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ABSTRACT 

An Fe - 28 at.% A1 - 2% Cr alloy doped with Y2O3 showed improved scale adhesion relative 
to a dispersion-free form of the same composition. However, doping with Ce02 or La203 
was detrimental to oxidation behavior. A study of weld-overlay iron-aluminide coatings 
showed that, those with sufficiently high aluminum concentrations had sulfidation resistance 
in H2S-H2-H20-Ar at 800°C equivalent to the most resistant bulk iron aluminides. These 
corrosion-resistant coatings have the potential to be effective barriers in high-temperature 
sulfidizing environments provided the appropriate combinations of filler metal, process 
parameters, and substrate are used to produce adequate aluminum concentrations and 
minimal chromium contents. Exposures in an oxidizing/sulfidizing environment containing 
varying amounts of HC1 at 450 and 550°C showed that Fe3Al alloys had good corrosion 
resistance. 

INTRODUCTION 

The iron-aluminum system has been studied by alloy developers for over sixty years.l 
A primary reason is the potential of iron aluminides for excellent high-temperature corrosion 
resistance in a number of environments. Alumina surface layers will form on iron aluminides 
even in environments with extremely low oxygen partial pressures.2 This ability to form 
A1203 across a wide range of oxygen activities allows iron aluminides to be corrosion 
resistant not only in air or oxygen, but also to a variety of mixed gases and salts.3 Therefore, 
determining the corrosion behavior of Fe3Al alloys in aggressive environments at elevated 
temperatures forms an important part of the development of these aluminides. This paper 
reports recent results on the high-temperature corrosion behavior of iron aluminides relevant 
to three areas of alloy and process development for fossil-energy applications: oxidation of 
selected oxide-dispersion-strengthened (ODS) Fe3Al alloys, sulfidation of iron-aluminide 
weld overlays, and corrosion of several iron-aluminum alloys in a simulated coal gasification 
environment in which the chlorine level was varied. 
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OXIDATION OF ODS Fe3AI ALLOYS 

As described elsewhere? ODS Fe3Al ailoys are currently being developed to increase the 
operating temperature regime of these uniquely sulfidation-resistant materials. Determining 
the effects of a dispersion of oxides on the high-temperature oxidation resistance of Fe3AI is 
a key part of this effort. Use of a reactive element (RE) oxide may further improve the 
adhesion of alumina scales on iron aluminides, as has been shown for the FeCrAl, NiCrAl, and 
NiAl systems (see, for example, refs. 5-7). The initial results on the effects of Y2O3, Ce02, 
and La203 on high-temperature cyclic oxidation of Fe-28% A1-2% Cr (FAS) are summarized 
here. More details of the work with the Y2O3 and CeO2-doped FAS can be found in ref. 8. 

Powders of gas-atomized FAS and submicron oxides (Y2O3, Ce02, or La2O3) were 

mechanically blended in a flowing Ar atmosphere using a high-speed attritor and stainless 
steel balls. (Unless otherwise noted, all concentrations are in at.%). The blended powder was 
canned, degassed, and extruded at 1100°C. For comparison, a FAS powder extrusion without 
an oxide addition, ingot-processed Fe-28% Al-5% Cr-0.1% Zr (FAL), and a commercial 
Zr02-dispersed (0.06% Zr) Fe-20% Cr-10% AI alloy (Kanthal alloy APM) were also tested. 

Coupons (about 15 mm diam x 1 mm thick) were polished with 0.3 pm alumina prior to 
oxidation. Cyclic oxidation experiments were conducted at 1200°C in air and in dry, flowing 
02. Admittedly, the exposure temperature of 1200°C is significantly higher than most 
potential applications for iron aluminides, but it is a convenient way to assess the potential 
lifetime of these materials based on aluminum consumption. A similar approach was 
previously used to predict oxidative lifetimes for ingot-processed iron aluminides and for 
comparison with FeCrAl  alloy^.^ In short-term cyclic testing (2 h cycles), specimens were 
hung in a furnace in flowing 0 2  and weight changes were measured continuously using a 
microbalance to check for any indication of isothermal spallation. (However, spallation was 
only observed upon cooling.) In long-term testing (100 h cycles), specimens were placed in 
a static air furnace inside individual alumina crucibles so that any spalled oxide was collected 
and weighed. In both types of tests, the specimen weight changes were measured before and 
after oxidation. After oxidation, specimens were examined using scanning electron 
microscopy (SEM) with energy dispersive x-ray (EDX) analysis. 

. 

Specimen weight change data for the various alloys exposed to 2 h cycles are shown in 
Fig. 1. A fine powdery alumina scale formed on the undoped FAS alloy and led to large 
weight losses after just a few cycles. In contrast, rapid weight gains were observed for the 
Ce02- and La203-dispersed alloy specimens. The Ce02-dispersed alloy exposure was 
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Fig. 1. Short-term specimen weight changes upon cyclic oxidation at 1200°C in 0 2  for iron 
aluminides with various oxide dispersions. 

stopped after 14 cycles when breakaway oxidation (formation of FeO,) began at one edge. 

The detrimental effects of CeO2 and La203 are comparable to that of La203 in p-NiAl.7 In 
all these cases, the additions resulted in accelerated oxidation relative to the undoped alloy. 
Whether this effect is primarily in the oxide or in the alloy is unclear and is under 
investigation. 

All cyclically exposed alloys had some scale loss except for the Zr02-dispersed FeCrAl 
and the FAS with 0.05% of Y cations. Of the Y203-dispersed FAS alloys, the 0.2% Y 

addition had the largest amount of scale spallation (about 40% of area), in agreement with the 
weight change measurements shown in Fig. 1. In general, spallation to bare metal was 
observed and voids at the metal-oxide interface were apparent. However, compared to the 
undoped alloy, all of the Y2O3 additions to FAS reduced the amount of scale spallation. 

Also, Y doping produced a flatter, less convoluted scale than that observed on the undoped 
FAS, as does Zr in the ingot-processed FAL. 

The longer-term cyclic oxidation results are shown in Fig. 2. In contrast to the data in 
Fig. 1, the specimens were exposed for 100 h each time and the reported results represent 
total mass change (specimen plus any spalled oxide). In this way, the measurements are 
proportional to the amount of metal consumed by oxidation. Comparing these total weight 
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Fig. 2. Total weight gain (including spalled scale) for 100-h cycles at 1200°C in air. 

gains, the alloy with the smallest Y2O3 addition (0.05% Y) performed worst and that with the 
0.2% Y had the best behavior, which is the opposite result of the short-term oxidation results 
(Fig. 1). Nevertheless, Y2O3 additions still improved oxidation resistance relative to the 
undoped FAS alloy, which went into breakaway oxidation after three cycles. The ability to 
increase the effectiveness of yttria, and possibly other oxides, in increasing the oxidation 
resistance of iron aluminides by improving dispersion uniformity and controlling 
microstructure is currently under study. 

The rate at which aluminum in the alloy is consumed is a critical factor in predicting 
time to breakaway oxidation (as defined above) and the higher A1 content of iron aluminides 
relative to FeCrAl alloys could result in longer oxidative lifetimes. However, scale spallation 
was more severe for the Y2Oj-doped FAS alloys than for the ZrO2-dispersed FeCrAl and, 
based on the total weight gains (Fig. 2), the aluminum consumption rate was 2 to 4 times 
higher for the former materials. In previous work on ODS FeCrAl and P-NiAl alloys,'o Y and 
Zr dopants were found to have identical beneficial effects on the oxidation behavior. Thus, it 
appears that the difference in oxidation behavior between the ODS FeCrAl and Fe3Al alloys 
cannot be explained by the difference in their dopant oxides. Furthermore, the Zr-containing 
FAL suffered greater cyclic weight gains and scale spallation than the Zr-doped FeCrAl alloy 
(Fig. 1). A similar result was also observed for 1300°C oxidative lifetime testing? despite the 



lower A1 content of a RE-doped FeCrAl alloy, its time to breakaway oxidation was 
comparable to that for ingot-processed FAL containing 0.1% Zr, thereby indicating a higher 
A1 consumption rate for the FAL alloy. 

OXIDATION-SULFIDATION OF IRON-ALUMINIDE WELD OVERLAYS AT 800°C 

The oxidation and sulfidation resistance of iron aluminides containing greater than 18 - 
25 at.% A1 is maintained at temperatures (for example, 800°C) well above those at which these 
alloys have adequate mechanical strength. Because of this, and possible cost considerations, it 
is anticipated that appropriate compositions of iron aluminides may find application as 
coatings or claddings on more conventional higher-strength materials which are less 
corrosion-resistant at high temperatures. Initial work in this regard focused on examining the 
sulfidation resistance of iron-aluminide coatings deposited by a weld-overlay technique. 

Weld-overlay deposits of Fe-A1 alloys were produced on 25 mm-thick 2.25 Cr - 1 Mo 
(wt%) steel and 50 mm-thick type 304 stainless steel substrates using techniques and filler 
materials described elsewhere.11*12 Rectangular pieces, approximately 18 x 12 mm, were cut 
from the weld overlay specimens. Coupons for the corrosion experiments were then prepared 
by grinding away the substrate material so that they consisted of only weld metal 
(approximately 1 - 2 mm thick). Corrosion behavior was characterized by use of a 
continuous-recording microbalance to measure the weight of these specimens during 
exposure at 800°C to a flowing (-2 cm3/s) mixed gas consisting of 5.4% H2S - 79.4% H2 - 
1.6% H2O - 13.6% Ar (by volume). The oxygen partial pressure, as determined by a solid- 
state oxygen cell, was 10-22 atm, and the sulfur pressure was calculated to be 10-6 atm. This 
type of experiment has been used to characterize the sulfidation resistance of many iron 
aluminides and several other alloys.3*13$14 Due to mixing during welding, the composition of 
a particular weld overlay depends not only on the elements present in the filler metal but also 
on the alloy used as the substrate.l1912 Therefore, it was important to determine the actual 
concentrations of the appropriate elements in the deposited layers and these are shown in 
Table 1. 

The weight change results for the six overlay coatings exposed to H2S - H2 - H20 - Ar 
at 800°C are shown in Fig. 3. The curves clearly fell into groups of either low (Cl, C2, C3) or 
high (01 ,  02 ,  03 )  weight gains. Figure 4 presents a more detailed view of the 
thermogravimetric data for the coupons in the low weight-gain group and, for the sake of 
comparison, includes two curves for specimens of wrought FAS. This composition has been 
shown to be among the most corrosion-resistant Fe3A1 alloys in this gas mixture.14 



Table 1. Weld Deposit Compositions 

Spec- Sub- Concentration (at. %)a 
imen strate A1 Cr Nb Ti Ni Mo Zr C 

c 1  

c2 

c3 

0 1  

0 2  

Cr-Mo 35.4 2.5 0.2 0.4 - 

Cr-Mo 36.7 4.7 0.2 0.4 - 

Cr-Mo 35.5 0.7 - - 

304 11.1 6.7 ~ 0 . 0 1  <0.01 6.6 

304 23.1 6.3 0.1 0.1 6.3 

0 3  Cr-Mo 21.7 2.1 0.1 - 
a Determined by spark source mass spectrometry. Balance is Fe. 

Differences in corrosion behavior between the C and 0 groups of specimens were also 
reflected in the respective corrosion product morphologies. The higher-aluminum 
specimens exhibited thin, fairly uniform scales with just a small amount of powdery, spalled 
scale. In contrast, significant scale loss (upon cooling and handling), were observed for the 
three coatings with lower aluminum concentrations. Specimens 0 1  and 0 2  had relatively 
thick, black corrosion products which consisted of dense mattes of aluminum and iron 
sulfides, as determined by EDX analyses in a SEM. Specimen 0 3  exhibited a smaller 
population of the same type of sulfides. 

Based on findings from previous iron-aluminide s t ~ d i e s , ~ . ~ ~  the corrosion data shown 
in Figs. 3 and 4 are consistent with the deposit compositions recorded in Table 1. The 
coatings exhibiting relatively high weight gains and corrosion rates (01, 02, 03) have 
relatively low aluminum and high chromium concentrations. In the case of 01,  the 
aluminum content is very much lower than what has been found to be needed for the best 
sulfidation resistance,*6 while 0 2  and 0 3  exceed this critical concentration somewhat. As 
expected, 0 1  showed the greatest sulfidation susceptibility of the group 0 specimens due to 
its low aluminum concentration. The somewhat worse behavior of 0 2  vis-&vis 0 3  is 
probably due to the higher chromium and nickel concentrations of the former. Chromium 
levels similar to that in 0 2  exacerbate the sulfidation reaction for Fe3A1 al10ys.l~ While the 
three weld clads with the lower aluminum concentrations exhibited substantial mass gains, 
their relative corrosion resistance was still somewhat better than that of Fe-Cr-Ni all0ys.~3>14 
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Fig 3. Weight gain versus time for iron-alurninide weld overlays exposed to H2S-H2-H20 at 
800°C. Overlay compositions are shown in Table 1. 
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Fig. 4. Weight gain versus time for higher-Al-containing iron-aluminide weld overlays and 
alloy FAS exposed to H2S-H2-H20 at 800°C. Overlay compositions are shown in Table 1.  



The specimens denoted C1, C2, and C3 all have aluminum concentrations well in excess 

of the critical amount needed for excellent sulfidation resistance in the subject mixed gas.16 

Their oxidation/sulfidation behavior therefore resembles that of the most resistant iron 
a l~minides .1~  The deleterious effect of Cr is normally not observed at the higher aluminum 
levels in the group C ~ p e c i m e n s ~ e ~ ~  and little, if any, detrimental influence of the higher 
chromium concentration of C2 was detected (Fig.4). Compared with the results shown in 
Fig. 3, the weight gains and rates in Fig. 4 are low; differences among the curves are not 
statistically significant. 

The present results show that iron-aluminide weld overlays have the potential to be 
effective corrosion-resistant coatings in high-temperature sulfidizing environments provided 
the appropriate combinations of filler metal, process parameters, and substrate are used to 
produce adequate aluminum concentrations and minimal chromium contents. In the present 
study, the spread in aluminum concentration between the group 0 and C specimens is too 
large to precisely define the clad composition necessary to achieve low corrosion rates. The 
higher aluminum concentrations of the group C specimens would provide a margin of safety 
with respect to sulfidation resistance, particularly in view of enrichment of the weld overlay in 
substrate elements (for example, chromium and nickel) that are deleterious to sulfidation 
resistance. Furthermore, excess aluminum would delay any onset of breakaway oxidation 
caused by aluminum d e p l e t i ~ n . ~  However, weld deposits containing high aluminum 
concentrations are much more sensitive to hydrogen-induced cracking when exposed to 
moist air, even after stress relief. In this regard, it must be noted that, as only the coatings 
themselves were tested in the corrosive environment, the present study was focused on the 
thermodynamic stability and reaction kinetics of the weld deposits and did not examine the 
effects of extended defects. The actual protectiveness of a particular layer will also depend 
on the ability of these layers to provide a physical barrier that doesn't delaminate or allow 
corrosion of the substrate by ingress of reactive species via cracks or other defects. These 
aspects will be investigated through exposure of clad substrates to the particular corrosive 
environment. 

EFFECT OF CHLORINE ON THE OXIDATION-SULFIDATION OF 
IRON ALUMINIDES AT 450 AND 55OoC 

In some fossil energy applications, iron aluminides will have to show corrosion resistance 
to product gases that contain small concentrations of HC1 in an oxidizing-sulfidizing 
atmosphere of relatively high ps2 and low po2. Because of this, the effect of HCI on the 

corrosion of FAS, FA129 (Fe-28% A1-5%Cr-0.5% Nb- 0.2% C), and FAP (Fe-l6% Al- 



5% Cr-1.1% 10 - 1% Zr - 0.1% C) in a simulated coal gasification environment has been 
studied in collaboration with the National Physical Laboratory (NPL) in the United Kingdom. 
The sulfur and oxygen fugacities of the gas were, respectively, 5 x 10-8 and 1 x 10-26 at 
450°C and 2 x 10-6 and 2 x 10m22 at 550°C. Two levels of HCI additions, lo00 and 3283 
ppm, were examined. General details of the experiments and initial results (for lo00 ppm 
HCI) have been described previo~sly.~ A FeCrAlY alloy was included in the exposures for 
comparison. 

Gravimetric results for exposures in the mixed gas with 3283 ppm of HCI are shown in 
Fig. 5. As with the results for mixed gas with IO00 ppm HCl,9 weight changes of FAP were 
substantially higher than those of the other three alloys and, at 55OoC, FAS and FA129 
performed somewhat better than the FeCrAlY. Differences in corrosion susceptibility are also 
shown in Fig. 6, which contains representative cross sections of exposed aluminides. Thin, 
presumably alumina, scales formed on FAS and FA129 (Fig. 6a and b) and provided 
adequate protection. Penetration along a few grain boundaries was noted. Such attack has 
not been noticed for sulfidation of iron aluminides at higher temperatures in the absence of 
HCI, but the present observations of such were limited to a small fraction of the exposed 
surface area. In contrast, FAP (Fig. 6c) exhibited significantly thicker scales that included 
sulfides. The reaction product on the FeCrAlY was thinner than that on FAP, but thicker than 
those found on FAS and FA129, which is consistent with the gravimetric data for the 550°C 
exposures in the environments with HC1 at concentrations of 1000 ppm (ref. 9) and 
3283 ppm (Fig. 5). 

In studies conducted in a similar type of mixed-gas at 8OO"C, but without HCl additions, 
both higher chromium levels (> 2%) and lower aluminum concentrations (< -18%) 
contributed to reduced resistance to c o r r 0 s i o n . 3 ~ ~ ~ ~ ~ ~  In the case of the present exposures, a 
concentration of 5% Cr in Fe3AI (FA129), which reduces sulfidation resistance at higher 
temperatures, did not have a significant effect at 450 and 550°C in the presence of HCI. 
Additionally, the substantial chromium concentration (-20%) of the FeCrAlY, which has a 
dramatic deleterious effect in the aforementioned high-temperature sulfidizing 
environment,3*14*16 appears to have only a minor influence in the mixed gas + HC1; the 
corrosion susceptibility of this alloy was similar to that of FAS and FA129 at 450°C and only 
moderately worse at 550°C. On the other hand, the lower aluminum concentration of FAP 
(16%) appears to have been a major factor in its relatively poor performance under these 
conditions, as well as at higher temperatures.3~ 16 
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Fig. 6 Polished cross sections of iron aluminides exposed in a simulated coal-gasification 
environment containing 3283 ppm HCl at 550°C for 1007 h. The specimens were coated 
with copper prior to sectioning (visible as bright topcoat). (a) FAS (b) FA129 (c) FAP 



SUMMARY AND CONCLUSIONS 

Oxide-dispersed Fe - 28% A1 - 2% Cr alloys doped with Y2O3, CeO2, and La203 were 
prepared and cyclically oxidized at 1200°C. Yttria improved scale adhesion relative to the 
undoped alloy, but was not as effective as zirconia in an FeCrAl alloy. Both CeO2 and La203 
were detrimental to oxidation behavior. 

Specimens of weld-overlay iron-aluminide coatings were exposed to H2S-H2-H2O-Ar at 
800°C. The investigation focused only on the weld overlay material and, as such, involved the 
characterization of the thermodynamic and kinetic stabilities of these coatings rather than 
their ability to physically separate the corrosive species from susceptible substrate material. 
Under conditions that produced coatings with sufficiently high aluminum concentrations, 
corrosion resistance equivalent to the best bulk iron aluminides was found. 

Three iron aluminides and a standard FeCrAlY alloy were exposed at 450 and 550°C in 
an oxidizing/sulfidizing environment containing varying amounts of HCI at the National 
Physical Laboratory in the United Kingdom. Two 28% AI - 5% Cr alloys, FA129 and FAL, 
were more resistant than FeCrAlY at 550°C and Fe - 16% AI - 5% Cr (FAP) at both 
temperatures. For FA129 and FAL, there was little evidence to suggest any accelerating 
effect of HC1 up to a concentration of about 3300 ppm. 

ACKNOWLEDGMENTS 

The authors thank M. Howell for experimental support and J. R. DiStefano, 
G. M. Goodwin, and C. G. McKamey for their reviews of the manuscript. This research was 
sponsored by the Fossil Energy Advanced Research and Technology Development (AR&TD) 
Materials Program, U S.  Department of Energy, under contract DE-ACO5-840R21400 with 
Martin Marietta Energy Systems, Inc. 

REFERENCES 

1. C. G. McKamey, J. H. DeVan, P. F. Tortorelli, and V. K. Sikka, J. Mater. Res. 6, 1779 
(1991). 

2. P. Tomaszewicz and G. R. Wallwork, Rev. High Temp. Materials 4, 75 (1978) 75- 
105. 

3. P. F. Tortorelli and J. H. DeVan, pp. 257-70 in Processinp. Properties. and 
@plications of Iron A luminides, J. H. Schneibel and M. A. Crimp (eds.), The Minerals, 
Metals, and Materials Society, Warrendale, PA, 1994. 

4. I. G. Wright, C. G. McKamey, and B. A. Pint, "ODs Iron Aluminides," these 
proceedings. 



5.  W. J. Quadakkers, K. Schmidt, H. Grubmeier, and E. Waliura, Mater. High. 
Temperature 10, 23 (1992). 

6. H. T. Michels, Mebll. Trans. A 9A, 873 (1 978) 
ure Ordered Interneta] I ic 7. B. A. Pint and L. W. Hobbs, pp. 987-92 in W - T e W e r a t  

AlIoys VI, J. A. Horton, I. Baker, S. Hanada, R. D. Noebe, and D. S.  Schwartz (eds.), The 
Materials Research Society, Pittsburgh, PA, 1995. 

8. B. A. Pint, K. B. Alexander, and P. F. Tortorelli, "The Effect of Various Oxide 
erature Dispersions on the Oxidation Resistance of Fe3A1," pp. 1315-20 in High-Temp 

Ordered Intermetallic Alloys VI, J. A. Horton, I. Baker, S. Hanada, R. D. Noebe, and 
D. S. Schwartz (eds.), The Materials Research Society, Pittsburgh, PA, 1995. 

9. J. H. DeVan, P. F. Tortorelli, and M. J. Bennett, pp. 309-20 in Proc. Eighth Annual 
Con$. Fossil Energy Materials, N .  C .  Cole and R. R. Judkins (comp.), CONF-9405143, 
U. S .  Department of Energy, August 1994, 

10. B. A. Pint, Oxid. Met. 44, (1995) in press. 
11. G. M. Goodwin, P. J. Masiasz, C. G. McKamey, J. H. DeVan, and V. K. Sikka, 

pp. 205-10 in Proc. Eighth Annual Con$ Fossil Energy Materials, N .  C .  Cole and 
R. R. Judkins (cornp.), U. S. Department of Energy, 1994. 

12. G. M. Goodwin, "Weld Overlay Cladding With Iron Aluminides," these proceedings 
13. J. H. DeVan, H. S. Hsu, and M. Howell, Oak Ridge National Laboratory report, 

ORNLA'M- I 1 1 76, May 1989. 
14. J. H. DeVan, pp. 107-1 15 in Oxidation of High-Temperature Intermetallics, 

T. Grobstein and J. Doychak (eds.), The Minerals, Metals, and Materials Society, 1989. 
15. P. F. Tortorelli, J. H. DeVan, G. M. Goodwin, and M. Howell, accepted for 

publication in High-Temperature Coatings I, N. B. Dahotre, J. Hampikian, and J. J. Stiglich 
(eds.), The Minerals, Metals, and Materials Society, Warrendale, PA, 1994. 

16. J. H. DeVan and P. F. Tortorelli, Corros. Sci. 35, 1065 (1993). 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thm& nor any Of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, m m -  
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state Or reflect those Of the 
United States Government or any agency thereof. 


