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Abstract : Iron aluminide (Fe,Al) and FeCrAl compositions were dispersed with 15 different 
oxides in order to study the effect of oxygen-active dopants on the high-temperature growth and 
adhesion of a-Al,O, scales. In these model-type, oxide dispersion strengthened (ODs) systems, the 
chemical effects of various cation dopants were compared to the base-line effect of an A1,03 oxide 
dispersion. By conducting isothermal and cyclic oxidation tests and by characterizing the oxidation 
product, effects on scale adhesion, growth rate and microstructure were evaluated. The dopants were 
categorized based on their effectiveness in modifying the alumina scale. An A I 2 0 3  dispersion yielded 
some improvement in oxidation behavior apparently by strengthening the relatively weak substrate. 
However, the type of improvements in adhesion and the change in growth mechanism associated with 
the addition of reactive elements such as Y were not achieved. In general, due to the weaker substrate 
and the inherently faster interfacial void formation, the dispersions were less effective in ODS Fe,Al 
than in ODs FeCrAl. 

RCsumC : L'aluminide de fer (Fe3Al) et des composCs FeCrAl ont CtC dispersCs avec 15 
dispersions d'oxyde diffkrentes afin d'etudier l'effet de dopants actifs en oxyghe sur la croissance B 
haute temperature et sur l'adhhsion des couches a-Al,O,. L'effet chimique de differents dopants 
cationiques dans ces systkmes modkles a CtC comparks B l'effet de base dune dispersion d'oxyde 
Al,O,. Les effets sur la croissance, la microstructure, et I'adhCsion de la couche ont CtC CvaluCs par 
d'essais isothermiques et cycliques d'oxydation, et par the characterization des produits de 
l'oxydation. Les dopants ont CtC catCgorisCs par les changes duns la microstructure de la couche 
Al,O,. Une dispersion dAl,O, amCliore 1Cgkrement le comportement de l'oxydation uniquement en 
rendant plus solide le substrat relativement faible. Cependant, I'amClioration de I'adhCsion et la 
modification du micanisme de croissance like B l'ajout d'C1Cments rkactifs tel que Y n'a pas eu lieu. 
En g6nkra1, B cause du substrat plus faible et de la formation de vides interfaciales naturellement plus 
rapide, les dispersions ont CtC moins Cfficaces avec ODs Fe,Al qu'avec ODS FeCrAl. 

1 .  INTRODUCTION 

The study of the reactive element (RE) effect has a long and often confusing history. Attempts to 
develop a robust model for explaining the role of certain oxygen-active elements in improving scale 
adhesion, changing the scale growth mechanism and rate, and modifying the scale microstructure 
have been hampered by unpredictable results. For example, various studies have reported that any 
alloy di~persionl-~, and particularly A12031-3.6, can produce the same effects as a RE oxide such as 
Y,O,. However, a model based on the RE acting as an interfacial would suggest that the 
dispersoid composition is absolutely critical. Results indicating that an A120, dispersion is just as 
effective as a RE oxide addition would be in direct conflict with such a model. Thus, a broad range of 
experiments was designed to evaluate various cation dispersions in FeCrAl and Fe,A1 substrates. It 
was hoped that a well-distributed, sub-micron oxide dispersion could be considered a model system 
for evaluating the RE effect. Previous results have demonstrated that 
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and RE alloy additions (due to second phase precipitation, e.g. Ref. 12) do not produce model 
systems for characterization. 

This paper presents results from this ongoing program and attempts to briefly look at the overall effect 
and make some general conclusions about a range of cation dispersions. In both Fe,Al and FeCrAl, 
an A1,0, dispersion is found to modify the a-Al,O, scale. However, this effect can in no way be 
compared to the generally-established RE effect and is not a positive effect in long-term testing. 
Collectively, these results point to a role of the substrate mechanical properties in determining scale 
adhesion. 

2 .  EXPERIMENTAL PROCEDURE 

Gas-atomized Fe-28 at.%Al-2%Cr (FAS) and Fe-20%Cr-lO%Al (FCA) powder and sub-micron 
oxide or nitride (VN) powders were mechanically blended in a flowing Ar atmosphere using a water- 
cooled, high-speed attritor and stainless steel balls. Standard dopant additions of 0.2 cation% were 
made. FAS and FCA powders were milled without any addition to create an Al,O, dispersion. The 
blended powder was canned, degassed, and extruded at 1100°C. For comparison, FAS and FCA 
powders extruded without milling, cast Fe-28%A1-2%Cr, commercial EO,-dispersed Fe-20%Cr- 
10.6%A1 alloy (Kanthal alloy APM) and Y2O,_dispersed Fe- 19%Cr-8.4%Al alloy (Inco alloy 
MA956) also were included in the study. Chemical compositions are given in Table I. Scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) of the as-extruded alloys 
consistently showed a =1pm grain size and a bimodal particle distribution of 20-50nm particles within 
grains and 0.2- 1 pm particles at grain boundaries. The number of larger particles generally increased 
with oxygen content. 

Oxidation coupons (10-15 mm diameter x 1 mm thick) were polished to 0.3pm alumina and 
ultrasonically cleaned in acetone and methanol prior to oxidation. Isothermal oxidation experiments 
were conducted in dry, flowing 0, at 1200°C with weight gains measured by a Cahn model 1000 

Table I Chemical analysis of the as-extruded alloys. Dopant concentrations (in atomic percent) were 
determined by inductively coupled plasma analysis. Sulfur and oxygen contents were determined by 
combus tion analysis. 



microbalance. Cyclic oxidation experiments were conducted at 1200°C and 1300°C in air and in dry 
flowing 0,. In short-term cyclic testing (2h cycles), specimens were hung in a furnace and exposed 
to dry, flowing 0,. In long-term testing ( l00h cycles), specimens were placed in the furnace in pre- 
annealed alumina crucibles so that spalled oxide could be collected and weighed. In both types 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 SEM and energy dispersive 
x-ray analysis (SEMEDXA). Selected samples were analyzed using TEM equipped with EDXA. 

3 .  RESULTS 

An initial screening test of 20,2h cycles at 1200°C was used in order to assess the performance of the 
various alloys. Sample weight change data for the FAS-based alloys are shown in Figure 1. The 
final weight changes after 20 cycles for the FCA-based alloys are given in Table 11. The highest 
AI,?, addition in FAS, Al,03-l in Table I, showed little spallation during the 20 cycles and behaved 
similarly to Kanthal APM. This is in marked contrast to the extruded, undoped FAS which produced 
a very fine spa11 and eventually lost weight during the 20 cycles. Comparison of scale morphologies 
on FAS with and without an Al,O, addition after a 2h exposure at 1200°C (Figure 2) showed that the 
highly convoluted scale is flattened by the addition of an Al,03 dispersion. This scale flattening 
improves adhesion in short-term testing. A lower Al,03 addition, A1203-2 also produced a flat scale 
after 2hr, but spalled readily after a few 2h cycles. In general, all of the oxide additions initially 
produced a flat scale. Comparing the scale fracture cross-section of Al,O,-dispersed FAS with that of 
Y,O,-dispersed FAS after 2h at 1200"C, Figure 3, it is clear that the A1 0, dispersion does not 
produce a columnar alumina structure as observed in RE-doped  scale^'^^^^. In long-term testing 
(l00h cycles) at 1200°C and 1300°C in air13, A1203.-dispersed FAS alloys had a significantly reduced 
lifetime compared to cast, undoped FAS with a similar thickness. Coupons went into breakaway 
oxidation after 5-7 loOh cycles. This is believed to be due to the coarsening of fine Al,O, particles 
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Figure 1. Weight change of Fe-28A1-2Cr (FAS) with various cation oxide dispersions (0.2 at%) 
cycled from room temperature to 1200°C with a cycle time at temperature of 2h. None of the alloys 
perform as well as Zr02-dispersed FeCrAl. 



Table II. Current experimental results from cyclic and isothermal testing of oxide-dispersed FeCrAl 
with various 0.2 cation% additions. 

Total 
Weight 
Change 

1x100h 
mg/cm2 

4.43 
3.33 
5.57 
2.99 

1300°C 
FeCrAl 

with oxide 
dispersions 

Of: 

Spalled 1200°C Ionic 
Weight ~ ~ ~ h ~ ~ d  Scale RaGius 
13000c Parabolic Structure (A) 

x10-12 at 1300°C coordi- 
(gVcm4s) nation 

1 lob Rate after lOOh 6-fold 
mp~cm2 

4.2 1 27 equiaxed N/A 3.86 1 2b 
n.t. 20 equiaxed 0.53 13.79 

2.03 

Sample 
Weight 
Change 
1200°C 
20 x 2h 
mgIcm2 

Undoped 2.31 

Hf 
Mg 

Total 
Weight 
Gain 

12oooc 
1 x lOOh 
mgkm2 

n.t. 2.79 0.01 
1.15 1.99 0.06 

Spalled 
Weight 
1200°C 

1 x lOOh 
mgkm2 

Nd 
sc 
Si 
Ta 
Ti 
V(N) 
Y 
Yb 
Y inMA956 
Zr in APM 

n.t. 13.30 
Gd 0.77 1.55 

0.90 1.35 0 
1.24 2.37 0.01 
2.72a 4.388 1.34 
0.88 1.88 1.59 
0.9 1 n.t. n.t. 
0.28 n.t. n.t. 
1.16 1.74 0.20 
0.69 1.78 0.18 
0.84g 1.59 0.05 
0.8% 1.36 0 

Mn 
Nb 

I II I 

n.t. : not tested 
a : substantial FeO formation 
b : data for a cast Fe-20Cr-19Al from Ref. 14 
c : went into breakaway oxidation after 15hr 

I II 

d : &fold coordination 
e : for Mn2+ 
f : 4-fold coordination 
g : from Ref. 14 

Figure 2. SEM secondary electron images of the scale surface after 2h at 1200°C in 0, (a) unmilled, 
extruded Fe-28A1-2Cr powder, (b) milled, extruded powder which contains an A1203 dispersion. The 
alumina scale is flattened by the addition of an Al,O, dispersion. 



Figure 3. SEM secondary electron images of the alumina scale fracture cross-section after 2h at 
1200°C in 0, grown on Fe-28A1-2Cr containing a dispersion of (a) Al,O, and (b) Y203. The A1203 
dispersion does not have the columnar grain structure typical of =-doped a-Al,O, scales. 

and the larger particles allowing rapid 0 transport into the ~ubstrate'~.'~. 

As reported more fully elsewhere',, RE additions (alloy additions or oxide dispersions) are not as 
effective in improving scale adhesion in Fe,Al as in other alumina-forming alloys such as P-NiAl or 
FeCrAl. Therefore, it is difficult to define a baseline improvement in performance (such as that 
produced by a Y203 addition) in order to evaluate the various additions. However, it is possible to 
make a few observations. Added as 0.2cation%, Ce, La and Sc caused an acceleration of the 
isothermal growth rate and these alloys are considered "over-doped'. By lowering these contents, the 
negative effects were minimized13. Nd and Yb performed similarly to Y in short-term cycling, while 
Hf and Zr performed slightly less favorably. In long term testing (10 x l00h cycles at 12OO0C), none 
of these additions performed as well as Y13. All of these doped alloys appear to form a high 
concentration of interfacial voids, such as those in Figure 4, which grow with time and lead to scale 
spallation. 

More additions were made to FCA than FAS because, as demonstrated by commercial ODS FeCrAl 
alloys, RE oxide dispersions are very effective in improving oxidation resistance in this system. 
Similar to observations in FAS, A1203 dispersions were found to flatten the scale but produce none of 
the other RE effects. The Al?O,-dispersed FCA alloys performed better than the cast and extruded 
undoped FeCrAl alloys during 20 x 2h cycles, Table 11, but still spalled readily. The Al,O, 
dispersion did not reduce the growth rate or produce a columnar alumina scale. 

For the various cation dopants, a comparison 
can be made with the commercial alloys 
containing Y,O, and ZrO,. In this case, the 
2h cyclic test was insufficient to differentiate 
performance. The majority of dopants (except 
VN) showed little spallation during 20 x 2h 
cycles. A more severe adhesion test with 
l00h cycles at 1200°C and 1300°C is required. 
This testing is in progress using alumina 
crucibles in air. The results from the first 
cycle at each temperature are reported in Table 
11. The total weight gain (sample + spalled 
oxide) gives some information about the scale 
growth rate while the weight of spa11 gives 
somemeasure of scale adhesion. The scale 
microstructure after lOOh at 1300°C was exam- 
ined by SEM in order to assess the effect 
of the various cations. Figure 5 illustrates 
examples of the columnar- and equiaxed-type 

Figure 4. TEM bright field image of the metal- 
scale interface of Y,O,-dispersed Fe-28A1-2Cr 
after 2h at 1200°C in 0,. The arrows mark inter- 
facial voidsI8. 



cross sections that were observed. 

There is a great deal of information contained in Table II and a story could be told about each 
particular dopant. In brief, oxide additions of Mn, Nb, Ta, Ti and V did not clearly produce any RE 
effects. It is interesting to note that these additions performed better than just an Al,O, dispersion. 
Apparently 0.2 cation% additions of Ce, Hf and Sc over-doped FeCrAl. These additions accelerated 
the oxidation rate and produced convoluted alumina scales. However, they did appear to improve 
scale adhesion and therefore are likely to produce improved results when added in lower quantities. 
These elements are being reevaluated with 0.05 cation% additions. At this time there is insufficient 
evidence to fully evaluate Ca, Si, and Yb. Additions of Gd and Nd achieved many of the same 
improvements associated with additions of Y and Zr. They improved scale adhesion (Gd more so 
than Nd) and produced a columnar alumina scale. While Gd and Nd did not appear to be as effective 
as Y and Zr in commercial ODS FeCrAls, the 0.2cation% may not be an optimum addition. 
Magnesium represents an interesting case in that it is a small ion which appeared to improve scale 
adhesion but did not substantially change the scale growth rate or microstructure. 

4 .  DISCUSSION 

In both FCA and FAS substrates, the main effect of an A1203 dispersion appears to be flattening the 
alumina scale. The flatter scale appears to be more adherent in short-term testing. This improvement 
may be the central reason that previous reports attributed beneficial effects to an A1,03 dispersion. 
However, the Al,O, dispersion did not produce a sustained improvement in scale adhesion. When a 
thicker scale was grown (lOOh at 12OO0C), the alumina scale spalled readily from Al,O,-dispersed 
FAS and FCA. The Al,O, dispersion produced no chan e in the scale grain structure (Figure 3 and 
Table 11) nor did it change the scale growth rate9-11>3-14,25 (Table 11). Thus none of the classical RE 
effects resulted from the Al,O, dispersion. 

It is commonplace now to correlate indigenous sulfur with effects on scale adhe~ion '~-~ ' .  The 
inability of Y and Zr additions in Fe,Al to improve long-term scale adhesion suggests that there is 
more involved than just sulfur gettering. Many of the sulfur studies have been conducted on Ni-base 
superalloys which have excellent high temperature strength. Cast FAS and FCA have very poor 
strength at high temperature. A weak substrate may aid in the initiation of scale convolutions which 

Figure 5 .  SEM secondary electron images of a-Al,O, scale fracture cross-sections after lOOb at 
1300°C in air on Fe-20Cr-10A1 doped with (a) MnO,, (b) Ta,,O,, (c) CeO, and (d) N&O,. The 
equiaxed structure in (a) & (b) is typical of undoped a-Al,O,, while the columnar structure illustrated 
in (c) & (d) is typical of RE-doped a-Al,O,, growing predominantly by anion boundary diffusion. 



Figure 6. SEM secondary electron images of the a-A1203 scale surface after l00h at 1300°C in air on 
with (a) Yb,03-dispersed Fe-28A1-2Cr, (b) Hf0,-dispersed Fe-28A1-2Cr, (c) Gd203-dispersed Fe- 
20Cr-lOAl and (d) MgO-dispersed Fe-20Cr-lOA1. The particles in each image contain the dopant 
cation. 

then grow more convoluted as a result of isothermal scale growth stresses. One effect of the A120, 
dispersion may be to improve the creep strength of the substrate. Strengthening the substrate may 
inhibit isothermal scale growth stresses from deforming the substrate, leading to less-convoluted 
scales. A flatter scale allows better contact with the substrate. The short-term nature of the 
improvements with an A1,03 dispersion may be due to a loss of strengthening from particle 
coarsening. However, when failure does occur it does not appear to be a result of scale convolutions 
but rather the growth of interfacial The combination of a strong substrate and a RE dopant to 
inhibit the growth of interfacial  void^^,^^ may be necessary to achieve good long-term performance in 
FAS and FCA. The requirement appears to be more severe in FAS due to the increased formation of 
interfacial voids compared to FCA. The addition of Y203 does not appear to be as effective in FAS as 
in FCA. The number and size of the interfacial voids observed on Y20 -dispersed FAS (Figure 4) 
were much larger than the small (20-50nm) voids observed on MA95d.  The alloys produced for 
this study may not have exhibited the best possible performance due to high 0 contents relative to 
commercial ODS alloys, Table I. However, attempts to reduce the 0 content in FAS (for Y203 
additions and for M203 additions) have resulted in worse perf~rmance'~. 

Determining the characteristics of RE dopants is a difficult task. There always seems to be some 
exception to each model. Large ions (Table 11) appear to be effective RE dopants, thus one would 
expect Gd and Nd to have positive effects. However, the relatively small Sc ion also appears to be 
beneficial. The observation of Sc ions segregated to a-A1203 grain boundaries** helps to explain its 
effectiveness. Recently, it was proposed9 that RE dopants are effective because they are driven by the 
oxygen potential gradient to diffuse from the alloy (even when added as RE oxides) into the scale, 
leading to the nucleation of RE-rich oxides at the gas interface of the scale. This behavior was 
observed for all of the elements which were effective in improving scale adhesion. Examples of RE- 
rich particles at the gas interface are shown in Figure 6. This model would suggest that elements with 
high oxygen affinity (e.g. high free energy of oxide formation) would make effective dopants. 
However, the most oxygen active elements are also generally the most sulfur active elements. Thus, 
this criterion is not specific in determining if sulfur gettering is instead the most important factor. 

The correlation between a columnar structure and lower growth rate, due to the suppression of Al 
boundary transport23, appeared to hold for this set of experiments. When growth occurs by both Al 
and 0 transport, a higher growth rate was coupled with an equiaxed scale grain structure. This was 



observed for dispersions of Al,O,, Ta20S and MgO. Future work will continue to look at this 
correlation and others, in order to more fully understand the RE effect. 

5 .  CONCLUSIONS 

1 .  

2. 

For the oxidation of oxide-dispersed FeCrAl and Fe,Al at 120O0C, the chemical composition 
of the dispersoid is a critical determinant for performance. 
At 1200°C and 1300"C, the major observable features of a fully effective RE addition in these 
alloys are improved scale adhesion, a reduced growth rate, a columnar scale grain structure 
and RE-rich oxide particles at the gas interface of the scale. 
An Al,O, dispersion produces a flatter scale compared to cast or extruded undoped FeCrAl or 
Fe,Al. Eliminating scale buckling reduced scale spallation in short-term testing. This 
improvement may be the central reason that previous reports attributed beneficial effects to an 
A1203 dispersion. However, in long tern testing, an Al,O, dispersion produced adverse 
effects. 
Short-term testing was not sufficient to determine the efficacy of various cation dopants. 
Long term testing is required in order to assess performance. 
Oxide-dispersed Fe,Al is not a good model system for studying the reactive element effect 
because of excessive interfacial void formation. However, oxide-dispersed FeCrAl appears to 
be promising in this regard. 

3 .  
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