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Abstract

Y ,O5-dispersed NiAl was produced by a powder metallurgy process. By adding Y as an oxide
dispersion, problems with NiY, formation and internal oxidation were avoided. Short-term isothermal
and cyclic oxidation performance at 1200°-1500°C was compared to cast NiAl with and without Zr.
Results indicate that the Y ,04 addition was beneficial to scale adhesion and significantly modified the
a-Al,03 scale microstructure, similar to a Zr aloy addition. However, at 1400°C and 1500°C, neither
the Y,O3 or Zr additions changed the scale growth rate, eliminated the formation of voids at the metal-
scale interface or prevented scale spallation. These similarities in performance suggest that similar

mechanisms occur when the reactive element is added as either an oxide dispersion or an alloy addition.

Keywords: Nickel aluminides, high temperature oxidation, oxide dispersion, reactive element, Al,O3 scale

I ntroduction

Similar to the addition of carbontoiron, asmall (<0.5at%) addition of oxygen-active or "reactive"
element (e.g. Y, Zr, Ce, Hf) to chromia- and alumina-forming high temperature alloys has a tremendous
effect on oxidation behavior.1#4 This effect has been widely studied for more than 60 years but the debate
continues about a mechanistic explanation for their effect. In Ni-base alumina-forming alloys, studying

the effect of Y on oxidation behavior is complicated by the formation of Ni,Y precipitates.>6 Attempts



at Y doping using surface trestments, such as oxide coatings’ or ion implantation,11 have not been
successful in reproducing the full reactive element (RE) effect, like that observed with alloy additions.
For alumina-formers, it has been suggested that a continuous flux of RE ions diffusing from the metal to
the metal-scale interface and then to the alumina grain boundaries is necessary to achieve the beneficial
RE effects.*11 Therefore, uniformly dispersed bulk additions (i.e. alloy additions or oxide dispersions)
are required to achieve the RE effect in aumina-forming alloys.

Using a powder metallurgy technique, a model alumina-forming alloy was produced using a
Y 5,05 addition in a b-NiAl matrix. Because of its high aluminum content, b-NiAl is a primary alumina
former with virtually no nickel oxide formation and its oxidation behavior has been widely studied.12-26
Adding Y as an oxide dispersion (OD) eliminated the problem of NiY, formation due to the low
solubility of Y in NiAl and resulted in a more uniform distribution of Y in the alloy. Unlike surface
treatments, the addition of an oxide dispersion can provide a continuous supply of Y ionsto the growing
scale. With an oxide addition, it also is easy to control the type and amount of dopant addition in order
to quantify RE effects. 22

This Y,O3-dispersed b-NiAl material has been the subject of papers reporting its
microstructure,3 the effect of the Y, dispersion on the g- to a-Al,03 phase transformation,2* and its
cyclic oxidation behavior at 1200°C.22 The focus of this paper is the isothermal and cyclic oxidation
performance at higher temperatures (1200-1500°C) compared to cast NiAl, with and without a Zr alloy
addition. The Y ,O3 addition in NiAl produced behavior very similar to that of the Zr alloy addition in
terms of scale growth rate, scale adhesion and scale microstructure. At 1400°-1500°C, neither type of
RE addition was able to sustain an adherent alumina scale, possibly due to an inherent limit in this metal -

oxide system.

Experimental Procedure

Gas-atomized b-NiAl (49at%Al) powder was mechanically blended with 1 vol% Y ,O5 powder
in a N, atmosphere using a high-speed attritor and steel balls. The powder was then canned and

degassed, followed by extrusion at 1232°C. The chemical composition after extrusion is given in Table
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|. Characterization of the microstructure has been reported elsewhere.?3 The average grain size was 1-
2um. Because NiAl isrelatively hard and brittle, most of the oxide particles were found on aloy grain
boundaries, not within the grains asis commonly observed when a more ductile aloy ismilled. The high
oxygen content of the material (Tablel) was dueto the powder metallurgy processing and correlated with
the observation, using scanning transmission electron microscopy with Xx-ray energy dispersive
spectroscopy (STEM/XEDS), of large (1pum), predominantly Al ,05 particles in the alloy.2®> Few voids
were observed in the metal. For comparison, cast NiAl, undoped and with 0.11at%Zr, also were
analyzed, Table I. An aloy containing 0.04at%Zr was made by extruding powder using the same
conditions as for OD NiAl. Without the high energy powder blending step, this material had a much
lower O content, Tablel.

Oxidation coupons (»12mm diameter x 1mm thick) were polished to a 0.3nm aluminafinish and
ultrasonically cleaned in acetone and methanol prior to oxidation. Oxidation experiments were
conducted at 1200°C-1500°C in dry, flowing O,. Specimens were rapidly inserted and removed from a
hot furnace for both isothermal and cyclic oxidation. Mass changes were measured continuously using
a Cahn model 1000 microbalance to measure the isothermal kinetics and to check for isothermal
gpallation during cyclic tests. Mass gains were corrected for the evaporation of the Pt-Rh hangdown
wire. Specimen mass changes were measured before and after oxidation using a Mettler model AE163
balance. The cycle time at temperature was 2h at 1200°C, 1h at 1400°C and 0.2h at 1500°C in order to
grow more comparable oxide thicknesses at each temperature. After oxidation, samples were examined

using scanning electron microscopy with x-ray energy dispersive spectroscopy (SEM/XEDS).

Results
1200°C
Figure 1 shows the isothermal oxidation kinetics for OD NiAl compared to undoped NiAl and
NiAl+0.11%Zr. At thisand higher temperatures, only a-Al,O4 scales were formed, except at very short
exposures.24 The lower parabolic rate constant for OD NiAl compared to undoped NiAl (Table I1) was

attributed to a change in the growth mechanism, as has been demonstrated for NiAlI+0.11%Zr using



180/SIMS experiments.l® When doped with a RE, a-Al,O3 scales grow predominantly by grain
boundary diffusion of oxygen. Undoped a-Al,03 grows faster because both Al and O boundary transport
contribute to the mass transport. The similar growth rate for Zr- and Y-doping suggests that both scales
grew by the same mechanism. Previous work2>26 has detected the segregation of Zr and Y ions on the
a-Al,05 grain boundaries in each respective case. For example, the average x-ray intensity ratio?> on
the grain boundaries near the gas interface after 16h at 1200°C was 0.053Y /Al for OD NiAl, 0.124Zr/Al
for NiAl+0.11%Zr and 0.128Zr/Al for NiAI+0.04%Zr.

In cyclic testing, OD NiAl showed no scale spallation and similar mass gains as NiAl doped with
0.04%Zr and 0.11%Zr, Figure 2. Undoped NiAl showed mass |osses after the first few cycles. Thus, the
Y04 addition was effective in improving short-term alumina scale adhesion. In the same test, Y-
implanted NiAl was not able to maintain an adherent scale after 20, 2h cycles.®

As has been discussed elsewhere, 24 an RE addition also changes the nature of the scale ridges at
the gasinterface. Rather than the intrinsic ridges formed on undoped a-Al,03 as aresult of Al outward
diffusion (Figure 3a), extrinsic ridges on RE-doped a-Al,O3 form due to the slower q to a phase
transformation.29 An example of extrinsic ridges on NiAl+0.11%Zr is shown in Figure 3b after 50h at
1200°C. While it is difficult to compare extrinsic ridges because they may vary due to the underlying
NiAl orientation, 1 in general, the ridges were far less distinct on OD NiAl after 50h, Figure 3c.
However, after 200h, the ridges were somewhat more distinct, Figure 3d. The lack of ridges after 50h is
attributed to the more rapid transformation to an a-Al,O5 scale on the oxide dispersed aloy.2* Their
development after 200h possibly reflects a small amount of Al outward transport during growth of the
scale. To put the size of the ridges in perspective, fracture cross-sections of the alumina scale after 50h
are shown in Figure 4. The ridges make up only a small fraction of the total oxide thickness, suggesting
that Al transport represents only a minor contribution. With either Y ,O3 (Figure 4a) or Zr (Figure 4b),
the alumina scale had avery similar, columnar microstructure with some grains extending over the entire
scale thickness. Again, this microstructure was attributed to growth primarily by grain boundary
transport of oxygen and a preferred growth direction. Recent x-ray diffraction work on a-Al,03 formed

on ODSFeCrAl has identified the direction as a »20° tilt off of (104).27 This type of columnar



microstructure has been widely observed on RE-doped alumina scales322:23.28 and confirms that the
Y 5,05 dispersion produced all of the typical RE benefits at 1200°C.
1400°C

The oxidation behavior was explored at higher temperatures in order to accelerate the scale
growth rate and to determine the relative efficacy of RE additions at higher temperatures. Previous work
suggested that RE additions become much less effective in improving oxidation performance at
temperatures over 1300°C.429-35 Lifetime modeling has suggested that the addition of Zr to NiAl
extends the maximum operating temperature by only 50°C because of excess spallation at higher
temperatures.3>

Figure 5 shows the isothermal kinetic data at 1400°C. The Y ;O3 addition showed no reduction
in the oxidation rate at this temperature, with parabolic rate constants to those for undoped NiAl, Table
[1. The addition of 0.04%Zr also showed little effect on the oxidation rate. However, NiAI+0.11%Zr
showed accelerated attack under these conditions with the formation of blue-green Ni-rich oxide.3° OD
NiAl was run to 100h with no similar effect.

After a50h isothermal exposure at 1400°C, the scale formed on undoped NiAl was generally 15-
20mm thick and flaked off in large sheets. Some spallation also was observed with Zr additions. For OD
NiAl, the scale initially was adherent upon remova from the furnace. However, within 1h at room
temperature the scale experienced an explosive failure where virtually al of the scale spalled.

Based on the behavior after isothermal exposures, it was not surprising that these alloys spalled
in cyclic testing, Figure 6. After the first few cycles, undoped NiAl spalled uniformly after each cycle
with a nearly linear mass loss (as has been modeled3®). The RE-doped alloys showed better behavior
initially but eventually began to spall. In two separate tests, OD NiAl spalled alarge amount of its scale
after the 16th, 1h cycle. The Zr-doped alloys showed a more gradual, but steady massloss. In one test,
NiAl+0.11%Zr showed a higher mass gain but this was attributed to Ni-rich oxide formation, not to a
more adherent scale.

Because of the spallation problems after longer exposures, the scale microstructures were

compared after 1h at 1400°C, Figure 7. In this case, the a-Al,O3 formed on undoped NiAl showed a



clearly different morphology, a seemingly porous oxide, Figure 7a. This structure was attributed to a
more significant fraction of growth by outward Al boundary diffusion. It appeared that at this
temperature the growth was so rapid that little lateral diffusion occurred near the gas interface to fill in
the interior of the grains. The result was large voids at the center of the grains, which eventually sealed
off providing a dightly more dense structure shown elsewhere.35 The scales formed on RE-doped NiAl
after 1h at 1400°C had a denser appearance (Figures 7b-7d). In each case, a more typical scae
morphology was observed with smaller grains at the gas interface. The smaller grain size may have
prevented the large pores from forming within the grains but also allowed more pathways for diffusion.

When spallation was observed on undoped NiAl, the exposed metal was generally smooth with
very few grain imprints!2 indicating that there was very little contact remaining between metal and oxide.
Oxide growth can still continue with a gap between the metal and scale due to the high Al vapor
pressurel3 but, on cooling, the unattached scale spalled in large flakes from the substrate. In the case of
OD NiAl, no spallation was observed after the 1h exposure. After 20, 1h cycles, spallation to bare metal
was observed, Figure 8a. Inthiscase, there was still alarge fraction of grain imprints but there also were
some very large, deep voids. Some spallation was observed on NiAl+0.11%Zr after 1h. In the spalled
regions, Figure 8b, alarger fraction of voids was observed on the exposed metal surface but these
localized areas may have been atypical, otherwise more widespread spallation would have been expected.

The RE-doped scale had a columnar grain structure on both OD NiAl after 1h (Figure 8c) and on
NiAlI+0.11%Zr after 10h at 1400°C (Figure 8d). The microstructure after 10h gave no indication of the
rapid attack observed at longer times (Figure 5). Compared to the grain structure at 1200°C, however,
the grain diameters were much larger at 1400°C indicating more grain growth at the higher temperature.
1500°C

The results at 1500°C were similar to those observed at 1400°C. Again, additions of Y ,03 and
0.04%Zr showed little effect on the parabolic rate constant (Table I1) relative to undoped NiAl, Figure 9.
The addition of 0.11%Zr again caused accelerated mass gains associated with the formation of Ni-rich
oxide (primarily NiAl,O,4). Using a0.2h (12min) cycle time, the RE-doped aluminides showed |ess mass
loss in cyclic testing than undoped NiAl, but the beneficial effect was short-lived, Figure 10. After 20



cycles, all of the specimens were losing mass at a similar rate.

The effect of the RE dopants on the scale morphology also became less distinct. Figure 11 shows
plan views of the gas interface after 0.2h at 1500°C. The undoped scale (Figure 11a) appeared similar to
the scale formed at 1400°C (Figure 7a) with wide ridges and deep recesses between. However, the scales
formed on the other alloys showed similar traits, particularly the scales formed on the Zr-doped alloys
(Figures 11c and 11d). The numerous small particles on the surface in Figure 11d were identified as
ZrO,. The scale on OD NiAl (Figure 11b) exhibited somewhat finer ridges and fewer deep recesses in
the center of grains. Figure 12 shows a cross-section of the scale in Figure 11b. While there was a
somewhat columnar grain structure, the grain diameters were much larger than at lower temperatures.

After 20, 0.2h cycles, the spalled regions were examined and only bare metal was observed,
indicating spallation on cooling. On OD NiAl, there was a large number of deep voids (Figure 13a)
which limited contact between the scale and substrate and likely contributed to the scale spallation. At
higher magnification (Figure 13b), both shallow and deep voids were observed but there were few large
defects. Surrounding the voids were grain imprints indicating good contact between substrate and scale.
Some areas showed outward metal protrusions (arrows by #1) while in other locations it appeared that
the protrusions had sheared off during spallation (arrows near #2). This would appear to indicate very
good adhesion at the interface, On NiAl+0.04Zr, large shallow voids were observed in the spalled
regions, Figure 13c. Some of the voids showed terraced morphologies (arrows) which typically form as
Al evaporates from the surface at temperature. The areas between voids showed grain imprints and
outward metal protrusions as in Figure 13b.

At longer times at 1500°C, more spallation occurred from all of the alloys making
characterization of the scale morphology more difficult. The scales on undoped NiAl and Zr-doped NiAl
spaled in large flakes after 50h. However, the scale on OD NiAl initially was adherent on cooling and
then spalled explosively into tiny pieces within a short time. To avoid this problem, scales were grown
isothermally for 4h. In this case, the plan view morphologies appeared to be coarser versions of those
observed after 0.2h. The distinctive feature with both Zr- and Y-doping was the increase in volume of

RE-rich particles at the gas interface, Figure 14. For the scale formed on OD NiAl (Figure 14a), the



particles were YAl Oy. For NiAl+0.11%Zr, the particles are ZrO, and appear to sit on top of the alumina
scale, more so than the Y-rich particles, possibly as aresult of a higher surface energy between ZrO, and
Al,O3. The ZrO, particle size and density as a function of time were quantified using SEM image
analysisin a separate study >’ which showed that the volume and size of the ZrO, particles increased with

oxidation time but the volume was independent of alloy Zr content.

Discussion

The goal of this work was to produce a model aloy for the study of the RE effect. To alarge
degree that goal was achieved. Compared to previous work on RE coatings’ or RE ion implantation,®
10 this Y ,O5 dispersion produced the full range of RE effects of improved scale adhesion, reduced a-
A,03 growth rate and modified scale microstructure. The result is not surprising since the same effect
has been found in FeCrAl where Y03 (e.g. Special Metals MA956, Plansee PM2000 and Dour Metal
ODM751) and ZrO, (e.g. Kanthal APM) dispersions338-41 produce aloys with excellent oxidation
resistance, comparable to RE alloy additions. The one area of concern is that the current OD NiAl
contained a very high oxide content (Table I) which may have produced some negative effect on
oxidation performance. Producing the alloy in a more controlled environment could result in a lower
oxygen content and possibly better performance.

In fact, better performance was the unstated goal of this work. Previous studies on oxide
dispersions in NiCrAl42, CoCrAl4344 and Fe;Al*>46 have suggested that oxide dispersions might
provide superior performance to an alloy addition by avoiding internal oxidation. However, that was not
found in this study. A Y ;O3 addition in NiAl may be expected to outperform aY alloy addition which
islikely to have problems with NiY, formation and associated internal oxidation.> But, when the effects
of a’Y ,04 addition were compared to those of a more soluble RE dopant, like Zr, their performance was
similar over the times and temperature ranges investigated here. One hope was that the Y ,O5 dispersion
would improve performance at higher temperatures compared to Zr doping. While OD NiAl did not
exhibit accelerated oxidation at higher temperatures like NiAl+0.11%Zr (Figures 5 and 9), scae

gpallation still occurred. Since the accelerated attack was mitigated by reducing the Zr content in the
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aloy, it is possible that this phenomenon is related to excessive internal oxidation of Zr. Incorporation
of ZrO, particles within the scale would facilitate rapid oxygen transport which could lead to accel erated
attack. It aso has been suggested that internal oxidation contributes to scale spallation due to the RE-
rich oxide particle acting as a stress concentrator.> However, similar spallation was noted for all of the
RE-doped NiAl aloys even though internal oxidation should not occur with a'Y ,05 addition.

Considering the large temperature drop on cooling, it also is possible that for oxides formed at
1400° and 1500°C that the cooling-induced strains associated with the expansion mismatch between
NiAl and arelatively thick Al,O5 scale exceed the interfacial strength and/or the oxide strength. Cooling
stresses are a function of the temperature drop (DT) and the difference in thermal expansion between
substrate and scale (Da).4’ Thermal expansion measurements of NiAl show its instantaneous expansion
increasing more rapidly above 1200°C*8 which would mean that both terms are increasing, making the
critical scale thickness for failure decrease more rapidly with increasing temperature. This intrinsic
limitation to lower temperatures and thinner scales fits with the observations that all of the scales failed
at higher temperatures. However, the scale on OD NiAl failed explosively after cooling, unlike the other
alloys. The areafraction of interfacial voids observed on failure of OD NiAl (Figures 8a and 13a) may
have been sufficient to cause spallation but the shearing off of metal protrusions (Figure 13b) suggests a
strong interface, despite the failure. While the void formation in OD NiAl did not necessarily cause
failure at 1400° and 1500°C, it has been linked to increased scale spallation at long times (>500h) at
1200°C.49 The formation of interfacial voids in oxide-dispersed NiAl alloys has been discussed
previously?2 and may result from factors such as entrapped gas in the metal or coalescence of voids in
the as-processed material. However, small voids were not observed in TEM characterization of the as-
processed alloy.23

There is still some question as to how a RE oxide dispersion provides the same benefit as a RE
alloy addition or whether the two types of additions work by the same mechanism. This issue is
addressed by the dynamic segregation theory (DST).# The outward diffusion of RE ions from the
substrate to the gas interface is the basis for the RE effect where an outward flux of RE ions dopes the

metal-oxide interface and the a-Al,03 grain boundaries. The nucleation and growth of RE-rich particles



at the gas interface is the hallmark of this mechanism. Asis clear from Figure 14, the outward diffusion
occurs whether the RE is added as an oxide dispersion (Y,O3) or an aloy addition (Zr). The Y,O3
particles in the substrate are not neutral actors. According to the DST, during oxidation, Y is drawn by
the oxygen potential gradient to leave the oxide particles (e.g., increasing the value of x with timein the
compound YAIXOy) and becomes segregated to the metal-scale interface and incorporated into the scale.
While the amount of RE incorporated into the scale appears to be reduced if the RE is added as an oxide
compared to an elemental addition,3’ the fundamental mechanism is the same. Previously proposed
explanations for the beneficial effect of oxide dispersions such as gettering S to the dispersoid-matrix
interface or the dispersoids acting as a vacancy sinks® were not confirmed experimentally.34 Also, if the
Y-rich oxide particles in the scale were simply the result of incorporation as the metal was consumed,
they should not become concentrated at the gas interface. The increase in particle volume at the gas
interface3’ (compare Figures 11b,11d,14a and 14d) indicates that RE oxide particles are not passive
participants.

Not only does the RE improvement with scale adhesion diminish with temperature but this also
is the case for the reduction in scale growth rate391522 associated with the change in scale growth
mechanism.19.39 The DST suggests that the change in rate is due to the slow outward diffusion of RE
ions blocking the normal outward diffusion of Al ions which normally contribute to the growth of
undoped a-Al,03 scales. Previously, it has been confirmed that RE ions segregate to grain boundaries
in alumina scales from 1000°C-1500°C.2> However, at the higher temperatures, it is possible that the
relative importance of cation transport or grain boundary transport becomes less important to the growth
of the scale. For example, if grain boundary transport of oxygen becomes the predominant growth
mechanism of undoped Al,O3, then RE-doping would not alter the rate by slowing cation transport.
There are no unambiguous data comparing the temperature dependence of Al and O boundary diffusion
rates over thistemperature range. However, the ridge morphology at the gas interface of undoped Al,O4
(Figure 7a) at 1400°C suggests that outward Al boundary transport plays a significant role in the early
stages (1h) of oxidation at thistemperature. At longer times when the oxide grains are much larger, there

may be an increased contribution of lattice transport which also would preclude any benefit of RE grain
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boundary segregants.

Another explanation for the reduced RE effect with temperature is that the RE ions diffuse more
rapidly at higher temperatures, thus having less of an effect on the cation boundary transport. This
hypothesis is supported by the observation that the volume of RE-rich particles at the gas interface
increases strongly with temperature.#2°37 Another factor to consider is that large cation segregants on
oxide grain boundaries slow grain growth by a solute drag effect and this effect diminishes with
increasing temperature.>0 Comparing the scales formed on OD NiAl at 1200°C (Figure 4a) and 1500°C
(Figure 12), it is clear that the grain diameters have increased significantly. Thus, the RE segregants are
not able to maintain asmall grain size at higher temperatures which also suggests that they may have less
of an effect on diffusion in the oxide. While the grain size of RE-doped scales increased with
temperature, an undoped scale also underwent more grain growth and appeared to have an even larger
grain size with correspondingly fewer diffusion paths. Based on grain imprints in the metal, the grain
sizeon OD NiAl after 50h at 1400°C was 2-3mm, while the grain size of the scale on undoped NiAl was
»10mm.2° This would provide at least an order of magnitude larger grain boundary volume in the RE-
doped scale. Thus, RE-doping could still inhibit Al boundary transport at 1400°C but, due to the
increased diffusion pathways in the finer grained scale, the scale growth rate would not be reduced
relative to an undoped scale. At 1500°C, the RE dopants did not significantly change the scale
microstructure (Figure 11) thus it is not surprising that little change in the growth rate was observed. A
similar oxide appeared to form in each case.

Because of the expense of fabrication and the intrinsic brittleness of b-NiAl, itisunlikely that OD
NiAl hasany significant commercial application. Experience from fabricating this material indicated that
NiAl was too brittle to achieve a nanometer-scale dispersion during mechanical blending (thus making
oxide dispersions ineffective in improving the poor mechanical properties of b-NiAI°1-52), However, in
the case of Y ,03, the dispersion in these materials appeared sufficient to achieve an improvement in
oxidation resistance. Futurework with model oxide dispersed NiAl aloys may provide additional insight

into the role of reactive elements and, particularly, into optimizing these important benefits.
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Summary

b-NiAl with a1 vol.% addition of Y ;O3 was oxidized in short-term isothermal and cyclic tests at
1200°, 1400° and 1500°C. Its performance was compared to undoped NiAl and Zr-alloyed NiAl. In
these tests, the Y ,O3 addition showed similar improvements in scale adhesion as a Zr alloy addition.
Both reactive element additions are more effective at 1200°C than at 1400° or 1500°C. During 1200°C
testing, the addition of Y ,0O5 or Zr to NiAl reduced the scale growth rate and eliminated scale spallation.
Examination of the scale morphologies formed at 1200°C showed a columnar a-Al,03 scale formed on
Y ,03-dispersed NiAl typical of Zr-alloyed NiAl and other reactive element doped alumina-formers. At
higher temperatures, the dopants were less effective, inducing little change in the scale growth rate and
less pronounced changes in the scale microstructure. At both 1400° and 1500°C, the improvement in
scale adhesion with the addition of Y,O3 or Zr was short-lived. This may be an intrinsic limitation of
the thermal expansion mismatch of NiAl and Al,O3 or may be due to the formation of interfacial voids
during oxidation. Neither Y,O3 or Zr prevented the formation of interfacial voids at these higher
temperatures. These similaritiesin performance suggest that the same mechanisms were active when the

reactive element was added as either an oxide dispersion or an alloy addition.
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List of Figures

Figure 1. Isothermal oxidation kinetics at 1200°C. The rates are similar for an alloy addition of Zr and
the Y ;O3 addition. Both are lower than that measured for undoped NiAl.

Figure 2. Specimen mass changes during 2h cycles at 1200°C. The three RE-doped alloys showed
no scale spallation while mass losses were noted for undoped NiAl.

Figure 3. SEM secondary electron plan view images of the scale formed at 1200°C on (a) undoped NiAl
after 50h, (b) NiAI+0.11at%Zr after 50h, (c) OD NiAl after 50h and (d) OD NiAl after 200h. The ridges
vary from grain to grain (b) but become more distinct on OD NiAl with time, (c) and (d).

Figure 4. SEM secondary electron cross-sectional images of the scale formed after 50h at 1200°C on (a)
OD NiAl and (b) NiAl+0.04at%Zr. Both exhibit a columnar grain structure.

Figure 5.  Isothermal oxidation kinetics at 1400°C. At this temperature, the addition of 0.04%Zr or
Y ,03 haslittle positive effect. A 0.11at%Zr addition accelerated the oxidation rate compared to undoped
NiAl.

Figure 6. Specimen mass changes during 1h cycles at 1400°C. The three RE-doped alloys showed less
mass |oss than undoped NiAl, but all had spalled after 20 cycles.

Figure 7. SEM secondary electron plan view images of the scale formed after 1h at 1400°C on (@)
undoped NiAl, (b) OD NiAl (c) NiAI+0.04at%Zr and (d) NiAl+0.11at%Zr.

Figure 8. SEM images comparing the metal exposed by scale spallation at 1400°C on (a) OD NiAl after
20, 1h cyclesand (b) NiAl+0.11%Zr after 1h and the scale cross-section at the specimen on (c) OD NiAl
after 1h and (d) NiAI+0.11%Zr after 10h at 1400°C.

Figure 9. Isothermal oxidation kinetics at 1500°C. Similar to 1400°C, the higher Zr content resulted in
accelerated alumina formation.

Figure 10. Specimen mass changes during 0.2h cycles at 1500°C. The three RE-doped alloys showed
nearly identical behavior with only marginally better scale adhesion than undoped NiAl.

Figure 11. SEM secondary electron plan view images of the scale formed after 0.2h at 1500°C on (@)
undoped NiAl, (b) OD NiAl (c) NiAI+0.04at%Zr and (d) NiAl+0.11at%Zr.

Figure 12. SEM secondary electron image of the specimen edge showing the scale cross-section formed
on OD NiAl after 0.2h at 1500°C.

Figure 13. SEM secondary electron plan view images of the metal exposed by scale spallation after 20,
0.2h cycles on (a) and (b) OD NiAl and (c) NiAI+0.04%Zr. Deeper voids were observed in (a) and at
higher magnification in (b) on OD NiAl. In (b), #1 arrows mark metal protrusions and #2 arrows mark
sheared protrusions. Larger but shallower voids which showed terracing (arrows) were observed in (c).
Figure 14. SEM secondary €electron plan view images of the scale formed after 4h at 1500°C on (a) OD
NiAl and (b) NiAI+0.11at%Zr. The ZrO, particles (b) are more prominent than theYAIXOy particles (a).
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Tablel. Chemical composition of the commercial NiAl alloys (in atomic %) obtained by inductively
coupled plasma analysis.

NiAl Cast Cast Extruded oD
Alloys NiAl NiAl NiAl NiAl
Doping: Undoped +Zr +Zr +Y 5,03
Ni 49.74 49.62 50.04 48.91
Al 50.19 49.78 49.65 48.13
Fe <0.01 0.02 0.02 0.02
Cr <0.01 <0.01 <0.01 0.03
S <0.01 0.03 0.21 <0.01
Ti <0.01 <0.01
Cu 0.36

Y N/A <0.01 0.24
Zr N/A 0.11 0.04 <0.01
C 0.071 0.071 0.019 0.008
O 0.020 2.66
S 0.0027 0.0027 0.0047 0.0050

Table I1. Parabolic rate constants (g2/cm?s) of the various NiAl aloys at 1200°-1500°C.

Temperature: 1200°C 1400°C 1500°C
Alloy:
Undoped NiAl 12-13 x 1012 54-59x 1011  1819x101
OD NiAl (Y203 dispersed) 3.6-45 4.6-6.7 2.9-35
NiAI+0.04%Zr 2.4-2.7 3.0-4.6 2.7-3.3
NiAl+0.11%Zr 3.3-4.7 12-45* 8.5*

* accelerated attack, non-parabolic behavior
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Figure 1. Isothermal oxidation kinetics at 1200°C. The rates are similar for an alloy addition of Zr and
the Y ,O3 addition. Both are lower than that measured for undoped NiAl.
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Figure 2. Specimen mass changes during 2h cycles at 1200°C. The three RE-doped alloys showed no
scale spallation while mass losses were noted for undoped NiAl.



Figure 3. SEM secondary electron plan view images of the scale formed at 1200°C on (a) undoped NiAl
after 50h, (b) NiAl+0.11at%Zr after 50h, (c) OD NiAl after 50h and (d) OD NiAl after 200h. The ridges
vary from grain to grain (b) but become more distinct on OD NiAl with time, (c) and (d).

Figure4. SEM secondary electron cross-sectional images of the scale formed after 50h at 1200°C on
(a) OD NiAl and (b) NiAI+0.04at%Zr. Both exhibit a columnar grain structure.
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Figure5. Isothermal oxidation kinetics at 1400°C. At thistemperature, the addition of 0.04%Zr or Y ;03
has little positive effect. A 0.11at%Zr addition accelerated the oxidation rate compared to undoped NiAl.
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Figure 6. Specimen mass changes during 1h cycles at 1400°C. The three RE-doped aloys showed less
mass |oss than undoped NiAl, but all had spalled after 20 cycles.
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Figure 7. SEM secondary electron plan view images of the scale formed after 1h at 1400°C on (@)
undoped NiAl, (b) OD NiAl (c) NiAI+0.04at%Zr and (d) NiAl+0.11at%Zr.
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Figure 8. SEM images comparing the metal exposed by scale spallation at 1400°C on (a) OD NiAl after
20, 1h cyclesand (b) NiAlI+0.11%Zr after 1h and the scale cross-section at the specimen on (c) OD NiAl
after 1h and (d) NiAI+0.11%Zr after 10h at 1400°C.
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Figure 9. Isothermal oxidation kinetics at 1500°C. Similar to 1400°C, the higher Zr content resulted in
accelerated alumina formation.
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Figure 10. Specimen mass changes during 0.2h cycles at 1500°C. The three RE-doped alloys showed
nearly identical behavior with only marginally better scale adhesion than undoped NiAl.
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Figure 11. SEM secondary electron plan view images of the scale formed after 0.2h at 1500°C on (@)
undoped NiAl, (b) OD NiAl (c) NiAlI+0.04at%Zr and (d) NiAl+0.11at%Zr.

Figure 12. SEM secondary electron image of the specimen edge showing the scale cross-section
formed on OD NiAl after 0.2h at 1500°C.



Figure 13. SEM secondary electron plan view images of the metal exposed by scale spallation after 20,
0.2h cycles on (a) and (b) OD NiAl and (c) NiAI+0.04%Zr. Deeper voids were observed in (@) and at
higher magnification in (b) on OD NiAl. In (b), #1 arrows mark metal protrusions and #2 arrows mark
sheared protrusions. Larger, but shallower voids which showed terracing (arrows) were observed in (C).

Figure 14. SEM secondary electron plan view images of the scale formed after 4h at 1500°C on (a) OD
NiAl and (b) NiAl+0.11at%Zr. The ZrO, particles (b) are more prominent than the YAI XOy particles (a).



