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The effects of the as-cast microstructure on the oxidation characteristics of two Ni-Al-Cr alloys with
either � or �� primary solidification were investigated with an in-situ, time-resolved X-ray diffraction
(TRXRD) technique using synchrotron radiation. The measurements, carried out during rapid heating
and cooling, showed that a segregated microstructure in these cast alloys leads to the preferential for-
mation of zirconium oxide before the formation of aluminum oxides is detected. The oxidation leads
to a change in the phase stability and to the modification of surface microstructures. Computational
thermodynamic models were used to explain the preferential formation of oxides in the as-cast
microstructure.

I. INTRODUCTION

IN the last two decades, extensive research has been per-
formed to develop nickel-based intermetallic alloys with
high volume fractions of L12 ordered �� phase, which are
referred as Ni3Al alloys.[1] The applications for which these
alloys have been evaluated include transfer rolls, heat-treating
trays, rails for walking beam furnaces, radiant burner appli-
cations, grate bars in calcination furnaces, and forging of
die-blocks. Most of these applications require good strength
properties in the range of 700 °C to 1200 °C and resistance
to thermal cycling, as well as resistance to either severely
oxidizing or carburizing atmospheres. There has been exten-
sive applied research to describe the performance of Ni3Al
alloys for these conditions.

Research on the oxidation of nickel-based superalloys has
been done with reference to gas turbine applications.[2] The
present work is part of the ongoing efforts to extend this
knowledge to high-volume-fraction �� alloys close to the Ni3Al
composition. Previous work on Ni3Al alloys has indicated that
the oxidation resistance of these alloys is generally good com-
pared to other nickel-based alloys.[3,4] However, the effects of
processing, oxidation environment, and thermal cycling are
yet to be quantified completely. Recent research has focused
on the high-temperature corrosion behavior of these alloys
under static and cyclic conditions in different atmospheres.[5]

Klower et al. studied the stability of these alloys in carbur-
izing, chlorinating, and sulfidizing environments. Their work
showed that the Zr-containing alloys oxidized heavily through
internal oxidation of Zr-rich regions. Lee et al. studied inter-
actions between phase stability and the types of oxides that
form in the oxidizing conditions at temperatures of 900 °C
to 1100 °C.[6,7] Their results were in agreement with those of
Klower.[6] In addition, Lee et al.[7] related the preferential for-
mation of oxides to the solidification segregation. It is impor-
tant to note that there exists a good knowledge base on the
oxidation characteristics of intermetallic alloys.[8,9,10] The main

interest in the present article is to evaluate the interaction
between phase stability and the early stages of oxidation
during rapid heating and cooling.

Based on these previous studies, it was speculated that
the early stages of oxidation under rapid thermal cycling
might be influenced both by the primary mode of solidifi-
cation and by the relative stability of various phases that
form during solidification. For example, in alloys contain-
ing aluminum concentrations close to 20 at. pct, the primary
solidification will occur by the formation of �� phase, and
the � phase will form at the interdendritic regions. In con-
trast, in alloys containing less aluminum, the primary solid-
ification will occur by � phase, and a eutectic mixture
containing coarse �� will form in the interdendritic regions.
It is important to note that the associated segregation and
phase balance may affect the early stages of oxidation. Tradi-
tional high-temperature X-ray diffraction (XRD) methods
have been used before to study the oxidation kinetics.[11] To
allow for good time resolution, synchrotron radiation has
been used to measure the growth stresses in the oxide lay-
ers.[12,13] In the work presented here, we used synchrotron
radiation to obtain diffraction data at 2-second intervals for
rapid measurement of phase stability and oxide formation
during rapid thermal cycling. The results emphasize in-situ
determination of the sequences of oxide formation during
heating and cooling. The goal of these characterizations is
to understand the effect of solidification mode as well as the
change in composition of the alloy on the early stages of
oxidation characteristics.

II. EXPERIMENTAL TECHNIQUES

Two Ni-Cr-Al ingots were prepared from pure charge
materials by vacuum arc melting and casting into 70-mm-
diameter � 150-mm-long copper molds. The alloy with the
higher aluminum concentration will be referred as the Ni3Al
alloy, and the alloy with the lower aluminum concentration
will be referred as the IC221M alloy. The nominal composi-
tions of the two alloys are given Table I. For in-situ XRD
investigations, the samples were cut from these ingots using
the electrical discharge machining method. The samples were
ground with fine mechanical polishing to a surface finish of
1 �m. No other special surface preparation such as chemical
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Table I. Nominal Alloy Compositions in Wt Pct

Alloy Al Cr Mo Zr B Balance

IC221M Wt Pct 8.0 7.7 1.5 1.7 0.008 Nickel
At. Pct 15.9 7.95 0.84 1.0 0.004

Ni3Al Wt Pct 12.0 4.0 1.5 0.8 0.008 Nickel
At. Pct 22.94 3.97 0.80 0.45 0.004

Fig. 1—Schematic illustration of the TRXRD experimental setup used in
the current work.

or electrolytic etching was done to these alloys before the
investigation, to avoid any preferential etching of the surface.
The test samples were in the form of bars 100-mm long,
4.5-mm wide, and 2-mm thick.

The samples were subjected to rapid heating and cooling
heat treatments in air while in-situ time-resolved X-ray dif-
fraction (TRXRD) was being performed in the synchrotron
beam line. A resistive heating method was used to heat the
samples in a preprogrammed cycle. All the samples were
heated to 1250 °C at rates of 0.5 °C/s, 1 °C/s, 10 °C/s, and
50 °C/s using programmable control. These conditions will
be referred as R0.5, R1, R10, and R50 throughout this arti-
cle. The extreme conditions R0.5 and R50 will be discussed
in detail. In the case of slow heating and cooling at 0.5 °C/s,
the samples were isothermally held at 1250 °C for 10 min-
utes before the cooling cycle. The cooling rates for all sam-
ples were also programmed at the same level as heating
rates. To avoid the spallation of surface oxides, only natural
air cooling was used. As a consequence, the cooling rate of
50 °C could not be fully realized.

The X-rays, with wavelength of � � 0.041328 nm, were
provided by the UNICAT X-33 undulator beam line at the
Advanced Photon Source (Argonne National Laboratory,
Argonne, IL, USA). The X-rays were incident at a 6-deg glanc-
ing angle. The effective penetration depth is 8.2 �m, so the
measurements are sensitive to surface oxidation kinetics during
heating and cooling. A two-dimensional (2-D) image of the
diffracted X-rays was recorded approximately every 2 seconds.
Diffracted X-rays were recorded by a Princeton Instruments
model SCX-1242E close-coupled device camera with 1024 �
1024 pixels, a 0.060 � 0.060 mm pixel size, and 16-bit res-
olution. The detector was placed 235 mm from the sample.
The 2-D diffraction rings were summed to obtain intensity vs
2� intensity plots. A schematic illustration of the experimental

setup is shown in Figure 1. Details of the same technique for
other alloy systems are published elsewhere.[14] The data were
analyzed with user-written computer programs and peak-analysis
modules in a commercial plotting package. The TRXRD data
were obtained during the R0.5 and R50 experiments from both
the IC221M and Ni3Al alloys. The surfaces of the samples
were examined before and after TRXRD experiments, using
the conventional XRD technique with Cu K	 radiation to verify
the presence of different phases and oxides.

Specimens in the as-received and heat-treated conditions
were also examined metallographically using Aquaregia solu-
tion to delineate the microstructure.

III. RESULTS

A. As-Cast Microstructure

Initial observations of the IC221M and Ni3Al samples
before the in-situ oxidation are shown in Figures 2 and 3.
The macrophotographs show as-cast structures containing
primary dendrites and darkly etching interdendritic regions
in both the samples. Figure 2(b) indicates that the microstruc-
ture of the IC221M alloy consisted of a very fine distribu-
tion of �� precipitates within the � dendritic cores and coarse
�� phase near the eutectic regions. The XRD results showed
the presence of both an fcc and L12 ordered structure, con-
firming that both the � and �� phases were present. A darkly
etching phase, presumed to be Ni5Zr phase, was also
observed in the IC221M microstructure. However, the XRD
did not show any peaks from this phase, possibly due to its
small volume fraction.

High-magnification examination revealed that the
microstructure of the Ni3Al alloy was indeed different from
that of IC221M alloy. The optical metallography showed
the presence of brightly imaging �� dendritic grains and
the presence of darkly etching � phase in between the den-

Fig. 2—Overview of the as-cast microstructure after etching with aquare-
gia solution: (a) low-magnification cross-sectional micrograph of the sam-
ple from IC221M, (b) high-magnification micrograph of the IC221M sample
near the surface, showing the presence of an interdendritic microstrutcure,
(c) low-magnification cross-sectional micrograph of the sample from the
Ni3Al alloy, and (d ) microstructure near the surface of the Ni3Al sample,
showing the presence of darkly etching � regions with fine features in the
middle.
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Fig. 3—XRD measurements using Cu K	 radiation from (a) the IC221M
alloy and (b) the Ni3Al alloy.

dritic grains (Figures 2(c) and (d)). The XRD results show
that the predominant phase in the Ni3Al alloys is L12 ordered
�� phase (Figure 3(b)). The splitting of the {111} reflec-
tion confirmed that the fcc � phase was also present. It is
important to note that Klower[6] found very fine disordered
� phase within the �� phase. However, our XRD results can-
not distinguish these two forms of � phase. These results
showed that with these alloys, two different initial microstruc-
tures have been attained through casting processes and by
changing the compositions.

B. Time-Resolved XRD Results

The in-situ TRXRD results from the surfaces of both the
Ni3Al and IC221M during the R0.5 and R50 experiements
are presented in Figure 4. The plots show the diffracted inten-
sity in terms of color gradients as a function of 2� diffrac-
tion angle and time. The plots also show the corresponding
temperature changes. The diffraction peaks were identified
by comparing the measured peaks at room temperature to
standard published diffraction spectra. Most of the peaks were
identified using numerical techniques from the data presented
in Figure 4. In certain cases, the peaks are not identified
uniquely in the 2� range from 14 to 18, due to overlap of
diffraction peaks from different oxides. Due to the overlap
of the diffraction peaks, only qualitative analysis is possible,
and relative fractions of different oxides cannot be deduced.

The plots show gradual shifts of all diffraction peaks to
lower 2� values with an increase in temperature to peak tem-

perature and a gradual decreased shift to higher 2� values
with a decrease in temperature. This is a typical behavior
due, respectively, to thermal expansion and contraction of
the lattice. The diffraction data show that both � and �� are
present in both alloys, similar to the room-temperature mea-
surements shown in Figure 3. Splitting of the {111} peaks
was observed in all the cases, indicating the overlap of the
diffraction peaks from the � and �� phases. However, due
to the variation of the lattice parameter with temperature and
possible diffusion of elements between these phases, the vol-
ume fractions of � and �� could not be deconvoluted using
these {111} reflections. Therefore, the (211) superlattice
reflection was used to monitor the changes in the �� frac-
tion during heating and cooling. In the case of the IC221M
alloys, during heating, a transition from a primary �� phase
with a small lattice parameter to that with a large lattice
parameter was observed. The details of the analysis will be
presented later. The data also revealed the presence of two
types of zirconium oxides, i.e., a low-temperature mono-
clinic form[15] and a high-temperature tetragonal form.[16]

The low-temperature form is referred to as ZrO2(LT), and
the high-temperature form is referred to as ZrO2(HT) through-
out this article. In addition, the presence of corundum (Al2O3)
was also detected in all cases except for the R50 experiment
with the Ni3Al alloy.

At rapid heating and cooling conditions, the extent of
oxide formation in the Ni3Al alloy was minimal. Interest-
ingly, the diffraction data from the Ni3Al alloys showed
anomalous peaks close to primary �� (211), which appear
and disappear during heating (Figures 5(a) and (b)) in the
temperature range of 800 °C to 1200 °C. This metastable ��
diffraction always appeared with a smaller lattice param-
eter than that of the primary �� phase for both slow and
rapid heating rates. The origin of this diffraction could be
due to metastable �� within the � phase in the interdendritic
regions,[6] which eventually dissolves at higher temperatures.
Further work is necessary to understand this metastable ��
phase.

In the next step, the interaction of oxide formation and
phase stability for both alloys subjected to the R0.5 and R50
heat treatments were evaluated. The areas under different
diffraction peaks were calculated using numerical meth-
ods.[14] To allow for analyses without overlap from differ-
ent peaks, the analyses were limited to the (101) peak of the
high-temperature tetragonal ZrO2 phase, the peak of
the low-temperature monoclinic ZrO2 phase, the (214)
peak of corundum, the (111) peak representing both � and
�� phase, and the (211) peak of the �� phase (Figures 6(a)
through (d)).

In the case of the R0.5 experiment on the IC221M alloy
(Figure 6(a)), while heating above 750 °C, the area fraction
of ZrO2(HT) increased. With continued heating above 830 °C,
the transition from a predominant primary ��-phase (211)
diffraction peak to a predominant secondary ��-phase (211)
diffraction peak with a larger lattice parameter was observed.
This also coincides with the rapid increase in the formation
of ZrO2(HT). Heating above 1130 °C leads to the disap-
pearance of the primary �� phase. At and above 930 °C, the
diffraction peaks from the ZrO2(LT) appeared and increased
slightly. However, on heating above 1160 °C, the diffrac-
tion peaks from ZrO2(LT) disappeared. At 1200 °C, the for-
mation of corundum (Al2O3) was observed. With continued

( 111)

(a)

(b)
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(a) (b)

Fig. 5—Magnified section of the TRXRD data from Ni3Al alloys subjected to (a) the R0.5 experiment and (b) the R50 experiment, showing the formation
and disappearance of metastable �� phase.

(a) (b)

Fig. 4—Overview of the TRXRD results: (a) and (b) the IC221M and Ni3Al alloys, respectively, subjected to heating and cooling at a rate of 0.5 Ks
1,
and (c) and (d ) the IC221M and Ni3Al alloys, respectively, subjected to heating and cooling at a rate of 50 Ks
1. In the images, the background intensity
is given by the blue color and the peak intensity is given by the red color.

(c) (d)

heating and holding at 1250 °C, the peak area of corundum
increased, indicating growth of an external Al2O3 scale. This
increase in Al2O3 peak area coincided with the decrease in
volume fraction of ZrO2(HT). The peak area fraction of the
secondary �� phase did not change during holding or even
during cooling. The area of the Al2O3 peak area continued
to increase even during cooling and reached a plateau at

around 800 °C. On cooling below 830 °C, the diffraction
peak from ZrO2(LT) reappeared and continued to grow at
the expense of the ZrO2(HT) diffraction peak.

At 1200 °C and above, the fcc diffraction rapidly changes
from rings of diffraction to a few very intense spots, corre-
sponding to grain growth and increased crystalline perfec-
tion. As a result, the diffracted area under the fcc (111) peaks
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is no longer statistically significant. This appears not to affect
the L12 phases, which retain a small grain size. The afore-
mentioned data indicated that there exists a strong interac-
tion between phase stability and the early stages of oxidation.
It is of interest to compare these measurements with those
measured from the Ni3Al alloys.

The data from the Ni3Al alloys during the R0.5 experi-
ment (Figure 6(b)) showed a faint presence of ZrO2(HT)
even at the initial stages. This is attributed to the formation
of a thin ZrO2 surface-oxide layer during sample prepara-
tion. An overview of the data from the Ni3Al alloys showed
that the diffraction-peak intensities from oxides were slightly
lower than those of the IC221M alloy. With the start of the
heating cycle, the area under the ZrO2(HT) diffraction peak
increased and reached a peak value at approximately 850 °C.
With continued heating, the peak area reduced, with a large
scatter in the data. The diffraction peaks from the ZrO2(LT)
were observed for the first time on heating above 1024 °C.
Interestingly, continued heating above this temperature to
1250 °C did not lead to the disappearance of this phase. At
and above 1180 °C, the formation of Al2O3 was observed.
Similar to the IC221M alloy, the formation of Al2O3 con-
tinued even during isothermal holding at 1250 °C and cool-
ing. In contrast to the IC221M alloy, the diffraction peaks

from ZrO2(HT) completely disappeared in the Ni3Al alloys
on holding at 1250 °C. In this alloy, the transition from a
primary �� to secondary �� phase was not observed. The peak
area under the (211) �� diffraction peak remained constant
for most of the heating part of the experiment and slightly
increased during cooling. In the analysis of the data, the
anomalous (211) diffraction peak was not considered due to
the difficulties in fitting the peak shapes during analysis.
The presence of a (111) diffraction split was observed at the
early stages of heating, possibly due to the presence of the
disordered � phase; the quantification of the same was not
done due to overlapping diffraction peaks. Nevertheless, the
split disappeared on heating the sample above 1150 °C. In
general, the oxidation characteristics of the Ni3Al alloys
appear to be similar to those of the IC221M alloy, except
for the temperatures of the formation. It is of interest to com-
pare these results with the rapid heating and cooling condi-
tions.

In case of the R50 experiment on the IC221M alloy (Fig-
ure 6(c)), the splitting of the (211) peak was observed ear-
lier on, from 500 °C. However, the extent of the split was
not as pronounced as that of the results from the R0.5 exper-
iment. On heating above 1100 °C, the separation between
these peaks vanished and a single peak appeared. However,

(a) (b)

Fig. 6—Summary of the analysis from TRXRD results: (a) and (b) the IC221M and Ni3Al alloys, respectively, subjected to heating and cooling at a rate
of 0.5 Ks
1, and (c) and (d ) the IC221M and Ni3Al alloys, respectively, subjected to heating and cooling at a rate of 50 Ks
1.
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this again coincided with the rapid increase in the ZrO2(HT)
diffraction-peak area. The area under the (211) peak reached
the maximum at 665 °C during cooling and then decreased
only slightly below that temperature. The formation of Al2O3

was detected on reaching the peak temperature of 1250 °C.
The peak area of Al2O3 continued to increase while hold-
ing at 1250 °C and also during cooling. The diffraction peak
from ZrO2(LT) appeared on cooling below 810 °C and con-
tinued to increase slightly. In this analysis, the splitting of
the fcc (111) peak appeared in the cooling part of the cycle.
As mentioned earlier, the interpretation of these peaks is dif-
ficult due to overlapping effects. In the next step, these
oxidation characteristics are compared with those of the
Ni3Al alloys for a similar heat treatment.

In case of the R50 experiment on the Ni3Al alloy (Fig-
ure 6(d)), the extent of oxidation was significantly reduced.
Even though the faint presence of a ZrO2(HT) diffraction
peak was detected, the peak area did not change with this
rapid heating and cooling experiment. The ZrO2(LT) dif-
fraction was not detected during the whole thermal cycle.
The diffraction from Al2O3 phase was not detected. The
change in the area of the (211) peak did not change. How-
ever, there was a decrease in the area under the (111) peak
until the peak temperature was reached, which was closely
related to the reduction in the width of the diffraction peak.
However, on cooling, this change was less pronounced. The

data also showed some tendency for the (111) peak split-
ting during heating and cooling. As mentioned earlier, this
effect cannot be interpreted very easily. This is attributed
to the recovery effect during the heating cycle. In the analy-
sis of the data, the anomalous (211) diffraction peak (Fig-
ure 5(b)) was not considered.

It is interesting to note that in our analysis, diffraction
information from the NiO or NiO.Al2O3 oxides was not
detected. This is tentatively attributed to the low volume
fraction of these oxides being below the sensitivity of the
present technique. It is also possible that this is due to less
time being spent in the temperature range of 600 °C to
800 °C, where the formation of NiO is favored,[8] in all
our experimentation.

C. Microstructure of Oxidized Samples

The microstructures of the both IC221M and Ni3Al alloys
after the R0.5, R1, R10, and R50 experiments are compared
in Figures 7(a) through (h). The results are presented in two
groups, slow heating and cooling (R0.5 and R1) and rapid
heating and cooling (R10 and R50).

The optical micrograph from the IC221M sample (Fig-
ure 7(a)) after the R0.5 experiment shows the presence of
darkly etching oxides on the surface and in the interden-
dritic regions. The penetration depth of these oxides along

(c) (d)

Fig. 6—(Continued). Summary of the analysis from TRXRD results: (a) and (b) the IC221M and Ni3Al alloys, respectively, subjected to heating and cool-
ing at a rate of 0.5 Ks
1, and (c) and (d ) the IC221M and Ni3Al alloys, respectively, subjected to heating and cooling at a rate of 50 Ks
1.
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the interdendritic boundaries is on the order of 50 to 60 �m.
On comparing this microstructure with that of the as-cast
microstructure (Figure 2(b)), a reduction of coarse �� pre-
cipitates along the dendrite boundaries can be noticed. A
similar oxide morphology was observed with an R1 experi-
ment also (Figure 7(c)). The main difference between the
IC221M samples, after the R1 and R0.5 experiments, was
that the coarse �� precipitates were persistent along the
boundaries after the R1 experiment and were less persis-
tent in the R0.5 experiment.

In case of the Ni3Al sample subjected to the R0.5 exper-
iment, a darkly etching fine distribution of oxides (Figure
7(b)) was observed near the surface. Moreover, there was a
general tendency for the absence of darkly etching � phase
near the surface and within the sample. In the case of the
Ni3Al samples after the R1 experiment (Figure 7(d)), the
extent of oxide formation appeared to be less, and the darkly
etching � phase was present near the surface.

The microstructures from the R10 and R50 experiments
on the IC221M alloy showed large differences compared

to the results from the R0.5 and R1 experiments. The most
obvious result was that the extent and apparent penetration
of oxides appeared to be larger than in the slow-heating
experiments. In addition, both the microstructures suggest
the tendency for liquidation along the dendrite grain bound-
aries. In this regard, it is noteworthy that during the R10
and R50 experiments on the IC221M alloys, small whiskers
were observed on the surface of the samples. These whiskers
are attributed to the gradual squeezing of the liquid from
interdendritic boundaries and solidification of the same.
These whiskers present a large surface per unit volume that
leads to rapid oxidation. The rapid oxidation in the IC221M
alloy during the R50 experiment is consistent with the
TRXRD results presented in Figures 4 and 6. The microstruc-
tures from the Ni3Al alloys, after the R10 and R50 experi-
ments, showed very little difference. The extents of oxidation
and depth of oxide penetration were very little. The pres-
ence of darkly etching � phase was present even in the sur-
face. The microstructure from the R50 experiment on the
NI3Al alloy is consistent with the lack of extensive oxide
peaks in the TRXRD results.

It is important to stress that the microstructural analysis
presented here is preliminary, and further detailed charac-
terizations using analytical electron microscopy are under-
way to understand the oxides that form in the surface and
also in the subsurface regions.

IV. DISCUSSION

An overview of the previously presented results indicated
the following crucial phenomena. (1) In both the Ni3Al and
IC221M alloys under slow heating and cooling, the ZrO2

formation occurs before the Al2O3 formation is detected. (2)
With rapid heating and cooling, as expected, the Ni3Al alloy
did not show extensive oxidation and, in contrast, the
IC221M alloy showed rapid oxidation. (3) In the IC221M
alloy, an abrupt change in the lattice parameter of �� was
observed, in conjunction with the initiation of ZrO2 forma-
tion. (4) In the Ni3Al alloy, a metastable �� formation was
detected at high temperatures. In this section, the phenom-
ena are rationalized based on the solidification microstruc-
ture and thermodynamic calculations.

A. As-Cast Microstructure

To understand the oxidation of these cast alloys, we need
to understand the development of the as-cast microstructure
in both alloys. The XRD and optical microscopy confirmed
that the initial microstructures of the IC221M and Ni3Al
alloys are different. The IC221M alloy solidifies as a � (fcc)
phase, while the Ni3Al alloy solidifies as a �� (L12 ordered)
phase. Thermodynamic calculations were performed to ratio-
nalize this microstructure evolution and to evaluate the effects
of elemental segregation during casting.

The weight fractions of various phases for the IC221M
alloy as a function of temperature were calculated (Figure
8(a)) using Thermo-Calc[17] software with the ThermoTech
Ni-V6 database.[18] These equilibrium predictions indicate
that in the chemically homogeneous alloy, the �/�� ratio
varies considerably with temperature. Above about 1100 °C,
� phase is the predominant phase, while at lower temperatures,

Fig. 7—Comparison of cross-sectional optical microstructures near the sur-
face region of the sample close to the TRXRD investigation. The micro-
graphs are identified by experimental condition: R0.5, R1, R10 and R50.
The samples are in the etched condition and the etchant was aquaregia solu-
tion. The dendritic boundaries (black arrows) and liquation regions (white
arrows) are marked.
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�� phase predominates. The nonequilibrium microstructure
produced by solidification of the cast alloy was assessed
using a Scheil simulation.[17] Scheil simulations consider
alloy solidification under conditions of no diffusion in solid
and complete diffusion in liquid. The simulation predicts the
microstructure at the temperature where solidification ends
and a limiting case of elemental portioning between solid
and liquid phases. For the IC221M alloy, the Scheil simu-
lation results of Figure 8(b) confirm that � is the first solid
phase to form when solidification starts. At the end of solid-
ification, the simulation predicts a microstructure of about
80 pct � and 15 pct ��. The remaining material will be Zr-
enriched liquid that should solidify near 1170 °C to a eutectic
constituent containing Ni5Zr. As the � phase cools after solidi-
fication, it will further transform to a mixture of � � ��,
depending on its local composition.

In contrast, for the Ni3Al alloys, the equilibrium calcu-
lation indicates that �� is the most stable phase for the
whole temperature range (Figure 8(c)). However, the Scheil
simulation (Figure 8(d)), suggests that during solidifica-
tion, about 20 pct of � phase forms in the interdendritic
regions. This is in agreement with the observed microstruc-
ture (Figure 2).

It is important to note these Scheil calculations indicated
the preferential partitioning of Zr to the liquid due to limited

solubility in the � and �� phases in both alloys. Based on
these calculations, it is estimated that the last solidifying liq-
uid may be enriched to a zirconium concentration greater than
30 wt pct. However, it is well known that a nickel-rich liq-
uid containing a zirconium concentration of 8.8 wt pct may
decompose at �1175 °C into a Ni-Ni5Zr eutectic mixture.[19]

Lee et al.[7] has shown the proof for the presence of Ni5Zr in
the as-cast microstructure. Due to the limitations of thermo-
dynamic data, the formation of this eutectic microstructure is
not predicted in the calculations. Nevertheless, one can eval-
uate the extent of zirconium enrichment in the liquid as a
function of solid weight fraction (Figure 9). The results show
that the zirconium enrichment in the IC221M alloy is more
extensive than that of the Ni3Al alloys. Based on these cal-
culations, approximately 18 wt pct of eutectic fraction can
form in the IC221M alloys and, similarly, 8 wt pct of eutec-
tic fraction can form in the Ni3Al alloys. The eutectic
microstructure was clearly evident in the IC221M alloys and
is in agreement with the previous results. Although a fine
microstructure was observed in the Ni3Al alloys within the
darkly etching � regions in the as-cast state, further work is
necessary to identify whether these morphologies correspond
to a eutectic reaction. The previous calculations essentially
indicate that the interdendritic regions of the IC221M alloys
will be enriched in zirconium to a greater extent.

Fig. 8—Summary of equilibrium thermodynamic and solidification calculations from the IC221M and Ni3Al alloys. (a) Predicted weight fraction of vari-
ous phases in IC221M as a function of temperature. (b) Predicted weight fraction of various phases in IC221M during solidification as a function of tem-
perature. (c) Predicted weight fraction of various phases in Ni3Al as a function of temperature. (d ) Predicted weight fraction of various phases in Ni3Al
during solidification as a function of temperature.
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B. Thermodynamic Calculation of Oxidation

It is hypothesized that the zirconium enrichment in the
interdendritic regions may allow for preferential forma-
tion of ZrO2 compared to that of Al2O3. This hypothesis
was tested by observing the thermodynamic stability of
oxides in a Ni-Al-B-Cr-Mo-Zr-O-N system at 723 K. The
activity of oxygen and nitrogen corresponding to dry air
was calculated.* These activities of oxygen and nitrogen 

*Only O2 and N2 were considered, and the presence of other species
such as hydrogen is ignored.

were set, and the stability of different oxides was calculated
for the IC221 composition with two different zirconium con-
centrations (Figure 10). It is important to note that current
thermodynamic data do not allow for the oxygen solution in
the �� phase. Therefore, we have assumed that the stability
of the � and �� phases of similar composition will be the
same with respect to the oxidation characteristics. A similar
assumption was made for different allotropic forms of Al2O3

and ZrO2. The calculations showed that for these conditions,
Al2O3, Cr3O3, �, and ZrO2, are the most stable phases. In
addition, the calculations also showed that the volume frac-
tion of ZrO2 was lower than that of other oxides (Figure 10)
for the IC221 composition. To evaluate the effect of enhanced
Zr segregation, the IC221M alloy with an increased to zir-
conium concentration (10 wt pct) was considered in the next
step of the calculations. However, the calculations still pre-
dicted that the ZrO2 oxide was present in the least amount.
These calculations do not agree with the preferential forma-
tion of ZrO2 oxide seen in the present experiments. This dis-
crepancy can be rationalized based on kinetic constrictions.

Thermodynamic calculations do not consider the effect
of kinetics and strictly predict the most stable oxide on reach-
ing complete equilibrium. The kinetic constraints will be
driven by the nucleation and growth of oxides on the sur-
face. Since the nucleation rate is governed by the driving
force for oxide formation, the next set of calculations con-
sidered the driving force for oxide formation with nominal
and enriched zirconium concentrations. This is done by
assuming that all oxides are in the dormant stage and cal-
culating the maximum driving force for the formation of

these oxides from a supersaturated solid solution. The results
are shown in Figure 11. Interestingly, for both conditions,
the driving force for the formation of ZrO2 was found to
be the maximum. It is well known that with the increase in
driving force, the nucleation rate will be increased. These
simple calculations illustrated that, under transient condi-
tions, the early stages of oxidation will be determined by
the nucleation rate of different oxides. This is also in agree-
ment with the hypothesis presented by Lee et al.[7]

C. Oxidation Characteristics of As-Cast Structure

The previous calculations suggest that nucleation and
growth characteristics must be important and, therefore,
the oxidation characteristics under the slow (R0.5) and the
fast (R50) conditions must be different.

The TRXRD showed slight differences in the rate of oxide
formation in both the IC221M and Ni3Al alloys, and microstruc-
tural observation showed some change in oxide morphology.
In the IC221M samples, the oxidation in the interdendritic
regions was observed. In contrast, in the Ni3Al alloys, there is
no such preferential oxidation in microstructures. The pene-
tration of oxides from the surface was found to be higher in

Fig. 10—Predicted mole fraction of different phases at 500 °C for two
different concentrations of Zr for a given IC221M alloy.

Fig. 11—Predicted variation of normalized driving force for different phase
evolutions from a supersaturated � phase for the same conditions as that
used for Figure 10.

Fig. 9—Predicted concentration of liquid as a function of solid fraction
solidified in (a) the IC221M alloy and (b) the Ni3Al alloy. The calcula-
tions show higher enrichment of liquid with Zr for similar levels of solid
fraction.
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the IC221M alloys compared to that of Ni3Al alloys. Both these
extents and the morphologies are attributed to the increased
tendency for zirconium segregation in the IC221M alloy. The
TRXRD data also showed the formation of secondary �� phase
during slow heating and cooling. Since this secondary �� phase
has a larger lattice parameter, it is speculated that this change
is attributed to a large difference in the composition of �� phase.
This indicates that there are two competing reactions in the
IC221M alloys. First, due to the increase in diffusivity with
temperature, there will be a tendency to homogenize. The ten-
dency for homogenization also can be inferred from the reduc-
tion of coarse �� in the interdendritic region. Second, the
zirconium segregation pattern that developed during solidifi-
cation leads to preferential formation of ZrO2(HT) first.

The current TRXRD results showed alumina formation in
both the alloys at slow heating and cooling rates. In both the
alloys, the alumina formation was enhanced above 1150 °C.
However, at rapid heating rates, the alumina formation in
Ni3Al alloys was not detected.

Rapid heating and cooling rates showed that the oxidation
characteristics are accelerated in the IC221M alloy compared
to sluggish oxidation of the Ni3Al alloy. Since the time spent
at high temperature for both alloys was small, the extent of
oxidation and diffusional homogenization should be less in
both the alloys. The accelerated oxidation in the IC221M alloys
is, indeed, a contradicting result. If the early stages of oxida-
tion are driven by the nucleation and growth, the rate of oxi-
dation should be sluggish in the IC221M alloy. Adding to the
complexity, in the IC221M alloy, the peak area under the dif-
fraction peaks of ZrO2(HT), ZrO2(LT), and Al2O3 are more or
less similar to those measured at either slow or rapid heating
and cooling rates. In contrast, no appreciable diffraction peak
from Al2O3 was observed, and there was no change in the peak
area of ZrO2(HT) in the Ni3Al alloys under rapid heating and
cooling rates. This apparent anomaly was rationalized through
the closer examination of the microstructure. The microstruc-
tures showed that there was evidence for incipient melting in
the IC221M alloys, but not in the Ni3Al alloys. This incipient
melting is only possible in high heating rates, which allow
for less time for the completion of solid-state decomposition
of the Zr-enriched eutectic regions. The presence of zirconium-
rich liquid will initiate a rapid oxide reaction from the liquid.
This hypothesis, based on zirconium-rich liquid, is consistent
with the observation that the TRXRD measured the ZrO2 for-
mation at 1100 °C only under rapid heating, while the Al2O3

reaction was measured only at 1250 °C.
The aforementioned results clearly show that the microstruc-

tural gradient with associated chemical heterogeneity would
influence the early stages of oxidation to a greater extent, even
under slow and rapid heating and cooling rates. In addition,
the results suggest that Ni3Al-based alloys are the most suit-
able for rapid thermal cycling conditions, due to a decreased
tendency for preferential oxidation and incipient melting. In
the case of the IC221M alloy, the results suggest that increased
homogenization may be necessary to achieve uniform oxida-
tion characteristics.

V. CONCLUSIONS

The primary solidification of a Ni-Al-Cr alloy (Ni3Al
alloy) with 12 wt pct Al occurred through the formation of

�� phase, and this mode of solidification leads to the pres-
ence of interdendritic � phases. In contrast, the Ni-Al-Cr
alloy with low aluminum (the IC221M alloy) solidified as
primary � phase, and the interdendritic regions were deco-
rated with coarse �� phase.

In-situ TRXRD during heating and cooling of these alloys
in air identified the oxidation and change in phase stability
as a function of temperature and time. During slow heating
of the IC221M alloy in air at 0.5 Ks
1, the area fraction of
primary �� phase increased at low temperatures. On contin-
ued heating, the formation of monoclinic ZrO2 and tetrago-
nal ZrO2 was observed in conjunction with the formation of
secondary �� phase with a different lattice parameter. At the
later stages of heating, with the formation of corundum and
the continued formation of ZrO2 and secondary �� phase, the
primary �� phase disappeared. During cooling, the metastable
tetragonal ZrO2 decreased with the formation of monoclinic
ZrO2. The formation of primary and secondary �� phase was
observed in all heating and cooling conditions. The increased
rate of oxidation even with a rapid heating rate is attributed
to incipient melting of interdendritic Zr-enriched regions due
to the lack of time for solid-state decomposition in these
regions.

In Ni3Al alloys, under slow heating and cooling condi-
tions, the formation of both types of ZrO2 as well as corun-
dum was observed. However, under rapid heating and cooling
conditions, the formation of monoclinic ZrO2 and corundum
was not observed. The results suggest that the Ni3Al alloys
may be more resistant to early stages of oxidation during
rapid heating and cooling thermal cycles.

The aforementioned interactions between phase stability and
oxidation characteristics are rationalized with computational
thermodynamic calculations of microstructure evolution dur-
ing solidification and stability of various phases in air.
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