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The isothermal oxidation of directionally solidified NiAl-34Cr and NiAl alloys with embedded Cr bar and Mo wire
were studied in a thermobalance at 800 °C, 1200 °C and 1300 °C for 50 h (Ar/ 13 vol.% O5). NiAl-Cr showed
formation of a continuous Aly03-Cr03 solid solution in the vicinity of the interface of NiAl and Cr in which the
composition changed from almost pure Al;O3 near the metal matrix to almost pure Cr2O3 near the gas surface. DS
NiAl-34Cr showed more spallation compared to NiAl-Cr. In case of NiAl-Mo, a weight loss was observed due to
formation of volatile oxides.

1. Introduction

In the past few decades, gas turbine manufacturers used Ni-based
superalloys to increase the tolerated gas inlet temperature in the com-
bustion chamber and, consequently, to increase the operational effi-
ciency. However, the operating temperatures in the engines are
currently near the solidus temperatures of the materials used. Therefore,
there is a need for alternative alloys which can withstand higher tem-
peratures. NiAl-based intermetallics are proposed and have been
investigated in recent decades with promising results [1]. However,
unsuitable mechanical properties of pure NiAl, such as poor ductility
and fracture toughness at room temperature along with an insufficient
creep resistance and low strength at high temperatures, require im-
provements in the manufactured alloys [2].

The NiAl has a higher melting temperature than the solidus tem-
perature of Ni-based superalloys. In addition, directionally solidified
metal-matrix composites of NiAl alloy, in which fibres of chromium or
molybdenum are embedded, show much better mechanical properties
than pure NiAl [3-9]. This makes these composites candidates for
high-temperature applications in turbines since they also exhibit good
thermodynamic stability and chemical compatibility between the NiAl
matrix and the strengthening fibres.

However, the metal matrix composites will be in contact with
oxygen-containing combustion gases in the turbine and oxidative
corrosion processes are inevitable. During oxidation of NiAl, the for-
mation of y-Al;03, 6-Al;03 and 6-AlyO3 as metastable phases are re-
ported [10-12] which are transformed into stable a-Al,O3 after further
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heating [13,14].

The oxidation behaviour of both NiAl-Cr and NiAl-Mo composites is
of interest due to the fact that, in addition to a-Al;O3, which is formed
during oxidation of NiAl at high temperatures, CroO3 and various vol-
atile Mo oxides can form, respectively [15]. Compared to the number of
studies on mechanical properties, there are much fewer reports on
oxidation behaviour of directionally solidified NiAl-based eutectic alloys
[15,16].

In the present work, oxidation processes are investigated by
advanced computational and experimental thermodynamics in the ma-
terial systems NiAl-Cr-O and NiAl-Mo-O. The investigations are focused
on Ni-Al-Cr-Mo alloys with equimolar ratio of Ni:Al.

The present authors have compiled a thermodynamic database for
Ni, Al, Cr, Mo and O [17], which includes assessed binary and ternary
systems. Different oxides which can form during oxidation of NiAl-Cr
and NiAl-Mo are included in the database, e.g. a-Al,03, Cry0O3, NiO, as
well as the spinel phases and metastable oxides, which can form at lower
temperatures or in the initial stages of oxidation. This database was used
for thermodynamic calculations using the Thermo-Calc software [18] to
determine the phase diagrams (including isoplethic and isothermal
sections) and heterogeneous phase reactions and to predict suitable
operating ranges (temperatures and oxygen activities) for metal matrix
composites in turbine applications.

In order to investigate the oxidation behaviour of NiAl-Cr and NiAl-
Mo interfaces, coarse composites were produced by embedding Cr pieces
and Mo wires into a NiAl matrix by using an arc-melter. These samples
are named coarse composites of NiAl-Cr and NiAl-Mo in order to
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distinguish them from the directionally solidified samples (DS). The
samples were oxidized under an Ar atmosphere containing 13 vol.% O,
in a thermobalance. Subsequently, the compositions and the micro-
structures of the oxidation products at the surface and the interface of
NiAl and the embedded phase of Cr or Mo were investigated by X-ray
diffraction (XRD), scanning electron microscopy (SEM) equipped with
energy dispersive X-ray analysis (EDX), electron backscatter diffraction
(EBSD) and electron probe micro-analyzer (EPMA).

DS NiAl-34Cr samples were produced using zone melting with in-
duction heating and were oxidized under similar conditions. The results
are discussed and compared with the coarse composite of NiAl-Cr.

2. Experimental methods
2.1. Sample preparation

NiAl with equimolar Ni:Al compositions were prepared from high-
purity aluminium shot (99.99wt.%) and nickel shot (99.95wt.%)
using an electric arc furnace (AMO.5, Edmund Biihler) under an argon
atmosphere (99.9999 % purity). To ensure compositional homogeneity,
each alloy button was turned over and re-melted at least five times.
Nominal compositions were accepted since the weight loss after melting
did not exceed 0.1 mass %.

Coarse composites of NiAl-Cr and NiAl-Mo were produced by placing
chromium bars or molybdenum wires in the cylindrical mold of an arc-
melting device and then casting molten NiAl over them. The resulting
rods of NiAl with embedded Cr or Mo were cut with a diamond saw to
samples of approximately 10 mm in diameter and between 1.5-3 mm in
thickness as shown in Fig. 1-a and b. In Fig. 1-a, the NiAl-Cr coarse
composite is shown. Although a good contact between the Cr (the
brighter region of the sample) and NiAl (the darker region of the sample)
was made, pores could not be avoided completely at the interface of NiAl
and the chromium bar. The Fig. 1-b shows the NiAl-Mo coarse composite
where the brighter region of the sample is the molybdenum wire and the
darker region is the solidified NiAl which was cast over the molybdenum
wire. Samples of pure NiAl without any embedded materials were also
produced to validate the oxidation results in this work by comparing
them with the work by Brumm and Grabke [19] who investigated the
oxidation of pure NiAl. In addition, directionally solidified samples of
NiAl with 34 at.% Cr were prepared. For this purpose, buttons were first
produced, which were then melted again and cast into a cylindrical
copper mold with a diameter of 12.5mm and a length of 180 mm.
Finally, the rods were directionally solidified by zone melting with an
induction coil similar to the method of Johnson et al. [8] with a growth
rate of 120 mmh 1.

Before oxidation, all specimens were ground with SiC abrasive to a
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maximum of 1200 grit. Then they were cleaned in an ultrasonic bath
using iso-propanol for 10 min.

For surface investigations by SEM the samples were coated with
graphite. For cross section investigations by SEM and EBSD, specimens
were completely embedded in resin or graphite epoxy, respectively.
Then they were abraded at the desired surface to reveal the interface of
NiAl and Cr and further ground to a maximum of 1200 grit and polished
down to 1 pm surface finish.

Some samples were also etched with a solution of 80 vol.% H50O,
10 vol.% HCl (37 % w/w) and 10vol.% H505 (30 % w/w) to better
reveal the microstructure.

2.2. Oxidation procedure

The samples were investigated by thermogravimetric analysis (TGA)
(Netzsch STA 449) for 50h at temperatures of 800 °C, 1200 °C and
1300 °C under oxidizing condition with the total flow of 10L- h™! (Ar/
13vol.% 0O3). The heating rate to reach the desired temperatures was
20°C-min~!. The specimens were placed on top of Al;O3 or ZrOs-
crowns in the TGA in order not to block the oxygen flow on one side of
the sample. The mass change during oxidation was recorded by the
microbalance. After oxidation, the oxide layers were investigated both
on the surface and in cross sections, using XRD, SEM, EDX, EPMA and
EBSD.

3. Results and discussion
3.1. Oxidation of NiAl, NiAl-Cr coarse composite and DS NiAl-34Cr

When pure metals are oxidized, the growth of the oxide layer is
governed by the parabolic law [20]. However, in higher order systems
the parabolic law is not strictly valid due to the fact that the activities at
the phase boundaries are no longer fixed. Nevertheless, an approximate
parabolic behaviour often found experimentally in higher order systems
[20-22].

In this work, the mass gains of NiAl, NiAl-Cr coarse composite and DS
NiAl-34Cr samples were recorded continuously in the TGA. As can be
seen in Fig. 2-a, oxidation rates increased with increasing temperature.
At a temperature of 800 °C, the mass gain of NiAl and the coarse com-
posite of NiAl-Cr (curves 8 and 5, overlapping) show parabolic behav-
iour which indicates that the kinetics of oxide growth is diffusion
controlled [20-22].

At 1200°C, the DS NiAl-34Cr (curve 2) sample has the highest
oxidation rate compared to NiAl-Cr (curve 4) and NiAl (curve 7). The
spallation of oxide scales has already started as can be seen in the
fluctuation of the mass gain (shown with arrows at curve 2) at this

10 mm

Fig. 1. NiAl with embedded Cr and Mo. a) NiAl-Cr coarse composite, b) NiAl-Mo coarse composite.



G. Geramifard et al.

359 1—1300°C DS NiAl-34Cr 1
2—1200°C DS NiAl-34Cr 3
3—1300°C NiAI-Cr
304 4 —1200°C NiAl-Cr
5— 800°C NiAl-Cr
6— 1300°C NiAl
7 —1200°C NiAl
8— 800°C NiA

254

2.0+

mass gain/ surface (mg/cmz)

0.5 4 <
5
004 ; . . . . 8
0 3 6 9 12 15 18
a) time (10%s)

Corrosion Science 177 (2020) 108956

1.2x10°° T T T T T

1 ——1300°C DS NiAl-34Cr

2——1200°C DS NiA-34Cr Ay
<4 ox105] 3——1300°C NiAl-Cr i
5 4——1200°C NiAl-Cr
%, 5—— 800°C NiAI-Cr
> _ | 8——1300°C NiAl
§ 8.0x10%9 7 ___1200°C NiAl 1
5 8 —— 800°C NiAl
7]
€ 6.0x10° - -
e 1
(7]
(2}
(1]
€ 4.0x10% - 4
o
3
o
(7]

2.0x10°

0.0

T T T T T T
00 30x10* 6.0x10* 9.0x10* 1.2x10° 15x10° 1.8x10°

b) time (s)

Fig. 2. TGA results during oxidation of NiAl-Cr, NiAl and DS NiAl-34Cr at 800 °C, 1200 °C and 1300 °C. a) mass gain. b) square of mass gain based on plot a.

temperature. After formation of oxides for about 400 min at 1200 °C,
these oxides started to spall off and caused weight loss which was fol-
lowed by further oxidation due to the unprotected surface. This phe-
nomenon was less pronounced for NiAl-Cr (curve 4) and NiAl (curve 7).
NiAl-Cr (curve 3) has a much higher oxidation rate at 1300 °C than DS
NiAl-34Cr (curve 1) and NiAl (curve 6) which could have been caused by
the fast oxidation of Cr pieces together with spallation, where the un-
protected surface was oxidized subsequently. Fig. 3 shows the SEM
image of the NiAl-Cr coarse composite after oxidation for 50 h in which
the quantification of the overall spallation for NiAl-Cr coarse composite
at temperatures of 800 °C, 1200 °C and 1300 °C could be compared. The
spallation increased with temperature and mainly occurred at the
interface of NiAl and Cr which will be discussed in more detail in Section
3.2.

Based on the data in Fig. 2-a the square of mass gain for each of the
samples is plotted as a function of time in Fig. 2-b, in which the slope of
the plot is the parabolic rate constant K}, ,, (the index “w” refers to the
weight measurements). In this figure the dotted lines represent the
average slope for the ideal parabolic behaviour. These parabolic rate
constants for different samples of NiAl, NiAl-Cr coarse composite and DS
NiAl-34Cr are listed in Table 1. The parabolic rate constants (Kp,,) of
oxidation of NiAl, NiAl-Cr coarse composite and DS NiAl-34Cr are
plotted in an Arrhenius diagram and are compared with the reported
values by Brumm and Grabke in which the oxidation of pure NiAl in the
temperature range of 700 °C-1400 °C is investigated [19]. This is shown
in Fig. 4 where the results for NiAl and even NiAl-Cr samples show
similar order of magnitude of the parabolic rate constants compared to
the reported values.

In the work of Brumm and Grabke [19] during oxidation of NiAl,

— 300 m — SE_15kV__100x WD 9mm

SE_15kV__100x WD 9mm

Table 1
Parabolic oxidation rate constants for NiAl, NiAl-Cr and DS NiAl-34Cr.
Sample Temperature K, (g2-cm™*- Standard Adj. R-
571 ) error square
DS NiAl- 1300°C 2.90 x 1011 2.86 x 10713 0.971
34Cr
DS NiAl- 1200°C 1.06 x 10711 6.66 x 10714 0.988
34Cr
NiAl-Cr 1300°C 5.81 x 101! 5.10 x 10713 0.977
NiAl-Cr 1200°C 8.48 x 10712 1.47 x 10715 0.997
NiAl-Cr 800°C 4.46 x 1014 1.29x 1077 0.985
NiAl 1300°C 1.93x 10711 6.30x 10714 0.997
NiAl 1200°C 5.90 x 10712 1.21x 10715 0.996
NiAl 800°C 5.86 x 10714 2.01x 1077  0.979

formation of three oxides y-Aly03, 6-Al,03 and a-Aly0O3 was anticipated
in which the metastable oxides y-Al;O3 and 0-AlpO3 were formed at
lower temperatures or at the early stages of oxidation and the stable
a-AlyO3 oxide was formed at higher temperatures. In this work, forma-
tion of a-Al;03 on NiAl-Cr coarse composite oxidized at 1300 °C was
confirmed by XRD which is shown in Fig. 5. However, the oxides formed
at 1200 °C and 800 °C were too thin and showed a strong texture effect
and their further identification with XRD was not possible. Nevertheless,
EBSD, confirmed the formation of a-AlpO3 on the NiAl region of the
NiAl-Cr coarse composite sample during oxidation at 1200 °C.

The quasi-binary phase diagram of Cro03 and a-AlyO3 (Fig. 6) shows
that the two components are completely soluble in each other above
909 °C. Therefore, it is expected that the oxide scale on the NiAl-Cr

A
% NiAl

— 300 pm —i SE_15kV__100x_ WD 13mm

Fig. 3. SEM images of the oxidized surface of NiAl-Cr coarse composite after reaction in Ar/ 13 vol.% O, for 50 h. The labels denote the corresponding alloy beneath

the oxide layer. a) at 800 °C. b) at 1200 °C. c) at 1300 °C.
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Fig. 5. XRD pattern of the spalled oxide from the NiAl-Cr oxidized at 1300 °C in
Ar/ 13 vol.% O, for 50 h.

coarse composite interface forms a continuous solid solution of Aly03
and Cry0O3 with corundum structure. Further investigations were per-
formed with EDX and EBSD on the cross sections of these samples which
are discussed in Section 3.2.

3.2. Surface and cross section investigation

Fig. 7-a shows the surface of the NiAl-Cr coarse composite sample
after oxidation in the thermobalance for 50 h at 1200 °C under Ar with
13vo0l.% Os. The oxide layer over the NiAl substrate appears to be rather
smooth compared to the oxide layer over the Cr region. As can be seen in
Fig. 7-b, spallation occurred at the interface between the NiAl and Cr,
which is due to the fact that the oxidation rate of Cr is much faster
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Fig. 6. Quasi-binary phase diagram of Al,03 and Cr,03 [29].

compared to the oxidation rate of NiAl. This would cause formation of
voids and wrinkles at the interface due to volumetric changes. Forma-
tion of these wrinkles will lead to transformation of biaxial stress in the
oxide scale into a normal stress which is perpendicular to the oxide plane
and causing spallation of the oxide [23]. Different oxidation rates can
also be observed from different thicknesses of the oxides of a-Al,O3 and
Cry03 which are formed on the NiAl and Cr regions, respectively, as can
be seen in Fig. 7-c and d.

In addition to TGA investigations, the oxide growth can be examined
by determination of the thickness of the oxide layers using SEM images
of metallographic cross-sections. These measurements provide parabolic
rate constants K,, (the index “t” refers to thickness). Table 2 provides
values of K}, for formation of Al,O3 layers on pure NiAl samples, for the
formation of Al,O3 over the NiAl region of coarse NiAl-Cr composites as
well as for oxides formed on DS NiAl-34Cr samples at temperatures of
800°C, 1200 °C and 1300 °C. Each value represents an average of 10
measurements at different positions. In order to compare the parabolic
rate constants K, ( cm?-s71) of our work with the results of Brumm and
Grabke [19], which were calculated based on the weight gain of the
oxides K, ( g2-cm*.s71), the K, in this work was converted to K,,,, by
multiplying it by p2. Where p, is the apparent density of the oxide layers.

The apparent densities were estimated based on the experimental
mass gain, the surface area and the average thickness of the Al;O3 layer
formed at each isothermal condition on different samples of NiAl, NiAl-
Cr coarse composite and DS NiAl-34Cr (Table 2). Please note that these
apparent density values are smaller compared to the density of a
compact a-Aly03 (p = 3.89 g-cm~3) which is due to the high porosity of
the oxide layers. In addition, for the simplicity of the approximation, the
Cr substrate area in NiAl-Cr coarse composites and DS NiAl-34Cr is not
taken into account and the substrate surface is considered as complete
NiAl. The Cr substrate included less than 4% of the surface in NiAl-Cr.
This procedure can be further justified by the experimental findings
during the oxidation of DS NiAl-34Cr in which practically pure Al;Os is
formed, as will be discussed later in Section 3.2.4.

In Fig. 9 the converted values are shown on the right axis and they
are compared with the parabolic rate constants (K,,) reported by
Brumm and Grabke on the left axis [19]. The results show reasonable
agreement with the same order of magnitude of the parabolic rate
constants. To calculate the error bars each oxide thickness was measured
10 times and the standard deviation was calculated based on the average
measured value.
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Fig. 7. NiAl-Cr oxidized at 1200 °C and Ar/ 13 vol.% O, for 50 h. a) Surface image. b) Enlarged image of a: Spallation at the interface of NiAl-Cr. c¢) Cross section
image. d) Enlarged image of c: Interface of NiAl-Cr (for the discussion of the dashed box see Section 3.2.2).

Table 2
Parabolic oxidation rate constant K for NiAl, NiAl-Cr and DS NiAl-34Cr and
density of the oxide layers.

Sample Temperature Kp, (cm?-s71) pa of Al;03 (g-cm™3)
DS NiAl-34Cr 1300°C 9.74 x 1012 1.531
DS NiAl-34Cr 1200°C 2.33x 10712 2.146
NiAl-Cr 1300°C 1.65x 10711 1.482
NiAl-Cr 1200°C 3.93x 10712 1.439
NiAl-Cr 800°C 1.16 x 10714 1.790
NiAl 1300°C 7.09 x 10712 1.649
NiAl 1200°C 2.80 x 10712 1.408
NiAl 800°C 3.24x 107 1.255

3.2.1. Oxidation of NiAl-Cr coarse composite at 800 °C

In Fig. 10 the EDX map of the region around the joint between NiAl
and Cr in the NiAl-Cr coarse composite is shown after oxidation in the
thermobalance at 800 °C for 50 h under Ar with 13 vol.% Os. This image
shows NiAl on the left and Cr on the right. The element maps of O, Cr, Ni
and Al are shown, respectively.

The oxide scales which formed above the NiAl region were too thin
and could not be identified with XRD or EBSD. However, the oxide
above the Cr region was identified as CroO3 by EBSD.

Oxygen seems to be detected by EDX in the substrate where only pure
Cr was expected (Fig. 10). As no internal oxidation was anticipated in
this region the enrichment of the Cr region with oxygen due to diffusion
is not presumed. The apparent detection of oxygen is due to the

overlapping of the chromium L, line with the oxygen K, line since they
are very close to each other, with energies of 0.572 and 0.525 KeV,
respectively. Similar observations have been reported by Peng et al.
[24].

In the region between NiAl and Cr, dendrites are observed. These
dendrites are formed during the casting process in the arc-melting de-
vice, as described in Section 2.1. When molten NiAl is cast over solid
chromium, then some Cr dissolves in the melt because the temperature is
above the melting point of NiAl but below the melting point of Cr, as can
be seen from phase diagram in Fig. 11. Due to the short duration of this
process, the Cr-enriched melt is confined to a small region next to the
solid Cr. As the temperature decreases below the liquidus line, Cr den-
drites are formed and finally when the eutectic temperature is
approached a eutectic microstructure is formed in the region of the NiAl-
Cr joint, as shown in Fig. 12.

3.2.2. Oxidation of NiAl-Cr coarse composite at 1200°C

The oxidation at 1200 °C and 1300 °C took place in the subsolidus
region of the NiAl-Cr samples. However, the dendrite structures which
are observed at 800 °C can coarsen during 50 h at 1200 °C and 1300 °C.
For this reason the NiAl and Cr interface at these two relatively high
temperatures appears differently compared to those formed at 800 °C.

As can be seen in Fig. 7-d, at the interface between Cr and NiAl, an
oxide of (Al,Cr),03 is formed which can be noticed within the dashed
box. The enlarged image of the dashed box is shown in Fig. 8. The oxide
in the SEM image appears brighter moving from the metal surface to the
gas surface. This can be an indication of a decrease in the amount of Al
with lower atomic number and an increase in Cr content. Please note
that the Al;Os-rich layer is detached from the substrate and therefore a
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Fig. 8. Enlarged image of the dashed box shown in Fig. 7-d.
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Fig. 9. Arrhenius diagram of oxidation of NiAl-Cr, DS NiAl-34Cr and NiAl.

small gap appears between the oxide and the substrate in Fig. 8. Further
investigation of the identical interface area with EDX and EBSD showed
that a-Al,O3 was formed on top of the NiAl region and Cry03 was formed
above the Cr region. These oxides were investigated with EDX mapping
and are shown in Fig. 13. Oxygen can be seen at the surface of the sample
where oxidation happened and there is a high concentration of Al on the
surface at the interface between NiAl and Cr.

The processed image from EDX and EBSD which is shown in Fig. 14
only confirmed the formation of a-AlyO3 at the interface of NiAl and Cr
after oxidation at 1200 °C. This was in contradiction with the initial
indications from the SEM image for formation of a mixed (Al,Cr)203
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oxide. The investigation was continued further at higher temperatures
where the oxide layers are much thicker which allows better investi-
gation of the formed oxides.

3.2.3. Oxidation of NiAl-Cr coarse composite at 1300 °C

The EDX analysis for a NiAl-Cr sample oxidized for 50 h at 1300 °C
under Ar with 13 vol.% O3 is shown in Fig. 15. When the NiAl-Cr coarse
composite is exposed to high oxygen activities at 1300 °C, then an oxide
scale forms on top of the metals which consists of CroO3 and a-Al,O3. As
shown in the processed image from EDX and EBSD in Fig. 16, the results
indicate the formation of a mixed oxide in which the composition varies
from the metal surface to the gas surface. Even though, the outer layer of
the oxide is mainly CryOs-rich, as can be seen from the EDX maps of the
element distribution in Fig. 15, some Al also exists in the CryOs-rich
oxide. The same is true for the existence of Cr in the inner oxide layer
which is mainly Al;Os-rich. Please note, due to methodological reasons,
in the combined EDX and EBSD results, it is not possible to clearly
indicate the continuous change in Al and Cr content in Fig. 16. Rather, it
is shown with two different colors. However it does not imply to two
distinct oxide layers but a continuous solid solution in which the yellow
region is Cr-rich and the blue region is Al-rich. The reason for formation
of the gradient in composition of the oxide can be explained as follows.

The parabolic rate constant of Cr oxidation at 1300 °C is about five
orders of magnitude higher than that of NiAl oxidation [25]. Therefore,

Fig. 10. EDX map of the region around the joint between NiAl and Cr in NiAl-Cr oxidized at 800 °C in Ar/ 13 vol.% O, for 50 h.
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Fig. 12. Microstructure of the solidified NiAl in the vicinity of Cr rod after
annealing at 800 °C for 50 h.

the parabolic rate constant for the mixed oxide forming over the region
between NiAl and Cr is a continuous function of the composition. The
transport properties of the mixed oxide also change strongly with
composition. The interdiffusion coefficient of Cry03-Al;0O3 as a function
of composition is investigated in temperature range of 1400 °C-1520 °C,
in the work from Atarashiya et al. [26]. The investigation indicates that
at high Cr-contents the interdiffusion of aluminium and chromium are
by one order of magnitude higher than at high Al-contents. This
behaviour causes a relatively thick oxide layer to be formed over chro-
mium, which consists of almost pure Cr,O3 and is shown in yellow color
in Fig. 16. Over the NiAl matrix at a sufficient distance from the interface
between NiAl and Cr, only a thin oxide scale is formed consisting of
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Fig. 14. Phase image of NiAl-Cr oxidized at 1200 °C.

almost pure Al;03 which is shown in blue color.

In the vicinity of the interface of NiAl and Cr, due to the faster
diffusion in the high Cr-content region, Cr diffuses over the Al;03 and
causes formation of an oxide layer in which the composition changes
from almost pure Al;O3 (blue) in contact with the metal, to almost pure
Cr,03 (yellow) in contact with the gas. The Cr content in the oxide scale
also decreases in the direction from the interface towards the NiAl.

As shown in the Ellingham diagram in Fig. 17, the Gibbs energy of
formation of Aly;Os3 is much lower than that of CroO3 and NiO which
means it is more stable than Cry03 and it would be the first oxide to be
formed at the interface. Later, when there is deficiency of Al, Cr will start
oxidizing, as the CryO3 activity increases.

A schematic view of the oxide formation near the interface between
NiAl and Cr is presented in Fig. 18. The concentration of Cr increases
while getting closer to the Cr region and also it increases in direction of
the surface of the oxide. Red arrows show the directions of increasing Cr
content in the (Al,Cr);03 solid solution.

Fig. 13. EDX map of interface of NiAl and Cr in NiAl-Cr oxidized at 1200 °C.
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Fig. 16. Phase image of NiAl-Cr oxidized at 1300 °C.

This means that the composition of (Al,Cr),03 changes simulta-
neously in two different directions. This makes it challenging to calcu-
late the composition of the oxide at a specific distance from the metallic
surface. Without having the exact composition at the interface further
calculation of activities and the driving forces for formation of oxides are
not possible.

During the process of oxidation the sample is under a strong oxygen
potential gradient. On the surface, the sample is in contact with the gas
atmosphere with an oxygen activity of ap, =0.13, while inside the

AGP=RT In Py, (kJ)

-1000 ~ B

T T T T
600 800 1000 1200 1400 1600
T(°C)

Fig. 17. Ellingham diagram of Al,03 and Cr,O3 and NiO.

metallic composite, the oxygen activity is many orders of magnitude
lower. These changing local equilibria are discussed below by means of
several thermodynamic diagrams which have been calculated with the
thermodynamic database [17] which is mentioned in the introduction.

The potential-composition diagram for the Al-Cr-O system at 1300 °C
is plotted in Fig. 19-a. It can be seen that at any oxygen partial pressure
higher than log(py,)=—16Dbar the (Al,Cr)203 mixed oxide with the
corundum structure is stable for all compositions. In equilibrium with



G. Geramifard et al.

Fig. 18. Schematic view of NiAl-Cr with oxide scales. Arrows show direction of
increasing of Cr concentration.

Cr-Al alloys the oxide has high chromium concentrations only within a
small range where log(py,) is between —16 and —17. At even lower
oxygen partial pressures the oxide consists of almost pure Al,Os.

As shown in Fig. 19-b in the system Ni-Al-O at high oxygen partial
pressures Al>Os, NiO and the spinel phase (NiAlyO4) are the stable ox-
ides. However, in the oxidation experiments only AloO3 was formed, as
confirmed by EBSD and XRD. An explanation can be given by means of
Fig. 19-b which shows that pure Al;O3 is the only oxide being in equi-
librium with NiAl. Therefore, it forms first and since nickel is practically
insoluble in Al;O3 it cannot diffuse through the oxide layer in order to
form spinel or even NiO on the surface of the sample.

While Fig. 19-a provides insight into the oxidation behaviour of the
Cr-based alloy, and Fig. 19-b gives the respective information for the
matrix (NiAl) of our composite material, we now proceed to sections
through the quaternary system where the oxidation of the composite can
be discussed. In Fig. 20-a a section through the system Ni-Al-Cr-O is
shown at 1300 °C and log(poz): —24. Under these conditions several
phase equilibria are possible, depending on the mixing ratio of the
metallic components. The green tie-lines between the NiAl phase and the
Cr-rich alloy phase represent equilibria which can be found in the
interior of the composite sample at the junction of the corresponding
alloys at sufficient distance from the surface (and the oxide layer on it).
The tie-triangle between NiAl, (Cr), and Al,O3 represents the equilib-
rium at the junction between NiAl and (Cr) directly below the oxide
layer at the surface of the sample. The narrow two-phase regions Al,O3-
NiAl and Al;03-(Cr) represent the equilibria between the oxide layer and
the corresponding alloys at a certain distance from the NiAl-Cr junction.

In Fig. 20-b the section through the quaternary system is given for
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the same temperature but at a higher oxygen potential, log(po,)=—21. It
can be seen that now the matrix phase NiAl is no longer stable and
instead only a Ni-rich and a Cr-rich alloy phase exist. Compared to
Fig. 20-a these alloys have less solubility for aluminium. The oxide
forming on these alloys is in both cases almost pure Al;Os.

If the oxygen partial pressure is further increased towards log
(po,)=—16 the diagram remains similar to Fig. 20-b except that the
mixed oxide (Al,Cr)203 extends from the AlyOs-corner along the right
axis of the diagram almost down to the Cr-corner (Fig. 20-c).

Finally, a small effect should be addressed, which occurs during the
oxidation of the NiAl-Cr composite. A closer look at Figs. 15 and 16
reveals that oxide particles have formed within the Cr-rich alloy at a
short distance from the contact area between the two alloys. The
mechanism of internal oxidation can be assumed to be the cause of their
formation. In the previous discussion of Figs. 19 and 20 it was shown
that in the equilibrium between almost pure chromium and its oxide
there is a much higher oxygen activity than in the equilibrium between
NiAl and Al;Os. Therefore, the contact zone between NiAl and Cr is
located within an oxygen potential gradient, which causes a (small)
oxygen flow from the Cr side to NiAl. On the other hand, small amounts
of NiAl can dissolve in chromium, creating an aluminium stream that
diffuses in opposite direction of the oxygen stream. In the region where
the concentrations of Al and O exceed the solubility product of Al,O3 in
chromium, the oxide particles are precipitated.

3.2.4. Oxidation of DS NiAl-34Cr at 1200°C and 1300 °C

In Fig. 21-a and b, cross-section SEM images of DS NiAl-34Cr samples
are shown after 50 h of oxidation in Ar/ 13vol.% O, at 1200 °C and
1300 °C, respectively. In both cases an oxide layer of almost pure Al,O3
was formed on the samples, as found by EPMA. It can be seen that the
oxide layer is largely detached from the underlying alloys.

The formerly fibrous composite has transformed during the heat-
treatment into a nodular microstructure. This effect is shown by the
fact that a section in any direction through the sample reveals the same
microstructure within the region of the NiAl 4+ Cr composite as shown in
Fig. 21. Furthermore, between the NiAl + Cr composite and the oxide
scale a layer of Cr-rich alloy has formed. The EPMA analysis showed the
Cr content of 96.81 at.% and 94.58 at.% at 1200°C and 1300 °C,
respectively. Formation of this Cr-rich region has caused the spallation
due to different thermal expansion coefficients or deteriorating the
adhesion to the Al,O3 oxide scale. The composition of this Cr-rich region
is shown in Table 3. Similar observations of formation of the Cr-rich
region below the oxide scale were reported in the literature in which

O | — | 1 |
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5 spinel |3 NiO+spinel =
-104 L
— -154 Al,Oz+Ni -
©
2 -20 -
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-35 L
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19. Calculated stability diagram as a function of oxygen partial pressure at 1300 °C. a) in the Al-Cr-O system. b) in the Al-Ni-O system.
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Fig. 21. Cross section of DS NiAl-Cr oxidized under Ar/ 13 vol.% O, for 50 h. a) at 1200 °C. b) at 1300 °C.

it was assumed that formation of the Cr-rich region is due to rejection of
Cr from the growing oxide scale and the low solubility of Cr in the NiAl
matrix [24,27,28]. However, in view of Fig. 20-a the influence of the Ni
concentration on the solubility of Cr in NiAl seems to be too small than
to account for this effect. A better explanation can be given if the alloys
are approached by higher oxygen activities than those of the NiAl/Al,O3
equilibrium. Fig. 21-a and b show that the oxide layers are not dense and
that they are detached from the alloys which permits contact with the
gas leading to increased oxygen activities in a zone next to the alloy
surface. If the oxygen activities approach a level close to that of Fig. 20-b
then the NiAl phase can no longer exist in that zone and a rim of Cr-rich
alloy is formed instead. In the interior of the sample the oxygen activities
are still low enough to keep NiAl stable.

Since almost pure Al;0j3 is formed during the oxidation, the metallic
phases must become enriched with nickel. According to Fig. 20-a, some
Ni can dissolve in the NiAl matrix but a higher amount can be expected
in the Cr-rich alloy where the solubility is about 35 at.% Ni at 1300 °C.
The composition of the alloy phases shown in Fig. 21-b have been
investigated by electron-probe microanalysis and the results are shown

Table 3
Microprobe analysis of Cr-rich region, fibres and matrix in oxidized DS NiAl-
34Cr at 1300 °C after 50 h.

Element  Element distributionin ~ Element distribution =~ Element distribution
the Cr-rich region (at. in the fibres (at.%) in the matrix (at.%)
%)

Al 2.48 3.32 41.87

Cr 94.58 92.16 6.99

Ni 2.94 4.53 51.14

10

in Table 3. Surprisingly, the expected increased Ni concentrations in the
Cr-rich alloys were not found. However, due to the fact that the fibres
are in the order of nm scale, the EPMA results for the matrix and the
fibres are not accurate. The relatively high Cr content (6.99 at.%) in the
matrix indicates the overlapping of results from matrix and the fibres.

3.3. Oxidation of NiAl-Mo

Oxidation of directionally solidified NiAl-Mo was already investi-
gated by Brady et al. [15] where the effect of the Mo dispersion size was
investigated in both dry and wet conditions at 900 °C. The samples
showed good oxidation resistance via Al,O3 formation in dry air.

To identify the oxides formed at the interface between NiAl and Mo, a
NiAl-Mo coarse composite was oxidized at 800 °C for 50 h under Ar at-
mosphere with 13 vol.% Os. As can be seen in Fig. 22, there is a huge mass
loss during the oxidation of NiAl-Mo. The reason is the formation of vol-
atile Mo oxide species. The Mo wire is oxidized and forms a yellow powder
(Fig. 23). It was analysed by XRD and showed formation of Al;Mo30;5and
NiMoOy4 (Fig. 24). These phases form by reaction of MoO3 with Al,O3 and
NiO, respectively. Formation of this powder left a hole in the sample
which makes it challenging to further investigate the interface.

Fig. 25 shows the partial pressures of gaseous MoOy species over
solid (and liquid) molybdenum oxides as a function of the oxygen partial
pressure at 800°C. It can be seen that under the conditions of the
oxidation experiment the total partial pressure of Mo-species is at about
0.1 bar which leads to a rapid volatilization of the oxides. For further
investigation of the interface, one could decrease the oxygen partial
pressure down to 102 bar so that partial pressure of MoO» gets higher
than MoOj3 and presumably prevents the formation of the powder at the
interface.



G. Geramifard et al.

mass loss/ surface (mg/cm?)

T T T
1500 2000 2500

time (min)

T T
0 500 1000 3000

Fig. 22. Mass loss during oxidation of NiAl-Mo at 800 °C, Ar/ 13 vol.% Oa.

Fig. 23. NiAl-Mo oxidized at 800 °C for 50 h.
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Fig. 24. XRD pattern of the residuals of oxides at the vicinity of Mo in NiAl-Mo
alloy after oxidation at 800 °C for 50 h in Ar/ 13 vol.% O,.
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Fig. 25. Partial pressure of MoOy vs. oxygen partial pressure at 800 °C.
4. Conclusion

Coarse composites of NiAl-Cr and NiAl-Mo were produced and
oxidized at defined oxygen activities and isothermal condition. During
oxidation of NiAl-Cr a continuous solid solution of (ALCr),03 was
formed at the interface of NiAl and Cr in which the composition changed
from almost pure Al,O3 near the NiAl matrix to almost pure CryO3 in
contact with the gas while pure Cry03 and Al;O3 were formed on Cr
region and NiAl region, respectively. This oxide layer was to some extent
protective.

At 1200 °C NiAl has the best oxidation resistance compared to NiAl-
Cr coarse composite and DS NiAl-34Cr. At this temperature mass gain
fluctuation due to spallation of oxide scale is seen during oxidation of DS
NiAl-34Cr which led to a higher oxidation rate compared to the NiAl-Cr
coarse composite. This spallation is mainly caused by Cr-rich region
formed between the oxide scale and the substrate surface. The NiAl-Cr
coarse composite does not show huge spallation of oxide scales at
1200 °C.

At 1300 °C the NiAl-Cr coarse composite has a higher oxidation rate
compared to DS NiAl-34Cr and pure NiAl, which could be caused by
faster oxidation of Cr pieces and spallation at the interface of NiAl and
Cr.

Oxidation of NiAl-Mo on the other hand, was completely corrosive
and volatile oxides were formed which evaporated from the surface and
left a hole in the sample. The residual of the powder showed formation
of A12M03012 and NiMOO4.

Calculation of potential phase diagram presenting the partial pres-
sure of MoOy species with respect to oxygen partial pressure showed that
at high oxygen activities the oxides which will form have high volatili-
zation which is the main reason for the destructive oxidation.
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