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ABSTRACT

The microstructure and phase composition of cast AICoCr, NiY, , multi-principal element alloy (MPEA) have

been determined. High-temperature oxidation of the alloy under study was carried out at 1100°C for 100 h in

an atmospheric atmosphere. The high resistance of this MPEA to high-temperature gas corrosion is shown, the

parabolic oxidation rate constant was k, = 9.48 x 1675 g2 em™ s, It has been established that the introduction of

yttrium is an effective way to increase the heat resistance of multi-principal element alloys.

Keywords: multi-principal element alloys, high-temperature oxidation resistance, reactive elements, yttrium,

alloying, protective oxide film.

INTRODUCTION

The concept of “multi-principal element alloys”
(MPEA) (“high-entropy alloys”, HEA) It appeared in
the early 2000s, and the idea proved to be a breakthrough
in the field of new materials. The proposed concept
suggested that the composition of the alloy is not based
on one leading component but consists of elements in
an equiatomic (or close to it) ratio [1]. However, it was
later shown that these alloys can have a multivariate
composition, where a number of components can vary in
concentration from 5 to 30 atm. % [2]. This ensured the
production of materials with unique properties. Thus,
several Al CoCrFeNi type alloys demonstrate excellent
mechanical characteristics, tribological properties and
high corrosion resistance in aggressive solutions [3 -
9]. And the increased concentrations of aluminium and
chromium in the composition of such alloys have made
them potential candidates for the role of heat-resistant
alloys for high-temperature applications [10, 11].

Further studies have shown that doping MPEAs

with a small amount of an additional introduced
element can have a significant effect on their properties,
including resistance to high-temperature oxidation
[12, 13]. Yttrium is one of the so-called “reactive
elements” and attracts the attention of researchers
precisely for its potentially significant effect on the
resistance of alloys to high-temperature gas corrosion
[14]. Currently, there are several studies devoted to
co-doped Y/Hf or Y/Hf/Ta high-entropy alloys, where
the concentration of these highly active elements
does not exceed hundredths of an at. % [15 - 19]. The
results showed that wind turbines doped with a small
number of reactive elements demonstrated excellent
heat resistance, and the oxide film obtained on the
surface (about 3 um thick) consisted of a dense mass
of crystallites (representing aluminium oxide AlLO,)
and nanoparticles of Y/Hf oxides, which provided its
high protective properties. Several works are devoted
to the direct effect of yttrium on the properties of wind
farms [20, 21]. The introduction of yttrium in the
number of hundredths of an at. % in the eutectic high-

903



Journal of Chemical Technology and Metallurgy, 61, 5, 2026

entropy alloy AlICoCrFeNi, , significantly improved the
adhesion of the A1, O, oxide film to the matrix material
during high-temperature oxidation and also stabilized
the eutectic microstructure during isothermal exposure
at high temperatures.

An interesting area is the synthesis and study of the
properties of AGCoCrNiMy type alloys (where M is an
alloying additive). For example, the excellent corrosion
resistance of Fe-free HEA AICoCrNiNb is known [22]. At
the same time, the alloy Al, Co,Cr, Ni, Si, has increased
resistance to high-temperature gas corrosion [23]. It
was found that a decrease in chromium concentration
from the AlCoCrNi composition to the AlCoCr, Ni
composition reduced the specific weight gain by half
after 100 h isothermal exposure at 1100°C [24].

The purpose of this work is to study the heat
resistance of the new Fe-free Y-doped AlCoCr NiY
MPEA. The study will evaluate the effect of the
introduced yttrium on the resistance to high-temperature
gas corrosion of the resulting alloy, as well as calculate
the kinetic parameters of high-temperature oxidation
and evaluate the protective characteristics of the oxide
film formed after 100 h of isothermal exposure at
1100°C.

EXPERIMENTAL

The ingot of the composition AlCoCr NiY  was
made by melting granules and powders of metals of
high purity (> 99.9 wt. %) in the NABERTHERM
VHT 8/22-GR vacuum furnace (Nabertherm GmbH,
Lilienthal, Germany). The mixture of materials was
loaded into an aluminum oxide crucible with a lid;
melting was carried out at a temperature of 1670-
1730°C. Three remelts were carried out to obtain a
homogeneous microstructure.

The experiment on long-term oxidation was carried
out in a muffle furnace Plavka-Pro PM-1 SmartKiln
(Plavka.Pro Korolev, Russia) at 1100°C for 100 h in the
air. The method of such an experiment was described in
detail by us earlier in [25].

Microstructural analysis before and after oxidation
was performed on a JEOL JSM7001F scanning
electron microscope (SEM) (JEOL, Tokyo, Japan)
equipped with an Oxford INCA X-max 80 energy
dispersive X-ray spectroscopy (EMR) detector (Oxford
Instruments, Abingdon, UK). X-ray diffraction (XFA)
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on a Rigaku Ultima IV X-ray diffractometer (Rigaku,
Tokyo, Japan) using Cu-Ka radiation (A = 0.15406 A)
was used to determine the phase composition of the
metal and the oxide film.

RESULTS AND DISCUSSION

The cast alloy AlCoCr NiY , demonstrates a
dendritic microstructure, where dendrites (D) are
enriched in Al and Ni, and the dendritic interlayers
(ID) contain elevated concentrations of Co and Cr
(Fig. 1a, Table 1). Inclusions containing yttrium (Y)
are arranged in groups (bright white dots), which are
found throughout the entire area of the slot, both in
dendrites and in the inter-dendritic space. The size of
such inclusions does not exceed 10 um, and for the
most part they range from 1 to 3 pm.

According to the X-ray phase analysis data
(Fig. 1b), the cast sample AlCoCr NiY  MPEA is
characterized by the presence of two solid solutions
with a face-centered cubic crystal lattice (HCC)
and a volume-centered cubic crystal lattice (BCC).
Earlier it was determined that the BCC solid solution
is enriched in Al and Ni; the HCC solid solution in
polybasic alloys contains higher concentrations of Co
and Cr [26]. Thus, the dendrites in the AICoCr NiY
MPEA microstructure can be attributed to the BCC
solid solution, and the dendritic interlayers have the
HCC structure. The yttrium on the diffractogram did
not produce reflexes, apparently because the slot area
occupied by it is less than 5 %, which is beyond the
sensitivity of the equipment used.

Fig. 2 shows the results on the change in the
specific weight gain of the alloy under study during a
100 h isothermal exposure at 1100°C. The maximum
specific weight gain for AICoCr  NiY , MPEA was
0.493 mg cm, which significantly exceeds the results
of Jang et al., according to which, after exposure for
50 h at 1100°C, the maximum specific weight gain of
the Inconel 617 industrial alloy was 1.8 mg cm™[27].
The values obtained by us can be compared with the
data from Butler and Weaver, which indicate figures
of 0.5 mg cm™? and 1.1 mg cm™ after 100 h isothermal
exposure at 1050°C. for compositions Al, (NiCrCoFe).
and Al ,(NiCrCoFe),,, respectively [28].

The general formula for oxidation kinetic can be
represented as Eq. (1) [29]:
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Fig. 1. Microstructure according to SEM (backscattered electrons) with corresponding EDS mapping (a) and diffraction

pattern (b) of the as-cast AICoCr, NiY  MPEA.

Table 1. Chemical composition (according to EDS, at. %). Av - average composition; D - dendrite; ID - interdendritic
space; Y - Y-containing precipitation; OF - oxide film (after isothermal holding).

Al Co Cr Ni Y (0]
Av 27.77 27.35 14.39 27.53 2.96 -
D 31.54 24.92 7.04 36.50 - -
AlCoCr NiY ID 13.65 38.05 23.03 25.27 - -
Y 14.92 2.34 0.86 1.99 79.89 -
OF 39.47 0.86 0.92 0.68 0.05 58.02
Am 0.6 1
— =k (1) o ¢ Experimental
A ' £
)
in which k and n are the simplify oxidation coefficient i 0.4
and dimensionless oxidation exponent respectively 5,
(time is given in h). The n value can represent the E‘J
different oxidation behaviours (n = 1, 0.5 and 0.33 % 024 Fitted line
correspond to the linear, parabolic and cubic oxidation | Am/A = 0.1469 + 7 0272
behaviours, respectively). The calculation results are % R’=0.982
presented in Fig. 2. 0.0-
Even though the oxidation was closer to the cubic T
law than the parabolic one, we performed calculations 0 20 0 60 80 100
Holding time, h

for the parabolic oxidation rate constant for the
convenience of comparing the data we obtained with
the literature, since most of the calculations presented
in the literature were performed for the parabolic nature
of oxidation.

Specific weight change (W) in parabolic law can
be related to time as Eq. (2):

2
(s

where Am is mass change (g), A is surface area (cm?),

Fig. 2. Kinetic curve of oxidation at 1100°C for
AlCoCr  NiY, A MPEA.

kp is parabolic oxidation rate constant (g> cm™ s!), and
7 is the holding time (s).

The kp calculation results for AlCoCr NiY
MPEA in comparison with the literature data are shown
in the Table. 2. As it can be seen, the rate of oxidation
of AlCoCr, NiY  MPEA is comparable to the rate
of oxidation of Y-containing wind turbines and much
lower compared to wind turbine compositions that do
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not contain yttrium [24, 28, 30].

The compliance of the oxidation process with
the cubic law means that the formed oxide film on
the surface of AlCoCr NiY  MPEA has excellent
protective properties. This is consistent with the results
of the study of its surface morphology (Fig. 3). It can be
noted that the formed oxide layer is homogeneous, has
no defects and consists of a dense mass of needle-like
crystallites with a thickness of less than 1 pm. In terms
of chemical composition, it is mainly represented by
aluminium and oxygen (see Table. 1), the concentration

of Co, Cr and Ni does not exceed 1 atm. %, the layer
also contains practically no yttrium in its composition.

The study of the transverse section of the alloy
sample after the experiment confirms the uniformity
of the chemical composition of the surface oxide layer
(Fig. 4). In this case, the main elements composing
this layer are aluminium and oxygen, which are evenly
distributed throughout its thickness. It is possible to note
the excellent adhesion of the film to the matrix material,
there are no defects on the border, the film adheres
tightly to the metal. The thickness of the oxide layer is

Table 2. Parabolic oxidation rate constant (k , g* cm™ s) of AICoCr, NiY  MPEA compared to other works.

Alloy t,°C | k, Alloy t,°C |k,

AICoCr, NiY, | 1100 | 9.48 x 10 AlCoCrFeNi [24] 1100 | 89 x 103
AlCoCrFeNiY/Hf [15] 1100 | 1.9 x 103 AICoCINi [24] 1100 | 200 x 10"
AlCoCrFeNiY/Ta [19] 1100 | 15.72 % 10 | AICoCr, Ni [24] 1100 | 40 x 103
AICoCrFeNiY/Ta/Hf [19] | 1100 | 6.75 x 103 Al (CoCrFeNi).  [28] 1050 | 19 x 103
AICoCrFeNi, | Y [20] 1100 | 10 x 103 AICoCr, NiNb,, [30] 1100 | 148.83 x 102

BN e g

Fig. 3. Morphology of the surface of the oxide film formed after 100 h isothermal exposure at 1100°C at AICoCr, NiY

MPEA.

Fig. 4. Transverse section of an AICoCr, NiY  , alloy sample after 100 h isothermal exposure at 1100°C.
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Fig. 5. Diffractogram of the surface of an AICoCr, NiY , alloy sample after 100 h isothermal exposure at 1100°C.

about 5 £ 1 um (according to at least 20 measurements)
and has practically no significant size differences.

The results of the X-ray phase analysis of the
sample surface after the experiment (Fig. 5) are
consistent with the EDS data: in addition to peaks from
the matrix material, the diffractogram shows reflections
only from aluminium oxide ALO,.

Thus, yttrium does not directly affect, but indirectly,
the resistance to high-temperature oxidation, provoking
the formation of a dense protective film of aluminium
oxide. This corresponds to its characteristics as a
“reactive element” and a catalyst for accelerating the
diffusion of aluminium ions. A similar effect from the
introduction of yttrium is noted in [15, 20, 21]. At the
same time, resistance to high-temperature oxidation is
more likely to be affected by hundredths or thousandths
of a percent of yttrium dissolved in solid solutions than
by its particles released by a separate phase.

CONCLUSIONS

Based on the results of the study, it can be concluded
that yttrium is an element, the alloying of which can
increase the resistance to high-temperature oxidation
of multi-principal element alloys. The introduction of
yttrium provokes the formation of a dense protective
film consisting of aluminum oxide on the surface of

the alloy during isothermal exposure at 1100°C. At
the same time, the adhesion of the film to the matrix
material is excellent, and the film thickness does not
exceed 6 um around the entire perimeter of the test
sample. However, this effect of yttrium is more likely
due to micro-concentrations in solid solutions rather
than to the release of its individual particles. Therefore,
in further studies, the yttrium content in the alloy can
be reduced to the level of microalloying (hundredths of
a percent), which will increase the economic efficiency
of'its use.
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