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Eutectic multi-principal elements alloys (EMPEAs) are promising candidates for high-temperature applications
due to their exceptional mechanical properties and thermal stability. Herein, the temperature-dependent
oxidation behavior of a Y-Hf co-doped Co-free Al;¢CraoFeyoNiss EMPEA in the temperature range between
1100 and 1300 °C is investigated. The oxidation product is exclusively AloOs scale with the columnar grain
microstructure in this temperature range, indicating that inward O diffusion plays a more critical role than Al
diffusion, consequently leading to a small oxidation rate. At 1100-1200 °C, the EMPEA exhibits superior
oxidation resistance due to the higher Al activity and lower reactive element (RE) in the Al-depleted layer, while
the smaller coefficient of thermal expansion (CTE) minimizes residual stress. However, the EMPEA shows inferior
oxidation resistance at 1300 °C, likely because the inherent softness degrades the interfacial instability under
elevated thermal stress, leading to oxide scale spallation. All in all, the Y-Hf co-doped Co-free Al;¢CraoFegoNisg
EMPEA has large potential in high-temperature applications and offers a cost-effective alternative with sustained

performance stability up to 1200 °C.

1. Introduction

Multi-principal elements alloys (MPEAs) composed of four or more
principal elements in near-equal or varying concentrations have
garnered significant attention due to their unique design principle and
properties, including mechanical strength, thermal stability, and
corrosion resistance [1-5]. However, single-phase MPEAs with
face-centered cubic (FCC) or body-centered cubic (BCC) structures suffer
from the inherent trade-off between strength and ductility, and either
insufficient yield strength or poor plastic deformation underscores the
need for alternative alloy designs. In response to this challenge, re-
searchers have explored dual-phase MPEAs, particularly those incor-
porating aluminum. Al-containing dual-phase MPEAs show a
combination of strength and ductility, which is often attributed to their
composite microstructures consisting of soft and hard phases. For
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instance, alloys such as AlCrFeCoNiNb and AlTiFeCoNi exhibit hardness
values exceeding 1000 Hv [6,7], while compositions like Aly ;CoCrFeNi
have demonstrated excellent corrosion resistance in aggressive envi-
ronments [8]. These properties make Al-containing MPEAs promising
candidates for structural and functional applications under harsh service
conditions.

Building upon this dual-phase concept, eutectic high-entropy alloys
(EMPEAs) have been introduced by Lu et al. to balance strength and
ductility [9]. EMPEAs are typically composed of a fine and stable
eutectic microstructure with a soft phase (FCC) with good ductility and a
hard phase (BCC or other intermetallic compound) with high strength.
The eutectic nature of EMPEAs also produces excellent
high-temperature stability, tensile strength, and creep resistance
[10-12], as the different phases mitigate phase transformation or
decomposition under thermal stress.
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In high-temperature applications involving turbine engines and
aerospace components [13,14], it is essential to investigate the oxida-
tion behavior of EMPEAs. Previous studies on the oxidation behavior of
EMPEAs have mainly focused on the formation mechanism and growth
of oxide scales [15-21]. These studies suggest that the oxidation resis-
tance of EMPEAs can be enhanced by adding refractory elements [15,
16], the incorporation of Al, Cr, and Si to promote the formation of
protective oxide scales [17-19], controlling the heat treatment [20],
optimizing the composition [21-23], and doping with reactive elements
(REs) [24-27]. In particular, doping with REs is an effective approach to
improve oxide scale adhesion and reduce the growth of oxide scale on
metallic alloys [28,29]. For instance, Y-Hf co-doped AlCoCrFeNi-type
EMPEAs have been shown to have good oxidation resistance at
1100-1300 °C [25-27]. However, research on the oxidation behavior of
RE-doped EMPEAs in other systems has been limited.

Furthermore, cobalt (Co), an essential element in many EMPEA
systems, has raised practical concerns due to resource availability, high
cost and potential radioactivity [30,31]. As a result, there is a growing
urgency to develop Co-free EMPEAs that retain the desired mechanical
and high-temperature properties while addressing the challenge asso-
ciated with Co. Iron (Fe), as a more abundant and cost-effective alter-
native to Co, offers a potentially promising solution. Moreover, Fe is
known to bring additional benefits to the oxidation resistance of NiAl
alloys or coatings by promoting the formation of protective a-Al;03
scales [32,33]. Despite these advantages, systematic investigations into
Fe-substituted, Co-free EMPEAs are limited, particularly regarding their
oxidation behavior at elevated temperatures. The Co-free AljgCrag.
FegoNiss EMPEA has excellent mechanical properties at room tempera-
ture (ultimate tensile strength of ~1 GPa and total elongation of ~12 %)
[34], which represents a promising candidate. However, to the best of
our knowledge, its oxidation behavior, especially with RE-doping, re-
mains unreported.

In this study, we investigate the oxidation behavior of a Co-free
Aly¢CryoFegoNigs EMPEA in the temperature range between 1100 °C
and 1300 °C. The EMPEA is doped with REs (Y and Hf) to improve oxide
scale adhesion. Three different temperatures are selected to evaluate the
effects of temperature on the oxidation behavior of the alloy. The mi-
crostructures of the pristine alloy, oxidized alloy, and oxide scale are
characterized in detail to gain a comprehensive understanding of the
oxidation mechanism. The results enrich our knowledge on the oxida-
tion resistance of cost-effective Co-free AlCrFeNi-type EMPEAs in high-
temperature applications.

2. Materials and methods
2.1. Materials preparation and isothermal oxidation

Two Al;CrooFeyoNiss EMPEA ingots, each weighing approximately
100 g, were prepared by adding Y and Hf (0.025 at% each). The alloys
were melted in a Ti-gettered, high-purity argon atmosphere and used
high purity metals (>99.9 wt%) to minimize contamination. The ingots
were remelted five times to achieve microstructural homogeneity.
Table 1 shows the chemical composition of the EMPEAs, determined
using inductively coupled plasma optical emission spectroscopy (ICP-
OES).

The square plates (10 x 10 x 2.5 mm) were cut from the ingot by a

Table 1
Composition of the Y-Hf co-doped Al;¢CragFegoNiszs EMPEA determined by

inductively-coupled plasma optical emission spectrometry (ICP-OES)
experiment.
Elements
Al Cr Fe Ni Y Hf
wt% 8.34 20.08 21.57 49.88 0.038 0.082
at% 16.2 19.9 19.8 44.1 0.025 0.027
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precision cutting machine (Accutom 5, Struers), ground with 5000-grit
SiC paper, and cleaned in an ultrasonic bath for 5 min. The isothermal
oxidation tests were conducted at 1100 °C, 1200 °C, and 1300 °C, in a
mulffle furnace for up to 500 h. The maximum oxidation time at 1300 °C
was limited to 100 h to prevent severe degradation. After the chamber
furnace reached the target temperature, the specimens were uniformly
positioned at the center of the furnace to ensure consistent thermal
exposure and reproducible oxidation conditions. After heating for the
pre-set time, the specimens were removed from the furnace and air-
cooled for 10 min with the help of a fan.

2.2. Characterization

The phase structure of pristine and oxidized alloys was determined
by X-ray diffraction (XRD, Bruker D8 ADVANCE) with Cu Ko radiation (A
=1.5406 A, generated at 40 kV and 10 mA) at a scanning rate of 5°/min
and 20 scanning range of 10°-90°. Microstructural and compositional
analyses of the alloys and oxide scales were conducted by scanning
electron microscopy (SEM, Mira3, Tescan) with an accelerating voltage
of 20 kV, energy-dispersive X-ray spectroscopy (EDS, Oxford In-
struments), and electron backscattering diffraction (EBSD, Oxford In-
struments NordlysMax3) with an accelerating voltage of 20 kV. The
surface chemical states were determined by X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher, ESCALAB 250X).

To protect the cross-sectional samples during analysis, a layer of Ni
was electroplated onto the oxide scales. The electroplating solution
consists of a mixture of NiSO4-6 HO (200 g/L), NiCly-6 H30 (50 g/L)
and H3BO3 (20 g/L), with a solution pH of 4.0-4.5. The current density is
100 mA/cm?, and the electroplating time is 5 min. The average coeffi-
cient of thermal expansion (CTE) was determined using a high-
temperature dilatometer (DIL 402 Expedis Select/Supreme, NETZSCH,
Germany) in argon between 25 °C and 1250 °C at a MPEAting rate of
5 °C/min. The specimens for the CTE measurements were rectangular
with dimensions of 15 x 3 x 2.5 mm. The residual stress in the oxide
scales was measured by photoluminescence piezospectroscopy (PLPS)
on a confocal Raman microprobe (LabRAM HR, Horiba Jobin Yvon,
France) equipped with a 532 nm Nd:YAG laser. The residual stress (c)
was calculated by Eq. (1) [35]:

Ay =5.07¢ (€]

where Av is the peak shift of the R2 line with respect to that of the stress-
free sapphire. The spectra were analyzed by the mixed Gaussian-
Lorentzian functions (Labspec software) to determine the peak posi-
tions, and PLPS was employed to monitor the phase transformation of
Al;03 during the early stage of alloy oxidation.

3. Results
3.1. Microstructure of Al;¢CraoFezoNigqg EMPEA

Fig. 1 shows the microstructure of Al;gCrpoFegoNiga EMPEA. Ac-
cording to the BSE analysis (Fig. 1la-b), the alloy has a dual-phase
eutectic structure consisting of bright and dark phases. XRD confirms
that the eutectic microstructure comprises y'/y and A2/B phases
(Fig. 1c). Based on the morphology of the eutectic microstructure, two
distinct regions are identified: lamellar and rod-like eutectic structures.
BSE-EDS mapping indicates that the bright phase is enriched with Cr and
Fe, while the dark phase is enriched with Al and Ni (Fig. 1d-g). The
thickness of each phase in the lamellar structure ranges from 0.5 to 1 pm,
and the size of the rod-like eutectic microstructure is between 1 and 2
pm.

Moreover, EBSD characterization is performed to provide a more
comprehensive understanding of the microstructure, revealing an
average grain size of approximately 25 pm and a random grain orien-
tation without apparent crystallographic texture (Fig. 2a-b). Further
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Fig. 1. Microstructure of Y-Hf co-doped Al;¢CraoFe2oNisq EMPEA: (a and b) Low and High-magnification BSE images, showing the overview of microstructure; (c)
XRD spectrum; (d-e) BSE image and EDS elemental maps, showing the lamellar eutectic microstructure; (f-g) BSE image and EDS elemental maps, showing the rod-

like eutectic microstructure.

Fig. 2. EBSD analysis of Y-Hf co-doped Al;¢CraoFeaoNigq EMPEA: (a) Misorientation map, showing the overall grain morphology; (b) Grain size distribution his-
togram providing quantitative assessment of grain size; (c-f) Phase map, misorientation map and kernel average misorientation map collectively illustrating the

characteristic eutectic microstructure.

analysis verifies that the bright phase corresponds to the FCC phase,
whereas the dark phase is the BCC phase (Fig. 2c-d). Kernel average
misorientation (KAM) mapping indicates that local strain is primarily
concentrated within the BCC phase (Fig. 2e), which can be attributed to
its higher hardness than FCC phase. According to the TEM analysis from
the prior study [34], the BCC phase exhibits an ordered B2 structure,
whereas the FCC phase is characterized as disordered. Table 2 presents
the chemical compositions of the y and p phases determined by EDS,
which reveals no Y- or Hf-precipitates due to the small concentration
(0.025 at%).

Table 2
Chemical composition of the y and p phases of Y-Hf co-doped Al;¢CraoFeoNigq
EMPEA by BSE-EDS experimental point analysis (Error bar derived from 5
points).

Elements Phases
v phase (at%) B phase (at%)
Al 11.7 +1.3 31.7+23
Cr 24.7 £ 1.5 9.9+0.9
Fe 226 £1.5 13.1+1.3
Ni 41.0+1.2 47.4 +2.1
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3.2. Oxidation behavior of AljsCrapFesoNigqy EMPEA at 1100-1300 °C

To investigate the initial oxidation behavior of the Y-Hf co-doped
Aly6CrooFegoNigs EMPEA, the surface morphology and phase composi-
tion were analyzed after 5 min oxidation at 1100 °C (Fig. 3). Low-
magnification and high-magnification SEM images (Fig. 3a-c) reveal
the oxide morphology, with larger grain size of AlpOs. PLPS and XPS
analysis confirm the exclusive formation of a-Al,O3 (Fig. 3d and Fig. S2),
with no detectable 6-Al;03. This indicates a rapid 6- to a-Al;O3 phase
transformation in Y-Hf co-doped Al;¢CragFeggNisq EMPEA, which will
be discussed in Section 4.1.

Fig. 4 shows the surface and cross-sectional morphologies of Y-Hf co-
doped Al;¢CrygFeooNigss EMPEA after 500 h oxidation at 1100 °C. As
shown in Fig. 4a, the oxide scale remains intact without spallation. The
Y- and Hf-rich oxides are distributed predominantly along the grain
boundaries of the oxide scale (Fig. 4b-c), consistent with the dynamic
segregation theory [36]. XRD and XPS analysis confirm that the primary
oxidation product is a-AlyO3 (Fig. 4d and Fig. S1). BSE-EDS mapping
further reveals good adhesion between the a-Al,O3 scale and Al;Crag.
FegoNigys EMPEA substrate without interfacial imperfections such as
pores (Fig. 4e-g). The microstructure of the underlying alloy exhibits a
coarser dual-phase eutectic morphology after oxidation for 500 h. The
thickness of the a-AlyO3 scale and Al-depleted layer are about 3.5 pm
and 20 pm.

After oxidation for 500 h at 1200 °C, the surface and cross-sectional
morphologies of the Y-Hf co-doped Al;CraoFezoNisgy EMPEA are shown
in Fig. 5. Consistent with the results at 1100 °C, no spallation is observed
from the oxide scale surface (Fig. 5a). Nevertheless, the uniformity of the
oxide scale decreases at 1200 °C, with more pronounced agglomeration
of Y- and Hf-rich oxides along the grain boundaries (Fig. 5b-d) because
of accelerated diffusion of reactive elements at the higher temperature.
According to our previous work [27], these Y- and Hf-rich oxides are
identified as HfYxAlyO23/2(x + y) with a monoclinic crystal structure (Hf:
23.5, Y: 7.9; Al: 8.3; O: 60.3 in at%). XRD, XPS analysis and BSE-EDS
mapping (Fig. 5e-h and Fig. S1) indicate that a-AlyOg is the primary
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oxidation product, and the interface between the oxide scale and sub-
strate remains intact without showing visible pores or cracks. Prolonged
exposure at 1200 °C also results in significant coarsening of the
dual-phase eutectic microstructure of the alloy substrate (Fig. 5f). It
should be noted that the oxide scale thickness increases significantly to
approximately 6.8 pm, accompanied by a thicker Al-depleted layer with
a thickness of about 40 pm (Fig. 5g).

EBSD analysis further reveals that the a-Al,O3 scale grows prefer-
entially along the close-packed directions of the substrate phases
(Fig. S6). Specifically, the [0001] direction of a-AlyOs3 is aligned with the
[111] direction of the y phase and the [110] direction of the p phase,
indicating a strong orientation relationship governed by crystallo-
graphic coherency. This suggests that the oxide preferentially nucleates
and grows along the close-packed planes of the underlying substrate,
which helps minimize interfacial energy and promotes the formation of
dense, adherent oxide scales.

For comparison, the oxidation behavior of the Y-Hf co-doped
Aly6CrooFegoNigs EMPEA is compared with that of the Y-Hf co-doped
Al;5C020CrzoNigy EMPEA in which Fe is replaced by Co. These alloys
have nearly the same Al, Cr and Ni concentrations, making them well-
suited for isolating the effects of Fe versus Co on the oxidation
behavior. After oxidation for 250 h at 1200 °C, the Co-containing
Al;3Co20CryoNig2 EMPEA shows significant spallation zones on the
oxide scale surface (Fig. 6a-b) together with oxide intrusions sur-
rounding Y/Hf-rich oxide in the spallation areas (Fig. 6¢). Cross-
sectional analysis reveals interfacial imperfections (pores and oxide in-
trusions) and Al,Oj3 as the oxidation product (Fig. 6d-f). In contrast, the
Fe-containing Al;¢CraoFegoNiss EMPEA has no interfacial impurities on
the oxidized surface or in the cross-section after oxidation for 500 h at
1200 °C (Fig. 5), thus corroborating the superior oxidation resistance.

Unlike the oxidation results at 1100 °C and 1200 °C, pronounced
spallation occurs on the oxide scale after oxidation for 100 h at 1300 °C
exposing the substrate partially (Fig. 7a). Moreover, interfacial rumpling
is found from the surface of the oxide scale (Fig. 7b). BSE images and
EDS mapping (Fig. 7c-e) reveal that Y/Hf-rich oxides, which are

Fig. 3. Surface morphology and PLPS analysis of Y-Hf co-doped Al;¢CraoFexoNiqq EMPEA after 5 min oxidation at 1100 °C: (a) Low-magnification SE images showing
the oxidized surface; (b and c¢) High-magnification SE images revealing the detailed morphology of the oxidized surface formed on the y and p phases; (d) PLPS

spectrum confirming the exclusive formation of «-Al;O3.
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Fig. 4. Surface and cross-sectional morphologies of Y-Hf co-doped Al;¢CraoFexoNigq EMPEA after 500 h oxidation at 1100 °C: (a) Low-magnification BSE image of
the intact oxide scale; (b and ¢) High-magnification BSE images showing the detailed surface morphology of the oxide scale; (d) XRD spectrum,; (e) Low-magnification
BSE image of the adherent oxide scale; (f) High-magnification BSE image and (g) EDS elemental maps of the oxidation product.

Fig. 5. Surface and cross-sectional morphologies of Y-Hf co-doped Al;¢CraoFexoNiqq EMPEA after 500 h oxidation at 1200 °C: (a) Low-magnification BSE image of
the intact oxide scale; (b and c) High-magnification BSE images and (d) EDS elemental maps showing the detailed morphology of the Y/Hf-rich oxide along the grain
boundaries of the oxide scale; (e) XRD spectrum showing the phase structure after oxidation; (f) Low-magnification BSE image of the adherent oxide scale; (g) High-

magnification BSE image and (h) EDS elemental maps of the oxidation product.

distributed along grain boundaries, increase in size compared to lower-
temperature oxidation. These larger oxide particles arise from the larger
diffusion rates of reactive elements and localized coalescence at this
temperature. XRD confirms that a-AlyO3 remains the primary oxidation
product after oxidation at 1300 °C (Fig. 7f). Cross-sectional BSE-EDS

analysis further verifies interfacial rumpling and partial detachment
(Fig. 7g-h). Nonetheless, despite these negative effects, the remaining
oxide scale has a thickness of approximately 10 pm, while the Al-
depleted layer extends to about 55 pm. These findings reveal the
accelerated oxidation kinetics and greater challenge in maintaining
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Fig. 6. Surface and cross-sectional morphologies of Y-Hf co-doped Al;3Co50CraoNis; EMPEA after 250 h oxidation at 1200 °C: (a) Low-magnification BSE image
showing the oxide scale; (b and c¢) High-magnification BSE images revealing the detailed spallation zone; (d) Low-magnification BSE image showing the cross-
sectional morphology; (g) High-magnification BSE image and (h) Corresponding EDS elemental maps revealing the oxidation product and oxide intrusions.

Fig. 7. Surface and cross-sectional morphologies of Y-Hf co-doped Al;¢CraoFegoNisq EMPEA after 100 h oxidation at 1300 °C: (a-b) Low and high-magnification SE
image showing spallation and rumpling of the oxide scale; (c-d) High-magnification BSE images and (e) EDS elemental maps showing the detailed morphology of the
Y/Hf-rich oxide; (f) XRD pattern revealing the phase structure after oxidation; (g) Low-magnification BSE image of the cross-sectional oxide scale; (h) High-
magnification BSE image and (i) EDS maps of the oxidation product.
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scale adhesion at 1300 °C.

3.3. Microstructure of oxide scales at 1100-1300 °C

Fig. 8a-c shows the fractured cross-sectional microstructures of the
oxide scales formed on the Y-Hf co-doped Al;CragFegoNigs EMPEA after
oxidation for 500 h at 1100-1200 °C and 100 h at 1300 °C. All the oxide
scales show the typical double-layer structure comprising outer equi-
axed grains and inner columnar grains. The outer equiaxed grains
remain notably thin (300-400 nm) and show little variation in thickness
despite the increasing oxidation temperature. This means that the inner
columnar grain structure dominates the oxide scale, and the growth is
primarily driven by inward oxygen diffusion [37,38]. Quantitative
analysis of the oxide grains (Fig. 8d-i) reveals that the average width of
columnar grains increases significantly from ~0.8 pm to ~1.9 pm with
rising temperature. This is likely due to enhanced oxygen diffusion as
well as coarsening and lateral expansion of the columnar grain structure
in the oxide scale.

3.4. Oxidation kinetics of AljCraoFezoNiszq EMPEA at 1100-1300 °C

Based on the results in Figs. 3-6, AloO3 is the predominant oxidation
product on the Y-Hf co-doped Al;¢CragFegoNisg EMPEA between 1100
°C and 1300 °C. As the growth of Al,Og3 scales is controlled by diffusion,
the oxidation rate of Y-Hf co-doped Al;¢CryoFeggNisy EMPEA at
1100-1300 °C can be calculated based on the Al;O3 scale thickness by
the classical Wagner’s theory [39] :

he = (knt)"/? ()

where h, is the scale thickness after an oxidation time t and kj, is the
parabolic rate constant obtained by linear fitting of the scale thickness to
the square root of oxidation time, as shown in Fig. 9. To facilitate the
direct comparison of the parabolic rate constants with those of
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Fig. 9. Alumina scale thickness versus the square root of oxidation time at
1100-1300 °C with the alumina scale thickness evaluated based on a minimum
of 50 measurements taken from 5 distinct cross-sectional BSE images.

conventional Al;O3 -forming alloys, the parabolic rate constant in em?/s
can be converted to the unit g cm™* s™1 by the following relationship
[40]:

3Mop a0 )2
k — 2U3 k 3
D ( MA1203 h ( )

where k, represents the parabolic rate constant in g em~* 571, The pa-
rameters used in this calculation are the molar masses of Al;03 (102 g/
mol) and oxygen (16 g/mol) and the density of Al;03 (3.98 g/cms). The
parabolic rate constants k, are calculated to be 2.7 & 0.1 x 10713 g2
em ™ s’l, 9.8+ 0.3 x 10713 g2 em*s'and 6.0 + 0.2 x 10712 g2 em™
s~1 at 1100 °C, 1200 °C and 1300 °C, respectively.

To evaluate the oxidation kinetics of the Y-Hf co-doped Al;Crag.
FegoNiss EMPEA, mass gain measurements were performed at 1100 °C

and 1200 °C. The mass gain per unit area (Am/S) exhibits a linear

Fig. 8. Microstructural analysis of the oxide scales on Y-Hf co-doped Al;¢CraoFe2oNisgq EMPEA after 500 h oxidation at 1100-1200 °C and 100 h oxidation at 1300
°C: (a-c) Fractured cross-sectional microstructures of the oxide scales; (d-f) Columnar a-Al,O3 grains left on the substrates; (g-i) Widths of columnar grains based on at
least 50 grains in each alloy). The fractured cross-sectional microstructures of the oxide scales are obtained by mechanical fracturing.
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relationship with the square root of oxidation time (t*°), indicating that

the oxidation behavior follows a parabolic rate law (Fig. S4). This sug-
gests the formation of a continuous, slow-growing, and adherent oxide
scale. The corresponding parabolic rate constants (kp), determined using
the equation Am2/S? = kp-t, are 2.98 x 107! g2.cm-s™! at 1100 °C and
1.04 x 1072 gZem s at 1200 °C. These values are in good agreement
with the rate constants independently extracted from oxide scale
thickness measurements (2.7 x 10! and 9.8 x 1073 gZecm™.s7l,
respectively), thereby validating the consistency of the oxidation model.
At 1300 °C, severe spallation of the oxide scale occurs during long-term
exposure, which introduces significant uncertainty in mass gain data.
Therefore, the ke value at this temperature is only estimated based on
cross-sectional scale thickness. While this approach provides an
approximate indication of oxidation rate, it may not fully capture
transient kinetic behavior or early-stage deviations from diffusion-
controlled growth. Further work need be required to validate the ki-
netic trends at such high temperatures.

Table 3 compares the oxidation rates of various EMPEAs with the
same RE dopant concentrations and conventional oxidation-resistant
alloys at 1100-1300 °C. The Al;¢CryoFesoNigqy EMPEA shows a slightly
higher oxidation rate than the lightly Co-containing AlCoCrFeNiy ;
EMPEA but shows a slower oxidation rate than the high Co concentra-
tion A113C020Cr20Ni42 and A118CO30CI'10F610Ni32 EMPEAs. Moreover,
the Alj6CryoFegoNigy EMPEA completely eliminates the use of the
expensive element, Co, consequently reducing the material costs while
maintaining excellent oxidation resistance. It should be noted that the
oxidation rate constant of Al;gCrpoFeyoNigqg EMPEA is significantly lower
than that of conventional oxidation-resistant FeCrAlY(Hf) alloys.
Although its oxidation rate is slightly inferior to that of NiAl(Hf), the
latter suffers from intrinsic brittleness [41], which severely limits its
applicability in structural components. Meanwhile, the interface be-
tween the AlyOj3 scale and Al;4CrygFesoNigs EMPEA remains intact even
after oxidation for 500 h at 1200 °C, in contrast to the spalled and
rumpling interfaces in conventional NiAl, FeCrAlY and NiCoCrAlY(Hf)
alloys [42-44]. In summary, the cost-effective Y-Hf co-doped Al;Cra.
FegoNigy EMPEA shows excellent oxidation resistance at high
temperature.

4. Discussion

The cost-effective Co-free Aly¢CragFegoNisg EMPEA, doped with Y
and Hf, exhibits good oxidation resistance between 1100 and 1200 °C,
with performance comparable to that of some Co-containing EMPEAs
(Table 3), as evidenced by stable oxide scale formation and adhesion.

Table 3
Comparison of k;, of the Y-Hf co-doped Al;¢CraoFexoNiss EMPEA with those of
other Al,O3-forming EMPEAs at 1100 °C and 1200 °C [25-27,29,45,46].

Temperature EMPEAs kp (g% em™* Reference

Q) sh

1100 (Y-Hf) Al;6CraoFexoNigg 2.7 This work
+0.1x10713

/ (Y-Hf) Al;5C020CraoNigs 4.6 x 10713 [45]

/ (Y-Hf) Al;5C030CryoFe1oNisy (Y- 2.9 x 10713 [25]

/ Hf) AlCoCrFeNis ; 2.1 x 10713 [26]

/ (Y-Hf) FeCrAl 3.7 x 10713 [29]

/ NiAlHf 1.6 x 10713 [46]

1200 (Y-Hf) Aly6CryoFesoNigg 9.8 This work
+0.3x10°18

/ (Y-Hf) Al;5C030Cr;oFe;oNisa 1.3 x 10712 [25]

/ (Y-Hf) AlCoCrFeNiy 9.5 x 10713 [26]

/ (Y-Hf) FeCrAl 3.5 x 10712 [29]

/ NiAIHf 7.6 x 10713 [46]

1300 (Y-Hf) Al;6CraoFeqoNigy 6.0 This work
+0.2 x 10712

/ (Y-Hf) Al;5C030CryoFe;oNisy 6.3 x 10712 [25]

/ (Y-Hf) AlCoCrFeNiy 2.3 x 101! [27]

/ (Y-Hf) FeCrAl 2.2 x 1071 [29]
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However, interfacial rumpling and spallation are observed after oxida-
tion for 100 h at 1300 °C, indicating worsening oxidation resistance at
higher temperatures. These findings suggest that the oxidation resis-
tance is governed by both the alloy composition and oxidation tem-
perature. Therefore, the following discussion focuses on the effects of Fe
and temperature on the oxidation resistance of Y-Hf co-doped
A116CI'20F620Ni44 EMPEA.

4.1. Effects of Fe on the early oxidation characteristics of Y-Hf co-doped
Al]ﬁCT‘goFezoNi44 EMPEA

During oxidation below 1200 °C, metastable 06-Al;03 forms initially
on conventional NiCoCrAlY and NiAlHf alloys or coatings and trans-
forms into more stable a-Al,O3 scales with time [47,48]. Since the
growth rate of 6-Al,Oj3 is higher than that of a-Al;Os3, it is necessary to
understand the 6- to a-Al,O3 transformation. Generally, the phase
transformation time varies from a few minutes to hours depending on
the composition and grain size of the alloy or coating and oxidation
temperature [49,50]. In our study, SEM and PLPS analysis are performed
to study the role of Fe in the alloy after oxidation for 5 min at 1100 °C
(Fig. 4). No 6-Al,03 is detected on the oxidized surface of the f§ and y
phases, in contrast to the Al;gCo20CrooNiso EMPEA in which 0-Al,03
constitutes ~3.5 wt% of the AlyO3 scale [45]. This suggests that Fe
promotes the 6- to a-AlpO3 phase transformation, possibly due to the
initial formation of a-Fep,O3 with the same crystal structure as a-Al,O3
[51]. In the Co-containing EMPEA, the formation of Co oxides, such as
CoO (face-centered cubic structure) or Co304 (cubic structure), may
delay the 0- to a-AlyO3 phase transformation, as their crystal structures
are more similar to that of 0-Al,O3 (cubic) than «-Al;03 (corundum).
This structural similarity may stabilize the transient 6-Al;03 phase and
hinder its transformation into the thermodynamically stable a-Al,Os3.

The a-AlyO3 grain formed on the surface of the p phase is larger than
that of the y phase (Fig. 4c¢). It is generally accepted that the grain size of
a-Al;03 mainly depends on the phase composition, number of nucle-
ation sites, and oxidation temperature [52]. Since the oxidation tem-
perature is constant, the different grain sizes of these two phases arise
from the phase composition and number of nucleation sites. It is well
known that the number of nucleation sites is influenced by the conver-
sion rate of 0-Al;03 to a-Al;Os. According to the literature [53], the
growth of 6-Al,O3 depends on the Al diffusion rate. The Al diffusion
coefficients of the y and p phases are calculated by the thermo-calc
software based on the EDS result (Table 4). The Al diffusion coeffi-
cient of the B phase is larger than that of the y phase, suggesting that
faster Al diffusion in the p phase facilitates the growth and trans-
formation of 6-Aly03 to a-Al,O3. The rapid transformation reduces the
number of nucleation sites, leading to fewer but larger a-Al;O3 grains on
the p phase surface. Conversely, in the y phase, slower Al diffusion re-
stricts the growth of 6-Al,0s, resulting in a greater number of nucleation
sites and smaller a-AlyOg3 grains. These differences in the a-Al,O3 grain
size highlight the significant role of Al diffusion in the microstructural
evolution during oxidation.

4.2. Effects of Fe on the oxidation resistance of Y-Hf co-doped
A116Cr20FezoNi44 EMPEA

The oxidation behavior of the Y-Hf co-doped Al;gCos0CrooNign
EMPEA at 1200°C (see Fig. 9) shows significant spallation and interfa-
cial imperfections, in contrast to the intact oxide scale of the Fe-

Table 4
Al diffusion coefficients of the y and B phases at 1100 °C calculated by the
Thermo-calc software using TCNI8 and TCHEA7 databases.

Database D%, (em?/s) D), (cm?/s)
TCNI8 1.33x 10713 7.30 x 10711
TCHEA7 1.34 x 10713 7.25 x 10711
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containing Al;gCrooFeyoNigy EMPEA (Fig. 4). Based on the aforemen-
tioned results, the primary difference in the oxidation resistance of the
two EMPEAs stems from oxide intrusion at the scale/EMPEA interface. It
is predominantly influenced by the distribution of RE-rich oxides during
oxidation, and the distribution depends on the RE solubility in the Al-
depleted layer. To explore the effects of RE solubility, thermodynamic
calculations are performed using the thermo-Calc software to calculate
the solubility of Y and Hf in the y and p phases of both alloys. However,
the solubility of Y cannot be determined accurately on account of its
strong tendency to form Ni-Y intermetallic compounds [54,55]. The
solubility of Hf in the p phase in the Fe-containing Al;gCrooFesoNisg
EMPEA is about x 2 higher than that in the Co-containing
Al1gCo20CryoNigo EMPEA, but about x 0.5 lower in the y phase
(Fig. 10 and Table 5). Since the Al-depleted layer is the y phase, the
higher RE solubility of the y phase in the Co-containing
Al1gCo20CryoNisp EMPEA contributes to the formation of interfacial
impurities at 1200 °C.

The thickness of the Al-depleted layer increases with time due to the
consumption of Al to form the Al;O3 scale. The process also promotes
the formation of RE-rich oxides at the scale/alloy interface. According to
Fig. 4 and Fig. 9, the thickness of the Al-depleted layer in
Al;8C020CraoNigg EMPEA (~130 pm thick after 250 h oxidation at 1200
°C) is larger than that of the Al;¢CryoFeyoNigy EMPEA (only ~40 pm
thick after 500 h oxidation at 1200 °C). Since the thickness of the Al-
depleted layer is controlled by the Al activity, the Al activity of y in
these two EMPEAs is calculated (Table 6). The Al activity of the y phase
in Al;CryoFegoNigqg EMPEA is higher than that of the Al;gCo20CraoNigs
EMPEA by about 1.5 times. This implies that Fe enhances the Al activity
in the y phase and a thinner Al-depleted layer. Compared to the
Al;8Co20CryNige EMPEA, the lower RE solubility and higher Al activity
in the y phase contribute to the superior oxidation resistance of the
A116Cr20Fe20Ni44 EMPEA.

The residual stress in the Al;O3 scale affects the oxidation resistance
due to its impact on the elastic strain energy in the oxide scale. As shown
in Fig. 11a, the residual stresses of the AloO3 scale in Al;gCraoFeoNisg
are about —5.2 GPa and —6.4 GPa after oxidation at 1100 °C and 1200
°C, respectively, which are substantially lower than those of the Co-
containing Al;gCoy0CryoNigy EMPEA which shows compressive stresses
of approximately —6.3 GPa and —7.4 GPa at the corresponding tem-
perature. At room temperature, the residual stress in the oxide scale is
governed by thermal mismatch stress arising from the differential co-
efficient of thermal expansion (CTE) between the alloy substrate and the
AlyO3 scale [56]. This stress emerges during cooling as a result of the
thermal contraction difference between the alloy and oxide scale. As
shown in Fig. 11b, the CTE of Al;¢CryoFeoNisgg EMPEA (17.0 x107%/K)
is less than that of Al;gC020CraoNiss EMPEA (18.4 x10~%/K) at 1200 °C,
suggesting that the residual stress in these two alloys is altered by the
different CTE of the two alloys. According to the literature [57], f-phase
alloys have a smaller CTE than y-phase alloys at a high temperature.
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Table 5
Hf solubility of the y and p phases at 1200 °C calculated by the thermo-calc
software using TCNI8 and TCHEA7 databases.

EMPEAs Hf solubility in § phase Hf solubility in y phase

Al;5C020Cra0Nisn 0.036 at% (TCNIS) 0.017 at% (TCNIS)

Al;gC020Cr2oNigo 0.041 at% (TCHEA7) 0.018 at% (TCHEA7)

Al CraoFesoNiss 0.073 at% (TCNI8) 0.008 at% (TCNI8)

Al;6CraoFegoNigq 0.075 at% (TCHEA7) 0.006 at% (TCHEA7)
Table 6

Al activity of the y phases at 1200 °C calculated by the thermo-calc software.
Aly8C020CraoNiss EMPEAs using TCNI8 and TCHEA7 databases.

EMPEAs d,, (TCNI8) d, (TCHEA?)

Al8C020CraoNisgn 6.55 x 1077 6.27 x 1077

Aly6CragFesoNigg 9.33x 1077 1.07 x 107
Table 7

Volume fraction and size of Y-Hf oxide particles at the Al,O3 grain boundaries
after oxidation at 1100-1300 °C based on Image J analysis of the experimental
results (The volume fraction and average size of Y-Hf oxide particles are
determined by quantitative 10000 x and 30000 x BSE images).

Oxidation temperature Volume fraction (%) Average size (nm)

and time

1100 °C 500 h 2.1+0.7 160 + 50
1200 °C 500 h 42+1.2 310 + 60
1300 °C 100 h 6.3+ 2.1 750 =+ 80

Since Al;¢CryoFegoNisg EMPEA (~41 %) has a considerably bigger vol-
ume fraction of the p phase than the Al;gCoy¢CrpoNigy EMPEA (~31 %),
the reduction in CTE can be ascribed to the higher volume fraction of the
f phase.

4.3. Effects of temperature on the oxidation resistance of Y-Hf co-doped
A116Cr20FezoNi44 EMPEA

Interfacial rumpling and spallation are observed after oxidation for
100 h at 1300 °C, indicating worse oxidation resistance of Y-Hf co-doped
Aly6CraoFegoNigs EMPEA at the higher temperature. According to the
dynamic segregation theory [36], RE ions diffuse outward along the
oxide scale grain boundaries to form RE-rich oxides, which can lower the
oxidation rate and enhance the scale plasticity. However, the diffusivity
of RE ions increases rapidly with increasing temperature, especially
above 1200 °C, leading to a larger volume fraction and average size of
RE-rich oxide particles (Table 6). When RE ions diffuse more rapidly
along the scale grain boundaries at 1300 °C, their effects on scale plas-
ticity weaken. Consequently, scale adhesion becomes increasingly
dependent on the mechanical properties of the alloy substrate.

Fig. 10. Calculated Hf solubility of the p and y phase sin (a) Y-Hf co-doped Al CraoFeooNiss EMPEA and (b) Y-Hf co-doped Al;gCo20CraoNigs EMPEA at 900-1200 °C.
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Fig. 11. (a) Residual stress in the Al,O3 scales on Y-Hf co-doped Al;6CraoFesoNiss EMPEA after oxidation at 1100 °C and 1200 °C; (b) Evolution of the average CTE of

Y-Hf co-doped Al;4CrogFegoNigy EMPEA from 600 °C to 1250 °C.

Fe-containing MPEAs generally have lower hardness and yield strength
than Co-containing MPEAs due to the strong solid-solution strength-
ening of Co [58,59]. We also measured the high-temperature compres-
sive stress-strain curves of Y-Hf co-doped Al;eCryoFegoNisq and
Al;8Co20CrgNige EMPEAs at 1300 °C for comparison (Fig. S5). The re-
sults show that the Y-Hf co-doped Al;CrpoFegoNigg EMPEA exhibits
significantly higher compressive strength of ~38 MPa, compared to
~24 MPa for the Al;gCo0CryoNisy counterpart (~24 MPa). Moreover,
the Y-Hf co-doped AlCoCrFeNiy; and Al;gCo3¢CrigFe;oNiza EMPEAs
shows excellent oxidation resistance at 1300 °C [25,27], as there is no
spallation found on their oxidized surface after 100 h oxidation.
Therefore, the inherent softness of the Fe-containing EMPEA may in-
crease the susceptibility to interfacial mechanical failure and compro-
mise the oxidation resistance at 1300 °C due to the interplay between
diminished scale plasticity and the limited capacity of the alloy to
accommodate deformation.

4.4. Oxidation mechanism of Y-Hf co-doped Al;¢CragFesoNiqy EMPEA

The oxidation behavior of the Y-Hf co-doped Al16CrzoFez0Niss EMPEA
is governed by a diffusion-controlled mechanism, as evidenced by the
parabolic growth kinetics of the oxide scale observed at 1100-1300 °C
(Fig. 7 and Table 3). The formation of a continuous and adherent
a-AlpO3 scale serves as the key barrier against further oxidation. Frac-
tured SEM and EBSD images (Fig. 6a-c and Fig. S6) reveal the pre-
dominant presence of columnar a-Al,O3 grains growing perpendicular
to the substrate surface, which is indicative of inward oxygen diffusion
being the dominant transport process during oxidation [36,37].

The Al element plays a key role in forming and stabilizing the pro-
tective a-AlyO3 scale. The high Al activity in this alloy facilitates rapid
outward diffusion of Al to the oxide/alloy interface. This promotes the
formation of thermodynamically stable a-Al;03 at 1100-1200 °C, where
the protective scale exhibits excellent adherence and structural integ-
rity. The co-doping of Hf and Y, each at 0.025 at%, also plays a crucial
role in enhancing scale adhesion and reducing oxidation rate. Both
reactive elements segregate to grain boundaries and form discrete RE-
rich oxide particles within the scale. This segregation behavior leads
to improved oxide scale adhesion through the dynamic segregation ef-
fect and possibly by inhibiting void formation at the metal/oxide
interface [28,60]. Furthermore, the relatively low solubility of Hf in the
y matrix phase (Table 5) helps to suppress excessive interfacial reaction
zones or Kirkendall voids, thereby enhancing the mechanical stability of
the oxide scale.

However, at elevated temperatures (e.g., 1300 °C), the formation of
coarser RE-rich oxide particles within the scale and inherent softness of
this alloy decrease the ability of the oxide to accommodate growth
stresses plastically (Table 6 and Fig. S5). As a result, local spallation or
rumpling is occasionally observed after long-term exposure. In

10

summary, the superior oxidation resistance of the Y-Hf co-doped
Aly6CrogFegoNigs EMPEA arises from the synergistic contributions of
fast and sufficient Al supply for protective a-Al,O3 formation and the
scale-anchoring effect of reactive elements.

5. Conclusions

The oxidation behavior of Y-Hf co-doped Co-free Al;6CraoFegoNiga
EMPEA in the temperature range between 1100 °C and 1300 °C is
investigated. The EMPEA shows better oxidation resistance than Y-Hf
co-doped Co-containing Al;gCo2¢CraoNisz EMPEA at 1100-1200 °C. The
enhanced oxidation resistance can be attributed to the higher Al activity,
low RE solubility of the y phase, and lower CTE. However, the EMPEA
shows inferior oxidation resistance at 1300 °C possibility due to its
inherent softness, which can degrade the interfacial instability under
elevated thermal stress. The Al;¢CraoFeoNigqs EMPEA has large potential
in high-temperature applications due to its affordability and sustained
stability and offers a cost-effective alternative with sustained stability up
to 1200 °C.
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Section 1 XPS analysis of Y-Hf co-doped and Co-free AlisCr20Fe20Niqs eutectic

multi-principal elements alloy after oxidation at 1100-1200 °C.

Fig. S1 XPS analysis of Y-Hf co-doped Y-Hf co-doped AlisCr20Fe20Niss EMPEA after
500 h oxidation at 1100°C and 1200 °C: (a) Total spectra; (b) O 1s spectra; (c) Al 2p

spectra.

Table S1 Atomic percent of Y-Hf co-doped Y-Hf co-doped AlisCr20Fe20Niss EMPEA
after 500 h oxidation at 1100 °C and 1200 °C determined by XPS analysis.

Photoelectron peak At.% (1100 °C 500 h) At.% (1200 °C 500 h)
Cls 25.98 24.44
O1s 45.96 46.88
Al 2p 27.37 27.40
Hf 4f 0.49 0.87
Y 3d 0.20 0.41

Fig. S2 XPS analysis of Y-Hf co-doped Y-Hf co-doped AlisCr20Fe20Niss EMPEA after

5 minutes oxidation at 1100 °C: (a) Total spectra; (b) Al 2p spectra.
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Section 2 TEM analysis of RE distribution on the Y-Hf co-doped Ali16Cr20Fe20Niq4
EMPEA

After 500 hours oxidation at 1100 °C for 500 hours, discrete subscale precipitates were
observed in the oxidized sample. To further investigate these features, we conducted
FIB sample preparation followed by TEM analysis. As shown in Fig. S3a-¢, STEM-
HADDF imaging and corresponding EDS mapping reveal the presence of RE-rich
precipitates with sizes around 1 um, enriched in both Y, Al and Hf (Al: 32.3 at.%, Hf:
64.6 at.%, Y: 3.1 at.%), which seemed to be the Hf2Al compound. These precipitates
are located in the substrate, indicating localized segregation rather than internal

oxidation. Moreover, as shown in Fig. S3d-f, additional high-resolution STEM-
HADDF and EDS mapping demonstrate that Hf is also preferentially distributed at {3

phase, suggesting a strong tendency for Hf segregation. These findings confirm the

accuracy of our thermal-calc calculation.

Fig. S3 TEM analysis of RE distribution on the Y-Hf co-doped AlisCraoFe20Nia4
EMPEAs after 500 h oxidation at 1100 °C: (a) Low magnification STEM-HADDF
image, showing the overview of the FIB-processed sample; (b-c) High magnification
STEM-HADDF image and corresponding EDS mapping, showing the detail and
elemental distribution of RE-rich precipitates; (d-f) High magnification STEM-
HADDF image and corresponding EDS mapping of Hf, showing the distribution of Hf
on the y and B phase.



Section 3 Mass gain curves of Y-Hf co-doped Al16Cr20Fe20Nisis EMPEA after high

temperature oxidation at 1100-1200 °C

® 1200 °C Am/S = 0.06117 t**° R*=0.99
= 1100 °C Am/S = 0.03272 t**' R?=0.98

1.6

—
N

Am/S (mg/cm?)

0 100 200 300 400 500
Time (h)
Fig. S4 Am/S kinetic curves of the Y-Hf co-doped AlisCr20Fe20Niss EMPEA after high

temperature oxidation at 1100-1200 °C fitted with power equation.



Section 4 High temperature compressive properties of Y-Hf co-doped

Al16CraoFeNigs and AligCo020Cr20Nigz EMPEAS at 1300 °C.

50
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Fig. S5 High temperature compressive curves of Y-Hf co-doped Ali¢Cr20Fe20Nis4 and
Al18C020Cr20Ni142 EMPEASs at 1300 °C.



Section S EBSD analysis of Y-Hf co-doped Ali6Cr20Fe2Niszs EMPEA after 500 h
oxidation at 1200 °C.

Fig. S6 EBSD analysis of Y-Hf co-doped Ali¢Cra0Fe20Nisa EMPEA after 500 h
oxidation at 1200 °C: (a) Phase map, showing the distribution of different phases; (b)

IPF map, illustrating the crystal orientations of these phases.
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