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High-Entropy Alloys (HEA) are alloys that are formed by
mixing equal or relatively large proportions of (usually) five
or more elements.
Normally, in steel or other alloys, additional elements can be
added to improve its properties, thereby creating, but
typically in fairly low proportions.

«High entropy alloys” was coined because the entropy
increase of mixing is substantially higher when there is a
larger number of elements in the mix, their proportions are
nearly equal.

These alloys are currently the focus of significant attention in
materials science and engineering because they have
potentially desirable properties (better strength-to-weight
ratios, with a higher degree of fracture resistance, tensile
strength, corrosion and oxidation resistance)



What is “High Entropy Alloy”? 

J.W.Yeh, Adv. Eng. Mater., 6 (2004) 299 
Y. Zhang et al. Progress in Materials Science 61 (2014) 1–93 

Multicomponent alloys without solute and base atoms  
 Î Multi-principal element alloy 
 Î Equiatomic alloys 
 Î Compositionally complex alloy 
 Î Concentrated solid solution alloys 
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Four core effects have been proposed in HEAs:

(1) the entropic stabilisation of solid solutions,

(2) the severe distortion of their lattices,

(3) sluggish diffusion kinetics

(4) that properties are derived from a cocktail

effect.

It is clear that HEAs represent a stimulating

opportunity for the metallurgical research

community



The idea is to choose a sufficient number of elements so that

the configurational entropies of alloys would be high

enough to overcome the enthalpies of formation of

intermetallic phases, resulting in stable solid solution

For a solution comprising n components, each with mole

fractions Xi, the configurational entropy is:

To maximise configurational entropy, these materials must
have a configurational entropy of mixing

Therefore at least 5 components

(ii) The lattices of HEAs are severely strained, because
of the size mismatch between alloying elements. This, in
turn, has a range of different effects on the physical and
mechanical properties of HEAs.
(iii) HEAs exhibit sluggish diffusion kinetics since
atomic diffusion is more difficult through solid sol-
utionswith high concentrations of many elements, prin-
cipally due to fluctuations in the bonding environment
through their lattices.
(iv) The complexity of HEA compositions gives rise to
a so-called ‘cocktail effect’ in which inter-element inter-
actions give rise to unusual behaviours, as well as aver-
age composite properties (rule-of-mixtures).
The importance of these core effects has since been

echoed by numerous HEA studies, and they have played
a significant role in instigating and directing a great deal
of HEA research.
Interest in HEAs is increasing dramatically at present,

see Fig. 1, and a number of reviews of the HEA litera-
ture have been made over the past 5 years.5,6,8,10–13

These have been in the form of comprehensive and
detailed summaries, such as the review by Zhang
et al.,14 as well as shorter critical assessments, such as
the recent work of Miracle.15 However, none of these
have critically assessed the evidence for the four core
effects described above – this is one, and the most
important, of the three key aims of this review, and is
tackled to begin with. The second aim of this review
is to examine the opportunities and challenges associ-
ated with developing HEAs for use as new structural
materials. Particular focus will be given to the develop-
ment of methods that can be used to rapidly predict
HEA microstructures and select alloys for experimental
evaluation. The final aim is to highlight the exciting
opportunity that the study of HEAs represents in
terms of progressing our fundamental understanding
of the behaviours of alloys. It should be noted that
this review does not seek to detail the particular micro-
structures, processing and properties of each HEA sys-
tem that has been explored – this has been achieved to
a significant extent through some of the previous
reviews.

2. Entropic stabilisation
The original and most commonly reported compositional
definition of HEAs is that they contain at least five alloy-
ing elements with concentrations in the range 5–35 at.-%.1

These criteria were chosen as they were considered to
define the compositional range in which the configura-
tional entropies of alloys would be high enough to over-
come the enthalpies of formation of intermetallic
phases, resulting in stable solid solutions.4 For a solution
comprising n components, each with mole fractions Xi,
the configurational entropy, DSconfig, is as follows:

DSconfig = −R
∑n

i=1

Xi lnXi.

An alternative definition, which draws on the same prin-
ciple of maximising configurational entropy, is that
HEAs have a configurational entropy of mixing,
DSconfig . 1.5R.5,16 For equiatomic alloys, this is only
achievable for alloys with five or more components, and
the two definitions coincide for majority of HEAs con-
sidered to date.
The entropic stabilisation of solid solutions in HEAs is

fundamental to their design philosophy, and many reports
have championed its effectiveness, particularly early HEA
studies and reviews.1,3,4 However, recently there have been
a number of challenges to the notion that configurational
entropy has such an overarching influence on phase stab-
ility in HEAs.17–26 Importantly, these challenges have
been supported by experimental experience – there appear
to be very few HEAs that are stable as solid solutions at
all temperatures up to melting. At present the only
HEAs thought to be stable as a single solid-solution
phase are the equiatomic refractory body-centred cubic
(bcc) HEA VNbMoTaW,27,28 and perhaps members of
the TiVxZrNbMoy29 and AlxCrFeCoNi30–32 systems for
low values x and y. To the authors’ knowledge, all other
HEAs investigated have been found to decompose into
more than one solid phase given the correct heat
treatment.
A recent prominent example of phase instability

reported in HEAs is that seen in the equiatomic HEA
CrMnFeCoNi.33–35 CrMnFeCoNi is widely considered
to be the examplar HEA; first studied by Cantor et al.2

in their pioneering work on equiatomic multicomponent
alloys, it has been the focus of numerous investigations,
with a particular focus on its mechanical properties and
processing.33,36–57 Reports have often upheld CrMnFe-
CoNi as being stable as a single solid-solution phase, a
characteristic that has made its mechanical properties of
great interest, and a number of studies with a focus on
phase stability have confirmed this.19,22,58–60 However, it
has recently been shown that exposures below 800WC trig-
ger precipitation in the alloy, most notably of the Cr-rich σ
phase.33–35 Hence, CrMnFeCoNi can no longer be
thought of as stable as a single face-centred cubic ( fcc)
phase below its solidus.
A similar story has emerged for the HEA Al0.5CrFeCo-

NiCu.3,21,61–74 Part of the AlxCrFeCoNiCu series of
alloys, which have received a great deal of atten-
tion,1,64,73,75–86 initial reports appeared to suggest that
Al0.5CrFeCoNiCu was stable as a single face-centred
cubic ( fcc) solid-solution phase.3,62–64,75,76,78 Subsequent
studies, however, found that this not the case, and have

1 The publication rate for HEA literature since 2004. Data
gathered from Scopus9 by searching for ‘HEAs’ in the key-
words field and limiting the subject area to ‘Materials
Science’
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Configurational Entropy vs. Enthalpy 
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design is based around the concept that their high configurational entropies of
mixing should stabilise solid-solution phases relative to the formation of
potentially-embrittling intermetallic phases.
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Infinite Degrees of Freedom in Alloy Design 

~40 elements, 1% Î (100/1)40-1 = 1078  
(1066 atoms in the galaxy) 

Miracle & Senkov, Acta mater 2017 
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High Entropy Alloys (HEAs)

• > 5 metallic components

• ~ equal proportions

• disordered solid solutions

• single phase, no precipitates

Examples: Co Cr Fe Mn Ni  &  Al Hf Sc Ti Zr



High Entropie Alloys (HEA)

• high entropy 

• severe lattice distortion

• "cocktail" effect 

• sluggish diffusion

Examples: Co Cr Fe Mn Ni  &  Al Hf Sc Ti Zr

as Ni-base superalloys, are arguably more composition-
ally complex than many HEAs. ‘Multi-principal element’
or ‘complex concentrated alloys’ are perhaps more suit-
able in this respect. However, the authors believe that
since the ‘HEA’ terminology is so embedded in the dis-
course, that a change in the naming convention would
only lead to confusion. What is important is that the
underlying metallurgical characteristics of HEAs are
addressed and clarified, and that these principles are
associated appropriately with the HEA designation.
At this point, it is also worth discussing the convention,

or lack thereof, for describing HEA compositions. For
instance, the same alloy has been studied in refer-
ences33–35,37–39,51,57 and described in no fewer than eight
different ways: FeCoNiCrMn,33 FeCoCrNiMn,38 FeCr-
NiCoMn,39 FeNiCoCrMn,57 CrMnFeCoNi,35 CoCr-
FeMnNi,34 CoCrFeNiMn,51 and NiFeCrCoMn.37 This
makes searching for a particular alloy composition
unnecessarily difficult, and also increases the likelihood
of confusion and mistaken identification. Although
alphabetical order represents a possible solution to this
problem, the authors believe that ordering by atomic
number is the most suitable option when expressing
HEA compositions as atomic ratios. In addition, we
believe that the order should not be influenced by the par-
ticular concentrations of the elements, for example,
CrMnFeCoNi and Al0.5CrFeCoNiCu. Importantly, this
convention transcends potential language barriers and,
therefore, is likely to prove the most consistent interna-
tionally. We believe that establishing a systematic conven-
tion for naming different HEAs is far more important
than renaming the whole alloy field.

3. Severely distorted lattices
It is well known that the introduction of substitutional
solute atoms into a solvent matrix causes the displace-
ment of neighbouring atoms from their ideal lattice pos-
itions, generating a strain field, and that it also induces
a change in bulk lattice parameter. The localised distor-
tions around the solute atom will interact elastically
with dislocations moving through the material, resulting
in solid-solution strengthening.175,176 Well-established
models for solution strengthening have been produced
for both dilute and concentrated alloys,177–179 and their
modification for HEAs is discussed in Section 8 of this
article. A number of studies have suggested that severe lat-
tice distortion contributes significantly to HEA proper-
ties,3,65,75,84,85,97,165,180–186 most notably with respect to
increasing alloy strength, see for instance165,187. Impor-
tantly, however, it is apparent that the strengthening effect
of precipitates may have been overlooked in some cases.
A schematic of the proposed localised lattice distortion

effect in HEAs is reproduced in Fig. 5. It has been
suggested that these distortions arise not only from
atomic size misfit, but also differences in the crystal struc-
ture and bonding preferences of alloying elements pre-
sent.8 It has been proposed that decreased XRD peak
intensity in HEAs is evidence of lattice straining of this
type,3,8,65,75,97,180 since it should result in increased diffuse
scattering. It is true that diffraction peak intensity should
decrease with increasing lattice strain around solute
atoms, and that these localised static displacements have
a similar effect on intensity as thermal vibrations.188–193

Typical lattice strains from solute atoms are not thought

to generate significant levels of peak broadening,190,191

as is observed in alloys with high dislocation densities or
small crystallite sizes. However, it should be noted that
a number of effects can influence the peak intensity and
diffuse scattering observed in a diffraction pattern, includ-
ing crystallographic texture, thermal vibrations and fluor-
escence. Hence, attentive assessment of high-quality
experimental data is needed before any comment can be
made on the magnitude of lattice distortions.189–194 In
addition, the levels of strain considered historically have
been small, allowing for particular estimations to be
made, and the effects of severe lattice distortions may be
different.
Attempts have been made to assess the lattice distortion

effect in HEAs by using pair distribution function (PDF)
analysis. A PDF studyof Al1.3CrFeCoNiCu has been con-
ducted using neutron scattering data, and it was proposed
that evidence of lattice distortion was found.85 Neverthe-
less, Al1.3CrFeCoNiCu comprises at least three phases at
low temperatures, and a complex analysis would have
been necessary to account for the effect of this in PDF
measurements. A separate study used both neutrons and
X-rays to produce PDFs of the ternary alloy ZrNbHf,
which was described as being predominantly a single
phase.183 However, ZrNbHf is not an HEA by definition,
and significant discrepancies between X-ray and neutron
PDFs were recorded.
One might assume that evidence of severe lattice distor-

tion could be found using high-resolution STEM – look-
ing in cross section, atomic columns might look more
blurred in a highly strained lattice than in an unstrained
one, and atomic planes may also look distorted in the
image plane. However, careful analysis accounting for
phonon effects and other artefacts would be necessary
before such conclusions were reached. Although it has
been suggested that high-resolution TEM (HRTEM)
images can show lattice distortion,195 the gentle long-
range distortions due to the presence of defects such as

5 Schematic representation of strained lattices in HEAs.
Reprinted from5 with permission from Springer

Pickering and Jones High-entropy alloys
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grain boundary energy by grain boundary high entropy effects
and developed a thermally stable NC HEA. They demonstrated
remarkable thermal stability in Ni-containing NC HEAs,
which outperformed Ni-based binary NC alloys. The NC
Cr23Fe23Co23Ni25Zr2Nb2Mo2 HEA, synthesized by mechanical
alloying (MA), exhibited stable grain sizes of !13, 36, and
!56 nm after annealing at 600, 900, and 1000 "C, respectively
(Figure 2). However, significant grain growth was observed in
NC CrFeCoNi HEA without any high-entropy grain boundary
complexions. This observation imparts the significance of grain
boundary high entropy effect on thermal stability of NC HEAs.
They concluded that both thermodynamics and kinetics effects
contribute to the stabilization of NC HEAs. Praveen et al.[102]

demonstrated an exceptional resistance to grain growth in NC
CrFeCoNi HEA at a high homologous temperature of !0.68 Tm
for a prolonged duration of 600 h. They observed that the average
grain size of CrFeCoNi HEA increased from !120 to 260 nm
after heat treatment at 900 "C for 600 h They attributed the
enhanced grain growth resistance to the formation of composite
microstructure, due to the unsolicited contamination during
processing. The recent overview article by Chokshi[103] on high-
temperature deformation in fine-grained HEAs discusses the
possible high-temperature deformation mechanisms and also
highlights the deformation mechanism maps in fine-grained
HEAs.

Even though HEAs have the potential to be a high-
temperature material, a detailed literature survey on HEAs
indicates that vast majority of the studies are focused on room
temperature properties. Although the high-temperature studies
on HEAs are limited, the available literature on HEAs suggests
that with proper alloy design it is possible to produce thermally
stable HEAs with a potential to replace superalloys shortly.
Suitable HEA design strategies regarding choosing the elements
are vital for different industrial applications. Currently, several
review articles on HEAs[6,37,41,42,62–66,104–107] and two books[5,108]

have been published with the focus on HEAs progress, solid
solution formation rules, and a critical assessment of the
fundamental principles of HEAs. In contrast, the current review
article imparts the outstanding properties of HEAs as a potential
candidate for high-temperature applications and also highlights

the need for a profound research work on the high-temperature
behavior of HEAs. The current article will provide a systematic
knowledge and insight into the available literature on phase
stability, microstructural stability, and high-temperature me-
chanical properties of HEAs. This article will be highly beneficial
for the materials science community with the focus on the
development and understanding of HEAs for high-temperature
applications.

In the literature, the elements representing the alloys are
arranged based on the atomic number, alphabetic order, and
sometimes in a random order. In the present article, the
elements are written in the order of increasing atomic number to
represent the alloys for better understanding and consistency.

2. Commonly Studied Alloys
In the very initial stage of HEA research field, AlxCrFeCoNiCu
HEAs have received wide attention due to its unique properties in
comparison to conventional alloys, especially the strength
retention of Al0.5CrFeCoNiCu HEA till 800 "C.[4,27,109–115] The
variation of the compressive yield strength at different temper-
atures is shown in Figure 3. However, the segregation of Cu was
observed inCucontainingHEAsdue to itshighenthalpyofmixing
with other elements.[21,27,111,116] Besides, the modification of Al
content has led to the significant changes in microstructure and
mechanical properties of AlCrFeCoNi HEA.[109,117,118] For exam-
ple, the alloy forms a single FCC phase when the Al content is less
than a 0.45-mole fraction and single BCC phase when the Al
content is more than a 0.9-mole fraction. Due to Cu segregation
and the influence of Al on microstructure and mechanical
properties, researchers shifted their focus to AlxCrFeCoNi HEA
system, alloys without Cu.[119–123]

CrMnFeCoNi HEA, also known as Cantor alloy, has been the
alloy of interest of late due to the formation of a single phase with
enhanced mechanical properties, particularly at the cryogenic
temperature.[57,124–131] It is worth mentioning that the recent
studies on CrMnFeCoNi HEA have revealed the formation of

Figure 2. ExceptionalresistancetograingrowthinCr23Fe23Co23Ni25Zr2Nb2Mo2
HEA by utilizing the concept of grain boundary energy reduction.
Reprinted from ref.[53] with permission from Elsevier, 2017.

Figure 3. Compressive yield stress as a function of temperature
illustrating the strength retention of Al0.5CoCrFeNiCu HEA up to
800 "C [A: Al0.5, B: Al1.0, C: Al2.0]. Reprinted from ref.[4] with permission
from Wiley.
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Sluggish diffusion
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Extraordinary Properties of High Entropy Alloys 

Bernd Gludovatz et al. / Science 2014 Zhiming Li et al. / Nature 2016 

CoCrFeMnNi FeMnCoCr 

Un altro sistema interessante: NbMoTaW



superalloys. However, the density of refractory HEAs are very
high (13.8g cm!3 forNbMoTaW, and 12.4 g cm!3 forVNbMoTaW)
and the alloy exhibits a poor elongation to fracture at room
temperature. To decrease the density and to improve the room
temperature ductility, the high-density elements are replaced by
low-density elements. The HfNbTaTiZr HEA (density "9.94 g
cm!3) possess superior room temperature mechanical properties
with high compression yield strength of 929MPa, homogeneous
macroscopic flow, and ductility greater than 50%.[210] However, the
alloy has a meager yield strength of "92MPa at 1200 #C.[134] In
order to enhance thehigh-temperature strength and further reduce
the density of HfNbTaTiZr, several attempts have been made by
adding low-density elements like Mo, Cr, Ti, and Al [133,211] or by
adding Si so that it forms a low-density secondary phase.[212] The
addition of Mo to HfNbTaTiZr increased the compressive yield
strength from "100 to "550MPa at 1200 #C and exhibited
reasonable RTductility of 12%.[136] The compressive stress–strain
curve of MoNbHfZrTi alloy showed strain hardening stage until
fracture at 800 #C and strain rates of 10!1–10!2 s!1, whereas DRX
characteristics were observed at a temperature over 800 #C and at
strain rates of 10!3–10!1 s!1. The alloy showed a decrease in
strength and the occurrence of DRX with increasing temperature
and decreasing strain rate. Discontinuous and continuous DRXs
occurred simultaneously, with reduced effect of CDRX at high
deformation temperature and low strain rate.[137]

The partial substitution of Al with Hf in HfNbTaTiZr reduced
the density by 9% and increased the room temperature yield
strength by 98%, but the room temperature ductility reduced to
10% with no significant enhancement in the high-temperature
strength.[211] The additionofMo inplace ofHf and reducing theTa
content to half have resulted in the increase of high-temperature
strength from "90 to 250MPa at 1200 #C with a perceptible
increase in RT ductility in AlMo0.5NbTa0.5TiZr HEA.[211] THe
HfMo0.5NbTiV0.5HEAformsasingleBCCphase, and theaddition
ofSi led to the formationofmulti-component silicide.[212] Theyield
strength increased from 1260 to 2134MPa with the addition of
Si, but with the reduction in ductility from >35 to 9.2%. The Si

addition to HfMo0.5NbTiV0.5 alloy has shown a remarkable effect
on the yield strength at elevated temperatures. The yield strength
of the alloy at 1200 #C increased from 60 to 166, 188, and 235MPa
for the silicon addition of 0.3, 0.5, and 0.7-mole fraction,
respectively.[212] The addition of Si to AlTiCrNbMo refractory
HEA resulted in a slight increase in the oxidation resistance.[54]

The oxidation behavior of AlTiCrNbMo HEA showed the
formation of porous and non-protective oxides scales, and the
oxidation kinetics followed the linear rate law at 900 and 1000 #C.
The addition of Si reduced the mass gain and formed a thin and
compact oxide scale as compared to the Si-free alloy.

The grain growth kinetics study on HfNbTaTiZr alloy at
1200–1350 #C reveals a high activation energy of "389 kJmol!1

and growth exponent of "3.5.[138] The activation energy is
comparable to the activation energy of Nb (397 kJmol!1) and Ta
(413 kJmol!1), which indicates that Nb and Ta control the grain
growth rate in this alloy. Interestingly, the Hall-Petch coefficient
(240MPa μm!2) of this alloy is significantly lower than the
CrMnFeCoNi ("670MPa μm!2) alloy. The reduction in grain
size from 128 to 38 μm has enhanced the fracture strain from 15
to 20%with a perceptible increase in yield strength from"940 to
"960MPa.

Zou et al.[101] fabricated a refractory NC columnar NbMoTaW
HEA and demonstrated the strength retention up to 600 #C. The
yield strength of NC HEA decreased from 7GPa at room
temperature to 5GPa at 600 #C, while the single crystal HEA
decreased from 2GPa at room temperature to 1GPa at 600 #C .
The NC HEA showed strength reduction of only 20% while the
strength reduction in coarse grain HEA is 50%. The NC HEA
exhibited higher normalized strength and specific strength in a
wide range of temperature. At the same homologous tempera-
ture, the compressive property of NC HEA has outperformed
most of the other NC metals, superalloys, coarse grain
HEAs. The enhanced microstructural stability is attributed to
the presence of nanoscale nitrides and oxides at the grain
boundaries, due to contamination from rawmaterials. The other
reason could be the low thermodynamic driving force for grain
boundary motion due to highly chemically disordered structures
in both grain interior and grain boundaries. Even though
refractory HEAs have superior high-temperature mechanical
properties, the practical application of refractory alloys is
hindered by high raw material cost, high density, poor ductility
at room temperature, and poor oxidation behavior.[48,83,213,214]

6. High-Temperature Properties of Other HEAs
Mohanty et al.[215] studied the aging behavior of AlCoNiCuZn
HEA synthesized by mechanical alloying (MA) with subsequent
spark plasma sintering (SPS). The sintered alloy was solution-
ized at 1160 #C for 96 h followed by quenching in cold water. The
isothermal and isochronal aging treatments were carried out
followed by ice water quenching. The peak hardness was
observed at 500 #C, and the hardness increased from"1.6GPa in
the solutionized state to 6GPa after age hardening at 500 #C. The
increase in hardness was attributed to the precipitation of
ordered FCC precipitates in the FCC matrix.[215]

He et al.[83] tweaked the alloy design and successfully
produced CrFeCoNi alloy with a fine dispersion of nano-sized

Figure 16. Yield strength variation of refractory HEAs illustrating superior
strength retention at a higher temperature than superalloys.[6]

Reproduced under the terms of CC-BY-X license.[6]
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