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ABSTRACT

Materials used in the energy sector or in aviation must possess a good combination of mechanical properties and
oxidation resistance. These materials face harsh conditions i.e. high temperature and oxidative atmospheres. This
leads to severe degradation of the materials. To overcome this problem, protective coatings are applied. However,
this introduces additional costs. Therefore, a new solution is required. Therefore, a relatively new kind of alloys,
which are high entropy alloys, are of interest of many researchers. In the present work, AICoCrFeNi high entropy
alloys doped with Mo in the amount ranging between 0-5 at.% were investigated to elucidate the effect of Mo ad-
dition on the AICoCrFeNi-xMo microstructure, microhardness and high temperature oxidation resistance. It was
found that the increase in Mo content leads to ordering the microstructure from lamellar, in the case of reference
alloy, to mosaic in the case of HEA containing 4 and 5 at.% of Mo. For the latter, a significant increase in micro-
hardness was found and correlated directly with changes in microstructure. However, oxidation tests revealed that
an increase in Mo, in addition to HEA, worsens the oxidation resistance of the studied materials. This phenomenon
was explained by a more severe spallation of the alumina scale and the subsequent increased formation of internal
Al nitrides. The reaction of Al with N-entrapped Al lowers Al content to a level below the critical Al content for

transformation from the internal scale to the external scale formation.

Keywords: high entropy alloys, high temperature corrosion, oxidation resistance.

INTRODUCTION

Currently, research is focused on developing
new types of materials to satisfy the increasing
requirements of the modern industry [1-3]. Of-
ten, enhancing process efficiency involves creat-
ing advanced metal alloys [4, 5]. This approach is
especially crucial in the aerospace sector, where
material technologies are among the factors limit-
ing the performance of aircraft gas turbines [6].
Nickel-based superalloys with thermal barrier
coatings (TBCs) are widely used in aircraft en-
gines operating in extreme conditions, serving to
protect metal substrates from oxidation at high
temperatures [7, 8] and creep resistance [9]. De-
spite notable improvements in their durability,
these components can still suffer damage due to
factors such as high temperature corrosion [6,
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10-13]. The challenge of overcoming these mate-
rial limitations drives ongoing intensive develop-
ment efforts [1, 14—-16].

An alternative to traditional alloys is offered
by high entropy alloys (HEA), which are based
on fundamentally different principles [17-20].
HEA typically comprises five elements, each
with a concentration ranging from 5% to 35
atomic percent, along with minor dopant addi-
tions (up to 5 at.%). A notable subgroup of HEA
includes those based on elements such as Al, Co,
Cr, Fe, and Ni. These alloys can be produced
through methods such as arc melting, mechani-
cal alloying, plasma spraying, magnetron sputter-
ing, laser alloying [21, 22], or powder metallurgy
[23]. For example, AICoCrFeNi coatings have
been fabricated and evaluated [24, 25]. Exten-
sive studies have examined its microstructure in
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the as-cast state [26—28] and after heat treatment
[26, 29-31], alongside assessments of their cor-
rosion resistance [32], physical properties [33],
and mechanical characteristics such as hardness
[3], compressive strength [34], erosion resistance
[35, 36], and tensile strength [37]. Research has
also explored their behavior under high tempera-
ture oxidation conditions [38—42], including how
grain size influences oxidation kinetics [43, 44].
The impact of various alloying elements, such as
Nb [45, 46], Hf [47, 48], Y [45, 49], Ta [49], W
[50], Si [51], Ti [52], and Mo [21, 53, 54] on the
properties of AICoCrFeNi alloys has been simi-
larly investigated.

As a relatively new class of materials, high
entropy alloys still pose many questions that have
not yet been fully explored [55-57]. One such is-
sue is understanding how the molybdenum (Mo)
content influences the microstructure and high-
temperature stability of the AICoCrFeNi HEA.
Studies by Gopal et al. [21] and Zhu et al. [53]
have examined how the addition of Mo affects
the microstructure and mechanical properties
of this alloy. They observed that, in the as-cast
state, alloys with Mo concentrations exceeding
0.1 mol% typically exhibit a lamellar eutectic mi-
crostructure consisting of two phases: a NiCoAl-
rich BCC phase and a MoCrFe-rich a phase. An
increase in tensile strength was observed, often
accompanied by a reduction in ductility. Studies
in the literature indicate that alloying elements
such as Mo are employed to enhance creep resis-
tance in nickel superalloys, as they improve high-
temperature mechanical performance through
solution strengthening and precipitation effects.
However, Ni superalloys are vulnerable to high
temperature corrosion, and Mo itself tends to
form volatile oxides under such conditions, lead-
ing to rapid oxidation.

Therefore, the aim of the present research
is to investigate the effect of Mo addition on
the microstructure, mechanical properties, and
high-temperature oxidation resistance of the Al-
CoCrFeNi-based high entropy alloy.

EXPERIMENTAL

In the present work, we developed high en-
tropy alloys based on the AICoCrFeNi system
with equiatomic content of each element alloyed
with Mo from 1 to 5 at.% with 1 at.% step are
studied. The projected chemical compositions of

studied HEA are given in Table 1. To simplify the
alloy, AICoCrFeNi will be designed as Ref., Al-
CoCrFeNi + 1 at%. Mo — Ref.+1Mo, AlCoCrFe-
Ni + 2 at%. Mo — Ref.+2Mo, AlCoCrFeNi + 3
at%. Mo — Ref.+3Mo, AICoCrFeNi + 4 at%.
Mo — Ref.+4Mo and AICoCrFeNi + 5 at%. Mo
— Ref.+5Mo. HEA were produced by arc melt-
ing. In the first step, high purity powders (purity
> 99.99%) were weighted in the appropriate pro-
portions, mixed in the ball mill to ensure uniform
distribution of powders, and finally pressed into
the form of cylinders with a diameter of 12 mm
and a height of 15 mm. These prepared pellets
were placed in the vacuum chamber of the arc-
melter. Prior melting air was evacuated from the
chamber and purged with 5N purity argon gas to
remove air remnants. After 5 repetitions of Ar
purging, a melting process was performed. After
the pellets each of them was reversed and remelt-
ed five times to ensure uniform chemical compo-
sition of the cast alloys. After melting, the alloys
were cooled down with the furnace in the atmo-
sphere of Ar. Cross sections of such alloy cross
sections were prepared for investigation of the
chemical composition, microstructure, and mi-
crohardness of the products manufactured under
as-cast conditions. Phase analysis was conducted
utilizing X-ray diffraction (XRD) with a Mini-flex
IT X-ray diffractometer manufactured by Rigaku.
An X-ray source was provided by a copper lamp
(CuKa, A = 0.1542 nm) operated at 40 kV. The
diffraction data was collected over a 20 range of
20 ° to 100°, with a scanning step size of 0.02 °
per second. The rest of the material was cut to
prepare rectangular specimens with dimensions
of 8 x 12 x 2 mm for isothermal oxidation tests.
The sample surface was ground to 1200 grit SiC
papers. After grinding, the samples were ultrason-
ically cleaned with ethanol and dimensions and
mass of samples were measured. These prepared
samples were subjected to isothermal air oxida-
tion tests at 1000 °C for 24, 100 and 1000 hours of
exposure. Two samples per each studied material
were exposed parallel to ensure reproducibility of
the results obtained. After oxidation, the samples
were weighted to calculate the oxidation kinetics
of the studied materials. The oxidized specimens
were subjected to surface analysis using scanning
electron microscopy (SEM). Selected specimens
were investigated using glow discharge optical
emission spectrometry (GD-OES) in terms of el-
ement distribution as a function of sputtering time
(indirectly as a function of depth). GD-OES depth
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profiles were quantified using relative sensitiv-
ity factors (RSF) according to the procedure de-
scribed elsewhere [58-60]. After GD-OES analy-
sis, samples were electroplated with Ni and cross
sections of the oxidized materials were prepared
according to standard metallographic procedures.
Cross sections were observed using SEM.

RESULTS AND DISCUSSION

As-cast conditions

Tables 1 and 2 show the designed and mea-
sured chemical compositions of the investigated
HEA. The chemical composition of HEA was
designed to be equiatomic for the main alloying
elements, i.e., Al, Co, Cr, Fe and Ni, and variation
in the Mo content was planned with step 1 at.%
(Table 1). As shown in the measured chemical
composition, most of the measured elements are
close to those designed ones. The only exception
is Al, which shows slightly lower content than the
designed one (Table 2). The most probable reason
for such a phenomenon is the fact that Al has the
lowest melting temperature among all elements
used (about 660 °C), while its boiling tempera-
ture is 2519 °C. Since the temperature during arc
melting can easily reach a temperature above
3000 °C, evaporation of part of Al is likely to oc-
cur. However, the differences are not higher than
1-1.8 at.%. Thus, one can conclude that there is

good agreement between the designed and mea-
sured chemical composition of the studied ma-
terials. Figures 1 and 2 show the microstructure
of the studied HEA taken at low magnification
(Figure 1) and high magnification (Figure 2). The
microstructures shown in Figure 1 reveal that the
increase in addition of Mo causes changes in the
microstructure from regular grains (Figure 1a) to
transformation towards formation of dendrites
(Figures 1b to 1f). Meanwhile, images taken at
high magnification revealed that the increase in
Mo content caused an increase in microstructural
ordering from lamellar (Figure 2a) to mosaic-like
structures (Figures 2b — 2f)). Such a mosaic struc-
ture was observed especially in the case of HEA
containing 4 at.% of Mo (Figure 2¢) and 5 at.%
of Mo (Figure 2f). The SEM/EDS elemental map
shown in Figure 4 revealed a rather uniform dis-
tribution of the alloying elements. However, it are
observed that Al and Ni is enriched in the darker
phase, while Co, Cr, Fe, and Mo are enriched in
the lighter one (Figure 3).

The results of the phase analysis of HEA un-
der the as-cast conditions are shown in Figure 4.
The results obtained showed that Ref. The alloy
consists of the BCC-B2 phase. Addition of 1 to
5 at.% of Mo leads to formation of sigma phase,
while for HEA containing 4 and 5 at.% of Mo an
additional peak is found characteristic for p phase
is found. Thus, the conclusion is that the addition
of Mo significantly alters the phase composition
of the studied HEA.

Table 1. Projected chemical composition of the studied HEA (in at.%)

Element Co Ni Al Cr Fe Mo HEA designation
20.0 20.0 20.0 20.0 20.0 0.0 Ref.
19.8 19.8 19.8 19.8 19.8 1.0 Ref.+1Mo
Concentration 19.6 19.6 19.6 19.6 19.6 2.0 Ref.+2Mo
at.% 19.4 194 19.4 19.4 194 3.0 Ref.+3Mo
19.2 19.2 19.2 19.2 19.2 4.0 Ref.+4Mo
19.0 19.0 19.0 19.0 19.0 5.0 Ref.+5Mo
Table 2. Chemical composition of HEA studied measured by SEM/EDS (in at.%)
Element Co Ni Al Cr Fe Mo HEA designation
20.2 20.8 18.2 20.3 20.4 0.0 Ref.
21.2 19.4 18.5 20.3 195 1.1 Ref.+1Mo
Concentration 19.6 19.7 18.8 20.2 19.8 1.9 Ref.+2Mo
at.% 18.0 19.9 18.1 20.7 20.1 3.0 Ref.+3Mo
19.4 19.6 18.5 19.3 19.3 4.0 Ref.+4Mo
19.3 18.7 18.1 18.5 19.0 54 Ref.+5Mo
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Figure 1. SEM/BSE images of studied alloys in the as cast conditions taken for: a) Ref., b) Ref.+1Mo,
¢) Ref.+2Mo, d) Ref.+3Mo, e) Ref.+4Mo, f) Ref.+5Mo taken at low magnification

b)

¢)

Figure 2. SEM/BSE images of studied alloys in the as cast conditions taken for: a) Ref., b) Ref.+1Mo,
¢) Ref.+2Mo, d) Ref.+3Mo, ¢) Ref.+4Mo, f) Ref.+5Mo taken at high magnification

In addition to XRD phase analysis thermody-
namic calculations using ThermoCalc software was
employed to calculate the phases stabilities for the
studied HEA.. As is visible in plots in Figure 5 Ref.
The HEA presence of two phases was calculated,
namely BCC_B2#1 and BCC_B2#3. Addition of
Mo to Ref. HEA at any concentration causes forma-
tion of two additional phases, namely p-phase and

o-phase. The composition of the mentioned phases
is shown in Table 3. The presence of all four men-
tioned phases is visible for each Mo concentration;
however, volume fraction of the phases changes
with increasing Mo content (Table 4). Namely, an
increase in Mo content causes a decrease a the BCC
volume fraction and in parallel increase in p-phase
and o-phase volume fraction (Table 4).

17



Advances in Science and Technology Research Journal 2026, 20(1), 14-29

E=SN

Figure 3. SEM elemental mapping showing distribution of elements for observed Ref.+5Mo
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Figure 4. XRD diffractograms showing phase composition of the studied HEA

On samples in the as-cast condition, micro-
hardness measurement has been performed. The
results obtained are shown in Figure 6. Mea-
sured microhardness of Ref. and Ref.+1Mo is
about the same level. A slight increase of about
6% in microhardness is observed for Ref.+2Mo
and HEA +3Mo. However for Ref.+4Mo and
Ref.+5Mo a significant increase (about 50%) in
microhardness is observed. Similar observation
was made in the work of Walczak et al. [61].
Thus, Mo addition in the amount equal to or

18

greater than 4 at.% leads to hardening of the
studied HEA of about 50% compared to Ref.
The most probable reason for such a phenom-
enon is the change in the HEA microstructure
caused by Mo addition. Furthermore, it is as-
sumed that the increase in volume fraction of
u-phase and o-phase also participates in the
increase in microhardness of the studied HEA.
Apparently the total content of p-phase and
c-phase higher than 9% causes a sudden in-
crease in microhardness.



Advances in Science and Technology Research Journal 2026, 20(1) 14-29

10 12 10
soc e soc_pan sec_pon
— sccmn § — sous — soua
T os{— — woun e ecc B Tos occ 2
g / i g 8 — 5
§.. | . § I S - oo / “rn
£ \ | £ / 80C_Bar3 s [ T
- \/ = 06 - [
= \/ - / | ® i
S 04 ) I\ S / ‘( % 04 /’ _H.
H A (\ g4 A I\ z .‘ I I
g[ —_— T | B “\ Ec / o "\ En: ,‘/. \
\ f | 02 / \ / A | \
[\ [ \| / / [ \ S I\
\ \ / \ \ [ \
00 -
400 600 800 1000 1200 1400 1600 ) 2 400 500 1000 1200 1400 1600 400 6500 800 1000 1200 1400 1600
AN
Temperature [°C) JA\ Temperature [°C] Temperature [°C]
A\
0 10
)
. s 10 0C_B22
— ecme 09 — eccem — som
%_'” \ //k g;;mss = - sioMa Ene 6ccB2
o6l | (== 2o scc g2 E ) ew
2 \ [ Falin gorf T N /\ recL1ze2 8 = e /\ w prase
@ \ — Fecu2 @ \ e ucup o 80c_Bars
g o5 \ / Loup 8 05 / 2 u_PHASE ‘E_M / \
H y s 2 | i s / \
Zoa \ 205 /‘ , s / l
s — s -
3 . s 5 04 /
=0 \ i /] T \ — \ E f — I\
g \ / € o3 / M\ 3 [ ‘ \
gozp [\ / g, [\ X/ | \ Eo / \
T 2 —_— A= -, X
2 44— A gl A 7 I\
\ ] { I\ / — V1
] N S\ il VIR 0
0 00 200 : y B 0
A 200 200 600 800 1000 1200 1400 1600 A 200 400 500 1000 1200 1400 1600 A 200, 400 600 . &0 . 'msc 1200 1400 1600
44\§ Temperalure [°C] A Temperature [°C] S\ ‘emperature ['C]

Figure 5. Phase stability diagrams calculated using ThermoCalc for studied HEA: a) Ref., b) Ref.+1Mo,
¢) Ref.+2Mo, ¢) Ref.+3Mo, d) Ref.+4Mo and d) Ref.+5Mo

Table 3. Chemical composition of calculated phases present in studied alloys (in at. %)

Element concentration in at. %
Phase -
Al Co Cr Fe Ni Mo
BCC_B2#1 - - 99.64 0.36 - -
BCC_B2#3 25 25 - 25 25 -
u 17.5 21 25.5 - 36
o#1 - - 13.5 1.1 32.2 53.2

Table 4. Volume fraction of phases calculated for studied alloys (in %)

Volume fraction, %
Phase
Ref. Ref.+1Mo Ref.+2Mo Ref.+3Mo Ref.+4Mo Ref.+5Mo
BCC_B2#1 21 20 21 18 18 17
BCC_B2#3 79 77 73 73 71 69
1] 0 2 4 7 9 11
o#1 0 1 2 2 3

Air oxidation tests

Normalized mass changes obtained dur-
ing air exposure of the studied HEA at 1000 °C
for 24, 100 and 1000 hours are shown in Fig-
ure 7. The results obtained show that the low-
est mass change after 1000 h, which is equal
to 0.65 mg-cm? is observed for the reference
material Ref. Interestingly, the addition of Mo
causes an increase in the total mass change after
1000 h for 0.82, 0.92, 1.1, 1.3 and 2.0 mg-cm™
for Ref.+0.1Mo, Ref+0.2Mo, Ref.+0.3Mo,
Ref.+0.4Mo and Ref.+0.5Mo respectively. It

is also worth noting that the oxidation kinetics
changes from nearly parabolic for Ref. to almost
linear for Ref.+5Mo. Such a change in the mass
change curves is observed continuously for ma-
terials with increasing Mo content.

SEM/BSE images of the surface of air-oxi-
dized HEA are shown in Figure 8. As can see in
the samples exposed for 24 hours, a pure AL O,
oxide scale is developed. However, for some
alloys, severe oxide scale spallation is already
found after 100 hours (Figure 9). The forma-
tion of the alumina scale causes the depletion of
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Figure 6. Results of microhardness tests obtained for the HEA studied HEA with variation of the Mo content
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Figure 7. Normalized mass change obtained for the studied HEA with variation of Mo content
during air exposure at 1000 °C up to 1000 h

Al from the near-surface region, which is natu-
rally enriched in other alloying elements. The
phenomenon of spallation of the alumina scale
causes direct exposure of Al-depleted metal to
the the oxidant and leads to formation of non-
protective oxides based on Ni/Cr/Fe/Co spinels,
as shown in surface images of the studied HEA
after 100 hours of exposure (Figure 8). According
to Wagner’s theory, there is a minimum Al con-
centration to form an external oxide scale [62].
Apparently, after 100 hours of exposure, the Al
content in the Al-depleted zone was not enough
to form a continuous external Al,O, oxide scale,
especially considering the relatively high Ni, Cr,

20

Co, and especially Fe content in the near-surface
Al-depleted zone. SEM/BSE images of HEA
the surfaces of studied after 1000 h reveal an in-
creased area of spinels islands for alloys with an
increased Mo content. This situation is shown in
the example of the elemental map (Figure 10).
This can partially explain the transition from par-
abolic to nearly linear oxidation law. Therefore,
the addition of Mo to the studied HEA worsens
its oxidation resistance. The formation of a pure
alumina scale is supported by GD-OES depth
profiles performed on samples after exposure for
24 hours. The results obtained showed in exter-
nal oxide scale coenrichment of oxygen and Al
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Figure 8. SEM/BSE surface images of the studied HEA with variation of Mo content after exposure to air
at 1000 °C up to 1000 h
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Figure 9. SEM/EDS elemental map of the surface of Ref.+3Mo after air exposure at 1000 °C for 100 h
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Figure 10. SEM/EDS elemental map of the surface of Ref.+3Mo after air exposure at 1000 °C for 1000 h

is present, what clearly showing the formation of
pure alumina scale (Figure 11). It was also ob-
served that after 24 hours of exposure, Mo does
not actively participate in oxide scale formation.
This statement is supported by observation of the
Mo profile, which in the region of external oxide
scale is relatively low (Figure 11 b-f).
SEM/BSE analyzes of the cross sections of
studied after air exposure up to 100 hours are
shown in Figure 12. As shown in the cross sec-
tions after exposure for 24 hours, a thin ALO,
oxide scale is formed in the case of all of the
alloys studied. However, after 10 hours of ex-
posure, severe oxide scale cracking is observed

22

and also in the case of some HEA formation of
spinels already after 100 hours of exposure is
found. The latter can be caused by earlier oxide
scale cracking/spallation, as shown in Figure 8,
and small areas where the alumina scale spalled
off and consequently exposed Al-depleted HEA
to air can be raised as the reason for the observed
phenomenon. The Al depletion zone is clearly
visible already after 24 hours of exposure in the
GD-OES depth profiles, on which a decrease in
Al concentration is observed just after the ex-
ternal oxide scale (Figure 11 a-f). However, as
shown in Figure 8, most of the alloys studied
revealed alumina scale spallation after 100 h of
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Figure 11. GD-OES depth profiles performed on: a) Ref., b) Ref.+1Mo, ¢) Ref.+2Mo, d) Ref.+3Mo,
e) Ref.+4Mo, f) Ref.+5Mo after air exposure at 1000 °C for 24 hours

exposure, leading to severe oxidation on top of
exposed Al-depleted HEA exposed. After alu-
mina scale spallation, Al-depleted HEA was
exposed to oxidation in air. This means that the
alloy was exposed to not only oxygen from air
but also to nitrogen. It was found that the dif-
fusion coefficient for nitrogen was one order of
magnitude higher than for oxygen in Co-based
alloys [63], therefore it is highly possible that

a similar situation is found for systems studied
containing 20 % of Co similar situation is found.
Therefore, it is believed that after the spallation
of the alumina scale, nitrogen diffuses first and
reacts with Al, forming internal precipitates of
AIN and the same blocking further outward dif-
fusion of Al to form an external alumina scale.
Such a situation is confirmed in SEM/EDS el-
emental maps shown in Figures 13 a) and b).
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Figure 12. SEM/BSE images of the cross sections of studied HEA with variation of Mo content
after air exposure at 1000 °C up to 1000 h
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This oxidation mechanism is found for each al-
loy studied. However, as shown in Figure 14,
an increase in Mo content caused an increase in
the internal nitridation zone. This effect can be
correlated with an increase in the volume frac-
tion of Mo-rich phases i.e. pu and ¢ (Tables 3 and
4). Even if alumina scales form initially, after
cracking and/or spalling off the alumina scale,
nitrogen penetrates first, leading to successive
blocking of Al-flux by entrapping Al in the
form of AIN and causes formation of Ni/Cr/Fr/

Co-spinels. The oxidation mechanism described
above is shown schematically in Figure 15. The
PBR of these spinels is higher than the PBR of
the alumina scale; thus, its formation leads to
further cracking of the formed alumina scale, as
observed in Figure 12. Therefore, in the present
work, it is claimed that an increase in the Mo
content, despite a significant increase of HEA,
causes also worsening of the oxidation resis-
tance of the studied HEA during exposure in dry
air (Figure 13, 14).

Figure 13. SEM/EDS elemental maps obtained for Ref.+3Mo after air oxidation at 1000 °C for:
a) 24 hours and b) 1000 h

80 um

80 um

Figure 14. SEM/BSE images of the cross sections of studied HEA after air exposure at 1000 °C
up to 1000 h with: a) 0, b) 1, ¢) 2, d) 3, e) 4 and f) 5 at.% of Mo
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Figure 15. Schematic representation of oxidation mechanism for studied HEA

CONCLUSIONS

Based on the results, the following conclu-
sions can be drawn:

1. The increase in Mo content from 0 to 5 at.%
causes severe changes in the AICoCrFeNi-Mo_
HEA microstructure. The higher the Mo con-
tent, the more organized the form of mosaic is
obtained.

2. Increasing the Mo content in the studied HEA
causes the formation of ¢ phase and p phase
formation is also found for alloys containing 4
and 5 at% of Mo.

3. Increasing the Mo content in the studied HEA
causes a slight increase in microhardness for
the case of the addition of 1-3 at.% of Mo.
However, the addition of 4 and 5 % Mo into the
studied HEA caused an increase in microhard-
ness of about 50%. As a reason for this phe-
nomenon, formation of the mosaic structure
was claimed.

4. No direct correlation was found between HEA
microhardness and oxidation resistance.

5. The increase in Mo content in the AICoCrFeNi

26

HEA case caused a worsening of oxidation
resistance during air oxidation tests at 1000
°C until 1000 h. As a reason for this phenom-
enon, alumina scale spallation and formation
of internal AIN precipitates were claimed. The
formation of AIN species f mentioned above
effectively blocked the outward diffusion of
Al and prevented the formation of protective
external alumina scale.

6. The depth of the internal nitridation zone in-
creases with the increase in the Mo content;
thus, the conclusion is that the increase in the
Mo content decreases the air oxidation resis-
tance of the studied HEA.
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