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Abstract

:

High-entropy alloys (HEAs) are advanced materials characterized by their unique and complex compositions. Characterized by a mixture of five or more elements in roughly equal atomic ratios, these alloys diverge from traditional alloy formulations that typically focus on one or two principal elements. This innovation has paved the way for subsequent studies that have expanded our understanding of HEAs, highlighting the role of high mixing entropy in stabilizing fewer phases than expected by traditional phase prediction methods like Gibbs’s rule. In this review article, we trace the evolution of HEAs, discussing their synthesis, stability, and the influence of crystallographic structures on their properties. Additionally, we highlight the strength–ductility trade-off in HEAs and explore strategies to overcome this challenge. Moreover, we examine the diverse applications of HEAs in extreme conditions and their promise for future advancements in materials science.
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1. Introduction


High-entropy alloys (HEAs) have garnered significant attention in materials science due to their unique compositions and potential for exceptional mechanical properties [1,2,3,4,5]. These alloys, which consist of five or more elements in equal or nearly equal atomic ratios, were first conceptualized by Yeh et al. in Taiwan in 1995, introducing a new class of materials distinguished by their simple solid-solution phases—face-centered cubic (FCC) and body-centered cubic (BCC)—and potential for intermetallic compound formation [6].



However, the narrative traces the evolution of the field of HEAs, starting with the pioneering work of Cantor and his student Alain Vincent in 1981. They achieved a significant milestone by creating a multicomponent alloy composed of 20 different elements, each at 5 atomic percent. This alloy, despite being multiphase and brittle, exhibited fewer phases than predicted by Gibbs’s phase rule, suggesting a deviation from traditional alloy behavior. Following this, Yeh and his team emphasized the role of high mixing entropy in reducing the number of phases and enhancing the properties of these alloys. They examined a range of equiatomic alloys, studying their microstructures, hardness, and corrosion resistance [7,8]. Their findings expanded the understanding of HEAs, demonstrating their complexity and the influence of factors like atomic size difference, valence electron concentration, and electronegativity on their formation, as outlined by Hume-Rothery’s rules [6].



HEAs can be classified into seven primary families based on their constituent elements: 3d transition metals (including Cr, Ni, Fe, Mn, Cu, Al, Ti, V), which are the most extensively researched; refractory metals (Mo, Cr, Hf, Ti, Ta, Nb, W, V, Zr); lightweight metals (Mg, Al, Li, Be, Sn, Zn, Si, Ti, Sc); lanthanide (4f) transition metals (Gd, Dy, Tb, Lu, Tm, Y); brasses and bronzes (Al, Cu, Mn, Ni, Sn, Zn); precious metals (Ag, Au, Co, Cr, Cu, Ni, Pd, Pt, Rh, Ru); and interstitial compounds (B, C, N). However, the immense compositional variety of HEAs means that some alloys do not neatly fit into these categories, demonstrating the field’s complexity and the potential for innovative alloy design [7,9].



In this review article, we have employed a systematic approach to curate the most relevant and authoritative sources for the bibliography, considering the themes of the articles. The number of articles selected is illustrated in Figure 1.



Despite their promising attributes, HEAs encounter a significant challenge: the strength–ductility trade-off, which complicates their use as structural materials [10,11,12,13]. While single-phase FCC HEAs are celebrated for their ductility, they suffer from low tensile strength at room temperature. Conversely, BCC HEAs, despite their strength, are prone to early cracking and limited plasticity, undermining their malleability [14,15]. In the context of HEAs with an FCC crystal structure, the research primarily focuses on addressing the inherent trade-off between strength and ductility. Traditional methods like severe plastic deformation (via cold rolling or equal channel angular pressing) enhance strength at the cost of ductility, suggesting the possibility of developing superfunctional materials that surpass traditional engineering materials in performance [16]. This advancement points towards a future where HEAs could play a critical role in various high-efficiency, advanced material applications, demonstrating the field’s growing maturity and potential for innovation [8,17,18].



Over the past decade, there has been a surge in HEA research, leading to the identification of promising single-phase HEAs, notably in FCC and BCC structures, with examples including Fe20Co30Ni10Cr20Mn20 [19] and CoCrFeMnNi [20], and TiNbTaZrMoHfWCr [21], MoNbTiVTaW [22], and Fe20Mn15Cr15V10Al10C2.5 [23], respectively. These HEAs are not only simple in their crystal structures but also demonstrate exceptional mechanical strengths. Recent research has also expanded to understand the behavior of HEAs under different conditions, recognizing that these alloys can exhibit phase separation and ordering tendencies, influencing their microstructure and properties [24,25,26]. This shift acknowledges the dynamic nature of HEAs, which can present different phases depending on the temperature and other environmental factors [8]. In addition to mechanical and physical properties, the scope of HEA research has broadened to include hydrogen storage [27], energy conversion [28], catalysis [29], and magnetic applications [30]. This diversification highlights the versatility and potential of HEAs in various fields. Regarding the countries most active in research on HEAs, Krishna et al. highlights that approximately 50% of the total number of publications originates from China, followed by the USA (11.2%), Germany (4.3%), India (3.9%), and Japan (3.1%) [7].



The uniqueness of HEAs lies within their mixed and uneven structure at the atomic level. Unlike conventional materials, which achieve unique properties through defect engineering to break their uniform energy landscapes, HEAs naturally possess these disrupted landscapes due to their chemically random makeup. This randomness comes from incorporating multiple elements in substantial proportions within the crystal lattice, diverging from traditional Hume-Rothery rules-based design. The resulting material showcases a vast diversity in atomic radii, electronegativities, valences, and magnetic moments, leading to unique nearest-neighbor environments and a highly distorted energy landscape characterized by uneven nearest-neighbor bond lengths and distorted charge densities [31]. To illustrate these complex interactions and their implications for the structural and physical properties of HEAs, Figure 2 provides a depiction of the core effects, further addressing the role of diverse atomic configurations in enhancing the materials’ performance.




2. Crystallographic Structures of High-Entropy Alloys


HEAs are renowned for their simple solid-solution phases, such as BCC, FCC, and hexagonal close-packed (HCP), which contrast with the complex and often more brittle structures of traditional alloys. The inherent high mixing entropy in HEAs not only simplifies their structure but also holds promise for a range of practical applications [7].



The exploration of HEAs has revealed a predominance of disordered FCC and BCC phases, with a comprehensive review conducted by Miracle and Senkov, which identified 408 unique alloys, expanding to 648 unique microstructure reports showing FCC and BCC phases observed 465 and 357 times, respectively. Despite this, the HCP structures, primarily composed of heavy rare-earth elements, are less common and under-researched in terms of their mechanical properties. The distribution of these phases demonstrates that FCC structures are the most prevalent, found in 56% of instances, followed by BCC at 43%, and HCP structures are relatively rare, at 1% [9].



Recent research in HEAs has placed a focus on phase transformations, notably martensitic transformation, which facilitates rapid structural changes without diffusion, significantly affecting the mechanical behavior of these alloys [32]. Current strategies aim to harness the properties of single-phase, disordered solid-solution alloys and enhance them by leveraging metastability [33]. For example, altering the elemental content in certain alloys can destabilize the high-temperature FCC phase, inducing the transformation-induced plasticity (TRIP) effect, which, along with interface hardening and transformation hardening from dual-phase microstructures, has been effective in improving strength and ductility. This is particularly evident in HEAs like Fe50Mn30Co10Cr10, where optimizing the strength–ductility product index is a key goal [14]. Although structural components are designed to operate within the elastic regime under normal conditions, ductility can be important for safety reasons and resilience in structural applications, allowing materials to absorb energy and undergo significant deformation before failure, which is required in unexpected overloading or extreme conditions. Ductility also contributes to fatigue and fracture resistance, important under cyclic loading where ductile materials can withstand more stress cycles. Thus, ductility, alongside fracture toughness, plays a vital role in ensuring both performance and safety in engineering applications [34,35,36].



To navigate this strength–ductility conundrum, approaches like TRIP and twinning-induced plasticity (TWIP) are employed to introduce metastable phases and twinning boundaries, enhancing mechanical properties without compromising ductility [37]. Furthermore, the introduction of heterogeneous grain structures in HEAs creates domains of coarse and fine grains that experience varied plastic deformation levels, leading to significant strain gradients and hetero-deformation-induced (HDI) strengthening. This phenomenon allows for an increase in alloy strength while maintaining ductility [16]. In the development of a new class of lightweight metastable high-entropy alloys (LW metastable HEA), Yoon et al. utilized CALPHAD calculations to enhance the composition of traditional alloys, focusing particularly on achieving low-stacking-fault energy by increasing the fraction of lightweight elements among 3d transition metals. Systematic addition of aluminum (up to 5 atomic percent) to a base alloy of Cr24Mn6Fe40Co24Ni6 led to significant changes in the crystallographic phases, transitioning from an initial dual phase of FCC and HCP to a single-phase FCC, and then to a dual phase of FCC and BCC, specifically a B2 phase. This evolution was crucial in achieving a balance of enhanced properties: the single-phase FCC structure notably exhibited a 10% reduction in density compared to the Cantor alloy, a threefold increase in lattice distortion leading to extremely low thermal conductivity, a 50% increase in the Hall–Petch coefficient, indicating solid-solution strengthening, and enabled complex deformation mechanisms like TRIP and TWIP, enhancing ductility over 40% [38]. These phase transformations underscore the pivotal role of crystallographic phases in tailoring the mechanical properties and performance of HEAs, providing a guideline for designing next-generation structural materials with optimized properties [38,39].



The ability to manipulate the phases, particularly to enhance the rare HCP structures or to exploit the TRIP effect, opens up new possibilities for developing advanced materials that could meet the demanding requirements of various structural applications. The B2 phase, enhanced by Co/Al addition, significantly increases the hardness of HEAs. Similarly, the presence of BCC-structured nanoprecipitates, encouraged by Fe/Mn addition, bolsters resistance to high-temperature softening and fracture, while also enhancing tribological properties. Mechanical alloying is vital for achieving homogeneous solid-solution strengthening, with Fe and Co additions limiting diffusion rates. The crystal structures, such as BCC, FCC, and HCP, are determined based on valence electron concentration (VEC) and affect the alloy’s properties [40]. For instance, AlMgZnCuMn alloys exhibit stable solid solutions without excessive intermetallic compounds. The phase transition from BCC to FCC with increased mechanical alloying time and the addition of elements like Al in AlFeCuNiMgZn systems, is noted, indicating a link between processing conditions and crystallographic phases. Moreover, the choice between BCC and FCC structures in an alloy system is influenced by VEC, with VEC < 6.87 indicating BCC and VEC > 8.6 indicating FCC. Additionally, the dual-phase structures, BCC + FCC, are of particular interest for their balanced properties, crucial for applications like turbine blades. Alloy systems like Fe50Mn30Co10Cr10 show a significant interplay between FCC and HCP phases, affecting grain boundary characteristics and area fractions. In dual-phase HEAs, such as Ni–Al, the B2 phase is pivotal for enhancing hardness and yield strength, while the Laves phase in Fe–Nb systems offers superior thermal stability. This complex interplay of crystallographic phases in HEAs underpins their tailored properties for specific applications [41].



A CrMnFeCoNi HEA with a single FCC phase was developed via hot rolling by Cheng et al. to achieve a mix of uncrystallized coarse grains and recrystallized fine grains. Dynamic compression tests at various temperatures provide insights into the temperature-dependent yield stress and strain hardening. Electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) analyses reveal that at lower temperatures, the alloy exhibits enhanced yield strength and strain hardening, attributed to nanoscale twinning induced by high-strain-rate deformation. The research contributes to the broader understanding of HEAs’ crystallographic phases, particularly focusing on how the FCC structure’s inherent ductility can be leveraged while overcoming its low-yield-strength limitations through innovative structural and deformation strategies [16].



One study conducted by Jian and Ren delves into the orientation-dependent tensile behaviors of the HfNbTaTiZr refractory high-entropy alloy using molecular dynamic simulations, aiming to enhance its application potential by understanding its mechanical responses. The findings reveal that the alloy’s mechanical properties, such as Young’s modulus and yield strength, are significantly influenced by its crystallographic orientation during uniaxial tension, with the [111] direction exhibiting the highest values. Moreover, the study identifies deformation mechanisms unique to specific orientations: a BCC–FCC phase transformation when tensile loading is along the [001] direction and a BCC–HCP transformation for [110] or [111] orientations. These insights underscore the importance of crystallographic orientation in tailoring the alloy’s microstructure and mechanical performance, offering a pathway to optimize refractory high-entropy alloys for high-temperature and high-strain-rate applications [42].



Figure 3 provides a visualization of the structural characteristics of the various HEAs discussed throughout this article. It illustrates key structural differences and similarities among the types of HEAs, highlighting the unique crystallographic phases and microstructural elements that contribute to their remarkable properties.




3. Formation and Stability of High-Entropy Alloy Structures


HEAs inherently possess disrupted landscapes due to their chemically random structures, arising from the incorporation of multiple elements in significant proportions within their crystal lattice [43,44,45]. This deviation from the traditional Hume-Rothery rules leads to a material with a diverse array of atomic radii, electronegativities, valences, and magnetic moments, creating distinctive nearest-neighbor environments and a distorted energy landscape with irregular bond lengths and charge densities [31]. The role of enthalpy and coordination numbers in metallic systems is crucial for understanding HEA properties. Variations in coordination numbers, driven by atomic sizes and bonding energies, influence the enthalpy and consequently the alloy’s stability and mechanical characteristics. In HEAs, these numbers deviate from those in pure metals, reflecting the complexity of bond formation and impacting the structural and mechanical traits of the alloys [9]. Several parameters have been proposed to predict the formation of solid solutions and the structure type [46]. The most used are presented below (ci represents the atomic percentage, ri the atomic radius, and VECi the valence electron concentration).



High mixing entropy:


    ∆ S   m i x   = − R ∑   c   i     l n c   i   ,  



(1)




where     ∆ S   m i x   > 1.5 R   for solid solution.



Atomic size difference:


  δ = 100    ∑  i = 1   n      c   i   ( 1 −     c   i       (   ∑  i = 1   n      c   i       r   i   )   2        )  



(2)




where δ < 6.5% for solid solution.



Valence electron concentration:


  V E C =   ∑  1   n      c   i     ( V E C )   i      



(3)




where VEC > 8.6 indicates FCC and VEC < 6.87 indicates BCC.



The synthesis of HEAs involves various techniques across solid, liquid, and gas states, each influencing the microstructure and properties of the alloys uniquely [6,47,48,49,50,51,52,53,54,55]. Solid-state methods [56], such as mechanical alloying and spark plasma sintering, combine materials below their melting points, enhancing microstructure and element diffusion. Liquid-state techniques [47,57], such as arc melting and laser cladding, melt elements before combination, reducing defects and achieving uniform compositions. Vapor-phase processes [58] like atomic layer deposition and molecular beam epitaxy provide precise control over composition and structure, pivotal for customizing HEA properties.



In the fabrication of HEAs, both processing and post-processing techniques are pivotal in determining their phase composition and microstructure, which in turn significantly influence their mechanical and physical properties. Solidification processes such as casting and additive manufacturing often result in heterogeneous microstructures due to varied cooling rates, which can be tailored for specific properties through controlled heat treatments such as annealing or tempering. Additionally, powder metallurgy offers unique opportunities for phase manipulation through selective sintering conditions. Post-processing techniques, including mechanical working and surface treatments, further refine these properties by inducing phase transformations and microstructural changes that enhance performance under specific operational conditions [7,14,59].



Further illustrating the potential of HEAs, research on an interstitial-strengthened HEA (iHEA) using laser powder bed fusion (LPBF) in additive manufacturing showcases the ability to produce materials with intricate geometries and enhanced mechanical properties. LPBF’s process results in unique microstructures that significantly influence the material’s mechanical behavior, evidenced by iHEA’s high strength and ductility, making it suitable for demanding applications. In situ analysis and micropillar compression tests have revealed the influence of crystallographic orientations on mechanical properties, highlighting the advanced capabilities of HEAs in materials science and engineering [60].



Moreover, in eutectic high-entropy alloys (EHEAs), the crystallographic structure plays a pivotal role in defining their exceptional mechanical properties [61,62,63]. These alloys, such as the AlCoCrFeNi2.1 EHEA introduced by Lu et al., exhibit a unique eutectic microstructure that is not commonly found in traditional eutectic alloys. Typically, EHEAs present a two-phase structure resulting from the solidification process where the liquid phase transitions into two solid phases. This microstructure includes an ordered FCC phase, known as the L12 structure, and an ordered BCC phase, often the B2 structure. The FCC phase provides ductility due to its numerous slip systems, while the BCC phase enhances strength. Moreover, the presence of intermetallic compounds (IMCs) in the B phase, characterized by very negative mixing enthalpies and significant differences in atomic radii, contributes to the alloy’s strength by forming hard and brittle IMCs. Conversely, the A phase, typically a solid solution with an FCC structure, benefits from the high-entropy effect, which reduces the electronegativity differences among elements, leading to a ductile solid-solution phase [64]. Zheng et el. confirms the findings of Lu et al. after the manufacturing of the AlCoCrFeNi2.1 EHEA using selective laser melting (SLM) technology from pre-alloyed powders. The microstructure and mechanical properties of these as-printed alloys were thoroughly analyzed, revealing no significant defects like cracks or pores, and a very high relative density exceeding 99.5%. This indicates an excellent metallurgical bond between the melted layers. The microstructure of these as-printed EHEAs comprises FCC and B2 phases, displaying a distinctive “fish scale” pattern with ultrafine cellular and columnar structures and a preferred orientation. These microstructural features contribute to the alloys’ mechanical performance, with the alloys exhibiting an ultimate tensile strength of 1159.4 MPa and an elongation at break of 29.0%. The superior mechanical properties are attributed to the ultrafine grains and the unique FCC–B2 core–shell structures developed during the SLM process. Furthermore, the study observed edge dislocations at the interfaces caused by thermal stress, which are impeded by the FCC–B2 core–shell structures, enhancing the ductility and strength of the material. This combination of features makes these EHEAs promising for applications requiring materials with high strength and ductility [65].



The microstructures of EHEAs are near equilibrium, featuring low-energy phase boundaries and stable dislocation structures, which contribute to their high fracture toughness and resistance to creep at elevated temperatures. Additionally, the fine solidification structure, a result of sluggish atomic diffusion, ranges from microns to tens of nanometers and enhances strength through grain boundary strengthening, effectively addressing the trade-off between strength and ductility. These crystallographic features underpin the superior mechanical properties of EHEAs, making them suitable for various advanced applications where materials are subjected to extreme conditions, such as in aerospace, nuclear, and marine engineering. The interplay of different crystallographic phases and their stability under diverse conditions are key to the alloys’ performance, showcasing the critical role of crystallography in the design and application of advanced materials [64].




4. Properties of High-Entropy Alloys


The structural intricacy of HEAs plays a fundamental role in their unique attributes, including solid-solution strengthening, improved conductivities (both thermal and electronic), and enhanced irradiation resistance [66,67,68,69]. These properties are a consequence of the variability in lattice distortion, which varies with composition and crystallographic structure. The vast compositional range of HEAs presents myriad opportunities for materials design, capturing the attention of researchers focused on deciphering and leveraging the connection between lattice distortion and material attributes [31,70,71].



A pivotal study by Yin et al. underscores the significance of lattice distortion by examining the effects of adding vanadium to FCC and BCC alloy structures. The inclusion of vanadium, which has a distinct atomic radius compared to other elements in the alloy, contributes to lattice misfit and consequently augments the mechanical properties. Specifically, the incorporation of V escalates misfit volumes, which correlates with enhancements in yield strength across various alloy systems. This finding underscores the potential of fine-tuning compositions in HEAs to induce specific lattice distortions, thereby achieving targeted material properties [31].



Building on previous studies of self-ordered oxide nanotubes on traditional alloys [72,73,74], Berger et al. explore the TiNbZrHfTa high-entropy alloy. They highlight its potential for orthopedic implant applications due to its unique crystallographic BCC structure, which consists of biocompatible, non-toxic refractory elements. This alloy combines high mechanical strength with a low Young’s modulus, significantly reducing stress-shielding effects that often lead to bone resorption. Additionally, surface modifications such as anodization and pre-calcification enhance the alloy’s bioactivity, promoting rapid hydroxyapatite deposition in simulated body fluids [75].



In another significant study, an examination of AlNbTiZrSix high-entropy alloys in simulated seawater environments sheds light on their corrosion behavior and microstructural characteristics. As the silicon content increases, there is a noticeable reduction in grain size, potentially due to the precipitation of the Zr5Al3 phase, which refines the microstructure. However, this increase in silicon content appears to compromise the integrity of passive oxide films such as TiO2, Nb2O5, and ZrO2, diminishing the alloys’ corrosion resistance in marine settings. Structurally, the alloys predominantly exhibit a BCC configuration with evidence of lattice distortion from the incorporation of zirconium and niobium, alongside indications of a secondary Zr5Al3 hexagonal phase, suggesting a complex dual-phase microstructure. This dual-phase structure plays a crucial role in determining the mechanical and corrosion properties of the alloys. Such investigations highlight the nuanced interplay between alloy composition and microstructure, providing crucial insights for optimizing HEA performance in specific environmental conditions [76].



Tunes et al. extend the HEA concept to high-entropy ceramics (HECs), specifically targeting applications in environments subjected to energetic particle irradiation. A novel high-entropy carbide within the quinary refractory system CrNbTaTiW was synthesized using magnetron sputtering. This material displayed nanocrystalline grains, a single-phase crystal structure, and a carbon content of approximately 50 atomic percent. To evaluate the irradiation response, the new carbide was subjected to heavy-ion irradiation while observing with in situ transmission electron microscopy at 573 K. The study also compared its behavior with an HEA in the same system. Remarkably, up to a dose of 10 displacements per atom, no displacement damage was observed in either the HEA or HEC. Furthermore, while xenon was implanted into both materials, causing bubble nucleation, the bubbles in the HEC were smaller than those in conventional nuclear materials [77]. This suggests that HECs, like their alloy counterparts, may be promising materials for nuclear energy applications due to their enhanced resistance to radiation-induced damage. When compared with HEA, HECs have shown improved irradiation resistance, as evidenced by fewer and smaller defects, which contribute to enhanced amorphization resistance and reduced volume swelling. Despite these positive attributes, a significant knowledge gap remains in understanding how the chemical complexity of HECs directly influences their observed material performance under irradiation in experimental settings [78].



In research conducted by Qi et al., molecular dynamic (MD) simulation is employed to investigate how crystallographic orientation influences the mechanical properties and microstructure evolution of a single-crystal CoCrFeMnNi high-entropy alloy with an FCC structure. This study is particularly focused on understanding these effects through nanoindentation techniques. Initially, the research validates the MD simulation results at the elastic stage of the load–displacement (P–h) curve by comparing them with the Hertz contact theory, establishing the accuracy of the simulations. During the plastic deformation phase, the study examines the relationship between the P–h curve and the instant defect structure, finding that plastic deformation is primarily governed by the nucleation of Shockley partial dislocations or the movement of stacking faults. The study delves deeper into the impact of crystallographic orientations ([001], [110], and [111]) on the mechanical response and microstructure evolution of the material. It finds that these orientations significantly influence the slip mode and stress concentration areas. Notably, a distinct “pop-in” behavior, indicative of sudden material displacement, is observed in the [111]-oriented sample but not in others, highlighting the orientation-dependent mechanical response. Microstructure evolution is shown to be anisotropic across different crystallographic orientations, leading to variations in dislocation density and hardness. The research establishes a linear relationship between the square root of dislocation density and hardness, aligning well with the Taylor hardening expression, which indicates that the hardening factor is highly dependent on the crystallographic orientation. This study’s findings underscore the predictive compatibility between classical continuum mechanical theories and atomistic MD simulations, reinforcing the utility of these theories in interpreting and predicting the behavior of materials at the atomic scale. The insights into how crystallographic orientations affect material properties at the microstructural level are vital for the design and development of new materials with tailored mechanical properties [79].



Another study employs nonequilibrium molecular dynamic simulations to investigate the shock-induced plasticity in an FCC CoCrFeMnNi HEA and how it varies with crystallographic orientation. The research specifically focuses on the local transitions from FCC to BCC structures under shock loading and how these transitions influence plastic deformation. When shock loading is applied along the [001] direction, a local transition from the FCC to the BCC structure is observed. This transition is attributed to the compression along the <001> direction in the original body-centered tetragonal (BCT) structure, which subsequently encourages dislocation nucleation within the BCC structures. These dislocations then slip, leading to the formation of hexagonal close-packed (HCP) structures within the FCC lattice. Conversely, when shock loading is applied along the [110] and [111] directions, the study finds a prevalence of disordered structures. This outcome is linked to inadequate lattice displacement along the <112> direction on the {111} crystal plane of the FCC structure and a lack of coordinated deformation among the <001>, <110>, and <111> directions in the BCT structure. Notably, the presence of BCC and disordered structures, particularly those with Mn-rich compositions, is crucial for fostering localized plastic deformation. This phenomenon is associated with stress concentration around Mn atoms, stemming from the alloy’s inherent local inhomogeneity. Moreover, under shock loading, the elevated atomic fraction of local BCC and disordered structures contribute to increased chemical composition heterogeneity within these areas. These findings offer valuable insights into the mechanisms of shock-induced plasticity in CoCrFeMnNi HEAs, highlighting the significant role of crystallographic orientation in dictating the material’s response to shock loading. This research contributes to a deeper understanding of plastic deformation in HEAs under extreme conditions, which is vital for designing materials with optimized resistance to shock and other dynamic stresses [80].



When comparing the performance of high-entropy alloys to that of traditional alloys, performance indices can be an excellent tool. These performance indices are derived from basic engineering principles and are used to quantitatively assess the suitability of different materials for specific applications. The process involves plotting these indices on charts, which visually represent the trade-offs and capabilities of various materials, allowing quick identification of the materials that fall within the desired performance range. By incorporating considerations for both material properties and geometric design factors (such as the shape of the component), performance indices facilitate a holistic approach to engineering design. This approach ensures that all aspects of performance, including mechanical strength, weight, and cost, are balanced to meet the specific requirements of the application [81,82].



Figure 4 illustrates how each HEA type uniquely contributes to enhanced performance metrics such as strength, ductility, corrosion resistance, and thermal stability, providing a clear comparative perspective.




5. Applications of High-Entropy Alloys in Extreme Conditions


Some HEAs have enhanced thermal conductivity, which can significantly improve heat transfer efficiency in nuclear reactor components. They combine exceptional mechanical properties like high tensile strength, flexibility, and hardness, making them suitable for various nuclear applications, including reactor pressure vessels and fuel cladding. HEAs maintain structural integrity under extreme temperatures and show excellent resistance to creep, making them ideal for high-temperature nuclear reactor environments [83,84,85]. Additionally, HEAs offer superior resistance to radiation-induced damage compared to conventional alloys, due to their unique atomic structures and high configurational entropy, enhancing their long-term durability in nuclear reactors [86,87]. Refractory metal-based complex concentrated alloys (RCCAs), including refractory high-entropy alloys (RHEAs), represent significant advancements in materials science, offering a unique blend of properties ideal for high-temperature applications [2,88,89]. HEAs are noted for their stability, hardness, ductility, strength, and resistance to various forms of degradation, making them suitable for harsh environment applications. Specifically, RCCAs and RHEAs are distinguished by their ability to maintain strength at temperatures substantially higher than Ni-based superalloys, with some maintaining mechanical integrity up to about 0.6–0.7 times their absolute melting temperature. These alloys, especially those with higher melting points, exhibit effective strength within a considerable temperature range, such as 1363–1941 K (1090–1668 °C), depending on their melting point thresholds [90,91,92].



The microstructure of RCCAs, often dominated by a single-phase BCC or multiphase structures with BCC prevalence, contributes to their broad range of compositions, densities, and oxidation resistance, surpassing traditional refractory materials [93]. However, this also implies a possible ductile-to-brittle transition temperature (DBTT) above room temperature, affecting their fracture behavior. The DBTT, alongside the temperature-dependent yield and fracture strength, indicates the complex interplay between temperature and mechanical properties in these alloys. Furthermore, the room temperature tensile properties of RCCAs, such as the HfNbTaTiZr alloy, are intricately linked to their microstructure, interstitial elements, and processing history, highlighting the sensitivity of their mechanical characteristics to these factors. Disparities in tensile properties reported by different research groups underline the challenge in standardizing and predicting the behavior of RCCAs, emphasizing the need for a thorough understanding of their microstructural and compositional intricacies to harness their full potential in high-temperature applications [91].



The first-generation NbMoTaW series alloys showcased impressive yield strength at elevated temperatures, but were hindered by low ductility and high density. This prompted the development of second-generation RHEAs, where heavier elements like W, Mo, and Ta were substituted with lighter ones such as Ti, V, Zr, and Cr to enhance specific properties. Second-generation RHEAs, particularly those incorporating Al or Si, exhibit reduced densities compared to their predecessors, with some alloys demonstrating densities below 7 g/cm3 [94]. While reduced density is not necessarily a requirement of the materials used in refractory applications, it can often be advantageous in applications such as jet engines and turbines [95]. For instance, the Ti67Nb16Zr17Al13 alloy displays an impressive combination of strength and ductility, indicative of the advancements in RHEA design. Several studies have delved into these alloys’ microstructural and mechanical behaviors. For example, the presence of Al leads to a mixture of continuous B2 and disordered BCC phases, with the B2 phase’s ductility being adjustable through the addition of specific elements. This dual-phase structure, particularly after specific heat treatments, shows enhanced mechanical properties at room temperature. Notably, the addition of Al not only reduces the overall density of the alloys but also contributes to their mechanical strengthening through second-phase strengthening and lattice distortion. However, there is a trade-off, as increased Al content has been observed to decrease plasticity while boosting compressive strength. These findings underline the complex interplay between alloy composition, microstructure, and mechanical properties, emphasizing the necessity for a nuanced approach in RHEA design and optimization to harness their full potential for high-temperature and high-stress applications [94].



Wang et al. delve into the development and analysis of second-generation non-isoatomic RHEAs, specifically the NbTa0.5Ti-Alx series, fabricated through arc melting. These alloys are part of an evolving category of RHEAs designed to mitigate the limitations of first-generation RHEAs, such as their low ductility and high density, by incorporating lighter elements like Al, which not only reduce density but also influence the alloy’s phase structure and mechanical properties. The NbTa0.5Ti-Alx series demonstrates a transition from a single-phase BCC structure to a dual-phase A2 + B2 crystal structure with the addition of aluminum. This transformation is pivotal, as it leads to a significant enhancement in the alloy’s hardness and strength, attributed to solution strengthening and precipitation strengthening effects. However, this increase in strength is accompanied by a rise in brittleness. Upon annealing, the alloys exhibit the formation of Laves-phase NbAlTi2 and A15-phase AlTi3 precipitates, which are crucial for the material’s mechanical properties. These precipitates, varying in morphology from plate-like to needle- or particle-like, predominantly form at or near grain boundaries, influencing the alloy’s overall mechanical behavior. The study also highlights the importance of annealing temperature, which aids in the dissolution of dendrites caused by elemental segregation during the cooling process post-arc melting, and promotes grain growth, enhancing the material’s microstructural characteristics. This research underscores the complexity of tailoring RHEAs’ properties through compositional adjustments and thermal processing, offering insights into the potential of these advanced materials for applications requiring a balance of strength, ductility, and reduced density at elevated temperatures [94].



CoCrNiFeMn alloys, commonly known as Cantor alloys, and their derivatives are renowned for their excellent synergy of strength and ductility across a broad temperature spectrum, making them prime candidates for use in harsh environments. This performance is attributed to their low-stacking-fault energy, which facilitates deformation twinning and the TRIP effect under external strain. However, the inherent low strength and high malleability associated with the FCC structure of CoCrNi-based HEAs or medium-entropy alloys (MEAs) can lead to detrimental microstructural changes under extreme stress or wear conditions, adversely affecting their strength and wear resistance. Investigations on the microstructure of sintered (CoCrNi)94Ti3Al3 MEA composites show a single FCC structure, as confirmed by X-ray diffraction (XRD) patterns and scanning electron microscopy with backscattered electron (SEM-BSE) imaging. The introduction of Al2O3 nanoparticles into the MEA results in a decrease in peak intensity in the XRD patterns, likely due to the high surface energy of the nanoparticles, which promotes their integration into the alloy powder. Notably, this addition does not introduce new ceramic or intermetallic phases, indicating good chemical stability between the alloy and the nanoparticles. Further observations reveal that increasing the concentration of Al2O3 nanoparticles leads to a higher surface content of these particles in the composite, with some agglomeration noted at higher concentrations. This research underscores the potential of nano-oxide reinforcement in enhancing the properties of CoCrNi-based alloys, potentially offsetting their intrinsic weaknesses under severe operational conditions [96]. Table 1 summarizes the potential applications of HEAs, showcasing how these materials excel in environments that demand high mechanical strength, superior thermal stability, and exceptional resistance to wear and corrosion. This table highlights specific use cases, such as in aerospace, nuclear energy, and high-temperature industrial processes, demonstrating the critical roles HEAs can play across various demanding sectors.




6. Future Directions


The journey of HEAs through generations of development encapsulates their transformative evolution within materials science. Initially, the focus was on first-generation HEAs, which primarily utilized single-phase FCC and BCC structures. These alloys typically incorporated 3d transition and refractory metals, laying the groundwork for basic high-entropy alloy frameworks. Over time, the field has shifted towards more sophisticated second-generation alloys, which are characterized by complex, multiphase microstructures that not only enhance the material properties but also broaden the potential applications of HEAs [99,100,101,102,103].



In this new generation, the design strategies have become more nuanced, incorporating specific adjustments in alloy chemistry. These modifications aim to initiate mechanisms such as induced plasticity effects, which are particularly beneficial under mechanical stress conditions. Furthermore, these strategies encourage the formation of secondary strengthening phases, such as the L12 phase, within FCC-based materials. The integration of these phases is intended to augment the mechanical strength and durability of the alloys, making them suitable for more strenuous applications [104,105,106]. A particularly significant advancement in the field is the development of BCC + B2 two-phase microstructures. Within these structures, B2 precipitates are dispersed throughout a BCC matrix. This arrangement significantly enhances the mechanical properties of the alloys, especially in terms of their strength and temperature resilience, making them highly effective for high-temperature applications ranging from 1200 to 1500 °C [107,108,109]. Such capabilities make these alloys ideal for critical applications in aerospace and power generation, where materials are required to perform reliably under extreme conditions.



To support and expedite these innovations, the materials science community has embraced a collaborative approach that leverages data mining alongside computational and experimental methods. This integration facilitates the rapid synthesis and testing of novel alloy compositions, thereby accelerating the pace of materials discovery and innovation. It allows for a more efficient exploration of the vast compositional landscape of HEAs, pinpointing optimal combinations of elements that meet specific performance criteria [45,110,111,112,113,114].



Thus, the evolution of HEAs from their inception as simple single-phase systems to complex, multiphase structures illustrates not only the growth of the field but also the increasing sophistication of the materials being developed. As research continues, these materials are poised to play a pivotal role in advancing a range of high-tech industries, driving forward the development of next-generation materials tailored for the most demanding of applications.




7. Conclusions


In this review, we have investigated the intricate landscape of HEAs, a growing field in materials science characterized by its radical departure from traditional alloy systems and its exploration into the diverse potential of multi-element solutions. The examination of HEAs from their conceptual origins to their current sophisticated forms reveals a dynamic evolution driven by the interplay of complex crystallographic structures and advanced processing techniques. The insights into the strength–ductility trade-off, phase stability, and the transformative effects of mechanical and thermal treatments elucidate the profound impact of microstructural control on the performance of these alloys.



HEAs offer a promising avenue for the development of materials that can operate under extreme conditions, such as high temperatures, corrosive environments, and high stress, making them ideal candidates for applications ranging from aerospace to nuclear reactors. We identify several promising areas for future investigation, including the potential of HEAs in renewable energy applications, such as hydrogen storage and photovoltaic systems, where their exceptional properties could overcome the limitations of current materials. Additionally, the development of advanced manufacturing techniques, such as 3D printing of HEAs, opens up new avenues for complex, lightweight structural designs in aerospace and automotive industries.



As we look to the future, the continued exploration of HEAs will undoubtedly involve a deeper integration of computational modeling, experimental validation, and innovative alloy design strategies. This will enhance our capability to tailor materials with specific properties, paving the way for the creation of next-generation materials that combine exceptional performance with sustainability. The progress in this field will rely heavily on a multidisciplinary approach, blending insights from physics, chemistry, and engineering to overcome current limitations and unlock new possibilities in materials science. Future research should focus on exploiting these tools to accelerate the discovery of novel HEA compositions with tailored properties for specific industrial applications.



However, the path forward is not without challenges. The scalability of HEA production and the cost of raw materials remain significant challenges. Collaborative efforts between academia and industry are essential to address these challenges and to harness the full potential of HEAs. Interdisciplinary research combining insights from materials science, solid-state physics, and engineering will be crucial in overcoming these barriers and realizing the innovative applications of HEAs.
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Figure 1. Article selection process. 
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Figure 2. Core effects in HEAs and their influence on structure and properties. 
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Figure 3. Structural characteristics of different types of HEAs. 
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Figure 4. Properties of different types of HEAs. 
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Table 1. Potential applications of HEAs in demanding conditions.
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	Application
	HEA Type
	Key Performance Metrics
	Reference





	Nuclear reactor components
	General HEAs
	Enhanced thermal conductivity; resistance to creep; superior radiation damage resistance.
	[86]



	High-temperature aerospace applications
	RCCAs and RHEAs
	Maintain strength up to 0.6–0.7 times melting temp; operate effectively within 1363–1941 K.
	[9,91,92]



	High-stress turbine blades
	Second-generation RHEAs
	Balance of strength and ductility; Reduced density; strength maintained at elevated temperatures.
	[94]



	Automotive and aerospace structural components
	Cantor alloys and derivatives
	High synergy of strength and ductility across temperatures; low-stacking-fault energy-enhancing twinning and TRIP effect; overcoming the strength–ductility trade-off through innovative alloying and processing techniques.
	[14,96]



	Lightweight structural applications
	Lightweight metastable HEAs (LMH)
	Low density with high specific strength and large ductility; TRIP-assisted dual-phase stability.
	[38]



	High-performance coatings
	Various HEA families (refractory, transition metals)
	Improved wear and corrosion resistance, thermal stability; suitable for extreme conditions like aerospace engines.
	[6,7]



	Interfacial joining in manufacturing and aerospace
	General HEAs
	Improved wetting characteristics, high mechanical strength, excellent corrosion and oxidation resistance, suitable for high-temperature applications.
	[90]



	Corrosion resistance in marine environments
	AlNbTiZrSix HEAs
	Corrosion resistance varies with Si content; passive films mainly consist of TiO2, Nb2O5, and ZrO2. Si addition generally decreases passive film stability and corrosion resistance, particularly in simulated seawater.
	[76]



	Ultralong-life fatigue resistance in structural components
	CoCrFeMnNi (single-phase FCC equiatomic)
	Exceptional very high cycle fatigue regime performance up to 109 cycles, high strength and ductility, sensitivity to microstructural control and casting defects.
	[97]



	Applications requiring enhanced wear resistance and hardness
	AlCoCrFeNiTi0.2
	Enhanced hardness and wear resistance post-nitrogen ion implantation; phase transformation from r to BCC; increased hardness-to-Young’s modulus ratio, suggesting improved resistance to mechanical wear and cracking.
	[98]



	Extreme environment applications
	Refractory amorphous high-entropy alloys (RAHEAs)
	Enhanced phase stability under extreme conditions; excellent performance under high-temperature annealing and irradiation; potential self-healing properties through nanoprecipitate reassembly enhancing radiation resistance.
	[92]
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