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Electronic and thermodynamic criteria for the occurrence of High En-
tropy Alloys in metallic systems

M.G Poletti, L. Battezzati
Dipartimento di Chimica, Universita degli Studi di Torino, Via Pietro Giuria 7, 10125 Torino.

Abstract

The occurrence of multicomponent solid solutions in multinary metallic systems, also called High Entropy
Alloys (HEASs), is classified and predicted by means of both electronic and thermodynamic criteria. Elec-
tronic parameters for alloys, i. e. electronegativity, valence electron concentration (VEC), itinerant electron
concentration (e/a), are derived and employed together with size mismatch in a scheme akin to Hume-
Rothery rules to map HEAs reported in the literature to date. For electronegativity, instead of the usual
empirical Pauling scale, the recent Allen scale based on experimental and theoretical data is employed. A
thermodynamic approach to the formation of solid solutions in multicomponent systems is then proposed
using the regular solution and computing the temperature at which the free energy hypersurface changes
curvature at spinodal points. In all cases the maps which have been obtained (electronegativity vs size
mismatch, VEC vs e/a, critical temperature vs size mismatch) rank the composition of HEAs according to
their phase constitution (solid solutions, solid solution + o, intermetallics) and can be used all together to
improve the formulation of HEAs and predict new ones.

Keywords: High Entropy Alloys, Solid-solution, Hume-Rothery’s Rules, Electronegativity, Thermody-
namics.

1 Introduction

In the last decade the new family of alloys denominated High Entropy Alloys (HEAs) has raised large
interest in metallurgy. Traditionally the search for new alloy compositions was focused on systems based
on one main element. A new way of designing alloy compositions was proposed in 2004[I]'[2] by defining
for the first time the High Entropy Alloys as those composed of five or more elements in equimolar ratio
having simple crystal structure, i. e. solid solutions where solvent and solutes cannot be distinguished. The
topic has seen a steady increase of the number of contributions dealing with various aspects of synthesis,
processing and determination of properties which are promising in various respects, especially mechanical.
A comprehensive review on HEAs [3] as well as general considerations on the metallurgy of HEAs, including
the chance of strengthening them by precipitation hardening [4], have just been published.

The thermodynamic stabilization of a solid solution made of several elements in a HEAs is provided by
its configurational entropy AS°"f. This depends on the number of possible ways to arrange N different
elements in equimolar ratios in n non-equivalent lattice points of the unit cell, of the solid solution:

AS©f = R.InN (1)

As underlined in [5], considering the different number of n non equivalent lattice points in the unit cell, the
solution of bce structure presents the higher configurational entropy up to 5 elements whereas between 5



and 10 elements the fcc has the higher one while the hep lattice presents AS™ greater than bec and fee
for N higher than 10. It is, therefore, easy to understand how the possible systems to focus on are a huge
number. Yeh underlines [2] that, taking equimolar compositions and choosing just 13 metallic elements to
form multicomponent systems with 5 to 13 elements, 7099 HEAs are potentially amenable for synthesis.
The high number of possible HEAs compositions requires the development of a procedure to predict the
formation of a solid solution in such multicomponent equimolar systems. Recently Yang and Zhang [6]
proposed a simple parametric model to this purpose employing the enthalpy and entropy of mixing, A H,,;.
and ASp;. respectively, and the radius mismatch between elements. This will be discussed in details below.
Takeuchi [7] took a statistical approach for possible candidate compositions of HEAs exploring about 15
million equi-atomic combinations in AH,,;; versus radius mismatch plots where zones for occurrence of
either HEAs and bulk metallic glasses (BMGs) were singled out. Otto et al. [§] took the deterministic
approach of deriving the thermodynamic properties from phase diagram assessment of the ten binaries
needed to describe a CoCrFeMnNi quinary HEA. Single elements were then substituted for new alloys (e.g.
V for Fe) which were synthesized and their phase constitution correlated to the computed differences in
free energies between equilibrium states and metastable solid solutions in the respective binaries. Single
phased quinary alloys were found in a limited number of cases. The findings were said to cast doubts on the
practice of merely mixing several elements to achieve the formation of HEAs. This term was then limited to
true solid solutions. The CALPHAD approach was actually employed earlier to evaluate the properties of
multicomponent alloys, such as the primary solidified phases or free energy curves of the equilibrium phases,
extrapolating data from binary and ternary systems. [9]'[10].

In this work we report a thermodynamic approach and the application of Hume-Rothery rules in order to
rationalize and predict the formation of HEAs in multicomponent alloys. At first, two-dimensional maps
are developed by considering a modern definition of the electronegativity of the elements versus the radius
mismatch between them. Then, the occurrence of HEAs is discussed in terms of the total number of both
valence and itinerant electrons in the alloy. In the second part of the paper, the thermodynamic treatment
proposed by Yang and Zhang [6] is discussed and modified to obtain a new parameter for representing HEAs
formation. The outcome of these approaches is verified by analyzing the microstructure of HEAs which were
collected from the literature as appeared to date. Note that in a number of papers, the microstructure is
reported for the as-cast state. In some cases this may not correspond fully to the equilibrium state of the
alloy.

Complex multicomponent systems with more than three elements in high molar fraction have been widely
explored in the field of metallic glasses; anyway the Inoue rules [II] for the formation of metallic glasses
require thermodynamic and physical properties generally opposite to those needed for the formation of solid
solutions: a large negative enthalpy of mixing and a huge radius mismatch. In conventional castings these
lead to microstructures composed of mixtures of intermetallic compounds. Rapid solidification is needed to
obtain a single glassy phase. For these reasons in this work no glass forming system will be considered.

2 High Entropy Alloys and Hume-Rothery Rules

The Hume-Rothery rules (HRR) have been both invoked and questioned in connection with the occurrence
of HEAs. As reported in [I2] Hume-Rothery defined 5 factors determining the stability of alloys phases

e an electrochemical effect related to the difference in electronegativity, Ay, of the elements involved,



e a size factor effect related to the difference in the atomic radii of the elements involved,

e atoms of elements near the end of the short periods and those in B subgroups tend to complete their
octets of electrons,

e an electron concentration effect stemming from the observation that a definite crystal structure occurs
at characteristic numbers of electrons per unit cell, which, if all atomic sites are occupied, is equivalent
to saying that similar structures occur at characteristic electrons per atom ratio, e/a, the electron
concentration,

e orbital-type restrictions.

For the formation of metallic solid solutions the most important rules to be fulfilled are the first two
involving the radius mismatch and the electronegativity while the others are considered when the former
are not decisive.

2.1 Hume-Rothery Rules and HEAs: electronegativity and radius mismatch

Guo [13] applied Hume-Rothery rules to HEAs and BMGs together with thermodynamic parameters in
order to establish semi-empirically conditions for the formation of either phases. In this work we define two
parameters related to the first and second HRR and we verify their ability to predict the formation of a
single solid solution phase in multicomponent systems. The first parameter, §, concerns the atomic radius
mismatch [14]:

n 2
r;
6 = 100- E i 1-—— s 2
¢ < 7a> ()

i=1
with r; = radiusof i — thelement,
re = averageradius

where r; is the atomic radius of the ith element and r, is the average atomic radius in the alloy [14]. The
second one expresses the difference in electronegativity between elements, Ay:

n N\ 2
Axaten = 100+, |5 cz--(l—’“) (3)

i=1 Xa
with x; = electronegativity of i — th element,
Xa = average electronegativity

where x; is the electronegativity of the ¢ — th element [I3] and x, is the average electronegativity of
the elements in the alloy. Instead of the empirical Pauling scale, Allen [I5] proposed a new definition of
the electronegativy of the elements: it represents the most recent and physically based way to express
electronegativity as the average ionization energy of the valence electrons for free atoms in their ground
state starting from both theoretical and spectroscopy data. The electronegativity for all d-series elements



have become available recently [16]; they are comparable with the Pauling values but with significant
differences for some transition metal elements. In this work the electronegativity values from Allen et al.
[15][16] are used to evaluate the electrochemical effect in the HEAs systems. Figll]shows the location of the
alloy compositions listed in Tab[l] in this two parameter space. The multicomponent systems are divided
into three categories according to the phase(s) found experimentally in literature: fec or bee if a single
solid solution is formed, SS, where the formation of two solid solutions was evidenced, SS+IM, where an
intermetallic phase was obtained, and SS+o, for systems where the formation of a solid solution and a o
phase occurred. From Figll]it is deduced that the HEAs formation can be correlated to HRR using the Allen
electronegativity values: there is a clear subdivision in the plot between areas where either solid solutions
(bee, fec, or both) (low lattice mismatch or low electronegativity difference) or IM and o are obtained. With
values of radius mismatch between 1 % and 6 % and 3 > Axuayen < 6, no system forming intermetallic
compounds (o phase included) is located and only solid solutions are formed. In particular, a tendency can
be inferred for bee solid solutions to occur at higher radius mismatch and lower electronegativity differences
with respect to fcc ones. At higher electronegativity difference, there is a zone where the formation of
o prevails followed by a region where solid solutions plus intermetallic compounds are obtained, probably
promoted by high electronegativity differences. In the zone at § ~ 6% and high electronegativity difference,
an overlap between solid solution and compounds occurs: it must be noticed in this respect that most of
the multicomponent systems appearing here are not equimolar but contain a minority element that very
likely promotes intermetallic compounds. The radius mismatch parameter seems to be most relevant in
individuating the formation of compounds: at values of ¢ higher than 6, just intermetallic compounds are
experimentally found. These findings show that the simple parameters related to radius and electronegativity
differences, although not always decisive, are strongly indicative in the HEAs composition design.

2.2 Hume-Rothery Rules and HEAs: the electronic concentration

HRR recognize that the number of valence (itinerant) electrons per atom, e/a, influences the stability of
a given structure, bce, fcc or hep, in solid solutions of noble metal binary systems. Such stabilization
depends on the number of electrons per atom because the corresponding Density of States (DoS) present
peaks where the Fermi sphere is in contact with the Brillouin zone limit, therefore, at a certain value of the
electron concentration a structure is stabilized because more electrons are accommodated in lower energy
levels than it would be possible in the levels of another structure. As pointed out by several authors [12], [17]
in discussing transition metals not having completely filled d band, the definition of the number of valence
electrons per atom (VEC), the fundamental parameter for first principle band calculation which determines
the DoS, is not trivial. It is noted that also the enthalpy of mixing, which has been used in the prediction
of HEAs formation in [6] and will be in the following, depends on the electron concentration; in fact the
d electron band and the heat of formation of an alloy, estimated in [6] by means of the Miedema model,
are strictly correlated, as proven by Pettifor [I§], who calculated the dependence of the heat of formation
of an alloy on the number of d electrons of the metals with a rectangular d band approximation. Guo [17]
already individuated a relationship between the total number of electrons, VEC, and the lattice type in the
AlCoCrCuFeNi HEAs: a bee structure was related to low values of VEC while fcc lattice appeared at higher
VEC values. Recently [19] the formation of the o phase, classified as electronic phase, has been related in
HEAs to the VEC as well.

Here we consider also the influence of the outer s,p electrons to look for a relationship between electronic
concentration and solid solution formation in HEAs. Since, as calculated in [20], the cohesive energy



of transition metals is mostly determined by the d-electrons while the s-electron contribution is low, we
describe the electronic structure of the transition metal with the Friedel model [2I] which considers (i) the
electron bands of low momentum, s and p electrons, as a free electron gas having a parabolic density of
states starting from €, and (ii) a dense, narrower rectangular band formed by d atomic orbitals of width
W, centred at the €4 energy as shown in Fig [2l Taking into account the hybridization of the free electron
and d bands, the number of effective electrons in the d band, Z; (weighted occupation of the d-states),
depends on the total number of itinerant electron, e/a: Moriarty [22] has found from self-consistent band
calculations that if each band state is decomposed into s— and d— like parts, and summed over occupied
states, the net occupation, Zs, of the free electrons band for all transition metals in the 3d series is Z; = 1.5.
Therefore, as proposed in [21], the effect of hybridization can be taken into account by assuming that the
effective number of electrons in the free electron band is Z; = 1.5, so the number of effective electrons in the
d-band can be obtained as Z; = VEC — Z; = VEC — 1.5. As proposed in [21], Z; = 1.5 is used also for the
formation of alloys with elements of the 4d and 5d series. This is applied here in the frame of a rigid band
approximation to the description of HEAs electron bands to reveal whether either a single solid solution
(bec or fee) or intermetallic compounds are formed in multicomponent systems by means of a relationship
between the total valence electrons, VEC, and itinerant electrons, e/a, (i. e. the s and p electrons). The
HEASs containing more than one solid solution have not been considered because it would not be possible to
attribute a definite electronic concentration to any of the two structures. The results for the compositions
in Tab. [1] are shown in Fig[3} at VEC > 7.5 and 1.6 < e/a < 1.8 fcc solid solutions are located while at
VEC< 7.5 and 1.8 < e/a < 2.3 bee solid solutions are found; the formation of solid solutions plus compounds
is located for every VEC number at lower e/a values. From Fig a relationship between the total number of
valence electrons, VEC, the number of itinerant electron, e/a, and the structures experimentally found can
be argued. Considering the number of s and p electrons in the free electron band equal to Z; = 1.5 we derive
that €5, = (e/a) — 1.5 itinerant electrons are located in the d bands. Decreasing the VEC, the formation
of either a bcc or fce solid solution can occur on increasing the €, itinerant electrons transferred from the
free electron band to the d-band. At a fixed VEC, lowering the number of e¢/a electrons means decreasing
the number of electrons in the d band and relates to the formation of compounds together with a solid
solution. The structure of the alloys reproduces that of pure metals where the bce phase is stable when the
d-band is near half filled while fcc metals present the d-band nearly full. Moreover, as shown in Fig3] the
discrimination between the bce and fcc structure in HEAs can be related to VEC equal to 7.5, bec at VEC<
7.5 and fec for VEC > 7.5; also in this case the similarity with pure metals can be underlined: Pettifor[23],
using a calculated density of states based on the construction in Fig. found that, not considering core
effects, the stability change between bee and fee structure occurs between 7 and 8 valence electrons; HEAs
compositions that offer non discrete VEC values are in accordance with these results.

3 Thermodynamic approach

At a given temperature a solid solution between two or more components can occur as equilibrium phase
when its free energy of mixing is AGpu: < 0. This is achieved either if AH,,;; < 0, being AH,,;; the
enthalpy of mixing, or, if AH,,;, is positive but the —TAS,,;, term, with AS,,;, the entropy of mixing,
surmounts it in absolute value. In the latter case, solid solubility becomes complete at all compositions
above a critical temperature, T,. Yang et. al. have defined a further temperature point, Tz, given by the

ratio of AH,,;, to the entropy gain due to the formation of a solid solution, called AS®"f to all purposes



identical to ASy,;z, considering the absolute value of AH,,;, calculated by weighing the Miedema enthalpy
of mixing of binary systems with respect to concentration:

7, = 2] (4)

It is stressed here that, in the case of AH,,;; > 0, this position defines actually a temperature where the
free energy of the solid solution equals that of the molar mixture of pure elements in their stable structure,
i. e. AGpie = 0. Fig. [ illustrates this for a binary system: the free energy of an equiatomic alloy falls at
the maximum of the curve, at the center of the spinodal range. The equilibrium state corresponds, however,
to a two phase mixture defined by a common tangent to the two branches of the free energy curve. In the
case AH,;; < 0, the above position does not have a thermodynamic meaning for binary alloys (see below
for multicomponent systems). Yang [6] et al. proposed the Q parameter:

Q=" (5)

where T,, is the average of the melting temperature of components, to rank HEAs together with the
d radius mismatch [6] (Eq. . In spite of the inaccuracy mentioned above, the 2 parameter provided a
successful tool to discriminate between the formation of a solid solution or intermetallics in multicomponent
systems. A high value of Q (© > 1.1) and low value of 0 (§ < 6.6) correlated to the formation of compact
solid solutions in multicomponent alloys.
A rigorous, albeit simple, thermodynamic treatment of the formation of a solid solution for an equiatomic
multicomponent system starting from binary interaction parameters is developed in this work. The definition
of spinodal points provides a mean to determine a critical temperature, Tsc, above which a given alloy is
stable as a single homogeneous phase. At Ts¢o the alloy composition coincides with the spinodal point. Here
the free energy of mixing as a function of composition changes curvature and its second derivatives become
nil. At temperatures higher than Tgc the free energy curve has positive curvature expressing the stability of
the phase with respect to compositional fluctuations. This composition is still inside the two-phase field since
Tsc does not coincide with the temperature at which there will be full mixing for the chosen composition, i.
e. the binodal hypersurface, however, it must scale with it. Since the calculation of the latter temperature
cannot be performed with a simple approach as the one which will be outlined in the following, but would
need a full calculation of the multicomponent phase diagram, T'sc will be considered here as a critical point
above which a single phase can exist.

The free energy of mixing of an N-component system is expressed considering the ideal term containing

the entropy of mixing, AG%%Z, and an excess contribution AGZY due to the non ideal behaviour:

AGmix(Ta:EAamB) = AGniz + AGege (6)

AGy. is expressed in the frame of the regular solution model using the binary enthalpy contributions
obtained by the Miedema approximation,
[65]AHMiedema:

mixr
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The molar fraction of the N-th components is then expressed as zny =1 — va -1 x;, therefore Egs. and
become:

N-1
AGUe T v pxp) = RT- (Z x; - Inx; (10)
N-1 N-1
+ 1= @) (1= @)
N-1
AGSE = > Bijrai-a (11)
1,J51>]
N N-1
+ Z ﬁi,N'fUi'(l—ZSUi)
i,Nsi>N i

(12)

Being the chemical potential of the N-th element a function of all the other (N-1) ones as per the Gibbs-
Duhem equation, the composition of a spinodal point can be calculated by setting the determinant D of the
Hessian H (N — 1) x (N — 1) matrix equal to zero:

Gy ... Gin-1

GN-_1,N-1

det|H| = 0 (13)

being G; and G ny—1 the second and partial derivatives of the free energy of mixing AGip(T,x4,2R):
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The sign of the determinant expresses the stability of an homogeneous system with respect to compo-

sitional fluctuations: D > 0 means that the homogeneous solution is stable, while D < 0 means that it is
not. The approximate value for the critical spinodal temperature, T'sc, where the determinant D (Eq.
changes sign, was found numerically for all multicomponent alloys in Tab[l] The effect of entropy in the
stabilization of a homogeneous single phase system can be appreciated by obtaining the value of Tsc for a
multinary system made of a binary AB alloy with positive interaction parameter to which non interacting
components are added in equimolar ratio (interaction parameter 8 = 0 J/mol with the A and B elements).
Posing 45 = 4000 J/mol the binary AB has Tsc = 240 K, a ternary ABC has T's¢ = 160 K, the quaternary
ABCD has Tsc = 120 K and quinary ABCDE has a Tsc = 100 K.
Also, it should be noted that in a binary system with a negative interaction parameter the singularity of the
parameter does not allow a critical temperature because the free energy never changes curvature. On the
contrary, in multicomponent systems with all negative but very different interaction parameters, a change
in the curvature is possible because of the break of the symmetry of the function: for example in Fig.
the free energy AG,,, of a ternary ABC system with negative interaction parameters (845 = —1 J/mol,
Bac = —1 J/mol, Bpc = —10000 J/mol) is shown as calculated at two temperatures (T=40 K and T= 180
K) keeping constant the molar ratio between A and B and adding C. At low temperature the free energy
presents both negative and positive curvature, while at T=180 K it has only positive curvature. The value
of Tsc has been calculated for HEAs compositions and given in Tab. The ratio of the ideal melting
temperature of the alloy, T;,, to Tsc have then been used to define the u parameter:

T
_ 15
I Too (15)
‘ ‘AH-fUSi(m
T, - il i (16)
Zi xZASZ usion

being AH Zf usion and ASZf S the enthalpy and entropy of fusion of the i-th element [67]. Similarly to
the Q parameter proposed by Yang et al. [0], a high value of u should correspond to the formation of a
homogeneous solution in the solid state, whereas 1 < 1, should imply that mixing could be possible only at
temperatures exceeding the melting point, therefore the alloy should be multi-phased in the solid state.

The p parameter for the HEAs plotted versus the radius mismatch, ¢, is shown in Fig. [f] Each symbol
corresponds to a microstructure which was experimentally reported in the literature. For values of § lower
than 3 % the formation of solid solutions occurs, just a single one or a mixture of two. We cannot actually
discriminate between bcc and fcc phases since the Miedema approach we have adopted provides interaction



parameters for couples of elements irrespective of their structure. In addition, we note there is a tendency
to have a single solid solution (squares) at higher p value with respect two solid solutions (points). At
higher value of § both solid solution mixtures or solid solution plus compounds are formed: in this case
lower values of u correspond to the formation of compounds. The o phase appears as the main intermetallic
compound competing with the formation of solid solutions on increasing both p and §. We also recall that
the occurrence of a o phase in several binary systems does not exclude the occurrence of solid solutions to
which, actually, the o phase can transform allotropically [19]. Therefore, the alloys containing o should be
considered with attention in case the multicomponent system where they have been found is of practical
interest since the occurrence of such phase could be possibly avoided by proper processing, a practice well
developed in processing stainless steels. Also the stability of various other intermetallics can be equalized
or surmounted by that of a solid solution because of a favourable entropy term at high temperatures. These
phases can then be tailored as hardeners of the matrix, similarly to superalloys [4]. There are inevitable
exceptions in Fig. [6f we fully recognize the approximate nature of the present approach as well as the
uncertainty in the determination of equilibrium phases in such complex materials, however, the overall
picture provides a guideline for the prediction of new HEAs especially when combined with the outcome of
the previous paragraph being the electronic approach selective with rescpect to beec and fec phases.

4 Conclusions

This work proposes a comprehensive approach to understand and possibly predict the occurrence of HEAs,
i.e multicomponent metallic solid solution. The Hume-Rothery rules have been applied to several HEAs
system finding that:

e the radius and electronegativity mismatch are indicative of the formation of either solid solutions or
intermetallic compounds in most multicomponent systems synthesized to date,

e HEAs composition forming either single solid solution or intermetallic compounds have been discrim-
inated considering the contributions of itinerant s and p electrons and the total number of valence
electron VEC. Also, the occurence of bce phases solid solution is related to lower VEC and higher e/a
with respect fcc,

e a thermodynamic approach based on finding the temperature , T'sc, at which the free energy of the
solid solution achieves positive curvature, helps in classifying HEAs compositions. In a plot of the ratio
of the mixing temperature of the alloy to T}, versus the radius mismatch, regions for the occurrence
of solid solutions and intermetallics are clearly outlined.

The combined use of all schemes introduced here can help in indicating when a HEA can be obtained for a
given set of elements.
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Structure Ref. Alloys o AX Allen M e/a VEC
Compounds 27] TiCoCrNiCuAlY 13,29 16,13 0,666 1,86 6,57
Compounds 27] TiCoCrNiCuAlYy.g 12,6 15,32 0,775 1,85 6,68
Compounds 271 TiCoCrNiCuAlYy.5 11,17 13,87 0,857 1,85 6,85
Compounds 28] AlITiVYZr 10,43 12,32 0,712 2,2 3,8
Ordered BCC + MosSis [29] AlCrMoSiTi 8,47 114 4,691 2,2 4,6
BCC +a FeCoCrNiCuAlMo 5,28 9,1 1,093 1,71 7,57
BCC +a [30] FeCoCrNiCuAlMog g 5,23 8,97 1,082 1,74 7,62
BCC + FCC [30] FeCoCrNiCuAlMog 2 4,99 8,39 1,153 1,81 7,77
BCC +a [30] FeCoCrNiCuAlMog.4 5,09 8,61 1,068 1,78 7,72
BCC +a [30] FeCoCrNiCuAlMog.6 5,17 8,8 1,072 1,76 7,67
BCC + Cu+Cr 27] TiCoCrNiCuAl 6,58 10,37 1,276 1,83 7,17
BCC + FCC +o [31] CozCrFeNiAlMog 5 5,31 7,22 1740,364 1,92 7,39
BCC +o [31] Co1.5CrFeNiAlMog 5 5,78 8,08 17,531 1,92 6,42
BCC +o [31] Cog.5CrFeNiAlMog 5 5,57 7,66 3,465 1,9 6,9
BCC +o [32] CoCrFeaNiAlMog 5 5,15 7,03 1746,224 1,92 7,23
BCC +o [32] CoCrFe; 5NiAlMog 5 5,32 7,27 1741,336 1,92 7,17
BCC +o [32] CoCrFeNiAlMog 5 5,5 7,53 4,339 1,91 7,09
BCC +o [32) CoCrFeq.¢NiAlMog 5 5,65 7,76 5,768 1,9 7,02
BCC + FCC + unknow [39] CoCrFeNiCuAlMn 4,6 5,39 1,281 1,86 7,71
BCC + FCC + o + unknow [34] TiCoCrFeNiCuVMn 5,17 9,7 1,583 1,75 7,5
FCC + Laves [38] TiCoCrFeNiCu 5,69 10,07 1,226 1,67 8
FCC [33] CoCrFeNiAlg.sMog 1 3,79 5,93 19,862 1,82 7,84
FCC [38]  Tip.5CoCrFeNiCu 4.5 8,18 1,135 1,64 8,36
FCC + boride [35] CoCrFeNiCuAlg.sB 14,26 7,07 1,027 1,92 7,46
FCC + boride [35] CoCrFeNiCuAlg 5Bo.2 7,73 5,85 0,994 1,77 8,09
FCC + boride [35] CoCrFeNiCuAlg.5Bo.s 11,75 6,6 0,992 1,85 7,75
FCC + o IEI Tig.5Co1.5CrFeNi; 5sMog.5 5,12 9,29 6,223 1,75 7,92
FCC + o [36] Tio.5Co1.5CrFeNi; sMogs 5,3 9,73 5,817 1,71 7,83
BCC 4 Compounds [37] CrFeNiCuZr 10 12,11 1,053 1,6 7,8
BCC+BCC+ Laves [38]  Tii.5CoCrFeNiAl 6,87 11,01 5,780 1,69 7,69
FCC + Laves [38] Tip.§ CoCrFeNiCu 5,31 9,42 1,212 1,66 8,14
FCC CoCrFeNiCu 1,15 4.5 1,027 1,6 8,8
BCC 24] WNbMoTa 2,22 3,77 104,937 1,5 5,5
BCC 24 WNbMoTaV 3,23 4,46 6,485 1,6 5,4
BCC+FCC [37] MnCrFeNiCu 1,02 4,54 1,002 1,6 8,4
FCC [41] MnyCrFeNigCu 1,07 4,35 1,366 1,71 8,43
BCC+FCC [41] MnCraFeaNiCu 0,93 4,75 1,202 1,567 8
FCC [4T] MnaCraFeaNiaCu 1,04 4,64 1,486 1,67 8,11
BCC+FCC [41] Mn2CrFeaNiCug 0,86 3,86 0,860 1,63 8,5
FCC [4T] MnCrFezNigCug 1,07 4,03 0,831 1,63 8,88
BCC+FCC [41) MnyCroFeNigCug 1,06 4,79 0,977 1,56 8,44
BCC+FCC [AI]  MnCraFesNipCus 1,06 4,73 0,916 1,56 8,56
BCC+FCC 49| Tip.5Co1.5CrFeNiAl 6,05 8,39 5,719 2 7,08
BCC+FCC [49]  Tip.5Co2CrFeNiAl 5,94 8,19 6,172 2 7,23
BCC+FCC Tip.5 CozCrFeNiAl 5,71 7,81 6,996 2 7,47
FCC [42] CoCrFeNiCuAlg.5Vo.2 3,9 5,88 1,093 1,74 8,16
BCC+FCC [42] CoCrFeNiCuAlp.5Vo.4 3,93 6,33 1,133 1,75 8,05
BCC+FCC+ o [42) CoCrFeNiCuAlp.5Vo.6 3,95 6,71 1,175 1,75 7,95
BCCH+FCC+o 2] CoCrFeNiCuAlg5Vo.s 3,96 7,02 1,219 1,76 7,86
BCC+FCC+o [42) CoCrFeNiCuAlg 5V 3,96 7,28 1,265 1,77 7,77
BCC+FCC [42] CoCrFeNiCuAlp 5V1.2 3,96 7,51 1,293 1,78 7,69
BCC+FCC [42] CoCrFeNiCuAlp5V1.4 3,96 7,7 1,352 1,78 7,61
BCC+FCC [42] CoCrFeNiCuAlp.5V1.6 3,96 7,86 1,394 1,79 7,54
BCC+FCC [42] CoCrFeNiCuAlp 5V1.s 3,95 8 1,437 1,8 7,47
BCC+FCC [42]  CoCrFeNiCuAlg5Vs 3,94 8,12 1,481 1,8 74
FCC + Compounds [37] MoCrFeNiCu 4,13 8,8 0,824 1,4 8,2
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Structure Ref.  Alloys B AXAllen M e/a  VEC
FCC E8]  Tip.5CoCrFeNiCug75Alg.05 507 8,35 1,385 1,73 8
FCC+BCC [43) Tig.5CoCeFeNiCug.5Alg.5 5,51 8,47 1,851 1,82 7,64
BCC14+BCC2 B8] Tio.sCoCrFeNiCug.2sAlg.7s 587 8,56 3,005 1,92 7,42
BCC+BCC [45] Tig.5CoCrFeNiCug o5 Al 6,05 8,51 3,030 1,96 7,09
BCC+BCC [45) Tig.5 CoCrFeNiCug 5 Al 5,95 8,43 1,933 1,92 7,25
FCC [46] Tig.2CoCrFeNiCuAlp 5 0,21 6,74 1,092 0,09 0,34
BCCHFCC 46]  Tio.4CoCrFeNiCuAlg 5 021 7,8 1,165 0,09 0,36
BCC+FCC [46] Tig.6 CoCrFeNiCuAlp. 5 0,21 8,64 1,212 1,75 7,85
BCC+FCC+o [46) Tig.8CoCrFeNiCuAlp 5 5,81 9,33 1,241 1,76 7,73
BCC+FCCHo 46]  TiCoCrFeNiCuAlp s 6,06 9,9 1,286 1,77 7,62
BCC+FCC+o [46] Ti1.2CoCrFeNiCuAlp 5 6,27 10,39 1,332 1,78 7,51
BCC+FCC+Comp. [46]  Ti;.4CoCrFeNiCuAl. s 6,44 10,81 1,371 1,78 7,41
BCC+FCC+Comp. [46] Ti1,6CoCrFeNiCuAlp 5 6,58 11,17 1,422 1,79 7,31
BCC+FCC+Comp. [46]  Tiy.sCoCrFeNiCuAlg s 6,69 11,48 1,464 1.8 7,22
BCC+FCC+Comp. [46] Tis CoCrFeNiCuAlp 5 6,79 11,76 1,508 1,8 7,13
BCC ] MnCrFe; 5Nig 5Alg.3 3,32 4,6 3,776 1,84 7,19
BCC [0  MnCrFe; 5Nig.5Alg.5 4,03 4,79 3,670 1,89 7
FCC [43] CoCrFeNiAlp .25 3,31 5,3 1,772 1,82 7,94
FCC 43]  CoCrFeNiAlg s7s 3,85  5AT 1741122 1,86 7.8
FCC+BCC [43] CoCrFeNiAlp 5 4,27 5,62 2,854 1,89 7,67
FCC+BCC 43]  CoCrFeNiAlg 75 487 585 5,534 1,95 7,42
FCC+BCC [43] CoCrFeNiAlp . g75 5,1 5,95 1636,575 1,97 7,31
BCC 43]  CoCrFeNiAl; o5 559 6,16 1574,347 2,05 7
BCC E3]  CoCrFeNiAlj s 5.8 6,26 1538,637 2,00 6,82
BCC [43) CoCrFeNiAlly 6,08 6,38 1477,950 2,17 6,5
BCC 371  CoCrFeNiAl, 5 6,23 6,43 1428,318 2,23 6,23
BCC [37] CoCrFeNiAls 6,29 6,44 1386,972 229 6
FCC 43]  CoCrFeNi 1,18 485 10,236 1,75 825
FCC 28] CoFeNiCuV 2,78 7,17 1,103 1,8 8,6
BCC+FCC (| CoCrFeMnGeNi 0,99 5,76 3,747 2 9,17
FCC [ CoCrFeMnCuNi 1,05 4,28 1,195 1,67 85
FCC M  CoCrFeMnNi 1,06 4,46 7,384 18 8
BCC [28]  CoCrFeNiCug.o5Al 518 5,98 2,012 1,95 7,38
FCC [47] CoCrFeNiCug.25Alg.75 3,05 5,04 1,244 1,7 8,4
fco B7]  CoCrFeNiCug.sAlg 5 112 546 1,691 18 8
BCC+FCC 47 CoCrFeNiCug.75Alg.25 4,76 5,79 2,936 1,9 7,6
FCC 2] CoCrFeNiCuAlg s 3,19 504 1,042 1,68 847
FCC 2] CoCrFeNiCuAlp 5 20.38 5,31 1,053 1,73 8,27
BCC+FCC 2] CoCrFeNiCuAlp g 4,55 5,63 1,072 1,79 8
BCC+FCC 2]l CoCrFeNiCuAl 4,87 58 1,090 1,83 7,83
BCC+FCC 2] CoCrFeNiCuAl; 3 5,24 6 1,111 1,89 7,6
BCCHFCC 2] CoCrFeNiCuAl 5 543 6,1 1,127 1,92 7,46
BCC+FCC 2] CoCrFeNiCuAl; g 5,65 6,23 1,156 1,97 7,27
BCC+FCC 2] CoCrFeNiCuAly 576 6,3 1,178 2 7,14
BCC 2] CoCrFeNiCuAls 3 5,9 6,38 1,206 2,04 6,97
BCC 2] CoCrFeNiCuAls 5 597 6,42 1,223 2,07 6,87
BCC 2] CoCrFeNiCuAls g 6,05 6,47 1,247 2,1 6,72
BCC 2] CoCrFeNiCuAls 6,09 6,5 1,269 2,13 6,63
BCC+BCC 53]  CoCrFeNiCuAlSi 6 6 1,254 2,14 7,29
BCC+FCC B3 CoCrNiCuAl 5,29 6,34 1,048 1,81 7,77
BCC B4 CoCrNiCug.sAl 552 6,49 1,579 1,80 7,44
BCC + FCC 54 TiCoCrFeNiCuAlV 5,9 9,92 1,025 1,88 7
BCC 5]  MnCrFeNiCuAl 47T 5,59 1,071 1,83 7,5
BCC1+4BCC2 [51] TiCoCrFeNiAl 6,61 10,06 5,241 2 6,67
BCC+Cut-Cr 271  TiCoCrCuNiAl 6,58 10,37 1,264 1,83 7,17
FCC [50]  Tio.1CoCrFeNiAlg.s 411 6,31 8,021 1,84 7,8
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Structure Ref.  Alloys ) AX Allen M e/a VEC
BCC+FCC 52 TiCrg.5FeNiCuAl 6,53 10,53 1,086 1,91 7,09
BCC+FCC B2 TiCrFeNiCuAl 6,36 10,14 1,126 1,83 7
BCC+FCC 52 TiCry 5FeNiCuAl 6,2 9,79 1,189 1,77 6,92
BCC+FCC 2 TiCrzeNiCuAl 6,05 9,47 1,245 1,71 6,86
BCC+FCC 52 TiCrgFeNiCuAl 5,77 8,92 1,233 1,63 6,75
SS+Laves [63] CrNbTiZr 7,84 8,72 4,063 1,5 4,75
SS+Laves 63 CrNbTiVZr 7,72 8,09 5,303 1,6 4,8
BCC 63 NbTiVZr 6,18 5,42 4,157 1,75 4,5
BCC [63] NbTiVaZr 6.58 5,83 5,089 1,8 4,6
BCC [6]  NbTiVTaAl 3,23 6,97 5,420 2 4,4
BCC [6] NbTiVTaAlg 5 3.40 6,35 5,821 1,89 4,55
BCC [6] NbTiVTaAlg 25 3,5 5,82 5,621 1,82 4,65
BCC [6(] NbTiVTa 3,61 5,01 8,465 1,75 4,75
BCC+FCC+Comp. [8] TiCrFeMnNi 6,05 10,22 6,475 1,8 7
BCC+FCC [8] CoCrFeMnCu 0,85 4,11 1,000 1,6 8,2
BCC+FCC+CuSn [64] FeCoCuNiSng 5 8,69 1,5 1,030 2 10
FCC [64) FeCoCuNiSng.o7 3,82 1,75 0,948 1,79 9,58
Compounds 28] ZrTiVCuNiBe 11,42 13,42 1,711 1,5 5,67
Compounds 28] Ti2CoCrFeNiCu 6,73 12,09 1,491 1,71 7,43
Compounds [67] ZrHfTiCuFe 9,81 18,23 1,433 1,8 5,8
Compounds [61] ZrHfTiCuCo 10,21 18,73 2,124 1,8 6
Compounds 8] CoMoFeMnNi 4,45 8,32 1,218 1,8 8
SS+ o [8] CoCrVMnNi 2,83 7,38 7,085 1,8 74
SS +o [8] CoVFeMnNi 2,83 6,98 5,263 1,8 7,4
BCC + FCC 17 FeCrCuAlp.2 Nig 2,8 5,14 1,024 1,65 8,77
BCC + FCC [17) FeCrCuAlj 2 Nig 5,19 6,22 1,048 1,87 7,84
BCC + FCC 17 FeCrCuAlNig 4,93 6,08 1,061 1,83 8
BCC+FCC [56) Cog.5CrFeNiCuAl 4,97 5,95 0,989 1,82 7,73
BCC+FCC [56] CoCro.5FeNiCuAl 508 5,62 1,027 1,91 8
BCC+FCC [56] CoCrFep 5NiCuAl 5,06 6,04 1,048 1,82 7,82
BCC+FCC [56] CoCrFeNig. 5CuAl 4,94 5,78 0,971 1,82 7,64
BCC [56] CoCrFeNiCug 5Al 5,07 5,92 1,767 1,91 7,55
BCC+FCC 53] CoCuNiAl 5,83 5,93 1,036 2 8,25
FCC 54 CoCrFeNiCug. 5 1,17 4,67 1,621 1,67 8,56
BCC14+BCC2+FCC [39] TiCoCrFeNiCuAl 6,28 9,73 1,315 1,86 7,29
BCC+FCC [39]  VCoCrFeNiCuAl 4,7 7,33 1,298 1,86 7,43
BCC1+4+BCC2 [438] Tig.5 CoCrFeNiCug.25Alp.75 5,87 8,56 2,993 1,91 7,27
FCC m Ti0‘5001,5CrFeNi1,5M00.1 4,77 8,5 7,421 1,8 8,05
FCC [33] CoCrFeNiMog 3 2,96 7,62 21,375 1,7 8,09
BCC + FCC + unknow  [39] CoCrFeNiCuAlMn 4,6 5,39 1,281 1,86 7,71
FCC+AuCu [66] CoCrFeNiCuAlAu 6,23 6,52 0,787 1,67 8,33
FCC [38]  Tio.5CoCrFeNiCu 4,5 8,18 1,142 1,64 8,36
BCC+BCC [5I]  Tio.5CoCrFeNiAl 6,15 8,59 5,320 2 6,91
BCC [51) CoCrFeNiAl 5,29 6,03 1614,533 2 7,2
FCC [33] CoCrFeNiTig. 3 4,11 7,62 8,744 1,7 8,09
BCC - CoFe 0,87 1,1 1789,027 2 8,5
BCC - MoV 1,97 2 2572,5636 1,5 5,5
FCC - FeNi 1,12 2,17 1765,088 2 9
FCC - CoNi 0,24 1,08 1746,309 2 9,5

Table 1.

Compositions and relevant data for HEAs.
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Figure 1. Radius versus electronegativity mismatch for the multicomponent systems listed in Tab
BCC and FCC stands for formation of only one phase, SS stands for formation of more solid solutions, SS

+ IM for formation of solid solution and compounds or only compounds, SS + o for systems where the
formation of solid solution plus ¢ phase occurs.
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free electr. n(s) d-band n(sg)

Figure 2. Friedel model for the electronic band of transition metal. The DoS is subdivised in a free
electron and a d band. €; is the Fermi energy, ¢, the energy corresponding to the center of the d
band, W the width of the d band.
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Figure 3. Total number of valence electrons per atom, VEC, versus itinerant electrons per atom, e/a, for
different multicomponent systems (Tab. 2.2) forming solid solutions or intermetallic compounds. Legend as in
Fig. [[]with the addition of squares and triangles showing the position of pure elements in the plot. The ellipses
indicate the zone where different structures are experimentally found. The VEC and e/a values for the bcc and
fec pure metals are: at VEC = 6 and e/a = 1 there is bee Cr, at VEC=8 and e/a = 2 respectively bec Fe is
located, at VEC = 10 and e/a = 2 fcc Ni is found and fce Cu for VEC=11 and e/a=1. The values of VEC
and e/a for the binary systems forming a bec or fcc solid solution at 50% at., as CoFe and MoV (bec), FeNi and
CoNi (fce) fall close to the electronic concentration of the multinary systems with the same structure (Tab.
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Figure 4. (a) The free energy of mixing AG,;, calculated with the regular solution model for an alloy having
AH, i > 0 at the temperature where AG,,,;,,(0.5) =0
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Figure 5. Free energy of mixing AG,,;, of a ternary ABC system with S45 = —1 J/mol, fac = —1 J/mol,
Bec = —10000 J/mol for T=40 K and T= 180 K.
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