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A B S T R A C T   

This review paper covers an analysis of the empirical calculations, additive manufacturing (AM) 
and hydrogen storage of refractory high-entropy alloys undertaken to determine the structural 
compositions, particularly focusing on their applicability in research and experimental settings. 
The inventors of multi-component high-entropy alloys (HEAs) calculated that trillions of mate-
rials could be manufactured from elements in the periodic table, estimating a vast number, N =
10^100, using Stirling’s approximation. The significant contribution of semi-empirical parameters 
such as Gibbs free energy ΔG, enthalpy of mixing ΔHmix, entropy of mixing ΔSmix, atomic size 
difference Δδ, valence electron concentration VEC, and electronegativity difference Δχ are to 
predict BCC and/or FCC phases in HEAs. Additive manufacturing facilitates the determination of 
refractory HEAs systems with the most stable solid-solution and single-phase, and their subse-
quent hydrogen storage capabilities. Hydride materials, especially those from HEAs manufactured 
by AM as bulk and solid materials, have great potential for H2 storage, with storage capacities that 
can be as high as 1.81 wt% of H2 adsorbed for a ZrTiVCrFeNi system. Furthermore, laser metal 
deposition (LMD) is the most commonly employed technique for fabricating refractory high en-
tropy alloys, surpassing other methods in usage, thus making it particularly suitable for H2 
storage.   

1. Introduction 

Traditional alloy composition normally consists of one principal element, and the other elements are often, in minor compositions 
to improve the physical and chemical properties for a desired application. About two decades ago, in year 2004, two groups of re-
searchers, independently started manufacturing alloys of multi-component principal elements in equimolar ratios [1–4]. Their pre-
dictions were somehow, based on a general understanding of physical metallurgy and the facts concerning binary and ternary phase 
diagrams [5]. The base alloy method may be labeled as “matured technology”, but this is only if no new materials can be produced 
from that technology that can bear materials with unprecedented properties to revolutionize human civilization [6]. Thus, 
multi-component principal alloys have taken the field of materials science and engineering to new level and indeed, they will be 
central to the field of structural, and perhaps functional materials in the next decades or longer. The current research direction is in the 
investigation of new high-entropy alloys (HEAs) and complex concentrated alloys (CCAs) that can operate with sustained strength at 
ever-increasing temperatures or the prospect of discovering new materials with unprecedented properties, or combinations thereof [7, 
8]. In HEAs, each combination is a new alloy ‘forms a base’ because each HEA can easily be modified by addition of minor elements 
similar to traditional element-based alloy approach [9]. The abundance of novel alloy foundations stems from the numerous methods 
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by which primary elements can be selected from a palette of potential candidates. The formula delineating the quantity of distinct 
combinations of primary elements is given by equation (1) [6,9]: 

C
(

n
r

)

=
n!

r!(n − r)!
(1) 

Here, n represents the count of elements available in the palette from which primary alloy components are chosen. With n being 
equal to 75 stable elements that are non-toxic, non-radioactive, and not noble gases, this yields more than 219 million potential CCA 
configurations featuring 3 to 6 primary elements. Hence, the importance of predicting the most stable solid-solution and single-phase 
HEAs become paramount, in order to reduce trials on experimental endeavors for specifically hydrogen storage applications. 

Since the initial papers emerged in 2004, a discernible trend suggests that significant research interest in HEAs began around 2013, 
with researchers consistently keen on predicting the phases and microstructures of HEAs prior to experimentation [10]. There is also a 
limited composition space for HEAs due to material costs, resource availability, price stability, and recyclability [11]. So far, there are 
very few studies that have investigated the phase formation rules for multi-component HEAs, and this is because of the lack of in-
formation on phase diagrams for HEAs. As a result, high throughput screening tests and calculations are an essential part of the 
prediction strategy, and phase formation in HEAs remains a subject of investigation. One of the key opportunities is to expand the HEA 
scope and compositionally complex alloy design framework to include the work in the functional material class [6]. Fig. 1 depicts a 
publication trend from the Scopus database, for articles with “high-entropy alloy” and “high-entropy alloy AND phase prediction” from the 
year 2004–2024. 

For articles published with the keyword “high-entropy alloy”, only two articles in 2004 and steadily increased, in total to 3812 
articles as of 2023, and the number is still increasing. This indicates the exponential growth and interest gained from researchers 
around the world for HEAs. In 2010, there was only one article published with the keyword “high-entropy alloy AND phase prediction” 
and in 2023, there were 187 articles. Again, it shows that researchers are now looking for ways to find phase-stable HEAs. 

The 3d transition metals have been investigated extensively, and the refractory metals are studied for their high temperature and 
cryogenic applications. Other interstitial elements and metalloids such as carbon, aluminum, and nitrogen are studied to improve the 
mechanical and microstructural properties of the materials. Fig. 2 displays the primary elements currently utilized in the fabrication of 
HEAs. 

Despite the costly nature of precious metals, certain noble metal HEAs have defied expectations by showcasing the capacity to form 
stable single-phase solid solutions, thereby offering a cost-effective alternative for advanced material applications [13]. These ma-
terials have garnered significant interest across various domains of applied research, including corrosion resistivity [14–20], micro-
mechanical stability [12,20–25], and energy storage [26–28]. Their remarkable microstructural properties, influenced by 
crystallographic characteristics and thermodynamic factors, are attributed to the presence of intermetallic phases as well as 
face-centered cubic (FCC) or body-centered cubic (BCC) solid-solution phases [29–32]. 

2. HEAs phase predictions 

Traditional alloys were historically favored for their simplicity, typically starting with a base element to which additional elements 
are added, forming alloys like aluminum (Al), cobalt (Co), nickel (Ni), titanium (Ti), and chromium (Cr) [33]. However, high-entropy 

Fig. 1. Publication trend of articles with “high-entropy alloy” in orange bars and “high-entropy alloy and phase prediction” in green bars between 2004 
and 2023. Data was obtained from the Scopus database. 
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alloys (HEAs) offer distinct advantages, possessing unique properties that traditional alloys may lack, prompting their adoption as they 
provide enhanced performance and functionality for various applications. The definition of HEA is still a subject of investigation; the 
two main known categories are based on composition and entropy. The composition-based definition is attributed to the presence of at 
least 5 different principal metallic elements in equiatomic or equimolar ratios, where the atomic percentage of each element in the 
alloy, varies from 5 % to 35 % [28,34]. The other minor elements that complete the HEA composition should have an overall per-
centage of less than 5 %. The entropy-based definition of HEAs is derived from blending or mixing, where the configurational entropy 
ΔSconf >1.5R and contains at least four elements, where R is the ideal-gas constant [22,28,35]. Furthermore, the impact of entropy is 
considerably more articulated in HEAs, it forms the backbone of the design and phase prediction. In thermodynamics analysis, the 
high-entropy effect determines the formation of complex, intermetallic, and single-phase alloys [36,37]. 

The design of every material or tool or device is always based on its intended potential end application. As a result, it will seem 
profitable to have guidelines for predicting, not only phases but other intrinsic application-oriented properties for HEAs [38–44]. The 
ability for materials to have desirable applications is normally investigated by characterizing a single dominant ‘first-tier’ property, but 
sometimes multiple properties are required for certain applications [45,46]. In this respect, therefore, tensile properties will represent 
structural applications [21,23,32,47–52], magnetic saturation represents hard magnets [53,54], low-temperature conductivity will 
represent superconductors [55–57], and FCC phases will represent the H2 storage domain [2,52,58–60]. It is well known that the 
prediction of the ability of solid-solution forming in HEAs remains a major challenge that hinders the discovery of novel HEAs. This 
review paper focuses solely on computational models utilizing semi-empirical methods, excluding coverage of machine learning 
applications. Scientists are presently advancing computational tools aimed at accurately predicting the desired properties of HEAs, 
representing an expanding area of research in materials science. Phase computations (PhaComp) methods is an example that is still 
under development in the United Kingdom, and it is showing promising results in the prediction of the formation of the sigma phases in 
CrMnCoFeNix HEAs [61]. Researchers have been prompted to use computational methods to search easier, faster, and more accurately, 
as reported by Lederer et al., they proposed an ab initio simulation method and their results from the current most reliable data for 
binary, ternary, quaternary, and quinary systems were: 96.6 %; 90.7 %; 100 % and 100 %, respectively, of correct solid-solution 
predictions [62]. Other authors have used density functional theory (DFT) calculations to show that ΔSconf in CrMoNbV stabilizes a 
single BCC phase from T = 1700 K up to melting, while precipitation of a complex intermetallic is favored at lower temperatures [44, 
63]. The structure and elastic properties of the AlCrFeNiTi system were also predicted and calculated by using the DFT method [64]. 
Thermodynamics and kinetics fundamentals are quite very old and well-established methods, and they are also used in the prediction 
of the properties of HEAs [65–68]. High-entropy alloy predicting software (HEAPS), can be used to calculate the physical and 
semi-empirical parameters of alloys that are useful in predicting the phase and solid-solution formation ability of HEAs [69]. The 
calculations of phase diagrams (CALPHAD) method have also been shown to be useful for the calculation of phases and thermodynamic 
properties in HEAs systems [70–74]. A HEA with a nominal composition of FeCr0.4V0.3Ti0.2Ni1.3 was proposed based on the empirical 
thermodynamic models and CALPHAD calculations, and consistent with the prediction, the alloy consisted of dominant FCC phase and 
minor Ni3Ti precipitates [75]. High-entropy alloys present a paradigm shift, offering unique properties that traditional alloys may lack, 
leading to their adoption across diverse fields. Computational models, including PhaComp and other emerging methods, hold promise 
in accurately forecasting properties crucial for HEA applications. Approaches such as ab-initio simulations and density functional 
theory (DFT) calculations demonstrate high accuracy in predicting solid-solution formation and phase stability. Additionally, estab-
lished methods like thermodynamics and CALPHAD calculations contribute significantly to understanding and designing HEAs for 

Fig. 2. Major elements used in the manufacturing of HEAs. Reproduced from Ref. [12].  
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specific applications. As research in computational studies of HEAs continues to advance, it opens avenues for discovering novel alloys 
with tailored properties, shaping the future of materials science [76]. 

2.1. Empirical parameters 

2.1.1. Thermodynamic consideration 
The Hume-Rothery rules for solubility in binary alloys have been developed and extended to suitable applications for multi- 

component HEAs [77–88]. By the definition of Gibbs free energy (ΔG), when the temperature is sufficiently high, the entropy can 
stabilize the phase in question. Calculating ΔG for various compositions and temperatures of multi-component HEAs is challenging, but 
it was subsequently found that ΔG at a specific composition is proportional to the free energy of mixing ΔGmix of the liquid phase as 
shown in equation (2) [85,89]. Now, the definition of the ΔG can be revised as follows [79,89,90]: 

ΔGmix =ΔHmix − T ⋅ ΔSmix (2)  

where T is the absolute temperature, ΔHmix is the enthalpy of mixing and ΔSmix is the entropy of mixing. Therefore, if the enthalpy of 
mixing for a multi-component alloy system is adopted, the n-elements can be determined from equation (3) [64,69,80,89,91–93]: 

Fig. 3. Combined impact of ΔHmix and δ (a), ΔSmix and δ (b), and the collective influence of all three parameters ΔHmix, δ, and ΔSmix (c) on phase 
stability in equiatomic multi-component alloys. The symbol ○ represents equiatomic amorphous phase forming alloys; ● represents non-equiatomic 
amorphous phase forming alloys; □ represents solid solution phases and Δ represents intermetallic phases. Reproduced from Ref. [96]. 
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ΔHmix =
∑n

i=1,i∕=j
Ωij ⋅ Ci ⋅ Cj (3)  

where Ωij = 4 ΔHmix
AB is the regular solution interaction parameter between the ith and jth elements, Ci or Cj are the atomic percentages 

of the ith or jth components, and ΔHmix
AB is the enthalpy of the mixing of binary liquid alloys. According to Boltzmann’s hypothesis, the 

entropy of mixing the n-element regular solutions is given by equation (4) [69,80,92,93]: 

ΔSmix = − R
∑n

i=1
(Ci ⋅ LnCi) (4)  

where Ci is the mole percent of component 
∑n

i=1 (Ci) = 1, and R = 8.314 JK− 1mol− 1 is the gas constant. Therefore, the high mixing 
entropy reduces the free energy of the solid-solution phase and promotes the formation of solid-solution at higher temperatures. The 
number of phases of HEAs decreases because of the enhancement in the mutual solubility between the elements [94]. The effect of a 
high entropy was proposed by one of the authors who first invented HEAs, and they assumed that the composition of equiatomic alloys 
may form intermetallic phases [3]. This understanding allows for revising ΔG definition, incorporating enthalpy (ΔHmix) and entropy 
(ΔSmix) of mixing, facilitating determination of n-elements in multi-component alloy systems. High mixing entropy reduces free energy, 
promoting solid-solution formation at elevated temperatures, thereby reducing the number of phases in HEAs and enhancing mutual 
solubility between elements. This concept, proposed by HEA inventors, underscores the potential of equiatomic alloys to form 
intermetallic phases. 

2.1.2. Atomic size difference 
Atomic size difference (Δδ), plays a crucial role in determining the stability and phase formation of HEAs, expressed as a weighted 

average of atomic radii, it also governs the formation of simple phases such as BCC and FCC. Therefore, to describe the comprehensive 
effect of the atomic size difference in an n-element alloy, the parameter Δδ is expressed in equation (5) as follows [69,92,93,95]: 

Δδ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
Ci ⋅

(
1 −

ri

r

)2
√

(5)  

where Ci is the atomic percentage of the ith component, r =
∑n

i=1Ciri, where r is commonly taken to be the Goldschmidt atomic radius 
of element i and r is the weighted average of the system’s atomic radii [69,80,89,92,93]. The sole simple phases BCC, FCC, and their 
mixtures, need to simultaneously satisfy the following conditions: − 22 ≤ ΔHmix ≤ 7 kJ mol− 1, Δδ ≤ 8.5, and 11 ≤ ΔSmix ≤ 19.5 
JK− 1mol− 1 [79,93,96,97] to be formed. More importantly, a small value of Δδ indicates a high possibility for the formation of a 
single-phase solid solution, and a large value of Δδ suggests the formation of an amorphous phase and multi-phases in HEAs [79,98,99]. 
As demonstrated in Fig. 3a, ΔHmix cannot be too large in value because a large positive ΔHmix leads to phase separation and a large 
negative ΔHmix leads to intermetallic phases. The region delineated by the dash-dotted lines in Fig. 3c indicates the requirements for 
solid solution phases to form. 

Atomic size difference needs to be small enough since large Δδ leads to excess strain energy and destabilizes simple structures. 
Entropy of mixing ΔSmix must be large enough because it is the main stabilizing factor for simple phases. Zhang et al. [79], proposed 
that small atomic size differences and near-zero values of the absolute enthalpy of mixing facilitate the formation of solid solutions for 
multi-component alloys, i.e., the Δδ should be less than 6.5 %, the ΔHmix should be in the range of between − 15 to 5 kJ mol− 1, Fig. 3a, 

Fig. 4. Influence of Δχ on the HEAs phases, note on the legend: fully closed symbols for sole FCC phases; fully open symbols for sole BCC phase; half 
closed symbols for mixes FCC and BCC phases. Reproduced from Ref. [101]. 
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and the ΔSmix should be in the range of between 12 and 17.5 J K− 1 mol− 1, Fig. 3b. Small Δδ favors single-phase solid solutions, while 
large Δδ leads to amorphous or multi-phase formations. Additionally, ΔHmix and ΔSmix must be within specific ranges for solid solution 
formation. 

2.1.3. Electronegativity difference 
Considering that different elements have different numbers of electrons and protons in their nucleus, it is important to examine the 

influence of electronegativity difference (Δχ) in the phase formation rules for HEAs. The electronegativity difference, Δχ in equation 
(6) can be calculated from the Pauling electronegativity of elements in an alloy by the following expression [64,77,96,99,100]: 

Δχ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
Ci ⋅ (χi − χ)2

√

, χ =
∑n

i=1
Ci ⋅ χi (6)  

where n is the number of components, Ci is the concentration of component i, χi is the Pauling electronegativity of component i and χ is 
the average electronegativity of the n components in the alloy. Fig. 4 shows the Δχ variation for different compositions. The distri-
bution of Δχ for different compositions exhibits that for Δχ ≥ 0.138, the FCC phase was not stable whereas for Δχ ≤ 0.115, the FCC and 
FCC + BCC phases were stable [101]. 

2.1.4. Valence electron concentration 
The other parameter that controls the specific phase formation in HEAs is the valence electron concentration (VEC) equation (7), 

and it is described as a weighted average of the valence electrons of the constituent elements [31,64,77,96]: 

VEC=
∑n

i=1
Ci ⋅ VECi (7)  

where n is the number of components, Ci is the concentration of component i and VECi is the valance electron concentration of 
component i. The VEC was found to be the physical parameter to control the phase stability for FCC or BCC solid solutions. FCC phases 
were found to be stable at higher VEC ≥ 8, and BCC phases were stable at low VEC < 6.87 [31,64,99]. To illustrate this concept, Chen 
et al. investigated the balance between strength and ductility of CoCrCuFeNi and AlCoCrFeNi HEAs, providing insights into their 
mechanical behavior and potential applications in structural materials [102]. Their observations revealed a notable enhancement in 
compressive fracture strain, rising by 15 %, as the nickel concentration escalated from 0 atomic percent to 16 atomic percent. 
Concomitantly, the VEC exhibited an uptick from 7.2 to 7.6, coinciding with a transition in phases from BCC to FCC, as depicted in 
Fig. 5a. As the molybdenum concentration surged from 0 atomic percent to 16 atomic percent, a substantial augmentation of 668 MPa 
was noted in the compressive yield strength. This increase was accompanied by a decrease in the VEC from 8.8 to 8.3, coinciding with a 
shift in phases from FCC to BCC, as illustrated in Fig. 5b. 

2.1.5. Chemical bond mismatch 
Ignoring the solid-state phase transition, the phase formation generally occurs near the melting temperature (Tm) of an alloy. 

Hence, the Tm is adopted for the entropy term, TΔSmix, and a parameter Ω is defined for predicting the solid-solution formation for 
various multi-component alloys as exemplified in equation (8) below [69,80,92,93,96]: 

Ω=
Tm ⋅ ΔSmix

|ΔHmix|
(8) 

Fig. 5. Valence electron concentration in terms of the i-th component concentration Ci for the HEA systems (a) (AlCoCrFeNi)100-xNix and the (b) 
(CoCrCuFeNi)100-xMox. Reproduced from Ref. [102]. 
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The melting point temperature of n-elements alloy, Tm, is calculated by using the rule of mixtures and it is expressed by equation (9) 
[69,80,89,92,93]: 

Tm =
∑n

i=1
Ci ⋅ (Tm)i (9) 

Here, (Tm)i is the melting point temperature of the ith component of the alloy. As analyzed above, the value of Ω is positive, and 
when Ω = 1 should be proposed as a critical value to form the solid solution. If Ω > 1, the contribution of TΔSmix will exceed that of 
ΔHmix for a solid-solution formation, and the multi-component HEAs are mainly composed of the solid solutions; if Ω ≤ 1, ΔHmix is the 
predominant part of the free energy, and intermetallic compounds and segregations before solid-solution phases to form in multi- 
component HEAs. Thus, the value of Ω is used to estimate the solid-solution formation ability. 

Yang and Zhang calculated the value of Ω and δ various other HEAs to find the relationship for determining the formation of solid 
solutions, intermetallic, solid solutions plus intermetallic, and amorphous compounds [80]. Through their calculation of Ω and δ from 
the collection of data from other authors who experimentally manufactured the HEAs, the phase comparison showed that; for an alloy 
to be in a solid-solution it must have a value Ω ≥ 1.1, as well as the value δ ≤ 6.6 %, as shown in Fig. 6. From Fig. 6, one could categorize 
that the solid solution phase can be formed only when the atomic size difference is small enough and Ω has a large value. According to 
equation (8), if the value of ΔSmix is large enough to exceed that of |ΔHmix|, the strain caused by lattice distortion is lower in the HEA 
and, therefore the possibility of finding HEAs with a single phase will be high [80]. 

Phase formation in alloys typically occurs near their melting temperature (Tm). The Tm is utilized in the entropy term, TΔSmix, with a 
parameter Ω defined to predict solid-solution formation in multi-component alloys. Ω, calculated as (Tm⋅ΔSmix)/(|ΔHmix|), determines 
whether solid solutions form predominantly or intermetallic compounds and segregations occur. Ω > 1 signifies solid-solution 
dominance, while Ω ≤ 1 indicates intermetallic compound formation. Larger Ω values and smaller atomic size differences favor 
solid-solution formation. High ΔSmix relative to |ΔHmix| reduces lattice strain, increasing the likelihood of single-phase HEAs. 

3. Core HEA effects 

High Entropy Alloys exhibit unique properties attributed to four core effects: the high-entropy effect, lattice distortion effect, 
sluggish diffusion, and the ‘cocktail’ effect. These effects collectively contribute to the remarkable performance of HEAs in various 
applications. The high-entropy effect arises from the simultaneous presence of multiple elements in equiatomic or near-equiatomic 
proportions, leading to a highly random atomic arrangement and increased configurational entropy [103]. This effect enhances the 
stability of solid solutions and suppresses phase transformations. The lattice distortion effect refers to the distortion of the crystal 
lattice caused by the presence of different-sized atoms, which impede dislocation movement and enhance mechanical properties. 
Sluggish diffusion, resulting from the complex atomic configurations in HEAs, retards diffusion processes, contributing to 
high-temperature stability and resistance to phase separation. Lastly, the ‘cocktail’ effect describes the synergistic interactions between 
alloying elements, leading to emergent properties not present in individual constituent elements. These effects collectively define the 
unique behavior and performance of HEAs, making them promising candidates for advanced engineering applications. Additionally, 
they can assist in crafting materials when exploring novel compositions or applying them in various contexts. 

3.1. High-entropy effect 

One of the signature concepts of HEAs is that the configurational entropy can be used to control microstructure, for example, solid 
solutions, and phases with simple structures FCC, BCC, and hexagonal close-packed (HCP) [77]. When the alloy has an equiatomic 
ratio with 5 or more components, the solid-solution is highly favored over the competing intermetallic compounds. The 

Fig. 6. Parameter values of Ω vs. δ for various HEAs. Reproduced from Ref. [80].  
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configurational entropy or mixing entropy in HEAs, lowers the free energy at high temperatures and the mutual solubility among 
constituent elements, allows for reduced phases to be formed [104,105]. However, it should be emphasized that the high-entropy 
effect does not ‘guarantee’ the formation of simple solid solution phases, BCC, or FCC at high temperatures; it merely reduces the 
possibility of a multiple-phase formation [99]. In addition, in the Gibbs free energy, entropy can stabilize a phase with high entropy 
provided the temperature is high enough. The mixing entropy of an equimolar quinary random solid-solution is 1.6R, this means that 
the entropy difference between an equimolar quinary solution and a completely ordered phase is about 60 % larger than the entropy 
difference between liquid and solid states of pure metals [77,81,99]. Kube & Schroers suggested that the HEAs form metastable 
single-phase solid solutions through polymorphic solidification, upon rapid cooling [94]. In their assessment, they proposed that the 
corresponding critical cooling rate of single-phase solid solutions formation is a quantitative measure that characterizes the degree of 
single-phase solid solutions metastability and forming ability of HEAs. For single-phase HEAs, the determination of the compositional 
and thermal stability regions with excellent properties and the potential for engineering applications is still a subject of investigation. 

3.2. Lattice distortion effect 

The severe lattice distortion caused by unequal sizes of atoms that make up the crystal lattices affects the local environment of the 
HEAs [106]. Larger atoms push away their neighbors and their smaller counterparts have extra space around them. The strain energy 
associated with lattice distortion raises the overall free energy of the HEA lattice [99]. These distortions contribute to the configu-
rational entropy of HEAs, and they are also believed to decrease the intensity of the X-ray diffraction peaks, and other properties such 
as hardness, electrical and thermal conductivity, and temperature dependence [9,78,107,108]. However, there are still some missing 
systematic quantification results that must support these claims to set them apart from other external factors, e.g., the direct mea-
surement of the degree of lattice distortion/strain [109,110]. Continued research into lattice distortions in HEAs holds promise for 
unlocking their full potential. Systematic quantification will enhance understanding and distinguish their effects from other factors, 
advancing the development of advanced materials. 

3.3. Sluggish diffusion effect 

The diffusion and phase transformation kinetics in HEAs are considerably slower than in traditional alloys [77,111]. The ability for 
atoms to migrate back and forth in a lattice structure is dependent on the energy of that vacant site where the atom is located. This 
means that when the energy of the vacant site is lower than where it came from then that atom may be trapped on that new site, and 
inversely if the site has high energy, then that atom may migrate back to its original place as demonstrated by Tsai et al. [112]. Fig. 7 
shows this in pictographic form, for pure elements, the energy potential difference for an atom moving from one place to another is 
zero, but, for HEAs, the energy potential is high. 

Another factor responsible for sluggish diffusion is that the diffusion of each atom in the HEA system is different. For example, high 
melting point elements, and these elements now compete with others and the success rate here determines the solid solution phases 
[99]. The sluggish diffusion and phase transformation kinetics in HEAs, compared to traditional alloys, highlight the unique challenges 
and opportunities in their design and application. This observation underscores the need for further exploration to optimize their 
performance and unlock their full potential. 

Fig. 7. Potential energy difference in the migration of a Ni atom, the mean difference in potential energy before (blue line) and after (red line) 
migration. Reproduced from Ref. [112]. 
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3.4. Cocktail effects 

Like in any newly invented system, there are unexpected interactions between the individual components. In low-density elements, 
e.g., aluminum, this can lead to light metals HEAs, and for elements with high melting temperatures e.g., zirconium, this can lead to 
refractory metal HEAs. With the hexagonal close-packed crystal structure, this can lead to single-phase HEAs [77]. Unlike the other 
three core effects, the cocktail effect cannot be measured and characterized since it is used to describe the many possibilities and 
unknown expectations from the synthesis of HEAs [113]. The exploration of High Entropy Alloys (HEAs) unveils unexpected in-
teractions among their constituent elements, yielding diverse outcomes such as light metals or refractory metal HEAs. The cocktail 
effect, representing these varied possibilities, underscores the complexity of HEA synthesis and the need for comprehensive 
investigation. 

4. Additive manufacturing of HEAs 

Unlike conventional subtractive manufacturing methods, additive manufacturing (AM) is based on a layer-by-layer addition of 
materials on top of each other to produce a product [114,115]. This could be achieved by either melting the material, sintering or by 
applying pressure. As such, metal AM technologies commonly use powder or wire as feedstock that is selectively heated and melted 
followed by consolidated cooling to form a part [116]. AM techniques date back four decades; however, their applications were limited 
to the rapid manufacturing of porous structures and prototypes. Today, AM is attracting much attention due to its advantages such as 
design freedom and short lead times [117]. As the know-how of the technology progresses, the resulting microstructure and properties 
of the manufactured parts become more prevalent for industrial applications [118,119]. Many researchers have worked on inventing 
new alloys that could be highly sophisticated, especially for materials engineering applications. The HEAs produced by the induction 
melting or vacuum arc melting method require repeated re-melting to achieve the necessary chemical homogeneity and this causes 
significant phase separation [49,120–124]. The use of metal additive manufacturing, more importantly, direct metal deposition in the 
class of high-entropy alloys, allows for fast cooling and solidification rates and enables the production of fine crystallographic com-
plexes [37,119,125,126]. Dobbelstein et al., successfully demonstrated that direct metal deposition can be used to produce refractory 
HEAs, from a mixture of elemental powders through in-situ alloying with improved mechanical strength at elevated temperatures [127, 
128]. To achieve a high relative density, typically >99.5 %, researchers have focused their attention on the transition element process 
parameters optimization and control to avoid crack propagation and poor mechanical performance, and subsequently the phase 
rearrangement [12,116,129]. This section of the review will focus on the manufacture of HEAs from 3 a.m. techniques, namely; se-
lective laser melting (SLM), electron beam melting (EBM), and laser metal deposition (LMD) as illustrated in Fig. 8. 

Despite their varying processing steps, they all share the same approach, i.e., a 3D CAD file is the starting point in which the 
machine converts its sliced model into thin layers with a typical layer thickness of between 20 μm–1 mm [116,119]. In the SLM 
technique, metal powder is spread across the work area or substrate in a layer thickness of between 20 μm–100 μm. The metal powder 
is then fed by a hopper or coater to provide a uniform distribution of the powder layer [133]. A laser beam with a fixed laser power is 
directed to the deposited powder layer at a specific scanning rate, the powder layer is melted, and it solidifies to form a part Fig. 8b. 
LMD parts are created by applying a metal powder to the work area and simultaneously melting it to form the part. The metal powder is 
fed by a coaxial or multi-jet nozzle, while the melt pool is protected from oxidation by a continuous supply of an inert gas such as argon 
or helium Fig. 8a [130]. The metal powder in EBM is spread similarly to the SLM process Fig. 8c, however, instead of a laser beam, an 

Fig. 8. Representation of the working principle of the three metal additive manufacturing categories with main terminology. (a) Schematics of an 
LMD set-up. Reproduced from Ref. [130]. (b) Schematic of SLM, labels; 1 = powder layer coater, 2 = laser beam, 3 = print bed. Reproduced from 
Ref. [131]. (c) Schematic of EBM, labels; 1 = electron gun, 2 = lens system, 3 = deflection lens, 4 = powder cassettes with feedstock, 5 = roller or 
rake, 6 = building component, 7 = print bed. Reproduced from Ref. [132]. 
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electron beam is used to melt the metal powder into a solid part [132,134]. 

4.1. HEAs via selective laser melting 

Selective laser melting (SLM) is an additive manufacturing technique that uses a high-energy laser beam to selectively fuse 
powdered materials, layer by layer, to produce intricate and customized three-dimensional parts. This innovative method offers 
precise control over material composition and microstructure, making it ideal for fabricating complex geometries with superior 
mechanical properties. A bulk nanostructured equimolar AℓCoCrFeMnNi system was fabricated using the SLM technique and consisted 
of Aℓ & Ni-rich ordered and Cr & Fe-rich disordered BCC phases [135]. The high-energy laser beam of the SLM process caused Mn 
inhomogeneity due to partial evaporation, and due to rapid cooling rates, the formation of coarse columnar grains elongated in the 
built direction was observed. The other parameter playing a significant role in the microstructure of the HEAs is the annealing 
temperature. The evolution of dislocation networks which is a unique structure that results from rapid solidification affects the 
microstructural properties of the material [136–138]. The CoCrFeNi was composed of a single-FCC solid-solution, and the residual 
stress and microhardness decreased with an increase in annealing temperature. Chen et al. decided to blend pre-alloyed CoCrFeNi 
powder and elemental Mn powder, to form quasi-equiatomic CoCrFeMnNi by SLM process [139]. Though the material consisted of 
FCC + Mn2O3 phase, it had high tensile strength, and compression ductility, but a moderate tensile ductility. The Mn2O3 phase resulted 
from the remelting of the oxide surface of elemental Mn powder as shown in Fig. 9. 

By increasing the Aℓ composition in AℓxCrCuFeNi2 produced by SLM, resulted in cracking and changes in the microstructure of the 
material. With an increase in the Aℓ content, there existed a transition of crystalline structures from FCC to FCC + BCC/B2 [51,140]. It 
is recommended that the composition of double the Ni content in this system should be lowered to the other elements, and only vary 
the Aℓ, to better understand the true nature and cause of the cracking behavior. 

4.2. HEAs via laser metal deposition 

Laser metal deposition (LMD) is an additive manufacturing technique where a focused laser beam melts metal powder or wire as it 
is deposited onto a substrate. This method enables precise control over material deposition, making it suitable for repairing, coating, or 
fabricating complex, near-net-shape components with tailored properties [141]. Manufacturing techniques using lasers are methods 
used in surface engineering and are multi-faceted techniques that contain lasers, optics-guided systems, and carrier gases and are 
operated in an inert atmosphere [142–145]. HEAs were manufactured through the LMD system to create fully, equiaxed grain mi-
crostructures in AℓCoCrFeNiTi0.5 alloy [146]. It was found that the increase in the laser traverse speed or the decrease of the laser 
power led to a larger temperature gradient. One of the advantages of the LMD technique is the ability to vary these parameters thus, 
allowing for the investigation of the microstructures and mechanical properties of the HEAs [16,23,48,120,147]. Kinetic effects play a 
considerable role in the phase stability of HEAs, especially during the formation of intermetallic phases in multi-component alloys. 
This simply suggests that phase selection in HEAs can be tailored by controlling the kinetic factors during fabrication. As a result, the 
investigation of the influence of laser parameters is important for the prediction of the basic microstructure and properties of HEAs [15, 
148–151]. 

Kunce et al. reported on the ZrTiVCrFeNi, LaNiFeVMn, and TiZrNbMoV alloys, fabricated with the LMD method, which were 
studied for their elemental compositions in the alloy phases and the hydrogen absorption–desorption properties associated with them 
[2,52,152]. Based on their results, ZrTiVCrFeNi, with a dominant C14 Laves phase, showed a maximum hydrogen capacity of 1.8 wt% 
and 1.56 wt% at 100 bar and 50 ◦C for the as-synthesized and annealed samples, respectively [2]. TiZrNbMoV alloy manufactured with 
different laser power led to different phase compositions and hydrogen storage capacities [52]. The multiphase alloys with a mixture of 

Fig. 9. Schematic illustration of an in-situ reaction of the Mn elemental powder to form MnO and Mn2O3. Reproduced from Ref. [139].  
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BCC solid-solution and intermetallic Laves phase were found to have the intermediate properties of high hydrogen storage and fast 
kinetics. A maximum hydrogen capacity of 1.18 wt% and a reversible phase transformation, from BCC to FCC, during the hydroge-
nation process at room temperature and atmospheric pressure for the TiZrHfMoNb alloy, was also reported [153]. 

4.3. HEAs via electron beam melting 

Electron beam melting (EBM) is an additive manufacturing process that utilizes an electron beam to selectively melt and fuse metal 
powder particles layer by layer. This method offers high precision and can produce fully dense, complex parts with excellent me-
chanical properties, making it valuable in aerospace and medical applications. In 2015, Fujieda et al. were the first to show that 
AℓCoCrFeNi can be successfully manufactured by a selective EBM process [154]. They discovered the relationship between me-
chanical and microstructure properties, and specifically that the fracture strength was six times higher than the material manufactured 
by the conventional casting method [154,155]. By using the phase maps, they identified the existence of the BCC + FCC phases, 
however, they also observed that the abundance ratio of the FCC crystals in the bottom part, was about three times higher than that in 
the top part of the built column, as shown in Fig. 10. 

They attributed the results to the longer preheating processes, which caused the phase transformations from BCC to FCC as it 
cooled. It will be interesting to observe the phase evolution by in-situ annealing during the electron beam melting process, which has 
never been reported to date. The corrosion behavior of the AℓCoCrFeNi was investigated for potentiodynamic polarisation in a 3.5 wt 
% NaCℓ solution and the results revealed that the product manufactured by the EBM process showed better corrosion performance 
than the material prepared by the conventional vacuum arc-melting method [156,157]. The obtained materials comprised of BCC, B2, 
and FCC phases, and the electrochemical properties of the EBM products were influenced by the phase morphologies formed during the 
pre-heating process [158]. 

The manufacturing of Aℓ0.5CrMoNbTa0.5 by the selective EBM process was demonstrated, however, it was not possible to achieve a 
completely homogeneous microstructure [159]. In this case, the process parameter optimization, rather than just post-process heat 
treatment, should be performed to reduce the porosity of the material. AℓCoCuFeNi consisting of a BCC solid-solution matrix with 
uniformly dispersed FCC-structured precipitates were fabricated by this procedure [160]. Furthermore, using the EBM during the 
electron beam melting process could result in a high relative density, finer microstructure, in-situ strengthening, and enhanced 
compressive properties. 

Refractory WMoTaNbTi alloy produced by EBM with negative defocus distance was investigated [161]. The process resulted in the 
vaporization of Nb and Ti elements during the formation of HEA, however, the single BCC phase remained stable. The mechanical and 
microstructure behavior of the product formed at a scanning speed of 2.5 ms− 1, however, exhibited high strength. The authors also 
used the data from Takeuchi et al. [162], to calculate the atomic size difference Δδ, concerning the scanning speed and predicted that a 

Fig. 10. Phase maps of the top part and the bottom part of the AℓCoCrFeNi manufactured by a selective EBM process. Reproduced from Ref. [154].  
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solid solution could be formed [161]. Carbon at 0.5 wt% in the form of graphite was incorporated to decrease the cracking behavior in 
WMoTaNbC refractory high-entropy alloy [163], and the results revealed the fact that carbon was responsible for the prolonged so-
lidification ranges and the eutectic reaction into WMoTaNb, which caused the formation of dense dendrites and thus, lowered the 
cracking susceptibility. In another study, WMoTaNbV alloying powder was physically mixed with FeCoCrNi alloying powder, and the 
final mixture was additively manufactured by selective EBM. The as-deposited WMoTaNbVFeCoCrNi showed significant elemental 
segregation that consisted of multiple phases, including BCC, FCC, and the Laves phases [164]. In comparing various additive 
manufacturing methods for HEAs, each technique offers unique advantages and challenges. SLM provides precise control over material 
composition and microstructure, ideal for producing intricate parts with superior mechanical properties. EBM offers high precision and 
fully dense parts, critical applications, which is also expensive. LMD enables repairs, coatings, and near-net-shape fabrication with 
tailored properties. 

5. Hydrogen storage properties of AM HEAs 

Hydrogen is a useful source of energy, and its production and storage have been a subject of intense investigation for many decades. 
Hydrogen is still by far, the most valuable source of renewable and sustainable solutions for the reduction of the worldwide con-
sumption of fossil fuel. The bottleneck of this green source of fuel is its storage, hence it is still a matter of ongoing investigation 
[165–167]. In this section, we will concentrate on H2 absorption and desorption both before and after activation, examine the impact 
of temperature on H2 absorption, and finally, evaluate the recyclability of the HEA material. Developing alloys that can rapidly and 
efficiently hydrogenate and dehydrogenate at room temperature, have high-volume density is a significant challenge for achieving safe 
and compact hydrogen storage [168,169]. Metal hydrides are able to store hydrogen due to their intermetallic phases that exist in BCC 
and FCC, and their rich C14 Laves phases [58]. HEAs are gaining attention for their potential in various applications due to their 
exceptional properties and distinctive microstructures, promising advancements in materials science and engineering. The latest 
approach to adjusting the thermodynamic stability of hydrides for hydrogen storage involves the use of multi-component high-entropy 
hydrides derived from HEAs, as illustrated schematically in Fig. 11. 

When hydrogen is absorbed, it forms hydrides within the HEA matrix. The equilibrium plateau pressure (Peq) is a key parameter 
indicating the pressure at which hydrogen uptake and release occur at a given temperature [171]. Proper tuning of Peq in HEA hydrides 
ensures efficient hydrogen absorption and desorption at practical temperatures and pressures, making them ideal for storage appli-
cations. High entropy alloys also possess a configurational entropy that is ΔSconf ≥1.5R, and due to this fact, their crystal distortions are 
unique, and this gives an advantage to the phases that exist for hydrogen storage [104]. HEAs with a single-phase BCC structure are 
reported to be high-capacity metallic alloys for hydrogen storage purposes [37,172–174]. The BCC and Laves phase alloys exhibit high 
reactivity with hydrogen at room temperature, and these alloys are promising hydrogen storage future materials [175,176]. The 
high-entropy effect promotes the formation of a single C14 Laves phase, and the maximum H2 storage capacity is closely correlated 
with the formation enthalpy of H2 and the alloy. Hence, multicomponent HEAs with BCC and Laves phases offer numerous oppor-
tunities for superior H2 storage in practical applications. It was apparent that the elements in the alloy, played different roles, based on 
their covalent bonding energies with hydrogen atoms during hydrogenation [177]. Therefore, it is also important to optimize the 
fabrication steps of HEAs for an enhanced hydrogen storage capability, as demonstrated by other studies [123,178]. HEAs containing 
ca. 95 wt% of stable C14 Laves structure are highly desirable in an alloy for hydrogen storage applications [177,179,180]. 

Given that experimental measurements of hydrogen storage properties are extremely time-consuming, computational tools are 
necessary to aid in exploring the vast compositional landscape of multicomponent alloys. In an earlier study by Zepon et al., a 
thermodynamic model was introduced for calculating pressure-composition-temperature (PCT) diagrams of BCC multicomponent 
alloys [181]. To apply the model for alloy design, they further developed an open-source code, which was used to investigate the 
impact of various alloy metals (M) on the room temperatrure PCT diagrams of Ti0.3V0.3Nb0.3M0.1 alloys [182]. The Ti0.3V0.3Nb0.3Sc0.1 
alloy showed an equilibrium plateau pressure that is three orders of magnitude lower than the base alloy. These findings demonstrate 
that the model and code can be effectively utilized to rapidly screen and predict a large number of alloys, serving as a valuable tool for 
alloy design. Fig. 12a and b shows the absorption-desorption curves of LaNiFeVMn before and after activation; it becomes clear that 
after activation, the absorption was very fast when compared to the inactivated product. Multiphase alloys with a mixture of BCC 
solid-solution and intermetallic Laves phase, have been found to have high hydrogen storage capacity and fast kinetics [183]. 

Fig. 11. Depiction of hydrogen uptake and release in high-entropy alloys and their respective hydrides. Reproduced from Ref. [170].  
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For practical applications, desorption of hydrogen should occur under near-ambient conditions, i.e., temperature and pressure 
range of between 1 and 100 ◦C and between 1 and 10 atm, respectively [58,152,184]. Kao et al. [124], reported on the hydrogen 
storage properties of CoFeMnTixVyZrz with a single C14 Laves phase structure. They found that the CoFeMnTi2VZr alloy exhibited 
maximum hydrogen capacity up to 1.8 wt% at room temperature. By varying the atomic percentage of Aℓ in the AℓxCoCrFeNi, three 
completely different microstructures with direct metal deposition techniques were obtained [54,120,185,186]. With the increase of 
the Aℓ content, the microstructure changed from the initial FCC to FCC/BCC and then completely, to the BCC phase [54,187]. Borkar 
et al. [53], carried out a systematic study of the role of Co and Cr in AℓCoxCr1-xFeNi. The results highlighted the fact that the AℓCoFeNi 
(x = 1), have equiaxed B2 grains, hence, presenting an early stage of phase separation into Ni-Aℓ-enriched and Fe–Co-enriched zones 
within the B2 phase, while for x = 0, the AℓCrFeNi exhibited grains with pronounced spinodal decomposition, leading to a BCC + B2 
microstructure. Specifically, when AℓxCoCrFeNi x = 0.15–0.37 the FCC phase was promoted, followed by a BCC/B2 precipitation in 
the FCC at x = 0.41. A further increase in Aℓ resulted in a BCC/B2 domination at x = 0.69 with the initiation of an FCC precipitation at 
the grain boundaries [25,54,120,126,185–189]. Kunce et al. investigated the hydrogen storage properties of ZrTiVCrFeNi manufac-
tured by the LMD process and the absorption-desorption curves are shown in Fig. 13a [2]. 

After the material was synthesized, it was then annealed at 1000 ◦C for 24 h to improve the chemical composition. The alloy 
exhibited, mostly, a C14 Laves phase and a minor α-Ti solid solution, following a direct laser synthesis and additional annealing 
procedures. The measurements for H2 storage capacity were conducted at a pressure of up to 100 bar and a temperature of 50 ◦C, and 
the sample was activated at 500 ◦C for 2 h. As shown in Fig. 13a, it was observed that maximum H2 capacity of 1.81 wt% after synthesis 
and 1.56 wt% after annealing were achievable. However, the equilibrium pressure of hydrogen desorption was too low for a complete 
desorption. An interesting analysis is a comparison with a TiZrVCrFeNi, synthesized by a vacuum arc melting process that can undergo 
reversible hydrogen storage at room temperature without any activation, see Fig. 13b [180]. This material had a H2 capacity of 1.6 wt 
% from the first cycle, and a H2 capacity of 1.7 wt% on the third cycle. Moreover, the material desorbed hydrogen completely with 
almost no hysteresis in the pressure-composition temperature isotherms, as shown in Fig. 13b. 

AℓxCoCrFeNi and AℓxCuFeNiCoCr HEAs, not only have excellent microstructural, corrosion, and mechanical properties, but strong 
single-phases of FCC and BCC were observed, which are desirable for H2 storage applications [12,15,17–20,120]. Detailed in-
vestigations of AℓCoCrCuFeNi by the transmission electron microscope, showed that the alloy contained a distorted ordered BCC phase 
with a domain-like structure of a few nanometers in size, and its decomposition was governed by the enthalpies of mixing of the binary 
systems [17,36,190]. A refractory HEA, HfNbTiVZr, was fabricated by vacuum arc melting, and the hydrogenation measurements were 
carried out at an elevated temperatures of 289 ◦C, 317 ◦C, and 341 ◦C [191]. The maximum capacity observed was 1.9 H/M at 10 bars, 
irrespective of the temperature used for the evaluation. 

6. Conclusion 

Many computational programs and codes are now made open source in order to advance the prediction of selective phases and 
microstructural evolution analysis. The sole simple phases BCC, FCC, and their mixtures, need to simultaneously satisfy the following 
empirical conditions: − 22 ≤ ΔHmix ≤ 7 kJ mol− 1, Δδ ≤ 8.5, and 11 ≤ ΔSmix ≤ 19.5 JK− 1mol− 1 to be formed. FCC phases are found to be 
stable at higher VEC ≥ 8, and BCC phases are stable at low VEC < 6.87. As analyzed above, the value of Ω is positive, and when Ω = 1 
should be proposed as a critical value to form the solid solution. If Ω > 1, the contribution of TΔSmix will exceed that of ΔHmix for a solid- 
solution formation, and the multi-component HEAs are mainly composed of the solid solutions; if Ω ≤ 1, ΔHmix is the predominant part 
of the free energy, and intermetallic compounds and segregations before solid-solution phases to form in multi-component HEAs. The 
core HEA effects collectively define the unique behavior and performance of HEAs, making them promising candidates for advanced 
engineering applications. Laser metal deposition (LMD) is the most commonly employed technique for fabricating refractory high 
entropy alloys, surpassing other methods in usage, thus making it particularly suitable for H2 storage. Proper tuning of Peq in HEA 
hydrides ensures efficient hydrogen absorption and desorption at practical temperatures and pressures, making them ideal for storage 

Fig. 12. Pressure-composition temperature absorption and desorption curves of LaNiFeVMn at 35 ◦C, (a) before activation & (b) after activation. 
Reproduced from Ref. [152]. 
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applications. By addressing the seamless homogeneity of phases thereby increasing H2 absorption. HEAs manufactured via AM can 
emerge as efficient, durable, and environmentally sustainable solutions for hydrogen storage, contributing to the transition towards a 
cleaner energy future. Collaborative efforts between researchers specializing in hydrogen storage technologies are crucial for 
advancing HEAs as viable alternative means for hydrogen storage applications. 
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