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Oxidation behavior of the compositionally complex alloys (high-entropy alloys) AlgCoq,Cri;Cus.
Fe;7Nis3 (fec-alloy), Al,3C015Cra3CugFeq5Niys (bec-alloy), and Aly7Co17Cr1,Cuq7Fe;7Niq 7 (reference-
alloy) at elevated temperatures in air is investigated. The microstructures of the oxide scales and the
substrates are analyzed using scanning electron microscopy and X-ray diffraction. All oxidized alloys
follow a parabolic kinetic law with low mass change per surface area at 800°C. The
AlgCr17,Co17CugFe;7Niss alloy follows sub-parabolic kinetic law at 1000 °C and exhibits good
oxidation resistance at both tested temperatures (800 and 1000 °C). Two alloys, Aly3C015Cr3Cug.
Fe;5Niq5 and Aly;Co17Crq7,Cuq;Fe;7Nip7 suffer from strong spallation at 1000 °C.

1. Introduction

Compositionally complex alloys have been named in the
literature as high-entropy alloys.! We prefer the name
compositionally complex alloys, since in most cases the so-
called high-entropy alloys form one or more of ordered phases
which leads to relatively low entropy. They can be defined as
alloys containing five or more metallic elements with the
concentration of each element varying in between 5 and
35at.%.!"! The microstructures and mechanical behavior of
these alloys are widely investigated.*®! The literature on
compositionally complex alloys (high-entropy alloys) often
reports promising properties such as high corrosion resis-
tance,”®! high strength, and high hardness!® at elevated
temperatures which would enable their use in various
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applications for example as furnace parts, molds, and
tools.!”!%! Good oxidation resistance is another key property
in high-temperature applications. However, the oxidation
behavior of compositionally complex alloys (high-entropy
alloys) has rarely been investigated.[""'?! Kai et al.'""l investi-
gated the oxidation behavior in air of the equimolar alloys
C0,0Crp0CupoFeygNiyg, Coys5CrasFessNiys, and CoszFeszsNis; at
temperatures between 800-1 000 °C. It was reported that the
oxidation resistance of CozzFes;3Nis; alloy can be enhanced
by adding Cr and Cu in both oxidized quaternary and quinary
alloys.™ The oxidation behavior of several refractory
compositionally complex alloys (high-entropy alloys) in air
at 1 300°C has been investigated by Liu et all'®l All the
investigated alloys in the later work at the mentioned
oxidation temperature followed linear kinetics.!'?!

However, the oxidation behavior of the well-known
Al7Co;,Cr7Cuy7Fe17Niy; alloy has not been studied so far,
although the microstructure of the as-cast alloy is widely
investigated.”*®! This equiatomic alloy consists of at least five
phases.”® In order to reduce the number of phases, the
equiatomic composition of the alloy was modified in which
two further alloys have been developed with two main phases
as has been described recently."*'*! One alloy forms an fcc
structure (AlgCo17Cr,CugFe;;Nis3) and the other one a bcc
structure (Aly3Co;5Cr3CugFesNiys). The microstructure and
the mechanical properties of these alloys have also been
intensively analyzed.[léH 6l

The focus of this work is, therefore, investigation of the high-
temperature oxidation behavior of the compositionally com-
plex alloys AlgCoy7Cri7CugFe7Nizz;  (named fcc-alloy),
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Aly3Co;5Crp3CugFe 5Niy 5 (named bee-alloy), and Aly7Coq7Cry7.
Cuy7Fe 7Nij7 (named reference-alloy). In which, the main aim of
this work is to study the role of Al and Cr beside other elements
in the oxidation behavior and the oxide scale formation.

2. Experimental Section

The investigated alloys are AlgCoy7Cri7CugFe;7Nizs,
Alp3C015Cr3CugFe;sNijs, and  Aly7Coy7Cr,CuysFersNip; (in
at.%). The alloys were prepared from 99.99% pure elements
by vacuum induction melting and pouring into a cold Cu-mold
(geometry: 100 x 30 x 14mm?). The dimensions of the speci-
mens for oxidation experiments are 28.5 x 12.0 x 1.0 mm?® and
all the specimens have been oxidized in the as-cast state. The
specimens for the oxidation tests of the AlgCo,7Cry7CugFe;7Nis3
alloy were cut by a precision wafering saw (Buehler, Isomet
4000). Specimens of the more brittle Al,3Co;5Cr3CugFe 5Nis
and the Al;7,Co,7Cry7Cuy7Fe17Niy7 alloys were prepared by wire
electrical discharge machining (WEDM). The specimens were
grinded using abrasive SiC papers (down to 1200 grit) before
oxidation. For oxidation tests, the specimens were put in a pre-
heated furnace in air for different durations. After a defined
time, the oxidized specimens were taken from the furnace and
weighted after cooling down to room temperature, using a
microbalance with an accuracy of+0.01mg (Sartorius,
BP112D). Oxidized specimens were embedded in non-conduc-
tive EpoFix (Struers A/S) cold mounting consumable.

After that, cross-sections of the samples were mechanically
grinded and polished, lightly etched, and coated with gold for
the analysis of the microstructures with a scanning electron
microscope, SEM (Zeiss 1540 EsB crossbeam) equipped with
an energy dispersive X-ray spectrometer (EDX). The EDX
results are not shown here. Thin foil specimens for transmis-
sion electron microscopy (Philips, CM30) studies were
thinned mechanically down to a thickness of around 10 nm
and then Ar-ion milled with a voltage of 5kV and a current of
2.5mA until electron transparent. Crystal structures of oxide
phases in the scales were identified by X-ray diffraction, XRD
(Seifert 3000P, monochromatic Cu-Ka,). The thermal coeffi-
cient of expansion for the investigated alloys has been
measured using a high-temperature dilatometer (Netzsch,
402E/7) in Ar-environment with a heating rate of 10 °C min~'.
Cylindrical specimens of 9.0 mm in length for the fcc- and the
bec-alloys and 5.4 mm length for the reference-alloy.

3. Results

3.1. Microstructure of the Investigated Alloys

3.1.1. Fec-Alloy (AlgCoq,Crq7CugFe;;Nis3)

The microstructure of the fcc-alloy consists of an fec solid
solution matrix and precipitates with L1, structure. The
precipitates are rich in Ni and Al and their mean diameter is
below 20nm with less than 20% volume fraction.™*** A
previous study™ also reported Ni-Al-Cu precipitates at grain
boundaries with a volume fraction of less than 1% (Figure 1).

00 0|

Fig. 1. SEM micrograph of the fcc-alloy shows Ni—Al-Cu-rich precipitates at a grain
boundary.

3.1.2. Bcc—Alloy (A123C015C723CM8F815Ni15)

The microstructure of the bcc-alloy (see Figure 2a-b)
reveals a B2-ordered bcc matrix rich in Al and Ni with about
46% volume fraction. It is interesting to note that the majority
phase is an intermetallic phase. Cuboidal and rectangular-
shaped particles of a Cr- and Fe-rich bcc phase with about 43%
volume fraction are embedded into the matrix and at the grain
boundaries."*! Tiny Cu-rich particles with fcc crystal structure
constituting a third phase are found at the grain boundaries
and inside the grains.!"*!

3.1.3. Reference-Alloy (Aly7Co1,Crq;Cuq7Fe;7Niz;)

The reference-alloy solidifies into two zones named 1 and
2, which can be seen in Figure 2c-d. Zone 1 consists of an Al-
Ni-rich B2-ordered bcc phase as matrix, in which platelets of
a bce phase enriched in Cr and Fe can be found."®! In
addition small Cu-rich precipitates with fcc structure can be
seen. Zone 2 forms islands inside zone 1 and consists of a
Cu-rich fcc phasel™ and Cr-Fe-rich precipitates with bcc
structure. This bcc phase was not observed by our previous
work.["® Table 1 summarizes the microstructures of the three
alloys.

3.2. Kinetics of Oxidation

The kinetics of the oxidation has been measured by the
mass change per unit surface area after defined time intervals.
The general oxidation law relationship (1) was used according
to refs.['7-191,

() o

where Am is the mass change, A is the surface area, k a
kinetic constant, ¢ is the exposure time, and 7 an exponential
index.
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or weighting error of the several oxidized
specimens. However, the measured value of n
(see equation 1) for all three investigated is 2.
The general trend can be attributed to a
parabolic growth law. The value of the
parabolic constants for both the fcc- and the
bec-alloys at 800°C is 3-10 2g’m *h ™' and
for the reference-alloy 4-102g’m *h™".
These values indicate that the oxidation rate
of the investigated alloys is relatively low and
close to each other.

3.2.2. Kinetics of Oxidation at 1000 °C

Figure 3b shows the mass change per
surface area versus time at 1000°C. The
oxidation at this temperature shows an
increase of the mass change for the fcc-alloy
unlike the bcc- and reference-alloys. How-
ever, also at this temperature as at 800 °C, a
mass loss trend has been observed and it is
small in case of the oxidized fcc-alloy and
huge in both of the oxidized bcc- and

Fig. 2. SEM micrographs of the microstructure of (a-b) the bec-alloy with grain boundaries and (c—d) the reference-alloys (see Figure 3b). Therefore
. 7

reference-alloy, (a and c) at low magnification and (b and d) at high magnification.''!

3.2.1. Kinetics of Oxidation at 800 °C

The mass change per surface area versus time at 800 °C is
plotted in Figure 3a. A small mass loss trend has been noticed
for all the oxidized alloys at 800 °C (see Figure 3). This could
be attributed to many possible effects like possible spallation

Table 1. Comparison of the phases obtained in the fcc-, bee-, and reference-alloys.

Volume
XRD, SEM/EDX, fraction
Alloy TEM/EDX [%] Size [nm]
Fcc-alloy!'49! Matrix: fcc solid rest =
solution
Al-Ni-rich v <20 <20
precipitates
Ni-Al-Cu-rich <0.7+0.6 100 — 450
precipitates at grain
boundaries
Bcc-alloym] Matrix: Al-Ni-rich, B2 46 -
Cr—Fe-rich bcc 43 100 — 1000
precipitates
Cu-rich fee 6 50 — 400
precipitates
Reference-alloy!"! Zone 1:

Matrix: Al-Ni-rich, B2
Plate-like Cr-Fe
precipitates, bec
Cu-rich fcc
precipitates

Zone 2:

Cr—Fe-rich
precipitates, bee (this
work)

Cu-rich fcc matrix

the precise determination of kinetics is

not possible in case of the bcc- and the
reference-alloys. The fcc-alloy has the measured value of
n equal to 5, which indicates that the alloy follows a sub-
parabolic law.

Asreported above, the mass change curves for both the bec-
and the reference-alloys show a strong decrease in the mass
change (see Figure 3b) due to spallation of oxide layers. This
happened every time when the oxidized specimens are taken
out from the furnace and cooled down to room temperature,
indicating a poor adhesive behavior and/or strong difference
in the thermal expansion coefficients.

Figure 4 illustrates the spallation effect of oxide scales by
showing a rest of the oxide layers on the surfaces of the bec-
and reference-alloys after cooling down the specimens from
1000°C/200h to room temperature. In the case of the
oxidized reference-alloy specimen, only a thin oxide layer
is still visible on its surface, as can be noticed from the bright
color of the oxide layer (see Figure 4). The same effect of
spallation can be seen in the oxidized bcc-alloy specimen.
Here the substrate layer can be seen in some places where no
oxide layers are left (Figure 4). However, thick and continuous
oxide layers form on the surface of the fcc-alloy and it does not
show huge spallation like the oxidized bcc- and fcc-alloys
(Figure 4).

3.3. Characterization of Oxide Layers at 800 °C

3.3.1. Scale Morphology of the Oxidized Fcc-Alloy

After oxidation at 800°C in air, the fcc-alloy shows the
formation of a rough oxide layer, see Figure 5a. The scale
consists of three layers. The investigation of the elemental
distribution (not shown here) indicates that the outer layer
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Fig. 3. The mass change per surface area versus time curves (a) at 800 °C and (b) at 1000 °C for the fcc-, bee-, and reference-alloys.

consists mainly of Ni and Fe oxides. Chromium oxide forms
an intermediate layer and aluminum oxide the innermost
oxide layer. The thickness of the scale is 6.5 & 2.4 wm. It should
be noted that below the oxides at the interface to the substrate,
a layer of about 5.0 + 1.4 wm depleted in aluminum is formed.
Kirkendall voids marked by an arrow are also visible in the
Al-depleted region.

The crystal structures of the oxides are analyzed by XRD.
Figure 6a shows XRD patterns related to NiO, Cr,03, Al,Os,
and Fe oxides. The formation of Fe,O3 and Fe;O, oxides is
possible. However, it is difficult to decide which one is present
in the oxide scale because the diffraction peaks of both oxide
types appear at almost the same positions in the spectra, as
already noted by Kai et al.!'!]

3.3.2. Scale Morphology of the Oxidized Bcc-Alloy

Figure 5b shows that the bcc-alloy forms a single oxide
layer with a thickness of 2.1 £ 0.2 wm after 800 °C/200h in air.
The XRD measurements (Figure 6b) confirm that the scale
consists mainly of aluminum oxide. In the substrate, close to
the oxide layer, again a 4.0 + 1.8 pum thick Al-depleted zone is

fcc-alloy very good

bcc-alloy bad

! very strong
spallation

reference-alloy bad

Fig. 4. Optical micrograph of the specimens oxidized at 1000 °C/200 h. The oxide layers
in the case of the bcc- and reference-alloys spall off and the surfaces are covered
discontinuously with a thin layer. Thick oxide layers form and cover the entire specimen
of the fec-alloy.

observed. The zone has an irregular shape and is rich in Cr
and Fe. Cu-rich precipitates are found at the transition area
from the depletion zone to the alloy interior (see Supporting
Information).

Additional peaks referred to o-phase are identified in the
XRD pattern of the oxidized bec-alloy specimen (see Figure 6b).
A TEM-bright field micrograph (see Supporting Information)
of the depletion zone reveals a fine particle containing Cr, Fe,
and Co (composition shown in the Supporting Information).
The diffraction pattern corresponds to a [1-40] zone axis

A ostiiie Oxide layer 1: NiO,
N ‘_ A / Fe-Oxide

& ——— Oxide layer 2: Cr,0,
zj{r\ Oxide layer 3: a-Al,0,
= Al-depleted zone

fcc-alloy
800°C/200h

bcc-alloy
800°C/200h

reference-alloy
800°C/200h

Fig. 5. SEM-micrographs of the cross-sectioned specimens of the (a) fcc-alloy, (b) bee-
alloy, and (c) reference-alloy oxidized at 800 °C/200 h (bcc phase is rich in Cr and Fe
and B2 phase in Al and Ni).
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Fig. 6. XRD patterns of (a) the fcc-alloy oxidized, (b) bec-alloy, and (c) reference-alloy at
800 °C/200h and 1000 °C/200 h.

pattern of a tetragonal o-phase with lattice parameters
a=2898.1pm and c¢=469.0pm. The TEM-SAD results are in
good agreement with the XRD-measured lattice parameters of
a=2880.0pm and c=454.4pm for this tetragonal phase (see
Figure 6b and the Supporting Information).

The simulated phase diagram of the bcc-alloy using the
Thermo-Calc software and the TTNi7 database confirms the
presence of a o-phase at intermediate temperatures between
525 and 750 °C.1"*1°] The calculated composition (in at.%) of
this phase is CrssFe;,Co13Ni; at 800 °C (see the Supporting
Information).

3.3.3. Scale Morphology of the Oxidized Reference-Alloy

The reference-alloy also forms an a-Al,Oj3 scale close to an
Al-depleted zone (see Figure 5c) during exposure to air at
800°C. The XRD pattern of the oxidized reference-alloy is
shown in Figure 6c.

dadvd 11nd

3.4. Characterization of the Oxide Layers at 1000 °C

3.4.1. Scale Morphology of the Oxidized Fcc-Alloy

The scale morphology and the XRD pattern of the oxidized
fec-alloy at 1000°C/200h are shown in Figure 7a and 6a,
respectively. The scale continues to have multi-oxide layers in
a similar way as at 800 °C. Al-oxide forms in the inner oxide
layer, Cr-oxide in the outer layer. The thickness of the scale is
6.3+3.0pm. The XRD pattern confirms that formed oxides
are Al,O; and Cr,0; (see Figure 6a).

3.4.2. Scale Morphology of the Oxidized Bcc- and Reference-
Alloys

Both the bcc- and the reference-alloys suffer huge
spallation after oxidation at 1000°C during the cooling
process. The previously shown micrograph of the oxidized
specimens at 1000°C/200h (see Figure 4) indicates that the
formed oxides on both surfaces of the bec- and the reference-
alloys are discontinuous and do not cover the whole
specimens, since they spall off during cooling.

fcc-alloy
1000°C/200h

Y w°eak binding: Al-depleted zone
~ Substrate with ALO,. ¢
03{? QB O t'c’ 5
&“‘b s b‘??(e.Q.‘h\)s‘ bcc-alloy
- e ~ 0 1000°C/200h

<bcc—)f‘a o P DO )
eI A
5\32 +fcc.Cu rich

b

seperation: Al-depleted zone

substrate and Al,O,

fce Curich

reference-alloy
1000°C/200h

Substrate

H0

B2 + fcc Cu rich

Fig. 7. SEM-micrograph of the cross-sectioned specimen of the (a) fec-alloy, (b) bee-
alloy, and (c) reference-alloy oxidized at 1000 °C/200 h (bcc phase is rich in Cr and Fe
and B2 phase in Al and Ni).
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Table 2. Comparison of the oxide layers in the scale of the three oxidized alloys at
800 °C and 1000 °C after 200 h.

800°C/200h 1000°C/200h
Thickness Thickness
Alloy Oxides [pm] Oxides [pm]
Bce Fe oxide, NiO/ 6.5+2.4 Cr,03, 6.3+3.0
Cr,05/ AlLO3 AlLOs
Fec ALO; 21402 ALO; -
Reference Al,O3 34+0.9 AlL,O3 -

The scale morphologies of the bcc- and reference-alloys
are shown in Figures 7b and c, respectively. Figure 6b and
¢ represent the XRD patterns for the oxidized surface of
the bec- and reference-alloys, respectively. In both cases, an
Al-depleted zone forms below an alumina layer. Further-
more, the SEM micrographs show cracks in between the
alumina layer and the substrate, as can be seen in
Figure 7b and c. For further information about the
microstructural evolution of the substrate after oxidation,
we recommend ref.['?!

Table 2 summarizes the compositions and the thicknesses
of the formed scales in the alloys oxidized at 800°C/200h
and 1000°C/200h.

4. Discussion

Our results show that the oxidation behavior depends on
temperature and composition of the investigated alloys. The
temperature influences the diffusion of the species, which
controls the oxidation rate.'”*°! It also influences the
oxidation kinetics. The oxidation kinetics convert from
parabolic law (Am/A=t"/?) at 800°C to sub-parabolic (An/
A=1t"%)at 1000°C in the case of the fcc-alloy, which provides
more protection against oxidation. In comparison to parabolic
kinetic law (Am/A = t'/?), the mass gain at the beginning of
oxidation according to the sub-parabolic law increases faster
and after that it slows down (Am/A=t"%) which is in
accordance with ref.”!! However, for bce- and reference-
alloys, it was not possible to determine the oxidation kinetics
because of spallation that occurs during the cooling process.

The protective layers a-alumina (and chromia) formed in
the scale of the three oxidized alloys at 800 °C promote the
oxidation resistance. As reported previously, the alumina and
chromia are considered to be good protective oxide layers
against oxidation.""®'*! The most important properties for a
scale to be a protective layer against oxidation are as follows:
high-thermal stability, good adherence, and continuous and
slow growth. Both alumina and chromia have high melting
points and high negative formation energy. In addition to that
alumina grows very slowly due to its complex corundum
structure.!'8%2!

Two main factors control the formation of continuous
alumina: the oxidation temperature and sufficient mole

fraction of Al in the alloy. The formation of alumina is
enhanced by an increase in oxidation temperature. The
observed alumina is three times thicker at 1000°C than at
800°C after the same oxidation time (see Figure 5a and 7a).
The high mole fraction of Alin both the bec- and the reference-
alloys enables the formation of only alumina and inhibits the
formation of any other oxides. This effect is well known for
alumina-forming alloys which contain high mole fractions of
ALD922231 Thig single alumina layer does not provide
protection against oxidation, possibly due to the great
susceptibility of alumina to spallation. The great susceptibility
to spallation could be explained by the large difference
between the thermal coefficients of expansion of the alumina
and the substrate.'>?%?4] This large difference of the thermal
coefficients of expansion leads to high stress levels within
substrate and oxide scale. This stress facilitates the scale to
spall during the cooling from the oxidation temperature.

Stresses can be approximated by Equation 2:1241
7((){0,( — O{M)AT
0 = Sio(i—om) | (1—voy) (2)
tmEm Eox

where, ois the compressive stress of the oxide, AT the difference
between the oxidation temperature and cooling temperature,
apand aoy are the thermal coefficients of expansion of the metal
and its oxide, respectively, Exprand Eoy are the elastic moduli of
the metal and the oxide, respectively, and vy and v, are
Poisson ratios of the metal and oxides, respectively. Table 3
shows the values of the thermal coefficients of expansion of the
mentioned oxides and the investigated alloys in this work.
Thereis alarge difference between the thermal coefficient of the
expansion of alumina and the oxidized alloys.

In order to promote the adherence of alumina, other
elements can be added. This is known as the third element
effect.”! It is well known that chromium acts as a getter for Al
by providing sites for reaction with oxygen ions according to
the following reaction (3):1"!

Cr,03 + 2A1 — Al,O5 + 2Cr (3)
As reported in refs.['*??? adding Cr to the composition
reduces the required mole fraction of Al to form a stable

[19]

Table 3. Thermal coefficients of expansion of some oxides' "' and investigated alloys.

Metal-oxide Thermal coefficient of expansion Temperature
system (o) 107 °[K™"] range [K]

Fe;03 14.9 290 —1 200
NiO 17.1 290 -1 273
Cr,03 7.3 100 — 1 273
ALO; 51-9.8 298 — 1 438
Fcc-alloy 20.4 573 — 1 600
Bec-alloy 23.0 573 — 1480
Reference-alloy 25.7 573 — 1381

6 http://www.aem-journal.com
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Table 4. Comparison between the oxidation behavior of the three oxidized alloys
with two commercial alloys (Inconel 617 and Alloy 800).

Composition
Oxidation test [air, 100 h] [wt.%]
Weight change

Alloy [g m?] Temperature [°C] Al Cr

Fcc-alloy 2 800 4 16
5 1000

Bec-alloy 2 800 12 24
Spallation 1000

Reference-alloy 5 800 8 16
Spallation 1000

Inconel 617! 5 900 11 22
~-34 1100

Alloy 800! 8 927 0.4 21
21 1038

external alumina layer. Indeed the stable oxide scale has been
observed in the alloy with the smallest mole fraction of Al. The
fcc-alloy stands out not only by a low Al content but also by a
Cr/Al ratio of 2 which is twice as high as in the bcc- and the
reference-alloys. This ratio may be a contributing factor for the
stabilization of passive oxide layers. In the case of this ratio,
the oxide layers remain on the substrate, whereas in the case of
a 1:1 ratio as in bec- and reference-alloys the scale spalls off. It
can be concluded that the mole fraction of Cr und Al and other
elements in the chemical compositions of an alloy should be
optimized to provide better protection against oxidation.
Another possibility to improve the scale plasticity of alumina
in case of bce- and reference-alloys could be the addition of
other reactive elements like Y.[*?!

Table 4 represents a comparison between the oxidation
behavior in air of the three oxidized alloys with two other
commercial alloys: Inconel 617 and Alloy 800. Both of the
mentioned commercial alloys exhibit a good oxidation
resistance and, therefore, they are used often as high-
temperature gas-cooled reactors and heat-resistant plates at
elevated temperatures, respectively.”>?°! The fcc-alloy exhib-
its better oxidation resistance than the two last mentioned
alloys. This could be attributed to that fact that the fcc-alloy
forms both of protected Cr and Al-oxides, where both of Alloy
800 and Inconel 617 form principally Cr-oxide.”>?®! In
addition to Cr-oxide, Inconel 617 forms a thin layer from
Al-oxide (see in Table 4 the weight percents of Al and Cr in the
compositions of the three oxidized alloys comparing to
Inconel 617 and Alloy 800).

5. Summary

High-temperature oxidation of AlgCo;7Cr;;CugFe;;Niz;
(fcc-alloy),  Alpy3Co45Cr3CugFesNiss  (bec-alloy), and
Al;7C017Cry7Cuy7Fe 7Niy; (reference-alloy) alloys at 800°C/
200h and 1000 °C/200h in air has been investigated. At 800 °
C, all three alloys show low mass change up to 200 h following
parabolic kinetics. The scale of the fcc-alloy consists of three

layers, alumina as the inner scale, chromia layer above it, and
both iron oxide and nickel oxide at the outer layer. The scales
of the bcc- and the reference-alloys consist of alumina oxide
only.

At 1000 °C, the fcc-alloy shows a higher mass change and
the kinetics follows sub-parabolic law. The scale forms double
oxide layers of alumina and chromia. The bcc- and reference-
alloys suffer strong spallation and only alumina has been
detected on the surfaces of both oxidized alloys. The ratio
Cr/Al, twice as high in the fcc-alloy as in the bcc- and the
reference-alloys, might have an influence on this oxidation
behavior.
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