
Annals of the Academy of Romanian Scientists 

Series on Physics and Chemistry 

Online ISSN 2559 – 1061  Volume 9, Number 2/2024 26 

 

 

THE PERFORMANCE OF HIGH-ENTROPY ALLOYS  

IN AGGRESSIVE ENVIRONMENTS 

  
Radu NARTITA1, Daniela IONITA2, Ioana DEMETRESCU3 

 

 
Rezumat. Aliajele cu entropie înaltă (HEAs) sunt materiale avansate, compuse din 

multiple elemente principale în proporții aproape echiatomice. HEAs specializate prezintă 

performanțe excepționale în ceea ce privește rezistența la temperaturi ridicate, rezistența 

la oxidare și la fluaj, făcându-le viabile pentru aplicații aerospațiale și nucleare. HEAs 

biomedicale au apărut cu o rezistență promițătoare la coroziune, biocompatibilitate și 

proprietăți mecanice potrivite pentru implanturi. În ciuda progreselor semnificative în 

optimizarea caracteristicilor aliajelor, există în continuare provocări legate de cost, de 

prezicerea precisă a fazelor și de producția la scară largă. Se anticipează că progresele 

viitoare vor fi posibile prin strategii interdisciplinare care să includă modelare avansată, 

învățare automată și fabricare aditivă. 

 
Abstract. High-entropy alloys (HEAs) are advanced materials composed of multiple 

principal elements in near-equiatomic ratios. Specialized HEAs display exceptional 

performance in high-temperature strength, oxidation resistance, and creep resistance, 

making them viable for aerospace and nuclear applications. Biomedical HEAs have 

emerged with promising corrosion resistance, biocompatibility, and mechanical properties 

suitable for implants. Despite significant progress in optimizing alloy characteristics, 

challenges remain regarding cost, accurate phase prediction, and scalable manufacturing. 

Future advancements are expected through interdisciplinary strategies incorporating 

advanced modelling, machine learning, and additive manufacturing. 
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1. Introduction: The innovative nature of high-entropy alloys 

 

High-entropy alloys (HEAs) have garnered growing interest in materials science due to 
their multi-element compositions and potential for great mechanical performance [1–4]. 
Unlike traditional alloys, which are typically based on one primary element alloyed with 
others in smaller quantities to enhance specific properties [5], HEAs consist of five or 
more elements in nearly equal atomic ratios, offering a fundamentally different approach 
to alloy design [6–8]. While traditionally termed high-entropy alloys, it should be noted 
that the literature also utilizes broader terms such as multi-principal element alloys and 
complex concentrated alloys to more accurately describe alloys with significant but not 
necessarily dominant configurational entropy. 
Here is the second paragraph. Yeh and collaborators were among the first to emphasize 
the role of high mixing entropy in the stabilization of simple solid solution phases, 
primarily face-centred cubic (FCC) and body-centred cubic (BCC), while suppressing 
the formation of complex intermetallic compounds. Their studies highlighted notable 
features such as refined microstructures, improved mechanical properties, and increased 
corrosion resistance, positioning HEAs as a new class of advanced materials [9–11]. 
Based on their composition and intended applications, HEAs can be broadly categorized 
into metallic and ceramic types. Metallic HEAs include Cantor-type alloys, such as the 
FeCoNiMnCr series, as well as refractory compositions based on elements like Ti, Mo, 
Ta, Zr, Hf, V, and Nb, designed for high-temperature and corrosive environments due to 
their excellent mechanical strength. Ceramic HEAs, comprising nitrides and carbides of 
transition metals, offer high thermal stability, corrosion resistance, and hardness, making 
them suitable for extreme applications [12,13]. 
A more detailed classification of HEAs divides them into seven main families, depending 
on the nature of the constituent elements: (i) 3d transition metals (e.g., Cr, Ni, Fe, Mn, 
Cu, Al, Ti, V), which dominate HEA research; (ii) refractory metals (e.g., Mo, Cr, Hf, 
Ti, Ta, Nb, W, V, Zr); (iii) lightweight metals (e.g., Mg, Al, Li, Be, Sn, Zn, Si, Ti, Sc); 
(iv) lanthanides or 4f transition metals (e.g., Gd, Dy, Tb, Lu, Tm, Y); (v) brasses and 
bronzes (e.g., Al, Cu, Mn, Ni, Sn, Zn); (vi) precious metals (e.g., Ag, Au, Co, Cr, Cu, Ni, 
Pd, Pt, Rh, Ru); and (vii) interstitial compounds (e.g., B, C, N). However, due to the large 
variety of possible element combinations, many HEAs defy strict classification, 
highlighting the field’s complexity and potential for innovation [9,14]. While the 
previous classification is based on chemical families, HEAs can also be grouped by their 
intended functionality and application domain. Figure 1 summarizes this functional 
categorization, illustrating how different classes of HEAs align with key technological 
applications. 
Despite their remarkable potential, HEAs continue to encounter the critical challenge 
of balancing strength and ductility. Additional challenges include deciphering intricate 
phase behaviours, managing production costs, and ensuring reliable performance under 
real-world conditions. Addressing these challenges through integrated experimental 
and computational approaches forms the core of ongoing research. 
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Figure 1. Functional classification of high-entropy alloys (HEAs) highlighting their primary 

application areas 

 

In recent years, alloys incorporating refractory elements have stood out for their ability 

to form stable high-temperature phases with superior strength, creep resistance, and 

oxidation tolerance [15–17].Within this landscape, refractory high-entropy alloys 

(RHEAs) have emerged as a particularly promising group, capable of outperforming 

conventional materials such as Ni-based superalloys and silicon carbide in extreme 

conditions [18–20]. Their application potential spans sectors like nuclear energy and 

aerospace, where resistance to high-temperature degradation is critical [21]. 

 

2. Fundamentals of high-entropy alloys 

 

Although multicomponent alloys are frequently referred to as “high-entropy 

alloys,” the term does not always reflect their thermodynamic characteristics. In 

many cases, these alloys do not exhibit particularly high configurational entropy, 

and the formation of a limited number of phases cannot be solely attributed to 

entropy stabilization effects [5]. Furthermore, the early assumption that HEAs must 

consist of singlephase solid solutions (BCC, FCC, or HCP) has been increasingly 

questioned. Intermetallic compounds, once considered undesirable, are now 

understood to play a potentially beneficial role in certain alloy systems [22,23]. 

The distinctiveness of HEAs arises from their atomic-level structural complexity. 

In contrast to conventional materials—where unique properties are achieved 
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through controlled introduction of defects—HEAs inherently possess chemical 

disorder due to the inclusion of multiple elements in comparable atomic ratios. This 

results in a departure from traditional design approaches based on the Hume-

Rothery rules and leads to a highly varied local atomic environment. The resulting 

lattice is characterized by differences in atomic size, electronegativity, valence 

state, and magnetic moment, which generate irregular nearest-neighbour 

arrangements, non-uniform bond lengths, and distorted charge distributions [24]. 

In addition to entropy, three other key effects are commonly used to describe the 

behaviour of HEAs: sluggish diffusion, lattice distortion, and the cocktail effect 

[22,25,26]. The sluggish diffusion effect refers to the reduced mobility of atoms, 

attributed to the presence of diverse bonding environments that increase the 

activation energy required for atomic migration. Lattice distortion results from 

asymmetric bonding between atoms of different sizes and electronic structures, 

affecting various physicochemical properties. The cocktail effect denotes the 

possibility that the combination of elements within an alloy may lead to properties 

not exhibited by the individual constituents. In some cases, the collective effect may 

even be opposite to that expected from a simple weighted average, such as when 

the addition of a soft element contributes to increased hardness [27,28]. 

Recent perspectives have further refined the HEA concept, suggesting that their 

exceptional properties may also derive from other factors such as short-range 

ordering, stacking fault energy (SFE), lattice misfit, and anti-phase boundary 

energy (APBE). These parameters have emerged as essential design criteria, 

especially in systems where entropy-driven stabilization is insufficient to explain 

phase formation or mechanical behaviour. For example, low SFE has been linked 

to enhanced ductility via transformation-induced or twinning-induced plasticity 

(TRIP/TWIP), while lattice misfit and APBE play critical roles in strengthening 

mechanisms by impeding dislocation motion and stabilizing ordered precipitates. 

This broader framework enables the design of alloys with tailored microstructures 

and targeted performance, even in non-equiatomic compositions, thus expanding 

the landscape of high-entropy materials beyond their original formulation [29]. 

 

3. Performance under aggressive conditions 

 

Understanding the relationship between the structure and properties of alloys is 

essential for identifying their potential applications [30–32]. HEAs are typically 

characterized by the formation of simple solid solution phases such as face centred 

cubic (FCC), body centred cubic (BCC), or hexagonal close packed (HCP), as well 

as by their capacity to form intermetallic compounds [14]. The presence of fewer 

phases compared to conventional alloys is largely attributed to the stabilizing effect 

of high mixing entropy [33–35]. This stabilization arises from differences in atomic 

properties, including electronic configurations, electronegativities, and oxidation 



 

   

30 Radu NARTITA, Daniela IONITA, Ioana DEMETRESCU  

states, which contribute to a distorted energy landscape and locally distinct 

chemical environments [24,36]. These structural features have a direct impact on 

key mechanical properties such as strength, ductility, and hardness. 

Despite their promising properties, HEAs often face limitations related to the 

strength–ductility trade-off, which remains a major challenge for their use in 

structural applications [37–41]. For instance, FCC HEAs are typically characterized 

by good ductility but limited tensile strength at room temperature, whereas BCC 

HEAs offer higher strength but suffer from low plasticity and increased brittleness, 

making them susceptible to early cracking [42,43]. 

Some HEAs also exhibit improved thermal conductivity, a property that is 

particularly beneficial in nuclear reactor components where efficient heat transfer 

is required. Their combined characteristics, such as high tensile strength, ductility, 

and hardness—make them suitable for demanding nuclear applications, including 

reactor pressure vessels and fuel cladding [44–47]. Furthermore, the atomic 

structure and high configurational entropy of HEAs contribute to enhanced 

resistance to radiation damage, which supports their long-term structural integrity 

in such environments [47,48]. 

Early examples of RHEAs, such as the NbMoTaW series, demonstrated excellent 

yield strength at elevated temperatures. However, they were also characterized by 

high density and poor ductility. These limitations led to the development of second-

generation RHEAs, in which heavier elements (e.g., W, Mo, Ta) were partially 

replaced by lighter alternatives such as Ti, V, Zr, and Cr to tailor specific properties. 

Alloys incorporating Al or Si were particularly successful, achieving densities 

below 7 g/cm³ in some cases [49]. Although low density is not always a requirement 

for refractory materials, it can offer advantages in applications such as aerospace 

turbines and jet engines, where weight reduction is beneficial [50]. 

An overview of current and emerging applications for HEAs in aggressive 

environments is provided in Table 1. This summary highlights the types of HEAs 

suited for specific applications and the main properties associated with each case. 

Applications range from nuclear energy and aerospace to wear-resistant coatings 

and biomedical devices, reflecting the versatility and adaptability of HEAs across 

multiple sectors. The table also illustrates how tailoring the elemental composition 

and microstructure of HEAs allows for optimization of critical properties such as 

strength, thermal stability, creep resistance, resistance to corrosion, and 

biocompatibility. 
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Table 1. Applications of HEAs in aggressive conditions 

 

HEA Type Properties and performance Application Ref. 

RHEAs 

Retain mechanical strength at temperatures reaching 

60–70% of their melting point, with effective 

operation in the range of 1363–1941 K 

High-temperature 

aerospace 

applications 

[14,51,52] 

Al₀.₅CoCrFeNi

Ti₀.₁ HEA 

Exhibits exceptional mechanical performance from 

cryogenic (−160 °C) to high temperatures (up to 

800 °C), with UTS ranging from 1398 MPa (−160 °C) 

to 332.7 MPa (800 °C), due to FCC matrix and L21 

precipitate strengthening 

Cryogenic to 

high-temperature 

structural 

applications 

[53] 

Second-

Generation 

RHEAs 

Exhibit a balanced combination of strength and 

ductility, reduced density, and sustained mechanical 

performance at elevated temperatures 

High-stress 

turbine blades 
[49] 

Refractory 

Amorphous 

High-Entropy 

Alloys 

(RAHEAs) 

Enhanced phase stability, exceptional performance 

during high-temperature annealing and irradiation, 

and potential self-healing behaviour via 

nanoprecipitate reassembly that improves radiation 

resistance 

Extreme 

environment 

applications 

[52] 

Cantor Alloys 

& Derivatives 

High synergy of strength and ductility across a wide 

temperature range, facilitated by low stacking fault 

energy that promotes twinning and the TRIP effect, 

effectively overcoming the conventional strength–

ductility trade-off through advanced alloying and 

processing strategies 

Automotive and 

aerospace 

structural 

components 

[42,54] 

CoCrNi MEA 

(ultrafine-

grained 

microstructure) 

Exceptional strength and plasticity under dynamic 

and high-temperature loading, enabled by ultrafine 

grains and stable nano-twins; outperforms cast 

counterparts with 300% higher yield strength 

Impact-resistant 

aerospace and 

defense 

components 

[55] 

Lightweight 

RHEAs 

(LRHEAs) 

Stable single-phase BCC structure with excellent 

high-temperature phase stability and mechanical 

strength (yield strength up to 1763 MPa after 

annealing at 600 °C) 

High-

temperature 

aerospace 

applications 

[56] 

Light-weight 

metastable 

HEAs (LMH) 

Combine low density with high specific strength 

and substantial ductility, enabled by TRIP-

assisted dual-phase stability 

Lightweight 

structural 

applications 

[57] 

MoNbWTaC 

HEA 

Carbide-reinforced ultrafine eutectoid structure 

provides high yield strengths of 1.17 GPa at 

1473 K and 0.92 GPa at 1673 K, with excellent 

thermal stability 

Combustion 

chambers and 

nozzles for 

aerospace and 

weapons 

systems 

[58] 

REE-doped 

AlCoCrFeMo 

HEA Coating 

Exhibits ultra-high strength, excellent abrasive 

wear and erosion resistance due to grain 

refinement and solid solution strengthening by 

rare earth elements 

Protective 

coatings for 

aerospace and 

defence 

components 

[59] 
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Beyond structural and high-temperature applications, HEAs have also shown great 

potential in the biomedical field [60]. Their performance in corrosive environments 

and compatibility with biological systems have made them promising candidates 

for use in medical implants [61–64]. One extensively studied composition is the 

TiZrHfNbTa alloy, prepared via arc melting from high-purity elemental precursors. 

Yang et al. investigated its corrosion behaviour in Hank’s solution and evaluated 

its biocompatibility using MC3T3-E1 pre-osteoblasts, in comparison with the 

conventional Ti6Al4V alloy. The TiZrHfNbTa alloy exhibited comparable 

corrosion resistance and biocompatibility, without the cytotoxic risks associated 

with Al and V ion release. Additionally, it demonstrated a lower elastic modulus 

(~80 GPa) than Ti6Al4V (~110 GPa), potentially reducing stress shielding in 

orthopaedic applications [65].  

Subsequent studies have explored surface modification strategies to further enhance 

the performance of TiZrHfNbTa. Zhang et al. applied plasma electrolytic oxidation 

(PEO) at varying voltages and observed improvements in corrosion resistance and 

wear without compromising cell adhesion or proliferation [66]. Another widely 

investigated surface treatment is anodization in fluoride-containing electrolytes, 

that leads to the formation of self-organized oxide nanotubes [67,68]. Berger et al. 

demonstrated that this technique improves the corrosion resistance, mechanical 

performance, and bioactivity on the same TiZrHfNbTa substrate [69].  

Several BioHEAs are presented in Table 2 along with their structure, mechanical 

and electrochemical properties. 

 
Table 2. Structure and properties of BioHEAs 

 

Alloy Structure 
Mechanical 
properties 

Resistance to corrosion Ref. 

Ti₄₉Zr₂₀Hf₁₅Al₁₀Nb₆ 

Single 

 β-phase 
(BCC) 

HV – 314 

E – 83.9 GPa 

Super elasticity: 
recoverable 
strain ~3.8% 

Yield strength 
~650 MPa 

Corrosion potential 
(Ecorr) − -0.177 V; 

current density (Icorr) − 
0.163 μA/cm² in Hank’s 

solution 

[70] 

Ti₄₀Zr₄₀Nb₅Ta₁₂Sn₃ BCC 
HV – 336 

E ~ 86 GPa 

Ecorr: − 0.314 V; Icorr 
− 2.61 × 10⁻⁷ A/cm² in 

artificial saliva 
[71] 

Ti40Zr20Hf10Nb20Ta10 BCC 
HV – 294 

E – 86.4 GPa 

Polarization behaviour 
in 3.5% NaCl solution 
reveals substantially 
superior corrosion 

resistance compared to 
commercially pure 
titanium (CP-Ti) 

[72] 
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4. Recent developments and future directions 

 

The evolution of high-entropy alloys has developed through distinct generational 

stages. The first-generation HEAs primarily consisted of single-phase solid 

solutions with FCC or BCC structures, based largely on 3d transition metals and 

refractory elements. These early compositions provided the foundational 

understanding of high-entropy alloy behaviour and stability. In contrast, second-

generation HEAs have introduced more complex, multiphase microstructures that 

contribute to enhanced mechanical and functional properties. This shift has also 

expanded the range of applications, demonstrating the versatility of HEAs across 

diverse operating conditions [76–80]. 

In parallel, the predictive capabilities of alloy design have been significantly 

improved by combining thermodynamic models with electronic structure 

calculations and high-throughput computational tools. CALPHAD, DFT, and MD 

simulations have been employed to explore phase stability, mixing enthalpy, lattice 

distortion, and diffusion behaviour. However, the vast compositional landscape of 

HEAs, characterized by competing entropic and enthalpic effects, often challenges 

the reliability of classical rules. To address this, novel descriptors such as atomic 

packing efficiency, valence electron concentration, and normalized strain energy 

have been introduced, offering refined guidelines for identifying stable and 

functional alloy compositions [81]. 

Machine learning (ML) has emerged as a transformative tool in HEA discovery, 

offering a scalable framework for exploring complex composition–property 

relationships beyond the reach of traditional methods. Supervised ML models have 

demonstrated remarkable accuracy in predicting phase formation, stacking fault 

energies, and mechanical strength using descriptors like radius mismatch, ΔHmix, 

Ti₃₅Zr₃₅Nb₂₀Ta₅Ag₅ 

BCC 

solid 

solution 

Microhardness – 

4.38–5.35 GPa 

Icorr ~2 orders of 

magnitude lower than 

CP-Ti in artificial saliva 

[73] 

Ti20Zr20Hf20Nb20Ta20 

BCC 

solid 

solution 

HV – 320 

E – 79 GPa 

Corrosion rate in  Hank's 

solution  − 5.5E-4 

mm/year 

 

[74] 

Ti25Zr25Hf25Nb12.5Ta

12.5 

HV – 293 

E – 68 GPa 

Corrosion rate in  Hank's 

solution  − 8.8E-4 

mm/year 

Ti27.78Zr27.78Hf27.78

Nb8.33Ta8.33 

HV – 287; 

E – 56 GPa 

Corrosion rate in  Hank's 

solution  − 9.3E-4 

mm/year 

Mg₆₀Ti₂₄.₂₄Zn₉.₆₆Nb₆.₁ 
HCP + 

BCC 

UTS – 181 

MPa; Yield 

strength – 132 

MPa 

Corrosion rate − 0.86 ± 

0.11 mm/year (lower 

than AZ31 and pure Mg) 

[75] 
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VEC, and electronegativity differences. Advanced frameworks incorporating 

ensemble methods, interpretability techniques, and hybrid physical–data-driven 

models have accelerated the research of novel HEAs with target performance 

metrics, while addressing long-standing challenges such as data scarcity and limited 

transferability in high-dimensional design spaces [82]. 

Among the most promising directions in HEA research is the development of 

RHEAs, which have demonstrated exceptional high-temperature strength, 

oxidation resistance, and corrosion resilience. These materials are increasingly seen 

as viable alternatives to Ni-based superalloys for demanding applications in 

aerospace, nuclear, and energy sectors. Recent studies have also emphasized the 

role of advanced manufacturing techniques—particularly additive manufacturing 

and powder metallurgy—in enabling more efficient synthesis of RHEAs with 

refined microstructures and enhanced performance. Despite their outstanding 

properties, RHEAs still face challenges related to creep behaviour and production 

costs, highlighting the need for continued innovation in alloy design and processing 

technologies [83]. 

To advance the design and optimization of these materials, researchers have 

increasingly adopted integrated approaches that combine experimental techniques 

with computational tools and data-driven methods. These strategies allow for the 

rapid identification of promising alloy systems tailored to meet specific 

performance requirements, thereby accelerating the discovery and development of 

next-generation materials [84–89]. 

 

5. Concluding remarks 

 

High-entropy alloys have emerged as an innovative class of materials, distinguished 

by their complex, multi-element compositions and the potential to deliver superior 

performance in demanding conditions. This review has covered the fundamental 

principles underlying HEAs, including configurational entropy, sluggish diffusion, 

lattice distortion, and the cocktail effect, and highlighted how these factors directly 

influence their properties and application capabilities. 

Significant advancements have been made, particularly with refractory HEAs 

(RHEAs), which show outstanding mechanical strength, oxidation resistance, and 

radiation tolerance in extreme environments. Additionally, substantial progress has 

been achieved in the development of biocompatible HEAs (BioHEAs), 

demonstrating excellent corrosion resistance, mechanical compatibility, and 

biocompatibility, thus expanding their potential applications in the biomedical 

field. 

Nevertheless, HEAs still face notable challenges, especially in balancing strength and 

ductility, predicting complex phase formations, and controlling production costs. 

To effectively address these challenges, future research needs more integrated and 
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interdisciplinary approaches, combining computational modelling, machine 

learning, and advanced manufacturing processes. Expanding the scope of research 

into lightweight HEAs and biomedical applications will further extend their 

practical relevance. 

Continued collaborative efforts across various scientific and engineering fields will 

undoubtedly unlock the full potential of HEAs, transforming them from novel 

experimental alloys into widely utilized materials that effectively meet diverse 

technological demands in sectors such as aerospace, nuclear energy, and 

biomedicine. 
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