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SULFIDATION/OXIDATION PROPERTIES OF IRON-BASED ALLOYS 
CONTAINING NIOBIUM AND ALUMINUM*

J. H. DeVan, H. S. Hsu, and M. Howell 

ABSTRACT

Compatibility with mixed gases containing S, 0, and Cl is a 
critical requirement for high-temperature alloys used in coal 
conversion and combustion applications. Comparative corrosion 
tests of Fe-25Cr-20Ni, Fe-18Cr-6Al, and Fe-9Cr-9Nb-6Al (wt t) at 
700 to 800°C in a simulated coal gasification environment led to 
the development of Fe-Nb-Al a11oys and testing of both Fe-Nb-Al 
and Fe3Al alloys. The niobium and aluminum content in the lat­
ter alloys ranged from 8 to 18 and 6 to 16 wt %, respectively. 
The niobium addition was intended as a selective refractory sul­
fide former. Testing was carried out at 700 to 800°C in 
H2S-H2-H20 gas mixtures with relatively low oxygen activities 
(<10-22 atm) and high sulfur activities (>10_* atm).

Metallographic and chemical analyses of the corrosion prod­
uct scales and the underlying alloy were performed to determine 
the role of the respective metallic elements on sulfidation/ 
oxidation processes. Results showed that adding niobium led to 
the growth of niobium sulfides in association with discrete 
Fe2Nb particulates in the alloys but not with the matrix phase, 
which was much lower in niobium content. The matrix phase was 
extremely resistant to sulfidation in alloys containing 12% A1 
and behaved similarly to a Fe-15.8A1 alloy. A major finding in 
these studies was the complete suppression of iron-sulfide for­
mation by aluminum at concentrations of 12% and above.

INTRODUCTION

One of the critical issues in technologies that use coal directly as 

a fuel or that convert it to other fuel forms, such as liquids or gases, 

is the compatibility of structural materials with the environment.

Because of mineral ash, sulfur, chlorine, and other impurities in coal, 

the metal lie components in coal uti1ization and conversion systems are

Research sponsored by the U.S. Department of Energy, AR&TD Fossil 
Energy Materials Program [D0E/FE AA 15 10 10 0, Work Breakdown Structure 
Element 0RNL-3(A)] under contract DE-AC05-840R21400 with Martin Marietta 
Energy Systems, Inc.
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subject to severe corrosion. These components include gas coolers in 

gasification systems; superheaters and reheaters in pulverized-coal boil­
ers and industrial coal-fired boilers; and heat exchangers in fluidized- 

bed combustors, hot gas cleanup systems, and direct coal-fired heat 

engines. Both ferritic and austenitic iron-based alloys are frequently 

used in these coal-related applications.

Most of the alloys or metal lie coatings that are designed to 

withstand high-temperature degradation in aggressive environments rely on 

the formation of protective Cr203 or A1203 scales. In general, such 

alloys possess good resistance to high-temperature oxidation. However, 

when operating in mixed-oxidant environments, such as those found in coal 

uti1ization and conversion processes (which contain 0, S, and Cl), protec­

tive oxide scales may either not form or eventually break down, thus 

allowing rapid corrosion of the base alloy. Extensive corrosion studies 

have been conducted over the past few decades to characterize the corro­

sion behavior of heat-resistant alloys in coal-derived environments and to 

define the role of alloying elements in the corrosion processes.1 This 

study has a similar objective: namely, to establish the effectiveness of

aluminum and niobium in conferring corrosion resistance to iron-based 

alloys for sulfidizing/oxidizing environments. The corrosion environment 

used for this evaluation (H2S + H2 + H20) is representative of coal 

gasification processes, and the temperature range selected for study 

(700-800°C) is of interest for the economizer heat exchangers being devel­

oped for cooling the gasifier product gas.

As a first step in developing more corrosion-resistant alloys for 

coal-derived environments, we compared the corrosion behavior of 

Fe-25Cr-20Ni* and Fe-18Cr-6Al in a H2S-H2-H20-Ar gas mixture at 800°C 
(PS2 = 10~® atm, Po2 = 10~2° atm) (ref. 2). The Fe-Cr-Ni alloy corroded 

rapidly under the test conditions, the corrosion products containing prin­

cipal ly iron and chromium sulfides. Corrosion rates for the Fe-Cr-Al 

alloy were significantly lower and were reduced sti11 further by 

preoxidation treatments at 800°C before exposure to the mixed gas.

However, examination of the corrosion product showed that although a

*A11 alloy compositions are in weight percent.
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stable Al203 film formed and remained on the alloy surface, it became over­

grown by thick platelets of an iron-rich sulfide, (Fe0.73Cr0.24Al0#03)S. 

Preoxidation significantly reduced the extent of sulfidation in 100-h 

tests, but sulfide platelets nevertheless developed at isolated locations 

on the surface, apparently associated with mechanical defects in the oxide. 

These tests proved the chemical stabi1ity of A1203 under the test condi­

tions. However, they also showed the need for improving the mechanical 

stability of the oxide as a corrosion product layer and for suppressing 

the formation of sulfide compounds once the oxide is breached. The 

approach adopted was to increase the Al concentration of the alloy, to 

eliminate Cr as an alloying addition, and to add a refractory sulfide 

former, viz, Nb.

RATIONALE FOR NIOBIUM AND ALUMINUM AS ALLOYING ADDITIONS

Alloys that rely on the formation of Cr203 scales for protection in 

high-temperature oxygen-containing environments are prone to sulfide for­

mation in mixed gases with relatively high sulfur partial pressures and 

low oxygen partial pressures.1»2 Because of their potential for forming 

low-melting metal-metal sulfide eutectics, nickel- and/or cobalt- 

containing alloys are also unsuitable for high-temperature mixed gases 

with high Ps2 and low Pq2. Because the equi1ibrium oxygen partial pres­

sure at the Al203/Al2S3 phase boundary is seven orders of magnitude lower 

than that of Cr203/CrxSy at a given sulfur activity, A1203 is thermo­

dynamical ly stable in most coal-related environments. (CrxSy is used here 

to designate chromium sulfides with different stoichiometries.) Thus,

Al203-forming iron-based alloys have tended to be more corrosion resistant 

than Cr203-forming iron-based alloys in mixed gases containing sulfur.1*2
In mixed gases, sulfidation of conventional Al203-forming alloys 

of the type Fe-Cr-Al, with and without preoxidation, proceeds initially 

with the nucleation and growth of chromium-rich sulfides at certain sites 

in the alumina seale and later with the formation of iron-rich sulfides.2 

These reactions appear to be associated with both the diffusion of sulfur 

through the oxide scale and the mechanical cracking of the scale. To 

overcome these effects, alloy modifications are needed to enhance the
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rapid reformation of AT 203 and to eliminate the chemical effects of sulfur 

diffusion in the scale, as manifested by sulfide formation under the oxide 

scale. An obvious approach for meeting the former requirement is to 

increase the aluminum concentration in the alloy and facilitate the supply 

of aluminum to the corroding surface. A complementary approach that 

addresses both requirements is to add a sulfide-forming metal that, in 

contrast to chromium, forms a more passive, slow-growing sulfide corrosion 

product. According to the review by Mrowec and Przybylski,3 refractory 

metal sulfides, such as NbS2, MoS2, and WS2, are characterized by uniquely 

low self-diffusion coefficients. This fact is attested by the sulfidation 

rate of niobium at 800°C, which is some seven orders of magnitude lower 

than that of iron. Strafford and Bird4 also report that the corrosion 

rate of Nb in 25% H2S-75% H2 at 800°C was about the same order of magni­

tude as the oxidation rate of Cr in pure 0. It is therefore of interest 

to establish whether conditions exist in a mixed-gas (H-S-0) environment 

under which adding niobium to an iron-aluminum alloy will lead to the for­

mation of a niobium-sulfide barrier layer that would faci1itate the 

protectiveness of the dominant A1203 oxidation product.

EXPERIMENTAL

The compositions of the alloys used in this study are listed in 

Table 1. The alloys were prepared by arc-melting high-purity component 

metals under argon and drop-casting into a 25.4-mm-diam by 127-mm-long 

mold. The ingots were homogenized by annealing under argon for 4 h at 

1200°C. They were then hot swaged at 1120°C to 12.7-mm-diam bars, 

annealed for 20 min at 1120°C, air cooled, and descaled. Specimens in the 

form of 0.66- by 12.7-mm-diam disks were cut perpendicular to the bar axis 

using a diamond slitting saw, and the two circular faces of the specimens 

were mechanically abraded using 320-grit followed by 600-grit SiC abrasive 

paper. In the case of one of the alloys (PS10 in Table 1), the arc-cast 

ingot was clad with stainless steel, heated for 2 h at 1200°C, and immedi­

ately hot extruded to 10.7-mm diam. Specimens of this diameter were 

prepared using the same thickness and surface preparation as described 

previously.
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Table 1. Nominal compositions of test alloys

Alloy designation
Concentration (wt %)

Al Nb Cr Fe

PS2 6 18 76

PS3 6 9 9 76

PS4 6 18 76

PS8 12 18 70

PS10a 12 18 70

PS15 12 12 76

PS14 12 8 80

PS11 15.8 84.2

aHot extruded.

During exposure to the mixed-gas environment, the weight changes of 

the specimens were continuously recorded using an Ainsworth microbalance. 

Each specimen was suspended in a quartz reaction tube and heated by an 

external tubular resistance furnace. Test temperatures ranged from 700 to 

800°C and exposure times from 20 to 193 h. To prevent separation of the 

component gas species caused by thermal diffusion, the gas mixture was 

preheated and flowed upward within the reaction tube at a flow rate of 

'■'1.67 cm3/s. Platinum foil was located inside the hot zone of the 

reaction tube to enable the gas mixture to reach its equi1ibrium state.

To control the sample's position, a magnetic device was used to lower the 

specimen into the hot zone of the reaction tube, which had been purged 

with the gas mixture for at least 2 h before the corrosion experiment. A 

schematic of the test apparatus is shown in Fig. 1.

Gas mixtures used in this study contained hydrogen sulfide and argon 

that were premixed to the desired compositions by the Matheson Gas 

Products Company. The compositions of the gas mixtures and their 

equilibrium pressures of oxygen and sulfur are given in Table 2. Moisture
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Fig. 1. Test apparatus for sulfidation/oxidation studies.

Table 2. Compositions and S2/02 fugacities of gas mixtures 
used for corrosion studies

Mixture Test
temperature

<°C)

Gas species (vol %)
log Pq2 log Ps2number H2S Ha H20 Ar

1 800 0.0548 0.83 1.43 97.68 -17.9 -6.0

2 800 0.55 8.38 1.46 89.61 -19.9 -6.0

3 800 0.95 14.11 2.46 82.48 -19.9 -6.0

4 800 5.35 79.23 1.70 13.72 -21.7 -6.0

5 700 0.184 0.97 0.255 98.59 -22.0 -6.0

6 700 17.61 9.27 2.37 70.75 -22.0 -4.0



7

was added to the gas mixture by bubbling the gas through a temperature- 

controlled water bath. The oxygen partial pressure in the gas was con­

tinuously monitored by a Y203-stabi1ized Zr02 oxygen sensor. The 

equi1ibrium partial pressure of sulfur at the reaction temperature was 

calculated from the known composition of the gas mixture using published 

thermodynamic data. The gas mixture and test temperature were selected to 

simulate projected sulfur and oxygen activities in gases derived from 

coal .5

The conditions of exposure for the various test specimens are listed 

in Table 3. As more corrosion-resistant compositions were developed, the 

time of exposure and the H2S concentration of the test environment were 

increased, and the H2:H20 ratio was adjusted to lower the partial pressure 

of oxygen from IQ-20 to 10-22 atm. Accordingly, the later alloys in the 

test series (PS8, 10, 11, 14, and 15 in Table 1) were exposed to a more 

aggressive corrosion environment than were the initial alloys.

Experiments were begun by lowering a cold specimen into the hot zone of 

the reaction tube and stopped by quenching the specimen to room tempera­

ture in high-purity argon. Both optical and scanning electron microscopes 

(SEMs) were used to examine the morphology of corrosion scales, whereas 

energy-dispersive X-ray spectroscopy (EDS) was used to determine the com­

position of the scales.

RESULTS

Initial tests were conducted to determine the effect of substituting 

niobium for chromium in alloys containing 6% Al. Figure 2 compares the 

thermogravimetric results for alloys with al1 or part of the chromium 

replaced by niobium (PS3 and PS4) with the Fe-18Cr-6Al alloy (PS2). Note 

that lowering the chromium level to 9% with 9% niobium added (PS3) reduced 

the weight gain only slightly compared with PS2. However, replacing al1 

of the chromium with niobium (PS4) significantly reduced the weight gain. 

Figures 3(a) and 3(b) show surface topographies of PS2 exposed to 

H2S-H2-H20 mixture 2 (Table 2) at 800°C for 5 and 10 min, respectively. 

During the early stage of corrosion, spherical or multifaceted corrosion 

product nuclei formed on the alloy surface. Semiquantitative EDS analysis
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Table 3. Test conditions for thermogravimetric analyses (TGA)

Alloy Test
number

Gas
mixture

Temperature
(°C)

Total exposure time
(h)

PS2 017 2 800 0.167
018 2 800 0.50
019 2 800 0.083
023 2 800 24
025 2 800 65
026 2 700 92
027 2 800 5
028 2 700 2

PS3 001 2 800 24
002 2 800 24
012 4 800 6

PS4 006 1 800 92
007 1 800 25
008 2 800 74
010 2 800 50
Oil 3 800 40

PS8 001 2 800 75
003 3 800 141
004 5 700 50
006 6 700 50
007 4 800 125

PS10 001 3 800 161
002 6 700 89
003 4 800 52

PS11 001 4 800 . 290
003 4 800/30a 305

PS14 001 4 800 168

PS15 001 4 800 171

^Thermal cycled to room temperature every 48 h.

indicated that the nuclei were sulfides with the composition 

(Cr0>48Fe0.3Al0.22)S, with the total of cations in the sulfide normalized 

to one. Because of the inability of EDS to detect light elements, the 

oxygen content of the nuclei is not known. Therefore, the corrosion prod­

uct formed on PS2 can be either a mixed sulfide (Cr,Fe,Al) or a mixture of 

(Cr,Fe)S and Al203.
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0.55%HpS-8.4%Ho-1.43%HoS-90%Ar

Fe-18%Cr-6%AI

Fe-9%Ci—9%Nb-6%AI

Fe-18%Nb-6%A

Time (h)

Fig. 2. Effect of replacing chromium with niobiurn on weight gain of 
6% Al alloys at 800°C.

After a 30-min exposure to gas mixture 2 with Ps2 = 10-s and 

Pq2 = 10-20 atm at 800°C, sulfide platelets began to form, as shown in 

Fig. 4(a). These sulfide platelets, (Fe0.72Cro.2Alo.ob)S, have a much 

higher concentration of iron compared with the more spherical sulfides 

formed during the early stage of exposure. The iron-rich sulfide was also 

found on some surfaces of the crystal line chromium-rich sulfide. [Note 
that (Cro.44Feo.3eAlo.2)S is in the upper left of the micrograph in 

Fig. 4(b), but the chromium-rich sulfide grain in the lower right of the 

micrograph is covered almost entirely with the iron-rich sulfide.] 

Apparently, the iron-rich sulfide grows more quickly than does the
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M25353

M25401

Fig. 3. Surface topographies of PS2 (Fe-18Cr-6A1) 
exposed to the gas mixture 2 with P$ = 10"® and 
Pq2 = 10-20 atm at 800°C. (a) 5 min. {b) 10 min.
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M25402

Fig. 4. (a) Surface topographies of PS2
(Fe-18Cr-6Al) exposed to gas mixture 2 with 
Ps2 = 10"® and Pq2 = 10"2° atm at 800°C for 30 min. 
(£») A higher magnification of (a).
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chromium-rich sulfide. Therefore, after a longer period of exposure of 

PS2 to the mixed gas, the iron-rich sulfide becomes the major corrosion 

product in the scale. Figures 5(a) and (b) show the topography and the 

cross section of the scale, respectively, after a 24-h exposure of PS2 to 

the same mixed gas. The iron-rich sulfide, (Feo.T3Cr0.24Al0s03)S, con­

tinued growing to produce a thick, porous layer on PS2. Only a relatively 

thin layer of sulfide enriched with chromium and aluminum was detected 

between the iron-rich sulfide scale and the metal substrate. In addition, 

some internal sulfidation can also be observed in Fig. 5(6).
Figure 6 shows the scale cross section on alloy PS3 (9% Cr, 9% Nb) 

after exposure to gas mixture 2 at 800°C for 24 h. It formed an outer 

iron-rich sulfide £Fe0<(8Cr0(>2)S layer and an inner porous sulfide layer. 

The formation of the inner porous layer is caused by internal sulfidation, 

which is actually more severe for PS3 than for PS2. The corrosion rate of 

PS4 (18% Nb) is a factor of ~5 slower than that of PS2 and proceeds by the 

formation of iron sulfide particles on a thin oxide layer, as shown in 

Fig. 7. The growth of these iron sulfide particles is responsible for 

most of the corrosion on PS4. Negligible internal sulfidation was 

observed. Also, the growth of the iron sulfide particles shows no 

obvious correlation with the appearance of second-phase precipitates in 

PS3 and PS4.

Reducing the H2S concentration while increasing the activity of oxy­

gen (keeping the sulfur activity constant) changed both the weight change 

and topography of the sulfide formed on PS4. Figure 8 compares thermo­

gravimetric analysis (TGA) data for alloys exposed at 800°C to gas mix­

tures 1 (Pq2 = lO"17*8 atm, H2$ = 0.0556%) and 2 (Pq2 = 10"20 atm,

H2S = 0.56%), respectively. The surface topography and cross section of 

the scale formed in mixture 1 after 92 h (shown in Fig. 9) contrast with 

the scale formed in mixture 2 (shown in Fig. 7). Sulfide nodules in 

Fig. 9 have obviously grown out of the second-phase particles open to the 

surface, whereas the matrix phase is free of nodules and is covered by a 

thin continuous scale, identified by X-ray analysis as A1203. There is 

also evidence of internal sulfidation (identified as niobium sulfides) in 

the near-surface region of the second-phase particles (Fig. 9).
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M24923

Fig. 5. (a) Topography of the scale and
{b) cross section of the scale formed on PS2 
(Fe-18Cr-6Al) exposed to gas mixture 2 with Pg = 10”® 
and P0 = 10”20 atm at 800°C for 24 h. 2
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M25718

Fig. 6. Cross section of PS3 (Fe-9Cr-9Nb-6Al) 
after exposure to gas mixture 2 with P$ = 10~6 and 
Pq2 = 10-20 atm at 800°C for 24 h. Particles on the 
surface of sample are metal sulfides.

M25717

Fig. 7. Cross section of PS4 (Fe-18Nb-6Al) 
after exposure to gas mixture 2 with Ps2 = lO-8 and
Pq2 = 10-20 atm at 800°C for 74 h.



15

ORNL-DWG 89-2178
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Fig. 8. TGA data for PS4 (Fe-18Nb-6Al) in gas mixtures 1 
(Ps2 = 10-6 atm, Pq2 = lO"18 atm) and 2 (Ps2 = 10“6 atm, Pq2 = lO"20 atm) 
at 800°C.

To better define the respective roles of niobium and aluminum in the 

corrosion processes, the aluminum content of alloys PS8 (hot swaged) and 

PS10 (hot extruded) was increased to 12% (compared to 6% in PS4), keeping 

niobium constant at 18%. This increase in aluminum lowered the 100-h 

weight gain in H2S-H2-H20 at 800°C by more than an order of magnitude 

compared with PS4. Furthermore, reducing the oxygen activity from 10~20 
to 10"22 while increasing the H2S level from 0.95 to 5.35 vol % had little 

effect on the weight gain of the 12% Al alloys (Fig. 10). Although 

the average size of second-phase particulates was slightly smaller for the
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M25506

Fig. 9. Topography {a) and cross section 
(b) of the scale from corrosion of PS4 in gas mix­
ture 1 with P$ = 10-8 and Pn = 10-18 atm at 800°C 
after 92 h.
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5.35% HoS

Time (h)

Fig. 10. Effect of H2S pressure on weight change of Fe-18Nb-12Al at
800°C.

extruded alloy (PS10), there was no consistent difference in the weight 

change or scale morphology for this alloy compared with the hot-swaged 

alloy. Scanning electron microscopy (SEM) examinations showed the alloy 

surfaces to be covered uniformly by an extremely thin A1203 scale.

However, a number of iron sulfide crystals projected outward from the 

scale-gas interface, appearing as thin, highly faceted blades 

[Fig. 11(a)]. Niobium sulfides were detected at the scale-metal interface 

and were epitaxial with the higher niobium-containing alloy phase present 

in the two-phase microstructure, as pictured in Fig. 11(6). Internal
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, 10 yim

Fig. 11. Topography (a) and cross section
(b) of the Fe-18Nb-12Al alloy (PS8) after exposure 
for 125 h at 800°C in 79% H2-5.4% H2S-1.6% Al20-Ar 
(mixture 4).
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sulfidation of the second-phase particles was similar to that for the 

6% Al alloy [compare Fig. 9(d) with Fig. 11(d)],

Concurrently with the testing of the Fe-Nb-Al alloys, corrosion tests 

were initiated with Fe-Al alloys, whose properties are described in 

ref. 6. A binary Fe-Al alloy containing 15.8% Al (PS11) afforded a rea­

sonably close match in aluminum concentration to the Fe-18Nb-12Al alloy 

(PS8 and 10). The former alloy is single phase (entirely within the Fe3Al 

phase field), whereas the latter alloy is composed of a matrix phase con­

taining 1.5% Nb, 13% Al, bal Fe, and a coarsely dispersed second phase 

containing 42.7% Nb, 7% Al, bal Fe. Two of the curves in Fig. 12 depict

ORNL-DWG 89-2180

79.2SH2-5.4IH2S-1.7IH20-13.7IAr

Time (h)
Fig. 12. Effect of decreasing niobium content on weight changes of 

Fe-Nb-Al alloys at 800°C.
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the weight changes for the respective alloys recorded at 800°C in gas mix­

ture 4 (5.35% H2S, Pq2 = 10-22 atm) and show that the weight gain of the 

binary alloy was less than that of the 18% Nb alloy. Subsequent micro­

scopic analysis indicated that the corrosion product scale formed on the 

binary alloy consisted entirely of Al203, with no evidence of sulfides 

at either the scale-gas or scale-metal interfaces. As shown in Fig. 13, 

the scales on the PS11 and underlying substrate were quite featureless 

although significant spalling of the scale was apparent after the test.

The excellent performance of the binary Fe-Al alloy at the 15.8% Al 

level is indicative that aluminum content may be a much more significant 

factor than the niobium content in establishing the corrosion performance 

of the Fe-18Nb-12Al alloy (PS8 and 10). Accordingly, two additional 

Fe-Nb-Al alloys containing 12% Al but with lowered niobium contents (12 

and 8%, respectively) were tested in the 5.35% H2S mixture (Table 2) at 

800°C. The microstructures of the 12 and 8% Nb alloys were composed of a 

matrix phase low in niobium and a secondary phase relatively high in 

niobium, very similar in composition to the second phase in the 18% Nb

YP6452

Fig. 13. Spalling of extremely thin oxide 
films formed at 800°C and then cooled.
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alloys. The major difference was in the volume of the second phase, which 

decreased in proportion to the reduction in niobium content. Weight gains 

for the niobium-containing alloys are also compared with those for the 

15.8% Al alloy in Fig. 12. Note that the alloys containing <18% Nb were 

comparable in performance to the binary Fe-Al alloy. Examination of the 

corrosion product scales showed discrete iron sulfide crystals growing 

outward from the oxide-covered surface, similar to those found on the 

18% Nb alloy (Fig. 11). However, fewer of these crystals formed as the 

niobium content decreased, and only a few isolated crystals were found on 

the 8% Nb alloy.

DISCUSSION

Of the classes of alloys investigated, two stand out as highly 

resistant to HjS-Hz-HjO mixtures with relatively low oxygen partial 

pressures. They are, respectively, binary Fe-Al alloys containing 

~16 wt % Al and Fe-Al-Nb alloys containing a minimum of 12 wt % Al and no 

chromium. The results also show that adding chromium to alloys containing 

6 wt % Al is very detrimental to corrosion in the same type of gas 

mixture. The following discussion considers the interactive effects of 

Cr, Nb, and Al on the sulfidation/oxidation response of the alloys 

studied.

CHROMIUM

The so-called FeCrAl class of alloys, of which PS2 (Fe-18Cr-6Al) is 

representative, are extremely resistant to oxidation by air and steam 

environments at temperatures well above those set by mechanical property 

1imits (~1000°C). Although the alloys rely mainly on the formation of 

alumina for corrosion protection, chromium plays an essential role in 

"stabi1izing" the alumina scale. As shown by the phase-stabi1ity diagram 

in Fig. 14, the oxides of aluminum and chromium at ~700°C should both be 

favored thermodynamically in the H2S-H2-H20 environments used in this 

study; however, the partial pressure of oxygen used in these tests is 

within 2 to 4 orders of that which defines the phase boundary between
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log (OXYGEN PARTIAL PRESSURE, otm)

Fig. 14. Thermochemical M-S-0 stability diagram at 650°C. (Test 
conditions denoted by bar.)

Cr203 and CrjS* at 700°C. Natesan7 has shown that, under such a condition, 

the formation of chromium sulfide tends to be kinetically favored over 

chromium oxide. Furthermore, at 800°C, the phase boundary for 

CrjOs/CrjSn shifts to sti11 higher Po2, so that Cr3Sft is favored thermo­

dynamical ly at this temperature under our gas conditions. These observa­

tions are consistent with the reaction products formed during exposure at 

700 to 80Q°C, which included a continuous Al203 layer and nodules of chro­

mium and iron sulfides (Fig. 5). Thus, unlike in air, in our relatively 

reducing H2S-H2-H20 environment, chromium plays a detrimental rather than
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beneficial role in alumina formation. This detrimental effect relates to 

competing reactions to form chromium and iron sulfides, whose growth rates 

are several orders of magnitude greater than that of A1203 at the tempera­

tures of interest. Even when the Fe-18Cr-6Al alloy was preoxidized in air 

or in C0/C02 mixtures,2 the protection of the preformed alumina film was 

eventually degraded by the formation of chromium sulfide. Likewise, add­

ing even as little as 3 to 4% Cr to the binary Fe-15.8A1 alloy (PS11) 

resulted in a significant increase in weight change attributable to sul­

fide formation in H2S-H2-H20 under the present test conditions.8

NIOBIUM

The effect of niobium on oxidation/sulfidation is less clear than the 

effect of chromium. The replacement of chromium with niobiurn in alloys 

containing 6% Al resulted in a dramatic improvement in corrosion 

resistance to H2S-H2-H20 mixtures. However, the improvement appears to 

derive more from the removal of chromium than from any direct beneficial 

effect of niobium. This conclusion is supported by (1) the further 

improvement in sulfidation/oxidation resistance as aluminum was increased 

from 6 to 12% whi1e holding niobium at the 18% level, (2) the superior 

corrosion resistance of the Fe-15.8A1 alloy containing no niobium, and 

(3) an actual decrease in weight gain at the 12% Al level as the niobium 

content was reduced to 12 and 8%, respectively. However, niobium may 

exert an indirect effect that is beneficial in these alloys by virtue of 

its effect on the aluminum distribution in the alloy microstructure. In 

contrast to the single-phase Fe-18Cr-6Al and Fe-15.8A1 alloys, the micro­

structure of the reference Fe-Nb-Al alloys (>8% Nb) is made up of two 

phases of unlike composition. The matrix phase contains relatively little 

niobium (<2 wt %), whereas the discrete particles making up the second 

phase are relatively rich in niobium (>33 wt %) and contain less than 

7 wt % Al. Thus, adding niobium effectively increases the aluminum con­

tent of the matrix phase compared with the nominal aluminum concentration 

in the alloy. Considering the improvement in corrosion resistance 

observed in alloys containing >12 wt % Al compared with 6% Al, this parti­

tioning of aluminum to the matrix phase may be of some benefit to the
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overall corrosion performance of the 6% Al alloy. However, the niobium 
content also determines the relative volume of the niobium-rich second 
phase in the alloy, and in this context, increasing the niobium content 
appears to have a negative effect. Even though the respective chemical 
compositions of the matrix and particulate phases were similar in the 
alloys containing 8, 12, and 18% Nb, the corrosion rate, based on weight 
change, increased as the niobium content and relative volume of the 

second phase increased (Fig. 12). This observation is consistent with the 
metallographic observation that the principal mode of attack of these 

alloys was by sulfidation of the exposed second-phase particulates 

(Fig. 11).

The hoped-for effect in these alloys was the growth of a protective 

niobium sulfide in association with aluminum oxide and improved adherence 

and/or mechanical properties of the alumina. Although both aluminum- and 
niobium-containing products were found in association with the niobium- 

rich second phase, the extent of sulfidation of this phase was greater 

than reported in experiments with pure niobium.3»* Obviously, the pres­

ence of an additional sulfide former, such as iron, interferes with the 

growth of a coherent and protective niobium sulfide layer. The aluminum 

concentration of the discrete phase (essentially Fe2Nb) in the Fe-Nb-12A1 

alloys is ~6%. As discussed later, sol id-solution alloys containing 12 to 

16% Al (1.e., Fe3Al-type alloys) are markedly superior in sulfidation 

resistance to alloys with 6% Al. Thus, it is of interest to consider the 

effect of relatively large niobium concentrations (>20%) in a solid- 

sol ution matrix with 12% aluminum. (This test would require some form of 

nonequilibrium processing, such as rapid solidification or ion 
implantation.) In such a material, the niobium might play the desired 

role of a selective, refractory sulfide former, given the abi1ity of the 

oxide scale to 1imit the nucleation of iron sulfide.

ALUMINUM

The alloying effects associated with aluminum are of particular 

importance to future alloy development. As discussed above, increasing 

the aluminum level from 6 to 12% significantly improved the sulfidation
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resistance of the niobium-containing alloys, an improvement that was 
manifested by the matrix phase of the alloys. At the 6% Al level (without 
chromium), the matrix phase was relatively resistant to sulfidation at the 

higher oxygen activity (Fig. 6) but was subject to sulfidation of iron at 

the lower oxygen activity (Fig. 7). At the 12% Al level, this matrix 

phase was similar in sulfidation resistance to the binary Fe-15.8A1 alloy 

(PS11) and was unaffected even by the higher H2S pressures (Fig. 10).

The solubi1ity 1imit of niobium in the matrix phase at 12% Al is <2%, and 

at that level it appears to have no effect on sulfidation resistance.

The mechanism by which aluminum completely suppresses sulfidation of 

iron in the Fe-Nb-12A1 matrix phase and Fe-15.8A1 alloys is now under 

study. As is obvious from Figs. 11 and 12, the Al203 scale that forms on 

these alloys, while extremely thin, is subject to spalling when it cools 

to room temperature. Nevertheless, thermal cycling these alloys in 

H2S-H2-H20 gas mixtures from 800°C to room temperature every 48 h had only 

a minor effect on weight change over a 168-h interval.8 Furthermore, 

there was no evidence of sulfide formation on the thermally cycled speci­

men following exposure. Adding chromium to the Fe-15.8A1 alloy, even in 

amounts as low as 4%, led to the relatively rapid growth of chromium and 

iron-sulfide nodules above the scale and even to the formation of 

Al2S3 within the scale.8 However, preoxidation of an Fe-15.8Al-5Cr alloy 

in air effectively suppresses sulfidation for periods as long as 200 h at 

800°C (in isothermal tests). These observations confirm that the growth 

rate of the Al203 scale is extremely fast compared with formation of iron 

sulfide at the 12 to 15.8% Al level. They also indicate that, under sulfi- 

dizing conditions, chromium acts to prevent the growth of a protective 

Al203 layer rather than to disrupt an initially protective oxide layer.

CONCLUSIONS

1. In H2S-H2-H20 gas mixtures that are relevant to coal gasifica­

tion, the sulfidation/oxidation resistance of Fe-18Cr-6Al alloys can be 

improved significantly through alloying with niobium in place of 

chromium.
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2. Substituting niobium for chromium at the 6% Al level reduced the 

100-h weight gain at 800°C by a factor of at least 5. However, 

significant amounts of FeS were found at the scale-gas interface, together 

with some sulfidation of niobium at the metal-scale interface.

3. Substituting niobium for chromium and increasing aluminum to

12 wt % dramatically reduced the corrosion rate in H2S-H2-H20. There was 

no evidence of sulfidation of the matrix phase in these alloys, but 

second-phase particles similar in composition to Fe2Nb underwent internal 

sulfidation.

4. Reducing the niobium level from 18 to 12 or 8%, respectively, 

actually reduced the weight gain (sulfidation) at 800°C. The reduction 

was the result of a lower volume fraction of the Fe2Nb phase in the latter 

alloys. Thus, for Fe-Nb-12A1 alloys, aluminum appears to be a more 

significant factor in inhibiting sulfidation than is niobium.

5. Achieving a protective niobium sulfide reaction product in asso­

ciation with an aluminum oxide scale might be possible in a nonequilibrium 

alloy matrix containing a niobium concentration at least equal to the alu­

minum concentration. Such an alloy would require processing by rapid 

solidification or ion implantation.

6. A major finding in these studies was the complete suppression of 

iron sulfide formation in the matrix phase of the Fe-Nb-12A1 alloys and 

the binary Fe3Al alloy containing 15.8 wt % Al. The Fe3Al alloy showed a 

negligible weight gain even after 300-h exposure to H2S-H2-H20 at 800°C. 

Although the alumina scale formed on Fe3Al is subject to spalling on 

cooling to room temperature, the corrosion rate of the alloy was not 

significantly affected by thermal cycling to room temperature at 50-h 

intervals during a 168-h exposure at 800°C. Furthermore, there was no 

evidence of sulfide formation on the thermally cycled specimen following 

exposure.
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