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High-entropy alloys (HEAs) and related concept of complex concentrated alloys (CCAs) 
expand the diversity of the materials world and inspire new ideas and approaches for 
the design of materials with an attractive combination of properties. Here, we present a 
critical review of the field with the intent of summarizing the principles underlying their 
birth and growth. We highlight the major accomplishments and progresses over the last 
14 years, especially in the discovery of new microstructures and mechanical properties. 
Finally, we outline the main challenges and provide guidance for future works.
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r é s u m é

Les alliages à haute entropie (HEA) et le concept associé d’alliages concentrés complexes 
(CCA) élargissent la diversité du monde des matériaux et inspirent de nouvelles idées et 
approches pour la conception de matériaux présentant une combinaison attrayante de 
propriétés. Nous présentons ici une revue critique du domaine dans le but de résumer 
les principes qui sous-tendent leur naissance et leur développement. Nous mettons en 
évidence les principaux accomplissements et les progrès réalisés au cours des 14 dernières 
années, en particulier la découverte de nouvelles microstructures et propriétés mécaniques. 
Enfin, nous décrivons les principaux défis et suggérons des orientations pour les travaux 
futurs.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access 
article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

5000 years of metallurgy have tremendously expanded the diversity of the materials universe, stimulated by the discov-
ery of alloying – the strengthening of one base element by light additions of others – at the bronze age, and the ways to 
manipulate the microstructure when it was realized in the 1990s that alloy properties depend on scale. Since 2004, a new 
alloy design strategy that was originally motivated by the exploration of the uncharted central regions of multi-component 
phase diagrams, powers an explosive growth of new multi-element alloy bases, high-entropy alloys (HEAs), which goes far 
beyond the traditional approach to develop structural metallic alloys. The initiative taken 14 years ago at the National Tsing 
Hua University (Taiwan) and Oxford University (UK) has spawned great efforts in many universities and national laborato-
ries in China, France, Germany, India, Japan, South Korea, and the United States. HEAs are now ready to usher in a new 
era of complexity, offering new degrees of freedom to create useful new materials with better performance, challenging the 
materials researcher’s practices and scientific knowledge, and boosting the development of new approaches for their study 
and design. The science and engineering of HEAs has now reached a level at which it can disruptively modify the materials 
designer methods and make technological impact.

In this paper, we step back over the rapid development of HEAs to discuss their principles and the new concepts they 
introduce, their microstructures and properties, their design strategies, and the ways to accelerate their development with 
computationally based approaches. The first section puts the birth of HEAs in the context of materials history to highlight 
how their design principle goes beyond the single idea developed many millennia in the past to now create vast numbers 
of new metallic materials. In section 3, we summarize the features established in the first generation of HEAs to empha-
size the unusual microstructures and properties that have been already produced. The final section forges ahead in the 
development of refractory complex concentrated alloys (RCCAs), integrating predictive modeling and computational high 
throughput-based design approach that supplant the traditional process of trial-and-error empiricism.

2. Basic principles and major concepts

Before the birth of the high-entropy alloy (HEA) field, humanity has used a single concept to develop metallic alloys. 
Since this is the only approach we have ever used, it is easy to forget that there may be other concepts that may con-
sequently produce different properties than those obtained to date. In this opening section, the conventional approach for 
conceiving and developing metallic alloys is described in an historical context. By contrast, the new concepts supporting 
the HEA approach are introduced. The evolution of thought over the first 14 years of the HEA field is summarized as a 
background for the major themes developed in subsequent sections of this paper.

2.1. Lightly alloyed base elements – a brief history and the problem statement

Over 5,000 years ago, the first alloy developer in human pre-history produced bronze by mixing a small amount of tin 
into copper, and mankind has used the same approach for devising new alloys ever since. Specifically, a base element with 
attractive properties is used as a starting point, and relatively small levels of alloying elements are added to improve the 
balance of properties. Iron began to replace bronze around 1200 BCE, and 600 years later steel was produced by controlling 
small carbon additions to the iron base. The last stable element (Hf) was discovered in 1922, and by 1950 humanity had 
exploited all of the metallic base elements with potential for major commercial and industrial use, using the same alloying 
approach first conceived almost 5,000 years earlier. Titanium was the last metallic element exploited as a major alloy base.

After the initial exploitation of all attractive metallic base elements, alloying efforts have become more sophisticated. 
One characteristic of this growing refinement is that a single base element has often evolved to give several distinct alloy 
systems. Aluminum alloys are a case in point: 2xxx series aluminum alloys use Cu as the main alloying element; 3xxx alloys 
use Mn as the defining alloy element; 4xxx series Al alloys primarily use Si; and 5xxx series alloys all contain Mg as the 
main alloying element. Further, many alloy systems now have controlled additions of two primary alloying elements. Using 
aluminum alloys as an example once again, the 6xxx series uses relatively small additions of both Mg and Si, while 7xxx Al 
alloys have both Zn and Mg. Other well-known alloys with two primary elemental additions include Ti-6Al-4V (wt. %) and 
austenitic stainless steels such as Fe–18Cr–8Ni (wt. %). Some alloys, such as Cr–Mo steels, have intentional additions of three 
or more elements, and other alloys (such as ‘superalloys’) can have as many as 12 carefully controlled elemental additions. 
As a final trait of the intricacy involved with conventional alloy development, the concentrations of added elements are 
specified to tenths or even hundredths of a percent. In spite of this impressive sophistication, conventional alloy design 
still uses the same basic approach that was used to develop bronze over 5,000 years ago. Even with multiple elemental 
additions, all alloys still have a clearly identifiable, dominant base element. To illustrate this point, a large number of 
conventional commercial or industrial alloys have at least 90% by weight of the base element, most have 80% by weight, 
and the base element accounts for at least 50% by weight for all but a small number of alloys in two alloy families (Fig. 1).

This sophisticated, conventional alloying approach has been very successful, and has produced alloys with spectacular 
blends of properties. It has formed the foundations of human civilizations, from the bronze age to the industrial age and 
to the 21st century. However, there are indications that this approach may be reaching a limit and may no longer provide 
alloys and properties needed for new technological challenges. There are no new stable metallic elements to give new ele-
mental alloy bases. In a growing number of cases, efforts to develop alloys with significantly different (and highly impactful) 
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Fig. 1. The ranges of base element concentrations for commercially or industrially important metallic alloy families. All of the alloys in many base element 
families have at least 90% by weight of the base element, including steels and alloys based on Al, Mg, Ag, Au, Pd, Pt, Sn or Zn. Most alloys have at least 80% 
by weight of the base element, and all but a small number of superalloys and austenitic nickel alloys have more than 50% by weight of the base element. 
Data taken from [1].

properties have ended in failure after decades of intense international study. This includes efforts to increase the maximum 
use temperature of nickel-based superalloys, or to reduce reliance on strategic elements, or to produce new low-cost or low-
density materials. These failures have fueled concern that perhaps a fundamentally new idea is needed to develop alloys 
with significantly different properties than those that have been produced by the historical, lightly alloyed base element 
approach.

2.2. High-entropy alloy concept – major ideas and motivations

The HEA field was launched in 2004 in two separate papers from two different research groups with two different moti-
vations [2,3]. The motivation in one paper was “to investigate the unexplored central region of multicomponent alloy phase 
space” [2]. By using concentrated blends of several (or many) elements as a new alloy base, this paper established the idea 
that the central regions of multi-component phase diagrams provided a cosmically vast number of new, unexplored alloy 
bases. The second study was motivated by the possibility of favoring single-phase solid solution alloys over intermetallic-
containing microstructures by controlling the configurational entropy via alloy composition [3]. In this approach, HEAs are 
defined as alloys with 5 or more principal elements that have concentrations between 5 and 35 atom percent. Together, 
these papers provide the two distinctive ideas that are the foundation of the HEA field.

The specific combination of principal elements in an HEA gives a new alloy ‘base’, analogous to the elemental alloy 
base in the historical alloy approach. The vast number of new alloy bases comes from the vast number of ways that r
principal elements can be taken from a palette of n candidates. The equation describing the number of unique combinations 
of principal elements is

Cn
r = n!

r! (n − r)!
There are 67 stable metallic elements, giving 47,905 ternary alloy bases, 766,480 quaternary bases and a total of over 110 

million new alloy bases with 3, 4, 5 or 6 principal elements. This very large number compares with only 67 elemental alloy 
bases from the same palette of 67 metallic elements (fewer than two dozen elements have an attractive blend of properties 
that have supported ultimate development for actual use, see Fig. 1). Unlike an elemental alloy base, which gives only one 
base per element, a combination of r particular elements can give many new alloy bases by changing the concentrations 
of the r elements. For example, HEAs based on AlxCoCrFeNi and AlxCoCrFeNi2 give a base alloy that is dominated by an 
fcc crystal structure when x ≤ 0.4, give a base alloy with both bcc and fcc phases when 0.5 ≤ x ≤ 1, and give a base alloy 
dominated by the bcc structure when x > 1 (see data in [4–6]).

Finally, like conventional alloys, an HEA ‘base’ of r principal elements can be further modified by minor additions of 
other (non-principal) elements. Together, these HEA features give a cosmically vast number of new alloys that are difficult 
to quantify or conceive.
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2.3. Entropy and enthalpy

The motivation to discover and study new solid solution HEAs dominated the field for the first decade. This was embod-
ied by the high entropy hypothesis – that single phase solid solution microstructures might be favored by the independent 
control of configurational entropy through alloy compositions. As a result, HEAs became essentially synonymous with single-
phase solid solution alloys, even though this was not required by any of the HEA definitions. Two major issues emerged 
with this focus. First, the high entropy hypothesis makes the strong assumption that the constituent element species are 
randomly distributed on the solid solution (SS) lattice sites so that the entropy (S) can be adequately described by the ideal, 
Boltzmann configurational entropy

SSS,ideal = −R
∑

i

xi ln (xi)

where R is the gas constant and xi is the atom fraction of alloy element i. Contrary to this assumption, thermodynamic 
analysis of nearly 1200 binary alloys suggests that ideal solutions are uncommon, and that sub-regular solutions (solutions 
that are far from ideal) account for a clear majority (85%) of binary alloys [4]. Second, the focus on configurational entropy 
frequently ignored the essential contribution of enthalpy to phase stability and selection. Ultimately, extensive analysis of 
the data available concluded that the high entropy hypothesis is not supported by experimental and computational results 
[4,7–9]. Especially, increasing the number of principal elements not only increases entropy, but also changes enthalpy by 
significantly increasing the number of constituent element pairs, and hence increasing the possibility that at least one pair 
of atom species may have formation enthalpies that out-compete configurational entropy.

Detailed analysis now shows that entropy and enthalpy both exert an important influence and both need to be consid-
ered to accurately predict formation of solid solution and intermetallic phases [4,8]. This is required by long-established 
thermodynamic concepts (entropy and enthalpy are both specified in the Gibbs energy equation) and may therefore seem 
rather obvious. Nevertheless, this corrects an earlier apparent bias toward considering enthalpy alone and ignoring entropy. 
The important role of entropy is now better understood, and the high entropy field has introduced and developed the 
important idea that entropy can be adjusted (although not independent of enthalpy) by controlling alloy composition.

2.4. HEA families and element selection rules

The early emphasis on single-phase, solid solution HEAs had the unintended consequence of limiting the number of 
new alloy families that were defined and explored. The CoCrFeMnNi solid solution phase (the so-called ‘Cantor alloy’) was 
discovered in one of the very first HEA papers [2], and for the next six years the HEA field pursued a nearly singular focus 
on alloys based on these elements. The Cantor alloy forms the basis of what is now referred to as the 3d transition metal 
(3d TM) family of HEAs. Alloys in this family include four or more principal elements from a palette of 9 elements (Al, 
Co, Cr, Cu, Fe, Mn, Ni, Ti, and V) [4,10]. The selection of principal and minor alloying elements in 3d TM alloys has been 
guided by the motivation to explore compositional effects on microstructure and properties. 3d TM HEAs are an extension 
of austenitic stainless steels, austenitic nickel alloys and nickel-based superalloys [4,10]. All of these have Fe, Ni and Cr as 
principal elements, and all have microstructures dominated by the expansion of the austenitic fcc phase field.

The first new family of HEAs was introduced in 2010 [11]. Motivated by the desire to develop high temperature structural 
alloys with maximum use temperatures above 1000◦C, this refractory HEA (RHEA) family initially drew on five refractory 
metals in Groups 5 and 6 of the periodic table (Mo, Nb, Ta, V, W). The palette of principal elements now used for RHEAs 
has grown to include nine refractory metals (Cr, Hf, Mo, Nb, Re, Ta, V, W, Zr), two 3d transition metals (Co, Ni) and five 
compound-forming elements (Al, C, N, Si, Ti) [12]. Soon after the introduction of RHEAs, the intentional design of other 
alloy families began. The 4f transition metal (4f TM) alloy family was motivated by the desire to form a single-phase hcp 
solid solution HEA [13–15]. Low density HEAs were pursued to explore new, lightweight structural alloys [16,17], and HEA 
brasses and bronzes were developed to improve the balance of properties offered by conventional brasses and bronzes [18]. 
Finally, noble metal HEAs were conceived to reduce material cost relative to conventional alloys based almost entirely on 
very expensive elements such as Pt or Pd, used in jewelry or catalytic applications [19]. Compared to essentially pure Pd or 
Pt, these HEAs can reduce cost significantly by adding less expensive noble metal principal elements such as Ag or Ru. The 
noble metal HEA palette also includes the 3d transition metals Co, Cr, Cu and Ni, offering further potential to reduce alloy 
cost.

Element selection for these alloy families is based on a rather intuitive approach. For example, principal elements with 
high melting temperatures (Tm) are selected for RHEAs, low-density elements are used for low density HEAs, and elements 
with an hcp crystal structure are used to produce single-phase, solid solution HEAs with the hcp crystal structure. Initial 
efforts already exist to think beyond this obvious first approach. For example, elements with low Tm are also used in RHEAs. 
The concept supporting the use of these elements is still logical and rather simple, since these low-Tm elements usually 
form compounds that have high Tm. Al is a common example – it combines with many elements to form a high-melting 
intermetallic phase. Specifically, NiAl and CoAl melt at higher temperatures than Al, Co or Ni. Similar results are found for 
Si. A detailed description of a rational, systematic approach to element selection is given for structural metals used at low, 
intermediate and high temperatures [20]. More radical departures from this intuitive method of element selection have been 
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recommended [21], and will be enabled by new computational techniques and high-throughput experiments described in 
Section 4.2 of this review.

HEAs based on oxides, borides, carbides and nitrides are now a well-established area of research [4]. HEAs for functional 
applications are also being studied [22]. To maintain focus, the present paper emphasizes on metallic HEAs for structural 
applications and briefly refers to functional properties.

2.5. Expansion of the HEA field – introducing complex, concentrated alloys (CCAs)

As discussed above, thought in the early years of the HEA field was dominated by configurational entropy and the 
search for single-phase, solid solution alloys. The HEA definition further restricted studies to alloys with 5 or more principal 
elements, even though interesting results were being obtained in concentrated alloys with only 3 or 4 principal elements. 
This restriction of thought began to evolve in unproductive ways by excluding new results in new alloy systems based solely 
on the number of elements used or the number and types of phases formed. This early exclusion seems strange, especially 
in a field founded on the concept of unbounded expansiveness of alloy compositions and microstructures.

It was concluded that the HEA field is too broad to be adequately described by a single definition or microstructure, 
and so new terms were introduced to help remove these barriers [23]. These new terms include complex concentrated 
alloys (CCAs), multi-principal element alloys (MPEAs), or simply ‘baseless’ alloys. These more inclusive terms retain focus on 
concentrated alloys that are also compositionally complex and thus have no single, dominant element. Definitions ultimately 
set boundaries, and so these new terms intentionally avoid specific definitions based on the number or concentration ranges 
of elements used or the number or types of phases formed. These new terms also have no implications regarding the 
magnitude or importance of configurational entropy. These new terms include every alloy that satisfies HEA definitions, 
and they also include many alloys that are excluded by HEA definitions. They thus expand the HEA field by including 
concentrated ternary and quaternary alloys, by allowing elemental concentrations in excess of 35 atomic percent, and by 
including single-phase intermetallic alloys and alloys with any number of solid solution and intermetallic phases. Finally, 
the early years of the HEA field were dominated by studies of metallic alloys for structural applications, but these new 
terms specifically include non-metallic alloys and alloys developed for functional applications [4]. Complex concentrated 
alloys (CCAs) are used in the present work to include all alloys in the HEA field, as well as alloys that satisfy the motivation 
of studying complex, concentrated alloys or the vast number of compositions and microstructures in the central regions of 
multi-component phase diagrams.

3. Features established in the first-generation HEAs

3.1. Unusual microstructures

A review of the CCA field shows that amorphous, nanocrystalline, single-phase and multi-phase microstructures have 
been produced [4]. This earlier review includes 408 unique alloys drawn from seven different major alloy families – 3d 
TM alloys and refractory CCAs (RCCAs) are the two most common families. Alloys were often characterized in the as-cast 
condition, and many alloys are also characterized after various thermo-mechanical treatments, giving 648 different mi-
crostructural reports. Twenty-three different crystalline phases were reported, producing a large number of microstructures. 
We focus the discussion on the unusual, unique or attractive microstructures rather than describing all the microstructures 
produced.

Microstructures in the 3d TM family are dominated by the austenitic, fcc phase when Al is absent from the alloy 
composition. Essentially every alloy in this category contains at least 1 fcc phase, a notable exception is CoFeMnTixVyZrz

(0.5 ≤ x ≤ 2.5, 0.4 ≤ y ≤ 3, 0.4 ≤ z ≤ 3), which forms a single-phase Laves (C14) microstructure [24]. The bcc, σ , C14 and 
L12 phases are often found with the fcc phase in 3d TM alloys. 3d TM alloys that include Al usually contain the austenitic fcc 
phase when the Al content is low, contain fcc+bcc phases for intermediate Al levels, and have microstructures dominated 
by bcc and ordered bcc phases for high Al levels [4,6,10] (Fig. 2a). The specific levels of Al where these transitions occur 
depend on the number and types of 3d transition metal principal elements. Several alloys contain both fcc and ordered fcc 
(L12) phases, similar to superalloys. However, beyond changing the grain size of the principal phase, very few efforts have 
been undertaken in 3d TM alloys to control major microstructural features such as size, volume fraction and distribution of 
second phases.

A recent review of RCCAs shows that microstructures are dominated by the disordered bcc phase [12]. The most com-
mon additional phases are Laves, B2, M5Si3 and AlxZr5. As with 3d TM alloys, systematic studies to control microstructural 
features and hence mechanical properties have not been a major focus. However, several RCCAs have a significant volume 
fraction of nanometer-sized, atomically coherent, cuboidal bcc particles uniformly distributed in a B2 matrix. These alloys 
belong to the Alv Mow NbTaxTiyZrz family, where (0.25 ≤ v ≤ 1, 0 ≤ w ≤ 0.5, 0.5 ≤ x ≤ 1, 1 ≤ y ≤ 1.5, 1 ≤ z ≤ 1.3). One 
such alloy also has V0.2. These microstructures are a bcc-based analog to those that have been carefully engineered be-
tween the disordered, fcc γ phase and the ordered, L12 γ ′ phase in nickel-based superalloys. As a result, these alloys are 
called refractory HEA superalloys [25]. These RCCA microstructures are ‘inverted’ from conventional γ /γ ’ microstructures, 
since the stronger but less ductile B2 phase is continuous, whereas the disordered γ phase is continuous in superalloy 
microstructures (Fig. 2b). As a result, these RCCAs have exceptional strength but have inadequate compressive ductility at 
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Fig. 2. Microstructures of CCAs. (a) Backscattered Scanning Electron Microscope (SEM) image showing microstructural transition from x = 0.8 to x = 1.0
along compositionally graded LENS-deposited AlxCrCuFeNi2; electron backscatter diffraction (EBSD) phase maps showing fcc (red) and bcc (green) distribu-
tion [27]. (b) Dark-field transmission electron microscope (TEM) micrograph of the nano-phase structure of AlMo0.5NbTa0.5TiZr with bcc precipitates (bright 
contrast) in B2 matrix (dark contrast) ([28], reprinted by permission of Taylor & Francis Ltd.). (c) Dark-field image with B2 precipitates (bright contrast) in 
disordered bcc matrix (dark contrast) for the Al0.5NbTa0.8Ti1.5V0.2Zr homogenized at 1200◦C for 24 h, solutionized at 1400◦C for 20 min and annealed for 
120 h at 600◦C (from [26]). (d) SEM micrograph of spherical Ni3(Ti,Al) precipitates in a fcc disordered matrix for the (CoCrFe)50Ni40(TiAl)10 composition 
[29].

room temperature. This microstructure has been reversed through thermal treatments, producing discrete B2 particles in a 
continuous, disordered bcc matrix (Fig. 2c) [26]. This microstructural change improves the room temperature compressive 
ductility, while maintaining high yield strengths at both room and elevated temperature.

Relatively limited numbers of CCAs have been produced in other families. The CCA brasses and bronzes use the equimolar 
CuMnNi base with additions of Al, Sn and/or Zn [18]. These microstructures are dominated by the disordered fcc (A1) phase, 
and the volume fractions of ordered B1, B2 and Heusler (L21) phases increase with increasing Al, Sn and Zn concentrations. 
Recently reported light metal CCAs all have AlLiMg, and also contain Cu, Sc, Sn or Zn [4]. These alloys usually have an fcc 
phase, and can also contain hcp, A5, DO2 or C16 phases. Two 4f transitional metal alloys use hcp elements, and the CCA 
microstructures are predominantly hcp [15].

3.2. Unusual properties

3.2.1. Thermodynamic, kinetic, physical and functional properties
Many unique or unusual properties have been proposed for CCAs. Four ‘core effects’ are defined in early papers, in-

cluding high configurational entropy, large lattice distortions due to the high concentrations of multiple principal elements 
with different atomic volumes, and sluggish diffusion. The configurational entropy of actual CCAs is very difficult to mea-
sure, but the frequent occurrence of multiple phases and computational results indicating short-range atomic ordering [30]
both suggest that the configurational entropy of solid solutions in many CCAs is less than ideal values. However, measured 
chemistries often show that there are more principle elements in CCA ordered phases than there are sublattices [26,30]. 
This requires elemental mixing on at least one of the sublattices, increasing configurational entropies relative to ordered, 
intermetallic phases where each sublattice is dominated by a single element. Early papers proposed that diffusion might be 
unusually sluggish in HEAs. The first measurement of diffusion in an HEA showed that diffusion was actually slightly faster 
than in compositionally simpler alloys when comparison was made at identical temperatures [31]. Even when comparing at 
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similar homologous temperatures, it has been shown that HEA diffusion is within the range of metallic elements and com-
positionally simpler alloys with the same crystal structure [21,32]. Nevertheless, diffusion in CCAs can be complex, and both 
positive and negative cross-terms have been observed. Approaches to measure lattice distortion in CCAs are still evolving 
[33,34]. Early results show that HEA lattice distortions are significant, of the order of 1%, but they are not anomalously large 
relative to concentrated binary or ternary alloys.

A recent review evaluates the data available for functional properties of CCAs [22]. Overall, functional CCAs do not seem 
to offer unusual or exceptional magnetic, magneto-caloric, electrical resistivity, thermal conductivity, thermo-electric, su-
perconducting or hydrogen storage properties. However, efforts to intentionally design CCAs for these functional properties 
have hardly begun, and in many cases the functional properties have been measured on alloys intended for other purposes. 
As a result, additional work in this field is still recommended. There are three functional properties, however, where CCAs 
appear to offer attractive properties. In general, CCAs seem to possess good corrosion resistance, and have corrosion and 
pitting potentials that are in the range of those of austenitic and ferritic stainless steels [35]. As with conventional stain-
less steels, the elements Ti, Cr, and Mo seem to improve the corrosion performance of CCAs. The resistance of CCAs to 
irradiation-induced swelling damage appears to be significantly better than currently used alloys under similar exposures 
[36], suggesting an important area for additional work. Magnetic properties of HEAs and CCAs are compared with com-
mercial soft and hard magnets in Fig. 3a where the saturation magnetization is plotted against the coercivity. In contrast 
with currently best magnets such as Nd–Fe–B and SmCo, the coercivity of CCAs derive from phase separation (spinodal 
decomposition) into periodic, nanoscaled, two-phase microstructures of interconnected hard and soft phases [5], offering 
the opportunity to design high performance magnets to meet the demand for rare earth-free magnetic materials with high 
energy product and high mechanical strength. Finally, the ability to depart from alloy bases dominated by a single element 
offers the new possibility to tailor physical properties such as density and stiffness. This allows alloys to be intentionally 
designed across the full spectrum of specific properties such as specific strength and specific stiffness, and current CCAs are 
already filling gaps between conventional alloy systems (Fig. 3b) [10].

3.2.2. Mechanical properties and associated deformation mechanism
By far the largest amount of work has been performed on the deformation and mechanical properties of CCAs. The 

understanding of strengthening and deformation mechanisms is critical for the development of such materials, especially for 
future structural applications. These mechanisms have been extensively studied in fcc structure of 3d TM alloys [42–44], but 
in-depth studies in bcc HEAs are scarce, probably due to the low ductility of many RCCAs, especially at room temperature 
(RT). The only available reports in the literature for deformation of bcc alloys are for RCCAs that are ductile at RT [12]. The 
plasticity of 3d TM alloys and RCCAs is typically provided by conventional mechanisms, so that deformation mechanisms 
have been mainly associated with dislocation glide and/or twinning processes, according to the HEA structure (fcc or bcc).

Among CCAs with fcc structures, the single-phase CoCrNi-based family is the most widely described. Substantial efforts 
have been made to understand the unusual increase of both strength and ductility with decreasing temperature [45–48]. 
Deformation mainly occurs by the planar glide of a/2 < 110 > dislocations on {111} planes in the first stages of plasticity 
over a broad range of temperature (77–873 K) [49]. The presence of stacking fault ribbons shows the dissociated character 
of dislocations and highlights the key role of stacking fault energy (SFE) in the deformation process. In fcc single-phase 
CCAs, the SFE critically depends on composition and has values from 18–38 mJ/m2 in the Co–Cr–Fe–Mn–Ni system [50]: 
∼20 mJ/m2 is obtained in the ternary CoCrNi system [50,51] and ∼30 mJ/m2 for the CoCrFeMnNi single phase HEA [50,
52,53]. The chemical complexity of HEAs can give local chemical variations much larger than those in more dilute alloys, 
producing local variations in SFE that challenge the standard concept of a fixed SFE in a given alloy. Careful studies of the 
separation between leading and trailing partial dislocations in CoCrFeMnNi show a large variability in dissociation distances, 
supporting this idea [54]. The SFE of CoCrFeMnNi is also strongly affected by temperature, and ab initio calculations show 
a decrease from 21 to 3.4 mJ/m2 between RT and 0 K [53]. The reduction appears to be connected to the evolution of 
chemical and magnetic contributions with temperature. First principles calculations also highlight the existence of negative 
SFEs in some ternary and quaternary single-phase alloys at 0 K [45,55]. Such results indicate a possible fcc to hcp phase 
transition at low temperatures by the spontaneous emission of partial dislocations from the parent fcc phase. This could 
explain the abundant twinning activity at low temperature in CoCrNi and CoCrFeMnNi.

Low SFEs have significant consequences for deformation mechanisms in fcc HEAs – they lead to large dislocation dissoci-
ations which support the planar character of dislocation glide by inhibiting cross-slip at low strains [52] but also lead to the 
activation of twinning which becomes an important deformation mode in HEAs with low SFEs [49,56]. Twinning activity is 
all the more intense that deformation is increased but twin volume fractions remain relatively low and do not exceed 5% 
[56]. The critical resolved shear stress is temperature independent, reaching 260 ± 30 MPa and 235 ± 10 MPa between 77 K 
and 298 K for polycrystalline CoCrNi and CoCrFeMnNi, respectively. Such values correlate well with experiments on [001]
single crystals for which 210 ± 10 MPa is obtained at liquid nitrogen temperature [57]. Twinning mechanisms are still under 
consideration but involve the motion of a/6 < 112 > Shockley partials and the possible cross-slip of dislocations with a/2
< 110 > Burgers vector from primary to conjugate planes [58].

The presence of nanotwins creates new interfaces which decrease the free mean path of dislocations and produces a 
dynamic Hall-Petch effect. The activation of several twinning systems is likely to promote a 3D twin architecture insuring 
a dual increase of both strength and ductility: interfaces appear as strong barriers for dislocation motion but offer new 
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Fig. 3. Materials property spaces for HEAs and CCAs. (a) Remnant induction vs. coercivity for conventional magnets and magnetic HEAs and CCAs (data 
taken from [5,37–40]). Individual alloys (shown as circles) are enclosed in large bubbles that represent alloy classes (one class is a unique combination of 
principal elements). The line gives the energy product. HEAs and CCAs lie between soft magnetic materials (on the left of the chart) and hard magnetic 
materials (on the right). (b) Room-temperature yield strength vs. density of conventional metal alloys, HEAs and CCAs ([10], reprinted by permission of 
Elsevier). Individual alloys (shown as open and closed circles) are enclosed in large bubbles that represent alloy families. This chart displays data for about 
1220 commercial and 120 HEAs and CCAs. The dashed lines give performance indices for uniaxial loading (slope, s = 1), beam bending (s = 3/2) and 
panel bending (s = 2). Materials above a performance index line have higher values of that performance index than those below it, so that lighter and 
stronger structures can be made from alloys above the line. 3d transition metal and refractory metal HEAs and CCAs overlap with steels and Ni alloys and 
begin to fill the gap between steels and Ti alloys, offering new materials design options. Light metal CCAs span the gap between conventional Al and Ti 
alloys. (c) Yield strength vs. density at 1000◦C for refractory metal HEAs and CCAs (RHEAs and RCCAs) and commercial Ni-based superalloys (data from 
[10,41]). RHEAs and RCCAs have been colored to identify crystal structure. The line gives performance index for uniaxial loading (slope, s = 1, corresponding 
to the material index σ Y/ρ where σ Y and ρ are the yield strength and the density, respectively). The performance index line is placed on the highest 
value of specific yield strength for Ni alloys, so RHEAs (bcc) and RCCAs (e.g., bcc + B2) above this performance index line outperform the best Ni alloys 
at 1000◦C. This chart shows the potential of RHEAs and RCCAs for high temperature application where high strength-to-density ratios (i.e. high specific 
strength) are required. (d) Electronegativity against atomic radius. The elements have been colored to identify crystal structure. Experiments suggest that 
the Hume–Rothery rules – according to which substitutional solid solutions are observed mostly in alloys of elements with similar atomic radius, crystal 
structure and electronegativity – are relaxed somewhat in multi-component systems. For instance, a CoCrFeNiMn alloy forms a single fcc solid solution 
even though the components have three different structures. This chart was inspired by a figure shared by Mike Ashby. It was made with the Cambridge 
Education Software (CES) Edupack from Granta Design.

pathways for a/6 < 112 > dislocations. At the macroscopic scale this latter effect causes a pronounced increase of work-
hardening and also increases the ductility by postponing the achievement of Considere’s criterion.

Unlike fcc HEAs, little is known about strengthening and deformation mechanisms in bcc HEAs. Reports are limited to 
ductile HEAs containing Hf, Nb, Ti, Zr, and/or Ta [59–63]. Deformation processes are carried out by dislocation plasticity and 
results show the key role of a/2 < 111 > screw dislocations in the mechanical behavior of bcc HEA solid solutions [64]. 
In HfNbTaTiZr, deformation rapidly becomes heterogeneous and distinct, alternating bands of dense deformation activity 
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and dislocation free zones appear [64,65]. Screw dislocations appear of limited mobility, suggesting complex, extended 
dislocation cores as are typically observed in dilute bcc metals and alloys at low temperatures. This is also consistent with 
the evidence of dislocation glide on {112} planes. Short-range obstacles control the plastic behavior and hardening is mainly 
related to the evolution of internal stresses during deformation processes in some solid solutions [65]. Activation volumes 
measured using relaxation tests reveal values from 5–94 b3 (with b = a/2 < 111 >) between cryogenic temperatures and 
200◦C, compatible with a lattice friction dominated mechanism (Peierls barriers), in the first approximation [64–67]. In the 
classical thermally activated deformation formalism, activation energies for kink pair nucleation on screw defects between 
0.69 and 0.84 eV have been obtained [67]. However, extensive debris in the wake of screw dislocations suggest strong 
interactions of such defects with possible local composition fluctuations of the solid solution. Consequently, strengthening 
may be associated with formation of superjogs which represent strong athermal barriers for moving dislocations [68].

3.2.3. Strengthening mechanisms
Due to the intrinsic nature of CCAs, solid solution strengthening is considered to have a crucial impact on the mechanical 

properties of such materials. So far, reported hardening models for CCAs have considered mismatch terms from the signif-
icant local mismatch in both elastic properties and atomic volumes of constituent atoms [59,70,71] but consensus has not 
yet been reached and more work is needed: conventional strengthening models alone could not explained the measured 
mechanical properties. In the same way, there has been essentially no work applying standard particulate hardening models 
to CCAs.

The strengthening in CCAs can result from the specific deformation mechanisms described above and may also rely 
on unusual features. Hardening from transformation-induced plasticity (TRIP) and twinning-induced plasticity (TWIP) is 
often observed, since CCAs offer new opportunities for tailoring stacking fault energies (SFEs) and phase stabilities that 
control these mechanisms. Significant local variations in SFE is seen from direct experimental measurements, which show 
a significant difference in the separations between leading and trailing partial dislocations [54]. The implications of this 
new feature on hardening and deformation have not yet been established. HEAs show a typical Hall-Petch relationship 
between grain size and yield strength [49], however, CCAs show an unusual strengthening effect due to frustration of 
magnetic moments [69]. Specifically, the equimolar CoCrNi alloy is stronger than the elemental constituents, and some of 
this strengthening results from a magnetic frustration term. However, a continued increase in compositional complexity, 
from CoCrNi to CoCrFeMnNi, decreases the strength due to a reduction in the magnetic frustration of the equimolar quinary 
alloy.

4. Accelerated alloy development – closing the complexity gap

4.1. Alloy development

The improvement of the mechanical properties of promising HEAs requires different alloying strategies which derive from 
traditional metallurgy. The approaches rely on the introduction of strong barriers to dislocation motion. These design proce-
dures for the development of new alloys also depend crucially on the operating temperature of the target application. There 
are three ways to harden HEAs, all of them are built on the addition of appropriate elements to produce targeted microstruc-
tures. Each strategy aims to: (i) promote the formation of multi-phase HEAs, (ii) obtain a controlled nano-precipitation in 
a compositionally complex solid solution for high temperature applications, and (iii) control alloy chemistry to activate in-
duced plasticity effects under stress, mainly at room temperature. Strategies (ii) and (iii) will be discussed in the following 
paragraphs as they correspond to the main trends.

Substantial increases in strength – while keeping reasonable ductility – could be achieved if precipitation is controlled, 
i.e. if the precipitates are coherent and finely dispersed in the matrix. A targeted strategy for HEAs is very similar to that 
developed in duplex γ –γ ′ superalloys and leads to the research of hardened fcc- or bcc-HEAs with nanosized reinforc-
ing phases [25,72]. In this respect, minor additions of titanium and aluminum in Co–Cr–Fe–Ni-based systems have led 
to interesting results with the formation of Ni3(Ti,Al)-type precipitates with the L12 structure in a disordered fcc matrix 
(Fig. 2d) [72,73]. A homogeneous distribution of nanometer-sized, ordered L12 (γ ′) precipitates within the fcc matrix has 
been obtained in Al0.3CoCrFeNi after controlled thermo-mechanical treatments [74]. Such precipitation is predicted by ther-
modynamic calculations over a broad composition range, but the actual two-phase fcc + L12 domain is rather limited 
due to chemical complexity of the alloying system and the appearance of multiple intermetallic phases (Fig. 4). However, 
successful exploration has been carried out in Al–Co–Cr–(Fe)–Ni–Ti alloys [72,73,75] and in complex Co–Cr–Cu–Fe–Ni com-
positions [76]. Coherent nano-scaled precipitates are found in (CoCrFeNi)94Ti2Al4 with different morphologies, and the small 
precipitate sizes (10–100 nm) induce a considerable increase of yield strength at room temperature: over 1 GPa is obtained, 
which is 5 times higher than the strength of the CoCrFeNi equimolar alloy [72]. Precipitation hardening contributes sig-
nificantly to the yield strength and is even considered as the dominant strengthening mechanism at room temperature 
in alloys containing nano-scale L12 Ni3(Ti,Al) and Ni2AlTi precipitates [72]. Precipitation-hardened HEAs exhibit improved 
tensile properties at high temperature thanks to the good thermal stability of the L12 phase [77]: enhanced properties are 
observed for Al10Co25Cr8Fe15Ni36Ti6 in the 400–800◦C range [75] and for (CoCrFeNi)94Ti2Al4 between 750◦C and 900◦C 
[78]. In the latter case, particle shearing appears as the main active strengthening mechanism.
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Fig. 4. Isopleth (CoCrFeNi)0.98−xTi0.02Alx with x the atomic fraction of aluminum (TCHEA3 database, Thermocalc).

Precipitation hardening strategies appear more challenging in bcc HEAs and CCAs. The reasons are twofold: first, and 
contrary to fcc systems based on Ni, Co or Fe, CALPHAD modeling is uncertain as databases seem insufficiently reliable. 
Especially, the B2 phase is sometimes observed in RCCAs with Al, but thermodynamic models of the B2 phase are generally 
not included in CALPHAD databases. Second, there are very few observations of fine and thermally stable second-phase par-
ticles in bcc HEAs/CCAs. Several systems are likely to be strengthened by secondary phases but different proposed strategies 
often lead to brittle alloys due the precipitation of uncontrolled phases [79,80]. However recent efforts have yielded promis-
ing results in Al2M14 (M=Co,Cr,Fe,Ni) [81] and in the Mo–Nb–Ta–Ti–Zr system with the addition of aluminum [82], where 
nano-precipitation of a coherent Nb,Ta,Mo-rich phase in an ordered B2 matrix (inverted duplex γ –γ ′ microstructure) is of 
particular interest [82]. The B2+bcc microstructure leads to impressive mechanical compressive properties up to 1000◦C. 
The research is still in progress to optimize the microstructure design but very recent results on Al0.5NbTa0.8Ti1.5V0.2Zr 
clearly show the potential of such systems [26]. After appropriate heat treatments, coherent and finely dispersed B2 pre-
cipitates are observed in the disordered bcc matrix (Fig. 2c). Mechanical properties are particularly attractive and provide a 
promising combination of high yield stress and good ductility [26].

Based on the approach initially developed for steels, TRansformation Induced Plasticity (TRIP) and/or Twinning Induced 
Plasticity (TWIP) effects have been successfully applied to HEAs. The first evidence of the TWIP effect in CCAs was shown 
in the quaternary Co10Cr10Fe40Mn40 fcc composition at room temperature [83]. The SFE was intentionally decreased by 
tuning the composition, and removing Ni from the quinary CoCrFeMnNi for this purpose. In Co10Cr10Fe40Mn40, twinning 
is activated at strains >10% and the work hardening evolution is very similar to that of TWIP steels. The design concept 
based on SFE has been pushed to its limits to induce an fcc-to-hcp phase transformation during mechanical testing to 
obtain highly hardenable dual-phase HEAs [84]. The benefits of this strategy are twofold: it takes advantage of the large 
solid solution strengthening effect due to the compositional complexity of HEAs, and it decreases the dislocation mean-path 
with the creation of new interfaces. The metastability-engineering approach has also been used in Co–Cr–Fe–Mn HEAs and 
particularly in Co10Cr10Fe80−xMnx for which TWIP, TRIP and TRIP dual-phase alloys have been designed by adjusting the Mn 
content [84,85]. For the lower Mn content (x = 30), dual-phase HEA is obtained and initially (prior to deformation) consists 
of γ (fcc) and ε (hcp) phases. At room temperature the Co10Cr10Fe50Mn30 alloy exhibits good mechanical properties due to 
the initial dual-phase microstructure and also from the synergy between dislocation slip, formation of stacking faults and 
stress-induced transformation of γ to ε [85].

TRIP effects have also been recently achieved in bcc HEAs. Mainly proposed for Ti-based CCAs, the strategy aims to 
increase both the ductility and work-hardening rate of these materials. Two visions have been proposed in the literature 
[86,87] but both lead to the design of CCA compositions whose (bcc) matrix will be destabilized during the deformation 
processes at room temperature. In HEAs, the idea was first developed from a semi-empirical strategy using two electronic 
parameters: one parameter (Bo) represents the average covalent bond strength between Ti and the alloying elements and 
the second parameter (Md) corresponds to the average d-orbital energy level [88]. By choosing appropriate elements, acti-
vation of TRIP and/or TWIP effects or dislocation glide is made possible in compositionally complex Ti-based alloys (Fig. 5). 
TRIP effects have been evidenced in a Ti-rich CCA with the presence of a large fraction of twinned martensite α” after 
mechanical testing. The obtained tensile behavior highlights the benefit of the stress-induced martensite with a high nor-
malized work-hardening rate of 0.103 without loss of ductility in comparison of the HfNbTaTiZr reference alloy [86]. Such a 
strategy appears promising, but the destabilization of the β (bcc) phase by the use of Bo–Md diagram is limited to Ti-based 
alloys and is only possible at room temperature.
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Fig. 5. (a) Bo-Md map used for conventional Ti-based alloys (bottom left) extrapolated to concentrated alloys (top right) [89]. The dashed line corresponds 
to the formation of martensite (Ms) from the bcc β phase. Starting from the equimolar HfNbTaTiZr composition, the coupled reduction of Ta and Nb 
contents and the increase of Hf, Nb and Ti ones lead to the definition of a non-equiatomic HfNbTaTiZr composition close to the martensite appearance 
zone; (b) Presence of stress induced α” (hcp) martensite in the initial β (bcc) phase after deformation. Phase mapping (left; bcc: blue; hexagonal: orange) 
and orientation mapping (right) (from [86]).

4.2. New tools and techniques

The HEA concept and its founding novel ideas encourage material scientists to change the way alloys are designed (see 
Section 2), offering the designer vast, new options for advanced materials. However, the HEA/CCA community must address 
several specific challenges and develop new knowledge to deliver novel alloys with better performance that will burst out 
of the lab to the marketplace. RCCAs are one of the most promising candidates for revolutionary improvements, since they 
represent the only major new idea that may satisfy the challenging needs for high temperature structural metals for use at 
1200–1500◦C. Fig. 3c illustrates the potential of RHEAs and RCCAs for high temperature application where high strength-
to-density ratios (i.e. high specific strength) are required. RCCAs have both bcc (A2) and long-range ordered B2 phases, 
giving the opportunity to produce a bcc-based analog to γ –γ ′ nickel-based superalloy microstructures, which are charac-
terized by a ductile, disordered fcc matrix and a high volume fraction of coherent, nanometer-sized long-range-ordered L12
precipitates. To reproduce this microstructural template in RCCAs, the extent of bcc and B2 phases and the bcc+B2 phase 
field boundaries have to be determined in both composition and temperature space. The B2 phase is often continuous in 
RCCAs, so the reaction pathways supporting controlled microstructural development through an adequate choice of com-
position and thermo-mechanical treatments need to be identified to produce the desired microstructure. The bcc phase is 
often ductile but can exhibit a brittle-to-ductile transition above room temperature, while the mechanical properties of B2 
are strongly influenced by their degree of order, so that the fundamental mechanisms of deformation and fracture need to 
be studied and controlled in single-phase bcc (A2) and single-phase B2 materials to better understand constituent prop-
erties as a function of composition and temperature. Lattice compatibility is a key factor for obtaining high-temperature 
microstructure stability, so the lattice mismatch between the bcc matrix and the B2 particles needs to be finely tuned.

Experience gained from conventional alloy developments is likely to be an unreliable guide, and the potential for being 
surprised from basic intuition is significant with complex, baseless alloys (e.g., bcc phases are formed when adding a suf-
ficient quantity of fcc-Al to fcc 3d TM HEAs, see also Fig. 3d). Additionally, the unprecedented high dimensionality of the 
HEA/CCA design space requires new approaches. To illustrate this vastness, the number of distinct alloy compositions con-
tained in N-dimensional composition space (N is the number of alloying elements) at fixed temperature with compositional 
steps of δx (atom fraction) is given by:

(1/δx + 1) (1/δx + 2) . . . (1/δx + (N − 1))

(N − 1)!
For example, this gives the large number of 96 million different compositions for the exploration of a senary system with 
a 1 at.% compositional step. Combined with the vast number of new alloy bases and the large number of processing pa-
rameters that affects properties at constant composition via the microstructure, the number of possible combinations to 
be explored becomes almost infinite. As a result, an exhaustive search for new HEAs/CCAs is an insurmountable task using 
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existing methods of exploration. Computations, modeling and data mining (e.g., machine learning), and combinatorial syn-
thesis and processing on the experimental front, are expected to be very important to guide efforts to investigate this vast 
richness of complexity where there is little or no experience to guide intuition.

Predictive, computational thermodynamic (e.g., CALPHAD) allows high-order phase diagrams to be extrapolated 
from thermodynamic descriptions of lower-order systems (i.e. unaries → binaries, binaries → ternaries, nth-order →
(n + 1)th-order). This computer-aided design approach has been used to systematically explore the phase equilibria of 
over one hundred thousand equimolar alloy systems, enabling rapid identification of the most promising HEA candidates for 
structural applications [90,91]. A more general methodology for efficient screening and evaluation of non-equimolar alloys 
against a set of criteria uses both high-throughput computation and combinatorial experiments in a sequential manner [20,
92]. It is based on the principle that the time and resources spent evaluating each candidate alloy has an inverse relationship 
to the number of candidates – the larger is the number of candidates, the faster must be the initial evaluations. In the first 
stage of evaluation, high throughput phase diagram calculations use CALPHAD to select alloy compositions that can give the 
desired microstructures. Then, materials libraries with controlled composition gradients allow evaluation of properties that 
are relatively insensitive to microstructure. Finally, the candidates that have survived to this two-stage screening process 
are evaluated using materials libraries of fixed composition and controlled microstructure gradients. Diffusion couples [93], 
diffusion-multiples [94], laser additive manufacturing [6,27] and thin-film co-deposition [94] are the main methods which 
allow materials libraries to be fabricated with continuous composition and microstructure gradients.

The main limitation of the predictive capacity of the CALPHAD technique is due to the availability and reliability of the 
thermodynamic databases [7]. CALPHAD databases have been developed for traditional alloys, so the full thermodynamic 
assessment of the Gibbs energies is usually given only for compositions enriched with one main element. In contrast, HEAs 
and CCAs lie in the central regions of compositional space, far from the known boundaries delimited by the binary and 
ternary subsystems. Consequently, calculations in these vast composition spaces rely on the availability and quality of the 
descriptions of the lower order constituent systems and require large extrapolations from them. Reliability and accuracy of 
the predictions can thus become questionable when obtained from incomplete thermodynamic descriptions. Senkov et al. 
[90,91] defined a credibility criteria for CALPHAD calculations based on the fraction of fully thermodynamically assessed 
binary systems (FAB) and the fraction of fully assessed ternary systems (FAT) included in the database. Using these the-
oretical credibility criteria, Wertz et al. [95] recently demonstrated the importance of the number of assessed constituent 
binary systems and the compositional distance from them on the accuracy of ternary predictions. Their study compared 
equilibrium calculations for different level of credibility criteria (FAT = 0, FAB = 0, 1/3, 2/3) with baseline predictions that 
were assumed to be accurate because they were obtained from fully assessed ternaries (FAT = FAB = 1). There is a need to 
expand this approach to higher order systems to evaluate the ability to predict quaternary phase diagrams without ternary 
descriptions. This point is of prime interest because even specialized databases for HEAs, such as TCHEA3 from ThermoCalc 
which encompasses 26 elements, contains almost all the binary descriptions (295 over 325) but only 5% of the ternary are 
fully assessed (136 over 2600). None of the ternaries with refractory elements is fully-assessed in TCHEA3, so CALPHAD cal-
culations rely entirely on the binary descriptions. Further, the CALPHAD technique cannot anticipate the formation of novel 
phases in a higher-order system that are not present in any of the bounding lower-order systems (principally from binary to 
ternary). This is a major drawback for the design of RHEAs because no B2 binary compounds with refractory elements are 
represented in CALPHAD databases. Consequently, current CALPHAD descriptions fail to predict the B2 phase in refractory 
alloys with three and more components, so thermodynamic databases must be improved.

The precursor work of Naka and Khan [96] in the 1990’s explores complex aluminides, and is a mine of information for 
the RHEA designer. The authors show that complex B2 aluminides can be formed by mixing Al with two groups of metals, 
i.e. X = Ti, Zr, Hf, and Z = V, Nb, Ta, Cr, Mo, W, whereas there is no B2 in the subcomponent Al–X, Al–Z, and X–Z binaries. 
The existence of other complex refractory aluminide compounds has been reported in Ti–Al–Z systems, along the Ti3Al–Z3Al 
tie-line for compositions around Ti2AlMo [97,98], Ti2AlCr [99], Ti2AlNb [100,101] and Ti2AlTa [102–104], but the field of ex-
istence can be quite extended in the ternary compositional space around the X2AlZ stoichiometry. In higher-order systems, 
only very few quaternary and quinary alloys were examined. The scarce results suggest that the B2 phase may extend over 
an even larger composition field and with different degrees of order depending on the composition and thermal treatments. 
Additional important sources of information for the existence of desired phases can be found in crystal structure stability 
databases, constructed either on empirical parameters (e.g., Villars’s system of atomic parameters [105]), Mendeleev’s num-
ber [106]) or quantum mechanics (e.g., Md and Bo electronic parameters [107] and ab-initio methods [108]). These sources 
can by interrogated through data mining to map and predict the stability of particular crystal structures in multicomponent 
systems or to find materials with desired properties [109,110]. Recently, the work of Menou et al. [111] provides an in-
teresting example of the integration of different computational tools including data mining, predictive thermodynamic and 
multi-objective genetic algorithm, to more efficiently guide the design of fcc HEAs.

As materials science enters the era of materials informatics and big-data, the HEA/CCA community has the great oppor-
tunity to construct a dedicated database and share it in on-line repositories (examples include the AFLOWLIB.org consortium 
[112], the Materials Project [113], the Computational Materials Repository [114], The Electronic Structure Project [115], the 
Open Quantum Materials Database [116], and the Carnegie Mellon Alloy Database [117]).

CALPHAD, high-throughput experiments, high-throughput electronic structure and ab initio calculations, and new meth-
ods such as genetic algorithms and machine learning now offer new approaches to augment alloy discovery and develop-
ment. These tools are already accelerating the development of conventional metal alloys. However, these same tools are 
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expected to play a more dominant role in the exploration, discovery and development of new alloys in the vast compo-
sitional and microstructural regions where intuition and experience are no longer adequate guides. In fact, the aggressive 
development, integration and application of these new tools and techniques are absolutely essential to discover and develop 
novel HEAs and CCAs with significant improvements over alloys produced conventionally using the historical approach of 
lightly-alloyed base elements.

5. Conclusion

Forged by design concepts that break with traditional metallurgy approaches, high-entropy alloys (HEAs) and complex 
concentrated alloys (CCAs) represent a new class of materials having the potential to provide attractive combinations of 
properties not achievable by other classes of metallic alloys. From the two pioneering approaches underlying the design 
of HEAs (i.e. increase of configurational entropy and exploration of central regions of phase diagrams for multi-principal 
elements systems), the metal alloy community has created many new metallic alloy families and inspired the development 
of new classes of ceramics, allowing the materials universe to be expanded towards a broader range of functional and 
structural properties, including corrosion resistance, resistance to irradiation damage, combination of high strength and 
ductility and high temperature mechanical behavior.

While the first generation of HEAs is dominated by single phase fcc and bcc alloys incorporating, respectively, 3d tran-
sition metals and refractory metals as principle elements, the next generation explores a broader landscape comprising 
multi-phase microstructures. Among the explored design strategies, the tuning of alloy chemistry to activate induced plas-
ticity effects under stress or to promote the formation of secondary strengthening phases (e.g., fcc-based materials with the 
formation of hardenable L12 phase) have demonstrated interesting results. In particular, bcc + B2 two-phase microstruc-
ture, with discrete B2 precipitates dispersed within a continuous bcc matrix, open the way to the development of refractory 
metal CCAs with performance that may fill major needs for high temperature structural applications in the 1200–1500◦C 
range.

The field inspires new challenges (e.g., efficient exploration of hyper-dimensional design space) that motivates the ma-
terials science community to pave the way for materials science data by integrating data-mining with computational and 
experimental approaches for materials discovery and innovation. We see great opportunity for the growing HEA/CCA com-
munity to create a common cloud platform that compiles and organizes their findings in shared repositories, allowing 
materials researchers to accelerate exploration and discovery at rates that may match the explosion of new alloys offered 
by HEAs.
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