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ABSTRACT 

Alloys based on the Fe3A1 system are under development at 
Oak Ridge National Laboratory (ORNL) in support of coal conversion and 
combustion materials requirements. Of particular interest is the 
performance of these alloys in coal gasifiers involving product gases 
with relatively low oxygen activities atm) and high sulfur 
activities atm) . Using H2S-H2-H20 gas mixtures, several 
experimental iron-aluminum alloys have been tested to assess the effects 
of aluminum concentration on corrosion behavior at 700 to 800OC in a 
simulated gasifier environment. Included in these studies are alloys 
that have been aluminized to convert the outer surfaces to FeAl (50 at. 
% All. Thermogravimetric analyses, together with metallographic and 
chemical analyses of the corrosion product scales. are performed to 
determine the role of constituent metallic elements on oxidation and 
sulfidation processes. Additionally, the corrosion resistance of Fe3A1 
alloys is being evaluated by exposures at 600 to 900°C in the gas-cooler ' 

section of an operating gasifier in the United Kingdom. 
The nature of protective scales formed on FegAl-based alloys in 

sulfur-containing atmospheres, as compared to air, is being evaluated 
using secondary ion mass spectroscopy (SIMS) and transmission electron 
microscopy (TEM). Marker experiments using l80 are conducted in 
conjunction with the SIMS studies to monitor oxide growth processes. 

INTRODUCTION 

A common requirement exists for corrosion-resistant alloys for 
heat exchangers and heat recovery systems in coal combustion and 

conversion plants. Because the operating environments contain sulfur, 

chlorine, and carbon, as well as oxygen. alloys are subject to severe 

corrosion. At higher temperatures where corrosion resistance depends on 

the growth and integrity of protective oxide scales, sulfur has been 

found to accelerate oxidation kinetics and promote scale spalling. At 

lower temperatures the formation of sulfur- and chlorine-containing 

acids can lead to stress-assisted cracking as well as general wastage. 
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The purpose of this investigation is to evaluate the corrosion 

properties of FesAl-based alloys as they relate to fossil energy 

applications. 

in mixed-oxidant (oxygen-sulfur-chlorine) environments for variable 

times at 500 to 8OO0C. and the results are compared with companion 

experiments in single-oxidant (oxygen) environments. The experiments 

are designed to reveal the effects of sulfur and chlorine on oxide scale 

growth and integrity. The microstructures, grain sizes, and impurity 

distribution in the oxide are analyzed by X-ray diffraction (XRD), 

energy dispersive X-ray spectroscopy (EDS), Auger electron microscopy 

(AEM), and scanning electron microscopy (SEMI [for both transverse 
sections and longitudinal sections of oxides]. The corrosion mechanisms 

and the nucleation and growth o f  oxides and sulfides are characterized 

by thermogravimetric analysis (TGA). transmission electron microscopy 

(TEM). and secondary ion mass spectroscopy (SIMS). The latter technique 

is used in combination with l 8 O  labeling to determine the transport 

mechanisms controlling oxide growth and the effects of sulfur on these 

mechanisms. 

Corrosion evaluations of the alloys are being conducted 

Oxidation-sulfidation behavior of Fe3Al-based alloys is also being 

evaluated under actual service conditions in operating gasifiers. Test 

results f o r  specimens exposed in the product stream of a gasifier in the 

United Kingdom are compared directly with results from laboratory tests 

at equivalent temperatures and sulfurloxygen activities. 

DISCUSSION OF CURRENT ACTIVITIES 

Nicroscopic Studies of W o n  Product Scales 

As noted last reporting peri0d.l we have been studying the nature 

and growth patterns of corrosion product scales formed on FegAl-based 

alloys in H2S-H2-H20 atmospheres at 700 to 800OC. Energy-dispersive 

X-ray analyses have shown the scales t o  be composed principally of 

aluminum with negligible amounts of iron or sulfur. (Oxygen could not 

be analyzed by the spectrometer used.) TEM results further indicate 



that the scales are extremely fine grained. with the grains being 

randomly oriented. 

An additional approach being used to evaluate processes 

controlling film growth involves the use of secondary ion mass 

spectroscopy (SIMS) coupled with an l8O tracer. 

(FA61) and Fe-28% A1-2% Cr (FAS) were oxidized in air for 168 h at 8OO0C 

and then were sent to Harwell Laboratory for a similar exposure in 

oxygen enriched with the mass 18 (l8O) isotope at 0.2 atm (also at 

8OOOC). Following the latter treatment, one edge of each specimen was 

metallographically polished at a 1 5 O  angle of coincidence with a 

principal oxidized surface, thereby producing a shallow-taper cut 

through the oxide scale. The specimens were then returned to ORNL for 

analysis of the l8O distribution in the oxide scale. 

Specimens of Fe-28% A1 

The weight changes recorded after the various oxidation treatments 

are listed in Table 1. 

translate to an average scale thickness of from 0.1 to 0.35 pm, assuming 

the oxide to be predominantly y - A l 2 O - j .  The scales were first analyzed 

by depth profiling (ablation) using gallium ions incident at a right 

angle with the oxidized surface. 
l60- 

spectrometer, and a profile of the two isotopes is shown in Fig. 1. The 

I80-peak near the oxide/gas interface is evidence for oxide growth 

occurring at the gas side of the scale (i.e.. growth controlled by 

Table 1. 

The total weight gains (0.05-0.13 mg/cm2) 

The relative intensities of l80- to 

ions at varying depths through the scale were recorded by a mass 

Weight changes of Fe3A1 alloys used f o r  l8O marker experiments 

Weight change (mg/cm2) 
Oxidation Fe-28% A1 Fe-28% A1-2% Cr 
t r ea tment 

No. 1 No. 2 No. 1 N o .  2 

168 h in air 
at 8OOOC 

168 h in 180/160 
at 8OOOC 

Combined 

+O. 0 4  +O .04  +O. 08 +o. 00 

+0.01 +0.01 +0.05 +0.06 

0.05 0 . 0 5  0.13 0.06 
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Fig. 1. Depth profile of oxide film formed on Fe-28%A1-2%Cr 
at 8OO0C showing relative l8O and l6O concentrations determined by 
secondary ion mass spectroscopy. Depth below the original external 
oxide surface is proportional to sputtering time (denoted by the 
X-axis). 

cation diffusion). However, the oxygen concentrations (particularly 

that of l6O- at the scalelmetal interface) do not decrease as rapidly as 

would be expected assuming a uniform oxide thickness. In fact, scanning 

electron images of the scale showed a very nonuniform scale thickness, 

with the thickest cross sections developing at surface imperfections 

induced by the 600-grit abrasive paper that was used to prepare the 

original surface. Thus. even within the smallest area of oxide that 

could be demarked for analysis, ablation of the oxide down to the 

underlying metal occurred relatively early in some sections and much 

later in others, with the result that oxygen fluxes diminished in 

multiple steps rather than a l l  at once. The scratches left by the 

initial surface preparation also interfered with the examination of the 

taper cut through the oxide. The oxide appeared to grow preferentially 



on the peaks and valleys of the scratches, S O  that the taper cross 

section sliced through localized pockets of oxide that were too isolated 

and small to analyze effectively. 

Despite the problems with surface roughness. the present results 

do lend strong support to the supposition2 that oxide growth on alumina 

formers at lower temperatures is controlled by cation movement. 

results also indicate the importance of surface finish on the initiation 

and growth of oxides on iron aluminides. Accordingly, further marker 

experiments are planned with both chemically and mechanically polished 

surfaces to compare their oxidation rates and morphologies with those of 

the present samples. 

The 

es to Mixed Gases 

Recent corrosion evaluations in H ~ S - H Z - H ~ O  mixed gases have 

(1) effects of HC1 as an involved two specific test objectives: 

additional gas component, and ( 2 )  effects of aluminized coatings on Fe- 

2 8 %  A1-5% Cr alloys. Test equipment has been modified to permit the 

incorporation of HC1 at concentrations of 500 to 10,000 ppm (by volume) 

in our HzS-HZ-H~O mixed gas. The method presently used to add H20 to 

the mixed gas (i.e., bubbling a H2S-H2 gas mixture through a water bath 

at controlled temperature) has been modified to allow the simultaneous 

addition of H2S and HC1. By controlling both the concentration of HC1 

in the water bath and the bath temperature. a fixed concentration of H20 

(1.7 vol % I  and a variable concentration of HC1 (500-10.000 ppm) can be 
added to the H ~ S - H Z  gas mixture. Other modifications of our test 

apparatus have involved changes in our gas supply lines. including the 

replacement of stainless steel parts with telfon. Based on laboratory 
screening tests in H ~ S - H Z - H ~ O  gas mixtures at 700 to 8OO0C. binary Fe3A1 

alloys (nominally 2 8 %  AL)) are equivalent in corrosion resistance to 

FeAl alloys containing still higher aluminum levels (140%). However, 

the higher aluminum levels do provide an improvement in corrosion 

resistance when chromium additions are made to the respective alloys. 

This effect is illustrated in Fig. 2 ,  which compares the weight changes 
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Fig. 2. Comparison of weight changes of Fe3A1 and FeAl alloys 
containing 4% Cr with Fe-28% Al. 
mixture at 800'C. 

Alloys were exposed to H2S-H2-H2O gas 
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Fig. 3. Effect of aluminizing surface treatment on corrosion rate 
of Fe-28% A1-5% Cr-.l% Zr-.05% B alloy in H2S-H2-H2O gas mixture at 
800'C. 



of a 40% A1 alloy containing 4% Cr with a 28% A1 alloy containing 4% Cr. 

The corrosion rate of the higher A1 alloy shows no change in H2S-H2-H2O 

at 8OO0C compared to Fe-28% AI. while the rate of Fe-28% A1-4% Cr is 

considerably greater than that of binary Fe-28% A l .  To avoid the loss 

in corrosion resistance associated with chromium, we have recommended 

that Fe3A1 alloys marked specifically for service in low p02-high pS2 

mixed gas environments (e.g.. gasifiers) should be limited to chromium 

concentrations of 12%. For applications under more oxidizing 

conditions, however, such as combustion atmospheres, Fe3A1 alloys 

containing up to 5% Cr have generally afforded better corrosion 

resistance than the 2% Cr alloy.3 

To meet both the lower and higher p02 requirements in a single 

material, we are evaluating the possibility of increasing the aluminum 

concentration at the exposed surfaces of chromium-containing Fe3A1 

alloys. so as to emulate the corrosion behavior of FeAl alloys 
containing 40% Al. Surface treatment of the Fe3A1 alloys is being done 

at Ohio State University (OSU) as part of the chromizinglaluminizing 

development effort supported by the Fossil Energy Advanced Research and 

Technology Development Material Program. Specimens of a geometry 

suitable for weight change studies are provided to OSU for treating by 

their developmental pack-aluminizing process. Aluminum activities are 

controlled to promote the growth of an FeAl surface zone with a 

corresponding aluminum concentration no greater than 5 0 % ,  thus ensuring 

that there is no phase transformation accompanying the aluminizing 

process. (Fe3A1 and FeAl have identical crystal structures at the 

aluminizing temperature.) Microstructures of Fe3A1 alloys treated by 

the OSU process typically show a uniform FeAl layer growing outward from 

the original surface. controlled by outward diffusion of iron, and a 

subsurface zone of FeAl contiguous with this outer layer, which forms by 

inward diffusion of Al. The combined thickness of the inner and outer 

FeAl zones ranges from 47 to 147 microns, depending on the process time 

and temperature. Corrosion tests of two FA-129 (Fe-28% A1-5% Cr-0.5% 

Nb-0.2% C) specimens treated by this pack-aluminizing process (OSU-3 and 
OSU-5) were recently conducted for 168 h in 5 . 4 %  H2S-79.2% H2-1.7% HzO- 

13.7% Ar (vol %) at 8OOOC. and the weight change results are compared 



with those  of an untreated specimen in Fig. 3 .  The aluminizing 
treatment obviously enhanced the corrosion resistance of both specimens, 

in agreement with the effect of increasing aluminium concentration from 

28 to 40% in iron aluminides containing 5% chromium (Fig. 2). The small 

difference in weight change between the two aluminized specimens may be 

attributable to a difference in the respective aluminizing treatments. 

Although the times and temperatures of the treatments were held 

constant. the specimen with the higher weight change in the mixed gas 

(OSU-5) was treated in a bed that incorporated boron as well as aluminum 

as a diffusing species. The total mass increase incurred during the 

latter treatment (8.0 mg/cm2) was slightly less than that incurred in 

the bed without boron (9.7 mg/cm2). Thus. the higher corrosion rate of 

OSU-5 may be associated either with a slightly thinner aluminized layer 

or with the presence of boron in the surface layer. 

Specimens of two Fe3Al-based alloys have been supplied to the Coal 

Research Establishment (CRE) of the British Coal Corporation for testing 
in a pressurized coal gasifier located at Stoke Orchard in Eng1and.l 

This gasifier is being operated by CRE as part of a topping cycle 

initiative supported by an association of European companies. The 

concept couples a gas turbine with a pressurized coal gasifier and also 

incorporates either a circulating fluid bed o r  pressurized fluidized-bed 

combustor that will operate on char from the gasifier. The Fe3A1 alloys 

are being exposed together with other candidate heat exchanger materials 

in the product gas immediately after it exits from the gasifier. The 

specimens are in the form of rings. 36 mm OD x 26 mm ID x 10 to 20 mm 

long. and are supported on a common mandrel. Two Fe-28% AI alloys, one 
containing 2% Cr (FAS) and the other 5% Cr (FA-129) were fabricated to 

the required dimensions and supplied to CRE in June 1990. 

Initial operation of the plant began in February 1991. when a 

250-h run was completed. The test section designated f o r  materials 

evaluation was located downstream of a tertiary cyclone where product 

gas temperatures were projected to be in the range 900 to 500OC. 
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However, because of unanticipated heat losses, the operating temperature 

of the section was determined to be in the range 650 to 450OC. Another 

test section is being installed to allow testing at higher temperatures 

and will be located downstream of the primary cyclone. During the 

initial commissioning period. only two of the Fe3A1 speci,mens were 

exposed in gasifier gas. and the exposure temperature was limited to 

550OC. No results are yet available from sections through these 

samples. although visual examination indicated only a thin oxide layer. 

The plant is scheduled to operate for two 500-h periods over the 

duration of 1991 and for Two additional 500-h periods in 1992. Fe3A1 

specimens will be included in each of these runs. 

metallographic examinations will be reported by CRE as they become 

available. 

r. 

Results of visual and 

SUMMARY AND CONCLUSIONS 

1. Preliminary oxidation tests using an oxygen isotope (l80) 

marker were conducted to establish the growth mechanism of alumina 
scales on Fe3Al-based alloys at 80OoC. 

and then in oxygen enriched in l80 were depth profiled using SIMS. 

was concentrated at the outermost surface of the scale and indicated 

that scale growth was most likely controlled by the outward movement of 
aluminum through the scale. 

Scales grown initially in air 

l80 

2. The thickness of the oxide, as determined by SIMS analysis of 

the above specimens, was found to vary as a result of the surface 

roughness introduced by mechanical abrasion prior to the oxidation 

exposures. This effect, which resulted in a more gradual apparent 

decrease in the l80 gradient than actually existed, emphasizes the 

importance of surface finish on scale morphology. 

3 .  The effects of surface treating Fe3A1 alloys to increase the 

near-surface aluminum content are being studied in a H ~ S - H Z - H ~ O  gas 

mixture at 800OC. An alloy containing 28% A1 and 5% Cr was aluminized 
at Ohio State University to convert the outer surfaces to FeA1. The 



'., , . . 

corrosion rate over a 168-h period was significantly reduced by the 

aluminizing treatment. the rate being commensurate with that of a FeA1- 

based alloy containing 40% A 1  and 4% Cr. 

4 .  Two Fe-28% A 1  alloys. containing 2% and 5% Cr respectively. 
have been supplied to the Coal Research Establishment of the British 

Coal Corporation for testing in the product gas stream of an operating 

gasifier. Testing to date has been limited by variable operating 

conditions during plant commissioning: however. an initial exposure at 

55OoC showed no evidence of attack beyond a thin oxide film. Additional 

500-h tests are scheduled for the remainder of 1991 through 1992 and 
will provide evaluations of the Fe3A1 alloys a t  temperatures up to 

900OC. 
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