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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 p 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.

1. Introduction

High-entropy alloys (HEAs), with simple single-phase solid-solution
(88) crystalline structures (fce, bee and hep), have attracted a scien-
tific attention [1-3] because of their excellent mechanical properties
[4]. HEAs were introduced by Yeh et al. [5~9] in 2004, and they are
defined as multi-component alloys with (near)-equiatomic composition
containing at least 5 principal elements. The term “high entropy” for
these solid-solution-(ss)-type alloys refers to the configurational entropy

. - ss,ideal "
for an ideal solution, Sconl‘ig ; (10

config
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where R is the gas constant, n is the number of total moles, N is the
number of components, and ¢; is the molar fraction of the component

3 ss.ideal . - . P . .
i. Because S contig generally increases with increasing N, and is highest

for equiatomic compositions, it has been assumed that the S:(‘w']‘l‘f;“ is the
only parameter responsible for the SS stability [5-9]. The contributions
of vibrational, magnetic, and electronic entropies to the total entropy are

regarded as negligible. Zhang et al. [11] noted that if §*% was really

config
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the only parameter responsible for the phase stability in HEAs, then this
trend would mean that: (i) the higher the number of elements in an alloy
the greater the probability to form a 8§ is; (ii) alloys containing the same
number of different elements would have the same probability to form
a 88; (iii) the highest probability for equiatomic compositions to form
a SS than non-equiatomic alloys with the same number of components.
The experimental results [12-14] have shown that the simple stability
rule based only on Sz;"fs“‘z is not enough to explain the phase formations
in HEAS. '

A definition of complex concentrated alloys (CCAs) was formulated
by Miracle et al. [15]; they aimed at exploring the vast compositional
space of multi-principal element alloys [14], and not being limited to
SS microstructures or to simple crystal structures. Some CCAs reported
to date have shown excellent properties, such as high-temperature me-
chanical strength [4,16], superior fracture toughness [17], high hard-
ness [4], excellent corrosion resistance [18,19] and good fatigue resis-
tance [20-24], for structural and functional applications competitive
with the commercially-established alloys, and CCAs can fill the exist-
ing gaps on the materials-property maps, represented, for example, by
Ashby maps [25].

2589-1529/@ 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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A large number of the constituents in CCAs promotes a new
search for theoretical and empirical approaches to predict the phase
formation and its stability for the alloys without the need of applying
costly and time-consuming experiments and computer simulations. In
this paper, a simple approach considering the elastic-strain energy, AH,,
and the valence-electron concentration, VEC, is presented. The criterion
can distinguish SS alloys from other possible phases for 235 different
CCAs taken from the literature. The criterion is compared with other
criteria considering, for example, the atomic-size mismatch, 4, and the
enthalpy of mixing, AH,;,, parameters.

2. Empirical methods for designing the microstructure of HEAs

Otto et al. [26] studied the role of AH,;, and concluded that it is
one of the controlling parameters for the phase precipitation in CCAs,
whereas the S:;;‘ff:' alone is not a good parameter to predict the phase
stability. Senkov and Miracle [27] pointed out the importance of the
enthalpy of mixing of the intermetallic (IM) phases, AH™ , competing
with the SS phase. The authors state that the conditions to suppress an
intermetallic phase and to obtain the SS microstructures are given as:

M
HSS ¥ &)

mix

KT >
A

where k{' is a critical value at a given temperature, T, computed as:
TAS™

KTy = — 4, 3)
AH::‘H (1 =k,)
M
k3 = c:c:nl ig (4)
;:.oni'ig

where AS™ . is the ideal configurational entropy of the intermetallic
config

phase, and AS{'_%‘I{ig is the configurational entropy of an ideal random
solid-solution phase. The plot of k' (7") vs. (AH™ /A H,;. ) has been used
as the criterion to separate IMs and SS phases in CCAs. The Senkov and
Miracle criterion [27] works reasonably well, despite the fact that some
IM-containing alloys still overlap with the SS alloys region. Furthermore,
the authors do not discuss in detail which intermetallic phases are being
predicted correctly, and for which alloys the prediction fails.

Zhang et al. [28,29] studied the relation between AH;;, (Eq. 5), and
the atomic-size mismatch, & (Eq. 6), and concluded that SSs would typi-
cally form when AHy,, is between —15 and 5 kJ mol~! and § is between
1 and 6%. The mixing enthalpy of a solution of two elements can be
estimated using the Miedema’s model [30]. The enthalpy of mixing of
an N-component solid solution can be estimated as follows:

N
AH ;= Z c,—chU. (3)
LjJd#)

where 2, =4AH". | ¢; and ¢; are the atomic fractions of the element i

mix’

and j, and H. is the enthalpy of mixing of a liquid binary alloy. The
atomic-size mismatch is calculated as follows:

2 N
,and T = Zciri, (6)
i=1

where r; is the atomic radius of the element i.

Following the Hume-Rothery theory for solid solutiens, Guo et al.
[12] proposed a criterion for the formatien of fee and bee crystalline
structures based on the valence electron concentration (VEC):

N
VEC =Y c{VEC). )
i=l

According to this criterion, fcc crystalline structures are formed when
VEC > 8, and bec structures develop for VEC < 6.7.

According to Lépez and Alonso [31], one of the contributions to the
enthalpy of formation of a metallic substitutional solid solution is the
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elastic energy due to the atomic-size mismatch between solutes and sol-
vents. As stated by Porter and Easterling [32 p., 24], in systems where
& is considerable, the quasichemical model underestimates the change
in the internal energy of mixing because the elastic-strain fields are ig-
nored. The elements volume changes upon mixing, and this introduces
a strain-energy term into the overall enthalpy. When the difference in
elements size is large enough then the strain centribution prevails over
the chemical term, see Porter and Easterling [32] for more details.

Toda-Caraballo and Rivera-Diaz-Del-Castillo [33] introduced two
empirical parameters based on the lattice distortion for predicting the
phase formation of CCAs: the interatomic spacing mismatch, s, (%),
and the bulk modulus mismatch, K, (%) (see details in Ref. [33]). The

- ondeal

enthalpy of mixing, the parameters Qy = Tj’::l [34] (this parameter is
discussed in detail in Section 4), py = T, /Ty [35] (T}~ melting point,
Tge— spinodal-decomposition temperature), and y (the Pauling’s elec-
tronegativity difference between the constituent elements [36]) were
plotted as the function of s, and additionally K, vs. 5,,was also con-
sidered. This method shows a good ability to separate SS from duplex
phase alloys (e.g., bce + fee), ss+intermetallic phases, and bulk metal-
lic glasses (BMGs), although a more complex methodology was used to
achieve these results.

Ye et al. [37] developed a general self-contained geometrical model
to compute residual intrinsic strains between different atomic-size ele-
ments in CCAs. The model takes into account the atomic size, atomic
fraction, and packing efficiency. The authors showed that the phase
transition from SS to multi-phase microstructures occurs when the root-
mean-square of the residual strain increases above ~5%, i.e., the SS ex-
ists under near-zero strain conditions only. However, the methodology is
not simple and straightforward, compared with the approach proposed
in this paper.

Melnick and Soolshenk [12] argued that the lattice elastic-strain en-
ergy, AH, derived from &, which is inherent to CCAs, should be con-
sidered to calculate the Gibbs free energy, G, as:

AG=AH, +AH, —TAS, (8
N v-v)
AH, = Bt 9
el ;cx Il 2Va (9)
N
o &iBV;
V= Eﬁ-‘,—— (10)
Z;:{ CIBI

here, respectively B; and V; are the bulk modulus and the atomic volume
of the element i. The authors did not investigate the effect of AH,; on the
phase stability. The theoretical calculation predicts zero strain for the
same atomic sizes though such real crystals may have strains of other
origins. The model presented here is used in order to simplify the AH,
calculations by considering a volumetric strain to occur in a lattice only.
However, it has been recently shown that shear-strain effects cannot be
ignored, details are given by Ye et al. [38].

In the present study, the effect of AH, on the phase stability of CCAs
is studied. The elastic-strain energy is calculated via Eq. (8) for 235 dif-
ferent alloys representing 3d-transitional-metals CCAs, refractory CCAs,
non-crystalline CCAs, and BMGs. The local V; and B; for solid solutions
are considered to be equal to the values for one-component systems. The
elastic-strain energies are calculated at room temperature, Ty, because
all the phases described in the references are at T,. However, the phases
are likely formed at higher temperatures where diffusion is not limited
and therefore metastable phases can be formed [39]. The values of r;
are taken from Miracle and Senkov [11, B, is taken from Ref. [40]. Ref-
erences. [33,41] are used as the databases for the calculated values of 4,
AHp i, and VEC. Then, plots of {AH, vs. ) —Fig. 2, (AHy vs. AHp;, ) —
Fig. 3, (AH, vs. VEC) — Fig. 4, (8vs. VEC)— Fig. 5, (AH;, vs. VEC) —
Fig. S1 in the Supplementary Material, (svs.AH;,) — Fig. §2, and
(AH, vs. AH,;, vs. VEC) — Fig. 83 are produced to evaluate the ability
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Fig. 1. The elastic-strain energy, AH,, 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).

of the different criteria to predict the known microstructures for the
235 alloys. The SS regions, in the above noted plots, are defined as the
tangent lines to the outermost SS alloys confined in these areas.

It is to be noted that the early publications on HEAs microstructures
relied primarily on X-ray diffraction results, and thus a more detailed de-
scription of the phases present could be lacking. However, the extensive
database of 235 alloys and the recent publications rely on a combination
of techniques to analyze the formed phases.

3. The comparison of different criteria

All the studied 235 CCAs compositions, with the corresponding
phases at T taken from the literature, and the calculated values of 4,
AH,;x, VEC and AH, are shown in Table 1. The Co, 5CrFeMo,Ni, 5Tig 5
(x=0, 0.1, 0.5 and 0.8) alloy family is highlighted in blue in Table 1 and
will be discussed separately.

3.1. The AH, parameter

The theoretical elastic-strain-energy parameter reveals three charac-
teristic regions for CCAs (Fig. 1). (1) The formaticn of the fcc SS is mainly
in the range of 0 < AH,; < 6.05 kJ mol™'; the range covers 96.4% of all
the fce SS given in Table 1. The same range of AH,, contains 4 bec SS al-
loys, 46 duplex alloys (fcc+ bee; bee + fee; fee + fee or bee + bee phases,
where the first phase is for the matrix and the second phase for the pre-
cipitate), and 10 alloys that have a mixture of solid-solution phases and
intermetallics. (2) The range of 6.05 < AH, < 22 kJ mol~" describes the
bee SS formation (86.2% of all the bee SS alloys listed in Table 1), and
it is possible to identify duplex alloys, alloys with a mixture of ss and
intermetallic phases, and 44% of all the single-phase intermetallic al-
loys listed in Table 1. (3) For AH, > 22kJ mol~!, all the BMGs and the
remaining 56% of the single-phase intermetallic alloys are found.

Seeking to improve the capability to distinguish different phase re-
gions for CCAs, the AH, parameter is plotted as the function of the
known parameters described in the literature [12,28], and these crite-
ria are discussed in the following subsections. From a designing point of
view, it is important to consider not only one parameter to establish reli-
able predictions of §S regions, but to keep in mind that these parameters
may have a synergic effect.

3.2. The {AH, vs. ) criterion

The criterion is plotted in Fig. 2. All the fce SS alloys (28 alloys from
Table 1) unambiguously lie in the bottom-left region of the plot corre-
sponding to 0 < AH, < 6.89 kJ mol~! and 1.1 <§ <5.1%. Please note
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Fig. 2. The (AH_ vs. ) 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).

that these parameters are related via the volume changes in Eqgs. (6) and
(9). In the same region, 29 alloys with the duplex microstructure are
found. This means that for this criterion, 36.2% of all the duplex alloys
investigated overlap with the fcc SS region. For the same range of AH,
and &, 10 alloys, which have one or mare IM phases, are also identi-
fied — 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
different pattern can be noticed for the bec SS alloys. Eight alloys with
the bee 8S microstructure share the same region with the fec SS alloys.
This trend represents 28.6% of the bce SS alloys listed in Table 1.

The predicted trend in the fec SS phases formation is consistent
with the conclusions [42,43] regarding the phase transition from the
fee to bee phases for Al,CoCrCu,_,FeNiTij s and Al,CoCrFeNi alloys.
The phase transition occurs due to the decrease in the atomic-packing
efficiency and increase in the lattice-distortion energy [44] caused by
the addition of the larger Al (r=143.17 pm) than the other constituent
elements typical for these alloys. Similar atomic-size effects can be seen
when molybdenum content is increased in the Co, sCrFeNi; sMo,Tig 5
(x=0, 0.1, 0.5 and 0.8) alloy (the compositions are highlighted in blue
in Table 1). There is a phase transition from the fcc SS for x=0.1 to
the fec+ o phases for x> 0.5. Except for Ti, Mo has a larger radius
(r=136.26 pm) than all the clements that form these alloys. The in-
creasing Mo content rises the lattice distortion, and consequently the
elastic-strain energy increases. A closer look at Table 1 shows that vary-
ing the Mo concentration does not significantly modify the values of
VEC, 5 and AH,,;, in these alloys. However, AH,, increased by ~30%
(AH,=6.05kJ mol~! for x=0.1; AH, =8.42kJ mol~! for x=0.5; and
AH, =8.66kJ mol~! for x = 0.8) with the increasing Mo content which
favors the transition from fee S§ crystal structure to fee + ¢ phases mi-
crostructure. It should also be mentioned that the VEC of the alloy that
forms the SS microstructure is slightly superior to those in which phase
separation occurs. The SS alloys sits at the boundary of fec SSs (see
Section 3.4. for detail).

All BMGs lie in the range of 22.6 < AH,; £ 58.1 kJmol~! and 6.6 <4
<12.5%, the latter conforms to the empirical rule for BMGs-formation
conditions [45]. Only 7 crystalline alloys overlap with this range: 3 IM
alloys (30% of all the alloys with the IM microstructure listed in Table 1)
and 4 alloys (6.2%) having a mixture of ss phase(s) and IMs out of the
all alloys in Table 1.

The criterion can clearly separate glassy alloys from SS CCAs, and
from almost all other phases that form in CCAs. Egami [46,47], and
Egami and Waseda [48] discussed that there is a critical value of the



A.F. Andreoli, J. Orava and P.K. Liaw et al. Materialia 5 (2019) 100222

Table 1
The compositions (given mainly in molar fraction, or in at.%"), the structures, the microstructures, the atomic-size mismatches (3), the enthalpies
of mixing (AH,,, ), the valence electron concentrations (VEC), and the elastic-strain energies (AH ) of 235 different complex concentrated alloys.

Composition Structure Microstructure Ref. 5 (%) AH . (kJ mol™1) VEC AH, (kJ mol-")
Alg 25C0CrCuy 45 FeNi fee fee SS [65] 3.1 -0.7 8.4 1.82
Aly 25CoCrCug 5 FeNiTi, 5 fee fee SS [66] 5.1 -7.3 8.0 6.89
Aly 55 CoCrFeMoNi fee + fee 2s8 [55] 37 =71 7.8 7.39
Aly 25 CoCrFeNi fce fee 8S 167] 33 -6.8 7.9 1.91
Al 5sNbTaTiV bee bee SS 168] 35 -4.8 4.6 7.34
Al ,CrCuFe fec +bee 255 112] 2.9 7.7 8.0 2.36
Al CrCuFeNi, fee fee 88 [12] 2.8 0.1 8.8 1.53
Al 455CoCrFeNi fee fee 88 167] 3.9 -8.0 7.8 2.76
Al ;CoCrCuFeNi fee fee SS [69] 3.2 0.2 85 2.05
Al ;CoCrFeMoy , Ni fee fee S8 [55] 38 -7.3 7.8 3.04
Aly ;CoCrFeNi fee+ L1, ss+IM 551 3.6 =73 7.9 2,26
Aly3CoCrFeNiTiy fee fee SS [55] 4.1 -89 7.8 3.60
Al 3CrCuFeMnNi fec +hee 2s8 170] 3l -0.3 8.1 4.35
Al 5CrFe; sMnNij 5 bee + fee + B2 2ss+IM [71] 33 -5.5 7.2 5.41
Al ,CrCuFeNi, fee fee S8 [12] 3.6 1.2 8.6 2.60
Alg 5sCoCrCuy ;FeNi fee fee 8S [65] 4.1 —4.6 8.0 3.28
Al 5CoCrCuFeNiTi fec+bee+m 255 +IM [72] 6.1 -11.6 7.6 10.97
Aly 5CoCrCuFeNiTiy , fee fee 58 [72] 4.6 -4.1 8.1 4.96
Alg 5CoCrCuFeNiTig 4 fee +bee 2s5 [72] 5.1 —6.4 8.0 6.68
Alg 5CoCrCuFeNiTig 5 fee + bee 2s8 [72) 55 -84 7.9 8.25
Al, 5CoCrCuFeNiTig g fec+bec+ o 2ss +IM (721 5.8 -10.1 7.7 9.67
Alg 5 CoCrCuFeNiTi, 5 fec+bec+o 2ss+ 1M 172] 6.3 -12.9 7.5 12.15
Alg 5CoCrCuFeNiv fec+bec+ o 255+ M [73] 4.0 -5.3 7.8 3.57
Aly 5 CoCrCuleNiVy ; fee fee S8 173} 3.9 -25 8.2 3.20
Aly 5CoCrCuFeNiVy , fee+bee 2ss 73] 3.9 -33 8.1 3.32
Al 5CoCrCuFeNiVy fec+bec+ao 2s5+IM 73] 3.9 -4.1 8.0 3.42
Alg 5CoCrCuleNiVy g fec+bec+ o 2ss+IM [73] 4.0 —4.7 7.9 3.50
Aly sGoCrCuFeNiV, , fee +bee 2ss [73] 4.0 = 7.7 3.54
Al sCoCrCuleNiV, 4 fee + bee 258 [73] 4.0 —6.1 7.6 3.66
Al sCoCrCuFeNiV, 4 fee +bee 255 73] 4.0 -6.5 7.5 3.68
Al sCoCrCuFeNiV, g fee+hee 255 73] 3.9 —6.8 7.5 372
Aly 5CoCrCuFeNiV, fec+bec 2ss 1731 3.9 -1 7.4 373
Al, sCoCrFeNi fee + bee 255 1671 43 —9.1 7.7 3.54
Al sCoCrFeNiTi fee +bee +L 255+ M [74] 6.5 -19.6 7.0 13.02
Alg s CrCuFeMnNi fee + bee 2ss [70] 3.8 -1.9 7.9 5.14
Al 5CrFe,; sMnNig 5 bee + fee + B2 253+ IM 711 4.0 -7.3 7.0 6.36
Al sNbTaTiV bee bee §S [68] 3.4 -84 4.6 6.99
Al s CrCuFeNi, fee fee SS 1121 4.2 -3.3 8.4 3.53
Alg 75CoCrCug 55 FeNi fec+ bee 2ss [65] 4.8 -85 7.6 4.73
Al 55C0CrCug 55 FeNiTiy 5 bee +bee 2s5 [66] 5.9 —14.4 7.3 9.40
Al 55 CoCrFeNi fee + bee 2s8 167] 4.9 -10.9 7.4 4,95
Alg g75CoCrFeNi fee + bee ss+IM (671 5.1 -11.7 7.3 5.58
Alg ¢ COCrCuFeNi foe+ bee 2ss 169] 45 -3.6 8.0 4.41
Al 5CrCu, sFeMnNi fee + bee 255 [70] 43 -1.7 7.9 4.91
Al gCrCuFe, sMnNi fee + bee 2ss [70] 43 —3:3 7 5.91
Al 3 CrCuFeMn, sNi fee + bee 2ss [70] 4.3 —4.2 7.6 6.39
Al g CrCuFeMnNi fee + bee 258 [70] 4.4 -4.0 7.7 6.19
Al o CrCuFeNi, fee fee SS 12] 4.6 —4.6 8.2 4.45
Aly 45CoCrFeNi bee bec SS 1671 5.6 ~13.4 7.0 7.24
Al, ,CrCuFe fee +bee 2ss 112} 5.3 -0.5 6.8 8.20
Al ,CrCuFeNi, fee +bee 2ss 12} 5.2 —6.8 7.8 6.00
Al 3CoCrCuleNi fee + bee 255 169] 5.2 —6.2 7.6 6.28
Al ;CoCrFeNi bee+B2 ss+IM [75] 9.7 =13.7 7.0 744
Al; sCoCrCug sFeNi fee +bee 2ss 176) 5.6 -10.1 7.2 7.50
Al, sCoCrCuFeNi fee + bee 255 [69] 5.4 21 7.5 6.92
Al sCoCrFeNi bee bee SS [67] 5.8 -14.3 6.8 8.17
Al} §CoCrCuFeNi fec +fec+ B2 288 +IM [72] 5.5 -7.8 7.4 7.22
Al 55CoCrFeNi bee+B2 ss+1IM [75] 5.9 ~14.9 6.6 8.99
Al gCoCrCuFeNi fee +bee 2ss 1691 5.6 -8.1 7.3 7.78
Al;5CuygNbgNij4Zrg; * amorphous BMG 1771 10.0 =339 5.8 50.56
Al CuygNijoZrgs amorphous BMG 1781 9.7 -33.9 55 51.43
Al CuggNiy, TigZrs; * amorphous BMG 78] 10.3 -34.1 6.0 49.87
Al Cuyy NigTig Zrg; * amorphous BMG [34] 9.8 -31.5 5.8 48.14
Al, 4CoCrCuFeNi fee +bee + B2 255 +IM 169] 5.9 -9.4 7.0 8.99
Al, - CoCrCuFeNi fee + bee + B2 255 +IM 1691 6.0 -9.8 6.9 9.38
Aly 5CoCrFeNi bee bee S8 [79] 6.2 -16.1 6.2 10.90
Al gCoCrCuFeNi bee bee 58 71 6.0 -10.3 6.7 9.96
Al,CoCrCuy sFeNi fee+hee 2ss [81 5.9 -11.6 6.8 8.95
Al,CoCrFeNi bee bee 88 167] 6.1 -15.4 6.5 9.71
Alg 45 CoCrCuFeNi fec +bee+ B2 2ss+IM [72] 6.1 -10.8 6.5 10.68
Al;CoCrFeNi bee BCC 55 1791 6.3 -16.4 6.0 11.81
Al 5ty 7, Niy o Zirgs amorphous BMG [78] 10.0 -32.2 5.8 53.12
Al Cuye YsZrys * 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. & (%) AH, (IJ mol~1) VEC AH (kJ mol~!)
AlgGuyNiy Zrgs * amorphous BMG {781 9.9 -35.4 5.6 55.15
AlyCuyNiyZry, * amorphous BMG [781 10.1 -39.3 5.5 58.12
AlyCuygNigZrg,” amorphous BMG [78] 9.7 -32.4 5.6 51.23
AlCoy 5 CrCuy s FeNi fec+ bee 2ss [76] 52 -79 7.4 6.18
AlCo, ¢ CrCuFeNi fee +bee 2ss (81} 5.0 —45 77 5.64
AlCoy s CrFeMoyg 5 bee+a ss+IM 82] 5.5 -9.7 6.1 10.45
AlCoy sCrFeMoy sNi bee+a ss+IM [82] 5.6 -11.7 6.9 8.92
AlCo, 5CrCug, FeNi fee + bee 2ss 1761 5.0 —7.8 7t 5.20
AlCnl.SCchMo().S bec+ o ss+IM 821 5.5 —-10.4 6.7 8.79
AlCo, 5CrFeMog sNi bee+e ss+IM [82] 5.4 -1L.1 7.3 7.63
AlCo, 5CrFeNiTiy g fec + bee 2ss [831 6.0 -17.2 7.1 9.80
AlCo,CrCug s FeNi fee+ bee 2ss [76] 4.8 -7.7 7.8 4.81
AlCo,CrFeMoy 5 fec+bec+a 2ss+IM [82] 5.4 -10.4 6.9 8.12
AlCo,CrFeMoy 5Ni fee +bee+ o 255+ IM 1821 5.3 -10.7 7.4 7.10
AlCo, CrFeNiTig 5 fee +bee 255 {831 5.9 -16.4 7.2 9.09
AlC0, 4 CrCug 5 FeNi fee + bee 2ss (76] 45 7.0 8.0 4.50
AlCo,CrCuy sFeNi fee +bec 2ss [76] 4.6 =7.3 7.9 4.19
AlCo,CrFeNiTiy g fee -+ bee 2ss [83] 5.7 -15 75 7.94
AlCoCr,, s Cuy, s FeNi fee + bee 2ss [761 5.3 -8.3 7.7 6.17
AlCoCry s CuFeNi fee 4+ bee 2ss [81] 5.1 -5.0 8.0 5.64
AlCoCr; s FeMog 5Ni bee+o ss+IM 184] 57 =121 7.2 8.91
AlCoCr, Cu, sFeNi fee + bee 2ss [761 4.9 -7.6 7.4 5.21
AlCoCr, sFeMog s Ni bec+ o ss+ 1M 154] 5.3 -10.8 7.0 7.63
AlCaCr, Cu0.5FeNi fec + bee 288 176] 4.7 -7.2 73 4.82
AlCoCr,FeMoy gNi bee +o 55+ 1M [a4] 5.1 -10.3 6.9 7.12
AlCoCrCuy o5 FeNi bee bee S8 [291] 52 =99 7.4 5.90
AlCoCrCuy o5 FeNiTiy 5 bee+ bee 2ss 1851 6.0 —15.5 7 10.15
AlCoCrCu, sFe fee + bee 255 1761 5.2 6.1 7.0 6.74
AlCOCrCuy sFey < Ni fec+ bee 253 (76] 5.3 -89 7.5 6.09
AlCoCrCuy sFe, 5Ni fee + bee 2ss [76] 4.9 =71 A 5.80
AlCoCrCuy sFe,Ni fee+ bee 255 [76] 4.7 -6.5 7.6 4,92
AlCoCrCu, sFeNi bee bee 55 811 5.1 -7.9 75 5.65
AlCoCrCuy gFeNig 5 fee+bee 2ss (76} 5.1 -7.3 7.3 6.15
AlCoCrCug sFeNi, g foc+bee 255 [76] 5.0 -8.3 7.8 5.22
AlCoCrCuy sFeNi, fee+ bee 2s8 761 4.9 -8.4 79 4.36
AlCoCrCuy sFeNi, fee +bee 2ss [76] 4.8 -8.4 8.1 4.53
AlCoCrCuy ;FeNiy, fee+bee 2ss 1761 4.7 5.4 8.2 4.25
AlCoCrCug s FeNiTiy bee + bee 258 185] 59 -13.4 7.2 9.72
AICoCrCug 5Ni bee bee 88 [51 5.5 =115 7.4 6.59
AlCoCrCuFe, sNi fee +bee 2ss [811 5.1 -5.6 7.8 5.56
AlCoCrCuFeMoNiTiVZr feo + bee 2ss [86] 8.1 -17.2 6.6 21.07
AlCoCrCuFeNig 5 fee+bee 2ss 181} 4.9 -39 7.6 5.61
AlCoCrCuFeNiTi bee + fee + bee 3ss [871 6.3 -13.8 73 11.95
AlCoCrCuFeNiTiV fee +bee 2ss [51 5.9 -13.9 7.0 10.74
AlCoCrCuleNiV fee + bee 2ss [87] 4.7 7.8 Tk 5.21
AlCoCrCuNi fee+ bee 2ss [88] 5.3 —6.6 7.8 5.94
AlCoCrCuNiTi B2 +fec+o 55+ IM [89] 6.6 -16.7 7.2 13.15
AlCoCrCuNiTiY AlNi,Ti+ Cu, Y ™M [89] 152 =193 6.6 30.26
AlCOCTCuNiTiYy 5 AINi, Ti+ Cu,Y M [89] 12.6 -183 6.8 22.26
AICOCrCuNiTiY, g AINi, Ti + Cu, ¥ M (89] 14.3 -19.0 6.7 27.17
AlCoCrFe, s Mog s Ni bec+o ss+IM [90] 5.6 123 7.0 8.75
AlCoCrFe; s Moy gNi bee+o ss+IM [90] 5.3 -10.5 7.2 7.73
AlCoCrFe, Moy oNi bee+o 554 IM {90] 5.2 9.7 7.2 7.27
AlCoCrFeMog ; Ni bee bee S fo1} 5.3 -12.1 7.2 6.66
AlCoCrFeMog o Ni bee+ e ss+IM {91] 5.4 -12.0 7.2 7.12
AlCoCrFeMoy ;Ni bec+s ss+IM [91] 5.4 -11.8 71 7.52
AlCoCrFeMoy, 4 Ni bee +a ss+1IM {91} 55 -11.6 55 & 7.89
AlCoCrFeMoy 5 bee+ o ss+IM {821 5.5 -10.3 6.4 9.56
AlCoCrFeMog 5 Ni bee+ o ss+1M 1961 55 -11.4 7.1 8.23
AlCoCrFeMoy sNip 5 bec+ s ss+IM [921 5.5 -11.1 6.8 8.86
AlCoCrFeMog gNi; 5 fec+bee+o 255+ IM 1923 5.4 -11.5 7.3 7.67
AlCoCrFeMoy 5Ni, fece+beete 255 +IM 192] 54 -11.5 75 717
AlCoCrFeNby ; Ni bee bee 85 [931 5.5 -13.3 7.2 7.26
AlCoCrFeNby 5 Ni bee+ bee+ L ss+IM [931 5.8 =14.7 7.1 8.77
AlCoCrFeNby o Ni fee+bee + L ss+IM 193] 6.2 -16.5 7.0 10.95
AlCoCrFeNi fce+B2 55 +IM [751 53 -12.3 72 6.17
AlCoCrFeNiTi bee +bec 2ss [941 6.6 -21.6 6.7 14.00
AlCoCrFeNiTiyg bee + bee 258 [83] 6.2 -17.9 6.9 10.62
AlCoCrFeNiTi, 5 fee+bee+ L 2ss+IM [94] 6.9 -23.9 6.5 16.54
AlCoCrFeNiTiVZr amorphous BMG [78] 8.7 —26.8 6.1 25.06
AICOCuy 53 FeNi fec + fec + B2 255+ IM {951 5.5 -9.2 7.9 7.06
AlCoCug s FeNi fee+ bee 2ss 1781 5.6 -87 7.9 6.80
AlCoCuNi fee + bee 2ss s8] 5.8 -8.0 8.3 7.13
AlCoFeMog, 5 Ni bec+ s S5+IM [84) 6.0 -12.7 73 9.71
AlCry ; CuFeNiTi fee + bee 2ss [961 6.5 ~15.4 7.1 14.40

(continued on next page)
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Table 1 (continued)

Composition Structure Microstructure Ref. 4 (%) AH . (kJ mol™) VEC AH,, (kJ mol™)
AlCr, ;CuFeNiTi fee +bee 2s5 [96] 6.2 =12.3 6.9 12.69
AlCr, CuFeNiTi fee + bee 283 [96] 6.0 -11.1 6.9 11.96
AlCr; CuFeNiTi fee + bee 2ss 196] 5.8 -9.3 6.8 10.73
AlCrCu, 5 FeNi fee +bee 2s8 [76] 53 -7.7 72 6.82
AlCrCuFeMnNi bee bee §S [70] 4.8 =51 7.5 6.80
AlCrCuFeNi, fee fee SS [12] 4.9 -5.8 8.0 5.26
AlCrCuFeNiTi fee + bee 2ss [96] 6.4 ~=13.7 7.0 13.51
AlCrTeNig 5 bec + B2 55+ 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 -20.0 4.4 27.16
AlFeNiTiVZr amorphous BMG 178] 8.7 -31.3 5.7 29.75
AINbTaTiVv bee bce S5 [68] 3.2 -13.4 4.4 6.37
AITiVYZr compound IM [29] 12:3 -14.9 38 3331
Cay 5 CrkeNi; o Tiy, fee fec 8S 1991 4.6 -10.7 8.1 5.54
Coy s CrlieMoy (Niy 5 Thp s fee fee S5 {99] 4.8 -10.6 8.1 6.05
Caoy 5CrbeMog gNiy 5Ty 5 fee+o ss+IM 199} 5.1 -10.3 7.9 8.42
Coy oCrlieMo o Ni; 5 Tipg fec+ o ss+IM [99] 5.3 -10 7.8 8.66
CoCrCuy s FeNi fee fee S8 [100] 1.2 0.5 8.6 0.22
CoCrCuy 55 FeNi fee + fee 2ss [72] 1.2 2.2 8.7 0.28
CoCrCuFeMn fee+bee 2ss [26] 0.9 4.2 8.2 2,92
CoCrCuFeMnNi fee fee SS [14] 1.1 1.4 85 2.57
CoCrCuFeNi fee fee 8§ [101] 1.2 32 8.8 0.34
CoCrCuFeNiTi fee+ L ss+IM [101} 5.7 —-8.4 8.0 9.73
CoCrCuFeNiTig fee fee S8 (101} 4.5 -3.7 8.4 5.61
CoCrCuFeNiTig ¢ fec+L ss+ 1M [101] 53 -6.8 8.1 8.20
CoCrCuFeNiTi, compound ™ [29] 6.7 -14.0 7.4 15.48
CoCrCuFeNiTiVZr amorphous BMG [78] 8.8 -16.8 71 22.60
CoCrFeMnNbNi compound M 114] 5.9 -12.0 75 11.75
CoCrFeMnNi fee fee 88 114} T —4.2 8.0 2.98
CoCrFeMnNITi Compound ™ [14] 5.8 -13.4 7.3 11.35
CoCrFeMoy 5 Ni fee fee SS [55] 3.0 —-4.2 8.1 2.58
CoCrFeMog g Ni fee+o ss+IM 164} as -4.3 8.0 4.00
CoCrFeMoy o Ni fee+o+1 ss+IM [64] 4.2 4.6 7.9 5.86
CoCrFeMoNiTiVZr amorphous BMG 1781 8.6 —18.8 6.5 24.08
CoCrFeNbNi fee+C14 ss+IM {41} 57 -14.9 8.8 12.44
CoCrFeNi fee fec S8 11001 1.2 -3.8 8.3 0.03
CoCrFeNiTa bee+C14 ss+IM [41] 5.7 -14.4 8.8 14.48
CoCrFeNiTi ¥+Cl4 4y M [41] 6.2 -16.3 7.4 11.69
CoCrFeNiTiy fee fee 8 1102} 4.1 -89 8.0 4.30
CoCrFeNiTi, 5 fec+L+o6+R ss+IM [102] 5.0 -11.6 7.8 6.74
CoCrFeNiV fec+o ss+IM [41) 2.2 -9.0 8.8 1.74
CoCrFeNiW fec+n ss+IM 141} 38 -29 7.8 8.80
CoCrFeNiY bee+Y +¥YNi+ Y, ss+IM [41] 16.4 =93 7.2 28.54
CoCrlFeNiZr bee+C15 ss+IM [41] 10.8 327 7.4 26.43
CoCrMnNiV fee 4o 85+ IM [26] 2.8 -9.1 7.4 3.68
CoCuFeNi fee + fee 2ss 195] 1.1 4.7 9.5 0.42
CoCuFeNiTiVZr amorphous BMG 1781 9.2 -20.2 7.3 25.10
CoCuFeNiV fec fec 88 [29] 28 -22 8.6 1.78
CoFeMnMoNi fecc+n ss+IM {26} 4.4 —4.0 8.0 7.74
CoFeMnNiV fee+o ss+IM 126] 28 -9.0 7.8 3.93
CoFeMoNiTiVZr amorphous BMG {781 8.8 -21.8 6.6 26.15
Cr,Cu, Fe, MnNi, fee +bee 255 (103} 11 3.6 8.6 1.95
CryCu,FeMn, Ni, fee +bee 288 (1031 1.1 2.4 8.4 3.14
Cry CuFe; Mn,Niy fec +bee 288 [103] 1.0 0.1 8.1 3.30
Cr, CulFe,MnNi fce +bee 2ss [103] 0.9 2.6 8.0 2.35
CrCu, 7 FeNi fee +bee 2ss (104} 1.2 3.0 8.6 0.35
CrCu,Fe,Mn,Ni fee + bee 2ss 1103} 0.9 4.7 8.5 3.24
CrCu,Fe, MnNi, fec fec SS 1103} 1.1 3.9 8.9 2.16
CrCuFeMn,Ni, fee fee S8 [103] 1.1 -0.5 8.4 3.88
CrCuFeMnNi fee +bee 255 [79] 1.0 27 8.4 3.00
CrCuFeMoNi fee +bee 258 1791 4,1 4.6 8.2 6.17
CrCuFeNiZr bee +IM ss +IM {79] 10.0 -14.4 7.8 26.04
CrCuMnNi fee+bee 2ss {105} 1.1 1.8 8.5 3.26
CrFeMnNiTi bee+L ss+IM 1141 6.0 -13.3 7.0 13.14
CrNbTiVZr bec+IM ss+IM {106] 7.7 —4.6 4.8 28.98
CrNbTiZr bee+IM ss+IM [106] 7.8 -5.0 4.8 33.64
CuNigTigZry,* amorphous BMG [77] 8.6 -15.4 7.8 24.19
CuigyHF Ty Zeag” amorphous BMG (78 10.3 ~17.3 8.2 34.51
CuFeH[TiZr M M [107] 9.8 -15.8 6.2 47.77
CuFeNiTiVZr amorphous BMG {78] 9.2 -18.8 7.0 27.95
CuHINiTiZc amorphous BMG [107] 10.3 —-27.4 6.6 46.69
CuNbNITiZr amorphous BMG 1391 9.4 -21.3 6.8 33.03
FeMoNIiTiVZr amorphous BMG 1781 8.6 -19.8 6.2 28.02
HfNbTaTiZr bee bee S8 1108} 4.1 2.7 4.4 11.13

(continued on next page)
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Table 1 (continued)
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Composition Structure Microstructure Ref. 5 (%) AH.. (k] mol™") VEC AHy (kJ mol™)
MoNbTaVW bee bee S§ 116] 32 —-4.6 5.4 5.31
MoNbTaWw bee bee S5 [16] 2.2 -6.5 5.5 3.59
MoNbTiV, g, Zr bee bee 8§ [109] 5.3 -2.6 4.8 16.29
MoNDTIV, 5 Zr bee bee 8§ [109] 5.6 -2.7 4.8 17.00
MoNDTiV, 55 2r bee bee S8 1109] 5.8 —2.7 4.8 17.43
MoNbTiV, . Zr bee bee S8 [109] 6.1 -2.7 48 17.70
MoNbTiV, Zr bee bee 88 {109} 6.1 -2.7 48 17.42
MoNbTiV, Zr bee bee S8 [109] 6.2 -2.5 4.9 16.43
MoNbTiVZr bee bee S 1109} 5.9 -2.7 4.8 17.66
MoNbTiZr bee bee §S [109] 5.0 -2.5 4.8 15.19
NbTaTiV bee bee S [681 36 -0.3 4.8 7.74
NbTiV,Zr bee+bee+bee 3ss [106] 6.6 =13 4.6 20.58
NbTiVZr bee bee 88 [106] 6.2 ~0.3 4.5 20.08
4 The composition is in at.%.
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Fig. 3. The (AH, vs. AH,;,) eriterion 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).

volumetric strain, originating from the atomic stresses, where the crys-
tal structure becomes unstable, and consequently it shows a tendency
to become non-crystalline. This feature constitutes the local topological
instability theory [46]. This concept is sustained by the Hume-Rothery
rule that solid solutions are stable when a ratio of the atomic-size dif-
ference between solute and solvent atoms is less than 15% for binary
alloys.

3.3. The (AH,; vs. AH,;,) criterion

There is a similar pattern for the (AH, vs. AH;,) criterion (Fig. 3)
to that shown in Fig. 2. The fec SS populated region lies in the range
of 0 < AH, < 6.89 ki mol™' and —10.7 £ AH;, < 3.9 kJ mol™'; the lat-
ter condition for the fcc SSs formation was already reported in Zhang
and Zhou [28]. The becc SSs, unlike the fcc SS region, are spread in a
broader range of AH, and 5, and they overlap with the duplex alloys,
IMs, fee 4 bee + IMs, bee + IMs, and fec + IMs microstructures. Similarly
to the (AH,, vs. 8) criterion (Fig. 2), 6 crystalline alloys (5 single-phase
IMs and one alloy with a mixture of ss and IM phases) lie in the BMGs
region.

The {AH,vs. AHp,) criterion, like the (AH vs.8) criterion, may
work reasonably well to distinguish the fcc $Ss within different mi-
crostructures, but it clearly cannot separate the bee ones. The AH;,
of the bee SSs studied ranges from —16.4 to 2.7 kJ mol-! (Table 1)
which overlaps with the enthalpy of formation for other microstructures,

Fig. 4. The (AH, vs. VEC) criterion for the 235 complex concentrated alloys and
bulk metallic glasses (BMGs) given in Table 1 (8S — single-phase solid solution,
ss — solid solution, IMs - intermetallics).

including IMs and BMGs. The criterion may work reasonably well to dis-
tinguish the fce SS region especially for the compositions that tend to
ideal solid solutions for the range of —5 < AH;, < 5kJ mol~'.

From the 22 alloys with the duplex microstructures (fcc+ bee, or
fee + fee phases) that share the common region with the fec SS alloys
(Fig. 4), 13 have positive values of AH;, and all 22 have Cu as the
constituent element. Copper is known to have high positive AH;, with
some transitional metals in binary solutions. This leads to the atoms to
organize in A-A and B-B rather than A-B arrangements, and will mostly
result in segregation and phase separation. This can explain why these
alloys have low values of AH, but phase separation occurs. As shown
by Otto et al. [26], the phase formation in higher-order multicomponent
alloys is consistent with a minimization of the total Gibbs free energy,
with contributions of both enthalpy and entropy. They suggest that the
binary AH;, of the constituent elements will also play an important
role in formation of SS or a compound in CCAs.

3.4. The (AH,; vs. VEC) criterion

The bee SS populated region is clearly defined in Fig. 4, unlike in
Figs., 2 and 3, in the range of 3.59 < AH, < 20.08 kJ mol™' and 4.40 <
VEC < 6.2. From the 28 CCAs with the bce SS microstructure in Table 1,
16 (57.1%) lie in this region. In the bee SS region, 1 alloy containing
an IM phase stands, representing 1.3% for these alloys, without any
duplex alloys overlap. The remaining bee SS alloys overlap with other
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Fig. 5. The (4 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).

microstructures in the range of 6.5 < VEC < 7.5. Considering the all 56
SS alloys, including both fec and bec alloys, 44 of them fit the limits of
(AH,, vs. VEC) for the bee and fee SS microstructures. This trend means
that 78.6% of all the 88 alloys belong to the SS regions highlighted in
Fig. 4. In Fig. 4, 22 fee + bec, or fec + fee alloys (80 alloys from Table 1)
duplex microstructures and six alloys containing IM phases (74 in total)
overlap with the FCC SS region, yielding 27.5% and 8.1%, respectively.
When all microstructures, except of the SS (179 alloys in Table 1), are
considered then 16.2% of all these alloys overlap with the S8 regions
(delimited in Fig. 4). When only the IM-phase-containing alloys are con-
sidered then 9.5% overlap with the SS regions is found.

In accordance to what Guo et al. [12] proposed, the VEC criterion
is able to separate fee and bee SSs alloys for CCAs. All the evaluated
bee SS alloys have VEC lower than 7.5, while all the fec SS alloys have
VEC higher than 7.8. From the 28 alloys with the fce 8§ microstructure
listed in Table 1, 86% of them obey the range proposed by Guo et al.
[12]. For the bec SS alloys, 79% of them follow the range proposed. The
(AH,, vs. VEC) criterion (Fig. 4) shows a plausible ability to distinguish
SS alloys from all different microstructures described in the literature
for CCAs. The hexagonal-close-packed SSs alloys are not considered in
this study because only a few alloys with the hcp SS microstructures
have been published [49-53], so far.

It should also be noted that the bee SS may also form for low val-
ues of AH,, for example the MoNbTaW and MoNbTaVW alloys have
AH, =3.59kJ mol~! and 5.31kJ mol~, respectively. These values are
comparable with those for the fcc SS. All the constituent elements of
the MoNbTaW and MoNbTaVW alloys have the bee A2 structure at Ty,
and T,. Therefore, it is not surprising that these CCAs precipitate with
the same crystal structure characteristic of the constituent elements, in
what Miracle and Senkov [1] defined as the “structure in — structure
out” correlations (SISO). The SISO analysis takes into account the crys-
tal structure of the element being used to design an alloy, and it develops
the Hume-Rothery concept of the link between the erystal structure of
an extended SS and the crystal structures of the constituent elements.
Therefore, the SISO correlations should also be considered in the CCAs
design.

3.5. The (5 vs. VEC) criterion
Two SS regions are distinguishable in Fig. 5 in agreement with the

{AH, vs. VEC) criterion (Fig. 4). In total, 18 alloys with duplex mi-
crostructures and 10 IM-containing alloys overlap with the fcc SS region,
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Fig. 6. The ability of two criteria (a) (4 vs. VEC) and (b) {AH vs. VEC) to cor-
rectly predict the phase formation of some intermetallic alloys that overlap with
the fec single-phase solid-solution regions in Figs. 4 and 5, respectively.

which vields 22.5% and 11.5% of these microstructures, respectively.
The criterion can correctly predict 40% less in the number of alloys
with IM phases than the (AH, vs. VEC) criterion (Fig. 4). When the bee
SS region is investigated, 1 alloy with a mixture of ss and IM phases and
none of the duplex alloys are found. The comparison of the two criteria
for the prediction of the fec SS region is shown for the (5 vs. VEC) cri-
terion in Fig. 6a, and for the (AH, vs. VEC) criterion in Fig. 6b. A clear
shift can be seen for some IM-containing alloys to the outside of the fec
SS region in Fig. 6b.

The SS regions can be distinguished in a three-dimensional space
considering the electronic, VEC, the topological, AH,, and the thermo-
dynamic, AH;,, parameters by combining Figs. 3 and 4 (see Fig. S3
in the Supplementary Material). For example, the (AH,, vs. VEC) crite-
rion outcomes for the SSs are correct (Fig. 4), in most cases, when the
range of =15 < AH_;, <5kJ mol“' defined by Zhang et al. [28,29], is
satisfied (Fig. 3).

mix

4. Predicting the sigma (o) and mu (u) phases

At this point, let us explore the prediction capability of the AH,,
parameter by considering the 6 alloys with a mixture of ss and IM
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Table 2

Materialia 5 (2019) 100222

The compositions (in molar fraction), microstructures, and the prediction outcomes using 5 different criteria:
(A vs. AHy, (A H y, vs. VEC):{A H, vs. AH,, );{é vs. VEC); and (A H, vs. VEC) for the intermetallic alloys that overlap with the
single-phase sclid-solution regions for these criteria (L — Laves phase; & — sigma phase; x —mu phase).

Compaosition Microstructure  Ref. & vs. AHp, AH,,, vs. VEC  AH, vs. AH,, & vs. VEC AH, vs. VEC
The criterion outcome

Al ;CoCrCuFeNiV fec+bec+ o [73] Failed Failed Failed Failed Failed

Alg 3CoCrFeNi fec+ 11, [55]1 Failed Failed Failed Failed Failed

Al sCoCrCuFeNiVy g fec+bec+ o [73] Failed Failed Fasled Failed Failed
CoCrFeMoy s Ni fecc+ o [64]1 Failed Failed Failed Failed Failed

Al 5CoCrCuFeNiVy ¢ fee+bec+o 73] Failed Failed Failed Failed Failed
CoCrFeNiv fee+ o [41] Failed Failed Failed Failed Failed
CoFeMnNiV fec+ o [26] Failed Failed Failed Failed Succeeded
CoCrFeMog g5 Ni fec+o+u [64] Failed Failed Failed Failed Succeeded
CoCrFeNiw fee+n {41] Failed Failed Succeeded Failed Succeeded
CoFeMnMaoNi fec+n 26] Failed Failed Succeeded Failed Succeeded
AlCoCrFe, Mo, s Ni bee+o [90] tailed Succeeded Failed Succeeded  Succeeded
Aly CrFe; ;MnNig bee + fee+ B2 [71] Failed Succeeded Tailed Succeeded  Succeeded
Al ;CrFe; ;MnNiy bee + fee + B2 [71] Failed Succeeded Failed Succeeded  Succeeded
CoCrCuFeNiTi fee+L [101]  Succeeded Failed Succeeded Succeeded Succeeded
CoCrCuFeNiTig g fee+ L 1011 Succeeded Failed Succeeded Succeeded Succeeded
Co, ;CrFeMoggNi, sTigs  fec+ o [99] Failed Failed Succeeded Succeeded  Succeeded
AlCoCuy, 53FeNi fec + fec + B2 951 Succeeded Failed Failed Succeeded  Succeeded
CoCrMnNiV fec+a [26] Failed Succeeded Failed Succeeded Succeeded

phases that overlap with the fcc SS region delimited in Fig. 4. From
these 6 alloys, 5 of them exhibit a mixture of a ss phase, and the
sigma, ¢, phase usually found in low volume fractions in interden-
dritic regions and grain boundaries [26]. These 5 alloys are CoCr-
FeNiV, CoCrFeMog sNi, AlgsCoCrCuFeNiV, AlysCoCrCuFeNiVy g, and
Aly 5CoCrCuFeNiV, 4. Four of these alloys contain V, 2 alloys have V
as a minor addition, and 2 alloys contain the equimolar concentration.
Vanadium is known to extend the o phase stability in alloys contain-
ing Co, Mn and Fe, and it is the only element to form the ¢ phase,
when combined with Ni. “Among the intermetallic phases, it is prob-
ably the phase having the broadest range of existence among the dif-
ferent systems” [54]. This seems reasonable to explain why the ¢ phase
forms in these alloys. However, it does not give any insight into how
to correctly predict and avoid the precipitation of the ¢ phase. The re-
maining Al, ;CoCrFeNi alloy shows a different intermetallic phase — the
microstructure is composed of fce ss and L1, phase [55].

Table 1 contains 34 alloys with the & phase, Regarding the elements
that are prone to form this phase, 32 alloys contain Cr, 5 alloys contain
Ti, 6 alloys contain V, and 23 alloys have Mo. Molybdenum is one of
the alloying elements exhibiting the & phase formation for the largest
number of binary systems [54]. Tsai er al. [56] proposed an empirical
method using the VEC alone to predict the formation range of the &
phase in CCAs. They suggested that alloys were prone to the precipita-
tion of the o phase when VEC is between 6.88 and 7.84, and the method
works well for Cr- and V-containing alloys. Eight of the alloys listed in
Table 1 (24%), that form the o phase, fall outside the aforementioned
range in VEC. All eight alloys contain Cr, 3 of them have V and 5 contain
Mo. This suggests that care must be taken when using this criterion to
predict SS HEAs, which is demonstrated in Table 2 (the table shows the
outcome of different criteria to predict the phase formation for the IM
alloys overlapping with the 55 regions) and Fig. 6. From the 6 alloys that
contain V and form the & phase, 5 alloys are incorrectly predicted with
the (3 vs. VEC) criterion (Fig. 6a and Table 2), and 4 alloys are wrongly
predicted with the (AH, vs. VEC) criterion (Fig. 6b and Table 2). It can
be concluded that for CCAs of the 3-d transitional metals family, V and
Mo may lead (depending on the alloying elements and the overall com-
position) to the formation of the ¢ phase, and that the prediction of the
o IM phase for V-containing alloys is somewhat difficult. The reasons
for this are discussed in the following paragraphs.

Tsai et al. [41] examined the predicting quality for the phase for-
mation using five different criterion available, with variable terms. The
CoCrFeNiX (X =Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) alloys were used
as the master composition for the comparison. The empirical methods

and the SS-forming conditions are summarized in Table 3. Inclusive of
the common rules for AH,;;, (Eq. (5)) [571], 4 (Eq. (6)) [57], and Q [34],
introduced in Section 2, additional parameters are defined as: [58-60]

(12)
(13)
ﬂS“.'idml
A= —22 (14)
52
SC - SII
= —— 15
¢ 5y (15)

Here, rg and ry are the radii of the smallest and largest atoms in
a multicomponent metallic mixture, respectively. The S denotes the
configurational entropy of mixing for an ideal gas, and the Sy is the
excessive entropy of mixing which is the function of atomic packing
and atom size. The Sy = |AH i |/T,, is defined as the complementary
entropy. The results by Tsai et al. [41] revealed that 4 criteria, unlike
the present work, consistently fail to correctly predict at least the phase
formation for the alloys with X=V, Mo, and W; these form the fcc+ o
phases for X =V and Mo and fcc + i phases for the X =W alloy (Table 3).
All five methods are unable to correctly predict at least X=V and Mo
alloys (Table 3). In the present work, the results show that only for
the X=V alloy, it is not possible to separate the fcc SS region using
the (AH,, vs. VEC) criterion (Fig. 6b and Table 3). The (AH, vs. VEC)
criterion has greater ability to predict alloys with IM phases, compared
with the 5 existing empirical models [41], in particular for alloys that
form the u phase (Table 2). For the o phase, when Mo is the element
leading to its formation, it was also possible to correctly predict the
phase formation (Table 1, the alloys highlighted in blue).

Tsai et al. [41] argued that the failure of the well-established meth-
ods to correctly predict the regions of the formation of 58s and IMs
is because they consider SSs formation only when the AH, ;. is near
zero, and & of the constituent elements is small < 6.6%. However, IM
phases can also form with the near-zero mixing enthalpy and for small
atomic-size difference. This is the case of the & and n phases. One may
notice that only the CoCrFeNiV (fec + o phases) alloy overlaps with the
fce S8 region in Fig. 6b, and 2 alloys overlap with fcc 85 region when
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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
(AH, 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]
Zhang et al. [58]
Yang et al. [34]

-11.6 £ AH, < 3.2kJ mol™};

mix =

Q2>1.1;5<6.6%

~11.6 < AHy, < 3.2kJ mol™'; & < 6.6%
y <1.175

X=V, Mo and W
X=V, Moand W
X=V, Nb, Ta, Mo and W

Singh et al. [59] A > 0.96J] Kmol™! X =V and Mo
Ye et al. [60] b > 20 X =V, Mo and W
This work fee §S: 0 < AH,, < 6.8kJ mol™!; VEC > 8.0 X=V

This work bee $8: 3.59 < AH, < 20.08kJ mol-'; 40 < VEC< 6.2 —

the atomic-size mismatch criterion is considered in Fig. 6a. These are
the CoCrFeNiV and CoCrFeNiW alloys with microstructures of fee + o
phases and fcc + ju phases, respectively.

The p phase is a topologically-closed-packed (TCP) phase and has a
rhombohedral lattice crystal structure. The phase has been reported for
many Ni- and Co-based systems [61-63]. In Table 1, there are 3 alloys
that form the p phase. These are the CoCrFeMog gsNi [64], CoCrFeNiW
[41], and CoFeMnMoNi [26] alloys (highlighted in green in Table 1).
When the (évs. VEC) criterion is applied, all of the alloys are predicted
to be fce SSs which does not correspond to their real microstructures
(Table 2 and Fig. 6a). On the other hand, when the (AH, vs. VEC) cri-
terion is applied, all three alloys are shifted outside off the fcc SS alloys
region (Table 2 and Fig. 6b). It is tempted to assume that the {§ vs. VEC)
criterion could flawlessly predict the alloys that precipitate the p phase.
However, there are not enough alloys published in the literature to date
to fully verify it.

4.1. Comparing the results of AH, and &

The reason that it is possible to correctly predict the formation of
the u phase using AH, parameter is that bulk modulus of both Mo and
W is typically much higher than for the other constituent elements in
these alloys. Therefore, when computing the AH,, the bulk modulus has
a more proncunced effect contrary to 4. The atomic radii of Mo and W
do not differ greatly from the other elements in these alloys. The same
applies when predicting alloys that form the & phase by adding Mo. This
can be seen for the highlighted alloys in blue in Table 1. However, when
the V-containing alloys forming the & phase are considered, neither the
bulk modulus nor atomic radius of V differs greatly from the other ele-
ments. For this reason, both (& vs. VEC} and (AH, vs. VEC) criteria fail
to correctly predict the microstructures despite that the AH,; parameter
has an overall better performance (Table 2).

5. Conclusions

The present study of the extensive database containing 235 complex
concentrated alloys reveals clear trends in predicting the phase stability
and formation by simple empirical criteria which can be summarized as
follows.

1, The AH, parameter shows three distinct elastic-strain-energy re-
gions for complex concentrated alloys: (i) the single-phase solid-
solution alloys with fce crystal structure precipitate predominantly
in the range of AH,j < 6.05kJ mol™!; (ii) The range of 6.05 < Al 4 <
22 kJ mol~! contains most of the bee SS alloys, and other types of
complex concentrated alloys (e.g. ss+IMs, IMs or duplex alloys);
and the region (iii) for AH, > 22kJ mol™" all bulk metallic glasses
and ~56% of the single-phase intermertallics can be found.

2. The (AH, 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 u phase, when it is compared with the different approaches
already used in literature.

3. The V-containing complex concentrated alloys forming the sigma &
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 & 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 AH, parameter improves the quality to predict
single-phase solid-solution microstructures compared to the well-
established & parameter. The AH, parameter, together with those
previously reported in the literature, can be used to design new com-
plex concentrated alloys.
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