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ABSTRACT: High-temperature alloys are critical for advanced thermal components in aerospace and energy industries.
Conventional alloys, which rely on a single principal element with limited alloying additions, often exhibit insufficient phase
stability and rapid oxidation at extreme temperatures. In recent years, high-entropy alloys (HEAs) have emerged as revolutionary
candidates for high-temperature applications, overcoming the limitations of conventional alloys through their unique multi-principal
element design and exceptional performance. This review systematically examines the latest progress in HEAs’ key high-
temperature properties: tensile properties, creep resistance, oxidation resistance, and phase stability. Research demonstrates that
HEAs achieve remarkable mechanical properties at elevated temperatures through multiple mechanisms, such as lattice distortion
effects, precipitation of ordered L1,-structured phases, and refined grain boundary engineering. For instance, refractory HEAs like
MoNbTaVW and Hf-Nb-Ti-V systems exhibit superior creep resistance at temperatures exceeding 1600 °C, outperforming
traditional nickel-based superalloys. The slow diffusion of oxygen and the formation of multi-component oxide layers enhance the
high-temperature oxidation resistance of high-entropy alloys. Additionally, HEAs display excellent phase stability under thermal
exposure, driven by high configurational entropy and optimized microstructural designs, including nanoscale lamellar phases and
coherent precipitates. Despite these advances, challenges remain in balancing mechanical strength with ductility, ensuring long-
term durability under cyclic thermal-mechanical loads, and tailoring compositions for extreme service conditions. Future efforts
should integrate machine learning, computational modeling, and high-throughput experiments to accelerate the discovery of novel
HEA systems and validate their performance in practical applications. By addressing these challenges, HEAs are poised to
revolutionize material solutions for next-generation aerospace engines, nuclear reactors, and high-efficiency energy systems.
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1. Introduction

High-temperature metallic materials are vital in many industries [1,2], including aerospace, power generation and
nuclear industries. However, throughout human history, traditional alloy design has typically relied on a single metal
as the primary constituent [3], with only minor additions of alloying elements to achieve the required performance for
practical applications. However, these alloys face limitations such as y’-phase coarsening, oxide layer spallation above
1000 °C, and rapid degradation near their melting points. The traditional alloy design, ranging from early bronzes to
modern steels [4], magnesium alloys [5], and aluminum alloys [6], is based on conventional phase diagram
thermodynamics. It aims to restrict the number of constituent elements to prevent the formation of complex
microstructures that could lead to processing difficulties or detrimental effects on mechanical properties. Traditional
high-temperature alloys are no exception. For instance, nickel-based high-temperature alloys [7] are formulated with a
Ni matrix alloyed with elements such as Cr and Mo; cobalt-based alloys [8] use Co with additions of Cr and W; and a
series of cost-effective iron-based high-temperature alloys [9] have also been developed. Among these, nickel-based
alloys are renowned for their excellent high-temperature strength and are widely employed in turbine blades of aero-
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engines and combustion chambers of gas turbines [10]. At 800 °C, their specific strength even exceeds that of titanium
alloys, while their composite Cr,O3/Al,O3 oxide films limit the oxidation rate to less than 0.1 mm/year (at temperatures
below 1000 °C). Their high-temperature yield strength is effectively enhanced by two key mechanisms [11]: the lattice
distortion effect resulting from the substitution of Ni with larger atoms (e.g., W, Mo, and Re) and the precipitation of a
coherent, ordered L1,-structured Niz(ALTi) (y' phase) from the y matrix. These alloys can typically operate within a
temperature range of 650—1000 °C. Unfortunately, the y’ phase is prone to coarsening at elevated temperatures, and the
strength of nickel-based single-crystal alloys deteriorates sharply when operating near 80% of their melting temperature
(approximately 1100 °C). In addition, the protective Cr,O3 and Al,Oj; oxide films tend to spall at temperatures above
1000 °C. In recent years, rapid advancements in high-temperature applications, especially in aerospace, have
substantially increased the demand for high-temperature components with superior mechanical properties and oxidation
resistance. For example, structural components are now expected to operate beyond 1200 °C under complex stress states
and chemically aggressive environments. These evolving service demands far exceed the capabilities of current Ni- and
Co-based systems, creating an urgent need for novel materials with ultrahigh temperature strength, oxidation resistance,
and microstructural stability [12].

In response to these challenges, high entropy alloys (HEAs) have attracted extensive attention [13] due to their
high melting points at elevated temperatures, excellent phase stability, and superior mechanical properties. Some HEAs
show promise for high-temperature applications and may potentially replace nickel-based superalloys as next-
generation high-temperature materials [14]. HEAs represent a novel class of alloys formed by combining multiple
metallic elements in equiatomic or near-equiatomic proportions [15,16]. They exhibit phenomena such as the high-
entropy effect, sluggish diffusion effect, lattice distortion effect, and cocktail effect [17], which overcome the limitations
of conventional alloys that rely on a single principal element. This innovative approach greatly expands the
compositional design space and has sparked a new materials revolution, fostering the integration of machine learning,
computational simulations, and high-throughput screening techniques in materials science [18]. Since the concept of
high entropy alloys was first introduced in 2004 [19], these alloys have garnered significant interest worldwide for their
unique phase structures and optimal mechanical properties [3,15,20-23]. Extensive experimental research by scholars
around the globe has further uncovered the potential of HEAs in high-temperature environments.

Based on their compositional characteristics and structural features, they can be mainly categorized into the
following types:

(1) Refractory HEAs (RHEAS) are composed primarily of elements such as Nb, Mo, Ta, and W, exhibiting ultra-high
melting points and excellent high-temperature strength and creep resistance, making them suitable for aerospace
propulsion and nuclear applications.

(2) Eutectic HEAs (EHEAS) are characterized by a dual-phase structure (FCC + B2 or FCC + L1,), which provides a
balance between strength and ductility, good castability, and thermal stability, making them ideal for high-
temperature structural components.

(3) Al-containing HEAs benefit from the addition of Al to promote ordered B2 or L1, phases, significantly improving
high-temperature mechanical strength and oxidation resistance; they are commonly used in thermal barrier coatings
and protective surface layers.

(4) Oxidation-resistant HEAs such as AICrMoTaTi can form dense and stable oxide films (Al>O3, Cr203) at elevated
temperatures, offering excellent oxidation protection up to 1300 °C.

(5) Lightweight HEAs incorporate low-density elements like Al, Ti, Mg, or Li, offering high specific strength while
reducing overall weight, making them suitable for acrospace structural applications.

These diverse types of HEAs, through multi-component alloying and microstructural design, demonstrate
substantial potential for future high-temperature applications.

In addition, some studies have demonstrated the potential application of HEA films produced by advanced
manufacturing methods, such as PVD technology, in extreme mechanical and thermal environments. Alvi [24] et al.
developed a nanocrystalline CuMoTaWV HEA film using direct current magnetron sputtering with a target prepared
via spark plasma sintering (SPS) of equimolar elemental powders. The resulting film, exhibiting a body-centered cubic
(BCC) solid solution structure with a preferred (110) orientation, achieved a hardness of 19 GPa and a compressive
strength of 10 GPa. The incorporation of copper not only contributed to enhanced plasticity but also facilitated the
formation of a lubricating CuO oxide layer at elevated temperatures, thereby significantly improving wear resistance at
300 °C (with a wear rate 102 times lower than stainless steel). In a separate study [25], the same group synthesized an
amorphous thin-film metallic glass (TFMG) composed of eight refractory elements (HfMoNbTaTiVWZr) and further
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derived nitride variants by reactive sputtering with controlled nitrogen flow ratios. These nitride films demonstrated
remarkable thermal stability (up to 950 °C) and superior mechanical performance, including hardness values reaching
18.7 GPa and compressive strengths over 10 GPa. Moreover, the as-deposited metallic glass showed exceptional
ductility (~60% strain without fracture), highlighting the role of high configurational entropy, lattice distortion, and
strong interatomic bonding in enhancing high-temperature mechanical reliability. These findings underscore the
versatility of sputtered HEA films in structural applications where simultaneous strength, thermal stability, and wear
resistance are required.

This review presents a comprehensive overview of recent advances in the high-temperature mechanical properties,
oxidation resistance, and phase stability of HEAs and provides perspectives on future developments in high-temperature
HEAs research. It aims to offer valuable insights and guidance for the design and development of next-generation HEAs
optimized for extreme service environments.

2. High-Temperature Mechanical Properties
2.1. Tensile Strength and Ductility

High-temperature short-term mechanical properties [26] refer to the yield strength and elongation exhibited by a
material during short-term testing at elevated temperatures. As one of the key indicators of alloys’ high-temperature
performance, strength and ductility are particularly critical for applications operating at moderate temperatures or for
components subjected to very short service durations [27], such as those in rockets and missiles [28]. Generally, as the
temperature increases, the yield strength of metallic materials decreases while their ductility increases.

Figure 1 illustrates the variation in specific strength and yield strength of several alloy materials with temperature.
It can be observed that HEAs exhibit remarkable strength retention at elevated temperatures. As shown in Figure 1, the
AlCoCrFeNi alloy achieves a specific strength of 200 MPa-cm’/g within the temperature range of 800-900 °C,
surpassing that of TiAl alloys at comparable temperatures. Furthermore, the VNbMoTaW alloy retains a specific
strength of approximately 70 MPa-cm®/g even at 1500 °C. High-entropy alloys HEAs exhibit exceptional mechanical
properties across a wide temperature spectrum from 0 to 1600 °C [29]. For instance, the MoNbTaVW HEA maintains
a yield strength of 300—500 MPa at 1600 °C, whereas the yield strength of Inconel 718 drops sharply from ~1000 MPa
at 500 °C to <200 MPa at 800 °C. These results highlight the superior mechanical performance of some HEAs in high-
temperature environments compared to traditional alloy systems.
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Figure 1. High-temperature specific strength of the HEAs compared with other materials [30].

In recent years, significant progress has been made in enhancing the high-temperature mechanical properties of
HEAs. The core advantage of HEAs stems from their unique multi-principal element design, which enables synergistic
strengthening mechanisms such as solid-solution strengthening, precipitation phase control, and grain boundary
optimization [31]. These multiscale interactions effectively balance high-temperature strength and ductility in HEAs.

Among these, solid-solution strengthening plays a foundational role, as the severe lattice distortions induced by
multi-principal element mixing hinder dislocation motion and enhance strength across a broad temperature range.
Alloys such as AIMoysNbTagsTiZr and AINbTaTiZr [32] exemplify this approach, where the substitution of elements
like Mo with Ta further improves oxidation resistance by promoting the formation of dense, adherent oxide films
without compromising mechanical properties. In addition, as demonstrated in CoCrFeNiW,, HEA [33], the
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incorporation of refractory W leads to pronounced solid-solution strengthening effects by impeding dislocation mobility
and contributing to dynamic strain aging, as evidenced by the evolution of serrated flow behavior (A—B—C) under
increasing temperature. Complementing this, precipitation strengthening is widely employed to enhance both strength
and thermal stability. In systems like Al TisZrsNbsTa; and AINbTi3VZr; 5 [34,35], the formation of nanoscale B2 and
HCP precipitates provides strong barriers to dislocation glide and enables sustained work hardening during plastic
deformation, even at elevated temperatures. These finely dispersed secondary phases are thermally stable and uniformly
distributed, thus effectively delaying softening and maintaining load-bearing capacity under service conditions.
Similarly, the Alo3CoCrFeNi alloy exhibits nanoscale B2 precipitates enriched in Al and Ni, which interact with
dislocations and deformation twins, thereby influencing strain-hardening behavior across 300-700 °C. Notably, these
precipitates form preferentially along grain boundaries, stabilizing microstructure against coarsening [36]. Interfacial
strengthening is another pivotal mechanism that significantly contributes to the mechanical robustness of these alloys.
Alloys such as TiNbTaWCy 7 and NbMoTaWH{f [37,38] incorporate coherent or semi-coherent phase boundaries, often
with specific orientation relationships like {111}FCC//{110}BCC or faceted zig-zag interfaces that increase the
resistance to dislocation penetration and enhance high-temperature structural integrity. These interfaces act as effective
obstacles to deformation and play a crucial role in grain boundary stabilization. Moreover, transformation-induced
strengthening mechanisms further expand the design space for achieving superior mechanical behavior. In the case of
AlICoCrFeTigsNiz s [35], the synergistic interplay between deformation-induced twinning in the FCC matrix and stress-
assisted martensitic transformation in the BCC phase leads to enhanced strain hardening and delayed necking, resulting
in both high strength and improved ductility at elevated temperatures.

A novel, low-effective L1,-strengthened single-crystal HEA (Co37.38NisgsCrs2Mos.1Alg gTas ¢Ti39) was successfully
developed through directional solidification. [39] The high-entropy alloy with this composition was fabricated using
directional solidification. As illustrated in Figure 2, after heat treatment, the L1, phase was uniformly distributed within
the FCC matrix, with an average size of approximately 280 nm. These precipitates exhibited a highly coherent interface
with the matrix (lattice mismatch of only 0.14%) and a volume fraction as high as 80%, which exceeds that of
conventional single-crystal superalloys. [40,41]. Moreover, no detrimental topologically close-packed (TCP) phases
were observed. At an intermediate temperature of 800 °C, the alloy exhibited a maximum yield strength of 897 MPa,
an ultimate tensile strength of 1038 MPa, and an elongation of 37%. Moreover, at elevated temperatures (900 °C and
1000 °C), the HEA maintained excellent performance.
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Figure 2. (a) Dark-field TEM image exhibiting the high-density L1, precipitates embedded in the matrix of

Co373Niss6CrssMos 1AlgsTay 6Tiz 9 alloy. (b) STEM-EDX elemental mapping of the sample, exhibiting the elemental distribution

behavior. (¢) HR-TEM image of the interface between the FCC matrix and L1, precipitates and their corresponding FFT patterns.

(d) Deconvolution of the (200) diffraction peak of the alloy showing the lattice misfit between the precipitates and matrix [39].
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Meanwhile, Lei Gao [42] et al. developed a novel Ni-Co-Cr-Al-based high-entropy superalloy (HESA) that
exhibits outstanding high-temperature mechanical properties across a broad temperature range. This alloy features a
face-centered cubic (fcc) matrix with low stacking fault energy (SFE). Their study demonstrated that the addition of Ti,
Nb, Ta, Mo, and W to the Ni-Co-Cr-Al-based HESA effectively reduces the SFE of the fcc matrix and promotes the
precipitation of nanoscale, near-spherical, multi-component particles with coherent interfaces (as shown in Figure 3).
Remarkably, this HESA achieves an ultimate tensile strength (UTS) of ~1100 MPa at 750 °C, surpassing the
performance of other contemporary materials.
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Figure 3. Dark field TEM images and SAED patterns of (NisoCOzoCI‘zsA]s)ggA—x (Mo12A5W12A5Ta12A5Nb12A5Ti50)XC0A6, x=7.5 (31,32)
and x = 10 (b1,b2) respectively; Bright field (c¢) and dark field (d) images of y’ precipitates, and bright field image (el) and SAED
pattern (e2) of twin structure in x = 7.5 alloy. (f) Projected 3-D APT reconstruction with nanoparticles. (g) The atom maps of Al, Co, Cr,
Nb, Ti, W, Ta and Mo elements. (h) Proximity histogram of concentration profiles across the y matrix and y' nanoparticles [42].

B.X. Cao [43] et al. developed an L1,-strengthened, multi-component Co-rich high-entropy alloy (HEA) with
exceptional microstructural stability. Their study revealed that high-density cuboidal y’ precipitates were uniformly
embedded within the alloy matrix. Remarkably, even after prolonged isothermal aging at 800—1100 °C, no brittle
intermetallic phases formed at grain boundaries or within grains. As illustrated in Figure 4, atom probe tomography
(APT) analysis demonstrated that Ta and Nb preferentially partitioned into the ¢ intermetallic phase, which is critical
for stabilizing the L1,-ordered crystal structure. Notably, this alloy exhibited an optimal combination of a high y’ solvus
temperature (1125 °C), low mass density (8.28 g/cm?), and excellent high-temperature tensile strength (755 MPa at
800 °C and 664 MPa at 900 °C), surpassing the performance of other Co-based HEAs [44,45] and several conventional
superalloys. These findings provide a valuable paradigm for designing advanced Co-based L1,-strengthened high-
temperature alloys with extended operational temperature ranges.
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at ambient and elevated temperatures. (e) The plots between specific yield strength and deformation temperature [43].

Chanho Lee [46] developed a refractory NbTaTiV high-entropy alloy (HEA) with a single body-centered cubic
(BCC) structure using a combined experimental and theoretical approach. A typical dendritic microstructure was
observed, which was attributed to elemental segregation during solidification in the as-cast state. However, after an
appropriate homogenization treatment at 1200 °C for three days, structural inhomogeneity and chemical segregation
were completely eliminated. Atomic probe tomography (APT) quantitatively confirmed the uniform distribution of
elements. Importantly, the results demonstrated that this HEA exhibits both high yield strength and ductility at room
temperature and elevated temperatures (up to 900 °C). Furthermore, first-principles calculations were conducted to
analyze and quantify the effect of high configurational entropy on mechanical properties based on lattice distortion and
atomic interactions within the NbTaTiV HEA. The study revealed that severe local lattice distortion is induced due to
atomic interactions and atomic size mismatches in the homogenized NbTaTiV refractory HEA, significantly
contributing to its superior mechanical performance.

An Hf-Nb-Ti-V refractory high-entropy alloy (RHEA) was successfully fabricated by Yongyun Zhang [47] using
directed energy deposition (DED), exhibiting excellent tensile properties across a wide temperature range. This
performance was primarily attributed to the introduction of severe lattice distortion in the as-fabricated RHEA, which
resulted from localized chemical fluctuations and significant atomic radius mismatches. These factors, combined with
strong solute pinning effects, contributed to the exceptional yield strength of the DED-manufactured RHEA across a
broad temperature spectrum. This alloy design strategy, which involves introducing substantial lattice distortion while
maintaining a low-temperature sensitivity of the elastic modulus, opens new possibilities for the direct fabrication of
RHEAs with outstanding high-temperature performance.

Yuhao Jia [48] discovered that the addition of a small amount of boron significantly strengthens both FCC grain
boundaries and FCC/B2 phase interfaces in the NizCo3oCrioFeioAlisW> eutectic high-entropy alloy (EHEA) at high
temperatures. Even with a minor boron addition, the alloy achieved an impressive tensile yield strength exceeding 581
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MPa and an elongation of 71% at 800 °C, as shown in Figure 5. Compared to its boron-free counterpart, this represents
a 45% increase in yield strength and a 129% improvement in ductility.

The enhanced phase boundary strengthening by boron facilitated the sustainable, dynamic recovery of both the
FCC and B2 phases during high-temperature tensile deformation, ensuring excellent ductility. Benchmarking results
further indicated that boron and boride-induced grain boundary strengthening contributed up to 166 MPa to the yield
strength at 800 °C. These findings provide valuable insights into microalloying strategies for developing high-
temperature eutectic with superior mechanical performance.
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Figure 5. (a,c) Tensile engineering stress-strain curves at 700 °C and 800 °C, respectively. (b,d) Variations of the yield strength,
ultimate tensile strength, and elongation with boron content of the investigated alloys at 700 °C and 800 °C, respectively [48].

Tiantian Wang [49] investigated the effect of Si addition on the AIMoysNbTiV alloy. The incorporation of Si led
to the formation of a hard and brittle MsSis-type phase (with M = Ti and Nb) at the grain boundaries, gradually
transforming the alloy from a single-phase body-centered cubic (BCC) structure into a dual-phase structure, as shown
in Figure 6. With increasing Si content, the mechanical properties were significantly enhanced. For instance, the
AlMoosNbTiV Sigs alloy exhibited optimal yield strengths of 1428 MPa and 390 MPa at 1073 K and 1273 K,
respectively. Notably, the AIMoysNbTiVSig; alloy showed the best compressive ductility at 1073 K, achieving a strain
as high as 22.2%, which indicates that an appropriate Si addition can improve the alloy’s compressive ductility through
a combination of grain refinement and a eutectic microstructure [50,51]. Specifically, Si segregation at the grain
boundaries retards primary crystal growth, thereby inhibiting grain coarsening. Additionally, the eutectic structure
composed of MsSi; and BCC phases along the grain boundaries further restricts grain growth, resulting in overall grain
refinement. The high-temperature strengthening mechanism of the alloy is attributed to the synergistic effects of grain
refinement strengthening, second-phase strengthening, and solid-solution strengthening [52], with grain refinement
playing the dominant role.
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Figure 6. High-resolution transmission electron microscopy (HRTEM) images of AIMoosNbTiVSiy alloy: (a) Si0.2 alloy. (c)
Si0.5 alloy, Inversed Fast Fourier Transform (FFT) images: (b) Si0.2 alloy. (d) Si0.5 alloy [49].

2.2. Creep Resistance

High-temperature alloys often face cyclic loading in high-temperature environments, making their creep resistance
crucial for engineering applications [53]. Creep [54] in metallic materials refers to the phenomenon where strain
increases over time under constant stress. Unlike plastic deformation, creep occurs even when the stress is below the
elastic limit. Therefore, evaluating the creep performance of new materials is vital for their practical engineering use.
Over nearly two decades of development, HEAs have demonstrated numerous advantages in high-temperature
environments, with growing attention being paid to their creep behavior [55].

Conventional high-temperature alloys, such as nickel-based alloys, improve creep resistance through the
precipitation of strengthening phases, such as the y’ phase. This strengthening mechanism performs well at high
temperatures; however, it has a limitation: as the temperature increases further, the precipitate phases may coarsen or
dissolve, leading to a decline in performance. Additionally, traditional high-temperature alloys tend to experience grain
boundary weakening at elevated temperatures, where segregation and uneven distribution of precipitates at the grain
boundaries can reduce their strength, thus affecting the alloy’s creep resistance. For HEAs, their slow element diffusion
dynamics and lattice distortion effects effectively suppress dislocation motion and grain boundary sliding at high
temperatures, theoretically improving their creep resistance. However, conventional high-temperature alloys still have
competitive advantages in the medium-temperature range and mature application scenarios. At present, only some
HEAs exhibit creep resistance superior to traditional high-temperature alloys, and the creep mechanisms of HEAs at
high temperatures remain insufficiently understood [56]. However, some recent studies have also promoted the
understanding of the creep behavior of high entropy alloys at high temperatures.

In non-equiatomic FeMnCoCrAl, asymmetric atomic arrangements enhance solute drag and dislocation climb
mechanisms under sustained stress [57]. Molecular dynamics simulations reveal that increasing W content in
NbMoTaW enhances solute drag and grain stability, improving creep resistance at the atomic level [58]. In
AITiVNDbZro s, NboAl precipitates formed at B2 phase interfaces enhance dislocation pinning, resulting in class-A creep
at 1073 K [59]. Similarly, single-crystal high-entropy superalloys (HESAs) utilize spherical y' precipitates to retard
dislocation movement via bypass and climb, ensuring resistance at intermediate temperatures [60]. LPBF-processed Ti-
Ta-Nb-Mo-Zr RHEAs exhibit enhanced creep resistance via dislocation tangles and high-stress exponents under 923~1023
K [61]. In AlCoCrFeNi»; EHEA, the dual-phase lamellar L1,/B2 structure induces varied dislocation glide and shear behavior
with temperature, resulting in temperature-dependent creep characteristics between 700-900 °C [62].
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Te-Kang Tsao [63] introduced a novel high-entropy alloy and investigated its high-temperature tensile and creep
behaviors. At 982 °C, its creep resistance is comparable to some nickel-based high-temperature alloys. Experimental
results indicate that the alloy’s matrix has low stacking fault energy, the strengthening precipitates possess high anti-
phase boundary energy, and the microstructure is thermally stable, all contributing to the enhancement of HESA’s
properties. The creep curve of this HEA primarily exhibits three-stage creep behavior. The low creep rate of this high-
entropy alloy is attributed to slow diffusion, low stacking fault energy in the y matrix, and high creep activation energy.

M. Zhang [64] conducted tensile creep tests on the CrMnFeCoNi high-entropy alloy at temperatures ranging from
1023 K to 1173 K, as shown in Figure 7. The stress exponent was calculated using the following formula:

&ss = Aa™ exp (— Ig—;) (D
where &g is steady-state creep rate, o is applied stress, A is a material constant, n is the stress exponent, Qc is
the apparent activation energy of creep, R is the ideal gas constant, and T is the absolute temperature.

Their study revealed that the stress exponent for the CrMnFeCoNi high-entropy alloy remained consistent at 3.7 +
0.1 across all tested temperatures. The apparent activation energy for creep was determined to be approximately 230
kJ/mol, which decreased with increasing applied stress, indicating stress-assisted thermally activated behavior. The
steady-state creep microstructure was characterized by the absence of sub-grain formation within the grains and a high
dislocation density. Based on their findings, the creep rate of CrMnFeCoNi was primarily controlled by dislocation-
dislocation interactions and dislocation-lattice interactions. This suggests that the creep behavior at high temperatures
is influenced by the dynamics of dislocations in the material’s crystal structure.
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Figure 7. (a) Double logarithmic plot of steady-state creep rate versus applied stress for CrMnFeCoNi tested from 1023 K to 1173
K at 50 K intervals. (b) Arrhenius plot that shows the temperature dependence of steady-state creep rate at three isostresses of 80,
60, and 40 MPa. The calculated activation energies of creep are also labeled on the plot [64].

Xun Shen [56] prepared a bulk nanocrystalline VNbMoTaW refractory high-entropy alloy (RHEA) with an
average grain size of 67 = 17 nm via mechanical alloying (MA) followed by high-temperature, high-pressure sintering.
Compression and creep tests were conducted to evaluate its high-temperature mechanical properties at 973 K and 1073
K. Although the creep performance of the nanocrystalline VNbMoTaW RHEA was slightly lower than that of its coarse-
grained counterpart, it was significantly superior to previously reported coarse-grained and ultrafine-grained HEAs
[59,65,66] (Figure 8e,f). Observations indicated that creep deformation was primarily controlled by grain boundary
diffusion, particularly due to the slow diffusion rates of Mo and Nb, which dominate the high-temperature creep
behavior. Moreover, STEM-EDS analyses (Figure 8a—d) revealed the segregation of V at the grain boundaries, further
enhancing the alloy’s thermal stability and creep resistance. This work provides a fundamental understanding of the
creep behavior and deformation mechanisms in nanocrystalline RHEAs, which will aid in the design of advanced, creep-
resistant materials.

Che-Jen Liu [67] et al. conducted a study on the creep deformation mechanisms of the high-entropy alloy
HfNbTaTiZr, specifically below 1250 °C. They employed optical floating zone (OFZ) technology to prepare
HfNbTaTiZr with an average grain size greater than 1 mm. The tensile creep tests were performed in a vacuum at
temperatures ranging from 1100 °C to 1250 °C, under 5~30 MPa of progressively applied stress. The stress exponent
and creep activation energy were determined to be 2.5-2.8 and 273 £ 15 kJ/mol, respectively. The experimental results
are shown in Figure 9. The calculated stress exponent indicated a solute drag creep behavior, with the deformation
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controlled by a/2 <111> dislocations. To further investigate the influence of alloy composition on solute drag creep,
they also simulated the intrinsic diffusion coefficients of all elements and compared the theoretical minimum creep
strain rate with experimental values. Their analysis showed that the creep rate of HINbTaTiZr was likely controlled by
Ta, which exhibited the lowest intrinsic diffusion rate, thus contributing the most to solute drag and controlling the
resistance to dislocation motion.
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Figure 8. (a,b) STEM-HAADF image of the bulk NC VNbMoTaW and (¢,d) the corresponding EDS elemental mappings. (a) As-
sintered specimen. (b) Specimen after creep at 1073 K under a stress of 560 MPa. (c¢,d) Representing the corresponding EDS
concentration profiles of V, Nb, Mo, Ta, and W measured from the EDS line scan performed along the red arrow shown in (a,b),
respectively. Yellow dashed lines in (a,b) and vertical dashed lines in (c,d) represent the position of GB. Creep rate vs. stress for
the bulk NC VNbMoTaW at (e) 973 K and (f) 1073 K in comparison with previously reported CG and UFG HEAs [56].
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Figure 9. TEM images of HINbTaTiZr after creep at 1100 °C. (a) dislocation structure within grain interior; (b,¢) overview of
dislocation and grain boundary structure after creep; (d—f) Weak-beam dark-field micrographs from the same area of (¢) in zone
axis near (d) [1ﬁ], (e) [13T] and (f) [1H]. (g) Minimum creep rates versus applied stress from 1100 to 1250 °C. (h) minimum
creep rates versus the reciprocal of the absolute temperatures from 5 to 20 MPa [67].
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Liu Yang [68] et al. synthesized a 27.3Ta-27.3Mo-27.3Ti-8Cr-10Al high-entropy alloy (HEA) via arc melting and
fabricated bulk materials using high-temperature high-pressure sintering. The alloy’s creep behavior was evaluated
through compression creep tests at 1000 °C under an applied stress of 125 MPa, revealing a minimum creep rate of ~2.5
x 107 s™" (Figure 10). Within the temperature range of 1000~1030 °C, the alloy demonstrated excellent creep resistance,
primarily attributed to the precipitation strengthening effect of B2 phases and remarkable microstructural stability. At
1000 °C and 1030 °C, the B2 precipitates underwent directional coarsening, forming a raft-like structure akin to those
observed in Ni-based superalloys. Notably, the creep resistance of this HEA was comparable to the single-crystal Ni-
based superalloy CMSX-4 [69]and even surpassed it under specific conditions. These findings provide critical
theoretical and experimental foundations for the development of novel high-temperature alloys.
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Figure 10. Creep behavior of TMT-8Cr-10Al. The creep regimes are demarcated as high creep resistance (HCR) marked in blue
and low creep resistance (LCR) depicted in red: (a) creep strain € as a function of time t for 125 MPa and 1000 °C. (b) Logarithmic
plot of creep rate £ vs. strain € for 125 MPa at different temperatures. (¢) Arrhenius plot for 125 MPa. HCR data corresponds to
temperatures of 1000 °C, 1020 °C and 1030 °C, and LCR to 1040 °C, 1050 °C and 1060 °C. (d) Norton plot [68].

3. High-Temperature Oxidation Resistance

High-temperature oxidation resistance refers to a material’s ability to resist oxidation reactions in high-temperature
environments [70]. When materials are exposed to high-temperature oxidizing conditions, they chemically react with
oxygen to form oxides. Materials with good high-temperature oxidation resistance can slow down the oxidation reaction
rate [70], preventing rapid growth and peeling of the oxide layer, thereby maintaining the material’s integrity and
performance. HEAs can form protective multi-component oxide layers with slow oxygen diffusion and usually possess
excellent high-temperature oxidation resistance.

Some alloying elements commonly found in traditional high-temperature alloys actually hinder improvements in
oxidation resistance. For example, Vanadium (V) is easily oxidized. Moreover, V,0s has a low melting point (690 °C)
and a low boiling point (1750 °C), making it prone to melting or vaporizing at high temperatures [71]. Tungsten (W)
exhibits intense evaporation of tungsten trioxide above 1150 °C, and the evaporation of the oxide can cause the oxide
film to become porous, allowing oxygen to penetrate the metal-oxide interface, thus significantly increasing the
oxidation rate. Additionally, niobium (NDb) alloys’ oxides are not easily melted or vaporized at high temperatures, but
the solubility and diffusion coefficient of oxygen are high [72]. Without protective coatings, the oxidation rate of
conventional Nb alloys is very rapid, and their weight gain can be substantial, often exceeding 150 mg/cm? per hour.
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The high-temperature oxidation resistance of HEAs is predominantly governed by the formation and stability of
oxide scales, which are dictated by alloy composition and microstructural features. A widely effective mechanism
involves the formation of dense and adherent protective oxides such as Al,O3; and Cr,0s. Alloys like AICrCoFeNi and
FeCoNiCrosAlp2 exhibit parabolic oxidation kinetics, with oxide layers composed mainly of Cr,O3 and Al,Os, which
act as effective diffusion barriers and maintain structural integrity during long-term exposure [73,74]. In some systems,
complex multi-layered oxide scales are formed. For instance, CoCrCuFeNi and CryMoNbTiV develop outer spinel
oxides, intermediate layers like NiFe,O4 or TisCr3Nb3O,, and inner Cr,Os or TiO,-rich layers, creating a graded structure
that impedes oxygen penetration [75,76].

Furthermore, the addition of reactive elements such as Si and Hf significantly affects oxidation behavior. Si
promotes the formation of continuous, slow-growing SiO; or Cr3Si oxides in systems like CrFeNiTiSi and
MoNbVTag5Sig s, thereby enhancing oxidation resistance at intermediate temperatures [77,78]. Conversely, excessive
Hf may introduce mismatch stresses, leading to oxide scale spallation, as observed in TaMoNbCrAlysHfos [79].
Microstructural control is also critical: in dual-phase or nanostructured HEAs (e.g., AICoCrysFe; sNiy s, AlFeCrMnTi),
coherent precipitates and reduced grain boundary diffusion enhance the formation of stable oxides, while poorly
designed interfaces may accelerate oxidation [80,81]. Additionally, the sluggish diffusion effect inherent to HEAs
contributes to oxidation resistance, as observed in AlCrCoFeNi where HT-XRD reveals the dynamic evolution of
protective oxide films under vacuum, and in (TiZrTa)soNi»sCo190Cuis, where stable Ti-Ta-rich oxides inhibit spallation
even at 1000 °C [73,82].

Compared to traditional high-temperature alloys, some refractory HEAs exhibit significantly improved oxidation
resistance [83], and many scholars have conducted extensive studies on their mechanisms. First, in refractory HEAs,
composite oxides can form. For example, in the NbTiZrV high-entropy alloy, TiNb,O7 and Nb,ZrsO,7 are formed, and
in NbCrMoygsTagsTiZr alloy, Nb3Cr,O19 and NbyZrsO,; are formed. In TaMoCrTiAl alloys, CrTaO4 is formed
[71,72,83]. As a result, during the oxidation process, the solubility of oxygen in refractory HEAs is lower compared to
conventional refractory alloys. Secondly, due to the high alloying and high-entropy effects, oxygen diffusion in
refractory HEAs is very slow. In the NbCrMoy sTaosTiZr alloy, at 1000 °C, the effective oxygen diffusion coefficient
through the oxide/alloy is approximately 3.0 x 10~° cm?/s, which is two orders of magnitude lower than the oxygen
diffusion in pure Nb [84]. Thirdly, because refractory often have high contents of Cr and Al, this favors the formation of
protective oxides, such as Cr,O3 and Al,Os, on the surface of refractory HEAs. As a result, their oxidation rates are reduced.

Jinpeng Zhang [85] studied the initial oxidation behavior of the AICrMoNbTi HEA using a combination of
experiments and density functional theory (DFT) calculation. The results indicated that oxygen atoms tend to occupy
adsorption sites containing Ti atoms. Therefore, Ti atoms are more likely to combine with oxygen atoms, leading to the
formation of compounds that hinder the formation of protective oxides such as Al,O3; and Cr,Os. The calculations also
showed that Cr atoms can form stable Cr-O bonds in a Ti-rich environment, which can enhance oxidation resistance by
modifying the Cr-rich oxide layer. The short-term oxidation of AICrMoNbTi HEA is illustrated as follows. In the initial
stage of oxidation, as shown in Figure 11b, a sandwich-like oxide layer was identified, predominantly composed of a
Ti-rich layer, with Al and Cr oxides dispersed within it. A surface oxide layer forms on the alloy sample, and as the
oxidation deepens, the following oxide layers sequentially form beneath the Ti-rich layer: (TiCrNb)O,, a-Al,Os, and a-
Cr,03 (Figure 11c,d).
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Figure 11. Diagrams of the oxidation mechanism of the AICtMoNbTi HEA at 1100 °C [85].

Mengtian Liang [86] also investigated the effect of Ti content on the oxidation behavior of AICoCrNiTix HEAs at
900 °C. The results indicated that optimal Ti doping reduced the oxidation rate by two orders of magnitude and
promoted the formation of protective a-Al,O3, demonstrating the critical role of Ti in stabilizing the oxide scale and
preventing spallation. These findings provide a theoretical basis for designing AICoCrNi-based HEAs with improved
high-temperature performance. Figure 12a—e show the surface morphologies of the Ti0, Ti0.1, Ti0.4, Ti0.7, and Til.0
samples after 2 h of oxidation at 900 °C. The Ti0 sample exhibited noticeably irregular oxidation, resulting in an
incomplete oxide film with many pores. In contrast, the oxides formed on the Ti0.1, Ti0.4, Ti0.7, and Til.0 samples
were well developed, consisting primarily of Al,Os; with an increased presence of Cr,0s.

Zhe Li [87] utilized electron beam freeform fabrication (EBF®) to refine the microstructure of refractory and
enhance their oxidation resistance. High-temperature cyclic and isothermal oxidation tests were conducted at 1000 °C.
Compared to the as-cast state, the remelted and deposited samples showed a reduction of 17.49% and 30.46%,
respectively (Figure 13a,b), in total weight gain after 60 h of cyclic oxidation. The oxidation kinetics indicated that the
treated samples had significantly lower mass gain and oxidation rates, demonstrating superior high-temperature
oxidation resistance (Figure 13¢) compared to others [88—92]. This improvement was attributed to the significant grain
refinement achieved through the EBF® process. The refined grain structure helps enhance the oxidation resistance of
the alloy because smaller grains reduce defects at the grain boundaries, thereby decreasing the oxygen diffusion rate.
Moreover, the samples formed a multi-layer oxide scale, including TiO,, Al,Os, SiO, and AINbO4. This multi-layer
structure effectively hinders further oxygen diffusion, thereby improving the alloy’s oxidation resistance.
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Figure 13. Isothermal oxidation kinetics of the two treated alloys (EBF? remelted and EBF* Al-deposited) at 1000 °C for 8 h (the
experiments were conducted in TAG with 10 °C/min argon heating and static lab air oxidation). (a) Pure oxidation stage. Here, the
macroscopic oxidation surface and original dimensions were embedded in the diagram. Sides S1 and S2 show the variability in
macroscopic morphology. (b) 1g(AM/A)-Ig(t) plot, the k values here represent only the slope. (¢) Oxidation properties comparison
with other RHEAs and Nb-Si based alloys, i.e., total weight gain versus oxidation time under 1000 °C [87].

Ling Li [93] developed a new Y-Hf co-doped NiCoCrAlPt high-entropy alloy (HEA) and investigated its long-
term oxidation behavior at 1200 °C. The alloy exhibited a two-phase eutectic microstructure consisting of a y' matrix
and ' martensitic precipitates. The results showed that the alloy demonstrated excellent oxidation resistance by forming
a unique, slowly growing Al,O; oxide scale, which remained intact after 1000 h of oxidation at 1200 °C. This
outstanding performance is attributed to the fine microstructure, increased Y/Hf solubility, low oxide growth stress, and
the Pt-rich Al oxide/metal interface free from S segregation. These findings provide scientific insights for the design of
Pt-containing oxidation-resistant.

Mingyi Guo [94] studied the oxidation behavior of MoNbVTagsCrx (x = 0.25-1) refractory (RHEA) at 800 °C.
The oxidation resistance of the alloy significantly increased with the increase in Cr content. Due to the formation of a
dense CrNbO./CrTaO4 oxide layer, the MoNbVTa,sCr alloy exhibited good oxidation resistance. After 36 h of
oxidation in air at 1100 °C, the mass gain was 47.76 mg/cm?. The oxidation kinetics of the alloy between 800 °C and
1100 °C followed parabolic kinetics, with internal oxidation primarily caused by inward diffusion of oxygen. This study
provides valuable references for the development of oxidation-resistant RHEAs.

From the oxidation mass gain curves of MoNbVTa sCry alloys (Figure 14a), the mass gain per unit area after 1 h
of oxidation at 800 °C gradually decreased with increasing Cr content, indicating enhanced oxidation resistance. The
XRD patterns of the MoNbVTag sCry refractory high-entropy alloys (RHEAs) after 1-h oxidation at 800 °C are shown
in Figure 14b. The primary oxidation products of these alloys include Nb,Os, Ta;Os, CrTaOs, and CrNbOs. As the Cr
content increased, the diffraction peak intensities of Nb,Os and Ta,Os progressively weakened, while those of CrTaO,
and CrNbOyj intensified. Furthermore, the presence of the BCC phase was detected on the surface of the Cr-containing
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alloys, suggesting that the oxide layer formed was relatively thin. Notably, MoOs; and V,0s phases were absent in the
XRD patterns of the oxidized samples. This absence is attributed to the low melting points of MoOj3 (795 °C) and V,0s
(690 °C), which render them highly volatile at temperatures above 800 °C, consistent with prior studies [95].
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Figure 14. MoNbVTa, sCry RHEASs oxidized at 800 °C for 1 h: (a) oxidation weight gain. (b) XRD pattern after oxidation [94].

4. High-Temperature Phase Stability

The microstructure plays a crucial role in determining the properties of alloys, yet alloys typically experience
microstructural coarsening at high temperatures, which severely impacts their performance. Phase stability refers to the
ability of these alloys to maintain their microstructure and phase composition under high-temperature conditions,
including the matrix phase and precipitate phases. This stability is essential for the application of alloy materials in
high-temperature environments, especially in fields such as aerospace, energy, and chemicals. Exhibit better phase
stability [96,97] at high temperatures compared to conventional high-temperature alloys, mainly due to their slow
diffusion characteristics and entropy-driven stabilization. In addition, researchers have proposed diverse mechanisms
to improve the phase stability of high entropy alloys under extreme conditions, including grain boundary pinning and
microstructural refinement, precipitation strengthening, phase transformation control, compositional suppression of
deleterious phases, and advanced microstructure engineering.

Sikdar et al. [98] synthesized a nanocrystalline (AlICoCrCuFeNi)yB; alloy via mechanical alloying and spark
plasma sintering, where boron segregation at interfaces effectively inhibited grain growth and phase decomposition. As
a result, the grain size remained ultrafine (~76 nm) after 10 h of annealing at 1173 K, with only ~3% reduction in
hardness, demonstrating superior structural and phase stability. Precipitation strengthening was exemplified by Shah
[99] et al., who designed a eutectic CoCrFeNiTag 305 alloy that formed L1, and Ni3Ta precipitates during deformation,
thereby stabilizing the FCC matrix and resisted coarsening at temperatures beyond 0.8 T.. Similarly, Liu [100] et al.
developed a Fe-Ni-based HEA containing coherent y/y’ precipitates with minimal coarsening (~40 nm after 1000 h
at 1023 K), resulting in excellent creep resistance (61.5 h at 973 K under 450 MPa). In terms of phase transformation
mechanisms, Sharma [101] et al. observed a B2-to-omega (hP18) transformation in Al-containing refractory HEAs at
800 °C, indicating that B2 is metastable and susceptible to structural reordering via element redistribution.
Complementarily, Fan [102] et al. demonstrated that the apparent B2 phase in Al-Nb-Ta-Ti-Zr HEAs is often a
quenched-in, non-equilibrium structure that lacks thermodynamic stability above 700 °C. From the compositional
control perspective, Yi [103] et al. successfully suppressed o phase formation between 860 and 1200 °C in
AlICoCrFeNiTi alloys by adjusting Al/Ni/Cr ratios, resulting in excellent oxidation resistance and spallation resistance
(>770 h at 1100 °C). Conversely, Whitfield [104] et al. showed that long-term annealing (1000 h) of AIMoNbTaTiZr
alloys induced Al-Zr-rich hexagonal and orthorhombic precipitates, highlighting stability degradation despite initially
ordered microstructures. Microstructure engineering has also proven effective: Mugale [105] et al. tuned the Al/Ni
atomic ratio in AICuFeNiTi systems to achieve stable FCC + BCC dual-phase microstructures, which maintained
ductility (22.9%) and minimal strength loss after 24 h annealing at 900 °C. Chen [106] et al. designed
Ti30V30CrsZrsTa;sWis HEAs with excellent high-temperature strength (558 MPa at 1000 °C) and superior radiation
resistance, surpassing pure tungsten instability. Additionally, Sun [107] et al. employed laser powder bed fusion (LPBF)
to fabricate CoCrNiFeMn HEAs with dislocation cell structures and columnar grains, showing negligible
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recrystallization or hardness degradation even after prolonged exposure to 1373 K. Together, these studies illustrate
that enhancing high-temperature phase stability in HEAs requires a multi-mechanism strategy involving chemical
design, thermodynamic control, and structural tailoring. These findings offer a robust foundation for engineering HEAs
capable of long-term service in extreme thermal environments.

Hasan Kotan [108] et al. synthesized Sm-doped nanocrystalline CoCrFeNi via mechanical alloying and
subsequently subjected it to annealing at temperatures up to 1100 °C for durations extending to 24 h. Microstructural
observations at different processing stages (as shown in Figure 15) revealed significant grain coarsening in the
CoCrFeNi alloy during annealing, with grain sizes reaching ~1.35 = 0.5 um after 1 h at 1100 °C (T/Tm = 0.74). This
indicates that the nanocrystalline microstructure of CoCrFeNi lacks thermal stability under high-temperature conditions.
In contrast, Sm-doped samples maintained an average grain size of 110 nm after 1 h of annealing at 1100 °C,
demonstrating significantly enhanced thermal stability. This resistance to grain growth was attributed to the presence
of rare-earth Sm and the formation of Sm/Cr-O mixed oxide phases at grain boundaries. Their findings highlight the
potential to optimize the high-temperature thermal stability of CoCrFeNi HEAs for diverse applications.

Bang Xiao [109] used vacuum induction melting to produce the cast WMoTaNb refractory high-entropy alloy
(RHEA), which has an average grain size of 71.4 um with equiaxed grains. The analysis of thermal conductivity, thermal
expansion, and TG-DSC experimental results showed that the cast WMoTaNb RHEA exhibits excellent stability at high
temperatures above 1400 °C. This finding experimentally explains previous studies on phase and microstructural
stability, providing experimental evidence for high stability and helping to explain the high-temperature mechanical
behavior of the cast WMoTaNb RHEA at elevated temperatures.

Linjing Wang [109] et al. investigated the temporal evolution of coherent nanoscale precipitates in the
AlosCrooFeNiz sV, high-entropy alloy (HEA) during isothermal aging. When annealed at 600 °C for over 100 h, the
nanoscale precipitates remained morphologically and distributionally stable, with no significant changes observed. This
exceptional stability is primarily attributed to the lamellar nanostructure (Figure 16a—e), which imposes constraints on
interface migration and long-range diffusion. Specifically, the Cr-rich nanoscale lamellar BCC phase partitions the Cr-
depleted FCC (L1,) matrix, creating barriers to diffusion and resulting in a kinetically sluggish coarsening rate. However,
when the aging temperature was elevated to 700 °C, the lamellar BCC phase underwent spheroidization, disrupting the
diffusion barriers and triggering significant coarsening. This phenomenon further validates the critical role of the
nanoscale lamellar BCC phase in governing microstructural stability. These findings establish a design paradigm for
alloys stabilized by lamellar nanostructures, achieving a favorable strength-ductility synergy alongside outstanding
thermal stability.
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Figure 15. Microstructure and hardness evolution of CoCrFeNi-based with and without Sm addition under various annealing
temperatures and durations [108].
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Figure 16. Schematic diagram for (a) morphology evolutions of lamellar precipitations, (b—d) morphology evolution precipitates
with elevated aging temperature, and (e) microstructure of precipitates in alloy extrapolating to extreme conditions. (f) Lamellar
thickness w and interlamellar spacing D of nano-lamellar BCC phase, and wavelength A of spinodal structure (SDS) and aging
temperature [109].

Cheenepalli Nagarjuna [110] developed a novel equiatomic CrFeNiTiV high-entropy alloy (HEA) through
mechanical alloying (MA) and spark plasma sintering (SPS). Additionally, the effects of heat treatment temperature on
the phase composition, microstructure, and mechanical properties of the HEA were investigated. The results showed
that after 30 h of MA, a single body-centered cubic (BCC) phase was formed. Following SPS, the single-phase structure
separated into BCC, NisTi, and TiC-rich phases, attributed to the large atomic radius difference and high mixing
enthalpy of Ti with the other elements. Compared to sintered HEA, no change in the initial phase was observed after
high-temperature heat treatment, though phase coarsening was noted. Microstructural analysis confirmed that after heat
treatment at 1000 °C, the phases were uniformly distributed, and the interfaces were well bonded.

Wenjie Chen [111] conducted a computational study to investigate the effects of pressure and temperature on the
phase stability and thermodynamic properties of the NbMoZrTiV LRHEA. Additionally, the microstructure and
mechanical properties after annealing at different temperatures (600 °C, 800 °C, and 1000 °C) were examined. Both
simulations and experimental results indicate that the NbMoZrTiV LRHEA exists as a single-phase BCC solid solution,
with all crystal structures satisfying thermodynamic stability and showing no phase transformation with increasing
pressure or temperature. As evidenced by the IPF and PF images in Figure 17, both the as-cast and annealed alloys
exhibit random grain orientations without any noticeable texture. Notably, the grain size remains essentially unchanged
as the annealing temperature increases, demonstrating the alloy’s excellent high-temperature phase stability.
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Figure 17. EBSD maps, IPF maps and grain size results for the NboMoZrTiV LRHEAs. (a—c) HO. (d—f) H600. (g—i) H800. (j-1)
H1000 [111].

5. Conclusions and Prospects

HEAs exhibit exceptional multiple properties and hold broad application prospects, especially since some HEAs
demonstrate excellent mechanical performance at elevated temperatures, making them promising candidates for high-
temperature applications. This review summarizes the latest advances in the high-temperature, short-term mechanical
properties, creep behavior, oxidation resistance, and phase stability of HEAs.

HEAs have demonstrated remarkable high-temperature mechanical properties owing to their unique multi-
principal element design and tunable microstructures. Recent research has revealed that strengthening mechanisms such
as solid-solution strengthening, L1, precipitate reinforcement, grain boundary engineering, and severe lattice distortion
can be effectively combined to enhance both strength and ductility at elevated temperatures. Novel alloy systems—
including L1,-strengthened Co-rich HEAs, B2/FCC eutectic systems, and refractory BCC-based HEAs—exhibit
superior performance over wide temperature ranges, often surpassing traditional superalloys. Advanced processing
techniques such as directional solidification, additive manufacturing, and tailored elemental partitioning further enable
precise control of phase distribution and defect structures. These findings underscore the broad application potential of
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HEAs in extreme thermal environments and provide critical insights into the future design of next-generation high-
temperature structural materials.

The high-temperature creep resistance of HEAs stems from a combination of mechanisms, including solid solution
strengthening, precipitation hardening, dislocation entanglement, and grain boundary stabilization. Tailoring alloy
design based on dominant creep mechanisms offers strategic routes to optimization. Future work should emphasize the
dynamic evolution of microstructure and transitions in deformation mechanisms under variable temperature-stress
conditions for reliable application in extreme environments.

HEAs exhibit promising high-temperature oxidation resistance due to their unique elemental composition, complex
microstructures, and sluggish diffusion effects. These studies underscore that optimizing oxidation resistance in HEAs
requires integrated strategies involving selective oxidation, multi-phase synergy, and kinetic control. Protective oxide
scales such as A,Os, Cr203, and complex oxides like CrTaO4 and AINbO, can form in many HEAs, acting as effective
diffusion barriers and ensuring long-term stability. The addition of elements such as Cr, Al, Si, and optimal Ti content
significantly enhances oxidation resistance by promoting the formation of slow-growing, adherent oxide films.
Conversely, excessive reactive elements (e.g., Hf, V) may destabilize the oxide scale or introduce volatile oxides.
Microstructure refinement techniques, such as electron beam freeform fabrication (EBF®), contribute to improved
oxidation performance by reducing grain boundary defects and forming multilayer oxide barriers. Studies also reveal that
tailored alloy design—such as Y-Hf co-doping, Cr-rich compositions, and phase-optimized eutectic structures—further
stabilizes the oxide/metal interface under cyclic or long-term conditions up to 1200 °C. These insights offer valuable
guidance for the future development of HEAs with superior oxidation resistance for use in extreme thermal environments.

Phase stability is a cornerstone for ensuring the long-term reliability of HEAs under high-temperature service
conditions. While conventional alloys often suffer from severe microstructural coarsening and phase decomposition at
elevated temperatures, HEAs have demonstrated remarkable structural and compositional stability due to their sluggish
diffusion kinetics and entropy-driven thermodynamic behavior. Recent studies have shown that maintaining stability
requires a multifaceted approach. Strategies such as grain boundary pinning via elemental segregation, precipitation
strengthening through thermodynamically stable and coherent secondary phases, phase transformation control in
metastable ordered structures, and compositional optimization to suppress deleterious phase formation have all proven
effective. Furthermore, engineering lamellar or nanocrystalline microstructures, including coherent precipitate-matrix
architectures and nanoscale BCC/FCC domains, can inhibit interface migration and delay coarsening, thus preserving
mechanical integrity even after prolonged thermal exposure. Experimental evidence, ranging from resistance to
recrystallization and hardness degradation to creep and oxidation resistance, substantiates the feasibility of these
mechanisms. Altogether, these findings establish a robust foundation for designing next-generation HEAs with superior
phase and microstructural stability tailored for extreme thermal environments such as aerospace, nuclear, and high-
efficiency energy systems.

Although considerable progress has been achieved in understanding the high-temperature performance of HEAs,
several areas warrant further investigation:

1. Composition-Microstructure-Property Relationships. A deeper understanding of the interactions among multi-
principal element compositions, microstructural evolution, and high-temperature performance is needed.
Advanced characterization techniques (such as in-situ TEM and APT) combined with computational methods (like
DFT and CALPHAD) should be employed to elucidate the atomic-scale deformation mechanisms and interactions.

2. Long-term Stability under Cyclic Loading. Most studies have focused on short-term performance, while the long-
term stability under cyclic thermal and mechanical loads remains underexplored. Systematic evaluation of fatigue
behavior, creep-fatigue interactions, and environmental degradation (for example, in corrosive atmospheres) is
crucial for practical applications.

3. Multi-Objective Optimization of High-Temperature Properties. While high-temperature strength is an important
aspect, other properties such as ductility, oxidation resistance, phase stability, and interfacial stability are also
critical for structural materials at elevated temperatures. Currently, it is difficult for HEAs to meet all these
performance criteria simultaneously. Therefore, optimizing the comprehensive high-temperature performance of
HEAs through alloying strategies, process optimization, and other approaches is a key future research direction.

4. Accelerated Discovery through Computational Tools and New Methods. Given that HEAs comprise multiple
principal elements and offer a vast compositional design space, machine learning, computational modeling, and
high-throughput experiments can accelerate the discovery of new HEA compositions with tailored properties.
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