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High-entropy alloys (HEAs) and medium-entropy alloys (MEAs) have
demonstrated many superior properties, including high strength, toughness,
and thermal stability. Among MEAs, AICrFeNi has received considerable
attention due to its well-balanced mechanical properties and cost-
effectiveness, making it a promising candidate for industrial applications. It is
known that rare-earth elements can effectively enhance the oxidation resistance
of alloys containing passive elements. In this study, AlCrFeNi MEAs with Y
additions (0.5, 1.0, and 15 wt%) were fabricated by arc melting.
Microstructures of fabricated samples and their mechanical properties and
resistance to air-jet sand erosion were investigated at both room temperature
(20°C) and elevated temperature (700°C). For the sake of comparison, a
commercial nickel-based Waspaloy superalloy was also evaluated. At both
room and elevated temperatures, the AlCrFeNi MEA demonstrated high
superiority over the widely used nickel-based superalloy. The Y additions
increased the hardness and yield strength of the MEA, leading to improved
erosion resistance at room temperature, which was more obvious at elevated
temperatures, largely benefiting from the improved resistance to accelerated
oxidation at elevated temperatures. The obtained information highlighted the
beneficial effects of the minor Y additions in enhancing both the mechanical
performance and high-temperature durability of the AICrFeNi MEA, which would
help extend the application of the MEA to higher temperatures.
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high-temperature erosion, AlCrFeNi medium-entropy alloy, yttrium addition, oxidation
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1 Introduction

High- and medium-entropy alloys (HEAs/MEAs) are multi-
component alloys, which have garnered considerable interest since
2004 (George et al, 2019; Yeh, 2006). These alloys may exhibit
combinations of many superior properties, including high strength
and toughness, excellent wear resistance, superior corrosion
resistance, and exceptional thermal stability (Zhang et al., 2014;
Tsai and Yeh, 2014). Among MEAs, the cost-effective AlCrFeNi
alloy, composed of four main elements in equiatomic proportions,
has been extensively studied. This composition promotes the
formation of a body-centered cubic (BCC) solid solution, which
benefits its mechanical performance and wear resistance at room
temperature (Xu et al., 2024a; Wu et al., 2023; Qiao and Zhu, 2022).
At elevated temperatures, AICrFeNi-based MEAs develop protective
oxide layers on their surfaces due to the presence of passive elements
such as Al and Cr, which oxidize to form dense and adherent Al,O5
and Cr,0j; scales, respectively (Chen et al., 2017; Shi et al., 2021).

The addition of rare-earth elements, particularly yttrium (Y),
has been shown to be able to enhance both the mechanical
properties and oxidation resistance of HEAs and MEAs (Zhou
et al.,, 2025; Li et al,, 2020; Ren et al., 2024). Zhou et al. (2025)
investigated the influences of Y addition on the microstructure and
mechanical properties of FCC CoCr, ;NiY, (x = 0, 0.01, 0.02, 0.03,
0.04, and 0.1 at. %) MEAs. Results of the study revealed that a YNis
HCP phase precipitated in the CoCr; ;NiY o; alloy, and as Y content
increased, the volume fraction of BCC and the HCP precipitates also
grew. The phase transformations enhanced the strength and
hardness of the CoCr; ;NiY, alloys, with the largest improvement
observed at 0.1 at. % Li et al. (2020) examined the effects of Y
additions (0.1, 0.2, and 0.5 at. %) on the microstructure and
properties of FeCoNi; sCuB HEAs. The FeCoNi, sCuBY,, sample
demonstrated the highest compressive strength, yield strength, and
maximum compression ratio, attributed to the combined effects of
solid-solution strengthening, grain refinement, and dispersion
strengthening. However, as Y content exceeded 0.2 at. %, the
disrupted,
inhibition of boride growth and leading to deterioration in

high-entropy alloy structure was reducing the
mechanical properties. Ren et al. (2024) studied the mechanical
behavior and oxidation resistance of (AlICoCrFeNi),g9_xYx (x = 0,
0.1, 0.5, and 1 at. %) HEAs. Their results showed that a small Y
addition significantly enhanced oxidation resistance, with the Y-
0.1 HEA demonstrating the best performance due to the formation
of oxide pegs and the absence of interfacial defects. However,
excessive Y led to the formation of (Y, Ni)-rich oxide intrusions,
which negatively influenced the oxidation resistance.

It is well established that small amounts of rare-earth
elements improve the adhesion of oxide films to metal
substrate, but this benefit diminishes when Y content exceeds
an optimal threshold. To better understand this phenomenon, Li
and Li (2019) employed ab initio calculations to assess the role of
Y in strengthening the adhesion of Al,O5 to an Al substrate. Their
study demonstrated that an optimal Y concentration enhanced
Al/AlL,O; interfacial bonding, while excessive Y weakened the
system by disrupting the bonding between Y** ions and O*" ions
within the oxide layer. This study helps understand the
mechanism behind and properly utilize the rare-earth element
to obtain desirable properties.

Frontiers in Coatings, Dyes and Interface Engineering

10.3389/frcdi.2025.1598207

The resistance of materials to sand erosion is influenced by
multiple factors, including impingement angles, hardness and
toughness of the material, and its ability to develop protective
oxide layer (Bousser et al., 2014; Arabnejad et al, 2015; Chen
and Li, 2003). High hardness enhances the resistance to sand
particle penetration, while toughness aids in absorbing impact
energy to reduce the probability of cracking. Erosion studies
conducted under both ambient and elevated temperatures have
demonstrated that HEAs retain their erosion resistance across a
broad temperature range (Zhang et al., 2023; Nair et al., 2023; Zhang
etal, 2021). Zhang et al. (2021) examined the solid particle erosion
behavior of CoCrFeNiTi HEA coatings on a steel substrate at room
temperature. The CoCrFeNiTi HEA coating exhibited an average
microhardness of 568 HV0.2, approximately 2.5 times higher than
that of the 304 stainless steel substrate (236 HVO0.2). Their
that the HEA
considerably lower erosion rates than the substrate at both 30°

observations  revealed coating  displayed
and 60° impingement angles. The erosion mechanisms varied
depending on the impingement angle: at oblique angles, material
loss primarily occurred through ploughing and micro-cutting,
whereas at vertical impact angles, crater formation became the
dominant mechanism. These results indicate that HEAs and
MEAs hold high potential for anti-wear applications involving
sand erosion. However, the influence of Y addition on MEAs,
particularly the cost-effective AICrFeNi alloy, in terms of its
mechanical properties and erosion resistance of HEAs and MEAs
at elevated temperatures basically remains unexplored.

In this study, AlCrFeNi MEAs with different Y contents (0, 0.5,

1.0, and 1.5 wt.%) were synthesized using arc melting. Their

microstructure, mechanical properties, and sand erosion
resistance were systematically evaluated at both room
temperature (20°C) and elevated temperature (700°C). A

commercial nickel-based superalloy (Waspaloy) was included for
the comparison purpose. Ni-based superalloys are well known for
their superior mechanical strength, excellent thermal stability, and
remarkable resistance to corrosion and oxidation at elevated
temperatures (Gong et al., 2021; Stoyanov et al., 2018; McKamey
et al,, 2000). Their ability to sustain high strength and toughness
while forming stable protective oxide layers makes the superalloys
indispensable for high-temperature and high-stress applications
(Hardy et al, 2020; Behera et al, 2023). Comparing the
Y-modified AICrFeNi
superalloy provides a more perceptible assessment of their

MEAs with a commercial Ni-based

mechanical performance and erosion resistance under both
ambient and high-temperature conditions.

2 Experimental details

High-purity Al, Cr, Fe, and Ni metal powders
(>99%, >325 mesh, Sigma-Aldrich) along with yttrium metal
powders (99.0%, —40 mesh, Aldrich Chemical) were utilized to
synthesize AICrFeNi+x wt.% Y (x = 0, 0.5, 1.0, and 1.5) samples
through arc melting using a TA-200 arc melter (MRF). To prevent
oxidation during the melting process, a protective argon atmosphere
was maintained inside the arc chamber. Additionally, a commercial
nickel-based superalloy (Waspaloy, McMaster-Carr) was prepared
and tested for comparative analysis.
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FIGURE 1
The high temperature air-jet sand erosion tester with superalloy
components (up to 1,000°C).

FIGURE 2
SEM-SE images showing the morphology of SiO, sand particles.

Solid particle erosion tests were performed using a custom-built
high-temperature air-jet sand erosion tester, as illustrated in
Figure 1. The erodent material consisted of angular silica (SiO,)
sand particles (Sil 3, Sil Industrial Minerals, Canada), with a particle
size range of 200-300 um (Figure 2). The erosion setup had a tube
nozzle with an inner diameter of 4.57 mm, positioned 10 mm from
the sample surface. Sand particles were ejected at a velocity of 70 m/s
under a constant air pressure of 276 kPa, impinged the sample at
angles of 30° and 60° at both room temperature (20°C) and elevated
temperature (700°C). Each erosion test utilized 1,500 g of sand, and
sample weight loss caused by erosion was precisely measured using
an analytical balance with a 0.1 mg resolution. The erosion rate,
expressed as volume loss per unit sand weight (mm?/g), was used to
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quantify material damage. Each reported value represents an average
of at least three independent measurements.

A Rigaku XRD Ultima IV X-ray diffractometer (Japan) with Cu-
Ka radiation was utilized to determine the phase composition of
Y-reinforced AlCrFeNi samples within a 20 scanning range of
20°-90° at a scanning speed of 3° min~'. Microstructural analysis
of the alloys and their eroded surfaces was conducted using a Zeiss
EVO MAI10 scanning electron microscope (SEM, Germany)
equipped with an
(EDX) system.

Microhardness (HV5) measurements were performed at room

energy-dispersive  X-ray  spectroscopy

temperature, 400°C, and 700°C using a high-temperature Vickers
hardness testing system (HTV-PHS30, ARCHIMEDES, China)
under an indent load of 5 kgf. Each reported hardness value
represents the average of at least five measurements per sample.
Compressive stress-strain curves were obtained from cylindrical
specimens (@4 x 7.0 mm) using an electromechanical universal
testing machine (TESTRESOURCES 313, USA) operated at a
displacement rate of 0.3 mm/min.

To assess high-temperature oxidation behavior, isothermal
oxidation tests were performed on ground samples at 750°C in
air for 100 h using a F79300 tube furnace (Thermolyne, Barnstead,
US). During the 100-hour isothermal oxidation test at 750°C, the
samples were removed from the furnace at specific time intervals,
cooled in air to room temperature, and then weighed using an
analytical balance with a precision of 0.1 mg. This procedure was
repeated at each time point to record the cumulative mass gain. The
cooling process involved placing the samples on a ceramic plate in
ambient air, allowing them to naturally cool to room temperature
without forced convection. Once fully cooled, the samples were
handled with clean tweezers to avoid contamination, and
measurements were performed under consistent laboratory
conditions to ensure accuracy.

3 Results and discussion
3.1 Microstructural characterization

The XRD patterns of AICrFeNi + x wt.% Yttrium (x = 0, 0.5,
1.0 and 1.5) MEAs are shown in Figure 3a. The AlCrFeNi MEA
exhibits a dual-phase BCC structure, consisting of a disordered BCC
(A2) phase and an ordered BCC (B2) phase, with overlapped
diffraction peaks observed at 44°, 64° and 82° (Xu et al., 2024b;
Diao et al.,, 2024; Jiang et al., 2019). As illustrated in the enlarged
XRD patterns (30°-50°) in Figure 3b, the diffraction peaks of the
A2 and B2 phases shrift to higher angles with increasing Y content.
This shift is attributed to changes in lattice parameters, primarily
due to the incorporation of Y atoms, which have a larger atomic
radius than the other constituent elements in the matrix (Long et al.,
2023). Furthermore, diffraction peaks corresponding to a hexagonal
YNis phase in the AICrFeNi + 1.5 wt.% Y alloy are observed at 32°,
36°, 39°, 42° and 43° (Du and Zhang, 1996; Khrussanova et al., 2000;
Zhou et al., 2023). The hexagonal phase is identified to have a CaCus
type structure with a P6/mmm space group (Zhang et al., 2018).

The SEM backscattered electron (BSE) images of AICrFeNi
alloys with 0.5-1.5 wt.% Y additions are shown in Figure 4. Both
the AlCrFeNi and AICrFeNi + 0.5 wt.% Y alloy MEAs (Figures 4a,b)
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FIGURE 3
XRD patterns of the (a) AlCrFeNi+x wt.% Y MEAs (x = 0.5-1.5) and (b) enlarged XRD pattern at 30°-50°.

FIGURE 4

SEM-BSE images of microstructures: (a) AlCrFeNi MEA, (b) AICrFeNi+0.5 wt.%Y, (c) AICrFeNi+1.0 wt.%Y, (d) AlCrFeNi+1.5 wt.%Y.

exhibited a honeycomb-shaped microstructure, consisting of two
distinct phases: the dark B2 phase and the lighter A2 phase, which
align with the XRD analysis. In the AICrFeNi + 0.5 wt.% Y alloy, a
small amount of Y existed in the alloy matrix, leading to, more or
less, some solid-solution strengthening effect on the matrix phase.
As the Y content increased, an HCP phase began to precipitate from
the matrix, with a progressive increase in the volume fraction of the
precipitates in the AICrFeNi + 1.0 wt.% Y and AlCrFeNi + 1.5 wt.%
Y alloys (Figures 4c,d). The grain size and percentage of Y-rich
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precipitate fraction for AICrFeNi and AlCrFeNi+ x%Y MEAs (x =
0.5-1.5) were analyzed using the Image-Pro Plus 6.0 (IPP 6.0)
software based on the obtained SEM images. Results are listed in
Table 1. The precipitate fraction (YNis) was observed to increase
with Y content. As shown in Figures 4a,d, the average grain sizes of
AlCrFeNi, AlCrFeNi + 0.5 wt.% Y, AlCrFeNi + 1.0 wt.% Y, and
AlCrFeNi + 1.5 wt.% Y are approximately 15.0 um, 8.0 pm, 12.0 pm,
and 9.0 pum, respectively, confirming the grain refinement effect with
increasing Y addition. This refinement effect is attributed to the
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TABLE 1 Grain sizes and area fractions of the white YNis precipitates for
AlCrFeNi and AlCrFeNi+ x%Y MEAs (x = 0.5-1.5).

Alloys Grain sizes/um Fractions of YNis

AICrFeNi 15.0 + 3.0 /
ALCrFeNi+0.5%Y 8.0 20 /
AICrFeNi+1.0%Y 12.0 + 2.0 1.65%
AICrFeNi+1.5%Y 9.0 + 2.0 4.29%

TABLE 2 Chemical compositions (at.%) of original AICrFeNi and AlCrFeNi+ x
%Y MEAs (x = 0.5-1.5).

AlCrFeNi 24406 252+08 | 24809  256=*10 /
AlCrFeNi+0.5%Y = 24.6 £ 0.5 248 +£0.7 249+ 1.0 | 254 £ 0.8 ‘ 03+0.1
AlICrFeNi+1.0%Y 248 £05 | 248 +09 252+ 08 | 247 +0.9 ‘ 0.5+0.1
AlCrFeNi+1.5%Y 243 +07  250+10  251+1.1 | 249+12 ‘ 0.7£0.2

presence of Y in the solid-solution matrix and its ability to promote
the formation of precipitates (e.g., YNis), which act as barriers to
grain boundary migration, thus effectively suppressing the grain
growth (Li et al., 2022; Kim et al., 2023).

Chemical compositions (at.%) of original AICrFeNi and
AICrFeNi+ x%Y MEAs (x = 0.5-1.5), determined from SEM-
EDX, are given in Table 2. Figure 5 displays SEM-BSE images
and corresponding EDX elemental maps of the AICrFeNi + 1.5 wt.%
Y alloy. The elemental distribution maps indicate that Al, Cr, Fe, and
Ni are uniformly distributed throughout the alloy matrix. In
contrast, Y exhibits localized enrichment, forming discrete white
YNis precipitates (Wu et al., 2021), which appear to be located more
at grain boundaries in the present AICrFeNi medium-entropy alloy.

3.2 Mechanical properties and sand-erosion
behavior of the alloys

Vickers hardness values (HV5) of AICrFeNi + x wt.% Y MEAs
and the reference Waspaloy Ni-based superalloy were measured at
room temperature and elevated temperatures (400°C and 700°C) to
evaluate their mechanical strength and thermal stability. As
illustrated in Figure 6, at room temperature, the hardness of
AlCrFeNi + x wt.% Y MEAs increased with Y content up to
1.0 wt.% Y, reaching a maximum of 494 HV5. This enhancement
is attributed to solid-solution strengthening and grain refinement (as
observed in Figures 4a,d), which contribute to improved mechanical
properties (Wu and Hwang, 2002; Qian et al., 2020). However,
further Y addition beyond 1.0 wt.% resulted in a decline in hardness
for AICrFeNi + 1.5 wt.% Y. The decreased hardness could be
ascribed to the formation of Y-rich intermetallics (e.g., YNi5),
which is hard but brittle, and may act as stress concentrators and
trigger cracking under the indentation load. The brittleness increases
the probability of cracking, which can lower the resistance to local
plastic deformation under the indenter during the hardness
measurement, leading to a decrease in the apparent hardness.
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Hong and Hsueh (2022) performed nanoindentation and
Vickers indentation tests on Y-added CoCrNi MEAs and found
that the hardening effects by both solid-solution and grain boundary
had minimal contributions to the enhancement of hardness, while
the formation of harder HCP precipitates showed the main
contribution. Excessive Y content in alloys promotes the
precipitation of hard yet brittle intermetallic compounds (e.g.,
YNis HCP), leading to an increase in brittleness, which may
weaken the overall hardness and facilitate cracking during
deformation (Chen et al., 2022). In contrast, the commercial
Waspaloy exhibited the lowest hardness (215 HV5) at room
temperature among the tested alloys. However, it is widely
recognized for its exceptional thermal stability, high strength, and
oxidation resistance at temperatures up to 1,200°C (Wang et al.,
2024), making the superalloy a suitable reference material when
performing high-temperature sand erosion tests for the MEAs
containing Y addition.

At elevated temperatures, all tested materials became more or
less softer, compared to their states at room temperature. The
AlICrFeNi + 1.0 wt.% Y alloy showed the highest hardness at
700°C (379 HV5). Both pure AlCrFeNi and Y-modified ones
demonstrated higher thermal stability, maintaining their hardness
effectively. For comparison, the percent decreases in hardness of
AlCrFeNi, AICrFeNi + 0.5 wt.%, AlCrFeNi + 1.0 wt.%, AICrFeNi +
1.5 wt.% and the superalloy are 22.2%, 24.2%, 23.3%, 26.2%, and
31.2%, respectively. The superior thermo-mechanical stability of
AlCrFeNi samples with and without Y is attributed to the inherent
high-temperature hardness of the MEA and formed phases caused
by the Y addition (Ramanarayanan et al., 1988). This combination
contributes to high strength retention and benefits their resistance to
the sand erosion at various temperatures. In contrast, the
commercial Ni-based superalloy exhibited a relatively larger
hardness reduction (31.2%) at 700°C.

Figure 7 presents the measured erosion rates of AICrFeNi + x
wt.% Y MEAs and Waspaloy Ni superalloy at room temperature
(20°C) at impingement angles of 30" and 60°, respectively. At the
impingement angle of 30° (Figure 7a), the erosion rates of AICrFeNi
+x wt.% Y MEAs initially declined with increasing Y content but
rose again for the AICrFeNi + 1.5 wt.% Y alloy. AICrFeNi + 1.0 wt.%
Y MEA showed the lowest erosion rate (8.83 x 10 mm’/g),
primarily due to its high hardness. This improved resistance
resulted
strengthening, and grain boundary strengthening (El Garah et al,,
2023; Guimardes et al, 2020). Compared to the Waspaloy
superalloy, the AICrFeNi + x wt.% Y MEAs exhibited superior
erosion resistance, consistent with the hardness ranking shown in
Figure 6. A similar trend was observed at a 60° impingement angle

from  precipitation  strengthening, solid-solution

(Figure 7b), where Y addition slightly improved erosion resistance.
Again, the AICrFeNi + 1.0 wt.% Y alloy showed the lowest erosion
rate, while the erosion rate of the sample with 1.5 wt.% Y increased
slightly, likely due to reduced hardness from excessive Y content.
The erosion rates of the samples at 60° showed a trend similar to that
of hardness and values of erosion rate are marginally higher than
those at 30°. Metallic materials are able to absorb more energy than
ceramic materials to resist erosion (Xu et al, 2025). Toughness,
estimated from the area under compressive stress-strain curves,
reflects a material’s ability to absorb energy and undergo plastic
deformation without fracturing (Hertzberg et al., 2020; Li et al,
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FIGURE 6
Hardness (HV5) of the Y-AlCrFeNi MEAs and Waspaloy at room
temperature, 400°C and 700°C.

2018). Results of performed compressive tests for the materials
under study are discussed later in this section to further evaluate
mechanical properties of the material. It is worth noting that the

Frontiers in Coatings, Dyes and Interface Engineering

influence of Y addition on erosion resistance at room temperature
was relatively minor. Since the mechanical strength primarily
determines the erosion resistance at ambient conditions. The Y
addition is expected to be more beneficial at elevated temperatures
sue to the fact that the rare-earth element can enhance the
oxide scale.

To further investigate the erosion behavior, the eroded surfaces
of selected alloys were examined. SEM-BSE images depicting their
morphologies under different testing conditions are shown in
Figures 8-12. Figure 8 illustrates the eroded surfaces of AICrFeNi
and AICrFeNi + 1.0 wt.% Y MEAs eroded at a 30° impingement
angle at room temperature. Distinct ploughing and micro-cutting
features (marked by red arrows) were observed. The AICrFeNi MEA
(Figure 8a), with lower hardness, exhibited deeper furrows than the
Y-added one (Figure 8b), confirming the improved erosion
resistance of the latter. Figure 9 illustrates the eroded surfaces of
samples impacted at 60°. Due to the higher impingement angle,
greater vertical impact stress led to the formation of micro-indents,
craters, and deformed platelets (highlighted by red arrows). Unlike
the elongated micro-cuttings seen at a lower angle, the micro-
indents at 60° were shorter but deeper. The vertical impact
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Erosion rates of HEAs and two reference alloys at room
temperature with an impact angle of (a) 30°, and (b) 60°.

caused material displacement toward the indent edges, resulting in
extruded lips. Continued material pile-up and deformation
eventually led to fracture and erosion loss. Higher toughness
plays a crucial role in mitigating erosion by absorbing more
impact energy (Miyazaki, 2016).

Overall, the Y-added AICrFeNi MEAs exhibited ductile
erosion behavior, as indicated by the presence of grooves and
ridges caused by ploughing and micro-cutting (Naveed et al.,
2017). To evaluate the effect of Y addition on oxide scale
formation, the chemical composition of the eroded surfaces
was analyzed. EDX mapping of oxygen content (highlighted in
green) is given in Figures 8, 9, and the surface compositions are
summarized in Table 3. As illustrated, the surface of AICrFeNi +
1.0 wt.% Y MEA showed more oxides than that of pure AICrFeNi
MEA, demonstrating Y’s role in promoting protective oxide
formation (Zhang et al., 2022). The oxides help enhance the
erosion resistance by shielding the alloy surface from direct
attack, as evidenced by the shallower and shorter furrows in
the Y-containing MEA.

Figure 10 presents the erosion rates of the alloys eroded at
700°C, at impingement angles of 30° and 60°, respectively. The Y
addition facilitates the formation of stable, protective oxides on
the MEAs, benefiting their erosion resistance at elevated
temperatures. As shown in Figure 10A, Y significantly
increased the erosion resistance of AICrFeNi MEA at 700°C at
the impingement angle of 30°, with the AICrFeNi + 1.0 wt.% Y
MEA exhibiting the lowest erosion rate of 1.20 x 107> mm’/g.
Similar to the trend observed at room temperature, harder
samples demonstrated lower erosion rates. However, at higher
temperatures, the effect of Y was more pronounced due to its
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beneficial role in oxide formation. A similar trend was observed
at the impingement angle of 60° (Figure 10B). The erosion rates of
AlICrFeNi + x wt.% Y MEAs decreased with increasing Y content,
reaching a minimum of 1.19 x 107> mm?®/g for the AICrFeNi +
1.0 wt.% Y MEA. However, further increasing the Y content, the
likely due to reduced
protectiveness of the oxide scale by excessive Y content and
related issues (Radu and Li, 2008; Radu and Li, 2007).

In general, higher temperatures reduce yield strength and

erosion rate slightly increased,

hardness of materials, making them less resistant to erosion
under mechanical stresses (Blau, 2010). However, the multi-
element HEAs/MEAs can decrease element diffusion due to their
lattice distortion, which more or less hinders atomic diffusion, thus
reducing the temperature-induced softening and phase separation
(Xu et al.,, 2015; McCormack and Navrotsky, 2021). Additionally,
the high-entropy (S) of HEAs/MEAs lowers Gibbs free energy (G =
H-TS), stability at
temperatures, which increase the entropy. Besides, the rare-earth

contributing to the material elevated
element, Y, is widely recognized to be effective in improving the
oxidation resistance by forming a protective oxide scale, particularly
in high-temperature environments. These factors help mitigate the
adverse effects of temperature rise on mechanical strength,
benefiting the resistance of Y-containing MEAs to erosion at
elevated temperatures.

The eroded surfaces of AlCrFeNi and AICrFeNi + 1.0 wt.%Y
MEAs, tested at 700°C with 30° and 60° impingement angles,
12.  Their
morphologies resemble those observed at room temperature

respectively, are shown in Figures 11, surface
(Figures 8, 9) but the surface roughness increased significantly at
700°C. This can be attributed to the general reduction in mechanical
strength at elevated temperatures. Additionally, the surfaces eroded
at 700°C show greater plastic deformation than those at room
temperature due to increased ductility, as evident when
comparing Figures 11, 12 with Figures 8, 9.

In general, an increase in temperature led to higher erosion rates
for most alloys due to thermal softening of the materials and
enhanced plastic deformation under impact. However, for
Y-containing AlCrFeNi MEAs, the increase in erosion rate at
700°C was relatively moderate, attributed to the ability of
maintaining high-temperature strength and the formation of
protective oxide films. Notably, AICrFeNi + 1.0 wt.% Y showed
the lowest increase in erosion rate, indicating superior high-
temperature erosion resistance.

Figure 13 presents representative cross-sectional profiles of the
eroded surfaces for AICrFeNi and AICrFeNi + 1.0 wt.% Y MEAs
eroded at 60° impingement angle. Both qualitative and quantitative
analyses of erosion scar width and depth are provided, along with 3D
morphological profiles illustrating erosion intensity. At both testing
temperatures, the AICrFeNi + 1.0 wt% Y MEA exhibited
significantly lower erosion scar depth, compared to the pure
AlCrFeNi MEA, aligning with the erosion rate trends observed in
Figures 7, 10. However, the scar widths remained similar. As shown
in Figures 13a,c, at room temperature, the erosion scar depth of the
AlCrFeNi + 1.0 wt.% Y MEA (695 pum) was 12.6% lower than that of
the pure AICrFeNi MEA (795 um). At 700°C, this reduction
increased to 17.4% (Figures 13b,d), highlighting the increased
effectiveness of Y addition in enhancing oxidation resistance at
elevated temperatures.
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SEM-SE images and corresponding oxide content maps of the worn surfaces on (a) AlCrFeNi MEA and (b) AICrFeNi+1.0 wt.%Y, respectively, eroded

at the impingement angle of 30° at room temperature.

To evaluate the influence of Y addition on the mechanical
properties of AlCrFeNi MEA, compressive tests were performed
at room temperature. Figure 14 presents the compressive stress-
strain curves of AICrFeNi + x wt.% Y MEAs and the reference alloy
(Waspaloy), with the corresponding mechanical property values
listed in Table 4. As shown, adding a small amount of Y (<1.0 wt.%)
enhanced the compressive yield strength of the MEA at the expense
of ductility. The AlCrFeNi + 1.0 wt.% Y MEA exhibited the highest
yield strength (1,292 MPa), consistent with its highest hardness
value. However, excessive Y (>1.0 wt.%) led to a decline in both
strength and ductility in the AICrFeNi + 1.5 wt.% Y MEA, attributed
to the formation of brittle Y-rich intermetallic phases (Ren et al.,
2022; Yi et al,, 2021), which compromised toughness. The reduced
ductility and toughness, as indicated by the area under the stress-
strain curve, negatively influenced the benefit of Y addition to the
erosion resistance of the MEAs.

An optimal Y content (below 1.5 wt.%) provided a balanced
combination of strength and plasticity, which also led to the
formation of a more protective oxide scale (Radu and Li, 2008;
Radu and Li, 2007). In contrast, the Ni-based Waspaloy
superalloy exhibited lower yield strength but significantly
strain of 71.2%
fracture. Although its superior plasticity and thermal stability

higher ductility, sustaining a without
may contribute to erosion resistance at elevated temperatures,
its low hardness resulted in lower erosion resistance, compared

with the AICrFeNi MEAs, as illustrated in Figures 7, 10.
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3.3 Isothermal high-temperature oxidation
behavior of the Y-added MEAs

Since the MEAs under study contain passive elements such as Cr
and Al, their erosion behavior is also influenced by oxidation and the
formed oxide films on surface. The oxide films of passive elements
are generally protective. Additionally, the rare-earth element Y can
enhance the protectiveness of the oxide films (Radu and Li, 2008;
Radu and Li, 2007).

To evaluate the performance of the oxide scale on the materials
under the influence of Y, isothermal high-temperature oxidation tests
were performed at 750°C for 100 h. Obtained mass gain curves are
displayed in Figure 15. As shown, the oxidation-caused weight gain of
the Y-added MEAs decreased with increasing Y content. After 100 h of
oxidation, comparing AlCrFeNi and AlCrFeNi+1.5wt.%Y, the former
has its weight gain about 60% more than that of the latter, indicating the
effectiveness of the rare-earth Y in improving the oxidation resistance.
For comparison, the commercial Ni-based Waspaloy displayed the
largest weight gain. Since Waspaloy has a larger density than the MEA,
the oxidation of Waspaloy could be similar to that of AICrFeNi and is
markedly faster than that on AlCrFeNi+1.5 wt.%Y MEA. During the
initial oxidation stage (0-25 h), all samples experienced a relatively
rapid mass increase due to the formation of oxide scales on the alloy
surfaces. The oxidation rate was then slowed, resulting in a more stable
state as the formation of adherent and protective oxide layers helped
suppress continuous oxidation.
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FIGURE 9

SEM-SE images and corresponding oxide content maps of the worn surfaces on (a) AICrFeNi MEA and (b) AlCrFeNi+1.0 wt.%Y, respectively, eroded

at the impingement angle of 60° at room temperature.
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Erosion rates of MEAs and the superalloy as a reference alloy at
700°C with impingement angles of (a) 30°, and (b) 60°.
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The cross-sectional characteristics and compositions of the
oxide layers were examined using SEM-BSE imaging and EDX
oxygen mapping (shown in green), as displayed in Figure 16.
The protectiveness of an oxide scale depends on its thickness,
adherence to the substrate, structural integrity and properties
(Liu et al, 2021). Based on the obtained oxygen maps, the
thickness of the oxide layers on the samples was analyzed. A
relatively thick but structurally compromised oxide layer was
observed on AICrFeNi (Figure 16a), characterized by distinct
cracks that negatively affected its protectiveness. In contrast, the
oxide layers on AICrFeNi + 1.0 wt.% Y and AlCrFeNi + 1.5 wt.% Y
MEAs (Figures 16b,c) were significantly thinner, denser, and more
uniform, without noticeable cracks or voids. Such compact oxide
layers should effectively reduce continuous oxidation and shield the
substrate by minimizing direct impingement from ejected sand
particles. The oxide layer on the Ni-based Waspaloy alloy was
loose and porous, with visible voids which reduced its protective
capability against oxidation and erosion, which was consistent with
the largest oxidation weight gain shown in Figure 15.

A strong oxide film helps resist erosion attacks. Although the
thin oxide layer can be damaged during the erosion process, its
dynamical and continuous growth/re-growth can more or less help
mitigate sand-particle impingements on the MEAs. In other words,
though the oxide film cannot completely block erosion, its
continuous re-growth after being damaged provides a barrier to
the erosion-caused attack to the metallic substrate. The yttrium can
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SEM-SE images and corresponding oxide content maps of the worn surface on (a) AlCrFeNi MEA and (b) AlCrFeNi+1.0 wt.%Y eroded at 700°C with

an impingement angle of 30°.

TABLE 3 Chemical compositions (at.%) of eroded surfaces of AlCrFeNi and AlCrFeNi+ 1.0%Y alloys under different testing conditions.

Alloys Conditions (Temperature/Impact angle) Al Fe Cr Ni Y (0]
AICrFeNi Room T/30° 183 20.5 203 20.0 / 20.9
Room T/60° 18.5 17.6 17.8 17.3 / 28.7
700°C/30° 18.0 183 187 184 / 26.6
700°C/60° 155 154 146 139 / 40.6
AICrFeNi+1.0%Y Room T/30° 20.4 189 19.2 189 0.5 221
Room T/60° 17.1 16.9 17.0 16.7 0.6 31.7
700°C/30° 162 17.8 177 17.6 05 302
700°C/60° 147 13.7 136 13.0 0.6 44.4

cause inward growth of oxide scale, which reduces the defects at the
oxide-substrate interface and inside the oxide scale as well, thus
further improving the durability of the oxide scale (Li and Li, 2019;
Radu and Li, 2008; Radu and Li, 2007).

Yttrium (Y) is classified as a reactive element (RE) in oxidation
studies, playing a crucial role in formation and growth of oxide scale
(Migas etal., 2022). Research has shown that an optimal Y content in
alloy matrix enhances the oxidation resistance by improving the
adherence of Cr-rich and Al-rich oxide scales (Rovere et al., 2008).
This improved adherence for the substrate is attributed to inward
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growth of oxide caused by Y, which suppresses void formation and
mitigates interface degradation (Radu and Li, 2008; Whittle and
Stringer, 1980). Studies on Fe-Cr-Al-Y alloys indicate that the Y
incorporation results in more compact and adherent Al,O; scales,
significantly enhancing oxidation resistance (Kima et al., 2021).
Similarly, in Fe-Cr-Y and Ni-Cr-Y alloys, Y promotes selective
Cr oxidation, facilitating the formation of continuous Cr,O;
layers (Angeliu and Was, 1993). However, excessive Y can lead
to the formation of brittle Y-rich phases (as observed in Figures 4, 5),
reducing ductility. Besides, high Y concentrations may cause grain
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SEM-SE images and corresponding oxide content maps of the worn surface of (a) AICrFeNi MEA, (b) AlCrFeNi+1.0 wt.% Y under the impact angle of

60° at 700°C.

Impact

Depth (um)
&

direction (a) AICrFeNi — room T

o 1000 2000 3000 4000
Distance (um)

(c)1.0Y-roomT

5000

6000

7000

E
=1
£
o
]
o
0 1000 2000 3000 4000 5000 6000
Distance (um)
FIGURE 13

7000

Depth (um)

Depth (um)

-1000 +

(b) AICrFeNi - 700C

-600

-800

1000 2000 3000 4000
Distance (um)

(d) 1.0Y - 700C

1000 2000 3000 4000
Distance (um)

Eroded surface cross-sectional profiles of AICrFeNi and AlCrFeNi+1.0%Y MEAs after sand erosion tests with an impingement angle of 60° at (a) and
(c) room temperature, and (b) and (d) 700°C, respectively. The inserted graphs show corresponding 3D morphology of the eroded surfaces.

Frontiers in Coatings, Dyes and Interface Engineering

11

frontiersin.org


https://www.frontiersin.org/journals/coatings,-dyes-and-interface-engineering
https://www.frontiersin.org
https://doi.org/10.3389/frcdi.2025.1598207

Xu et al.

10.3389/frcdi.2025.1598207

3500
—AICrFeNi —0.5Y —1.0Y —1.5Y —Waspaloy p
3000 | y /
No

2500 | fracture
~
3]
A
= 2000 |
N’
2 a

mm

@ 1500 |
N—
m -
= 1000 } <
2 3
b 3

500 |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain

FIGURE 14
Compressive stress-strain curves of the MEAs and the superalloy.

TABLE 4 The compressive properties of the alloys at room temperature.

Alloy Yield stress (0.2% offset, MPa) Peak stress (MPa) Failure strain (%)
AICrFeNi 1,143 2,627 437
AICrFeNi+0.5 wt.%Y 1,184 2,288 37.9
AICrFeNi+1.0 wt.%Y 1,292 2,338 36.0
AICrFeNi+1.5 wt.%Y 1,170 2,196 34.6
Waspaloy Ni alloy 539 >3,493 >71.2
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FIGURE 15

Oxidation kinetic curves of the Y-added AlCrFeNi MEAs and
Waspaloy alloy oxidized at 750°C for 100 h in air.

boundary segregation and the development of porous oxides,
adversely affecting mechanical properties and oxidation resistance
(Li and Li, 2019; Radu and Li, 2007; Kindelmann et al., 2021).

In summary, Y addition in the AICrFeNi MEA enhances the
formation of a protective oxide layer during isothermal oxidation
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tests. However, an excessive Y content (>1.5 wt.%) may influence the
oxide layer integrity. Therefore, AICrFeNi MEAs with optimized Y
additions achieve an optimal protective oxide film or scale, making
them well-suited for high-temperature applications where
conventional materials may fall short (Kuang et al.,, 2024).

Wear in aggressive environments is a complicated process.
Significant efforts have been made to improve conventional wear-
resistant materials using different approaches (Tang and Li, 2021;
Heetal, 2014; Ye et al., 1999; Li, 2000; Budinski and Budinski, 2021;
Catalin et al., 2021). The non-conventional multi-element alloys, the
medium- and high-entropy alloys, provide more opportunities to
obtain superior tribological properties over conventional alloys. This
study demonstrated that the AICrFeNi medium-entropy alloy
exhibits markedly superior erosion resistance than a nickel-based
superalloy, and in particular, highlighted the beneficial effects of
controlled Y additions in enhancing both the mechanical
performance and high-temperature durability. The obtained
information would help extend and speed up the applications of

medium- and high-entropy alloys to those at elevated temperatures.

4 Conclusion

This article reports a study on effects of rare-earth element,
yttrium, on microstructure, mechanical properties, and solid-
particle erosion resistance of AlCrFeNi medium-entropy alloy
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FIGURE 16
SEM-BSE images showing the cross-sectional characterizations of the eroded subsurface and corresponding EDX mapping of oxygen content after

isothermal oxidation at 750°C for 100 h. (a) AlCrFeNi. (b) AICrFeNi+1.0%Y. (c) AICrFeNi+1.5%Y. (d) Ni Waspaloy

(MEA) at both ambient and elevated (700°C) temperatures. The
main findings are summarized as follows:

(1)

)

()

AlCrFeNi MEAs with different Y contents (0, 0.5, 1.0, and
1.5 wt.%) were synthesized via arc melting. The base
AICrFeNi MEA consisted of an ordered Al-Ni-rich BCC
(B2) phase and a disordered Cr-Fe-rich BCC (A2) phase.
In the AICrFeNi+1.5 wt.%Y MEA, YNis precipitates having
an HCP structure were also observed.

The Y addition showed effects of solid-solution strengthening
and grain boundary strengthening for the AlCrFeNi MEA.
The AlCrFeNi+1.0wt.%Y alloy exhibited the highest hardness
at both 20°C and 700°C. Compressive tests revealed that Y
addition increased the yield strength of the MEA at the cost of
ductility. The AlCrFeNi+1.0wt.%Y alloy achieved the best
balance between strength and ductility. However, excessive Y
(>1.0 wt.%) led to the formation of brittle the Y-rich
intermetallic phase (YNi5), which decreased both strength
and ductility in the AICrFeNi + 1.5 wt.% Y MEA.

The AlCrFeNi MEAs showed excellent erosion resistance at
both room temperature and elevated temperature (700°C),
compared with the Ni-based superalloy. Y addition increased
the erosion resistance of AICrFeNi MEAs particularly at the
elevated temperature. The AICrFeNi+1.0 wt.%Y alloy
exhibited the lowest erosion rates at both ambient and
elevated (700°C) temperatures, and the improvement is
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considerably  larger  than  the  room-temperature
performance. This enhancement at the elevated
temperature was attributed to the formation of a dense,
adherent and protective oxide layer. In contrast, the oxide
layers on pure AICrFeNi and Ni-based superalloy samples
were loose and porous, with visible cracks and voids, leading
to reduced resistance to oxidation and high-T erosion.

(4) The Y-added AICrFeNi MEAs demonstrated superior
performance than commercial Ni-based superalloys at both
ambient and elevated temperatures, demonstrating the
potential of the AICrFeNi MEAs with rare-earth minor Y
addition for applications in high-temperature environments
where conventional materials may fail.
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