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ABSTRACT

Oxide-dispersed Fe-28at.%Al-2%Cr alloys were produced by a powder metallurgy
technique followed by hot extrusion. Yttria and ceria were added to the base alloy to assess the
effect of these dopants on the oxidation behavior. The amount of dopant was varied from 0.05-
0.5 at.% Y in a series of Y,Oj3-dispersed alloys. Isothermal and cyclic oxidation testing was
conducted at temperatures from 800° to 1300°C. A CeO, addition was detrimental to the
oxidation-behavior. The Y,03 improved the a-Al,O3 scale adhesion relative to an undoped
alloy, but was not as effeetive as sirnilar additions to an exide-dispersed FeCrAl alloy.
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INTRODUCTION

Aluminides based on Fe3Al and FeAl are being investigated because of several potential
advantages: (1) lower density relative to typical structural alloys, (2) minimal use of strategic
and/or expensive alloying elements, and (3) exceptional high-temperature corrosion resistance in
oxidizing, oxidizing/sulfidizing, sulfidizing, and oxidizing/chlorinating environments.l5 At
present, the environmental resistance of iron aluminides containing > 20 at.% Al is maintained

~ attemperatures (800°-1200°C) that are well above those at which these alloys have adequate
' mechanical strength. One possibility for improving the high temperature strength of the alloy
while still maintaining the oxidation resistance is by oxide dispersion strengthening (ODS). By
using a "reactive” element (RE) oxide dispersion, it might also be possible to further improve
the adhesion of a-Al203 scales on iron aluminides. Use of RE oxide dispersions have
improved the oxidation resistance of various Aly03-forming alloys such as FeCrAl,5-8
NiCrA1%10 and NiAL!112 The present paper examines the effects of certain RE oxide additions
(Y203 and CeO3) on the oxidation behavior of an Fe3Al alloy. A parallel study is being
conducted on the mechanical properties of these same ODS alloys.

e ocs MASTER

Gas-atomized Fe-28 at.%Al-2%Cr (FAS) powder and sub-micron oxide powder (Y. 203,
CeO,) were mechanically blended in a flowing Ar atmosphere using a high-speed attritor and
stainless steel balls. Yttria additions of 0.05, 0.1, 0.2, 0.3 and 0.5 at.% Y and a CeO, addition
of 0.2 at.% Ce were made. The blended powder was canned, degassed, and extruded at
1100°C. For comparison, a FAS powder extrusion without an oxide addition, wrought
Fe-28%Al1-5%Cr-0.1%Zr (FAL) and Ni-10%Cr-19%Al (NiCrAl) alloys, and a commercial
ZrO,-dispersed (0.06%Zr) Fe-20%Cr-10%Al alloy (Kanthal alloy APM) were also tested.
Oxidation coupons (=15 mm diameter x 1 mm thick) were polished to 0.3 pm alumina and
ultrasonically cleaned in acetone and methanol prior to oxidation. Isothermal oxidation
experiments were conducted in dry, flowing air with weight gains measured by a Cahn
model 1000 microbalance. Cyclic oxidation experiments were conducted at 1200°C in air and in
dry flowing O,. In short-term cyclic testing (2 hr cycles), specimens were hung in a furnace and d
weight changes were measured continuously using a Cahn model 1000 microbalance to check for ’
any indication of isothermal spallation. (In these tests, spallation was only observed upon '
cooling.) In long-term testing (100 hr cycles), specimens were placed in the fumace in pre-
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annealed alumina crucibles so that spalled oxide could be collected and weighed. In both

of cyclic tests, the specimen weight changes were measured before and after oxidation using a
Mettler model AE240 balance. After oxidation, specimens were examined using scanning
electron microscopy with energy dispersive x-ray analysis (SEM/EDXA).

RESULTS & DISCUSSION

Isothermal kinetic tests were conducted at 800°, 900°, 1200°, and 1300°C. The oxidation
kinetics at each temperature generally followed a parabolic rate law. Rate constants are given in
Table I. At the lower temperatures, the undoped alloy has a slower oxidation rate but the weight
gains at these temperatures were very small and accurate measurements are difficult. The higher
oxidation rate for Y-doped FAS at 900°C may be related to the formation of faster-growing,
metastable aluminas (¢.g. 8-Al,03)!* which are stabilized by the presence of large dopant jons
like yttrium!5:16, At the higher temperatures, the addition of Y or Zr slightly reduces the
oxidation rate. This reduction was confirmed by comparing scale thicknesses after a 400 hr
isothermal exposure at 1200°C. The slower oxidation rate is beneficial, but a more important
factor in determining oxidative lifetime is scale adhesion. If the alumina scale spalls during
cooling, aluminum depletion is greatly accelerated. Cyclic oxidation tests, where the specimen is
cooled to room temperature between cycles, axe-aﬁetter md-xe&ae:;x of the effectiveness of the
oxide dispersions. 1adieato s

Cyclic weight change data at 1200°C for the various alloys are shown in Figures 1 and 2.
In the short-term testing (Fig. 1), the most dramatic observations were the rapid weight gains of
the CeQ,-dispersed alloy and the fine powdery alumina scale grown on the undoped FAS alloy.
The CeO,-dispersed alloy test was stopped after 14 cycles when breakaway oxidation (formation
of FeOy) began at one edge. Scanning electron microscopy of the specimens after 20 cycles
showed that all had some scale loss except for the ZrO,-dispersed FeCrAl alloy and the 0.05
Y,03-doped FAS which showed very little spallation (Fig. 3). Of the Y,O3-dispersed FAS
alloys, the 0.2 Y addition had the largest amount of scale spallation (=40% spalled area), in
agreement with the weight change measurements. 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 Y,O3 additions to FAS reduced the amount of scale spallation. Also,
the Y doping produced a flatter, less convoluted scale than that observed on the undoped FAS
(Fig. 4), as does the addition of Zr. ‘

The negative effect of the CeO2 addition on oxidation rate was noted after a single 2hr

cycle at 1200°C. Rather than the flat alumina scale observed on the Y- and Zr-doped alloys, the {
scale on the CeO»-dispersed alloy already showed some convolutions. Unlike the scale on the ‘
{
Table I. Parabolic oxidation rate constants at several temperatures for isothermal exposures (0 §
dry, flowing air. N
Temperature/ Rate Constant (g?/cmds) ;
Alloy 800°C 900°C 1200°C 1300°C
Undoped FAS 2.4 x 1015 6x 10715 13 x 10712 43x 10! §
FAS +0.2Y 3.8x 1015 21x 1015 n.d. 2.6x 10! .
FeCrAl + ZrO, n.d. n.d. 34x1012t | 28x10°!!

T from reference 13.
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Figure 1. Short-term cyclic oxidation weight change during 20 2-hr cycles at 1200°C for various
I oxide dispersions in iron-base alloys.
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' Figure 2. Long-term cyclic oxidation weight change during 100-hr cycles at 1200°C for various
- alloys. The Y203 additions in FAS are not as effective as a ZrO, addition to a FeCrAl alloy.
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Figure 3. SEM secondary electron image of FAS + 0.05 at.%Y (as Y,Oj3) after 20 2-hr cycles at
1200°C. The a-AlyO;3 scale is very flat and virtually no scale spallation is observed.

Figure 4. SEM secondary electron image of undoped Fe-28%A1-2%Cr after 20 2-hr cycles at
1200°C. The scale is cracked and very convoluted.
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undoped FAS alloy, the scale on the CeO,-doped alloy did not appear to spall during the cyclic
b (est. After 14 cycles, large Fe-rich nodules were observed on the sample edges. The detrimental
t offect of CeO; is comparable to that of Lap03 in B-NiAL!1112 In both cases, these 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 being investigated.

Exposure temperatures of 1200° and 1300°C are higher than most potential applications
for iron aluminides, but were used to assess the potential lifetime of these materials. The Al
} consumption rate is a critical factor in predicting lifetimes and the higher Al content of iron
sluminides relative to FeCrAl alloys could result in longer oxidative lifetimes. However, as
illustrated in long-term cyclic testing (Fig. 2), scale spallation was more severe in the Y-doped
E FAS alloys than in the Zr-doped FeCrAl alloy. The FeCrAl performed almost as well as
predicted by the measured isothermal rate. Based on the total weight gains (specimen + spalled
oxide, Fig. 5), the aluminum consumption rate was 2 to 4 times higher on the Y-doped FAS
alloys compared to the FeCrAl alloy. In previous work on ODS FeCrAl and B-NiAl
alloys,#121% 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). In general, RE additions appear to be less effective in iron aluminides
than in FeCrAl alloys. A similar result was also observed for 1300°C lifetime testing of iron
sluminides and ODS FeCrAl:317 despite the lower Al content, the time to breakaway oxidation
for the RE-doped FeCrAl alloy was comparable to that for wrought FAL containing 0.1% Zr.

B This indicates that scale spallation was greater for the FAL and resulted in a higher Al

} consumption rate.

mparing total weight gains (Figure 5), the lowest Y203 addition (0.05Y) had the worst
b performance in this test and 0.2Y had the best performance, the exact opposite of the short-term
oxidation results. However, though not as effective as hoped, Y203 additions still outperformed
i the undoped FAS alloy, which went into breakaway oxidation after 3 cycles, and an undoped
NiCrAl alloy, which showed massive spallation after each cycle.
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} Figure 5, Total weight gain (including spalled oxide) during 100-hr cycles at 1200°C for various
kalloys. These measurements are proportional to the amount of Al consumption.
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CONCLUSIONS

1. Yttria additions to Fe-28Al1-2Cr improved oxidation resistance relative to an undo
alloy, but were not as effective when compared with ZrO, additions in Fe-20Cr-10Al

2. A CeO, addition to Fe-28A1-2Cr was detrimental to the oxidation behavior.

ACKNOWLEDGEMENTS

The authors thank J. R. DiStefano, C. G. McKamey and J. H. DeVan for their
comments on the manuscript and M. Howell for assistance with the isothermal oxidation
experiments. This research was sponsored by the Fossil Energy AR&TD Materials Program,
U. S. Department of Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc. . B. A. Pint is supported by the U. S. Department of Energy's Distinguished
Egstdoctoral Research Program administered by the Oak Ridge Institute for Science and

ucation.

REFERENCES

C. Sykes and J. W. Bampfylde, J. Iron and Steel Inst. 130, 389 (1934).

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

P. Tomaszewicz and G. R. Wallwork, Rev. High Temp. Mat. 4, 75 (1978).

P. F. Tortorelli and J. H. DeVan, in i i licati
Alélminidgs, edited by J. H. Schneibel and M. A. Crimp (TMS, Warrendale, PA, 1994),
p.257.

5. J. H. DeVan, P. F. Tortorelli, and M. J. Bennett, in Proc, Eighth Annual Conf. Fossil
Energy Materials, edited by N. C. Cole and R. R. Judkins (U. S. Department of Energy
CONF-9405143, 1994), p.316.

Sat

6. M. J. Bennett and M. R. Houlton, in Hi rial T
ineering, edited by E. Bachelet, et al. (Kluwer Academic Publishers, Amsterdam,
1990) p. 227.
7. ;V J. 9(guadakkers, K. Schmidt, H. Grubmeier, and E. Wallura, Mat. High Temp. 10,
3 (1992).

8. B. A. Pint, A. J. Garratt-Reed and L. W. Hobbs, submitted to Mat. High Temp..
9. H. T. Michels, Met. Trans. 9A, 873 (1978).

10. K. L.Luthra and E. L. Hall, Oxid. Met. 26, 385 (1986).

11. B. A. Pint and L. W. Hobbs, these proceedings.

12.  B. A. Pint, to be submitted to Oxidation of Metals.

13. B9.9A.) Pint, Ph.D. Thesis, (Massachusetts Institute of Technology, Cambridge, MA,
1 .

14. G. C. Rybicki and J. L. Smialek, Oxid. Met. 31, 275 (1989).

15.  P. Burtin, J. P. Brunelle and M. Soustelle, App. Catal. 34, 225 (1987).

16. B. A. Pint and L. W. Hobbs, J. Electrochem. Soc. 141, 2443 (1994).

17. 1. H.DeVan, P. F. Tortorelli, and M. J. Bennett, Electrochem. Soc. Extended Abstracts

94-2, 841 (1994).

1320

et

AP TIPSR NIt

Ppmy DY g

(7 S

L

1
|
)
LW:M'ﬂww o ©




MATERIALS RESEARCH SOCIETY SYMPOSIUM PROCEEDINGS VOLUME 364

High-Temperature Ordered
Intermetallic Alloys VI

Symposium held November 28-December 1, 1994, Boston, Massachusetts, U.S.A.

EDITORS:

Joe Horton
Oak Ridge National Laboratory
Oak Ridge, Tennessee, U.S.A.
Ian Baker

Dartmouth College
Hanover, New Hampshire, U.S.A.

Shuji Hanada

Tohoku University
Sendai, Japan

Ronald D. Noebe

NASA Lewis Research Center
Cleveland, Ohio, U.S.A.

Dan S. Schwartz

McDonnell Douglas Aerospace
St. Louis, Missouri, U.S.A.

MIR]S

MATERIALS RESEARCH SOCIETY
Pittsburgh, Pennsylvania




