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a b s t r a c t 

An empirical method is developed, based on the calculated theoretical elastic-strain energy, to predict the phase 

formation and its stability for complex concentrated alloys. The method prediction quality is compared with 

the traditional empirical rules based on the atomic-size mismatch, enthalpy of mixing, and valence-electron 

concentration for a database of 235 alloys. The “elastic-strain energy vs. valence-electron concentration ” criterion 

shows an improved ability to distinguish between single-phase solid solutions, and mixtures of solid solutions 

and intermetallic phases when compared to the available empirical rules used to date. The criterion is especially 

strong for alloys that precipitate the μ phase. The theoretical elastic-strain-energy parameter can be combined 

with other known parameters, such as those noted above, to establish new criteria which can help predict the 

design of novel complex concentrated alloys with the on-demand combination of mechanical properties. 
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. Introduction 

High-entropy alloys (HEAs), with simple single-phase solid-solution

SS) crystalline structures (fcc, bcc and hcp), have attracted a scien-

ific attention [1–3] because of their excellent mechanical properties

4] . HEAs were introduced by Yeh et al. [5–9] in 2004, and they are

efined as multi-component alloys with (near)-equiatomic composition

ontaining at least 5 principal elements. The term “high entropy ” for

hese solid-solution-(ss)-type alloys refers to the configurational entropy

or an ideal solution, 𝑆 

ss , ideal 
conf ig , [10] : 

 

ss , ideal 
conf ig = − 𝑛𝑅 

𝑁 ∑
𝑖 =1 

𝑐 𝑖 ln 𝑐 𝑖 , (1)

here R is the gas constant, n is the number of total moles, N is the

umber of components, and c i is the molar fraction of the component

 . Because 𝑆 

ss , ideal 
conf ig generally increases with increasing N , and is highest

or equiatomic compositions, it has been assumed that the 𝑆 

ss , ideal 
conf ig is the

nly parameter responsible for the SS stability [5–9] . The contributions

f vibrational, magnetic, and electronic entropies to the total entropy are

egarded as negligible. Zhang et al. [11] noted that if 𝑆 

ss , ideal 
conf ig was really
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he only parameter responsible for the phase stability in HEAs, then this

rend would mean that: (i) the higher the number of elements in an alloy

he greater the probability to form a SS is; (ii) alloys containing the same

umber of different elements would have the same probability to form

 SS; (iii) the highest probability for equiatomic compositions to form

 SS than non-equiatomic alloys with the same number of components.

he experimental results [12–14] have shown that the simple stability

ule based only on 𝑆 

ss , ideal 
conf ig is not enough to explain the phase formations

n HEAs. 

A definition of complex concentrated alloys (CCAs) was formulated

y Miracle et al. [15] ; they aimed at exploring the vast compositional

pace of multi-principal element alloys [14] , and not being limited to

S microstructures or to simple crystal structures. Some CCAs reported

o date have shown excellent properties, such as high-temperature me-

hanical strength [4,16] , superior fracture toughness [17] , high hard-

ess [4] , excellent corrosion resistance [18,19] and good fatigue resis-

ance [20–24] , for structural and functional applications competitive

ith the commercially-established alloys, and CCAs can fill the exist-

ng gaps on the materials-property maps, represented, for example, by

shby maps [25] . 
. 

https://doi.org/10.1016/j.mtla.2019.100222
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A large number of the constituents in CCAs promotes a new

earch for theoretical and empirical approaches to predict the phase

ormation and its stability for the alloys without the need of applying

ostly and time-consuming experiments and computer simulations. In

his paper, a simple approach considering the elastic-strain energy, ΔH el ,

nd the valence-electron concentration, VEC , is presented. The criterion

an distinguish SS alloys from other possible phases for 235 different

CAs taken from the literature. The criterion is compared with other

riteria considering, for example, the atomic-size mismatch, 𝛿, and the

nthalpy of mixing, ΔH mix , parameters. 

. Empirical methods for designing the microstructure of HEAs 

Otto et al. [26] studied the role of ΔH mix and concluded that it is

ne of the controlling parameters for the phase precipitation in CCAs,

hereas the 𝑆 

ss , ideal 
conf ig alone is not a good parameter to predict the phase

tability. Senkov and Miracle [27] pointed out the importance of the

nthalpy of mixing of the intermetallic (IM) phases, Δ𝐻 

IM 

mix , competing

ith the SS phase. The authors state that the conditions to suppress an

ntermetallic phase and to obtain the SS microstructures are given as: 

 

cr 
1 ( 𝑇 ) > 

Δ𝐻 

IM 

mix 

Δ𝐻 

SS 
mix 

, (2)

here 𝑘 cr 1 is a critical value at a given temperature, T , computed as: 

 

cr 
1 ( 𝑇 ) = 

𝑇 ΔS ss |||Δ𝐻 

ss 
mix 

|||(1 − 𝑘 2 
) + 1 , (3)

 2 = 

Δ𝑆 

IM 

conf ig 

Δ𝑆 

ss 
conf ig 

, (4)

here Δ𝑆 

IM 

conf ig is the ideal configurational entropy of the intermetallic

hase, and Δ𝑆 

IM 

conf ig is the configurational entropy of an ideal random

olid-solution phase. The plot of 𝑘 cr 1 ( 𝑇 ) vs. ( Δ𝐻 

IM 

mix ∕ Δ𝐻 mix ) has been used

s the criterion to separate IMs and SS phases in CCAs. The Senkov and

iracle criterion [27] works reasonably well, despite the fact that some

M-containing alloys still overlap with the SS alloys region. Furthermore,

he authors do not discuss in detail which intermetallic phases are being

redicted correctly, and for which alloys the prediction fails. 

Zhang et al. [28,29] studied the relation between ΔH mix ( Eq. 5 ), and

he atomic-size mismatch, 𝛿 ( Eq. 6 ), and concluded that SSs would typi-

ally form when ΔH mix is between − 15 and 5 kJ mol − 1 and 𝛿 is between

 and 6%. The mixing enthalpy of a solution of two elements can be

stimated using the Miedema’s model [30] . The enthalpy of mixing of

n N -component solid solution can be estimated as follows: 

𝐻 mix = 

𝑁 ∑
𝑖,𝑗,𝑖 ≠𝑗 

𝑐 𝑖 𝑐 𝑗 Ω𝑖𝑗 , (5)

here Ω𝑖𝑗 = 4Δ𝐻 

𝑖𝑗 

mix , c i and c j are the atomic fractions of the element i

nd j , and 𝐻 

𝑖𝑗 

mix is the enthalpy of mixing of a liquid binary alloy. The

tomic-size mismatch is calculated as follows: 

= 100 

√ √ √ √ √ 

∑𝑁 

𝑖 =1 
𝑐 𝑖 

( 

1 − 

𝑟 𝑖 

𝑟̄ ⋅

) 2 

, and ̄r ⋅ = 

N ∑
i=1 

c i r i , (6)

here r i is the atomic radius of the element i . 

Following the Hume-Rothery theory for solid solutions, Guo et al.

12] proposed a criterion for the formation of fcc and bcc crystalline

tructures based on the valence electron concentration ( VEC ): 

 𝐸𝐶 = 

𝑁 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑉 𝐸𝐶 ) . (7)

According to this criterion, fcc crystalline structures are formed when

EC ≥ 8, and bcc structures develop for VEC < 6.7. 

According to López and Alonso [31] , one of the contributions to the

nthalpy of formation of a metallic substitutional solid solution is the
lastic energy due to the atomic-size mismatch between solutes and sol-

ents. As stated by Porter and Easterling [ 32 p., 24], in systems where

is considerable, the quasichemical model underestimates the change

n the internal energy of mixing because the elastic-strain fields are ig-

ored. The elements volume changes upon mixing, and this introduces

 strain-energy term into the overall enthalpy. When the difference in

lements size is large enough then the strain contribution prevails over

he chemical term, see Porter and Easterling [32] for more details. 

Toda-Caraballo and Rivera-Díaz-Del-Castillo [33] introduced two

mpirical parameters based on the lattice distortion for predicting the

hase formation of CCAs: the interatomic spacing mismatch, s m 

(%),

nd the bulk modulus mismatch, K m 

(%) (see details in Ref. [33] ). The

nthalpy of mixing, the parameters ΩT = 

𝑇𝑆 ideal mix |𝐻 mix | [34] (this parameter is

iscussed in detail in Section 4 ), 𝜇T = 𝑇 m ∕ 𝑇 SC [35] ( T m 

− melting point,

 SC – spinodal-decomposition temperature), and 𝜒 (the Pauling’s elec-

ronegativity difference between the constituent elements [36] ) were

lotted as the function of s m 

, and additionally K m 

vs. s m 

was also con-

idered. This method shows a good ability to separate SS from duplex

hase alloys (e.g., bcc + fcc), ss + intermetallic phases, and bulk metal-

ic glasses (BMGs), although a more complex methodology was used to

chieve these results. 

Ye et al. [37] developed a general self-contained geometrical model

o compute residual intrinsic strains between different atomic-size ele-

ents in CCAs. The model takes into account the atomic size, atomic

raction, and packing efficiency. The authors showed that the phase

ransition from SS to multi-phase microstructures occurs when the root-

ean-square of the residual strain increases above ∼5%, i.e., the SS ex-

sts under near-zero strain conditions only. However, the methodology is

ot simple and straightforward, compared with the approach proposed

n this paper. 

Melnick and Soolshenk [13] argued that the lattice elastic-strain en-

rgy, ΔH el , derived from 𝛿, which is inherent to CCAs, should be con-

idered to calculate the Gibbs free energy, G , as: 

𝐺 = Δ𝐻 mix + Δ𝐻 el − 𝑇 Δ𝑆, (8)

𝐻 el = 

𝑁 ∑
𝑖 =1 

𝑐 𝑖 𝐵 𝑖 

(
𝑉 𝑖 − 𝑉 

)2 
2 𝑉 𝑖 

, (9)

 = 

∑𝑁 

𝑖 =1 𝑐 𝑖 𝐵 𝑖 𝑉 𝑖 ∑𝑁 

𝑖 =1 𝑐 𝑖 𝐵 𝑖 

, (10)

ere, respectively B i and V i are the bulk modulus and the atomic volume

f the element i . The authors did not investigate the effect of ΔH el on the

hase stability. The theoretical calculation predicts zero strain for the

ame atomic sizes though such real crystals may have strains of other

rigins. The model presented here is used in order to simplify the ΔH el 

alculations by considering a volumetric strain to occur in a lattice only.

owever, it has been recently shown that shear-strain effects cannot be

gnored, details are given by Ye et al. [38] . 

In the present study, the effect of ΔH el on the phase stability of CCAs

s studied. The elastic-strain energy is calculated via Eq. (9) for 235 dif-

erent alloys representing 3d-transitional-metals CCAs, refractory CCAs,

on-crystalline CCAs, and BMGs. The local V i and B i for solid solutions

re considered to be equal to the values for one-component systems. The

lastic-strain energies are calculated at room temperature, T 0 , because

ll the phases described in the references are at T 0 . However, the phases

re likely formed at higher temperatures where diffusion is not limited

nd therefore metastable phases can be formed [39] . The values of r i 
re taken from Miracle and Senkov [1] , B i is taken from Ref. [40] . Ref-

rences. [33,41] are used as the databases for the calculated values of 𝛿,

H mix and VEC . Then, plots of ⟨ΔH el vs. 𝛿⟩− Fig. 2 , ⟨ΔH el vs. ΔH mix ⟩ −
ig. 3 , ⟨ΔH el vs. VEC ⟩ − Fig. 4 , ⟨𝛿 vs. VEC ⟩− Fig. 5 , ⟨ΔH mix vs. VEC ⟩ −
ig. S1 in the Supplementary Material, ⟨𝛿 vs. ΔH mix ⟩ − Fig. S2, and

ΔH el vs. ΔH mix vs. VEC ⟩− Fig. S3 are produced to evaluate the ability
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Fig. 1. The elastic-strain energy, ΔH el , parameter for the 235 complex concen- 

trated alloys and bulk metallic glasses (BMGs) given in Table 1 (SS – single-phase 

solid solution, ss – solid solution, IMs – intermetallics). 
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Fig. 2. The ⟨ΔH el vs . 𝛿⟩ criterion for the 235 complex concentrated alloys and 

bulk metallic glasses (BMGs) given in Table 1 (SS – single-phase solid solution, 

ss – solid solution, IMs – intermetallics). 
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f the different criteria to predict the known microstructures for the

35 alloys. The SS regions, in the above noted plots, are defined as the

angent lines to the outermost SS alloys confined in these areas. 

It is to be noted that the early publications on HEAs microstructures

elied primarily on X-ray diffraction results, and thus a more detailed de-

cription of the phases present could be lacking. However, the extensive

atabase of 235 alloys and the recent publications rely on a combination

f techniques to analyze the formed phases. 

. The comparison of different criteria 

All the studied 235 CCAs compositions, with the corresponding

hases at T 0 taken from the literature, and the calculated values of 𝛿,

H mix , VEC and ΔH el are shown in Table 1 . The Co 1.5 CrFeMo x Ni 1.5 Ti 0.5 

 x = 0, 0.1, 0.5 and 0.8) alloy family is highlighted in blue in Table 1 and

ill be discussed separately. 

.1. The ΔH el parameter 

The theoretical elastic-strain-energy parameter reveals three charac-

eristic regions for CCAs ( Fig. 1 ). (1) The formation of the fcc SS is mainly

n the range of 0 ≤ Δ𝐻 el ≤ 6 . 05 kJ mo l −1 ; the range covers 96.4% of all

he fcc SS given in Table 1 . The same range of ΔH el contains 4 bcc SS al-

oys, 46 duplex alloys (fcc + bcc; bcc + fcc; fcc + fcc or bcc + bcc phases,

here the first phase is for the matrix and the second phase for the pre-

ipitate), and 10 alloys that have a mixture of solid-solution phases and

ntermetallics. (2) The range of 6 . 05 < Δ𝐻 el ≤ 22 kJ mo l −1 describes the

cc SS formation (86.2% of all the bcc SS alloys listed in Table 1 ), and

t is possible to identify duplex alloys, alloys with a mixture of ss and

ntermetallic phases, and 44% of all the single-phase intermetallic al-

oys listed in Table 1 . (3) For ΔH el > 22 kJ mol − 1 , all the BMGs and the

emaining 56% of the single-phase intermetallic alloys are found. 

Seeking to improve the capability to distinguish different phase re-

ions for CCAs, the ΔH el parameter is plotted as the function of the

nown parameters described in the literature [12,28] , and these crite-

ia are discussed in the following subsections. From a designing point of

iew, it is important to consider not only one parameter to establish reli-

ble predictions of SS regions, but to keep in mind that these parameters

ay have a synergic effect. 

.2. The ⟨ΔH el vs. 𝛿⟩ criterion 

The criterion is plotted in Fig. 2 . All the fcc SS alloys (28 alloys from

able 1 ) unambiguously lie in the bottom-left region of the plot corre-

ponding to 0 < Δ𝐻 el ≤ 6 . 89 kJ mo l −1 and 1.1 ≤ 𝛿 ≤ 5.1%. Please note
hat these parameters are related via the volume changes in Eqs. (6) and

 9 ). In the same region, 29 alloys with the duplex microstructure are

ound. This means that for this criterion, 36.2% of all the duplex alloys

nvestigated overlap with the fcc SS region. For the same range of ΔH el 

nd 𝛿, 10 alloys, which have one or more IM phases, are also identi-

ed − 13.5% of all the studied alloys that have at least one IM phase

total of 74 alloys containing IM phases are evaluated in Table 1 ). A

ifferent pattern can be noticed for the bcc SS alloys. Eight alloys with

he bcc SS microstructure share the same region with the fcc SS alloys.

his trend represents 28.6% of the bcc SS alloys listed in Table 1 . 

The predicted trend in the fcc SS phases formation is consistent

ith the conclusions [42,43] regarding the phase transition from the

cc to bcc phases for Al x CoCrCu 1 − x FeNiTi 0.5 and Al x CoCrFeNi alloys.

he phase transition occurs due to the decrease in the atomic-packing

fficiency and increase in the lattice-distortion energy [44] caused by

he addition of the larger Al ( r = 143.17 pm) than the other constituent

lements typical for these alloys. Similar atomic-size effects can be seen

hen molybdenum content is increased in the Co 1.5 CrFeNi 1.5 Mo x Ti 0.5 

 x = 0, 0.1, 0.5 and 0.8) alloy (the compositions are highlighted in blue

n Table 1 ). There is a phase transition from the fcc SS for x = 0.1 to

he fcc + 𝜎 phases for x ≥ 0.5. Except for Ti, Mo has a larger radius

 r = 136.26 pm) than all the elements that form these alloys. The in-

reasing Mo content rises the lattice distortion, and consequently the

lastic-strain energy increases. A closer look at Table 1 shows that vary-

ng the Mo concentration does not significantly modify the values of

EC, 𝛿 and ΔH mix in these alloys. However, ΔH el increased by ∼30%

 ΔH el = 6.05 kJ mol − 1 for x = 0.1; ΔH el = 8.42 kJ mol − 1 for x = 0.5; and

H el = 8.66 kJ mol − 1 for x = 0.8) with the increasing Mo content which

avors the transition from fcc SS crystal structure to fcc + 𝜎 phases mi-

rostructure. It should also be mentioned that the VEC of the alloy that

orms the SS microstructure is slightly superior to those in which phase

eparation occurs. The SS alloys sits at the boundary of fcc SSs (see

ection 3.4. for detail). 

All BMGs lie in the range of 22 . 6 ≤ Δ𝐻 𝒆 𝒍 ≤ 58 . 1 kJ mo l −1 and 6.6 ≤ 𝛿

 12.5%, the latter conforms to the empirical rule for BMGs-formation

onditions [45] . Only 7 crystalline alloys overlap with this range: 3 IM

lloys (30% of all the alloys with the IM microstructure listed in Table 1 )

nd 4 alloys (6.2%) having a mixture of ss phase(s) and IMs out of the

ll alloys in Table 1 . 

The criterion can clearly separate glassy alloys from SS CCAs, and

rom almost all other phases that form in CCAs. Egami [46,47] , and

gami and Waseda [48] discussed that there is a critical value of the
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Table 1 

The compositions (given mainly in molar fraction, or in at.% 

a ), the structures, the microstructures, the atomic-size mismatches ( 𝛿) , the enthalpies 

of mixing ( Δ𝐻 mix ) , the valence electron concentrations ( VEC ), and the elastic-strain energies ( Δ𝐻 el ) of 235 different complex concentrated alloys. 

Composition Structure Microstructure Ref. 𝛿 (%) ΔH mix (kJ mol − 1 ) VEC ΔH el (kJ mol − 1 ) 

Al 0.25 CoCrCu 0.75 FeNi fcc fcc SS [65] 3.1 − 0.7 8.4 1.82 

Al 0.25 CoCrCu 0.75 FeNiTi 0.5 fcc fcc SS [66] 5.1 − 7.3 8.0 6.89 

Al 0.25 CoCrFeMoNi fcc + fcc 2ss [55] 3.7 − 7.1 7.8 7.39 

Al 0.25 CoCrFeNi fcc fcc SS [67] 3.3 − 6.8 7.9 1.91 

Al 0.25 NbTaTiV bcc bcc SS [68] 3.5 − 4.8 4.6 7.34 

Al 0.2 CrCuFe fcc + bcc 2ss [12] 2.9 7.7 8.0 2.36 

Al 0.2 CrCuFeNi 2 fcc fcc SS [12] 2.8 0.1 8.8 1.53 

Al 0.375 CoCrFeNi fcc fcc SS [67] 3.9 − 8.0 7.8 2.76 

Al 0.3 CoCrCuFeNi fcc fcc SS [69] 3.2 0.2 8.5 2.05 

Al 0.3 CoCrFeMo 0.1 Ni fcc fcc SS [55] 3.8 − 7.3 7.8 3.04 

Al 0.3 CoCrFeNi fcc + L1 2 ss + IM [55] 3.6 − 7.3 7.9 2.26 

Al 0.3 CoCrFeNiTi 0.1 fcc fcc SS [55] 4.1 − 8.9 7.8 3.60 

Al 0.3 CrCuFeMnNi fcc + bcc 2ss [70] 3.1 − 0.3 8.1 4.35 

Al 0.3 CrFe 1.5 MnNi 0.5 bcc + fcc + B2 2ss + IM [71] 3.3 − 5.5 7.2 5.41 

Al 0.4 CrCuFeNi 2 fcc fcc SS [12] 3.6 − 1.7 8.6 2.60 

Al 0.5 CoCrCu 0.5 FeNi fcc fcc SS [65] 4.1 − 4.6 8.0 3.28 

Al 0.5 CoCrCuFeNiTi fcc + bcc + 𝜎 2ss + IM [72] 6.1 − 11.6 7.6 10.97 

Al 0.5 CoCrCuFeNiTi 0.2 fcc fcc SS [72] 4.6 − 4.1 8.1 4.96 

Al 0.5 CoCrCuFeNiTi 0.4 fcc + bcc 2ss [72] 5.1 − 6.4 8.0 6.68 

Al 0.5 CoCrCuFeNiTi 0.6 fcc + bcc 2ss [72] 5.5 − 8.4 7.9 8.25 

Al 0.5 CoCrCuFeNiTi 0.8 fcc + bcc + 𝜎 2ss + IM [72] 5.8 − 10.1 7.7 9.67 

Al 0.5 CoCrCuFeNiTi 1.2 fcc + bcc + 𝜎 2ss + IM [72] 6.3 − 12.9 7.5 12.15 

Al 0.5 CoCrCuFeNiV fcc + bcc + 𝜎 2ss + IM [73] 4.0 − 5.3 7.8 3.57 

Al 0.5 CoCrCuFeNiV 0.2 fcc fcc SS [73] 3.9 − 2.5 8.2 3.20 

Al 0.5 CoCrCuFeNiV 0.4 fcc + bcc 2ss [73] 3.9 − 3.3 8.1 3.32 

Al 0.5 CoCrCuFeNiV 0.6 fcc + bcc + 𝜎 2ss + IM [73] 3.9 − 4.1 8.0 3.42 

Al 0.5 CoCrCuFeNiV 0.8 fcc + bcc + 𝜎 2ss + IM [73] 4.0 − 4.7 7.9 3.50 

Al 0.5 CoCrCuFeNiV 1.2 fcc + bcc 2ss [73] 4.0 − 5.7 7.7 3.54 

Al 0.5 CoCrCuFeNiV 1.4 fcc + bcc 2ss [73] 4.0 − 6.1 7.6 3.66 

Al 0.5 CoCrCuFeNiV 1.6 fcc + bcc 2ss [73] 4.0 − 6.5 7.5 3.68 

Al 0.5 CoCrCuFeNiV 1.8 fcc + bcc 2ss [73] 3.9 − 6.8 7.5 3.72 

Al 0.5 CoCrCuFeNiV 2 fcc + bcc 2ss [73] 3.9 − .1 7.4 3.73 

Al 0.5 CoCrFeNi fcc + bcc 2ss [67] 4.3 − 9.1 7.7 3.54 

Al 0.5 CoCrFeNiTi fcc + bcc + L 2ss + IM [74] 6.5 − 19.6 7.0 13.02 

Al 0.5 CrCuFeMnNi fcc + bcc 2ss [70] 3.8 − 1.9 7.9 5.14 

Al 0.5 CrFe 1.5 MnNi 0.5 bcc + fcc + B2 2ss + IM [71] 4.0 − 7.3 7.0 6.36 

Al 0.5 NbTaTiV bcc bcc SS [68] 3.4 − 8.4 4.6 6.99 

Al 0.6 CrCuFeNi 2 fcc fcc SS [12] 4.2 − 3.3 8.4 3.53 

Al 0.75 CoCrCu 0.25 FeNi fcc + bcc 2ss [65] 4.8 − 8.5 7.6 4.73 

Al 0.75 CoCrCu 0.25 FeNiTi 0.5 bcc + bcc 2ss [66] 5.9 − 14.4 7.3 9.40 

Al 0.75 CoCrFeNi fcc + bcc 2ss [67] 4.9 − 10.9 7.4 4.95 

Al 0.875 CoCrFeNi fcc + bcc ss + IM [67] 5.1 − 11.7 7.3 5.58 

Al 0.8 CoCrCuFeNi fcc + bcc 2ss [69] 4.5 − 3.6 8.0 4.41 

Al 0.8 CrCu 1.5 FeMnNi fcc + bcc 2ss [70] 4.3 − 1.7 7.9 4.91 

Al 0.8 CrCuFe 1.5 MnNi fcc + bcc 2ss [70] 4.3 − 3.3 7.7 5.91 

Al 0.8 CrCuFeMn 1.5 Ni fcc + bcc 2ss [70] 4.3 − 4.2 7.6 6.39 

Al 0.8 CrCuFeMnNi fcc + bcc 2ss [70] 4.4 − 4.0 7.7 6.19 

Al 0.8 CrCuFeNi 2 fcc fcc SS [12] 4.6 − 4.6 8.2 4.45 

Al 1.25 CoCrFeNi bcc bcc SS [67] 5.6 − 13.4 7.0 7.24 

Al 1.2 CrCuFe fcc + bcc 2ss [12] 5.3 − 0.5 6.8 8.20 

Al 1.2 CrCuFeNi 2 fcc + bcc 2ss [12] 5.2 − 6.8 7.8 6.00 

Al 1.3 CoCrCuFeNi fcc + bcc 2ss [69] 5.2 − 6.2 7.6 6.28 

Al 1.3 CoCrFeNi bcc + B2 ss + IM [75] 5.7 − 13.7 7.0 7.44 

Al 1.5 CoCrCu 0.5 FeNi fcc + bcc 2ss [76] 5.6 − 10.1 7.2 7.50 

Al 1.5 CoCrCuFeNi fcc + bcc 2ss [69] 5.4 − 7.1 7.5 6.92 

Al 1.5 CoCrFeNi bcc bcc SS [67] 5.8 − 14.3 6.8 8.17 

Al 1.6 CoCrCuFeNi fcc + fcc + B2 2ss + IM [72] 5.5 − 7.8 7.4 7.22 

Al 1.75 CoCrFeNi bcc + B2 ss + IM [75] 5.9 − 14.9 6.6 8.99 

Al 1.8 CoCrCuFeNi fcc + bcc 2ss [69] 5.6 − 8.1 7.3 7.78 

Al 10 Cu 15 Nb 5 Ni 13 Zr 57 
a amorphous BMG [77] 10.0 − 33.9 5.8 50.56 

Al 10 Cu 15 Ni 10 Zr 65 
a amorphous BMG [78] 9.7 − 33.9 5.5 51.43 

Al 10 Cu 20 Ni 12 Ti 5 Zr 53 
a amorphous BMG [78] 10.3 − 34.1 6.0 49.87 

Al 10 Cu 20 Ni 8 Ti 5 Zr 57 
a amorphous BMG [34] 9.8 − 31.5 5.8 48.14 

Al 2.3 CoCrCuFeNi fcc + bcc + B2 2ss + IM [69] 5.9 − 9.4 7.0 8.99 

Al 2.5 CoCrCuFeNi fcc + bcc + B2 2ss + IM [69] 6.0 − 9.8 6.9 9.38 

Al 2.5 CoCrFeNi bcc bcc SS [79] 6.2 − 16.1 6.2 10.90 

Al 2.8 CoCrCuFeNi bcc bcc SS [7] 6.0 − 10.3 6.7 9.96 

Al 2 CoCrCu 0.5 FeNi fcc + bcc 2ss [8] 5.9 − 11.6 6.8 8.95 

Al 2 CoCrFeNi bcc bcc SS [67] 6.1 − 15.4 6.5 9.71 

Al 3.25 CoCrCuFeNi fcc + bcc + B2 2ss + IM [72] 6.1 − 10.8 6.5 10.68 

Al 3 CoCrFeNi bcc BCC SS [79] 6.3 − 16.4 6.0 11.81 

Al 7.5 Cu 17.5 Ni 10 Zr 65 
a amorphous BMG [78] 10.0 − 32.2 5.8 53.12 

Al 7 Cu 46 Y 5 Zr 42 
a amorphous BMG [80] 12.5 − 24.9 7.1 46.99 

( continued on next page ) 
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Table 1 ( continued ) 

Composition Structure Microstructure Ref. 𝛿 (%) ΔH mix (kJ mol − 1 ) VEC ΔH el (kJ mol − 1 ) 

Al 8 Cu 12 Ni 14 Zr 66 
a amorphous BMG [78] 9.9 − 35.4 5.6 55.15 

Al 8 Cu 7 Ni 19 Zr 66 
a amorphous BMG [78] 10.1 − 39.3 5.5 58.12 

Al 9 Cu 16 Ni 9 Zr 66 
a amorphous BMG [78] 9.7 − 32.4 5.6 51.23 

AlCo 0.5 CrCu 0.5 FeNi fcc + bcc 2ss [76] 5.2 − 7.9 7.4 6.18 

AlCo 0.5 CrCuFeNi fcc + bcc 2ss [81] 5.0 − 4.5 7.7 5.64 

AlCo 0.5 CrFeMo 0.5 bcc + 𝜎 ss + IM [82] 5.5 − 9.7 6.1 10.45 

AlCo 0.5 CrFeMo 0.5 Ni bcc + 𝜎 ss + IM [82] 5.6 − 11.7 6.9 8.92 

AlCo 1.5 CrCu 0.5 FeNi fcc + bcc 2ss [76] 5.0 − 7.8 7.7 5.20 

AlCo 1.5 CrFeMo0.5 bcc + 𝜎 ss + IM [82] 5.5 − 10.4 6.7 8.79 

AlCo 1.5 CrFeMo 0.5 Ni bcc + 𝜎 ss + IM [82] 5.4 − 11.1 7.3 7.63 

AlCo 1.5 CrFeNiTi 0.5 fcc + bcc 2ss [83] 6.0 − 17.2 7.1 9.80 

AlCo 2 CrCu 0.5 FeNi fcc + bcc 2ss [76] 4.8 − 7.7 7.8 4.81 

AlCo 2 CrFeMo 0.5 fcc + bcc + 𝜎 2ss + IM [82] 5.4 − 10.4 6.9 8.12 

AlCo 2 CrFeMo 0.5 Ni fcc + bcc + 𝜎 2ss + IM [82] 5.3 − 10.7 7.4 7.10 

AlCo 2 CrFeNiTi 0.5 fcc + bcc 2ss [83] 5.9 − 16.4 7.2 9.09 

AlCo 3.5 CrCu 0.5 FeNi fcc + bcc 2ss [76] 4.5 − 7.0 8.0 4.50 

AlCo 3 CrCu 0.5 FeNi fcc + bcc 2ss [76] 4.6 − 7.3 7.9 4.19 

AlCo 3 CrFeNiTi 0.5 fcc + bcc 2ss [83] 5.7 − 15 7.5 7.94 

AlCoCr 0.5 Cu 0.5 FeNi fcc + bcc 2ss [76] 5.3 − 8.3 7.7 6.17 

AlCoCr 0.5 CuFeNi fcc + bcc 2ss [81] 5.1 − 5.0 8.0 5.64 

AlCoCr 0.5 FeMo 0.5 Ni bcc + 𝜎 ss + IM [84] 5.7 − 12.1 7.2 8.91 

AlCoCr 1.5 Cu 0.5 FeNi fcc + bcc 2ss [76] 4.9 − 7.6 7.4 5.21 

AlCoCr 1.5 FeMo 0.5 Ni bcc + 𝜎 ss + IM [84] 5.3 − 10.8 7.0 7.63 

AlCoCr 2 Cu0.5FeNi fcc + bcc 2ss [76] 4.7 − 7.2 7.3 4.82 

AlCoCr 2 FeMo 0.5 Ni bcc + 𝜎 ss + IM [84] 5.1 − 10.3 6.9 7.12 

AlCoCrCu 0.25 FeNi bcc bcc SS [29] 5.2 − 9.9 7.4 5.90 

AlCoCrCu 0.25 FeNiTi 0.5 bcc + bcc 2ss [85] 6.0 − 15.5 7.1 10.15 

AlCoCrCu 0.5 Fe fcc + bcc 2ss [76] 5.2 − 6.1 7.0 6.74 

AlCoCrCu 0.5 Fe 0.5 Ni fcc + bcc 2ss [76] 5.3 − 8.9 7.5 6.09 

AlCoCrCu 0.5 Fe 1.5 Ni fcc + bcc 2ss [76] 4.9 − 7.1 7.6 5.80 

AlCoCrCu 0.5 Fe 2 Ni fcc + bcc 2ss [76] 4.7 − 6.5 7.6 4.92 

AlCoCrCu 0.5 FeNi bcc bcc SS [81] 5.1 − 7.9 7.5 5.65 

AlCoCrCu 0.5 FeNi 0.5 fcc + bcc 2ss [76] 5.1 − 7.3 7.3 6.15 

AlCoCrCu 0.5 FeNi 1.5 fcc + bcc 2ss [76] 5.0 − 8.3 7.8 5.22 

AlCoCrCu 0.5 FeNi 2 fcc + bcc 2ss [76] 4.9 − 8.4 7.9 4.36 

AlCoCrCu 0.5 FeNi 2.5 fcc + bcc 2ss [76] 4.8 − 8.4 8.1 4.53 

AlCoCrCu 0.5 FeNi 3 fcc + bcc 2ss [76] 4.7 − 8.4 8.2 4.25 

AlCoCrCu 0.5 FeNiTi 0.5 bcc + bcc 2ss [85] 5.9 − 13.4 7.2 9.72 

AlCoCrCu 0.5 Ni bcc bcc SS [5] 5.5 − 10.2 7.4 6.59 

AlCoCrCuFe 0.5 Ni fcc + bcc 2ss [81] 5.1 − 5.6 7.8 5.56 

AlCoCrCuFeMoNiTiVZr fcc + bcc 2ss [86] 8.1 − 17.2 6.6 21.07 

AlCoCrCuFeNi 0.5 fcc + bcc 2ss [81] 4.9 − 3.9 7.6 5.61 

AlCoCrCuFeNiTi bcc + fcc + bcc 3ss [87] 6.3 − 13.8 7.3 11.95 

AlCoCrCuFeNiTiV fcc + bcc 2ss [5] 5.9 − 13.9 7.0 10.74 

AlCoCrCuFeNiV fcc + bcc 2ss [87] 4.7 − 7.8 7.4 5.21 

AlCoCrCuNi fcc + bcc 2ss [88] 5.3 − 6.6 7.8 5.94 

AlCoCrCuNiTi B2 + fcc + 𝜎 ss + IM [89] 6.6 − 16.7 7.2 13.15 

AlCoCrCuNiTiY AlNi 2 Ti + Cu 2 Y IM [89] 15.2 − 19.3 6.6 30.26 

AlCoCrCuNiTiY 0.5 AlNi 2 Ti + Cu 2 Y IM [89] 12.6 − 18.3 6.8 22.26 

AlCoCrCuNiTiY 0.8 AlNi 2 Ti + Cu 2 Y IM [89] 14.3 − 19.0 6.7 27.17 

AlCoCrFe 0.6 Mo 0.5 Ni bcc + 𝜎 ss + IM [90] 5.6 − 12.3 7.0 8.75 

AlCoCrFe 1.5 Mo 0.5 Ni bcc + 𝜎 ss + IM [90] 5.3 − 10.5 7.2 7.73 

AlCoCrFe 2 Mo 0.5 Ni bcc + 𝜎 ss + IM [90] 5.2 − 9.7 7.2 7.27 

AlCoCrFeMo 0.1 Ni bcc bcc SS [91] 5.3 − 12.1 7.2 6.66 

AlCoCrFeMo 0.2 Ni bcc + 𝜎 ss + IM [91] 5.4 − 12.0 7.2 7.12 

AlCoCrFeMo 0.3 Ni bcc + 𝜎 ss + IM [91] 5.4 − 11.8 7.1 7.52 

AlCoCrFeMo 0.4 Ni bcc + 𝜎 ss + IM [91] 5.5 − 11.6 7.1 7.89 

AlCoCrFeMo 0.5 bcc + 𝜎 ss + IM [82] 5.5 − 10.3 6.4 9.56 

AlCoCrFeMo 0.5 Ni bcc + 𝜎 ss + IM [90] 5.5 − 11.4 7.1 8.23 

AlCoCrFeMo 0.5 Ni 0.5 bcc + 𝜎 ss + IM [92] 5.5 − 11.1 6.8 8.86 

AlCoCrFeMo 0.5 Ni 1.5 fcc + bcc + 𝜎 2ss + IM [92] 5.4 − 11.5 7.3 7.67 

AlCoCrFeMo 0.5 Ni 2 fcc + bcc + 𝜎 2ss + IM [92] 5.4 − 11.5 7.5 7.17 

AlCoCrFeNb 0.1 Ni bcc bcc SS [93] 5.5 − 13.3 7.2 7.26 

AlCoCrFeNb 0.25 Ni bcc + bcc + L ss + IM [93] 5.8 − 14.7 7.1 8.77 

AlCoCrFeNb 0.5 Ni fcc + bcc + L ss + IM [93] 6.2 − 16.5 7.0 10.95 

AlCoCrFeNi fcc + B2 ss + IM [75] 5.3 − 12.3 7.2 6.17 

AlCoCrFeNiTi bcc + bcc 2ss [94] 6.6 − 21.6 6.7 14.00 

AlCoCrFeNiTi 0.5 bcc + bcc 2ss [83] 6.2 − 17.9 6.9 10.62 

AlCoCrFeNiTi 1.5 fcc + bcc + L 2ss + IM [94] 6.9 − 23.9 6.5 16.54 

AlCoCrFeNiTiVZr amorphous BMG [78] 8.7 − 26.8 6.1 25.06 

AlCoCu 0.33 FeNi fcc + fcc + B2 2ss + IM [95] 5.5 − 9.2 7.9 7.06 

AlCoCu 0.5 FeNi fcc + bcc 2ss [76] 5.6 − 8.7 7.9 6.80 

AlCoCuNi fcc + bcc 2ss [88] 5.8 − 8.0 8.3 7.13 

AlCoFeMo 0.5 Ni bcc + 𝜎 SS + IM [84] 6.0 − 12.7 7.3 9.71 

AlCr 0.5 CuFeNiTi fcc + bcc 2ss [96] 6.5 − 15.4 7.1 14.40 

( continued on next page ) 
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Table 1 ( continued ) 

Composition Structure Microstructure Ref. 𝛿 (%) ΔH mix (kJ mol − 1 ) VEC ΔH el (kJ mol − 1 ) 

AlCr 1.5 CuFeNiTi fcc + bcc 2ss [96] 6.2 − 12.3 6.9 12.69 

AlCr 2 CuFeNiTi fcc + bcc 2ss [96] 6.0 − 11.1 6.9 11.96 

AlCr 3 CuFeNiTi fcc + bcc 2ss [96] 5.8 − 9.3 6.8 10.73 

AlCrCu 0.5 FeNi fcc + bcc 2ss [76] 5.3 − 7.7 7.2 6.82 

AlCrCuFeMnNi bcc bcc SS [70] 4.8 − 5.1 7.5 6.80 

AlCrCuFeNi 2 fcc fcc SS [12] 4.9 − 5.8 8.0 5.26 

AlCrCuFeNiTi fcc + bcc 2ss [96] 6.4 − 13.7 7.0 13.51 

AlCrFeNi 0.75 bcc + B2 ss + IM [95] 5.6 − 13.2 6.5 8.11 

AlCrMoTaTiZr amorphous BMG [97] 6.6 − 16.1 4.7 22.89 

AlCrTaTiZr amorphous BMG [98] 7.1 − 20.0 4.4 27.16 

AlFeNiTiVZr amorphous BMG [78] 8.7 − 31.3 5.7 29.75 

AlNbTaTiV bcc bcc SS [68] 3.2 − 13.4 4.4 6.37 

AlTiVYZr compound IM [29] 12.3 − 14.9 3.8 33.31 

fcc fcc SS [99] 4.6 − 10.7 8.1 5.54 

fcc fcc SS [99] 4.8 − 10.6 8.1 6.05 

fcc + 𝜎 ss + IM [99] 5.1 − 10.3 7.9 8.42 

fcc + 𝜎 ss + IM [99] 5.3 − 10 7.8 8.66 

CoCrCu 0.5 FeNi fcc fcc SS [100] 1.2 0.5 8.6 0.22 

CoCrCu 0.75 FeNi fcc + fcc 2ss [72] 1.2 2.2 8.7 0.28 

CoCrCuFeMn fcc + bcc 2ss [26] 0.9 4.2 8.2 2.92 

CoCrCuFeMnNi fcc fcc SS [14] 1.1 1.4 8.5 2.57 

CoCrCuFeNi fcc fcc SS [101] 1.2 3.2 8.8 0.34 

CoCrCuFeNiTi fcc + L ss + IM [101] 5.7 − 8.4 8.0 9.73 

CoCrCuFeNiTi 0.5 fcc fcc SS [101] 4.5 − 3.7 8.4 5.61 

CoCrCuFeNiTi 0.8 fcc + L ss + IM [101] 5.3 − 6.8 8.1 8.20 

CoCrCuFeNiTi 2 compound IM [29] 6.7 − 14.0 7.4 15.48 

CoCrCuFeNiTiVZr amorphous BMG [78] 8.8 − 16.8 7.1 22.60 

CoCrFeMnNbNi compound IM [14] 5.9 − 12.0 7.5 11.75 

CoCrFeMnNi fcc fcc SS [14] 1.1 − 4.2 8.0 2.98 

CoCrFeMnNiTi Compound IM [14] 5.8 − 13.4 7.3 11.35 

CoCrFeMo 0.3 Ni fcc fcc SS [55] 3.0 − 4.2 8.1 2.58 

CoCrFeMo 0.5 Ni fcc + 𝜎 ss + IM [64] 3.5 − 4.3 8.0 4.00 

fcc + 𝜎 + μ ss + IM [64] 4.2 − 4.6 7.9 5.86 

CoCrFeMoNiTiVZr amorphous BMG [78] 8.6 − 18.8 6.5 24.08 

CoCrFeNbNi fcc + C14 ss + IM [41] 5.7 − 14.9 8.8 12.44 

CoCrFeNi fcc fcc SS [100] 1.2 − 3.8 8.3 0.03 

CoCrFeNiTa bcc + C14 ss + IM [41] 5.7 − 14.4 8.8 14.48 

CoCrFeNiTi 𝜒 + C14 + 𝜂 IM [41] 6.2 − 16.3 7.4 11.69 

CoCrFeNiTi 0.3 fcc fcc SS [102] 4.1 − 8.9 8.0 4.30 

CoCrFeNiTi 0.5 fcc + L + 𝜎 + R ss + IM [102] 5.0 − 11.6 7.8 6.74 

CoCrFeNiV fcc + 𝜎 ss + IM [41] 2.2 − 9.0 8.8 1.74 

fcc + μ ss + IM [41] 3.8 − 2.9 7.8 8.80 

CoCrFeNiY bcc + Y + YNi + Y 2 ss + IM [41] 16.4 − 9.3 7.2 28.54 

CoCrFeNiZr bcc + C15 ss + IM [41] 10.8 − 22.7 7.4 26.43 

CoCrMnNiV fcc + 𝜎 ss + IM [26] 2.8 − 9.1 7.4 3.68 

CoCuFeNi fcc + fcc 2ss [95] 1.1 4.7 9.5 0.42 

CoCuFeNiTiVZr amorphous BMG [78] 9.2 − 20.2 7.3 25.10 

CoCuFeNiV fcc fcc SS [29] 2.8 − 2.2 8.6 1.78 

CoFeMnMoNi ss + IM [26] 4.4 − 4.0 8.0 7.74 

CoFeMnNiV fcc + 𝜎 ss + IM [26] 2.8 − 9.0 7.8 3.93 

CoFeMoNiTiVZr amorphous BMG [78] 8.8 − 21.8 6.6 26.15 

Cr 2 Cu 2 Fe 2 MnNi 2 fcc + bcc 2ss [103] 1.1 3.6 8.6 1.95 

Cr 2 Cu 2 FeMn 2 Ni 2 fcc + bcc 2ss [103] 1.1 2.4 8.4 3.14 

Cr 2 CuFe 2 Mn 2 Ni 2 fcc + bcc 2ss [103] 1.0 0.1 8.1 3.30 

Cr 2 CuFe 2 MnNi fcc + bcc 2ss [103] 0.9 2.6 8.0 2.35 

CrCu 0.7 FeNi fcc + bcc 2ss [104] 1.2 3.0 8.6 0.35 

CrCu 2 Fe 2 Mn 2 Ni fcc + bcc 2ss [103] 0.9 4.7 8.5 3.24 

CrCu 2 Fe 2 MnNi 2 fcc fcc SS [103] 1.1 3.9 8.9 2.16 

CrCuFeMn 2 Ni 2 fcc fcc SS [103] 1.1 − 0.5 8.4 3.88 

CrCuFeMnNi fcc + bcc 2ss [79] 1.0 2.7 8.4 3.00 

CrCuFeMoNi fcc + bcc 2ss [79] 4.1 4.6 8.2 6.17 

CrCuFeNiZr bcc + IM ss + IM [79] 10.0 − 14.4 7.8 26.04 

CrCuMnNi fcc + bcc 2ss [105] 1.1 1.8 8.5 3.26 

CrFeMnNiTi bcc + L ss + IM [14] 6.0 − 13.3 7.0 13.14 

CrNbTiVZr bcc + IM ss + IM [106] 7.7 − 4.6 4.8 28.98 

CrNbTiZr bcc + IM ss + IM [106] 7.8 − 5.0 4.8 33.64 

Cu 47 Ni 8 Ti 34 Zr 11 
a amorphous BMG [77] 8.6 − 15.4 7.8 24.19 

Cu 60 Hf 10 Ti 10 Zr 20 
a amorphous BMG [78] 10.3 − 17.3 8.2 34.51 

CuFeHfTiZr IM IM [107] 9.8 − 15.8 6.2 47.77 

CuFeNiTiVZr amorphous BMG [78] 9.2 − 18.8 7.0 27.95 

CuHfNiTiZr amorphous BMG [107] 10.3 − 27.4 6.6 46.69 

CuNbNiTiZr amorphous BMG [39] 9.4 − 21.3 6.8 33.03 

FeMoNiTiVZr amorphous BMG [78] 8.6 − 19.8 6.2 28.02 

HfNbTaTiZr bcc bcc SS [108] 4.1 2.7 4.4 11.13 

( continued on next page ) 
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Table 1 ( continued ) 

Composition Structure Microstructure Ref. 𝛿 (%) ΔH mix (kJ mol − 1 ) VEC ΔH el (kJ mol − 1 ) 

MoNbTaVW bcc bcc SS [16] 3.2 − 4.6 5.4 5.31 

MoNbTaW bcc bcc SS [16] 2.2 − 6.5 5.5 3.59 

MoNbTiV 0.25 Zr bcc bcc SS [109] 5.3 − 2.6 4.8 16.29 

MoNbTiV 0.5 Zr bcc bcc SS [109] 5.6 − 2.7 4.8 17.00 

MoNbTiV 0.75 Zr bcc bcc SS [109] 5.8 − 2.7 4.8 17.43 

MoNbTiV 1.5 Zr bcc bcc SS [109] 6.1 − 2.7 4.8 17.70 

MoNbTiV 2 Zr bcc bcc SS [109] 6.1 − 2.7 4.8 17.42 

MoNbTiV 3 Zr bcc bcc SS [109] 6.2 − 2.5 4.9 16.43 

MoNbTiVZr bcc bcc SS [109] 5.9 − 2.7 4.8 17.66 

MoNbTiZr bcc bcc SS [109] 5.0 − 2.5 4.8 15.19 

NbTaTiV bcc bcc SS [68] 3.6 − 0.3 4.8 7.74 

NbTiV 2 Zr bcc + bcc + bcc 3ss [106] 6.6 − 1.3 4.6 20.58 

NbTiVZr bcc bcc SS [106] 6.2 − 0.3 4.5 20.08 

a The composition is in at.%. 

Fig. 3. The ⟨ΔH el vs . ΔH mix ⟩ criterion for the 235 complex concentrated alloys 

and bulk metallic glasses (BMGs) given in Table 1 (SS – single-phase solid solu- 

tion, ss – solid solution, IMs – intermetallics). 
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Fig. 4. The ⟨ΔH el vs . VEC ⟩ criterion for the 235 complex concentrated alloys and 

bulk metallic glasses (BMGs) given in Table 1 (SS – single-phase solid solution, 

ss – solid solution, IMs – intermetallics). 
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olumetric strain, originating from the atomic stresses, where the crys-

al structure becomes unstable, and consequently it shows a tendency

o become non-crystalline. This feature constitutes the local topological

nstability theory [46] . This concept is sustained by the Hume–Rothery

ule that solid solutions are stable when a ratio of the atomic-size dif-

erence between solute and solvent atoms is less than 15% for binary

lloys. 

.3. The ⟨ΔH el vs. ΔH mix ⟩ criterion 

There is a similar pattern for the ⟨ΔH el vs. ΔH mix ⟩ criterion ( Fig. 3 )

o that shown in Fig. 2 . The fcc SS populated region lies in the range

f 0 < Δ𝐻 el ≤ 6 . 89 kJ mo l −1 and −10 . 7 ≤ Δ𝐻 mix ≤ 3 . 9 kJ mo l −1 ; the lat-

er condition for the fcc SSs formation was already reported in Zhang

nd Zhou [28] . The bcc SSs, unlike the fcc SS region, are spread in a

roader range of ΔH el and 𝛿, and they overlap with the duplex alloys,

Ms, fcc + bcc + IMs, bcc + IMs, and fcc + IMs microstructures. Similarly

o the ⟨ΔH el vs. 𝛿⟩ criterion ( Fig. 2 ), 6 crystalline alloys (5 single-phase

Ms and one alloy with a mixture of ss and IM phases) lie in the BMGs

egion. 

The ⟨ΔH el vs. ΔH mix ⟩ criterion, like the ⟨ΔH el vs. 𝛿⟩ criterion, may

ork reasonably well to distinguish the fcc SSs within different mi-

rostructures, but it clearly cannot separate the bcc ones. The ΔH mix 

f the bcc SSs studied ranges from − 16.4 to 2.7 kJ mol − 1 ( Table 1 )

hich overlaps with the enthalpy of formation for other microstructures,
ncluding IMs and BMGs. The criterion may work reasonably well to dis-

inguish the fcc SS region especially for the compositions that tend to

deal solid solutions for the range of −5 ≤ Δ𝐻 mix ≤ 5 kJ mo l −1 . 
From the 22 alloys with the duplex microstructures (fcc + bcc, or

cc + fcc phases) that share the common region with the fcc SS alloys

 Fig. 4 ), 13 have positive values of ΔH mix and all 22 have Cu as the

onstituent element. Copper is known to have high positive ΔH mix with

ome transitional metals in binary solutions. This leads to the atoms to

rganize in A-A and B-B rather than A-B arrangements, and will mostly

esult in segregation and phase separation. This can explain why these

lloys have low values of ΔH el but phase separation occurs. As shown

y Otto et al. [26] , the phase formation in higher-order multicomponent

lloys is consistent with a minimization of the total Gibbs free energy,

ith contributions of both enthalpy and entropy. They suggest that the

inary ΔH mix of the constituent elements will also play an important

ole in formation of SS or a compound in CCAs. 

.4. The ⟨ΔH el vs. VEC ⟩ criterion 

The bcc SS populated region is clearly defined in Fig. 4 , unlike in

igs., 2 and 3, in the range of 3 . 59 ≤ Δ𝐻 el ≤ 20 . 08 kJ mo l −1 and 4.40 ≤

EC ≤ 6.2. From the 28 CCAs with the bcc SS microstructure in Table 1 ,

6 (57.1%) lie in this region. In the bcc SS region, 1 alloy containing

n IM phase stands, representing 1.3% for these alloys, without any

uplex alloys overlap. The remaining bcc SS alloys overlap with other
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Fig. 5. The ⟨𝛿 vs. VEC ⟩ criterion for the 235 complex concentrated alloys and 

bulk metallic glasses (BMGs) given in Table 1 (SS – single-phase solid solution, 

ss – solid solution, IMs – intermetallics). 
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the fcc single-phase solid-solution regions in Figs. 4 and 5 , respectively. 
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icrostructures in the range of 6.5 ≤ VEC ≤ 7.5. Considering the all 56

S alloys, including both fcc and bcc alloys, 44 of them fit the limits of

ΔH el vs. VEC ⟩ for the bcc and fcc SS microstructures. This trend means

hat 78.6% of all the SS alloys belong to the SS regions highlighted in

ig. 4 . In Fig. 4 , 22 fcc + bcc, or fcc + fcc alloys (80 alloys from Table 1 )

uplex microstructures and six alloys containing IM phases (74 in total)

verlap with the FCC SS region, yielding 27.5% and 8.1%, respectively.

hen all microstructures, except of the SS (179 alloys in Table 1 ), are

onsidered then 16.2% of all these alloys overlap with the SS regions

delimited in Fig. 4 ). When only the IM-phase-containing alloys are con-

idered then 9.5% overlap with the SS regions is found. 

In accordance to what Guo et al. [12] proposed, the VEC criterion

s able to separate fcc and bcc SSs alloys for CCAs. All the evaluated

cc SS alloys have VEC lower than 7.5, while all the fcc SS alloys have

EC higher than 7.8. From the 28 alloys with the fcc SS microstructure

isted in Table 1 , 86% of them obey the range proposed by Guo et al.

12] . For the bcc SS alloys, 79% of them follow the range proposed. The

ΔH el vs. VEC ⟩ criterion ( Fig. 4 ) shows a plausible ability to distinguish

S alloys from all different microstructures described in the literature

or CCAs. The hexagonal-close-packed SSs alloys are not considered in

his study because only a few alloys with the hcp SS microstructures

ave been published [49–53] , so far. 

It should also be noted that the bcc SS may also form for low val-

es of ΔH el , for example the MoNbTaW and MoNbTaVW alloys have

H el = 3.59 kJ mol − 1 and 5.31 kJ mol − 1 , respectively. These values are

omparable with those for the fcc SS. All the constituent elements of

he MoNbTaW and MoNbTaVW alloys have the bcc A2 structure at T m 

nd T 0 . Therefore, it is not surprising that these CCAs precipitate with

he same crystal structure characteristic of the constituent elements, in

hat Miracle and Senkov [1] defined as the “structure in – structure

ut ” correlations (SISO). The SISO analysis takes into account the crys-

al structure of the element being used to design an alloy, and it develops

he Hume–Rothery concept of the link between the crystal structure of

n extended SS and the crystal structures of the constituent elements.

herefore, the SISO correlations should also be considered in the CCAs

esign. 

.5. The ⟨𝛿 vs . VEC ⟩ criterion 

Two SS regions are distinguishable in Fig. 5 in agreement with the

ΔH el vs. VEC ⟩ criterion ( Fig. 4 ). In total, 18 alloys with duplex mi-

rostructures and 10 IM-containing alloys overlap with the fcc SS region,
hich yields 22.5% and 11.5% of these microstructures, respectively.

he criterion can correctly predict 40% less in the number of alloys

ith IM phases than the ⟨ΔH el vs. VEC ⟩ criterion ( Fig. 4 ). When the bcc

S region is investigated, 1 alloy with a mixture of ss and IM phases and

one of the duplex alloys are found. The comparison of the two criteria

or the prediction of the fcc SS region is shown for the ⟨𝛿 vs. VEC ⟩ cri-

erion in Fig. 6 a, and for the ⟨ΔH el vs. VEC ⟩ criterion in Fig. 6 b. A clear

hift can be seen for some IM-containing alloys to the outside of the fcc

S region in Fig. 6 b. 

The SS regions can be distinguished in a three-dimensional space

onsidering the electronic, VEC , the topological, ΔH el , and the thermo-

ynamic, ΔH mix , parameters by combining Figs. 3 and 4 (see Fig. S3

n the Supplementary Material). For example, the ⟨ΔH el vs. VEC ⟩ crite-

ion outcomes for the SSs are correct ( Fig. 4 ), in most cases, when the

ange of −15 ≤ Δ𝐻 mix ≤ 5 kJ mo l −1 , defined by Zhang et al. [28,29] , is

atisfied ( Fig. 3 ). 

. Predicting the sigma ( 𝝈) and mu (μ) phases 

At this point, let us explore the prediction capability of the ΔH el 

arameter by considering the 6 alloys with a mixture of ss and IM
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Table 2 

The compositions (in molar fraction), microstructures, and the prediction outcomes using 5 different criteria: ⟨𝛿 vs . ΔH mix ⟩; ⟨Δ𝐻 mix vs . VEC ⟩; ⟨Δ𝐻 el vs . ΔH mix ⟩; ⟨𝛿 vs . VEC ⟩; and ⟨Δ𝐻 el vs . VEC ⟩ for the intermetallic alloys that overlap with the 

single-phase solid-solution regions for these criteria (L – Laves phase; 𝜎 – sigma phase; 𝜇− mu phase). 

Composition Microstructure Ref. 𝛿 vs. ΔH mix ΔH mix vs. VEC ΔH el vs. ΔH mix 𝛿 vs. VEC ΔH el vs. VEC 

The criterion outcome 

Al 0.5 CoCrCuFeNiV fcc + bcc + 𝜎 [73] 

Al 0.3 CoCrFeNi fcc + L1 2 [55] 

Al 0.5 CoCrCuFeNiV 0.8 fcc + bcc + 𝜎 [73] 

CoCrFeMo 0.5 Ni fcc + 𝜎 [64] 

Al 0.5 CoCrCuFeNiV 0.6 fcc + bcc + 𝜎 [73] 

CoCrFeNiV fcc + 𝜎 [41] 

CoFeMnNiV fcc + 𝜎 [26] 

CoCrFeMo 0.85 Ni fcc + 𝜎 + μ [64] 

CoCrFeNiW fcc + μ [41] 

CoFeMnMoNi fcc + μ [26] 

AlCoCrFe 2 Mo 0.5 Ni bcc + 𝜎 [90] 

Al 0.5 CrFe 1.5 MnNi 0.5 bcc + fcc + B2 [71] 

Al 0.3 CrFe 1.5 MnNi 0.5 bcc + fcc + B2 [71] 

CoCrCuFeNiTi fcc + L [101] 

CoCrCuFeNiTi 0.8 fcc + L [101] 

Co 1.5 CrFeMo 0.8 Ni 1.5 Ti 0.5 fcc + 𝜎 [99] 

AlCoCu 0.33 FeNi fcc + fcc + B2 [95] 

CoCrMnNiV fcc + 𝜎 [26] 
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hases that overlap with the fcc SS region delimited in Fig. 4 . From

hese 6 alloys, 5 of them exhibit a mixture of a ss phase, and the

igma, 𝜎, phase usually found in low volume fractions in interden-

ritic regions and grain boundaries [26] . These 5 alloys are CoCr-

eNiV, CoCrFeMo 0.5 Ni, Al 0.5 CoCrCuFeNiV, Al 0.5 CoCrCuFeNiV 0.6 , and

l 0.5 CoCrCuFeNiV 0.8 . Four of these alloys contain V, 2 alloys have V

s a minor addition, and 2 alloys contain the equimolar concentration.

anadium is known to extend the 𝜎 phase stability in alloys contain-

ng Co, Mn and Fe, and it is the only element to form the 𝜎 phase,

hen combined with Ni. “Among the intermetallic phases, it is prob-

bly the phase having the broadest range of existence among the dif-

erent systems ” [54] . This seems reasonable to explain why the 𝜎 phase

orms in these alloys. However, it does not give any insight into how

o correctly predict and avoid the precipitation of the 𝜎 phase. The re-

aining Al 0.3 CoCrFeNi alloy shows a different intermetallic phase − the

icrostructure is composed of fcc ss and L1 2 phase [55] . 

Table 1 contains 34 alloys with the 𝜎 phase. Regarding the elements

hat are prone to form this phase, 32 alloys contain Cr, 5 alloys contain

i, 6 alloys contain V, and 23 alloys have Mo. Molybdenum is one of

he alloying elements exhibiting the 𝜎 phase formation for the largest

umber of binary systems [54] . Tsai et al. [56] proposed an empirical

ethod using the VEC alone to predict the formation range of the 𝜎

hase in CCAs. They suggested that alloys were prone to the precipita-

ion of the 𝜎 phase when VEC is between 6.88 and 7.84, and the method

orks well for Cr- and V-containing alloys. Eight of the alloys listed in

able 1 (24%), that form the 𝜎 phase, fall outside the aforementioned

ange in VEC . All eight alloys contain Cr, 3 of them have V and 5 contain

o. This suggests that care must be taken when using this criterion to

redict SS HEAs, which is demonstrated in Table 2 (the table shows the

utcome of different criteria to predict the phase formation for the IM

lloys overlapping with the SS regions) and Fig. 6 . From the 6 alloys that

ontain V and form the 𝜎 phase, 5 alloys are incorrectly predicted with

he ⟨𝛿 vs. VEC ⟩ criterion ( Fig. 6 a and Table 2 ), and 4 alloys are wrongly

redicted with the ⟨ΔH el vs. VEC ⟩ criterion ( Fig. 6 b and Table 2 ). It can

e concluded that for CCAs of the 3-d transitional metals family, V and

o may lead (depending on the alloying elements and the overall com-

osition) to the formation of the 𝜎 phase, and that the prediction of the

IM phase for V-containing alloys is somewhat difficult. The reasons

or this are discussed in the following paragraphs. 

Tsai et al. [41] examined the predicting quality for the phase for-

ation using five different criterion available, with variable terms. The

oCrFeNiX (X = Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) alloys were used

s the master composition for the comparison. The empirical methods
nd the SS-forming conditions are summarized in Table 3 . Inclusive of

he common rules for ΔH mix ( Eq. (5 )) [57] , 𝛿 ( Eq. (6 )) [57] , and ΩT [34] ,

ntroduced in Section 2 , additional parameters are defined as: [58–60] 

 𝐿 = 1 − 

√ √ √ √ 

( 𝑟 𝑠 − ̄𝑟 ) 2 − ̄𝑟 2 

( 𝑟 𝑠 + ̄𝑟 ) 2 
, (11)

 𝑆 = 1 − 

√ 

( 𝑟 𝐿 + ̄𝑟 ) 2 − ̄𝑟 2 

( 𝑟 𝐿 + ̄𝑟 ) 2 
, (12)

= 

𝜔 S 
𝜔 L 

, (13) 

= 

Δ𝑆 

ss , ideal 
mix 
𝛿2 

, (14) 

= 

𝑆 C − 𝑆 𝐻 

𝑆 𝐸 

. (15) 

Here, r S and r L are the radii of the smallest and largest atoms in

 multicomponent metallic mixture, respectively. The S C denotes the

onfigurational entropy of mixing for an ideal gas, and the S E is the

xcessive entropy of mixing which is the function of atomic packing

nd atom size. The 𝑆 H = |Δ𝐻 mix |∕ 𝑇 m is defined as the complementary

ntropy. The results by Tsai et al. [41] revealed that 4 criteria, unlike

he present work, consistently fail to correctly predict at least the phase

ormation for the alloys with X = V, Mo, and W; these form the fcc + 𝜎

hases for X = V and Mo and fcc + 𝜇 phases for the X = W alloy ( Table 3 ).

ll five methods are unable to correctly predict at least X = V and Mo

lloys ( Table 3 ). In the present work, the results show that only for

he X = V alloy, it is not possible to separate the fcc SS region using

he ⟨ΔH el vs. VEC ⟩ criterion ( Fig. 6 b and Table 3 ). The ⟨ΔH el vs. VEC ⟩
riterion has greater ability to predict alloys with IM phases, compared

ith the 5 existing empirical models [41] , in particular for alloys that

orm the 𝜇 phase ( Table 2 ). For the 𝜎 phase, when Mo is the element

eading to its formation, it was also possible to correctly predict the

hase formation ( Table 1 , the alloys highlighted in blue). 

Tsai et al. [41] argued that the failure of the well-established meth-

ds to correctly predict the regions of the formation of SSs and IMs

s because they consider SSs formation only when the ΔH mix is near

ero, and 𝛿 of the constituent elements is small < 6.6%. However, IM

hases can also form with the near-zero mixing enthalpy and for small

tomic-size difference. This is the case of the 𝜎 and μ phases. One may

otice that only the CoCrFeNiV (fcc + 𝜎 phases) alloy overlaps with the

cc SS region in Fig. 6 b, and 2 alloys overlap with fcc SS region when
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Table 3 

The single-phase solid-solution (SS) forming conditions and the prediction outcomes for five dif- 

ferent approaches, summarized by Tsai et al. [41] . The SS-forming conditions applied to the ⟨ΔH el vs. VEC ⟩ criterion and the prediction outcomes for the CoCrFeNiX (X = Y, Ti, Zr, Hf, V, Nb, 

Ta, Cr, Mo and W) alloys. 

Model/Ref. Single-phase solid-solution forming conditions Incorrect predictions for 

Guo et al. [57] − 11.6 ≤ ΔH mix ≤ 3.2 kJ mol − 1 ; 𝛿 < 6.6% X = V, Mo and W 

Zhang et al. [58] − 11.6 ≤ ΔH mix ≤ 3.2 kJ mol − 1 ; 𝛾 < 1.175 X = V, Mo and W 

Yang et al. [34] Ω ≥ 1.1; 𝛿 ≤ 6.6% X = V, Nb, Ta, Mo and W 

Singh et al. [59] Λ > 0.96 J K mol − 1 X = V and Mo 

Ye et al. [60] Φ > 20 X = V, Mo and W 

This work fcc SS: 0 ≤ ΔH el ≤ 6.8 kJ mol − 1 ; VEC ≥ 8.0 X = V 
This work bcc SS: 3.59 ≤ ΔH el ≤ 20.08 kJ mol − 1 ; 4.0 ≤ VEC ≤ 6.2 —
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he atomic-size mismatch criterion is considered in Fig. 6 a. These are

he CoCrFeNiV and CoCrFeNiW alloys with microstructures of fcc + 𝜎

hases and fcc + μ phases, respectively. 

The μ phase is a topologically-closed-packed (TCP) phase and has a

hombohedral lattice crystal structure. The phase has been reported for

any Ni- and Co-based systems [61–63] . In Table 1 , there are 3 alloys

hat form the μ phase. These are the CoCrFeMo 0.85 Ni [64] , CoCrFeNiW

41] , and CoFeMnMoNi [26] alloys (highlighted in green in Table 1 ).

hen the ⟨𝛿 vs. VEC ⟩ criterion is applied, all of the alloys are predicted

o be fcc SSs which does not correspond to their real microstructures

 Table 2 and Fig. 6 a). On the other hand, when the ⟨ΔH el vs. VEC ⟩ cri-

erion is applied, all three alloys are shifted outside off the fcc SS alloys

egion ( Table 2 and Fig. 6 b). It is tempted to assume that the ⟨𝛿 vs. VEC ⟩
riterion could flawlessly predict the alloys that precipitate the μ phase.

owever, there are not enough alloys published in the literature to date

o fully verify it. 

.1. Comparing the results of ΔH el and 𝛿

The reason that it is possible to correctly predict the formation of

he μ phase using ΔH el parameter is that bulk modulus of both Mo and

 is typically much higher than for the other constituent elements in

hese alloys. Therefore, when computing the ΔH el , the bulk modulus has

 more pronounced effect contrary to 𝛿. The atomic radii of Mo and W

o not differ greatly from the other elements in these alloys. The same

pplies when predicting alloys that form the 𝜎 phase by adding Mo. This

an be seen for the highlighted alloys in blue in Table 1 . However, when

he V-containing alloys forming the 𝜎 phase are considered, neither the

ulk modulus nor atomic radius of V differs greatly from the other ele-

ents. For this reason, both ⟨𝛿 vs. VEC ⟩ and ⟨ΔH el vs. VEC ⟩ criteria fail

o correctly predict the microstructures despite that the ΔH el parameter

as an overall better performance ( Table 2 ). 

. Conclusions 

The present study of the extensive database containing 235 complex

oncentrated alloys reveals clear trends in predicting the phase stability

nd formation by simple empirical criteria which can be summarized as

ollows. 

1. The ΔH el parameter shows three distinct elastic-strain-energy re-

gions for complex concentrated alloys: (i) the single-phase solid-

solution alloys with fcc crystal structure precipitate predominantly

in the range of ΔH el ≤ 6.05 kJ mol − 1 ; (ii) The range of 6 . 05 < Δ𝐻 el ≤

22 kJ mo l −1 contains most of the bcc SS alloys, and other types of

complex concentrated alloys (e.g. ss + IMs, IMs or duplex alloys);

and the region (iii) for ΔH el > 22 kJ mol − 1 , all bulk metallic glasses

and ∼56% of the single-phase intermetallics can be found. 

2. The ⟨ΔH el vs. VEC ⟩ criterion ( Fig. 4 ) is a simple and straightforward

guideline that can be used to predict single-phase solid-solution

formation in complex concentrated alloys. The criterion shows an
improved ability to predict single-phase solid-solution alloys from

intermetallic-forming alloys, especially for the alloys that precipitate

the mu μ phase, when it is compared with the different approaches

already used in literature. 

3. The V-containing complex concentrated alloys forming the sigma 𝜎

phase are by far the most common IM phase to overlap within the

SS-predicted regions in the literature. The alloys that are prone to

form the 𝜎 phase and contain V are difficult to predict by using the

empirical methods because of their near-zero enthalpy of mixing,

low atomic-size mismatch and low elastic-strain energy. Further in-

vestigation should be carried out to establish reliable models. 

4. The simplified ΔH el parameter improves the quality to predict

single-phase solid-solution microstructures compared to the well-

established 𝛿 parameter. The ΔH el parameter, together with those

previously reported in the literature, can be used to design new com-

plex concentrated alloys. 
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