Fe-oxide layer appeared to vary with the extent of internal 

oxidation. Table 9 shows that when the sulfur activity in the environment(Ps
2
=10-4 

atm) was high enough to sulfidize the alloy, the Cr 2 0 3 scale had already ceased to be 

protective when the thickness was only 7-15 11m. However, when the sulfur activity 

was low (Ps
2
=10....o atm), the Cr 2 0 3 scale remained protective even at a thickness of 
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12-14 Jlm. In other words, it is possible that the critical thickness of Cr 2 0 3 scale to 

remain protective decreases as the sulfur activity in the environment increases. The 

type and the mode of corrosive attack in the mixed gas environments containing both 

oxygen and sulfur is summarized in Table 10 and Table 11. In the high Ps
2 

and high 

P502 atmosphere{Ps
2
=10-4, P502=0.026 atm), internal sulfidation was observed in the 

higher Cr-containing Fe-Cr alloys{20, 25, 30% Cr). If P502 is high{P502=0.026 atm), 

internal sulfidation was still observed below the thin two-layer scale in the Fe-25Cr 

alloy even in the very low P52 atmosphere{Ps2=10~·
4 atm). When P502 is below 0.008 

atm, internal sulfidation was not observed in the Fe-25Cr alloy irrespective of 

P52{Ps
2
=10-8-10-4 atm). In the Fe-20Cr alloy, internal sulfidation was barely observed 

below the thick two-layer scale in the low P502 atmosphere{P502=0.008-0.004 atm), 

but the attack was not severe. The extent of sulfidation/oxidation corrosion decreased 

as Pso
2 

decreased. In the very low P52(P52=10-e atm) and very low P502(P502=0.002 

atm) atmosphere, internal sulfidation was not observed in the Fe-20Cr alloy. For a 

fixed sulfur partial pressure of 10-4 atm, internal sulfidation was observed for S0 2 par-

tial pressure above 0.004 atm in the case of the Fe-20Cr alloy, and at 0.026 atm in the 

Fe-25Cr alloy. The SO 2 partial pressure appears to be critical factor in determining 

the corrosion type. The extent of the corrosion depends more decisively on P50 than 
2 

on P52. As the chromium content m the Fe-Cr alloys increased, the 

sulfidationjoxidation corrosion was retarded. 

3.3.4. Effect of temperature 

A limited number of tests were conducted at 1123 K to give an indication of the 

effect of temperature. Table .12 shows the experimental results. Comparison of the 

corrosion in environments numbers 1 and 6 indicates that at the same Pso , the Cr-
2 

oxide scale grew on any of the alloys more slowly at 1123 K than at 1223 K. The 
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internal sulfide/oxide front penetrated slightly deeper at ~223 K than at 1123 K. 

Comparison of environments numbers 5 and 6 indicates that when the volume frac

tions in the gas mixture are the same at the two different temperatures, the general 

scaling characteristics were similar; such as the formation of two-layer scale consisting 

of an outer Fe-oxide and an inner Cr-rich oxide, and the internal sulfidation in the 

underlying alloy. However, the extent of corrosion was more severe at 1223 K than at 

1123 K. In the relatively low P52 atmosphere(P02=l0-12.2, Ps
2
=10-S·7 atm) at 1123 K, 

no internal sulfidation was observed and only a Cr 2 0 3 scale was uniformly distributed 

on the surface of any alloys. 

3.4. Concluding remarks 

The formation of internal Cr-rich sulfide/oxide particles in the underlying alloy 

below an inner Cr-rich oxide layer was a common observation for the relatively high 

sulfur partial pressure atmospheres. Figure 36 is a schematic representation of the 

development of the corrosion. 

The development of internal sulfides leads to internal oxidation, fragmentation of 

the more noble metal in the scale, instability of the interface between the scale and 

alloy, and finally the inability of the alloy to regenerate protective oxide. The activity 

of sulfur plays an important role in determining whether sulfidation/oxidation corro

sion occurs or not. However, the partial pressure of SO 2, rather than the sulfur 

activity, appears to be the more decisive factor in the development of the 

sulfidation/oxidation corrosion. The Cr-content in iron-chromium alloys was also 

important. The Fe-20Cr alloy exhibited good resistance to spalling, but after local 

failure of the initial Cr 2 0 3 scale, the alloy corroded rapidly forming a thick two-layer 

scale. Meanwhile, although the Cr 20 3 scale formed on the Fe-25Cr alloy spalled off 

easily, the overall oxidation rate of the alloy did not accelerate greatly. As the Cr

eon tent in Fe-Cr alloys increased, the sulfidationfoxidation corrosion was retarded. 



- 28-

The extent of corrosion was more severe at 1223 K than at 1123 K. 

The sulfidation/oxidation corrosion is a breakaway process. After breakaway., 

the metal oxidized to form non-protective two-layer scales composed of an outer Fe

oxide and an inner Cr-rich oxide. The deleterious effect of sulfur is related to its 

developing a microstructure which prevents the maintenance and the reformation of a 

protective external scale. The critical microstructure developed by the formation of 

the internal sulfides/oxides in the underlying alloy could cause the breakaway oxida

tion. 

The formation of the globular internal Cr-rich sulfides in the underlying alloy 

below an inner Cr-rich oxide layer and a characteristic two-layer scale composed of an 

outer Fe-oxide and an inner Cr-rich oxide, were common observations both in the cru

cible test and the test in the simulated mixed gas atmosphere. These observations 

indicate that the sulfur-containing species such as SO 2 was evolved from the 

CaSO 4/CaO equilibria in the low oxygen partial pressure atmospheres created by the 

CO/ CO 2 gas mixture. The sulfur activity in the low oxygen partial pressure atmo

sphere would be increased enough to sulfidize the alloy locally, along the CaSO 4/CaO 

equilibrium line as a function of oxygen partial pressure. The maximum penetration 

depth of internal sulfides, representing the corrosion rate of material at given environ

men tal conditions, saturated to a constant depth below the inner Cr-rich oxide layer 

as the oxidation time increased. In the mixed gas environments, the maximum pene

tration depth was 30-40 I'm in the Fe-25Cr alloy, and 40-50 I'm in the Fe-20Cr alloy 

in the high P52 atmosphere. In the crucible test, the maximum penetration depth was 

negligible in the Fe-25Cr alloy, and 20-30 I'm in the Fe-20Cr alloy, in the theoretically 

postulated high P52 atmosphere connected through the low external P02 atmosphere 

and the CaSO 4/CaO equilibria. The sulfidation/oxidation corrosive attack in the 

mixed gas environments was more severe than that in crucible tests. The corrosion 
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process iS not directly comparable because the evolution of S0 2 gas in crucible tests 

was CaSO 4 decomposition reaction dependent and time-limited in this laboratory 

experiment, and because of a continuous supply of sulfur-bearing species even after 

breakdown of a protective Cr 20 3 scale in the mixed gas atmospheres. A series of spe

cially designed experiments are needed to answer the cause of the sulfidation/oxidation 

corrosive attack in various sulfur-containing environments more clearly. 

4. Development of microstructure giving rise to breakaway oxidation. 

4.1. Introduction 

It IS postulated that the breakdown of the protective oxide m 

sulfidation/oxidation corrosion is associated with the development of a "critical 

microstructure". This critical microstructure iS sketched in Figure 37, and it ariSes 

from the break-up of the planar interface by the chromium-rich oxide intrusion, which 

results from the oxidation in-situ of the internal chromium sulfides, and from the con

sequent depletion of the surface layers of the metal in chromium, inhibiting the refor

mation of a protective external Cr 20 3 scale if the initial oxide fails or is otherwise 

removed. The usefulness of this concept iS that the evolution of such a microstructure 

can be detected at an early stage, well before the onset of breakaway, allowing the 

prediction of probable breakaway behavior from relatively short-term testing. 

4.1.1. Previous investigation 

Few investigations have provided information leading toward a detailed under

standing of the transport of sulfur in chromium oxide. Seybolt 21 , using hot pressed 

Cr 20 3 powder samples and H2/H.J3 mixed gas environments, estimated the diffusion 

coefficient of sulfur in Cr 2 0 3 to be about 10-10 em 2 /sec at 1273 K. There has been 

significantly greater efforts aimed at the investigation of the transport of other species 
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through Cr 2 0 3 • Hage/ 22 studied the diffusion of oxygen in single crystal Cr 20 3, and 

the diffusion coefficient of oxygen was slower by several orders of magnitude than the 

diffusion coefficient of sulfur measured by Seybolt. Many studies of chromium 

diffusion in chromium oxide have been reported, and the data have been published by 

Kof 8tad 23 and by AtkinBon 24• Kofstad claimed that chromium vacancies or interstitials 

diffuse through the bulk oxide. However, Atkinson demonstrated that chromium 

diffuses through short-circuit diffusion paths such as grain boundaries in the oxide. 

Internal oxidation of alloys has been an active topic of research for many years. 

Wagner 26 developed the first quantitative theory for the process, and for the transition 

from internal to external oxidation. Rapp 25 ~eviewed the early literature and con

ducted a number of experiments, particularly in the Ag-ln system, confirming the 

major features of the Wagner model. Essentially, internal oxidation involves a com

petition between the diffusion of oxygen into the alloy and the diffusion of the oxide

forming element out. Ho88ain ZT studied the effect of cold-working in the oxidation of 

Fe-Cr alloys. The effect of this is to produce, at the oxidation temperature, a fine

grained recrystallized structure. Chromium outward diffusion via metal grain boun

dary short-circuit paths is enhanced, and the effect is to encourage the formation of an 

external oxide and thus to improve the oxidation resistance of alloys having maginal 

chromium contents. The diffusion coefficients of sulfur in Fe-Cr alloys(18, 26, 34% Cr) 

were determined by Filla8tre 28 in the temperature range 1123-1473 K. The solubility 

of sulfur in Fe-Cr alloys of various compositions was reported by Oudar 211 for the tem

perature range of 1273-1473 K. RiBBe&J studied the internal sulfidation of dilute Fe

based alloys with alloying elements such as Cr, AI in H rH 20-H ~ mixed-gas atmo

spheres. From measurements of the penetration depth of internal sulfidation in the 

alloy, the diffusion coefficient of sulfur in Fe-Cr alloys was calculated to be about 

4.5xl0-10 em 2/sec at 1200 K. 
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Internal sulfide precipitates can affect both the mechanism and kinetics of exter

nal scale formation. The study of the interactions between oxygen and preexisting 

chromium sulfide precipitate is providing insight into the significant influence of inter

nal sulfide/oxide precipitates aspects on oxidation behavior, such as the microstruc

tural changes and the kinetics of internal oxidation in alloys. Spengler and 

Viswanathan 31 proposed the self-sustaining process that the in-situ oxidation of internal 

Cr-rich sulfides releases sulfur, which then moves inward, forming new sulfide parti

cles. 

2CraS 4 + 90 = 3Cr 20 3 + SS 

SS + 6Cr = 2Cr 3S4 

However, the formation of Cr 3S 4 in the underlying alloy appears to be thermodynami

cally unfavorable. E/Dahasan 32 et al studied the oxidation of presulfidized Co-Cr 

alloys, and proposed a model essentially the same as that of Spengler and 

Viswanathan, but noted that a thick external chromium sulfate layer initially oxidized 

to form an external Cr 20 3 layer at essentially the same rate as the unsulfidized alloy. 

Only after the integrity of the external sulfate layer was destroyed, did the internal 

oxidation/sulfidation start. The internal sulfide appeared to be a chromium-rich MSz, 

where x~l. 

In addition to the study of microstructural changes in the scale and alloy, the 

kinetics of breakaway oxidation was also studied. A mechanism for the mechanical 

breakdown of protective Cr 2 0 3 scales was proposed by Whittle and Wood 2-.'3. They 

suggested that mechanical cracking of the protective oxide, followed by scale lifting 

and cracking, and then finally gross mechanical failure of the protective scale permits 

rapid oxidation of the underlying chromium-depleted alloy. Proposed possible causes 

for the mechanical failure of the protective scale include the a-1 phase change in the 

underlying alloy, stress development during oxide growth in the scale and alloy, void 
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formation at the scale-alloy interface, grain growth m the alloy, etc. In earlier work, 

EdBtroem 32 proposed that chemical transformation of Cr 2 0 3 scale to Cr 20 3·Fe 20 3 solid 

solution and finally to FeO (Cr ,Fe )20 3 spinel facilitates the rapid outward diffusion of 

Fe 2+ ions to form Fe 30 4 and Fe 20 3 layers. 

4/3Cr 2 0 3 + Fe(alloy) = FeCr 2 0 4 + 2/3Cr(alloy) 

Cr 2 0 3 + 2Fe(alloy) = Fe 2 0 3 + 2Cr(alloy) 

However, it was demonstrated by Whittle 34 that the chemical transformation is ther

modynamically unfavorable. 

4.1.2. Basis of the present investigation 

On the basis of the earlier work, it appeared that further information leading 

towards a detailed understanding of the microstructural changes associated with the 

changes in the oxidation kinetics was required. In particular, if the breakaway is 

indeed associated with the evolution of a critical microstructure, it is necessary to 

establish clearly the ways in which this microstructure develops. In the present inves

tigation, the study has been divided into three main sections; 

(1) the transport of sulfur in Cr 20 3 scale, _ 

(2) the mode of internal sulfidation in the alloy, 

(3) the oxidation of the internal sulfides. 

In these sections, a fundamental model for the development of the critical microstruc

ture is established through comparison between the microstructural changes and the 

breakaway kinetics. 

In the first section, the Fe-Cr alloys specimens were preoxidized to form an initial 

Cr 2 0 3 scale, and then exposed to the CO-CO-rS0 2 mixed gas atmosphere. The tran

sport of sulfur-bearing species through the initially-formed Cr 2 0 3 scale was thus 

examined. 
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In the second section, Fe-Cr alloys(18, 20, 25% Cr) with different gram 

structures( cast and homogenized, cold-rolled and annealed) were oxidized in the three 

different CO-COrS0 2 mixed gas atmospheres. The attack modes of internal sulfides 

in the two microstructures have been examined in some detaiL 

In the third section, internal sulfides were first formed in the underlying alloy, by 

oxidizing Fe-Cr alloy specimens in the CO-COrS0 2 mixed gas atmosphere. The des

caled specimens were further oxidized in air, oxidizing the internal sulfides present in 

the alloy. The behavior of sulfur m the alloy and the extent of attack have been 

determined microscopically. 

4.1.3. Significance of present work. 

The objeCt of the present work has been to perform similar studies under condi

tions as previously defined as possible, thus determining the reproducibility of the 

phenomena, to obtain more detailed data and to provide supporting evidence for the 

theories advanced. To answer those questions arising from evolution of a critical 

microstructure, a series of three specially designed experiments were performed, not 

just simple as the previous experiments such as a crucible test and the mixed gas 

experiments. The purpose of designing the critical experiments is to conduct sys

tematic mechanistic study, in carefully controlled conditions, of the main cause of 

results of previous experiments, both in crucible tests and in mixed gas experiments; 

sulfur transport in protective Cr 20 3 scale, the formation of internal sulfides in the 

alloy and oxidation of internal sulfides . 

From the experiments designed to preoxidize Fe-Cr alloys in a1r, and then to 

further oxidize them in the high P52 atmosphere, it is expected that internal Cr-rich 

sulfides were formed in the underlying alloy below the Cr-rich oxide layer at a limited 

oxidation time. If internal sulfides formed in the alloy, this means that sulfur-bearing 

species transported along short-circuit diffusion paths in the protective Cr 2 0 3 scale. If 
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internal sulfides were not observed, this means that sulfur transported by solid state 

diffusion via the oxide lattice or grain boundaries of the oxide at a slow rate, or 

enough short-circuit transport paths for short-term sulfur movement were not pro-

duced in this experiment. 

From the experiments in which the Fe-Cr alloy ingots were cold-rolled to a reduc-

tion in area of about 71 % in order to increase the grain boundary area by grain 

refinement, it is expected that internal sulfidation would penetrate inward predom-

inantly along the grain boundaries of the alloy. If th.is is the case, sulfur would diffuse 

inward via grain boundaries of the alloy and form internal sulfides deep in the alloy. 

If this is not the case, internal sulfides would be produced in the alloy matrix as well 

as grain boundaries of the alloy. Sulfur will diffuse intragranually, probably down the 

chromium concentration gradient, i.e. chromium depletion of the underlying alloy is 

mainly responsible for internal sulfidation. 

From the experiments designed such that the higher Cr-containing Fe-Cr alloys 

were presulfidized in the high Ps atmosphere, and then oxidized in air, it is expected 
2 . 

that the rapid oxidation of internal sulfides themselves and further inward movement 

of liberated sulfur occur in the alloy. If this is the case, the sulfur released can diffuse 

further into the metal forming sulfides, in which case the attack is self-propagating 

and the corrosion will be a serious accelerated process. If this is not the case, the sui-

fur released escapes through the porous oxide to the atmosphere, in which case the 

attack is self-limiting and will slow down and stop unless there is a fresh supply of sui-

fur, and the corrosion is slow process. The role of sulfur in the alloy would be only 

tying up chromium necessary for formation and maintenance of protective Cr 2 0 3 

scale. 

4.2. Transport of sulfur through a Cr 20 3 scale 
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4.2.1. Experimental 

Table 13 summarizes the overall experimental conditions. Some specimens were 

preoxidized in air for 60. or 168 hours, to form Cr 20 3 scales initially at 1223 K, and 

they were ~xposed directly for 100 hours to the high Ps
2 

atmosphere(P02=10-1L
2

, 

Ps
2
=10-4) at 1223 K. Immediately after the preoxidation, without cooling, the inside 

of the reaction chamber was purged with dry argon, after which the CO-COrSOrAr 

gas mixture was admitted. Other specimens were preoxidized in air, generally for 100 

hours, cooled to room temper~ture in order to generate thermal shock stresses, and 

then exposed to the high P52 atmosphere for different time intervals up to 500 hours. 

The scale and alloy was fracture sectioned by breaking the oxidized specimens at 

liquid nitrogen temperature. The fractured surface was examined in an SEM equipped 

with an EDX. The phases present in the scale were identified using XRD from the 

characteristic peak positions and the corresponding intensities. The lattice constants 

of the M 20 a-type scale such as Cr 20 3 or Cr 20 3·Fe 20 3 solid solutions were calculated 

from the measured 20 value, step-scanning at a very slow speeds of the order of 4 

sec/step, over 0.01 o 20 intervals. The half-widths of each (110), (116), {300), (220) 

peak positions were measured. 

4.2.2. Results 

Table 14 summarizes the experimental results in the case of the oxidation of the 

preoxidized specimens in the mixed gas atmospheres. 

4.2.2.1. Metallographic observations 

There was no severe sulfidation/oxidation type corrosive attack on the preoxi

dized specimens of the high chromium alloys such as Fe-20Cr and Fe-25Cr in the high 

P52 atmosphere, both in the case of a continuous isothermal transition from preoxida-

tion to oxidation and in the case that the specimens preoxidized in air were cooled to 
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room temperature, heated up again, and then oxidized in the C0-CO-rS0 2 gas mix-

ture. This observation indicates that the stresses caused by cooling to room tempera-

ture from 1223 K did not introduce any significant macro-cracks in the preformed Cr-

rich oxide scale. No sulfidationjoxidation type corrosive attack was observed on 

preoxidized Fe-30Cr alloy specimens. A continuous protective chromium oxide scale 

was not formed on the Fe-15Cr alloy in air at 1223 Kin any case. The Fe-15Cr alloy 

specimens oxidized very rapidly. The following discussion refers mainly to the corro-

sion of high chromium Fe-Cr alloys such as Fe-18Cr, Fe-20Cr and Fe-25Cr in the case 

that the specimens preoxidized in air at 1223 K were cooled to room temperature, 

heated up again to 1223 K, and oxidized in the high P52 atmosphere(run number: 3-6 

in Table 13). 

Fe-18Cr 

A continuous protective chromium oxide scale was formed on the Fe-18Cr alloy 

after preoxidation in air for 100 hours. After the preoxidized specimens were cooled 

and then oxidized in the high P52 atmosphere, a thick two-layer scale composed of an 

outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer was formed nearly always 

at the corner of the specimens. In addition, internal sulfidation was observed only 

below the thick two-layer scale. Figure 38 is an SEM micrograph showing the cross-

section morphology of an Fe-18Cr alloy preoxidized for 50 hours in air and then oxi-

dized for 100 hours in the high Ps atmosphere at 1223 K after cooling. The coarse 
2 ' 

internal Cr-rich sulfide particles were distributed in the underlying alloy to a depth of 

20-30 11m below the thick two-layer scale composed of an outer Fe-oxide layer and an 

inner mixed Fe-Cr oxide layer at the corner of the specimens, and the outside part of 

inner Cr-oxide layer also contained sulfur i.e. sulfur-pocketing. 

Fe-20Cr 
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A continuous protective chromium oxide scale was uniformly formed on the Fe-

20Cr alloys after preoxidation in air. No sulfidation/oxidation type corrosive attack 

was observed on Fe-20Cr alloy specimens which were preoxidized for 100 hours in air 

and subsequently oxidized in the high Ps
2 

atmosphere for up to 500 hours at 1223 K. 

The sulfur penetration was completely prevented by the initial Cr 20 3 scale. No sulfur 

was detected on the microscopical level, in the cross-section of the scale and alloy, and 

also in the fracture section. 

Even after the oxidation m the high P52 atmosphere, the preoxidized specimens 

remained still covered uniformly with a thin, adherent Cr-oxide scale, without showing 

any spallation of scale. However, the Fe-20Cr alloy :Specimens directly exposed to the 

high P52 atmosphere showed a tendency for part of the Cr-oxide scale to spall off 

locally. Figure 39 compares the spalling tendency of the scale formed on Fe-20Cr 

alloy, in two cases of both with and without preoxidation in air. 

Fe-25Cr 

A continuous protective chromium oxide scale was uniformly formed on all_ Fe-

25Cr alloy specimens after the oxidation in air at 1223 K for up to 1150 hours. There 

was no severe sulfidation/oxidation type corrosive attack on Fe-25Cr alloy specimens 

which were preoxidized for 100 hours in air and then oxidized in the high P52 atmo-

sphere at 1223 K. Fragmentation of noble metal in the scale occurred locally at the 

inner part of the Cr-rich oxide layer. Cr-rich oxide nodules having whiskers were pro

duced on the external surface of the Cr-oxide scale. A uniform Cr-rich oxide scale, 

large pores in the scale, and a discontinuous distribution of large voids at the scale

alloy interface, were observed in the fracture sections of the scale and alloy. 

Figure 40 shows an SEM fractograph of the scale and metal for a Fe-25Cr alloy 

which was preoxidized for 100 hours in air, cooled to room temperature, and further 
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oxidized for 500 hours at 1223 K in the high P52 atmosphere(run number 6, in Table 

13). After the preoxidized specimens were oxidized for 500 hours in the high P52 

atmosphere, small amounts of internal Cr-rich sulfide particles were embedded in the 

underlying alloy below the Cr-rich oxide layer. The penetration depth of Cr-rich 

sulfide particles in the underlying alloy was about 47 pm, and the scale thickness 

measured was about 20 pm. This alloy appeared to fracture intragranularly along 

crystallographic planes rather than along the grain boundaries at liquid nitrogen tem

perature. 

4.2.2.2. Structural analysis by X-ray diffraction 

The lattice constants of M 20 3 solid solutions such as the ( Cr ,Fe )20 3 scale 

formed on the Fe-Cr alloys were calculated from the d-values measured from four 

different Bragg angles. When the Cr 2 0 3-rich scale produced on the higher Cr

containing Fe-Cr alloys such as Fe-20Cr and Fe-25Cr was step-scanned in a X-ray 

diffractometer, the strongest intensity peak was originated from the chromium oxide 

grown on a (110) crystallographic plane instead of {104) plane reflections taken from 

the JCPDS file. Figure 41 shows the variation of lattice constants as a function of the 

Cr-content in the Fe-Cr alloys. The lattice constants based on the hexagonal indices 

are used. As the chromium content in the Fe-Cr alloys decreased, the lattice con

stants in the o-Cr 20:rFe 20 3 solid solution increased i.e. the amount of Fe 20 3 dis

solved in the Cr 20 3 scale increased. 

In Figure 42 are plotted the variation of half-width of the (110), (116), {300), 

{220) peak lines, and the lattice constants as a function of scattering angle. The strain 

and size of crystalline phase can be analyzed by X-ray line-broadening measurements. 

Qualitatively, the greater broadening of the diffraction peaks indicates a larger 

strained ozide 35
, assuming that the cryatallite size exceeds 0.1 pm, and the oxide layer 

is thin. The line broadening indicating the strained oxide scale in this case increased 
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as the scattering angle increased i.e. as the depth within the scale from the external 

surface increased. 

4.3. Internal sulfidation 

4.3.1. Experimental 

In order to increase the gram boundary areas, the following thermomechanical 

treatments were performed on the alloy ingots. The homogenized Fe-18Cr, Fe-20Cr 

and Fe-25Cr alloy ingots were hot-rolled at 1373 K to 4.2 mm thick sheets from 25.4 

mm thick disks. Sheets 2.7 mm thick were subsequently produced by cold-rolling, and 

intermediately annealed at 473 K for 6 hours. The sheets were further cold-rolled to 

1.2 mm thick; representing a total 71% cold reduction, and finally annealed for 1 hour 

at 1223 K. The alloys were then cut into specimens approximately 15 x 10 x 1 mm. 

The entire specimen surface was polished to 600 grit silicon carbide paper, and a hole 

drilled in one end. The cast and homogenized specimens and the cold-rolled and 

annealed specimens were then exposed to CO-COrSOrAr gas atmospheres at 1223 K. 

Table 15 summarizes the experimental conditions. 

4.3.2. Results 

The grain size of Fe-Cr alloy specimens was reduced by the cold-rolling and 

annealing treatment to about 5~110 pm from 32~800 pm(average: 520 pm), irrespec

tive of Or-content in Fe-Cr alloys, as shown in Table 16. The effect of grain structure 

of the alloys on the corrosion behavior has been compared for the three different atmcr 

spheres. Table 17 shows the experimental results in the case of the oxidation of the 

cold-rolled and annealed Fe-Cr alloys in the mixed gas atmospheres at 1223 K. Table 

18 shows the scale thickness and the penetration depth of the coarse grained and small 

grained Fe-Cr alloys such as Fe-20Cr and Fe-25Cr, after 100 hours oxidation, in the 

sulfur-containing environment. In the high Ps
2 

atmosphere, the penetration depth of 

internal sulfidation front in the small grained specimens were deeper than that in the 



- 40-

coarse grained specimens, in case of 100 hours oxidation of both Fe-20Cr and Fe-25Cr. 

In the low Ps atmosphere, slight internal sulfidation was observed in the small 
2 

grained specimens. In contrast, no intern.al sulfidation was observed in the coarse 

grained specimens. The small grained Fe-Cr alloy specimens were corroded more 

severely than the coarse grained specimens, probably because of the enhanced diffusion 

.in the alloy resulting from the increase in grain boundary area. At the early stages of 

the oxidation, diffusion outwards from the alloy is rate-controlling. Whereas later on, 

diffusion in the scale predominates. 

Fe-18Cr 

In the low P52 atmosphere{Ps
2
=10-6 atm), after 100 hours, the small grained 

specimens had a uniform Cr 2 0 3 scale thicker than the coarse grained specimens. All 

specimens were consumed completely after 200 hours oxidation. In the high P52 

atmosphere{P52=Io-4 atm), the specimens were severely corroded by the rapid 

oxidationjsulfidation attack. All specimens were completely consumed after 100 hours 

internal sulfidation was observed. 

Fe-20Cr 

In the low P52 atmosphere, the small grained specimens developed a uniform 

Cr 2 0 3 scale of essentially the same thickness as the coarse grained specimens. No 

internal sulfidation was observed. In the high P5 2 
atmosphere, the small grained speci-

mens were internally sulfidized/oxidized deeper than the coarse grained specimens, as 

shown in Table 18a. In the low P502 atmosphere, the scale had developed a two-layer 

structure after 100 hours, and the internal Cr-rich sulfide particles were observed just 

below the two-layer scale to a depth of 9-12 Jlm. Figures 43 and 44 show the cross

section morphologies of Fe-20Cr alloys(coarse grained, small grained) oxidized for 200 
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hours in the low P50 atmosphere at 1223 K. In the small grained specimen, a band of 
2 

sulfide/oxide particles leads the catastrophic corrosion. As shown in Figure 43, the 

front of Cr-rich sulfide particles advanced into the alloy, followed by severe internal 

oxidation of the alloy. Meanwhile, in the coarse grained specimen as shown in Figure 

44, the internal Cr-rich sulfide particles were observed just below the two-layer scale, 

which spreads laterally destroying the remaining Cr-oxide scale. 

Fe-25Cr 

In the low P52 atmosphere, the scale formed on the small grained specimen was 

thicker at the early stage of oxidation such as after the 100 hours oxidation run than 

that on the coarse grained specimen. But after 200 hours oxidation, the thickness of 

the scale on both specimens was approximately the same. No internal sulfidation was 

observed. In the high Ps atmosphere, internal sulfidation was observed in both the 
2 

coarse grained and the small grained specimens, and a characteristic two-layer scale 

composed of an outer Fe-oxide and an inner Cr-rich oxide was formed on both speci-

thickness varied in similar fashion to that in the low Ps
2 

atmosphere(P02=10-11·2, 

P52=10-0 atm), and no internal sulfidation was observed. 

4.4. Oxidation of internal sulfides 

4.4.1. Experimental 

Table 19 summarizes the experimental conditions. The specimens were 

presulfidized in the high Ps
2 

atmosphere(P02=I<r11·2 , Ps
2
=10-4.o atm) for 100 hours at 

1223 K, cooled to room temperature to cause scale spalling either partially or com-

pletely, and then oxidized in air for up to 500 hours. 

The cross-section morphologies of the scale and alloy were examined using optical 

metallography. The chemical analysis of the corrosion products was carried out mainly 
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with an EDX unit attached to the SEM. The distribution of each element such as Fe, 

Cr, S was determined mainly from the EDX elemental mapping of selected areas. The 

distribution of oxygen and the depth profile of particular element such as sulfur were 

determined using Auger Electron Spectrometry. 

4.4.2. Results 

The internal Cr-rich sulfide particles were embedded in the underlying alloy, 

after the Fe-Cr alloy specimens were presulfidized in the CO-C0 2-S0 2 gas mixture. 

The penetration depth of internal sulfides in the Fe-20Cr alloy was deeper than in the 

Fe-25Cr alloy. As the Cr-content in the Fe-Cr alloys decreased, thepenetration depth 

of internal sulfides increased. 

Figure 45 shows the cross-section morphology of the Fe-25Cr alloy corroded for 

100 hours in the high P52 atmosphere at 1223 K. From the quantitative analysis of 

the characteristic Auger spectrum, the internal Cr-rich sulfide particles were deter

mined to be CrS. By varying the sputtering time, a light gray area(point 5 in Figure 

45) located at the inner part of the scale was determined to have a chromium sulfide

rich shell; Cr16 (S,O), covering a core of a relatively sulfur-poor chromium oxide; 

Cr, (O,S). A convention is used in which M(A,B) implies a compound in which the 

amount of the element A exceeds that of B. The measured sulfur content decreased as 

the sputtering time increased. The scale formed on the Fe-25Cr alloy was determined 

to be Cr 20 3 containing little or ·no sulfur, from X-ray diffraction, EDX analysis and 

Auger analysis. 

Fe-20Cr 

A network composed of an initial thin layer of Cr-rich particles containing sulfur 

followed by a thicker layer of Cr-rich oxide particles was formed at the frontier 

between the inner Cr-rich oxide layer and the underlying alloy, in the case of very 

severe attack. The amount of sulfur detected by the EDX was low, close to the 
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detectability limit of the EDX. The formation of a network seems to be closely 

related to the catastropic oxidation of the Fe-20Cr alloy. 

Figure 46 shows an SEM micrograph exhibiting the cross-section morphology of 

an Fe-20Cr alloy presulfid_ized for 100 hours in the high P82 atmosphere(P02=10-11
·
2

, 

P82_:_lo_.·0 atm) and theri oxidized for 500 hours in air at 1223 K. The coarse compact 

Cr-rich particles containing some sulfur were produced at the advancing front of inter

nal oxidation, leading to maximum penetration into the alloy. A long porous Cr-rich 

oxide stringer perpendicular to the scale-alloy interface followed behind it. 

Fe-25Cr 

Figure 47 shows the cross-section morphology of an Fe-25Cr alloy presulfidized 

for 100 hours in the high Ps
2 

atmosphere, and then oxidized for 500 hours in air at 

1223 K. The coarse internal Cr-rich sulfide particles penetrated deeply into the alloy, 

and the Cr-rich oxide intrusions also penetrated into the alloy following the coarse 

particles. The penetration depth of the coarse sulfides was about 40-50 J.lm, greater 

than that of the fine sulfides. In other words, the size of the internal sulfides 

apparently increased as the penetration depth increased. From the quantitative 

analysis of Auger spectra, the internal sulfide particles were determined to be CrS. 

The sulfur contents in the chromium sulfides were the same at two different sputtering 

times; 5 minutes and 8 minutes(point 1, 3 in Figure 47). The porous area behind the 

CrS was determined to be Cr 2 0 3(point 5 in Figure 47). The Cr-rich oxide intrusion 

contained a little sulfur(point 0 in Figure 47). Elemental mapping of selected areas 

exhibits clearly the distribution of corrosion products such as CrS, Cr 20 3 and Cr-rich 

oxide intrusion. 

Figure 18 shows an optical micrograph exhibiting the cross-section morphology of 

the Fe-25Cr alloy presulfidized for 100 hours in the high P52 atmosphere, and then oxi-
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dized for 500 hours in air at 1223 K. The coarse internal Cr-rich sulfides were inter-

connected each other, nearly separating the internal oxidation zone below the scale 

from the alloy matrix. The Cr-rich oxide intrusions penetrated perpendicular to the 

scale-alloy interface. The interconnected Cr-rich sulfides indicate the sideways growth 

of coarse sulfides and the negligible advancement of sulfides into the alloy. The pene-

tration depth of coarse sulfides was about 18-23 pm, which was relatively shallow com-

pared to the penetration depth of 40-50 pm measured in case of inward growth of 

coarse sulfides, as shown in Figure 47. The internal Cr-rich sulfides produced in the 

high Ps atmosphere were coarsened by the subsequent oxidation treatment. The Cr-
2 

rich oxide intrusion penetrated into the alloy behind the advancing front of coarse 

Cr-rich sulfides. Briefly summarizing, two types of coarsening of internal Cr-rich 

sulfides were observed. One is inward movement and growth, and the other is side-

ways growth. The small grained alloy was attacked more severely than the coarse 

grained. 

Fe-30Cr 

The Cr-rich oxide scale produced m the CO-COr S0 2 gas mixture readily 

spalled. Even after further oxidation in air for 500 hours at 1223 K, there was no 

severe attack of the Fe-30Cr alloy. The maximum penetration depth of the internal 

particles was only about 10-15 pm, and a two-layer scale did not develop. 

4.5. Concluding remarks. 

The development of the critical microstructure IS schematically represented m 

Figure 49. 

(1) Transport of sulfur in the protective chromium oxide. 

The cooling stresses caused by cooling to room temperature from 1223 K did not 

introduce any significant macro-cracks in the preformed Cr-rich oxide scale. No sulfur 



- 45-

was detected in the Fe-20Cr alloy on the microscopic level, in the cross-section of the 

scale and alloy, and also in the fracture section. Small amounts of internal Cr-rich 

sulfide particles were embedded to a depth of about 47 Jlm in the Fe-25Cr alloy below 

the Cr-rich oxide layer with a thickness of about 20 Jlm. Sulfur-bearing species appear 

to transport inward through the protective Cr-oxide scale along short-circuit diffusion 

paths such as grain boundaries of the oxide, microcracks or pores. 

(2) Internal sulfidation 

Internal Cr-rich sulfide particles were precipitated in the underlying alloy to a 

constant depth below the scale-alloy interface, which seems to be the frontier of Cr

depletion zone of the alloy. The internal sulfides coarsened with time. The size of the 

internal sulfides apparently increased as the penetration depth increased. The pene

tration depth of internal sulfidation front in the small grained specimens was deeper 

than that in the coarse grained specimens, in case of both Fe-20Cr and Fe-25Cr. Pre

ferential penetration of internal sulfidation along the grain boundaries of the small 

grained alloy was not observed. The small grained cold-rolled and annealed alloys 

with their increased grain boundary areas corroded more severely than the coarse 

grained cast and homogenized alloys. 

In the small grained Fe-20Cr alloy specimens, a band of front sulfides/rear oxides 

network leads to the rapid oxidation of alloy in the low P502 atmosphere(P502=0.004 

atm ). The front of Cr-rich sulfides advanced into the alloy, followed by severe inter

nal oxidation of the alloy. Meanwhile, in the coarse grained Fe-20Cr alloy specimens, 

the internal Cr-rich sulfide particles were formed just below the characteristic tw~ 

layer scale composed of an outer Fe-oxide and an inner Cr-rich oxide, in the low P50 2 

atmosphere(P502=0.004 atm). 

(3) Oxidation of internal sulfides. 
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The internal Cr-rich sulfide particles were determined to be CrS from the quanti

tative analysis of the characteristic Auger spectra. Oxidation of the internal sulfides 

themselves leads to accelerated internal oxidation of alloy. In the Fe-20Cr alloy, the 

coarse compact Cr-rich particles containing some sulfur were produced at the advanc

ing front of internal oxidation, leading to maximum penetration into the alloy. Long, 

porous Cr-rich oxide particles were observed behind the CrS. The front of coarse 

internal Cr-rich sulfides moves inwards and/or grew sideways till interconnected, fol

lowed by deep penetration of Cr-rich oxide intrusions, resulting in heavy metal loss. 

The anticipated chemical reaction is 

2CrS + 3/20 2 = Cr 20 3 + 28 

From the in-situ internal oxidation of CrS, a porous Cr 20 3 would be left behind 

it, because of the difference in the Pilling-Bedworth ratio. Liberated sulfur released 

from the above chemical reaction does not appear to escape to the atmosphere, but 

moves further inward into the alloy. If this is the case, the sulfidation/oxidation cor

rosive attack is a self-sustaining process. 
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5. Discussion 

5.1. The corrosive environment within the bed of a fluic;lized bed combustor 

Calcium sulfate is solid and thermodynamically stable in air in the temperature 

range 1023-1223 K;3e this is the operating temperature range of a fluidized bed 

combustor. However, calcium sulfate deposited on the hotter metal surfaces in fluid

ized bed combustors would be decomposed to SO 2 at a relatively low oxygen partial 

pressure. 

CaS04 = CaO + so2 + 1/2 02 AG 0 = 41,115 cal('I:_ 1223 K) 

so2 = 1/2 s2 + 02 AG 0 = 65,177 cal(T=1223 K) 

Figure 50 shows the thermodynamic phase stability diagram for the Ca-0-S sys

tem at 1123 K and at 1223 K rcapcctivcly 37• If the oxygen partial pressure is 

sufficiently low, the sulfur activity could be increased theoretically to a level equal to 

that at the CaSO 4/CaO/CaS triple point within the bed of a fluidized bed combustor. 

In other words, the sulfur activity within the bed could be increased to 10-3·6 atm at 

1223 K, and to 10-4·6 atm at 1123 K. 

The nature and extent of corrosion observed m laboratory crucible experiments 

using CaSO 4-containing powder mixtures in low oxygen partial pressure atmospheres, 

have been compared with those obtained in the experiments using C0-C0 2-S0 2 gas 

mixtures chosen to simulate the sulfur and oxygen activities in the low oxygen partial 

pressure locations in fluidized bed combustors. In the crucible test, the formation of 

internal Cr-rich sulfide/oxide particles in the underlying Fe-20Cr alloy below an inner 

Cr-rich oxide layer was a common observation. In the mixed gas atmospheres, inter

nal Cr-rich sulfides were formed in the Fe-20Cr alloy in the range of sulfur activity of 

10-0-10-4 atm at the fixed oxygen partial pressure of 10-11.2 atm at 1223 K. The range 

of sulfur activity of 10-0-10-4 atm is still below the theoretical maximum value at the 

CaSO 4/CaO/CaS triple point, lying close to the CaSO 4/CaO equilibrium line. In other 
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words, it is believed the sulfur activity is increased high enough to sulfidize the alloy 

along the CaSO 4/CaO equilibrium line as a direct consequence of the low oxygen par

tial pressure. This indicates that generation of a sulfidizing gas mixture by the princi

pal components of a compact deposit, i.e. CaSO 4 and CaO, is possible mechanism of 

sulfidation relevant to fluidized bed combustor. In other words, the sulfur-containing 

species SO 2 was evolved from the CaSO 4/CaO equilibrium in the low oxygen partial 

pressure atmospheres created by the CO/ CO 2 gas mixture. The evolution of SO 2 gas 

in crucible tests was CaSO 4 decomposition reaction dependent and time-limited in this 

laboratory experiments. A solid state reaction between a CaSO 4 deposit and a protec

tive Cr 20 3 scale is probable, but not serious. Even if a mixture of CaO and Cr 20 3 

was formed by a solid state reaction, it appears to be insignificant in controlling the 

overall corrosion mechanism. Comparison of observations in the crucible experiments 

and in the mixed gas experiments indicates that sulfidation/ oxidation corrosion is 

very likely under some circumstances within the bed in a fluidized bed combustor. 

This type of corrosion has the potential for breakaway--an acceleration in rate after a 

certain time-- and· thus it can be very useful to develop a detailed understanding of 

the reaction in the hope of the being able to predict the onset of breakaway. 

5.2. Sulfidation/oxidation corrosion 

Iron-chromium alloys in sulfur-containing atmospheres developed irregular inter

faces between the scale and the alloy, fragmentation of noble metal in scale, the for

mation of internal sulfides/oxides in the alloy, sulfur-enrichment in the innermost part 

of the inner Cr-rich oxide, and the formation of a non-protective two-layer scale. The 

internal sulfides formed were chromium-rich. The variation in the attack modes in 

sulfidationjoxidation corrosion on iron-chromium alloys with the partial pressure of 

S0 2 and the activity of sulfur is represented in Table 10, and schematically in Table 

11. The activity of sulfur played an important role determining whether 
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sulfidation/oxidation corrosion occured or not. Internal sulfidation was observed to be 

related to the SO 2 partial pressure: for a fixed sulfur partial pressure of 10-4 atrn, 

internal sulfidation was observed for an S0 2 partial pressure above 0.004 atrn in the 

case of the Fe-20Cr alloy, and at 0.026 atrn in the Fe-25Cr alloy. The extent of 

sulfidation/oxidation corrosion decreased as P502 decreased. The partial pressure of 

S0 2 was a more decisive factor than the sulfur activity in the development of 

sulfidation/oxidation corrosion. In other words, the development of the critical 

microstructure leading to breakaway was dependent more on P50 than Ps . 
2 2 

Three possible explanations for dependency of the microstructure on P502 can be 

(1) the gaseous transport of S0 2 through the scale is the controlling process. 

(2) the amount of SO 2 in the atmosphere is high. 

(3) desorption of S0 2 from the external surface is a slow step. 

S0 2 (ads)+ 2M= 2MO + s." 
s." + o2 (g) = so2 (g) 

If the desorption step of sulfur is slow, then the scale is covered with adsorbed sulfur, 

and adsorbed sulfur will accumulate at the surface until it is removed by sulfide for-

mation, and sulfur moves through traps at grain boundaries of the scale. The sulfide 

formation will occur at the interface, and this will generate a two-phase structure with 

sulfide embedded in the oxide; sulfur could be removed by diffusion inward through 

the oxide to form sulfide beneath the oxide layer. As shown in Figure 45, a sulfide 

layer was embedded in the chromium oxide. The concept of the reaction path is use-

ful as an aid in visualizing possible phase distributions where transport is rate control-

ling; no quantitative and active model has yet been developed. Figure 52 shows the 

possible reaction path for formation and distribution of sulfides in the scale and alloy. 
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The Or-content in a Fe-Or alloy was also critical. The Fe-200r alloy exhibited 

good resistance to spalling particularly in the sulfur-containing atmospheres, but after 

the local failure of the protective Or 20 3 scale the alloy corroded rapidly forming a 

thick two-layer scale. In this case, sulfur penetrated deep into the alloy. Meanwhile, 

although the Cr 20 3 scale formed on the Fe-250r alloy spalled off relatively easily in 

the sulfur-containing atmospheres, the overall oxidation rate of the alloy did not 

accelerate greatly. Sulfur could assist spalling of scale on the Fe-250r alloy, i.e. hurt 

chemically the bonding between the scale and alloy, but could not penetrate deep into 

the alloy. As the Or-content in the Fe-Or alloys increased, the penetration depth of 

internal sulfides decreased, and ultimately sulfidation/oxidation corrosion was 

retarded. Figure 51 shows the variation of the maximum penetration depth of Fe-Or 

alloys with Or-content. The maximum penetration depth of internal sulfides, 

representing the corrosion rate of material at given environmental condition, saturated 

to a constant depth below the inner Cr-rich oxide layer as the oxidation time 

increased. In the mixed gas environments, the maximum panetration depth was 30-40 

pm in the Fe-250r alloy, and 40-50 pm in the Fe-200r alloy in the high Ps atmo-
2 

sphere. 

5.3. The development of the critical microstructure 

Growth kinetic data such as the weight gain, scale thickness, and the penetration 

depth of internal sulfides/oxides into the alloy as a function of reaction time indicate 

that the conditions leading to the transition from 'protective' to 'nonprotective' 

behavior, so-called "breakaway", are deeply involved in the microstructure, depending 

on the alloy(Or-content, grain structure) and the environment(Ps2' P502). Breakaway 

oxidation is unpredictable, but interpretable, in that it can be correlated with micros

tructural changes in the reaction products and the underlying alloy. Experimentally, 

it is still difficult to attain reproducibility in the measurement of breakaway time even 
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m very carefully controlled conditions. In the near future, the information on the 

microstructural changes occurring before breakaway are far more valuable in estimat

ing the possibility of accelerated corrosion, and are easy to attain in this kind of 

laboratory scale experiment. In sulfidationjoxidation corrosion, it is postulated that a 

"critical microstructure" developed before breakaway occurred. 

The critical microstructure regarded as a precursor of breakaway in the present 

work developed as a result of the formation and growth of the internal sulfides/oxides 

in the underlying alloy. The schematic of the critical microstructure developed in 

sulfidation/oxidation corrosion is represented in Figure 37, obtained from the experi

mental observations in the mixed gas atmospheres. Microstructural evidence indicates 

that the formation of internal sulfides leads to internal oxidation, fragmentation of the 

more noble metal in the scale, instability of the interface between scale and alloy, and 

inability of alloy to regenerate a protective oxide. The question then arises as to how 

the critical microstructure develops~ 

The development of the critical microstructure involves the transport of sulfur in 

the protective Cr-oxide, the formation of internal sulfides in the alloy, the internal oxi

dation of the sulfides, and the inward diffusion of the released sulfur to form new 

sulfides. Sulfur-bearing species transport inward through the protective Cr-oxide scale 

along short-circuit diffusion paths. Internal Cr-rich sulfide particles are then precipi

tated and coarsen in the underlying alloy to a constant depth below the scale-alloy 

interface, which seems to be the frontier of the Cr-depletion zone of the alloy, presum

ably corresponding to a plane at which the outward chromium diffusion from the bulk 

of the alloy balances the inward diffusion of sulfur from the surface. The front of Cr

rich sulfide particles advance into the alloy, and in-situ oxidation of the internal 

sulfides leads to accelerated internal oxidation of the alloy. 
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5.3.1. Sulfur transport in the protective Cr 20 3• 

The following three mechanisms have been proposed for the transport of sulfur 

through the Cr 20 3 Beale 3~0; 

(1) the more or less uniform sulfur distribution m the Cr 2 0 3 scale followed by the 

solid state diffusion of sulfur inward either via lattice or grain boundary. 

(2) the transport of sulfur-bearing gas molecules like so2 through physical defects in 

the Cr 20 3 such as pores and microcracks. 

(3) the formation of connected networks of sulfides channels through the Cr 20 3 

scale. 

Figure 53 shows a schematic diagram exhibiting the possible transport paths of 

sulfur through the scale and alloy. If the amount of S0 2 is high, or if desorption of 

S0 2 at surface is the slow step, sulfide channels would also be possible in the scale. 

The formation of sulfide channels would provide rapid transport paths, short

circuiting the oxide lattice. As shown in Figure 13, both solid state diffusion of sulfur 

and molecular transport of sulfur-bearing gas species are possible simultaneously in the 

selective oxidation of chromium at the experimental conditions of this work. 

As calculated in Appendix 8.3., the minimum estimated value of the sulfur 

diffusion coefficient m Cr 2 0 3 from the present work is about 5.5 x Hr13 cm 2/sec at 

1223 K. Figure 54 shows the previously reported data for the diffusion coefficients of 

chromium 41-42, ozJigen 22 and Bulf ur 21 in Cr 2 0 3• The sulfur diffusion coefficient in hot

pressed Cr 2 0 3 is about 10-10 em 2 /sec at 1273 K. The diffusion coefficient of sulfur is 

about six orders of magnitude higher than the diffusion coefficient of oxygen. Com

parison of the calculated value of Ds with the previously reported D0 and Ds . values 

indicates that sulfur probably was transported through short-circuit paths in the Cr

oxide scale such as microcracks and pores for gaseous transport, and/or grain boun

daries for solid state diffusion. 
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Other indirect experimental evidence supporting S0 2 molecular transport 

through microcracks and pores in the protective Cr 2 0 3 scale is as follows; 

(1) The partial pressure of S0 2 played a more decisive role than the activity of sulfur 

in determining the development of corrosion, as given in Table 10 and Table 11. 

{2) Small amounts of internal sulfide particles were observed at the fracture section 

only in the preoxidized Fe-25Cr alloy specimens. Th~ scale formed on the Fe-_ 

25Cr alloy tends to be susceptible to cracking during cooling to room tempera

ture. Meanwhile, in the preoxidized Fe-20Cr alloy specimens which showed excel

lent resistance to spalling, internal sulfide particles were not observed even after 

oxidation in the high P52 atmosphere. In other words, sulfur diffused through 

physical imperfections such as microcracks. 

{3) A sulfur concentration gradient was not observed in the scale, even m the case 

where sulfur was detected near the scale-alloy interface. 

(4) In the two-layer scale, sulfur was detected only at the inner porous Cr-rich oxide 

layer. 

(5) In the preoxidized Fe-18Cr alloy specimens, coarse internal sulfide particles were 

observed mostly at the corner, a geometrically sensitive site for cracking of the 

scale. 

5.3.2. The formation of internal sulfides in the alloy. 

Internal sulfidation preferentially along the grain boundaries of the alloy was not 

observed even in the cold-rolled fine-grained specimens, though the overall corrosion 

rate was increased by grain refinement. It could be explained that intergranular corro

sion is possible when there is chromium depletion of the grain boundary regions, 

caused by carbide precipitation 43 in carbon-containing stainless steels such as Types 304 

and 310. However, in the carbon-free binary Fe-Cr alloys, preferential intergranular 
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corrosion is not necessarily developed, but severe corrosion occurred, probably caused 

by the enhanced grain boundary diffusion of chromium outward, and sulfur and oxy-

gen inward, along the increased grain boundaries in the alloy. 

Internal sulfides were commonly observed in the underlying alloy below an inner 

Cr-rich oxide layer to a constant depth of about 20-50 pm, in the case of the two-layer 

scale composed of an outer Fe-oxide layer and an inner Cr-rich oxide layer. The size 

of internal sulfide particles increased as the penetration depth increased, as shown in 

Figure 47. Figure 55 shows schematically the chromium concentration gradient and 

the size of sulfides as a function of distance from the scale-alloy interface. Qualita-

tively, the particle radii were proportional to the distance from the scale-alloy inter

face. Rapp 28 derived the equation describing the radius of spherical precipitates pro-

duced by exclusive internal oxidation of alloys. 

Using this approach, the radius r(X) of spherical sulfides may be expressed by 

where 

AX 

v 

X 

1 X 
/3= NJ5 > AX 

the mole fraction of oxygen at the external surface 

the mole fraction of chromium in the bulk alloy 

the distance between precipitates 

molar volume of Cr 20 3 

penetration depth 

Ncr increases as X Increases, because of Cr-depletion in the alloy. Therefore, 

r(X) increases also as X increases i.e. internal sulfides coarsen at the precipitation 

front. This coarsening is related to the balance between the fiux of oxidants inwards 
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and the flux of chromium out. The internal sulfides could block the inward diffusion 

of oxygen, and the outward diffusion of chromium. Eventually, the formation of the 

sulfide prevents the development of the normal continuous protective oxide layer. 

Because the chromium is tied up as internal oxide particles, the alloy loses its ability 

to regenerate its protective chromium oxide scale. 

As also given m Figure 27 showing the affected zone preferentially etched by 

Villela's reagent, the Cr-depletion is a major cause for the formation of the internal 

Cr-rich sulfide particles. Sulfur appears to diffuse through the bulk and/or along the 

grain boundaries down the concentration gradient of chromium. From the concentra

tion profiles measured by Whittle 2-3 for various Fe-Cr alloys, the depth and extent of 

the Cr-depletion zone could be estimated. 

5.3.3. The internal oxidation of sulfides. 

The descaled alloy having internal Cr-rich sulfides oxidized rapidly. Originally, it 

was believed that the removal of the chromium to form the sulfide allowed the rapid 

oxidation of the depleted matrix. 

In addition, the chromium-rich sulfides themselves oxidize rapidly, forming a 

layer in which particles of metal depleted in chromium are embedded m a non

protective chromium-rich oxide. matrix. The front of internal sulfides advanced into 

the alloy leading a band of internal oxides, followed by oxide intrusion without form

ing the protective Cr-oxide, as shown in Figure 46 and 47. 

The anticipated chemical reaction between internal sulfides and oxygen is thus to 

some extent 

2CrS + 3/2 0 2 = Cr 20 3 + 2S 

Figure 56 describes the mechanism of the formation of porous Cr 20 3 and the 

inward movement of liberated sulfur. The liberated sulfur released from the chemical 

reaction appears to be driven inwards into alloy, and does not escape to the 
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atmosphere. If this is the case, the reaction will be a self-sustaining process. 

. The interesting common observations are that sulfur at the scale-alloy interface 

diffused passing through the Or-depletion zone in the underlying alloy just below the 

Cr 2 0 3 scale, and internal sulfides precipitated at the frontier of Or-depletion zone. 

However, oxygen alone could not diffuse inward in the underlying alloy in the absence 

of sulfur. 

In the absence of sulfur, oxygen diffuses inward and forms internal oxides behind 

the advancing internal sulfides. If so, oxygen needs certain short-circuit transport 

paths, definitely related to sulfur, for its inward movement. In this case, sulfur plays 

some role for oxygen movement. There are several possibilities for the oxygen 

diffusion: 

(1) through the bulk of the depleted alloy to the OrS particle, 

(2) down alloy grain boundaries to the OrS, 

(3) along the boundary between Cr 2 0 3 and OrS at/near the alloy grain boundaries, 

( 4) through micropores resulting from the volume difference between Cr 2 0 3 and OrS. 

5.4. Breakaway oxidation 

The stability of Cr 20 3 scale, mechanically and/or chemically, is very important 

from the viewpoint of high temperature corrosion resistance. Major compositional and 

microstructural changes occurring during breakaway oxidation, both mechanically and 

chemically, are schematically represented in Figure 57. Whittle 2-3 proposed a mechani

cal breakdown model. It was suggested that the mechanical failure of Cr 20 3 scale in 

an oxidizing atmosphere permits rapid oxidation of the underlying chromium-depleted 

alloy. 

In the sulfur-containing atmosphere, chemical breakdown is more probable by 

developing the critical microstructure before the mechanical failure of Cr 2 0 3 scale 
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occurs. The critical microstructure developed by the formation of internal 

sulfides/oxides in the underlying alloy could cause. the "breakaway process". The 

behavior exhibiting the breakaway kinetics in the high P52 atmosphere and the protec-

tive kinetics in the low P52 atmosphere are good evidence illustrating the role of sulfur 

in the scale and alloy, as already given in Figure 16. 

The breakaway oxidation process could be divided into three periods by focusing 

on the microstructural changes; 

{1) precipitation of internal sulfides in the underlying alloy, 

{2) coarsening of the sulfides and scale separation as two thin layers composed of an 

outer Fe-oxide and an inner Cr-rich oxide, 

{3) formation of thick nodules composed of an outer Fe-oxide and an inner mixed 

Fe-Cr oxide, and sideways growth of the thick two-layer scale nodule. 

Figure 58 describes schematically the breakaway process occurring during the for

mation of the critical microstructure. In the sulfur-containing atmosphere, the chemi

cal interaction between sulfur and Cr 2 0 3 appears to be one of the causes for the des

truction of the Cr 2 0 3 scale. Sulfur assists the breakthrough of Cr 2 0 3 scale formed on 

the Fe-Cr alloys. In other words, sulfur in some form, probably at the grain boun

daries of the oxide, increases the growth rate of Cr 20 3, with a slight deviation from 

parabolic kinetic behavior. 

One explanation for chemical breakdown of the protective Cr 2 0 3 scale induced 

by sulfur is possible if the presence of a sulfur-rich region or sulfide layer within the 

Cr 20 3 scale is postulated, while internal sulfides precipitated in the alloy. It is 

strongly probable that the scale formed in the sulfur-containing atmospheres at the 

early stage of oxidation would appear in analysis to be simply Cr 2 0 3 if sulfur present 

within the scale is below the detection limit of the EDX used in the characterization of 
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reaction products. Sulfide or sulfur-rich regions near the grain boundaries of Cr 20 3 

scale would provide the short-circuit diffusion paths for reactants in the following oxi

dation. Experimentally, the Cr 2 0 3 scale produced in the sulfur- containing atmo

spheres is not the same as that in the oxidizing atmosphere. Even though the Cr 20 3 

scale was only formed on the alloy surface in the sulfur-containing atmospheres at the 

early stage of oxidation, it did not work properly as a protective layer for resistance to 

sulfur attack. For instance, the Cr 20 3 scale produced by 100 hours oxidation in air 

exhibited excellent resistance to sulfur attack in the next 500 hours oxidation in the 

sulfur-containing atmospheres. Meanwhile, the Cr 2 0 3 scale produced by oxidation in 

the sulfur-containing atmosphere was easily broken down by subsequent oxidation in 

the sulfur-containing atmosphere. Theoretically, within the solubility limit, the sulfur 

will be dissolved in the oxide according to Sievert's law which states that the amount 

of the dissolved sulfur is proportional to the square root of sulfur partial pressure. 

Table 21 reports that the solubility of sulfur in Cr 20 3 is about 9.0 wt.%. However, 

comparison with the other oxides indicated that solubility values measured by electron 

probe analysis appear to be systematically too large by a considerable amount. If the 

sulfur was dissolved in the compact Cr 2 0 3 scale, the defect structure of Cr 20 3 would 

be altered. The possible defect structure change in Cr 2 0 3 induced by sulfur depends 

on the nature and location of the sulfur ion within the solid solution. As an instance, 

Wagner et a/ 4
4-4

5 has suggested that a s- ion could be present on an anion site as an 

electron donor in Cr 2 0 3, thereby increasing the Cr defect concentration through 

decreasing the hole concentration. Defect concentrations of the Cr-oxide in the 

sulfur-containing atmospheres are higher. 

The another possible explanation for the chemical breakdown of the protective 

Crz0 3 scale induced by sulfur is that micropores in the Cr 20 3 scale produced in the 

sulfur-containing atmospheres increase the permeability for the easy movement of gas 
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molecules through the scale. The fracture section of Cr-rich oxide scale in the sulfur

containing environment was more porous than that in a merely oxidizing environment, 

as already shown in Figure 29. A possible mechanism of micropore formation is illus

trated in Figure 56. If sulfide present in the Cr-rich oxide scale reacts with oxygen, 

porous Cr 2 0 3 would be formed within the scale by volume difference between CrS and 

Cr 20 3• For the chemical breakdown, the overall mechanism would be controlled still 

by the diffusion of cation and oxidant, or by the combination of both the phase boun

dary reaction and the diffusion. 

Once the internal Cr-rich sulfide particles are formed in the underlying alloy, 

they coarsen at the front of the chromium-depleted zone, and are followed by oxide 

intrusions. The local chromium depletion in the underlying alloy as a consequence of 

Cr-rich sulfide precipitation and coarsening would disturb the mass balance of 

chromium outward flux across the scale-alloy interface. The supply of chromium from 

the base alloy to the scale is diminished, and becomes more susceptible to further 

accelerated oxidation. After the internal Cr~rich sulfide particles form in the underly

ing alloy, the Cr 2 0 3 scale separates gradually as a double-layer composed of an outer 

Fe-oxide and an inner Cr-rich oxide, as shown in Figure 17. At this point, the growth 

kinetics deviate slightly from parabolic behavior. It is experimentally difficult to visu

alize the exact mechanism 'whereby the iron ions pass through the thin Cr 2 0 3 film to 

form an outer Fe-oxide /ayer 48
• One possible explanation is that the outward diffusion 

of the noble metal cation through the Cr 2 0 3 would be enhanced eventually by the 

sulfides within the scale. Cr 20 3 itself grows by outward diffusion of chromium along 

short-circuit diffusion paths such as grain boundaries of the oxide, as can be predicted 

from Figure 53. The rates of diffusion through the sulfides are high 47
. In addition to 

the sulfide itself, the incoherent phase boundary between the sulfide precipitates and 

the Cr-oxide matrix could be paths for enhanced diffusion. Once the two-layer scale 
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composed of an outer Fe-oxide and an inner Cr-oxide was formed, it grew faster than 

the Cr-oxide scale showing a linear growth rate. 

If the thickness of scale exceeds a critical value, the scale would be broken down 

by impressed strain. As given in Tabl~ 9 and schematically represented in Figure 5948
, 

the mechanical failure of the scale could be induced by the sulfide formation/cracking 

phenomena at the premature onset of breakthrough in the sulfur-containing environ

ments. The sulfide has a high volume ratio 47
, which can cause severe stresses locally 

inside the scale and lead to breaking-up of the scale. Microcracks appear to be created 

more likely along the grain boundaries of scale. If sulfur was adsorbed at the micro

crack surface, then it could induce the rapid crack growth, and also lead to spontane

ous cracks by building up more stresses by the following inward movement of oxi

dant •e. The protective Cr 2 0 3 scale would be broken down chemically /mechanically by 

the sulfide-initiated cracking. In case of the chemical/mechanical breakdown by 

cracking in the presence of sulfur, the overall mechanism could be controlled by the 

phase boundary reaction between the corrosive gas and solid at the scale-alloy 

interface 60• If the two-layer scale composed of an outer Fe-oxide and an inner Cr

oxide is broken down, the oxidant would diffuse inward rapidly and form the nodule 

composed of an outer Fe-oxide and an inner mixed Fe-Cr oxide. Once the thick two

layer scale consisting of an outer Fe-oxide and an inner rriixed Fe-Cr oxide was formed, 

the remaining Cr-oxide scale would be broken down completely by the sideways 

growth of the thick two-layer scale. Even though an innermost thin Cr-rich oxide 

layer was formed afterwards, it did not work as a protective barrier to sulfur penetra

tion. Discrete Cr-rich sulfide particles were observed below the regenerated thin Cr

rich oxide layer, and advanced inward in the underlying alloy, and subsequently cause 

the severe degradation of structural material. As fas as the suppression of sulfide for

mation is concerned, the Cr 2 0 3 scale formed by preoxidation could delay the sulfur 



- 61 -

penetration efficiently, but would be broken down eventually. 

6. Conclusions 

(1) The sulfur activities in the low oxygen partial pressure locations in the fluidized 

bed combustor lie along the CaSO 4/CaO equilibrium line, and the maximum sul

fur pressure is that corresponding to the CaS0 4/CaOjCaS triple point. The cal-

cmm sulfate coupled with local low oxygen activities induces 

sulfidation/oxidation corrosion. The formation of internal Cr-rich sulfide/oxide 

particles in the underlying alloy below an inner Cr-rich oxide layer is a common 

observation, both in the crucible test and the test in the simulated mixed gas 

atmosphere. The reaction products formed at the external surface of the scale on 

iron-chromium alloys by a solid state reaction with the calcium-containing 

species, such as a eutectic oxide mixture of CaO and Cr 2 0 3 appear to be 

insignificant in controlling the overall degradation process. 

(2) The development of internal sulfides leads to internal oxidation, fragmentation of 

the noble metal in the scale, instability of the interface between the scale and 

alloy, and finally the inability of the alloy to regenerate protective oxide . . 
(3) Although the sulfur activity in the atmosphere is important in determining 

whether or not sulfidation/oxidation took place, the development of the attack is 

much more sensitive to the actual S0 2 partial pressure. Sulfidationjoxidation _is 

a breakaway process. After breakaway, the metal oxidizes to form non-

protective characteristic two-layer oxide scales. 

(4) The deleterious effect of sulfur is related to its inducing a microstructure which 

prevents the maintenance and the reformation of a protective external scale. The 

"critical microstructure" developed by the formation of the internal 
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sulfides/oxides in the underlying alloy leads to breakaway oxidation. The 

development of a "critical microstructure" involves sulfur transport through the 

initial protective chromium oxide scale, the formation of internal sulfides, and the 

internal oxidation of the sulfides. 

{5) Sulfur appears to be transported through the protective chromium oxide scale 

along short-circuit diffusion paths such as grain boundaries, microcracks or pores.· 

These last two paths appear to be more likely, and involve the molecular pene

tration of sulfur-bearing species such as so2. 

(7) Sulfur seems to diffuse along the grain boundaries and/or through the bulk in the 

alloy probably down the concentration gradient of chromium. Preferential pene

tration of sulfur along the grain boundaries of the small grained binary Fe-Cr 

alloys was not observed, though the small grained specimens with increased grain 

boundary areas corroded more severely than the coarse grained. 

(8) The front of internal sulfides leads to accelerated internal oxidation i.e. rapid oxi

dation of internal sulfides themselves and subsequent inward movement of the 

liberated sulfur. In other words, the front of internal sulfidation advances into 

the alloy, both inwards and sideways, followed by in-situ oxidation of the 

chromium-rich sulfides, producing oxide intrusions. The sulfur released does not 

appear to escape to the atmosphere. The liberated sulfur forms the new sulfides 

ahead of internal oxidation in the underlying alloy. Once a critical microstruc

ture develops, a reaction which is a self-sustaining process will take off. 
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8o APPENDIX 

8. L Calculation of the local P02 and P5a inside the powder bed. 

( 1) Calculation of the oxygen partial pressure in the CO-C02 gas mixtureo 

For initial gas mixture: 

Thus, 

CO + lh02 = C02 

At 1223 K,log P02 -= -15.0 + 2log (Pco,/Pco) 

co; 1.2% 
C02; 98o8% 

Pco,/Pco == 82.3 

(2) Calculation of the sulfur partial pressure inside the powder bed. 

CaS04 - CaO + lhS2 + 3/2~ 

At 1223 K, log P52 - -37.8 - 3 log P02 

For a fixed oxygen partial pressure of 10-lt.2 atm, 
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8.2. Calculation of oxygen and sulfur partial pressure in the CO-C02-S02-Ar gas mixtures. 

3 components : C, S, 0 

8 species : 0 2, S2, COS, SO, S02, SOl' CO, C02 

CO+ 11202 = C02 

112s2 + o2 = so2 

CO+ 112S2 =COS 

112S2 + 11202 == SO 

112s2 + 31202 = sol 

K1 = Peoz I Pco · P(J,2 

K2 = P502 I Psf2 · P0z 

Kl = Pcos I Pco · Psf2 

!<.. = Pso I Psf2 · P(J,2 

Ks = P502 I Ps/2 · P0{2 

Pco + Peoz + Pcos = Xc , Xcl D = Nc 

2Psz + P502 + Pcos + Pso + P502 = Xs , Xs I D = Ns 

2P<>z + Pco + 2Peoz + 2PS02 + Pcos + Pso + 3PS02 = Xo , Xo I D = N0 

2P<>z + 2Psz + 3Pcos + 2Pso + JP502 + 4PS02 + 2Pco + 3Peoz = D 

Approximately at 1223 K. 

log P0z = -15.054 + 2 log(PeoziPco) 

log P5z = -23.292 + 2 log(P502/PoJ 

(1) 

(2) 

(3) 

(4) 

(S) 

(6) 

(7) 

(8) 
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For initial gas mixtures ; (vol %) 

I 

environment no. 1 2 3 4 5 

co o.s 0.6 o.s 2.2 0.1 

C02 37.4 49.4 37.4 70.3 37.4 

so2 2.58 0.80 0.25 0.44 2.6 

Ar 59.52 49.2 61.85 . 27.06 59.9 

use certified grade premixed gas cylinder ; 

0.3% CO- C02, 1.2% CO- C02, 3.0% CO- C02 

I I I 

1 2 3 4 5 

fraction 

Xc 0.379 0.500 0.379 0.725 0.375 

Xo 0.804 1.010 0.758 1.436 o.8ol I 
Xs 0.026 0.008 0.002 0.004 o.o26 I 

determinant I 
D 1.210 1.518 1.139 2.166 1.202 I 

I concentration 

Nc 0.313 0.329 0.332 0.334 I 0.312 I I 

No 0.664 0.665 0.665 0.663 

l 
0.666 ! 

I 
Ns 0.021 0.015 0.002 0.002 o.oo2 I 

panial 
pressure 
log P01 -11.2 -11.2 -11.2 -12.0 -10.0 

log P5a -4.0 -s.o -6.0 -4.0 -6.4 



I 

I 
I 
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Approximately at 1123 K., 

log P03 = -17.202' + 2log ( Peoz I Pco) 

log Ps, = -26.02 + 2log ( P~ I P03) 

environment no. 

6 7 

initial gas mixtures, co 0.1 0.1 
(vol %) C02 37.4 37.4 

so2 2.6 l.O 

Ar 59.9 61.5 

fraction, Xc 0.375 0.375 

Xo 0.801 0.7691 

Xs 0.026 0.010 

determinant, D 1.202 1.154 

concentration, Nc 0.312 0.325 I 
I 

No 0.666 0.666 

Ns 0.022 0.009 I 

partial pressure, log P03 -12.2 -12.2 I log Ps, -4.9 -5.7 
I 
l 



-70-

8.3 Approximate caJculation of D, in the scale and alloy. 

In Figure 40, the penetration depth of Cr-rich sulfide particles in the underlying alloy was 

about 4 7 #'m, and the scale thickness measured was about 20 #£m. 

The previously published diffusion coefficients of sulfur in the Fe-Cr alloys at 1223 K are 

given in Table 20. 

Ds (in Fe-26Cr) = 1.5 X 10-9 cm2 I sec (T = 1223 K) 

The diffusion time of sulfur in alloy can be calculated by using the following equation. 

penetration depth = 2 X (Ds x time )~ 

47X 10-4 == 2 X (1.5X 10-9 X time)~ 

t = 3682 sec - 1 hour 

The minimum elapsed time for diffusion in the alloy is at least 1 hour. 

Assuming that the change of scale thickness is negligible during 500 hours oxidation in the 

low P01 and high Ps2 atmosphere (P02 = I0- 11.2, Psz = 10-4atm), compared to the 100 hours 

oxidation in air (P 02 = 0.21 atm), since scale grows very slowly in 500 hours oxidation. 

The maximum elapsed time for diffusion in Cr20 3 is about 499 hours. The scale thick

ness measured is about 20 #£m. 

20 X 10-4 = 2 X (Ds X 499 X 3600)~ 

Ds - 5.5 X 10- 13cm2 I sec 

The minimum estimated value of the sulfur diffusion coefficient in Cr203 is about 5.5 X 

w- 13 cm21sec at 1223 K. 
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Table 1. Chemical compositions of alloys tested. 

(unit; weight percentage)* 

norminal 

composition Fe Cr 

Fe-15Cr 84.40 I 
15.60 I 

Fe-18Cr 81.82 18.18 

Feo20Cr 79.24 20.76 

Fe-25Cr 74.22 25.78 

Feo30Cr 69.63 30.371 

• analyzed in EDX. 

. . 
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Table 2. Experimenial conditions in crucible test. 

alloys tested 

temperature 

external environment 

gas flow rate 

powder bed 

environment inside bed* 
(near specimen surface) 

·duration 

Fe-15Cr, Fe-20Cr, Fe-25Cr 

.. 1223 K 

1.2% CO - 98.8% C02, 

P0z - 10-11.2 atm 

0.1 em/sec 

CaSOJCaO 

(38 mm diameter X 38 mm height) 

P0z • 10-11.2, Psz- 10-4.S atm 

25, 50, 100, 150, 200 hours 

• thermodynamically calculated value. 



Table 3. Experimental results in crucible test. 

alloy duration weight scale thickness 

gain pm 

hours mg/cm2 typical two-layer 

Fe-25Cr 25 1.87 2 -
50 2.84 5-8 -

100 3.10 7-10 -
150 3.14 12-15 -
200 6.42 14-15 -

Fe-20Cr 25 0.84 2 -
50 1.37 5-7 -

100 2.07 6-8 -
150 28.26 13-18 1000 

200 100.8 15-20 2000 

Fe-15Cr 25 455.1 • • 
50 451.0 • • 

- --~-~-------- -----------

'' 

penetration 

depth 

pm 

0 

0 

0 

0 

0 

0 

0 

0 

IO~.ZO 

20-30 

• 
• 

------------ --

scaling characteristics 

Cr20 3 

(Cr,Fe)20 3, CaO + Cr20 3 

" 
" 

" 

Cr20 3 

(Cr,Fe)20 3, CaO + Cr20 3 

(Cr,Fe)20 3, CaO + Fe20 3 

internal sulfidation 

" 

all oxidized 
, 

. ' . 
< ' 

I 
-....! 
.p. 
I 



. 
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Table 4. Characterization of corrosion products. 

Morphology 

Visual examination 

- general appearance 

-colour 

- uniformity 

- spalling etc. 

Optical microscopy 

- local thickness 

- topography 

- general morphology 

-internal corrosion 

Scanning electron microscopy 

-thickness 

- morphology 

-porosity 

- fracture sections 

Structure 

X-ray diffraction 

-structure 

- preferred orientation 

Analysis 

Chemical analysis 

Electron probe microanalysis 

-Dispersive 

- composition 

- diffusion profiles 

Auger electron spectrometry 

-analysis 

- diffusion profiles 



Table 5. Experimental conditions in the mixed gas atmospheres. 

Alloys tested : Fe-30Cr, Fe-25Cr, Fe-20Cr, Fe-18Cr, Fe-15Cr 

environment us mixture vol.% calc. atm duration, hours 

no. co C02 so2 Ar log Po, log Ps1 

I 0.5 37.4 2.6 59.5 -11.2 -4.0 25, 50, I 00, I 50 

2 0.6 49.4 0.8 49.2 -11.2 -5.0 25,50, I 00, 165 
200 

3 0.5 37.4 0.2 61.9 -11.2 -6.0 100,200 

4 2.2 70.3 0.4 27.1 -12.0 -4.0 100,200 

5 0.1 37.4 2.6 59.9 -10.0 -6.4 100,200 

6 0.1 37.4 2.6 59.9 -12.2 -4.9 100,200 

7 0.1 37.4 1.0 61.5 -12.2 -5.1 100 

. . 
'' 

temperature 

1223 

ll23 

. . . 

K I 

' 

! 

I 

I 

I 
'-I 
0\ 
I 
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Table 6. Experimental results in the mixed gas atmospheres at 1223 K. 

I I ' I 

1 environment. ' alloy l duration I weight scale thickness 1 penetration scaling characteristics 
i gas pressures I gain ,.m depth 
I 

in atm boun : m&fcm2 : typical ~ two-layer ,.m 

! Fe-30Cr so ' -0.8S ' 16-24 10-16 1 Cr20 3, internal sulfid. .. 
Po.·l o- 11·2 : Cr20 3, Fe-/Cr-oxide, sulfid. Mp3-type ' Fe-2SCr 2S 2.04 13-IS 24-31 20-2S 

so 1.41 10-IS I 3s..:.so 3S-40 ; Cr20 3, Fe-/Cr-oxide, sulfid. 

Ps,•I0-4 100 3.01 i 11-16 ' 30-SO IS-40 ; Crp3• Fe-/Cr-oxide, sulfid. 

Pso,.0.026 ISO -7.03 10-26 ' 20-60 20-40 ; Cr20 3, Fe-/Cr-oxide, sulfid. 

Fe-20Cr 2S 2.46 I 4-14 14 IS i Crp3 

so 1.82 4-16 16-26 14-20 i Cr20 3, Fe-/Cr-oxide, sulfid. Mp3-type 
I 

100 2.S4 S-2S 14-3S 12-23 i Cr20 3, Fe-/Cr-oxide, sulfid. . 
I 

ISO 44.18 42 1000 so 1 Cr20 3, Fe-/Cr-oxide, sulfid. 

: thick Fe-/Fe..Cr oxide nodule 

Fe-18Cr i 100 i 194.3 I 6-10 1000 40 nearly all of metal consumed 

Fe-ISCr 2S 120.7 sso 1000 IS Fe-/Fe..Cr-oxide, sulfid. 

so 189.2 600 900 80 Fe-/Fe..Cr-oxide, sulfid. 

100 I 240.2 • • • all metal consumed 

Fe-30Cr 200 0.31 10-13 0 i Cr20 3 

2 Fe-2SCr 2S 0.63 s 0 
I ! Cr20 3 

so l.IS 6-7 0 I 

Po.•I0-11.2 100 1.67 9-10 0 

Ps,•10-' 16S -1.6S 12 0 

200 2.83 16-18 0 

Pso.-o.oo8 Fe-20Cr 2S 0.63 4 0 : Cr:<S3 
I so 1.19 S-6 0 

100 1.3S 8-9 0 

16S 2.67 12-14 I 0 

200 1.80 12-18 700 12-20 i Cr20 3, two-layer at comer only 
.-, .. 
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Table 6. continued: 

' environment ' alloy duration. weight scale thickness 1 penetration scalina characteristics 
; ps pressures pin ,.m 

inatm hours ma/cm2 
I typical : two-layer ,.m 

Fe-18Cr 100 1.15 5-6 0 Cr20 3 

200 290.5 • • • : all metal consumed 

' Fe-ISCr 25 64.45 25()-450 I 600 20 1 Fe·/Fe-Cr-oxide 
I 

so ' 225.2 • • • , all mew consumed 

Fe-30Cr 100 -0.35 ID-12 0 1 Cr20 3 

3 200 -0.18 ID-12 0 

Po.•I0-11.2 • Fe-25Cr 100 ' -1.19 ' 7-8 0 , Crp3 

200 -2.99 16-18 0 

Ps.·I0-6 

Fe-20Cr 100 1.47 6-7 0 : Cr20 3 

Pso,..0.002 200 1.41 7-10 0 

4 Fe-30Cr 200 ' -4.98 16-18 0 Crp3 

Fe-2SCr ' 100 0.40 I 5-9 0 Cr20 3 

Po. a I o-u.o 200 -1.97 12-16 0 

Ps."!lo-• Fe-20Cr 100 1.31 3-7 0 : Cr203 

' Pso,-o.004 200 109.3 ?-8 1000 ID-12 ' Cr20 3, cawtropic corrosion at ends. 

.Fe-18Cr 100 282.4 • • e all mew consumed 

s Fe·2Kr 100 -2.54 ID-12 60 3D-40 Crp3• Fe·/Cr-oxide. sulfid. Mz03·tyPe 

, Po.·IO- 100 Fe-20Cr 100 1.03 4-6 ID-18 ID-15 CrzOr Fe-/Cr-oxide, slight sulfid. 

Ps.·IO-u Fe-18Cr 100 199.6 0 • • ' all mew consumed 

Pso,..0.026 



-78-

Table 7. Scaling characteristics in the sulfidation/oxidation type corrosive environment. 

( P02- 10- 11.2, Ps2 - 10-4 atm) 

Fe-20Cr Fe-15Cr 

spalling tendency light heavy 
I 

I progress of internal I 
I I late earl:t sulfidation 

I 

I 

• 

formation of an outer 
Fe-oxide above Cr-oxide common after internal sulfidation 

I breakdown behavior susceptible. to • 
I 

susceptible to 

I chemical breakdown mechamcal breakdown 

accelerated corrosion slow 

susceptible to chemical breakdown after failure of initial Cr 20 3 scale, 
even if good protective behavior at the early stage with good resis
tance to mechanical breakdown 

•• by forming the thick two-layer scale composed of an outer Fe-oxide, 
an inner Fe-Cr oxide, and an innermost thin Cr-rich oxide. 

I 



-. 
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Table 8. The extent of corrosive attack in the high Ps1 environment. 

(Po, • l0- 11.2, Ps, • 10-4 atm) 

alloy duration 

I hours 
I 

i 

I Fe-20Cr 100 
I 
I 150 

Fe-25Cr 100 

150 

• severe: S 
medium: M 
little: L 

scale thickness 

~m 

1 Fe-oxide I Cr-oxide I total 
I I I I i 

I 10 25 I 35 

12 30 I 42 

15 35 I so 
I 

I 23 I 30 53 

I 
I 

penetration 
depth 

~m 

23 

so 

40 

40 

I extent of ! 
I corrosion I 
I 

L 

s 

M 

M 
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Table 9. The critical thickness ofCrp3 scale in the sulfur-

conlainin& environment. 

Po, • 10-u.l atm 

alloy teSted Fe-20Cr 

• Fe-oxide: 12 ,.m 
total: 42 1'111 

Cr~: 301'111 

. " 



1.' f~ 

Table I 0. Corrosion Type 

temperature environment 

K no. Pso, IS 

atm 

I 0.026 very rapid oxid./ 

sulfidation 

5 0.026 • 

1223 

2 0.008 very rapid oxid./ 

sulfidation 

4 0.004 very rapid oxid./ 

sulfidation 

3 0.002 very rapid oxid./ 

sulfidation 

6 0.026 rapid oxid./ 

sulfid. 

1123 

7 0.010 oxidation 

Cr-content in Fe-Cr alloy 

18 20 

rapid oxid./ oxid./ 

sulfidation sulfid. 

rapid oxid./ · oxid./ 

sulfid. sulfid. 

rapid oxid./ oxid./ 

sulfidation slow sulfid. 

rapid oxid./ oxid./ 

sulfidation slow sulfid. 

• oxidation 

• oxid./ 

sulfid. 

• slow oxid. 
-----

' ... 

25 

oxid./ 

sulfid. 

oxid./ 

sulfid. 

slow oxid. 

slow oxid. 

slow oxid . 

oxid./ 

sulfid. 

slow oxid . 

•. 

30 

slow oxid./ 

sulfid. 

• 

slow oxid. 

slow oxid. 

slow oxid. 

slow oxid. 

slow oxid. 

I 
00 
........ 
I 
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Table 11. Schematic representation of the variation in the attack modes in the 
sulfidation/oxidation corrosion on iron-chromium alloys. 

temperature environment Cr-Content in Fe-Cr allov 

K no. 15 18 20 25 30 

1 2,4,6 3,4,6, 2,3,4,5,6 .I 2,3,4,5 2,3 

5 • 4,6 2,3,4,5 2,3,4,5 • 

1223 2 4,6 4,6 2,3 2 2 

4 4,6 4,6 1,3 1 2 

3 4,6 • 1 1 ·2 

6 • • 3,4,5 3,4,5 2 

1123 7 1 • 1 1 1 



1. Irregular interface. 

3. Internal sulfide/oxide 
particles. 

5. Two layered scale. 

Table !!(continued). 
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2. Pure base metal 
within scale. 

4. Sulfur-enriched 
in Cr-oxide scale. 

'T1 
(1) 

6 
X 
a: 
(1) 

6. Thick two-layer scale. 

XBL 856-1 0039 
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Table 12. Experimental results in the mixed gas atmospheres at 1123 K.. 

alloys teSted Fe-30Cr. Fe-25Cr, Fe-20Cr 

j e~vironment, alloy i duration wei&ht i scale thickness penetration scaling characteristics 
i ps pressures 

I 
gain "m depth 

I 
I I 

in atm hours i mg/cm2 I typical ! two-layer "m 

i 

6 i Fe-30Cr 200 0.47 i 8-12 0 i Cr20l 

Po.•I0-12.2 
I 

8-14 I Fe-25Cr I 200 4.87 S0-90 20-30 Cr20 3, Fe-<>xide/Cr-rich oxide 
! 

Internal sulfid., M20 3-type 

Ps.·IO-u 
I 

1 Fe-20Cr ! 200 7.81 I 6-12 35-75/ ! 20-30 1 Crp3, Fe-oxide/Cr·rich oxide ' 
I 

i Pso,.0.026 110-130 ; Internal sulfid., Mp3-type 

7 I Fe-30Cr 1 100 0.50 3-5 0 ! Cr20 3 

I i I 

Po.•10-l2.l i Fe-25Cr 100 0.34 3-4 I 
! 

0 ! crp3 

I 
Ps.-10- 5·7 

1 Fe-20Cr I 100 0.83 2-3 0 i Crp3 
I 

I Pso,.0.010 
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Table 13. Experimental conditions; Transport of sulfur. 

Corrosion type preoxidation in air, and oxidation 

in the CO-C02-S02 gas mixtures. 

Alloys tested Fe-30Cr, Fe-25Cr, Fe-20Cr, Fe-18Cr 

Mixed gas environments 

temperature gas mixture, vol.% I calc., atm I 

co I C02 I so2 AI I log P02 

I 

K I log Psz 

! ! 
1223 0.5 i 37.4 2.6 s9.s 1 -11.2 -4.0 

1123 137.4 2.6 
I 

-4.9 0.1 59.9 J -12.2 
I I I 

Summary of oxidation runs : 

i run ! duration, hours 
I 
I temperature transition between 

/ no. I preoxid. oxid. I K preoxid. & oxidation 

I 1 I 60 100 
I isothermal I 

I 
I 

2 I 168 100 
! I 

3 
.I 

50 100 
I I 

I 
1223 

I 

4 100 100 cool to room temperature J 

I & I 
s 100 230 heat up I 

6 100 500 

7 100 100 1123 
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Table 14a. 

alloy 

Fe-30Cr 

Fe-25Cr 

Fe-20Cr 

Experimental results; oxidation of the preoxidized specimens 
in the mixed gas atmospheres. 

' f. r; • 

" 

Environment preoxid. in air & oxid. in the CO-C01S01 gas mixture. 

isothermal transition 

Temperature 1223 K 

duration, hours weight gain scale thickness penetration scaling characteristics 
I'm . depth 

mg/cm2 

preoxid. oxid. typical two-layer I'm 

60 100 1.38 6-8 - 0 Cr20 3 

168 100 1.47 5-1 - 0 
, 

60 100 1.22 4-5 - 0 Cr20 3 

168 100 1.49 6-8 - 0 , 

60 100 1.00 4-6 - 0 Cr20 3 
168 100 1.33 5-6 - 0 

, 

' 

I 

I 

I 
(X) 
VI 
I 
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Table 14b. 

Environment prtoxid. in air "' oxid. in th~ CO-C01S01 gas mixtur~. 

cool to room t~m~aJur~ cl ~~~ up 

I 
alloy duntion weiJht pin scale thickness I penetnltion scalina characteristics :temp. 

K hours ml/cm2 ,.m depth 

; preoxid. 
I I I 

oxid. preoxid. 1 oxid. I typical 1 two-layer ' ,.m 

' 
Fe-JOCr so ! 100 0.78 ! 0.28 S-14 0 : Cr2o, 

I I 
Fe-2SCr so ; 100 0.78 i 0.39 S-16 0 i Cr20, 

100 100 !.OS 
I 

6-10 0 
I 

! 0.24 

100 230 !.IS 0.30 8-12 0 I 

1223 100 i sao l.OS I. OS 11-IS I : Cr 20,. internal Cr-rich 
1 sulfide panicles 

Fe-20Cr so ' 100 O.S7 0.3S 4-6 0 : Cr20, 

100 100 0.89 ' 0.21 ! 4-9 0 I 

100 I 230 i 0.97 0.42 I 8-9 0 

100 sao I !.IS 1.30 9-14 I 0 

Fe-18Cr so ' 100 O.S9 0.44 S-7 4S IQ-14 ! Cr2o,. thick two-layer 
; at comer only. 
I 

100 i 230 0.6S 1.93 8-13 4Q-SO 6-18 ; Cr 10,. thick two-layer 1 

I at comer, internal sulfid. 

Fe-JOCr 1 100 100 0.28 0.06 0 Cr10, 

' 1123 ' Fe-2SCr 100 100 0.27 0.12 0 crp, 
I 

Fe-20Cr 100 100 0.31 0.07 0 I Cr20, 
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Table 1 5. Experimental conditions; Internal sulfidation. 

Corrosion type 

Alloys tested 

: oxidation in the CO-C02-S02 gas mixtures, 

: Fe-25Cr (cast and homogenized, cold-roUed 
and annealed) 

Fe-20Cr (cast and homogenized, cold-rolled 
and annealed) 

Fe-18Cr (cast and homogenized, cold-roUed 
and annealed) 

Mixed gas environments : 

I 
temperature ! gas mixture vol.% calc .• atm 

K co C02 I so2 Ar I Jog Po, I log Ps~ 
' ' 

0.5 37.4 2.6 59.5 -11.2 -4.0 

1223 0.6 49.4 0.8 49.2 -11.2 -5.0 

I 2.2 70.3 0.4 27.1 -12.0 -4.0 
I I I I 

Summary of oxidation runs 

run no. I duration, environment, atm 

hours I log Po, I Jog Ps~ I 
' 

I I 1 100 I -11.2 -4.0 
I 
I 

I I i 
2 100 -11.2 I -5.0 I 

I 3 200 " " 
' 

4 100 -12.0 -4.0 

5 200 " " I ' 
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Table 16. Grain size of Fe-Cr alloy ingots after annealed at 

1473 K for 24 hours. (Grain boundary was revealed 

by etching at Vilella's reagent.) 

grain size, p.m 

alloy 

cast and homogenized thermomechanical work 

measured average cold-rolled annealed 

Fe-30Cr 400-750 530 - -
Fe-25Cr 350-700 530 4-6 7Q-100 

Fe-20Cr 32Q-620 440 S-7 50-90 

Fe-18Cr 370-650 500 5-8 60-110 

Fe-ISCr 500-800 610 - -

• > 
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Table 17. Experimental results; oxidation of small &rained Fe.Cr alloys in mixed ps atmospheres. 

1 environment, 
: ps pressures 

in aun 

alloy 1 duration I weight 1 

pin 
m11cm2 

scale thickness ,.m 

! Fe-2SCr ' 

Po.•I0- 11.2 i Fe-20Cr I 

Ps.·IO-..o 

Pso,.0.026 l Fe-18Cr 

2 
Po.•I0-11.2 

Pso.-o.oo8 

4 

Pso,.0.004 

Fe-2SCr 

Fe-20Cr 

! Fe-18Cr 

Fe-2SCr 1 

Fe-20Cr 1 

1 Fe-18Cr 

hours typical two-layer 

100 I -3.71 I IG-12 i 30-40 

100 0.69 ' 6-7 

100 I 165,3 e 

100 

200 

100 

200 

-1.45 13-16 i 

I -3.75 I 14-18 I 

1.11 6-7 

1.48 12-14 

100 1.71 7-9 

200 I 387.9 • 

100 I -1.83 I 6-9 

200 -5.68 18-21 

100 

200 

100 

200 

0.94 I 4-S 

69.4 5 

26.36 I 3-4 

IS3.2 • 

14-30 

• 

• 

7-IS 

1000 

1000 

• 

1 penetration I scalina characteristics 
' depth 1 

~&m 

30-40 

2G-2S 

• 

0 

I G-IS 

0 

0 

0 

• 

0 

0 

9-12 

40-50 

2S-3S 

• 

: Crp1• Fe-oxide/Cr-rich oxide 

: internal sulfid .. MP1·type 

: Cr20 1• Fe-oxide/Cr-rich oxide 1 

; internal Cr-ric:h sulfide, M20 3 i . I 
1 all metal consumed 

1 

thic:kCrp1 
1 Nodules at comer only, 
: sulfide pocketing 

: thin Cr20 3 

: crp1 

I Crlol 

1 all metal consumed 

I 

i Cr20 1, Fe-oxide/Cr-ric:h oxide I 

I 

· internal Cr-ric:h sulfide. M20 3 

severe oxidation 

1 severe oxidation 

: all metal consumed 
I 
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Table 18. The scale thickness and the penetration depth of Fe-Cr alloys, 
after 100 hours oxidation, in the sulfur-containing environment. 

(a) Fe-20Cr 

environment scale thickness, "'m penetration depth, "'m 

I 
I 

I 

I coarse grain I small grain I I 
small grain coarse grain no. 

1. high Psa 5/25 6-7/14-30 12-23 20-25 

2. low Psa 8-9 6-7 0 0 

4. low P50a 3-7 4-5/7-15 0 9-12 

(b) Fe-25Cr 

environment scale thickness, "'m penetration depth, "'m 

no coarse grain small grain coarse grain I small grain 

I 

I 1. high P& 11-16/30-40 1 Q-12/30-40 15-40 30-40 

2. low Ps. 9-10 13-16 0 0 

l 4. low P50a 5-9 6-9 0 I 0 
I 

I 
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Table 19. Experimental conditions; Oxidation of internal sulfides. 

Corrosion type presulfidation in the CO-C02-S02 

gas mixtures, and oxidation in air. 

Alloys tested · · Fe-30Cr, Fe-25Cr, Fe-20Cr 

Mixed gas environments 

temperature gas mixture, vol.% calc., atm 

K co C02 I S02 Ar log P02 I log Psz 

l 1223 0.5 37.4 2.6 59.5 -11.2 -4.0 
I 

Summary of oxidation runs 

run I duration, hours I 
I 

no. presulfid. oxid. 

1 100 100 

I 2 100 240 

3 100 500 
' 
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Table 20. Diffusion coefficients of sulfur in Fe-Cr alloys 

and interdiffusion coefficients of alloy. 

(unit : cm2/sec) 

(a) Diffusion coefficient of sulfur. 

i 
I 
1 Cr-eon tent, wt.% Ds 

18 0.166 • exp(-22,131(f) 

I 26 0.0306 • exp(-20,568(f) 

I 34 j 0.0618 • exp(-21,289(f) 

(b) Interdiffusion coefficients of alloy. 

I 
1 Cr-eon tent, wt.% 

18 

27.4 

37.4 

59.9 

I Dall (T-1273 K) I 
oy I 

1.1 x w-9 I 

4.1 x w-10 

2.0 x w-10 

2.9 x w-n 

D5(T-1223 K) 

2.3 x w-9 

1.s x w-9 

1.1 x w-9 

I 
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Table 21. The solubility of sulfur in various oxides. 

oxide 

CaO 

I 

CoO 

Cr20 3 

I !Cu20 

I 

'CuO 

FeO 

NiO 

I 

j 

I 
I 

jsrO 
I 
i 
I 

j sulfur 
solubility 

I 
i 

wt.% 

0.011 

0.036 

0.8 
0.003 

0.05 

9.0 

0.1-0.8 

0.02 

0.1-0.5 

0.014 

0.042 

0.011 

I o.o3-o.4 
I 
i 
i 
I 

0.03 

0.66 
! 
I 
i 
I i 0.02-0.2 
I 
I 

I 
i 

5.0 

I 2-3 

I 0.09-0.12 

1 0.04 

i 
I 0.016 

temperature method of analysis oc 

1650 

1650 

1550 I combustion & · 
1500 gravimetric 

1000 

900 

1000 

1000 

800 

1250 

1100 

1050 

800 

500 

1232 

900-1000 

800 

688 

600-700 

1650 

1500 

combustion 

electron probe 

X-ray fluorescence 

I combustion 

I X-ray fluorescence 

j combustion 

I combustion 

electron probe 

1 electron probe 

I 

I combustion 

electron probe 

electron probe 

electron probe 

i 
I reference 

I 
I 

I 
I 
I 
I 

1 

2 

3 
1 

4 

5 

6 

7 

6 

8 

9 

10 

11 

11 

12 

4, 7 

13 

14 

5 

I 

I 
I 
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Table 21. (continued) References list~ 
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Figure captions 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Mechanism of behavior. 

Fe-Cr phase diagram. 

Schematic diagram of experimental apparatus. 

Depiction of measurements to determine corrosion. 

The weight gain of Fe-20Cr and Fe-25Cr as a function of exposure time. 

Optical cross-section morphology of Fe-20Cr oxidized in the CaSO 4/CaO 

mixture in the low external P02 environment(P02=10-11·2 atm) at 1223 K. 

(a) for 25 hours, 

(b) for 50 hours, 

(c) for 100 hours, 

(d), (e), (f) for 200 hours. 

Scanning micrograph showing the cross-section morphology of Fe-20Cr 

oxidized for 150 hours in the CaSO 4/CaO mixture in the low external 

P02 environment(P02=10-11•
2 atm) at 1223 K. 

Scanning· micrograph showing the cross-section morphology of Fe-20Cr 

oxidized in the CaSO 4/CaO mixture in the low external Po 
2 

environment(P02=lo-11·2 atm) for 200 hours at 1223 K. 

(a) S-line scan through the two-layer scale. 

(b) S-map 

Scanning micrograph showing the cross-section morphology of Fe-20Cr 

oxidized m · the CaSO 4/CaO mixture in the low external P02 

environment(P02=10-11·2 atm) for 200 hours at 1223 K. Fe-, Cr-, Ca

and S- line scan through the scale. 
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Figure 10. The Ca0-Cr 20 3 system. 

Figure 11. A schematic of the corrosion induced in Fe-Cr alloys in the presence of 

CaSO 4 and a low oxygen partial pressure atmosphere. 

Figure 12. Schematic thermodynamic _phase stability diagram for Cr-0-S system. 

Region 1 represent the condition studied by investigators interested in 

gasification processes; Region 2 represent the condition studied by inves-

tigators interested in conventional combustion; Region 3 represents the 

condition relevant to in-bed corrosion in fluidized bed combustion. 

Figure 13. Schematic diagram of the experimental apparatus for the mixed gas 

environments. 

Figure 14. Thermodynamic phase stability diagram for Cr-0-S system and Fe-0-S 

system, showing the oxygen and sulfur activities of the atmospheres used 

in the present study. 

(a) 1223 K 

(b) 1123 K 

Figure 15. The weight gain of Fe-15Cr, Fe-20Cr and Fe-25Cr as a function of expo-

sure time, in the low P5 atmosphere(P5 =10-6, P02=l0-11.2 atm), 
. 2 2 

environment number 2, at 1223 K. 

Figure 16. The weight gain of Fe-20Cr as a function of exposure time, in the two 

different P52 atmosphere at the same P02 atmosphere at 1223 K. 

Figure 17 The variation of the thickness of the typical scale of Fe-20Cr and Fe-

25Cr as a function of exposure time, in the four different environments 

at 1223 K. 

(a) Fe-20Cr 



Figure 18. 

Figure 19. 

Figure 20. 

Figure 21. 

Figure 22. 

Figure 23. 
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(b) Fe~25Cr. 

The maximum penetration depth of the Fe-Cr alloys as a function of 

exposure time, in two atmospheres with the same Po
2 

but different P52• 

(a) Fe-20Cr 

(b) Fe-25Cr. 

Optical micrographs showing the cross-section morphology of Fe-15Cr 

oxidized for 25 hours in the two different Ps atmospheres at the same 
2 

p (P =lo-11·2 atm) at 1223 K. 02 02 

The breakaway process of an Fe-20Cr alloy in the high Ps atmosphere 
2 

at 1223 K. 

SEM topography and optical cross-section morphology of the scale pro-

duced on Fe-20Cr oxidized for 50 hours in the high Ps
2 

atmosphere at 

1223 K. 

Scanning electron micrograph exhibiting the cross-section morphology of 

an Fe-20Cr alloy oxidized for 100 hours in the high P
52 

atmosphere at 

1223 K. 

SEM micrograph of the scale-alloy interface, revealed by deep etching 

technique, of Fe-20Cr oxidized for 100 hours in the two different P52 

atmospheres a.t the same P02(Po
2
=10-11.

2 atm) at 1223 K. 
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Figure 24. SEM topography of the descaled substrate of an Fe-20Cr alloy oxidized 

for 200 hours in the very low Ps atmosphere(P0 =10-11
·
2

, Ps =10-6 atm) 
2 . 2 2 

at 1223 K. 

Figure 25. Scanning micrograph showing the cross-section morphology of Fe-25Cr 

oxidized for 25 hours in the high P52 atmosphere(Ps
2
=10-4 atm) at 1223 

K. 

Figure 26. The cross-section morphology of Fe-25Cr oxidized for 50 hours m the 

high Ps
2 

atmosphere at 1223 K. 

(a) Optical micrograph 

(b) SEM micrograph with X-ray elemental mapping 

Figure 27. The cross-section morphology, etched by Villela's reagent, of Fe-25Cr 

oxidized for 100 hours in the high P52 atmosphere at 1223 K. 

(a) Optical micrograph 

(b) SEM micrograph with X-ray elemental mapping 

Figure 28. Underview of the scale produced on Fe-25Cr oxidized for 100 hours in 

the very low P52 atmosphere(Ps
2
=10-6 atm) at 1223 K. Small amounts 

of sulfur were detected locally on the inner surface of the Cr-oxide scale. 

Figure 29. SEM fractography of the scale formed on Fe-25Cr oxidized at 1223 K, 

(c) for 150 hours in the high P52 atmosphere, X-ray elemental 

mapping(S, Cr, Fe). 
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Figure 30. Optical micrograph of the cross-section of an Fe-30Cr alloy oxidized for 

50 hours in the high Ps atmosphere at 1223 K. 
2 

Figure 31. SEM topography of the outer surfaces of the scales produced on Fe-20Cr 

and Fe-25Cr oxidized for 100 hours, respectively, in the three different 

atm) at 1223 K. 

Figure 32. The functional relationship between the scale thickness and the (Fe/Cr) 

ratio at the external surface of scale. Fe-20Cr and Fe-25Cr were oxidized 

for varying times in the two different P52 atmospheres at the same P02 

at 1223 K. 

Figure 33. Spalling tendency of the scales on Fe-20Cr and Fe-25Cr formed m the 

three different P52 atmospheres(Ps
2
=104

, 10-5, 1cr atm) at the same 

P (P =10-11·2) at 1223 K. 02 02 

Figure 34. SEM fractography of the scale formed on Fe-25Cr oxidized for 200 hours 

1223 K. 

Figure 35. Topography of the scale produced on Fe-25Cr oxidized for 50 hours in 

the high P52 atmosphere(P02=10-11•2, Ps
2
=104 atm) at 1223 K. CrS 

agglomerates were detected locally on the surface of the descaled alloy 

substrate. 

Figure 36. Schematic representation of the development of the corrosion. 

(i) Precipitation of Cr-rich sulfides 

(ii) Coarsening of the sulfides and development of a two-layer scale. 

(iii) Intrusion of Cr-rich oxide into the metal as a result of the oxidation 
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of the Cr-rich sulfides and the development of a mixed Fe-Cr oxide 

layer beneath the outer Fe-oxide layer. 

(iv) Thickening and sideways growth of the two-layer scale nodules. 

Figure 37. A schematic of the "critical microstructure". 

Figure 38. SEM micrograph showing the cross-section morphology of an Fe-18Cr 

alloy preoxidized for 50 hours in ~ir and then oxidized for 100 hours in 

the high P52 atmosphere at 1223 K. 

Figure 39. 

Figure 40. 

Figure 41. 

Figure 42. 

Comparison of the spalling tendency of the scale formed on the Fe-20Cr 

alloy. 

(a) 100 hours preoxidation m air and 100 hours oxidation in the high 

P52 atmosphere. 

(b) 100 hours oxidation in the high P52 atmosphere. 

SEM fractography of the scale and metal for an Fe-25Cr alloy preoxi

dized for 100 hours in air and then oxidized for 500 hours in the high P52 

atmosphere at 1223 K. 

Change of lattice constant of a-Cr 20 3(hexagonal crystal structure) scale 

in terms of Cr-content in Fe-Cr alloy. 

The variation of half-width and lattice constant as a function of scatter

ing angle at the three different voltages. Fe-20Cr alloy preoxidized for 

100 hours in air and then oxidized for 100 hours in the high P52 atmo-

sphere at 1223 K. 

(a) Half-widths, 0{28), of. the (110), (116), (300), (220) peaks for a-

Cr203, 

(b) Lattice constants. 
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Figure 43. The cross-section morphology of the small grained Fe-20Cr alloy oxidized 

for 200 hours in the low P502 atmosphere(P502=0.004, P02=10-12, 

P52=10-4 atm) at 1223 K. 

(a) Optical micrograph 

(b) SEM micrograph 

Figure 44. 'The cross-section morphology of the coarse grained Fe-20Cr alloy oxi-

dized for 200 hours in the low P502 atmosphere(Pso
2
=0.004, P02=10-12

, 

(a) Optical micrograph 

(b) SEM micrograph 

Figure 45. Cross-section morphology of the coarse grained Fe-25Cr alloy oxidized 

for 100 hours in the high P52 atmosphere at 1223 K. 

(a) SEM micrograph. point #1-3: CrS, point #4: Cr 20 3, point #5: 

Cr(S,O). 

(b) Auger spectrum corresponding to #1-5. 

Figure 46. SEM micrograph showing the cross-section morphology of the coarse 

Figure 47. 

grained Fe-20Cr alloy presulfidized for 100 hours in the high P5 atmo-
2 

sphere and then oxidized in air for 500 hours at 1223 K. 

Cross-section morphology of the · coarse grained Fe-25Cr alloy 

presulfidized for 100 hours in the high P52 atmosphere and then oxidized 

in air for 500 hours at 1223 K. 

(a) Optical micrograph. point #1-4: CrS, point #5: Cr 20 3, point #0: 

Cr(O,S),. 

/' 
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(b) Auger spectrum corresponding to #0-5, 

(c) Elemental mapping (S, 0, Cr, Fe, C). 

Figure 48. Optical micrograph showing the cross-section morphology of coarse 

grained Fe-25Cr alloy presulfidized for 100 hours in the high Ps
2 
atm~ 

sphere and then oxidized in air at 1223 K. 

Figure 49. Schematic representation of development of "critical microstructure". 

Figure 50. Thermodynamic phase stability diagram for Ca-0-S system at 1123 K 

and at 1223 K. 

Figure 51. The maximum penetration depth of Fe-Cr alloys as a function· of Cr

content at 1223 K. 

Figure 52. The possible reaction paths for formation and distribution of sulfides in 

the scale and alloy. 

Figure 53. Schematic diagram of the possible transport paths of sulfur in the scale 

and alloy. 

Figure 54. The diffusion coefficients of chromium, oxygen and sulfur in Cr 2 0 3. 

Figure 55. The chromium concentration gradient and the size of internal sulfides as 

a function of distance from the scale-alloy interface. 

Figure 56. Mechanism of the formation of porous Cr 20 3 and inward movement of 

liberated sulfur. 

Figure 57. Schematic of major compositional and microstructural changes occurring 

during breakaway process. 

(a) Mechanical breakdown in oxidizing atmosphere. 

(b) Chemical breakdown in sulfur-containing atmosphere. 

Figure 58. Schematic description of breakaway process occurring during formation · 
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of the "critical microstructure". 

(a) Breakaway kinetics for sulfidation/oxidation corrosion. 

(b) The general form of the rate-curve for a breakaway process. 

Scale failure modes as a function of thickness and impressed strain. 
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