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Oxidation and Hot Gas Corrosion of Al-Cr—Fe—Ni-Based
High-Entropy Alloys with Addition of Co and Mo

Katharina Nicole Gabrysiak,* Uwe Gaitzsch, Thomas Weif3giirber, and Bernd Kieback

Multicomponent, high-entropy alloys (HEAs) are promising candidates for
replacing conventional alloys in high-temperature applications. Herein, the
high-temperature corrosion of AlCrFeNiXy s (X = Co, Mo) is investigated. The
samples are tested for their oxidation resistance at temperatures up to 1200 °C
for 120 h and their behavior in NaCl/Na,SO, at 900 °C for 96 h. They are
benchmarked against commercial alloys such as FeCrAl. Despite the same
contents of Al and Cr, the HEAs form different oxide layers showing very
different oxidation resistance. The type of oxide is related to the multiphase
microstructure. The samples exhibit different amounts of ordered and unor-
dered body-centered cubic (bcc) phase. The Co-containing specimen shows an
oxidation resistance that performs similarly well as FeCrAl. Its behavior is
ascribed to the formation of an Al,O; layer, which is very stable at high
temperatures. The sample with X = Mo exhibits an additional Mo-rich sigma
phase, thus posing the risk of catastrophic oxidation. However, the Mo-con-
taining HEA is more resistant in the environment of molten salt. Preoxidation
treatment at a lower oxygen partial pressure proves to prolong life span of the
Mo-containing HEA in hot air. Furthermore, a positive impact on oxidation

relevance for high-temperature applica-
tions are assumed, such as sluggish
diffusion,'™  high-temperature  phase
stability,*®”! and creep strength.’~"’!
Currently, some of them are controversially
discussed (e.g., sluggish diffusion!™*).
The concept of multicomponent alloys
offers many opportunities in alloy design
such as high amounts of Al and Cr for
corrosive environments.

In this article, Al-Cr—Fe—Ni-based HEAs
alloyed with Mo or Co are investigated.
Cr and Al are known to form oxides with
excellent chemical stability. Co is a base
element for several high-temperature
alloys, whereas Mo is used to alloy steels
and superalloys to increase creep strength.
Mo-containing alloys require particular
protection, since its oxides are volatile.l'”)
In addition, Y is added, which is known

resistance by addition of Y is affirmed.

1. Introduction

High-entropy alloys (HEAs) are composed of multiple compo-
nents in equiatomic or nearly equiatomic concentrations. In
addition to solid solution hardening, further properties with
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to stabilize alumina layers."8*"

AlCoCrFeNi has been extensively
researched concerning: thermal proper-
ties,”” mechanical properties depending
on the Al content,*"¥ also at elevated
temperatures, and  precipitation  hardening.**~*%
However, the HEA AlCrFeMoNi is almost not investigated.
Mo was reviewed as an element in refractory HEAs?®*=Y or as
an additional component in AlCoCrFeNi.>#3273¢  Also,
the comprehensions of oxidation behavior and mechanism
models for multicomponent alloys in general are lacking.
In contrast, the advantage of high Al contents in different
HEAs was verified experimentally.*’~*"! The oxidation rate con-
stant of alumina forming HEAs is within the range of conven-
tional alumina formers,*”*! although the results may be
affected by spallation.

Most of these studies were executed below 1000 °C or were
performed with thermogravimetric approaches for short periods
of time. Many materials start to weaken only above this tempera-
ture. For demanding applications in varying environments, such
as biomass power plants, high-temperature alloys are urgently
needed. Therefore, this article presents the exposure in air at
1200°C for 120h. The results are compared to commercial
high-temperature alloys such as FeCrAl and Inconel alloys.
The microstructure of three as-cast and oxidized HEAs
(AlCog sCrFeNi, AlCrFeMogsNi, and AlCrFeMogsNi+Y) was
studied with focus on the relation between initial state and oxi-
dation mechanism. Also, the resistance against sulfate-induced
hot gas corrosion as well as preoxidation at lowered oxygen
partial pressure is assessed for the first time.

[10,20,24]
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Figure 1. a,b) XRD pattern of Co0.5 before and after oxidation.

2. Results

2.1. Microstructure of the As-Cast Samples

After casting, all alloys exhibit a multiphase microstructure.
AlCo, sCrFeNi (Co0.5) shows a body-centered cubic (bcc) solid solu-
tion phase, called A2 (Im3m, Nr. 229), and an ordered bce phase, B2
(Pm3m, Nr. 221). The crystal structure, examined by X-ray diffrac-
tion (XRD), is shown in Figure 1a. Al and Ni are enriched in the B2
phase, whereas increased amounts of Cr and Fe can be determined
in the A2 phase (see Figure 2). Co is less selective but shows an
enrichment in the B2 phase. The A2 phase constitutes a continuous
network as well as small precipitates in the B2 grains formed by
spinodal decomposition. The spinodal decomposition is well-
known in Al-Co-Cr-Fe-Ni HEAs.?*214%

Co0.5 shows a microstructure that is very similar to that of
equimolar AlICoCrFeNi.***"*3*4 This also corresponds to ther-
modynamic estimations. Regarding binary mixing enthalpies

www.aem-jou rnal.com

as an indication for binding affinity, Al and Ni exhibit the mini-
mum value of AHp=— 22k mol™! among the elements.**)
Furthermore, there is a high affinity between Al and Co
(AHypix =19 kJ mol ™ '*%)), so that Co can occupy the lattice sites
of Ni in B2.1*%! The mixing enthalpies between Co, Cr, and Fe are
close to zero,** so that the mixing entropy becomes dominant
and they can form a solid solution. The volume ratio of A2 and
B2, identified by gray scale analysis, is ~ 2:3.

AlMog sCrFeNi (Mo0.5) has a similar microstructure in which
Mo is enriched in the A2 phase (see Figure 3). For this reason,
the percentage of A2 increases by 15% (A2:B2 in the ratio of
11:8). In addition, a Mo-rich network was found at the former
solidification front. The network further consists of Cr and Fe
(see Figure 3). In accordance with literature,?”*>*? the Mo-rich
network can be attributed to the sigma phase due to its compo-
sition. Grain size refinement and phase distribution alteration,
such as avoiding a Mo-rich network, can be realized by using
powder metallurgy fabrication. M00.5 and AlMog sCrFeNi-Y
(M00.5-Y) display the same microstructure, i.e., no influence
of yttrium on the microstructure can be determined.

2.2. Isothermal Oxidation

After isothermal oxidation in air, Co0.5 forms a stable alumina
layer (a-Al,O;) with partial solution of Cr. The growth rate of the
layer decreases after ~70 h due to diffusion-controlled oxidation.
It reaches a thickness of 4.2 pm after 120 h at 1200 °C as mea-
sured by scanning electron microscopy (SEM) (Figure 4). Even
though Co0.5 forms a protective oxide, attention should be paid
to layer adhesion. As shown in Figure 5, cracks between the bulk
material and the oxidized surface as well as within the surface
layer can be found.

The cracks result from internal stress induced by two main
mechanisms. First, the different lattice parameters of the substrate
and Al,Os. The larger molar volume of Al,O; can lead to compres-
sion stress during the oxide growth within the layer. This can cause
bulging and spallation. The second mechanism is thermal stress

™ &opm ' CrKal
Al Co Cr Fe Ni
A2 network (grey) 48 7.2 508 351 2.1
A2 with Cr enrichment o 23 837 118 16
(light grey)
B e RV St 122 313
(dark grey) —%wm ' CoKat

Figure 2. Microstructure (BSE) of Co0.5, mapping and local composition in at% measured by EDS, (please note that the volume of excitation exceeds the

size of the phases).
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Figure 3. Microstructure (BSE) of Mo0.5-Y, mapping and local composition in at% measured by EDS (please note that the volume of excitation exceeds

the size of the phases).
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Figure 4. Oxide growth measured by SEM and standard deviation of Co0.5
during isothermal oxidation at 1200 °C (at least 15 measurement points
per layer).

during cooling, which results from different coefficients of thermal
expansion. Oxide layers have a high ionic bond content, and

therefore, they shrink less than the substrate during cooling.
After spallation, previously unexposed surface oxidizes. For this rea-
son, the thickness of oxide layers (see Figure 4) might be slightly
underestimated.

The issue of spallation and repassivation becomes particularly
clear during cyclic oxidation (not discussed in detail) by forming
an Al depletion zone below the oxide layer (see Figure 6).
Consequently, the formation of Cr oxide during long-time cyclic
oxidation is probable.

The Mo-containing HEAs are not stable in hot air due to the
formation of volatile Mo oxides (MoOj; and MoO,). Mixed (AL, Cr,
Fe,Ni)-oxides are formed in an early stage of oxidation (see
Figure 7b,c) and cannot protect the sample sufficiently. This cat-
astrophic oxidation causes the disintegration of the whole sample
due to a selective attack of the Mo-enriched network. After fail-
ure, the entire cross section was found to be oxidized without any
presence of Mo (see Figure 8). The failure of M00.5-Y appears
significantly later compared to the Mo0.5 samples. The Y-free

Figure 5. a) Co0.5 after 72 h and b) 120 h of oxidation at 1200 °C (SE): cracks within oxide and along the interface, spalling, and repassivation.
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Figure 6. Co0.5 after 120 h of cyclic oxidation (six cooling cycles) with a B2
depletion zone beneath the oxide layer.
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Figure 7. Schematic oxidation for a) Co0.5, b) M00.5, and ¢) Mo0.5-Y at
1200 °C after completed layer formation.
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samples collapse after less than 4 h whereas M00.5-Y lasts more
than 30h demonstrating the positive impact of yttrium.

The formation of a closed protective Al,O; layer is not possible
due to kinetic reasons: the amount of Al-rich B2 phase is 20%
less in M00.5 comparing to Co0.5. In addition, the microstruc-
ture of Mo0.5 displays large dendrites of the A2 phase
(see Figure 3). Consequently, the diffusion path for Al is longer
and the formation of Al,O; inhibited.

Y has a positive effect on the resistance against oxidation.
At an early stage, M00.5-Y forms Ni-rich oxides, since they
are kinetically favored (see Figure 9). This leads to higher con-
centrations of Fe and Cr, resulting in a Fe-, Cr-rich oxide layer
(e.g., FeCr,0,). Beneath this layer, the oxygen partial pressure
decreases to the extend that a thin Al,O; layer can grow. The alu-
mina layer with pegs, presumably promoted by yttrium, protects
the HEA from catastrophic oxidation for a short time.
Nevertheless, the oxides, in particular the thicker mixed oxide
layer, lead to stress within the layers and on the interfaces of
Mo0.5-Y. Through spallation and insufficient density of the
layers, oxygen reacts with the Mo-enriched zone below the
oxides. It still can be shown that Y promotes the formation of
protective layers and their stronger adhesion in the HEAs as
already known from literature.**!

In comparison with the commercial alloys, Co0.5 proves its
high resistance to isothermal oxidation by forming the thinnest
oxide layer in this study (see Table 1), together with FeCrAl. Both
layers consist of Al,O3, which is known to have a very small
growth rate (low parabolic rate constant). However, C00.5 and
FeCrAl suffer from spallation. The Cr-oxide formers were less
stable (NiCr23Fe, X10NiCrAlTi32-21, and NiCr22Mo9ND).
High growth rates and double layers with mixed oxides were
found to be present in these alloys. Their true impact zone is
a lot larger than the measured thickness of oxidation layers
due to pores, major depletion zones, as well as inner corrosion.
In general, it is well known that Cr,0; is not long-term stable at
1200 °C.*” 1t grows faster than Al, O and it tends to evaporation.

2.3. Preoxidation of Mo0.5

Since the formation of a protective oxide layer on Mo0.5 and
Mo00.5-Y in air is kinetically not possible, the HEAs were preoxi-
dized under wet hydrogen. The resulting oxygen partial pressure
of the atmosphere was chosen to be lower than the equilibrium
oxygen dissociation pressure of the Ni, Co, Mo, and Fe oxides.

Figure 8. Residuals of Mo0.5-Y after 52 h of oxidation at 1200 °C, optical microscopy, and BSE picture with EDS.
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Figure 9. EDS mapping of Mo0.5-Y after 30 h of oxidation at 1200 °C, from top to substrate: Ni-rich oxides, Cr,Fe-rich oxides, Al oxide with pegs, Mo-

enrichment under the oxide layers.

Table 1. Thickness and morphology of oxide layers and standard deviation
of Co0.5 and reference alloys after oxidation at 1200 °C for 120 h (at least
15 measurement points per layer).

Alloy Outer layer Inner layer Morphology
[km] [km]
Co0.5 4.21+0.19 None (Al,Cr),0; layer with spallation
FeCrAl 6.26 +-0.26 None Al,Os-layer with spallation
NiCr23Fe 17.07 £1.45 23.21+1.09 Spallation of impure
Cr,0; layer, internal oxidation
of Al, pores beneath the layer
XTONiCrAITi32-21  18.85+1.25 20.99+1.15 Spallation of impure
Cr,05-/FeCr,04 layer,
internal oxidation of Al
pores beneath the layer
NiCr22Mo9Nb 67.89+256 12.29+1.24 Spallation of impure

Cr,03-/CrNbOy, layer,
further mixed oxides,
pores beneath the layer,
significant Cr-depletion zone

Therefore, the formation of mixed oxides is suppressed and only
the oxides of Al and Cr are thermodynamically stable. As
expected, Co0.5 forms an alumina layer with local Cr enrichment
just as in air (see Figure 10a). M00.5 and Mo0.5-Y exhibit a closed
layer of Cr,0O; and internal oxidation of Al underneath (see
Figure 10b,c). Al is enriched in the B2 phase, which does not
form a continuous network. Therefore, aluminum diffusion into
the A2 phase is necessary to form a protective layer. Also, the
fraction of Cr-rich A2 phase is higher in the Mo-containing
HEAs. Due to shorter diffusion paths, the formation of Cr,0;
is favored. The oxygen partial pressure underneath the Cr oxide
is still high enough to allow the oxidation of aluminum.

A possible mechanism for extended oxidation may be as fol-
lows: the fragments of internal oxidation grow until Al,0; forms

Adv. Eng. Mater. 2021, 23, 2100237 2100237 (5 of 8)

a closed bottom oxide layer underneath the Cr oxide.
Subsequently, the oxidation is defined by the growth of Al,Os.
Cr,0; stays nearly unaffected during further exposure due to
the spatial separation of the chromium metal reservoir. The dif-
ferences in microstructure of Mo0.5 and Mo0.5-Y result from
variation in cooling within the samples. In the examined sections
(see Figure 10b,c) M00.5 has the finest structural features in the
range of 1-3 pm, so that the bottom Al,O; layer is already closed
after 1 h. A further gain of the suppression of mixed oxides is the
absence of Mo enrichment below the interface. The preoxidation
prolongs the lifetime of the Mo-containing HEAs (see also hot
gas corrosion), although further studies are necessary for quan-
titative conclusions. In practice, the protective effect is also lim-
ited due to the risk of spallation.

2.4. Hot Gas Corrosion

Preoxidation did not affect the hot gas corrosion behavior of
Co0.5, but it improved the performance of the Mo containing
alloys. They remain stable during the entire testing duration
of 96h and exhibit relatively low depth of corrosion attack.
Different oxides were determined by energy dispersive X-ray
spectroscopy (EDS) on the surface of Co0.5. From top to sub-
strate, FeCr,0,, Cr,03, and Al,O; were found. Furthermore, a
significant depletion zone of Al and Cr up to 200 pm, a network
of pores, a selective attack on the A2 phase, as well as CrS were
identified (see Figure 11).

In the first step, the molten salt dissolves the protective oxides
which precipitate on the liquid—air interface. Next, internal cor-
rosion occurs via the formation of sulfides. CrS is more stable
comparing to other sulfides as Ni3S, which forms a eutectic with
Ni at 645 °C.I*®! Therefore, high amounts of Cr are necessary to
absorb S. Nevertheless, the corrosion depth increases further due
to the oxidation of the sulfides and thus the release of elemental S
within the sample. The depth reaches locally more than 250 pm
for Co0.5 after 96h of hot gas corrosion (see Figure 11).

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 10. EDS mapping for a) Co0.5, b) Mo0.5 and c) Mo0.5-Y after preoxidation in wet hydrogen at for 1h, Al: red, Cr: green.

Figure 11. Microstructure (BSE) image of Co0.5 and mapping of oxide forming elements and sulfur after 96 h of hot gas corrosion.

NiCr23Fe NiCr22Mo9Nb FeCrAl i

Figure 12. Corrosion layers and locally high depths of attack, as-cast, and preoxidized HEAs and reference alloys by optical microscope.

NiCr22Mo9ND (IN 625) shows the lowest corrosion depth of all 3, Conclusion
samples (see Figure 12). Among Cr, also Mo and Nb form stable
sulfides and thus getter the S. As shown in Figure 12, M00.5-Y  In this study, the microstructures as well as the oxidation and hot

has the lowest corrosion rate among the HEAs because of its abil-  gas corrosion behavior of AICrFeNiX, 5 (X = Co, Mo) were inves-
ity to getter S by Cr, Mo, and Y. tigated. The following conclusions can be drawn as follows:

Adv. Eng. Mater. 2021, 23, 2100237 2100237 (6 of 8) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 2. Overall composition of HEAs measured by XRF with standard deviation of six samples and EDS (in brackets) in at%.

Alloy Abbreviation Al Co Cr Fe Mo Ni Y
AlCog sCrFeNi C00.5 243425 (252) 11.5406 (12.3) 239407 (221)  19.3+0.7 (18,3) - 207409 (21,1) -
AlCrFeMog sNi Mo0.5 24.2+1.1 (23.9) - 21.3+£0.4 (22,4) 21.2+0.3 (21.2) 10.8+0.3 (11.8) 22.6 £0.3 (20.8) -
AICrFeMog sNi+Y Mo0.5-Y 23.6+2.7 (24.7) - 21.0+038 (20.7) 218409 (21.0) 11.1+03 (11.4) 225408 (22.1) -

700 ppm regarding to nominal composition.

1) AlCogsCrFeNi exhibits the Al, Ni-enriched, ordered main
phase B2 and the Cr, Fe-enriched second phase A2. In
AlMo, sCrFeNi, the A2 phase dominates by high solubility of
Mo. Also, a third phase, the Mo-rich sigma phase, was deter-
mined to form a continuous network. 2) Despite same amounts
of Al and Cr, disparate types of oxide layers are formed due to
the differences in microstructure. In AlCo, sCrFeNi, the Al dif-
fusion path is short enough to form a stable, dense Al,O3 layer
making it the sample with the lowest oxidation rate in this study.
The layer has a thickness of 4.2pum after 120h at 1200°C.
In AlMo, sCrFeNi, mixed oxides were found in an early stage
of oxidation. As they do not provide enough protection, the
Mo-containing HEAs suffer from catastrophic oxidation of the
Mo-rich network. 3) The investigation of the Mo-containing
HEAs demonstrates the positive impact of yttrium by promoting
the formation of Al,Os. The behavior of AIMog sCrFeNi+Y indi-
cates improvements in layer adhesion and life span. The layer
adhesion of AlCo, sCrFeNi might be also improved by addition
of Y. 4) Preoxidation under low oxygen partial pressure is
proposed to protect the Mo-containing HEAs from catastrophic
oxidation. Due to the higher amount of Cr-containing A2 phase,
a protective oxide layer of Cr,0; with Al,0; below forms on
the surface of AlMogsCrFeNi(+Y). 5) In contrast to high-
temperature oxidation, high amounts of Cr and Mo are beneficial
against hot gas corrosion. For this reason, AIMo, sCrFeNi+Y is
more resistant against S. The reference alloy NiCr22Mo9Nb
exhibits the minimal hot gas corrosion depth, but has the highest
oxidation rate in this study. 6) In conclusion, the formation of
oxide layers in multicomponent alloys can be very different
depending on the microstructure, in particular the type of
phases, the structure size, and the amount of phases. They do
not follow oxidation maps, which mainly consider the amounts
of Al and Cr. There were no HEA-specific effects on oxidation
detected. 7) Finally, the detected properties make especially
AlCog sCrFeNi an interesting candidate for demanding applica-
tions (e.g., biomass power plants). The use of chromia formers
such as AIMo, sCrFeNi+Y can also be advantageous due to their
good resistance against hot gas corrosion. Preoxidation is crucial
to achieve a maximum service lifetime.

4. Experimental Section

The HEAs were produced by induction melting of raw materials
(purity > 99%) under argon atmosphere (700 mbar). The overall compo-
sitions are shown in Table 2. For homogenization, the alloys were heat-
treated at 1200 °C for 48 h in argon atmosphere (1 bar). Each bulk sample
was sandblasted and cut into cylinders (diameter: 13.6 mm, height:
2.5 mm). The results of oxidation were compared to the following pur-
chased standard high-temperature alloys: FeCrAl (1.4767), Alloy 800

Adv. Eng. Mater. 2021, 23, 2100237 2100237 (7 of 8)

(XTONICrAITi32-20, 1.4876), Alloy 625 (NiCr22Mo9Nb, 2.4856), and
Alloy 601 (NiCr23Fe, 2.4851).

The oxidation behavior was tested at 1200 °C in an air furnace for 120 h.
The samples were placed into alumina crucibles with alumina granules.
The thickness of the oxide layers was measured at continuously oxidized
samples with SEM. For each heating period, one sample was removed
from the oven and examined at three different areas with at least five meas-
urements per area. Preoxidation took place in wet hydrogen (2.3 vol%
water) at 1000 °C for 1 h.

To investigate the hot gas corrosion, the samples were coated in the
as-cast and the preoxidized state with a solution of NaCl/Na,SO, (weight
fraction 1:3). The composition allowed the eutectic formation with a melt-
ing point of 625 °C*lin the furnace. The samples were dried on a hot plate
at 200 °C and subsequently exposed in an air furnace at 900 °C. After 24 h
of exposure, the samples were removed, mechanically cleaned (brushed
and washed by ultrasonic bath), and inspected visually. Next, the samples
were recoated and placed back into the air furnace. This cycle was repeated
four times for a total testing duration of 96 h.

Cross sections of the oxidized and corroded specimens were investi-
gated by optical microscopy (MEF 4A Leica Micro-systems) and by
SEM (EVO 50 Carl Zeiss) in backscattered electron (BSE) as well as in
secondary electron (SE) mode. The composition and mappings
were examined by EDS. The overall composition was verified by X-ray
fluorescence spectroscopy (XRF, Alpha 8000 LZX Innov-X Systems) of
six samples for each cast. The crystal structure of the samples and the
oxide layer was analyzed by XRD (D8 Advance Bruker) with Cu Ko
radiation.
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