
REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 118, NO. 10, 25 MAY 2020 1520

*For correspondence. (e-mail: npgurao@iitk.ac.in; kbiswas@iitk.ac.in)

High-entropy materials: critical review and  
way forward 
 
Nilesh P. Gurao* and Krishanu Biswas* 
Department of Materials Science and Engineering, Indian Institute of Technology Kanpur, Kanpur 208 016, India 
 

High-entropy materials and related complex concen-
trated materials are considered to be the new ‘avatar’ 
in physical metallurgy and materials engineering,  
inspiring novel ideas and approaches to design mate-
rials by expanding the compositional space in multi-
component and multiprincipal systems. This article is 
intended to provide critical analyses of the field, 
summarizing the principles underlying the birth and 
growth of these novel materials, progress over the last 
15 years, and expansion of the field from metallic  
alloys to ceramics. Finally, the challenges ahead and 
possible way forward are discussed. 
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ALLOYING is the greatest gift for the development of  
human civilization on our planet. We have been using  
alloying (by the addition of alloying elements to base 
metals) even since the serendipitous discovery of Cu–Sn 
bronzes to modify properties for betterment of perfor-
mance of any material1. For example, steels contain iron 
as the primary element into which carbon, silicon and 
chromium are added in minute amounts to obtain high 
strength, corrosion resistance, ductility; copper is added 
to aluminium to obtain strong and tough duralumin  
for aircraft; copper–beryllium alloys are made for non-
sparking applications in explosive environment, etc. 
However, the traditional alloys we use are primarily 
based on one or two elements into which alloying addi-
tions are made. In the last decade of the 20th century, it 
was acknowledged that this primary element-based  
approach severely restricts the choice of elements and 
their addition, and hence the field of high-entropy mate-
rials (HEMs) started in 2004 in order to ‘expand the 
compositional space’ of the multicomponent system2,3. 
This field, including high-entropy alloys (HEAs) and 
high-entropy ceramics (HECs)4,5 has gathered momentum 
as well as scientific and technological curiosity, due to 
the desire to address fundamental issues achieving  
extraordinary physical, structural and functional proper-
ties for engineering applications from the explored com-
positional space in different materials6,7. The approach is 
based on mixing multiprincipal elements in relatively 

high concentration, which is distinctly different from the 
traditional alloying design approach. Hence, it has 
opened up new possibilities by providing access to hither-
to unexplored compositional and thereby virgin property 
space. The fundamentals of our understanding of physical 
metallurgy, thermodynamic, kinetics and properties have 
been thrown up with challenges that they have prevailed, 
but our understanding of these aspects has improved with 
the advent of HEAs8. It is no surprise that the new field 
of HEAs has gradually expanded to include complex con-
centrated alloys (CCAs)9,10, which comprise of astronom-
ically large number of combinations. The initial focus 
from metallic alloys has gradually shifted to ceramics, 
and other complex concentrated materials (CCMs), lead-
ing to evolution of the field. The biggest contribution  
of HEAs has been towards ‘exploring the unexplored  
compositional space’ by thermodynamic modelling, high 
throughput experiments and combinational alloy devel-
opment. All the tools and techniques developed for the 
study of HEAs are expected to yield novel results, and lead 
serendipitous and tedious alloy development from an art 
form to a thorough scientific domain. It is, therefore  
important to look backward in order to chart our way 
forward in the field of HEAs. There have been many  
seminal reviews on the topic discussing various aspects 
related but not limited to fundamental scientific issues, 
processing, properties and applications of these materials 
in engineering applications. The focus of this article is to 
portray our journey in this highly exciting field, which 
we hope shall encourage young researchers in India and 
elsewhere to take a plunge into research on HEMs. 

Basic concepts 

The concept of HEAs and multiprincipal component  
alloys was proposed independently in 2004 by Yeh and 
co-workers11,12 and Cantor et al.13. However, the concept 
of exploring central regions of multicomponent phase  
diagrams has been attempted since the 1960s, particularly 
with respect to bulk metallic glasses. The major driving 
force for research was to explore the unexplored regions 
of the multicomponent phase diagrams, and entropy was 
not mentioned by Cantor. However, Yeh’s approach was 
to maximize configurational entropy to avoid intermetal-
lic phases which are generally found in the central region 
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of any phase diagram and instead focus on stabilized  
solid solution phases. This led to the nomenclature of 
multiprincipal multicomponent alloys as HEAs. Based on 
these concepts, distinct definition of these alloys has been 
established for the latter case. 

Definition of high-entropy materials 

Although the strict definition of these alloys is also based 
on composition and absolute value of configurational  
entropy, HEAs can be defined in two broad ways1,6,11. 
The composition-based definition describes HEAs as  
alloys with five or more elements with equal or near-
equal proportions (5–35 atomic percentage) of each ele-
ment. On the other hand, the entropy-based definition of 
HEAs describes them as alloys with configurational     
entropy of (ΔSmix) 1.61R, where R is the universal gas 
constant. This definition categorizes solid solutions as 
low- (<0.69R), medium- (from 0.69R–1.61R) and high-
entropy (>1.61R) alloys, and can be used to classify most 
metallic alloys. The entropy-based definition of HEAs 
works well for equiatomic alloys as well. However, there 
are some exceptions with non-equiatomic HEAs that  
satisfy the composition-based definition, but have ΔSmix 
lower than 1.5R (ref. 14). For instance, a quinary alloy 
A35B35C20D5E5 will have a ΔSmix of 1.39R that is the same 
as an equiatomic quaternary alloy and is closer to ΔSmix 
of superalloy with 12 elements (ΔSmix ~1.37R). In order to 
avoid confusion, a working definition of >1.5R has been 
accepted in the literature. At the risk of putting the cart in 
front of the horse, we would like to state that the recent 
literature has shown that ternary and even a few binary 
alloys falling in the medium-entropy criterion also show 
exciting features similar to HEAs and are now included in 
the family of CCAs. A similar observation is also made 
for HECs and all of them constitute the broad family of 
HEMs. In fact, ΔSmix of multicomponent ceramics is 
much lower because anions (O, B, C, N) occupy fixed 
positions and hence, do not have any effect on ΔSmix. It is 
the cationic arrangement which provides an increase in 
ΔSmix. Despite the limitation of the entropy-based  
approach, there is unanimity in the field to consider the 
concentrated solid solutions of metals and ceramics as 
HEAs. It is now agreed that alloy systems of metals and 
metalloids or ceramics with compositions away from the 
corner and edges of the phase diagram as depicted in  
Figure 1, can be considered as HEMs. 

Four core effects 

The four core effects proposed by Yeh and co-workers 
comprise the high-entropy effect, sluggish diffusion  
effect, lattice distortion effect and cocktail effect15,16. The 
first three effects are actually hypotheses that were pro-
posed in the early days of high-entropy metal research by 

Yeh and co-workers, while the cocktail effect was  
proposed by Ranganathan. These hypotheses have been 
central to the field of HEAs, and a historical evolution of 
our understanding of these hypotheses or their reinterpre-
tation with time is presented here. 
 
The high-entropy effect: The high entropy of solid solu-
tion phases is central to the field of HEAs, indicating that 
the higher configurational entropy in equiatomic alloys 
with five or more elements leads to stabilization of  
random solid solutions rather than intermetallics. A strict  
definition based on either composition or absolute value 
of ΔSmix can cause confusion and we have to keep in mind 
that both the entropy-based and composition-based defi-
nitions are operational in nature, with the former defini-
tion being more popular in the literature. Though the 
original formulation focused only on configurational  
entropy, in recent years vibrational, electronic and mag-
netic terms have also been acknowledged17. However, it 
is to be remembered that phase stability is determined by 
minimization of Gibbs free energy and maximization of 
entropy only aids in reducing the former. Hence, a holi-
stic view is required for the stability of phases, and  
enthalpy of mixing is also to be considered in addition to 
configurational entropy. A negative enthalpy of mixing 
indicates compound formation or ordering, while a posi-
tive enthalpy of mixing indicates phase separation. Thus, 
in order to obtain a random solid solution stabilized by 
high configurational entropy, the enthalpy of mixing 
should not be highly positive. This observation has led to 
the development of many selection criteria for HEAs. 
Thus, the high entropy effect is also more correctly  
referred to as the thermodynamic factor in the subsequent 
literature as it facilitates random solid solution formation 
by minimizing Gibbs free energy. 
 
Sluggish diffusion effect: HEAs are random and/or  
ordered solid solutions, characterized by whole solute 
matrix with no solvent element to dominate the composi-
tion of solid solution phases. This results in difference in 
the diffusion of an atom in a whole-solute matrix and that 
 
 

 
 

Figure 1. Schematic diagram showing compositional space for high-
entropy materials (MEMs). A, B and C are pure elements for high-
entropy alloys (HEAs); and they can be oxides, borides or carbides for 
high-entropy ceramics (HECs; from ref. 14). 
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of conventional alloys matrix. In HEAs, the neighbouring 
atom of each lattice site is surrounded by different atoms 
and hence, the neighbours remain different both before 
and after an atom occupies a vacancy during diffusion. 
This difference in local atomic configuration results in 
different bonding, creating different local energies for 
each site. It was proposed that such a scenario would lead 
to sluggish diffusion, i.e. lower diffusion rate in HEAs 
compared to conventional alloys. Tsai et al.18 attributed 
large fluctuation in lattice potential energy (LPE)  
between lattice sites during the movement of an atom 
from one to another site for higher activation energy for 
diffusion in HEAs, leading to sluggish diffusion. It was 
argued that an atom may get trapped at a low LPE site 
leading to sluggish diffusion (Figure 2). In HEAs, each 
element has a different diffusional rate, since elements 
with higher melting point are less active than others and 
thus have lower success rate for movement of the atoms. 
Another important contribution is due to the presence of 
atoms of an element with higher melting point and higher 
activation energy for diffusion, slowing down the overall 
kinetics of phase transformation which involves coopera-
tive movement of the atoms19. 
 Despite the initial enthusiasm about the sluggish diffu-
sion effect, recent research has shown evidence of  
enhanced diffusion in some HEAs20,21. Detailed diffusion 
couple experiments on quaternary and quinary alloys 
have shown that cross terms for coefficients of the diffu-
sivity terms arising out of the effect of one element on 
diffusion rate of other element play important role in  
 
 

 
 

Figure 2. Schematic diagram showing the changes in lattice potential 
energy (LPE) during the migration of Ni atom. The molecular dyna-
mics (MD) in potential energy for pure metals is zero, whereas that for 
HEAs is the largest (from ref. 88). 

diffusion. Sluggish diffusion is therefore considered as a 
kinetic parameter for HEAs, helping in explaining high 
temperature stability and presence of nanocrystalline 
second phase, rather than a universal effect on high  
entropy universe. Vaidya et al.20 carried out a series of 
studies on tracer diffusion experiments on subset alloys 
of the Cantor family to show that diffusion need not nec-
essarily be sluggish in HEAs. Their work showed that the 
high configurational entropy in HEAs is not necessarily 
responsible for sluggish diffusion. 
 
Severe lattice distortion: The presence of five or more 
atoms of different sizes present in HEAs are expected to 
be randomly distributed in the crystal lattice according to 
probability of occupancy obtained by statistical averag-
ing. Along with different atomic sizes, different crystal 
structures and atomic bonding energies among asymme-
trical neighbouring atoms, i.e. asymmetrical bindings and 
electronic structure around an atom cause severe lattice 
distortion than that in the traditional alloys with similar 
neighbourhood22. Figure 3 shows severe lattice distortion 
of a five-component BCC lattice. 
 The presence of sharp X-ray peaks and not-so-
significant diffuse scattering indicates that there is long-
range order; however, it is considered that there is  
localized severe lattice distortion due to difference is size 
of the atoms. This observation puts a question mark on 
the presence of this effect and it is generally accepted that 
only localized lattice distortion is observed in HEAs. 
Nevertheless, synchrotron diffraction experiments and 
density functional theory-based calculations have shown 
that individual atoms are displaced from their location by 
different amounts causing large local lattice distortion, 
but the mean distortion throughout the lattice is not  
significant. 
 
Cocktail effect: The term ‘multimetallic cocktails’ was 
first mentioned by Ranganathan23 to emphasize the 
unique behaviour of a mixture of elements compared to 
that of individual elements in bulk metallic glasses,  
super-elastic and super-plastic metals, and HEAs. Over 
time, the cocktail effect has been used to highlight the 
synergistic effect due to addition of multiple elements to 
achieve extraordinary properties that cannot be explained 
by conventional rule of mixtures in the aforementioned 
alloys, but has been one of the major effects attributed to 
HEAs. Ranganathan proposed that HEAs violate the rule 
of mixtures for composites, providing an upper bound  
estimate of averaging the property under consideration. 
He proposed that the properties of HEAs may not be an 
average but completely different, just like the taste of a 
cocktail is different from the constituent drinks. The  
unexpected physical properties of HEAs can be attributed 
to the complex structure of the alloys that opens up new 
property space from the available palette of elements that 
were inaccessible in conventional alloys. Mechanical 
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properties such as ultrahigh strength with sufficient duc-
tility, high fracture toughness at cryogenic temperature, 
excellent fatigue and creep resistance beyond the range of 
conventional metals and alloys have been included in the 
cocktail effect. For example, addition of FCC aluminium 
to FCC Cantor alloy leads to destabilization of the  
FCC phase and a BCC phase is stabilized leading to a 
FCC + BCC microstructure from ~11 to 35 at% alumi-
nium, after which a BCC phase is stabilized (Figure 4). 
Similarly, unique physical and functional properties like 
near-zero thermal expansion coefficient, catalytic, mag-
netic properties, photovoltaic and thermo-electric  
response can be considered as cocktail effect. This syner-
gy in properties of HEAs is attributed to the evolution of 
complex chemistry, their microstructure and electronic 
structure, distinctly different from that of conventional 
metals and alloys. 

Classes of high-entropy materials 

In addition to HEAs, the family of HEMs has been  
broadened to include oxides24, borides25, nitrides and  
sulphides, and bulk metallic glasses26,27. Rost et al.28 first 
showed entropic stabilization of five different cations in  
 
 

 
 

Figure 3. Schematic diagram of a five-component BCC lattice show-
ing severe lattice distortion (from ref. 89). 

 
 

 
 

Figure 4. Cocktail effect introduced by the interaction of constituent 
elements in the AlxCoCrCuFeAl alloy and the corresponding variation 
in hardness values as a function of Al content (from ref. 87). 

equiatomic ratios into a single-phase oxide system,  
opening up the entropy-stabilized solid solutions beyond 
metallic materials. A new terminology of ‘high-entropy 
oxides’ (HEOs) similar to HEAs was coined subsequent-
ly, that constituted oxides in the central regions of multi-
nary oxide phase diagrams. The presence of entropy-
stabilized HEOs is particularly surprising as enthalpy-
dominated phase separation is a common feature of oxide 
phase diagrams28. Unlike HEAs, HEOs are characterized 
by random arrangement of cations of different valencies, 
while the oxide ions retain their sub-lattice. One of the 
first studied composition was (CoCuMgNiZn)O with a 
rock-salt structure having only one Wyckoff position for 
the cation29. With time fluorite, perovskite and spinel-
based HEOs were developed. It is to be mentioned here 
that unlike rock salt or fluorite structure, perovskite and  
spinel structures have more than one Wyckoff position 
for the cations. Nevertheless, corresponding HEOs can be 
formed by replacing one or both Wykoff sites of the  
cation. For instance, the six-cation perovskite HEO 
(Gd0.2La0.2Nd0.2Sm0.2Y0.2)MnO3 has only one site (A site) 
replacement in the generic ABO3 structure, while the ten-
cation perovskite (Gd0.2La0.2Nd0.2Sm0.2Y0.2)(Co0.2Cr0.2 
Fe0.2Mn0.2Ni0.2)O3 has site replacement at both the cation 
sites and is characterized by an orthorhombic structure30. 
The above two examples clearly indicate the complex 
chemistry possible with HEOs and truly represent the 
complex structure of HEMs. Detailed microstructural 
analysis using transmission electron microscopy and  
X-ray absorption fine structure has revealed that there is 
no clustering and despite their complex structure, the 
oxides are truly random solutions at the atomic level. 
Sarkar et al.31 also carried out experiments to unequivo-
cally establish entropy-dominated stabilization of HEOs 
by heat treatment on HEOs at different temperatures. 
Rock-salt HEOs like (CuCoMgNiZn)O that show revers-
ible transformation from a multi-phase structure (de-
mixing of oxides) due to heat treatment at low tempera-
ture regain single-phase structure at high temperature 
(1000°C), forming a subset of entropy-stabilized HEOs. 
In addition, analogous to medium-entropy alloys, medium 
entropy oxides with less than five cations are also re-
ported in the literature, thus broadening the applicability 
of thermodynamics-based definition of HEMs according 
to the enthalpy of mixing and configurational entropy of  
mixing32. The unique chemistry of HEOs leads to multi-
functional behaviour that includes a combination of  
dielectric, magnetic, thermal and catalytic properties in a 
single HEO like (CoCuMgNiZn)O. Similarly, high Li-ion 
conductivities along with high Li-storage capability make 
rock salt-based HEOs a candidate battery material. In ad-
dition, the concept of entropy stabilization can be used to 
provide oxides suitable for thermo-mechanical processing 
as well as to obtain metallic to semi-conductor behaviour, 
providing access to functional property space beyond  
the scope of conventional oxides. Like conventional
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Figure 5. Structural diversity of HECs with the central image showing supercell of rock-salt structure 
with dark grey anions and random cations of different colours (from ref. 90). 

 
 
ceramics, HEOs can be produced by the sintering route 
and even extremely sophisticated fabrication processes 
like molecular beam epitaxy can be employed to obtain 
epitaxial films of RHEOs for functional applications.  
Similarly, the ability to tailor the lattice parameter opens 
up a completely new avenue for obtaining multi-
functionality in thin-film refractory high entropy oxide 
(RHEOs)33. In addition to oxides, carbides, borides and 
diborides have also shown the presence of corresponding 
high-entropy counterparts by cationic replacement. It has 
been shown that they offer better wear resistance and 
thermal shock resistance to conventional carbides and  
borides respectively. Castle et al.34 successfully fabri-
cated high-entropy carbides using ball milling and spark 
plasma sintering with more that 99% theoretical density 
at room temperature. There is some phase separation at 
room temperature indicating miscibility gap between the 
constituent carbides, but the composition shows 30% 
higher hardness than the hardest known binary carbides, 
thus opening up a new property space for hard ceramics. 
Gild et al.35 developed six high-entropy metal diborides 
using high-energy ball milling followed by spark plasma 
sintering. These high-entropy diborides have ultrahigh 
melting temperature, excellent thermal and electrical 
conductivities, hardness, wear and oxidation resistance 
that are comparable and, in few cases, better than the 
constituent metal di-borides. Figure 5 shows the structu-
ral diversity in HECs. 

Phase formation and selection 

The stability of a phase in a single or multicomponent 
system is decided by minimization of Gibbs free energy 
under constant pressure, temperature and composition 
and is best depicted using phase diagrams. A binary 
phase diagram depicts phase space as a function of com-
position and temperature at constant pressure, while a 
ternary phase diagram is represented in terms of composi-
tional space as an equilateral triangle in 2D for constant 
temperature and pressure. A quaternary phase diagram 
with four components (N) can be represented in three 
(N – 1) dimensions for constant temperature and pressure 
as a regular tetrahedron. The four vertices represent the 
four components, the four faces the limiting ternary  
diagrams and the six edges represent the limiting binary 
diagrams. This analogy can be further extended to qui-
nary phase diagrams which are of interest in the present 
discussion on HEAs. It can be appreciated that a  
five-component phase diagram can be represented in four 
dimensions with five vertices and five three-dimensional 
tetrahedra for the remaining four elements along with ten 
edges with limiting binary phase diagrams and ten  
two-dimensional boundaries with limiting ternary phase 
diagrams. Another important aspect is the distance of the 
equiatomic compositions from the single components and 
other higher dimensional boundaries. For instance, in a 
ternary phase diagram, the equiatomic composition is
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Figure 6. Isotherm in binary (red line), ternary (equilateral triangle), quaternary (tetrahedron) and quinary (series of tetrahedra diminishing in 
size) system depicting the complexity of the phase diagram with increase in the number of components1,7. 
 
 
67% away from the three components at the vertices and 
33% away from equiatomic binary composition at the 
edges. The aforementioned analogy can be extended to 
higher (N) dimensional phase diagrams and one can real-
ize that the equiatomic compositions become more distant 
from the vertices comprising single components (75% for 
quaternary) but less distant from the N – 1 dimensional 
ternary faces (2.5% away). Though it is mathematically 
possible to determine the location of equiatomic composi-
tion from the limiting sub-dimensional boundaries, visua-
lization of the same is difficult. This issue is further 
compounded by the spiky nature of higher-dimensional 
phase diagrams and concepts of terminal solutions from 
binary and ternary phase diagrams cannot be  
extended to quinary phase diagrams of HEAs. The  
increasing complexity in visualizing phase diagrams with 
increase in the number of components is depicted in  
Figure 6 by showing a simple isotherm in a binary,  
ternary, quaternary and quinary system. 
 The stabilization of solid solutions in HEAs appears 
counterintuitive to basic physical metallurgy principles, 
as one would expect solid solutions to be associated with 
terminal solid solubility and not in the central region of 
the phase diagrams that are generally populated with  
intermetallics in binary and ternary systems. However, it 
is to be mentioned here that unlike conventional solid  
solutions that are composed of solutes with solvent, it is 
difficult to define a solute and solvent in HEAs as all the 
constituent elements are present in equal or near-equal 
proportions. The formation of simple FCC or BCC solid 
solutions in these multi-principal element alloys also  
appears to go against the Gibbs phase rule, and the num-
ber of phases formed is much lower than that predicted. 
The formation of multiprincipal element solid solution in 
HEAs is explained on the basis of the so-called maximum 
entropy prediction principle proposed by Martyushev7,36. 
Intermetallics that are generally ordered phases are  
characterized by low entropy with stoichiometric inter-
metallics having zero entropy in contrast to solid solu-
tions having high configurational entropy. It is argued 

that in multiprincipal element alloys, the high entropy of 
mixing extends the solubility limits of solid solutions 
enabling their formation at higher concentrations in 
HEAs. 

Design philosophy 

The aforementioned philosophy has led to the evolution 
of parametric approaches for the prediction of HEAs  
at the beginning and were followed with scientifically  
rigorous thermodynamic modelling strategies as well as 
computational methods at different length- and time-
scales. A brief overview of the major strategies is given 
below. 
 
Parametric approach: The crucial role of thermody-
namic parameters like enthalpy and entropy of mixing, 
and their relative contributions to Gibbs free energy in 
deciding phase stability have led to various parametric 
approaches for predicting formation of solid solutions37. 
Parametric approaches for predicting solid-solution  
formation in binary systems are well established under 
the paradigm of Hume–Rothery rules. 
 
• Solute and solvent elements should have similar cry-

stal structure. 
• Similar electronegativity of solute and solvent. 
• Difference in the atomic diameter of solute and sol-

vent ≤15%. 
• The two elements should have similar valence. Lower 

valence element dissolves more in higher valence 
element. 

 
On similar lines, various approaches considering atomic 
size difference, and difference in electronegativity are 
available for HEAs38,39. In multicomponent HEAs, the  
concept of solute and solvent cannot be established  
because of the similar concentration of elements with 
vastly different atomic sizes leading to severe lattice  
distortion. The effect of the atomic-size differences in a
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Table 1. Criteria for the formation of simple solid solutions in multicomponent high-entropy alloy systems 

Thermodynamic parameter ΔHmix (kJ/mol) ΔSmix (J/K mol) δ (%) Ω Reference 
 

Simple solid solution –20 ≤ ΔHmix ≤ 5 12 ≤ ΔSmix ≤ 17.5 6.4 – 39 
 – – ≤6.6 ≥1.1 40 
 –22 ≤ ΔHmix ≤ 7 11 ≤ ΔSmix ≤ 19.5 0 ≤ δ ≤ 8.5  95 
 –11.6 < ΔHmix < 3.2  ≤6.6  96 
 ΔHmix ≥ 8.8  ≤2.77  97 

 
 

 
 

Figure 7. Comparison of γ and δ for distinguishing solid solutions 
from intermetallic compounds and metallic glasses (from ref. 38). 
 
 
n-element alloy is described in comprehensive manner by 
parameter δ (ref. 39) 
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where ci is the atomic percentage of the ith component, r  
the average atomic radius and ri is the atomic radius of 
the ith component. The enthalpy of mixing which is  
determined by eq. (2) is used in combination with the ό 
parameter to predict solid-solution formation, while Yang 
and Zhang40 proposed a new dimensionless parameter 
omega to predict HEA phase formation along with the  δ 
parameter. Table 1 depicts the selection rules from the 
aforementioned analysis. 
 Another parameter, mismatch entropy (ΔSσ /kB) formu-
lated by Mansoori et al.41 and Raghavan et al.42, was also 
used for prediction of high-entropy phases. Raghavan et 
al.43 suggested that for most of the equiatomic solid solu-
tions, ΔSconfig/ΔSfusion > 1, where ΔSfusion ,1( )N

f ti S== Δ∑  is 
the weighted average entropy of fusion for all constituent 
alloying elements. The ΔSf,t are entropy of fusion values 
for individual elements in the alloy. In addition to the 
thermodynamic and atomic size factor, approaches based 
on difference in electronegativity of constituent elements 
and their valence electron concentrations have also been 
developed. For the HEA system consisting of five or 

more principal elements, the electronegativity difference 
Δχ has been defined as38 
 

 2
1 ( ) ,n

i ii Cχ χ χ=Δ = −∑  (2) 
 
where 1

n
i ii Cχ χ==∑  is the averaged electronegativity, 

and iχ  is the Pauling electronegativity for the ith ele-
ment. Wang et al.44 proposed a new geometric parameter, 
γ, by considering the atomic size effect based on atomic 
packing behaviour in HEAs. For both the solid solutions 
and intermetallics, γ performs much better than atomic 
size mismatch parameter δ, which takes the average  
effect of the differences in the atomic sizes of all ele-
ments in the alloy. In order to reveal the atomic packing 
misfit and topological instability, the ratio between the 
solid angles around the smallest and largest atoms  
with respect to the surrounding atoms is described by the 
geometrical parameter γ as 
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where rS and rL are the atomic radius of the smallest and 
largest atoms respectively and r  is given by eq. (1). The 
gamma parameter performs better than the delta parame-
ter as it can separate high-entropy solid solution phases 
from intermetallics and metallic glasses (Figure 7). 
 
Integrated computational materials engineering and  
materials genome initiative: The integration of mate-
rials information represented in computational tools with 
engineering product performance analysis and manufac-
turing process simulations is termed as integrated compu-
tational materials engineering (ICME)45. The fundamental 
paradigm of ICME is to integrate science and engineering 
of materials based on theory, experiments and simula-
tions that exist across different length- and timescales  
into computational tools for developing new products and 
manufacturing processes. A sound understanding of the 
theoretical aspects of experiments and computational 
tools is essential for the success of the ICME approach 
that involves bridging of length- and timescales. This  
involves the use of computational tools for prediction of 
electronic structure, atomistic structure, microstructure,
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Figure 8. a, Multiscale modelling framework showing the computational models and experimental tools available at different length- and 
timescales (from ref. 91). b, Key components of the Materials Genome Initiative infrastructure and areas of application (from ref. 46). 

 
 
mesostructured and continuum using tools like first prin-
ciple, Monte Carlo, molecular dynamics, phase field, 
crystal plasticity and finite element methods (Figure 8 a). 
 The materials genome initiative (MGI) was launched 
by USA in 2011 to accelerate the discovery46, develop-
ment and commercial production of materials for various 
engineering applications47,48. It is expected that MGI 
would reduce the incubation time from discovery of a 
new alloy to its commercial production from the current 
10–20 years or more, to a relatively short time at a suffi-
ciently lower cost. Both ICME and MGI approaches, 
which are complementary to each other, have been ap-
plied to conventional alloys and there has been an impe-
tus to employ the same strategy towards accelerated 
development of HEAs. Figure 8 b shows the major consti-
tuents of the MGI framework. 
 
CALPHAD: CALculation of PHAse diagrams 
(CALPHAD) approach is a thermodynamic modelling 
tool that includes Gibbs free energies of different phases 
as a function of temperature and composition for various 
binary and ternary alloy systems from experimental and 
theoretical results49,50. The tool provides a thermodynamic 
language for analysing different alloy systems that can be 
used to predict the evolution of phases based on the prin-
ciple of minimization of Gibbs free energy. It also offers 
a methodology to obtain information of higher-order sys-
tems from lower-order systems; for instance, phase stabil-
ity for a ternary composition at constant temperature and 
pressure can be predicted by considering the correspond-
ing binary and uniary alloy systems. Various Gibbs free 
energy minimizer codes like Thermo-Calc append the  

data of lower-order systems to describe higher-order sys-
tems and map the equilibrium states for different thermo-
dynamic conditions, including those which data are not 
available. This methodology can be extended to quinary 
HEAs, which makes the CALPHAD one of the most  
potent approaches to predict phase stability in HEAs. In 
order to achieve high-fidelity predictions, the database 
used to determine phase stability has to be robust, and 
over the years CALPHAD has evolved from databases for 
aluminium, titanium and iron alloys to name a few to ac-
tual HEA databases HEA1 and HEA3 that constitute 
Gibbs free energy data for different ternary, quaternary 
and quinary systems for transition metal HEAs. Figure 
9 a is a block diagram demonstrating the phenomenologi-
cal approach employed by CALPHAD to predict thermo-
dynamic description of a multicomponent system 
including HEAs for which thermochemistry data are un-
available in a self-consistent manner. Figure 9 b shows 
the extrapolation of higher-order phase diagram from 
lower-order phase diagrams. 
 In one of the early studies, Gao and Alman51 explored 
phase stability in 16 multi-component systems for single-
phase HEAs and extended their approach to unearth FCC 
and HCP HEAs. Other researchers, studied phase stability 
in 130,000 equimolar compositions from a palette of 45 
elements based on high-throughput computation and sim-
ple rules to explore the potential of the alloy for structural 
applications based on phase characteristics, their trans-
formation temperature, and rough estimation of alloys 
microstructure-insensitive properties. Tazuddin et al.52 
have effectively utilized the Thermo-Calc software to 
study the effect of composition on phase evolution by 
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Figure 9. a, Schematic diagram showing the phenomenological approach used to obtain thermodynamic description  
of multicomponent systems in CALPHAD. b, Calculated subcomponent binaries along with a ternary isotherm for the  
Co–Fe–Ni system (left) and unfolded tetrahedron of Co–Fe–Ni–Mn system (right) at 1000°C (from ref. 92). 

 
 
varying all constituent elements of CoCuFeMnNi from 5 
to 35 at% using aluminium, iron and titanium database. 
The modelling resulted in unearthing ten single-phase 
equiatomic compositions from the 1287 compositions 
available from the 13 elements for all the three databases, 
albeit with minor difference in the phase fields at differ-
ent temperatures. However, experimental observations 
showed that only 6 out of 10 compositions predicted by 
CALPHAD were single-phase. Sonkusare et al.53 used the 
TCHEA1 and TCHEA3 databases to determine the pseu-
do-binary phase diagram for the CoCuFeMnNi HEA, and 
explain the evolution of phases with temperature using in 
situ high-temperature X-ray diffraction. Recently, Raturi 
et al.54 have performed CALPHAD modelling to develop 
non-equiatomic refractory HEAs from refractory elements 
in the periodic table using TCHEA3 database coupled 
with state-of-the-art characterization and high-throughput 

instrumented indentation experiments. The qualitative 
prediction of phase fraction in multi-phase HEAs offers a 
unique tool to establish their microstructure property  
paradigm. Thus, it has been expected that these tech-
niques will offer immense scope for design and develop-
ment of an enormous number of HEAs in the future. 
There is focus on goal-oriented HEA development, and 
HEA systems based on the presence of B2 intermetallic 
phase for high-temperature strength, precipitation harden-
ing and even obtaining twinning and/or transformation-
induced plasticity by engineering stacking fault energy in 
FCC HEAs have been attempted with reasonable success. 
 
Ab initio methods: Ab initio or first-principles quantum 
chemistry methods are designed to solve the electronic 
structure using Schrödinger equation for a system com-
prising nuclei located at a specific position with a
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Figure 10. a, Illustration of two-dimensional coherent potential approximation to ABCDE HEA, where P represents the 
alloy potential and P with subscript indicates the potential of individual elements. b, Structural illustration (left) and radial 
distribution function (right) for ABCDE HEA with BCC, FCC and HCP structures (top to bottom; from ref. 93). 

 
 
number of electrons to provide information on electron 
densities, energies and other microstructure-insensitive 
properties like elastic modulus, coefficient of thermal ex-
pansion, theoretical shear strength and generalized stack-
ing fault energy of the alloy system. Density functional 
theory (DFT) in which the multi-electron Schrödinger 
equation is mapped into an effective one-electron prob-
lem utilizing electron density as an important variable in 
the Kohn–Sham approximation and ab initio molecular  

dynamics (AIMD) have been developed to solve the po-
tential of the system in the ground state. The application 
of different ab initio methods is challenging for HEAs 
due to the large number of atoms involved and uncertainty 
in the location of individual atoms55. For conventional 
solid-solution alloys, supercell approximation of periodic 
boundary condition is artificially imposed on supercell of 
sufficiently large size to capture the chemical disorder of 
the system and study the disordered configuration.
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Figure 11. (a) Engineering stress–engineering strain and (b) strain hardening–true strain curves for CoCrFeMnNi HEA tested at 
room temperature and cryogenic temperature (from ref. 57). 

 
 
Ab initio calculations for HEAs utilize the virtual crystal 
approximation or coherent potential approximation using 
a supercell with random or quasi-random atomic distribu-
tion. Another method is to introduce the concept of  
homogeneous effective medium that uses a primitive  
periodicity cell to study the arbitrary chemical disorder. 
Figure 10 a shows a two-dimensional illustration of CCA 
for ABCDE equimolar HEA and the strategy to determine 
the potential of the HEA from individual atomic potentials. 
Figure 10 b is a schematic of a supercell of 150 atoms 
with similar local atomic environment for equimolar 
ABCDE HEA for BCC, FCC and HCP structure (left) and 
the corresponding radial distribution functions (right). 
 A detailed review of different ab initio methods for 
HEAs is provided by Ikeda et al.56, wherein a detailed  
account of ab initio studies on HEAs to analyse various 
properties like short-range ordering, stacking fault  
energy, lattice distortion, diffusion, phase stability as well 
as elastic and magnetic properties is provided. 

Properties of high-entropy alloys 

Mechanical properties of high-entropy materials 

A host of mechanical properties like elastic modulus,  
tensile and compressive yield strength, toughness and 
fracture toughness have been studied for HEAs over a 
wide range of temperature and strain rate. In addition,  
fatigue, creep and fracture properties have been studied 
for a variety of HEAs. The most widely studied alloy is 
the equiatomic CoCrFeMnNi (Cantor) alloy showing low 
yield strength but high strain hardening ability at room 
temperature. The elastic modulus of the alloy increases 
with decrease in temperature from 300 to 77 K, similar to 
that of FCC nickel albeit with a slightly lower  
temperature dependence, while it decreases with increase in 
temperature above room temperature. The yield strength 
and tensile strength increase with decrease in temperature 

from 273 to 77 K (Figure 11 a), accompanied by mono-
tonic increase in elongation with decrease in tempera-
ture57. Detailed TEM studies have shown that octahedral 
slip is operative at yielding over the wide temperature 
range with presence of planar 〈110〉 dislocation and  
numerous stacking faults. The presence of planar disloca-
tions was attributed to destruction of short-range ordering 
or clustering, or operation of partial slip inhibiting cross 
slip in FCC materials. There is formation of dislocation 
cell structure at higher strains at room temperature and 
above, while nanoscale twinning was observed at 77 K 
for strain of 20%. The change in elastic modulus with 
temperature cannot explain the variation in yield strength 
at cryogenic temperature; the alloy shows higher strength 
and ductility due to operation of twinning providing  
additional strain hardening (Figure 11 b) due to dynamic 
Hall–Petch effect58. The evolution of yield strength in 
Cantor alloy can be explained on the basis of different 
strengthening mechanisms like solid-solution strengthen-
ing, grain-size hardening and strain hardening. Hall–Petch 
hardening has a weak dependence on temperature and 
strain rate, while the latter two are strain rate and temper-
ature-dependent, while strain hardening is also dependent 
on strain. The activation volume of Cantor alloy at room 
temperature is 300b3 and decreases to 25b3 at 77 K, indi-
cating that reduction in mean free path for dislocations is 
the rate-controlling mechanism. Though the activation 
volume is lower than that of pure FCC metals, it is com-
parable to that of solid solution and a decrease in activa-
tion volume with increase in strain or decrease in 
temperature indicates that no new intrinsic deformation 
mechanisms are operative in FCC Cantor alloy. Komara-
samy et al.59, however, showed that activation volume of 
coarse-grained Al0.1CoCrFeNi HEA was lower than that 
of conventional FCC materials, and this was attributed to 
intrinsic lattice distortion of HEAs compared to that of 
FCC metals and alloys. It was proposed that the disloca-
tion line energy and Peierls potential in HEAs may have a 
continuous variation contrary to constant line energy and
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Figure 12. a, b, Edge dislocation in a pure (a) metal with corresponding dislocation energy with 
movement (b). c, d, Edge dislocation in AlCoCrFeMnNi HEA (c) with corresponding dislocation energy 
with displacement (d) (from ref. 59). 

 
 
potential in conventional alloys. The presence of varying 
potential barrier offers a unique environment for disloca-
tion movement with the deep wells acting as dislocation 
pinning points in the lattice. This leads to smaller length 
of dislocation involved in thermal activation and to lower 
physical activation volume. Figure 12 is a schematic 
comparing the dislocation structure and motion in pure 
metal vis-á-vis HEA. 
 The Cantor alloy shows exceptional fracture toughness 
(250 MPa m0.5), even better than the best austenitic  
steels reported in the literature till date and retains it at 
cryogenic temperature due to twinning operation (Figure 
13). In-situ TEM experiments also show high toughness 
due to crack bridging by nanotwinning (Figure 14), which 
further explains the exceptional damage tolerance of this 
alloy58. The operation of planar partial slip and nano-
twinning across a temperature regime enthrones the Can-
tor alloy to the pinnacle of engineering alloys in terms of 
yield strength and fracture toughness (Figure 15)60. 
 In addition to Cantor alloy, another class of HEAs  
offering excellent strength and ductility exploits strain 
hardening mechanisms like twinning, transformation-
induced plasticity, dual phase hardening, common in 
steels. In a pioneering study by Li et al.61, it was shown 
that excellent combination of strength and ductility can 
be obtained in a series of Fe80–xMnxCo10Cr10 alloys that 
form a class of non-equiatomic HEAs by exploiting twin-
ning-induced plasticity for lower manganese content, 
while transformation of FCC austenite to HCP martensite 
phase provides higher strain hardening with higher man-
ganese content. The Fe50Mn30Co10Cr10 alloy is characte-

rized by the presence of FCC austenite and HCP  
martensite phase and on further deformation, there is 
transformation of austenite to martensite providing trans-
formation-induced plasticity to yield exceptional combi-
nation of strength and ductility (Figure 16). This study 
has motivated several others to explore multiple streng-
thening mechanisms in HEAs, which are not possible in a 
single composition of steel. Addition of interstitial carbon 
to these alloys has led to the evolution of HE steels and 
transformative HEAs offering a property space for 
strength and ductility that was not accessible even  
after 100 years of research in steels and other metallic 
materials (Figure 17)62. 
 In addition to Cantor alloy, other single-phase HEAs 
like CoCuFeMnNi63,64 have also been studied in detail, 
while BCC refractory HEAs have been examined with re-
spect to in tension and compression over a wide range of 
temperature, viz. from room temperature to 1873 K.  
Tazuddin et al.65 showed that CoCuFeMnNi is a single-
phase FCC HEA that shows higher yield strength com-
pared to Cantor alloy and is characterized by formation of 
a Goss-brass texture on cold rolling due to operation of 
planar partial slip. Sonkusare et al.53 showed that the  
alloy consists of copper-rich nanoclusters of ~2.5 nm that 
contribute to significant strengthening. They also studied 
large strain behaviour of CoCuFeMnNi HEA in monotonic 
and cyclic high-pressure torsion to show extreme grain 
refinement and partial dissolution of copper-rich nano-
clusters66. It was proposed that non-equilibrium solid-
solution strengthening at high strain contributes to higher 
hardness of the high-pressure torsion-tested sample, in
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Figure 13. a, Deformation mechanisms near the crack tip in CoCrFeMnNi HEA in terms of secondary 
image from scanning electron microscopy for the sample tested at 293 and 77 K. b, EBSD inverse pole 
figure map showing annealing twins with large misorientations in the sample tested at 293 K. c, Back-
scattered electron image showing nanotwinning and cell formation in the sample tested at 77 K (from ref. 
60). 

 
 
addition to grain size and dislocation hardening. The  
refractory HEAs are potential replacement for superalloys 
and hence, their high-temperature mechanical properties 
have been studied in detail. Most single and multi-phase 
RHEAs have at least one disordered BCC phase and show 
limited ductility at room temperature under tension at 
room temperature. Cast and homogenized HfNbTaTiZr 
RHEA shows high strength in the range 800–1000 MPa 
and compressive ductility up to 50% over a wide temper-
ature range from room temperature to 1273 K, while the 
homogenized sample shows 10% ductility in tension67. 
Senkov et al.68 showed improved high-temperature  
compressive properties of Nb25Mo25Ta25W25 and 
V20Nb20Mo20Ta20W20 RHEAs compared to two superal-
loys, Inconel 718 and Haynes 230 (Figure 18). 
 In addition to tensile and compressive properties, hard-
ness is also an important material property and HEAs  
offer a wide range of hardness, from 150 to 1200 HV,  
depending on the synthesis method and type of phases 

and their size and distribution in the alloy under consi-
deration. Generally, HEAs produced by ball milling and 
sintering route show much greater hardness than those 
produced by the melting and casting route while BCC 
HEAs show greater hardness compared to FCC HEAs. 
Mohanty et al.69–71 have studied a series of HEAs  
produced by powder metallurgy route to achieve high 
modulus and hardness by exploiting sinter ageing as well 
as eutectoid transformations, while Yadav et al.72–74 have 
reported that powder metallurgy-based HEAs show good 
wear resistance. The cyclic properties of HEAs in high-
cycle fatigue regime75,76 and low-cycle fatigue regime77 
show that they can outperform conventional alloys in 
terms of fatigue life and resistance to fracture. 
 High-cycle fatigue behaviour of as-cast and wrought 
Al06.5CoCrCuFeNi alloy was studied by Hemphill et al.73 
using four-point bending test at room temperature to  
establish fatigue endurance limit in the range 540–
945 MPa for the present alloy system. Tang et al.76
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Figure 14. Collage of image showing crack bridging by near-tip twin nanobridges in CoCrFeMnNi alloy tested 
using in-situ TEM showing (a) bright field TEM image showing void formation, (b) TEM image showing bridg-
ing by formation of nanotwins, (c) high-resolution transmission electron microscope image showing nanotwin 
formation and (d) high angle annular dark field -TEM image showing twin (from ref. 60). 

 
 

 
 

Figure 15. Ashby map for fracture toughness as a function of yield 
strength for engineering materials including HEAs (from ref. 60). 

showed that the use of high-purity elements for synthesis 
of Al0.5CoCrCuFeNi alloy provides better fatigue perfor-
mance. The higher endurance limit and prolonged fatigue 
life of HEA vis-à-vis conventional alloys was attributed 
to the absence of aluminium-oxide inclusions and micro-
cracks in the high-purity sample along with the formation 
of nano-twins during cyclic loading (Figure 19). Tang et 
al.76 and Bahadur et al.77 have shown sufficient LCF per-
formance of HEAs. Cantor alloy shows good creep resis-
tance and can also provide superplastic deformation after 
grain-size reduction via high-pressure torsion78. 

Functional properties 

Most studies on HEMs, particularly on HEAs, have  
focused on mechanical properties; however, HEAs and 
particularly HECs, also offer an opportunity to explore 
property space in the functional regime, including superior 
magnetic, magnetocaloric, thermoelectric, piezoelectric,
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Figure 16. a, Variation of microstructure with manganese content in FeMnCoCr alloys. b, Deformation processes in 
FCC and HCP phases of 30 at% Mn alloy (from ref. 61). 

 
 

 
 

Figure 17. Ashby plot for ultimate tensile strength and total elonga-
tion showing different classes of steel, including the newly developed 
high-entropy steels (from ref. 94). 

 
 

Figure 18. Variation of yield stress of BCC HEAs and two commonly 
used superalloys Inconel 718 and Haynes 230 (from ref. 68). 
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Figure 19. a, Stress range versus number of cycle to failure diagram (S–N curve). b, Fatigue ratio (stress range/ultimate 
tensile strength) versus number of cycles for Al0.5CoCrCuFeNi HEA and other engineering materials (from ref. 75). 

 
 
multiferroic and catalytic properties. The research on 
functional properties of HEMs is in a nascent stage, but is 
bound to explode in the coming years considering the 
huge potential displayed by the initial studies. HEAs con-
taining ferromagnetic elements offer low magnetocrystal-
line anisotropy and low magnetostriction as well as low 
intrinsic coercivity, low electrical resistance but high  
saturation magnetization. Addition of elements like alu-
minium and silicon to CoFeNi increases the saturation 
magnetization and provides HEAs with excellent mechani-
cal strength and corrosion resistance for soft magnetic 
applications79. Multi-phase HEAs containing two or more 
high-entropy phases, or a combination of high-entropy 
phase and intermetallic or high-entropy glasses offer a 
wide range of soft magnetic properties for HEMs. Yuan 
et al.80 showed that HCP DyErGdHoTb alloy has a small 
magnetic hysteresis and high refrigerant capacity (a fig-
ure of merit parameter for magnetoelectric effect), which 
is the product of magnetic entropy and temperature span 
of full width at half maxima (FWHM) for the entire span 
of the entropy curve. It was also observed that the pres-
ence of Gd is essential to obtain magnetocaloric effect. 
HEAs like CoCrFeMnNi81, AlxCoCrFeMn and CoCrFe-
NiPd82 showed higher resistivity than those of 316 and 
304 stainless steels. Thermoelectric materials exploit the 
Seebeck effect that produces voltage from temperature 
difference between two materials possessing high See-
beck coefficient (a figure of merit) and high electrical 
conductivity with low thermal conductivity. A highly dis-
torted lattice in HEAs can reduce the electron mean free 
path and substantially reduce electrical and thermal con-
ductivity by orders of magnitude for single- and multi-
phase HEAs. Shafeie et al.83 showed that with increasing 
aluminium content in AlxCoCrFeNi HEAs, there is an in-
crease in Seebeck coefficient and thermal resistivity, 
which is beneficial for thermoelectric properties but there 
is a decrease in electrical conductivity which is undesired. 
Figure 20 depicts the thermoelectric performance of a  
series of HEAs in terms of power factor and efficiency. 

 Another important area particularly for BCC HEAs is 
in hydrogen storage, wherein the candidate material 
should be capable of absorbing and storing large quanti-
ties of hydrogen without damage and should have the 
ability to release it when required. Among various BCC 
HEAs, HfNbTiVZr84 shows excellent hydrogen absorp-
tion which is superior to all the constituent elements,  
indicating that the distorted lattice in HEAs aids in  
hydrogen absorption at both octahedral and tetrahedral 
voids. Other RHEAs like (FeV)0.6(CoCrTi)0.4 and 
(FeV)0.6(CoCrTi)0.38Zn0.02Ni20Fe20Mo10Co35Cr15 also 
show good hydrogen storage capability85. 
 The corrosion behaviour of various single- and multi-
phase HEAs in different corrosive environments like 
NaCl indicates that they show a better performance than 
the constituent elements of conventional alloys like  
austenitic steels. Similarly, HfNbTaTiZr showed sponta-
neous passivation at room temperature in HNO3 and 
HNO3 + NaF environment, but was severely corroded in 
boiling fluorinated nitric acid at 120°C. RHEAs offer an 
excellent oxidation resistance compared to refractory 
elements that have a poor oxidation resistance with alloys 
containing aluminium and silicon showing formation of 
complex but stable oxide films that provide excellent 
oxidation resistance. 

Outstanding issues and future direction  
(future challenges) 

HEMs have opened up a completely new compositional 
space as well as performance space, albeit in some  
cases. However, our fundamental understanding of basic 
thermodynamics, diffusion, physical metallurgy, mechan-
ical, physical and functional properties is still valid for 
HEMs and, in fact has evolved with HEMs. Although, the 
underlying synergy among different mechanisms offers 
exceptional properties, to foe HEA. The biggest challenge 
is to search their composition from a large compositional
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Figure 20. Variation of power factor (PF) and figure of merit (zT) with temperature for different HEAs (from ref. 83). 
 
 
space. To this end, high-throughput experimental and 
property-driven alloy development using computational 
methods across length- and timescales need to be adopted 
and subsegment combinational synthesis will allow us to 
fine tune composition of these multicomponent alloys to 
arrive at the best properties. There is scope for deve-
lopment of new materials with fascinating properties. By 
adopting new methods for first-principles calculations, 
thermodynamic modelling, dislocation statics and dyna-
mic simulations, with high-throughput experiments, a 
fundamental understanding of the process being operative 
in HEMs can unequivocally be established with process-
structure–property-performance linkage. 
 However, several specific issues need to be resolved 
and we shall deliberate on a few of them. The role of  
local chemical order in these materials on the macroscop-
ic properties needs to be deciphered through combination 
of DFT-based computer simulations and careful experi-
ments using synchrotron diffraction. It is evident that  
the degree of local chemical order plays a major role on 
the stacking-fault twinning energy, leading to Transfor-
mation Induced Plasticity and Twin Induced Plasticity  
behaviour. This can open up new vistas for the design of 
alloys with near-zero stacking-fault energies and metast-
able HEAs with small stacking-fault energies; leading to 

deformation-driven twinning and phase transformation. 
The role of interstitial elements (C, O, N) on phase for-
mation, stability and mechanical properties of HEAs 
needs to be fully understood86,87. Recent research reveals 
that O, although considered as ‘energy’ in metallic mate-
rials, can improve both strength and ductility in 
HfNbTiZr HEA via formation of O-TiZr-rich order clus-
ters. Unique functional properties in this ‘multi-metallic 
cocktail’ can lead to interesting and novel applications 
due to magnetic, thermoelectric and catalytic properties. 
Multi-functionality of the multicomponent materials can 
lead to new processes or products, and hence, future ex-
ploration is necessary. In a nutshell, we need to pay more 
attention to potential innovative applications in order to 
keep the field active and sustained for long. Certainly the 
challenges listed here provide enough ‘food for thought’ 
for materials scientists and engineers in their quest of the 
‘holy grail of materials science’. 
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