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An empirical method is devcloped, based on thc calculated theorctical elastic-strain cncrgy, to predict thc phase 
formation and irs 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-clectron 
concenrration for a database of 235 alloys. The "elaslic·strain energy vs. valence-elecCTon concentration" criterion 
shows an improved ability to distinguish berween singlc·phase solid solutions, and mixrures of solid solmions 
and intermetallic phases when compared to the available empírica! rules used to date. The criterion is especially 
strong for alloys that precipitare the J.l phasc. The theoretical elastic.strain-energy parameter can be combined 
with ocher lmown parameters, such as those noted abovc, 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 a lloys (HEAs), with simple single·phase solid-solution 
(SS) crystalline structures (fcc, bcc and hcp), have attracted a scien· 
tific attention [l-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-componenr alloys with (near)-equiatomic composition 
containing at least 5 principal elements. The term "high entropy" for 
these solid-solulion-(ss)-type alloys refers to the configurational entropy 
for an ideal solution s's. id ~al [10]: 

' con11g' 

N 

SS>.idc:ll /' I. I r. =-n, c, n cí• 
('OI\ I !! 

- i=l 

( I) 

where R is the gas constant, n is the number of total moles, N is the 
number of components, and c1 is the molar fraction of the component 
i. Because S's.i dr~"1 generally increases with increasing N, and is highest 

con 1g 

for equiatomic compositions, it has been assumed that the S ''·id
1
_al is the 

con 1g 

only parameter responsible fo r the SS stabilicy [5-9] . The contributions 
of vibrational, magnetic, and electronic entro pies to the rota! entropy are 
regarded as negligible. Zhang et ai. [ 11] noted that if S''.i<kr··aJ was really 

con 1g 
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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 SS is; (i i) a lloys containing the same 
n umber of different elements would have the same probability to form 
a SS; (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 S"·idrc:~l is not cnough to explain the phase formations 

con •O 
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·temperarure 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. Ali 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, t.Hc1, 

and the valence-electron concentration, VEC, is presented. The criterion 
can distinguish SS alloys from other possible phases for 235 different 
CCAs tal<en from the literature. The criterion is compared wilh other 
cri teria considering, for example, the atomic-size mismatch, li, and the 
enthalpy of mixing, ll.Hmix• parameters. 

2. Empírica! methods for designing the microstructure of HEAs 

Otto et ai. [26J studied the role of tilimix and concluded that it is 
one of the controlling parameters for the phase precipitation in CCAs, 
whereas the s~'·'drcal alone is not a good parameter to predict the phase 

cnn •A 
stabi lity. Senl<ov and Miracle [27] poin ted out the importance of the 
enthalpy of mixing of the intcrmctallic (IM) phascs, t. H~~~. competing 
with the SS phase. The authors state that the conditions to suppress an 
intermetallic phase and to obtain the SS microstrucrures are given as: 

t,.J]IM 

k"'(T) > ~. (2) 
1 6. H ss 

lnl't 

where k~ .. is a criticai value at a given temperature, T, computed as: 

kc' (T ) = Tó.S" + I (3) 

I l ó. H~;. I ( I- k2 ) ' 

t.slM .. 
conl •g 

k~ = -s~' . (4J 
6. CCinfi~ 

where 1\.S~~:.rio is the ideal configurational entropy of the intermetallic 

phase, and t.s 1Mr· is the configurational entropy of an ideal random cnn tg 

solid-solution phase. The plot of k~~"(T) vs. (I\. H,~~/ 6. f/mix) h as been used 
as lhe criterion to separare !Ms and SS phases in CCAs. The Senkov and 
Mira ele criterion (27] works reasonably well, despire the fact that some 
IM-containing alloys still overlap with the SS a!loys region. Furthcrmore, 
the authors do not discuss in detail which intermetallic phases are being 
predicted correctly, and for which alloys the prediction fa ils. 

Zhang et ai. [28,29] studied the relation between 6.Hmix (Eq. 5), and 
the atomic-size mismatch, li (Eq. 6), and concluded that SSs would typi­
cally form when 6.Hmix is between -15 and 5 kJ moJ- 1 and li 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-componem solid solution can be estimatcd as foUows: 

N 

t1Hmi'< = L c; cjniJ. 

'·'·'*) 
(5 ) 

where Q,
1 

= 46.1-<:,;,• c; and ci are lhe atomic fractions of the element i 

and j, and H'1 is the enthalpy of mixing of a liquid binary alloy. The 
atomic-size d;i';match is calculated as follows: 

li= 100 ( 6) 

where r; is the a tom i c radius o f the element i. 
Following the Hume·Rothery theory for solid solutions, Guo et a!. 

[12 ] proposed a criterion for the formation of fcc and bcc crystalline 
structures based on the valence electron concentration (VEC): 

N 

V EC = L c;(V EC). (7) 
;~I 

According to this criterion, fcc crystalline structures are formed when 
VEC ~ 8, and bcc strucrures develop for VEC < 6.7. 

According to López 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 solmes and sol­
vents. As stated by Porter and Easterling [32 p., 24), in systems where 
li is considerable, the quasichemical model underestimates the change 
in the internai energy o f mixing beca use 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 contribution prevails over 
the chemical term, see Porter and Easrerling [32] for more details. 

Toda-Caraballo and Rivera-Díaz-Del-Castillo [33] introduced two 
empírica! parameters based on the lattice distortion for predicring the 
phase formation of CCAs: the interatomic spacing mismatch, Sm (%), 

and the buli< modulus mismatch, Km (%) (see detai ls in Ref. [33 (). The 
T SJw.l 

enthalpy of mixing, lhe parameters º'r = 
111

: ;;
1 

[34] (lhis para meter is 

discussed in detail in Secrion 4 ), I'T = T,11 / Tsc [35) (T m- melting point, 
Tsc- spinodal-decomposition temperature), and :t (the Pauling's elec­
tronegarivity difference berween the constituent elements ]'361) wcre 
plotted as the function of sm, and additionally Km vs. sm was also con­
sidered. This method shows a good ability to separate SS from duplex 
phase alloys (e.g., bcc + fcc), ss + intermetallic phases, and bulk metal­
lic glasses (BMGs), although a more complex methodology was used to 
achieve these results. 

Ye et a!. [37] developed a general self-contained geometrical model 
to compute residual intrinsic srrains between different atomic-size ele­
ments in CCAs. The moclel tal<es 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 Soolshenl< [ 13] argued that the lattice elastic-srrain en­
ergy, Miei• derived from li, which is inherent to CCAs, should be con­
sidered to calculate the Gibbs free energy, G, as: 

(8) 

N ( V, - V) ~ 
6. Hei = L c, B, -'--..,....,---'-

' =1 2V, 
(9) 

( !O) 

here, respectively B; and V; are the bulk modulus and the atomic volume 
of the element i . The authors did not investigare the effect of t.Hc1 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 t.Hel 

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 ai. [38] . 

In tl1e present study, the effect of t.H. 1 on the phase stability of CCAs 
is studied. The elastic-strain energy is calculated via Eq. (9) for 235 dif­
ferent aUoys 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, T0 , because 
ali the phases describcd in the references are at T0 . However, the phases 
are likely formed at higher temperatures where diffusion is not limited 
and therefore metastable phases can be formed [39]. The values o f r; 

are tal<en from Miracle and Senkov [1], B; is taken from Ref. [40]. Ref­
erences. [33,41] are used as lhe darabases for the calculated values of 8, 
tilimix and VEC. Thcn, plots of ( t.Hel vs. 6) - Fig. 2, ( ó.Hel vs. 6.Hmix) -

Fig. 3, (Miei vs. VEC) - Fig. 4, (li vs. VEC)- Fig. 5, ( ó.Hmix vs. VEC) -
Fig. Sl in the Supplementary Material, (6 vs. ll.Hm;x) - Fig. S2, and 
(Miei vs. 6.Hmix vs. VEC) - Fig. S3 are produced to evaluate the ability 

r . 
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Fig. 1. The elastic-strain energy, ll.H01, parameter for the 235 complex concen­
[rated alloys and bulk metallic glasses (BMGs) given in Table I (SS-single-phase 
solid solution, ss - solid solution, IMs- imermetallics). 

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

It is to be noted that the early publications on HEAs microstructures 
reiied primarily on X-ray diffraction results, and thus a more detaiied de­
scription of the phases present could be iacking. However, the extensive 
data base of 235 alloys and the recent publications reiy on a combination 
of techniques to analyze the formed phases. 

3. The comparison of different cri teria 

Ali the studied 235 CCAs compositions, with the corresponding 
phases at T0 taken from the literature, and the calculated values of o, 
LI.Hmix• VEC and LI.He1 are shown in Table 1. The Co1.5CrFeMoxNi1.s Tio.s 
(x= O, 0.1, 0.5 and 0.8) alloy family is highlighted in blue in Table 1 and 
will be discussed separateiy. 

3. 1. The LI.H,1 parameter 

The theore ticai eiastic-strain-energy parameter reveals three charac­
teristic regions for CCAs (Fig. 1 ). (1) The formation o f the fcc SS is mainiy 
in the range o f O :5 LI. H el :5 6.05 kJ mol- 1; the range covers 96.4% o f ali 
the fcc SS given in Table 1. The same range of LI.Hc1 contains 4 bcc SS al­
loys, 46 duplex alloys (fcc + bcc; bcc + fcc; fcc + fcc or bcc + bcc phases, 
where the first phase is for the matrix and the second phase for the pre­
cipitare), and 10 alloys that have a mixture of solid-solution phases and 
intcnneta liics. (2) The range of 6.05 < LI. Hei :5 22 kJ mol- 1 describes the 
bcc SS formation (86.2% of ali the bcc SS alloys listed in Table 1), and 
it is possible to identify duplex a lloys, alloys with a mixture of ss and 
intermetallic phases, and 44% of a li the single-phase intermetallic al­
loys listed in Table 1. (3) For AH01 > 22 kJ mol- 1, ali 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 LI.Hel parameter is plotted as the function of the 
known parameters described in the literature [12.28], and these crite­
ria are discussed in the foliowing subsections. From a designing point o f 
view, it is important to consider not only one parameter to establish reli­
able predictions of SS regions, but to keep in mind that these parameters 
may have a synergic effect. 

3.2. The (LI.He1 vs. 6) criterion 

The criterion is plotted in Fig. 2. All the fcc SS alloys (28 alloys from 
Table 1) unambiguously lie in the bottom-ieft region of the plot corre­
sponding to O< t.H01 :5 6.89 kJ mol-1 and 1.1:5 6 :5 5.1%. Please note 
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Fig. 2. The ( ll.Hc1 vs. li) criterion for the 235 complex concentrated alloys and 
bulk metallic glasses (BMGs) given in Table I (SS - single-phase solid solution, 
ss - solid solution, !Ms - intcrmetallics). 

that these parameters are reiated via the volume changes in Eqs. (6) and 
(9). ln the same region, 29 alloys with the duplex microstructure are 
found. This means that for this criterion, 36.2% of ali the duplex alloys 
investigated overlap with the fcc SS region. For the same range o f LI. Hei 
and 6, 10 alloys, which have one or more IM phases, are also identi­
fied - 13.5% of ali the studied aUoys 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 bcc SS alloys. Eight alloys with 
the bcc SS microstructure share the same region with the fcc SS alloys. 
This trend represents 28.6% of the bcc SS alloys listed in Table 1. 

The predicted trend in the fcc SS phases formation is consistent 
with the conclusions [ 42,43] regarding the phase transition from the 
fcc to bcc phases for AlxCoCrCu1_xFeNiTio.s and AlxCoCrFeNi a lloys. 
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 o f the Jarger AI (r= 143.17 pm) than the other constituent 
eiements typical for these alloys. Similar atomic-size effects can be seen 
when molybdenum content is increased in the Cot.5CrFeNi t.5 MoxTio.s 
(x=O, 0.1, 0.5 and 0.8) alioy (the compositions are highlighted in blue 
in Table 1). There is a phase transition from the fcc SS for x=0.1 to 
the fcc + u phases for x ~ 0.5. Except for Ti, Mo has a larger radius 
(r= 136.26 pm) than ali the c lements that form thesc alloys. Thc in­
creasing Mo content rises the lattice distortion, and consequently the 
elastic-strain energy increases. A closer lool< at Table 1 shows that vary­
ing the Mo concentration does not significantly modify the values of 
VEC, li and LI.Hmix in these alioys. However, LI.Hel increased by ~30% 
(LI.Hcl = 6.05 kJ mol-1 for x =O.l; LI.He1 = 8.42 kJ mol-1 for x=0.5; and 
t.He1 = 8.66 kJ mol-1 for x = 0.8) with the increasing Mo content which 
favors the transition from fcc SS crystai structure to fcc +" 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 
separaúon occurs. The SS alloys sits at the boundary of fcc SSs (see 
Section 3 .4. for detail). 

Ali BMGs li e in the range o f 22.6 :5 LI. H el ~ 58.1 kJ mol- 1 and 6.6 :5o 
:512.5%, the latter conforms to the empirical ruie for BMGs-formation 
conditions (45]. Only 7 crystaliine alioys overlap with this range: 3 IM 
a!loys (30% o f ali the alloys with the IM microstructure listed in Table 1) 
and 4 alioys (6.2%) having a mixture of ss phase(s) and IMs out of the 
ali alioys in Tablc l. 

The criterion can clearly separate glassy alioys from SS CCAs, and 
from almost ali other phases that form in CCAs. Egami 1"46,47], and 
Egami and Waseda [ 48] discussed tl1at there is a criticai value of the 
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Table 1 
The compositions (given mainly in molar fraction, or in at.%' ), the structures, the microsrructures, the atomic-size mismatches (6 ), the entha1pies 
of mixing (a H • .,,), the valence electron concentrations (VEC), and the elastic-strain energies (t; Hd) of 235 differem complex concentrated alloys. 

Composition 

Alo 25CoCrCu0 75FeNi 
A10.25CoCrCu0.75FeNiTi0.5 

Alu.25CoCrFeMoNi 
A10.25CoCrFcNi 
A10.25NbTaTiV 
A10.2CrCuFe 
A10 .2 CrCuFeNi 2 

AJo.375CoCrFcNi 
A10.3CoCrCuFeNi 
Alu.3CoCrFeMo0 , Ni 
Al0.3CoCrFeNi 
Al0 3CoCrFeNiTi0 .1 

A10.3CrCuFeMnNi 
Alu.3CrFe1.5 MnNi0 5 

A10., CrCuFeNi2 

Al0 5CoCrCu0 5 FeNi 
A10 .5CoCrCuFeNiTi 
AI, 5CoCrCuFcNiTi0 .2 

A10.5CoCrCuFeNiTi0 , 

A10.5CoCrCuFeNiTi0.6 

Alu.s CoCrCuFeNiTi0 8 

A 10 .5 CoCrCu r.eN iTi 1.2 

A10.5CoCrCuFcNiV 
A10.5CoCrCuFeNiV0.2 
AJ,5 CoCrCuFeNiV0., 

Alu.5CoCrCuFeNiV0.6 

Al0 .5CoCrCuFeNiV0.8 

A10.5CoCrCuFeNiV ~,2 
A10.5CoCrCuFcNiV~,4 
AJo.5 CoCrCuFeNiV1 6 

A10.5CoCrCuFeNi V~,8 
Alu.s CoCrCuFcNi V 2 
A10 .5 CoCrFeNi 
A10.5CoCrFeNiTi 
Al0 5CrCuFeMnNi 
Alu.5CrFe1.5 MnNi0.5 
Al0 5 NbTaTiV 
A10 6 CrCuFeNi2 

Al0.75CoCrCu0 .25FeNi 
AI0_75CoCrCl10.25FeNiTi0_5 
AJo.75CoCrFeNi 
AJo 815CoCrFeNi 
AJo.aCoCrCuFcNi 
A10.8CrCu~,5FeMnNi 

AJ,,,CrCuFe1.5 MnNi 
Al0 8CrCuFcMn~,5Ni 
A10.8CrCuFeMnNi 
Alo 8 CrCuFeNi7 

AI~.25CoCrFcNi 
AI~,2CrCuFe 
AI~,2CrCuFeNi2 
Al~.3cocrCuFeNi 

AI~.3CoCrFcNi 
Al~,5CoCrCu05FeNi 
AJ~.5coCrCuFeNi 
A1 1.5 CoCrFeNi 
Al1 6CoCrCuFeNi 
Al~,75CoCrFeNi 

AJ~..eocrCuFeNi 

Al10cu15Nb5Ni13zr., ' 
A1 10 Cu15Ni 10 Zr65 

Al10 Cu20Ni12 Ti5 Zr53 " 

AI 10Cu20Ni8 Ti5Zr57 ' 

Al2.3CoCrCuFeNi 
Al2.5CoCrCuFeNi 
AJ,_5CoCrFcNi 
A12.8CoCrCuFeNi 
Al2CoCrCu0.5 FeNi 
Al2CoCrFeNi 
Al3.lSCoCrCuFeNi 
AI3CoCrFeNi 
AI75Cul7.5Ni10Zr65 • 

Al7 Cu46 Y 5 Zr "2 • 

Stn1cture 

fcc 
fcc 

fcc + fcc 
fcc 

bcc 
fcc + bcc 

fcc 
fcc 
fcc 

fcc 
fcc+LI 2 
fcc 

fcc + bcc 
bcc + fcc + 82 
fcc 
fcc 
fcc + bcc + n 
fcc 
fcc + bcc 

fcc + bcc 

fcc+bcc +" 
fcc+ bcc+a 
fcc + bcc + n 
fcc 

fcc + bcc 
fcc+bcc+n 
fcc + bcc+a 
fcc+ bcc 
fcc + bcc 
fcc + bcc 
fcc+ bcc 
fcc+ bcc 
fcc + bcc 
fcc + bcc + L 
fcc + bcc 
bcc + fcc + B2 
bcc 
fcc 

fcc +bcc 
bcc+ bcc 
fcc + bcc 
fcc + bcc 
(cc+bcc 

fcc+ bcc 
fcc+ bcc 
fcc+ bcc 

fcc+bcc 
fcc 
bcc 

fcc + bcc 
fcc +bcc 
fcc + bcc 
bcc +B2 
fcc+bcC 
fcc+bcc 
bcc 
fcc+fcc+ 82 

bcc+ B2 
fcc + bcc 
amorphous 
amorphous 
amorphous 
amorphous 
fcc + bcc + 82 

fcc +bcc + 82 
bcc 

bcc 
fcc +bcc 

bcc 
fcc+bcc+B2 
bcc 

amorphous 
amorphous 

Microstructure 

fcc SS 
fcc SS 

2ss 
fcc SS 
bcc SS 
2ss 
fcc SS 
fcc SS 
fcc SS 
fcc SS 
ss+IM 
fcc SS 
2ss 
2ss +IM 
fcc SS 
fcc SS 
2sH IM 
fcc SS 
2ss 
2ss 
2ss+IM 

2ss+ IM 
2ss+ IM 

fcc SS 
2ss 
2ss+IM 
2ss+IM 
2ss 
2ss 
2ss 
2ss 
2ss 
Zss 
2ss+IM 

2ss 
2ss+IM 
bccSS 
fcc SS 

2ss 
2ss 
2ss 

ss + IM 
2ss 
Zss 
2ss 
2ss 
2ss 
fcc SS 
bccSS 
2ss 
2ss 
2ss 
ss + IM 
2ss 
Zss 
bec SS 
2ss + IM 

ss+ IM 
Zss 
BMG 
BMG 
BMG 
BMG 
Zss+ IM 

Zss + !M 
bcc SS 

bccSS 
2ss 
bcc SS 
2ss+IM 
BCC SS 
BMG 
BMG 

Ref. 

(65] 

166] 

(551 
(67[ 

1681 
112) 

l1 2J 
(671 
[b9] 
[55) 

l55J 
1551 
1701 
)71 ) 
l12j 
[651 
[72] 

(721 

1721 
17:!1 
(72) 

Jn] 
173) 
[73j 

1731 
)731 
[73) 

[73J 
[731 
[731 
)731 
173) 
(671 
(741 

[701 
(711 
[681 
1121 
[651 
[661 
[67 ) 

(67 1 
[691 
170) 
(701 
1701 
[70] 

1! 21 
1671 
[121 
[ 121 
[69] 
[75) 
[761 
[691 
)67 ) 
1721 
[75) 
ló9) 
)771 
[781 

1781 
(341 
169[ 
169) 
(79] 

[71 
181 
[67] 
(72] 

179] 
[781 
(801 

6 (%) 

3.1 
5.1 

3.7 
3.3 
3.5 
2.9 
2.8 
3.9 
3.2 

3.8 
3.6 
4.1 
3.1 
3.3 
3.6 
4.1 
6.1 
4.6 
5.1 
5.5 
5.8 
6.3 
4.0 
3.9 
3.9 
3.9 
4.0 
4.0 
4.0 
4.0 
3.9 
3.9 
4.3 
6.5 

3.8 
4.0 
3.4 
4.2 
4.8 
5.9 
4.9 
5.1 
4.5 
4.3 
4.3 
4.3 
4.4 
4.6 
5.6 
5.3 
5.2 
5.2 
5.7 
5.6 
5.1 
5.8 
5.5 
5.9 
5.6 
10.0 
9.7 
10.3 
9.8 
5.9 
6.0 
6.2 

6.0 
5.9 
6.1 
6.1 
6.3 
10.0 
12.5 

- 0.7 
- 7.3 
-7.1 

-6.8 
- 4.8 
7.7 
O. I 
- 8.0 
0.2 
-7.3 
-7.3 
- 8 .9 
- 0 .3 
-5.5 
-1.7 
- 4 .6 
-11.6 
- 4.1 
-6.4 
- 8.4 
- 10.1 
- 12.9 
-5.3 
-2.5 
- 3 .3 
-4.1 
- 4.7 

-5.7 
-6.1 
-6.5 
-6.8 
- .1 
- 9 .1 
-19.6 
- 1.9 
- 7.3 

- 8.4 
- 3.3 
- 8 .5 
- 14.4 
- 10.9 
-1 1.7 
- 3 .6 
- 1.7 

-3.3 
-4.2 
- 4 .0 
- 4.6 
- 13.4 
-0.5 
-6.8 
- 6.2 
- 13.7 
- 10.1 
- 7.1 

- 14.3 
-7.8 
- 14.9 
- 8 .1 
- 33.9 
-33.9 
- 34.1 
-31.5 
-9.4 
- 9 .8 
- 16.1 
- 10.3 
-11.6 
-15.4 
- 10.8 
-16.4 
- 32.2 
- 24.9 

VEC 

8 .4 
8.0 
7.8 
7.9 

4.6 
8.0 
8 .8 
7.8 
8 .5 
7.8 
7.9 
7 .8 
8.1 
7.2 
8.6 
8.0 
7.6 
8.1 
8.0 
7 .9 
7.7 
7.5 
7.8 
8 .2 
8. 1 
8.0 
7 .9 

7 .7 
7.6 
7 .5 
7 .5 
7.4 
7 .7 

7.0 
7.9 
7.0 
4.6 
8 .4 
7 .6 
7.3 
7.4 
7.3 
8 .0 
7.9 
7 .7 
7 .6 
7 .7 
8.2 
7 .0 
6.8 
7 .8 
7.6 
7.0 
7 .2 
7 .5 

6.8 
7.4 
6.6 
7.3 
5.8 
5.5 
6.0 
5.8 
7.0 
6.9 
6.2 
6.7 
6.8 
6 .5 
6.5 
6 .0 
5.8 
7.1 

1.82 
6 .89 
7.39 
1.91 
7.34 

2.36 
1.53 
2.76 
2.05 
3.04 
2.26 
3.60 
4.35 
5.41 
2.60 
3.28 
10.97 
4.96 
6.68 
8.25 
9.67 
12.15 
3.57 
3.20 

3.32 
3.42 
3.50 
3.54 
3.66 
3.68 
3.72 
3.73 
3.54 
13.02 
5.14 
6.36 
6.99 
3.53 
4.73 
9.10 
4.95 
5.58 
4.41 
4.91 
5.91 
6.39 
6.19 
4.45 
7.24 
8.20 
6.00 
6.28 
7.44 
7 .50 
6.92 
8.17 
7.22 
8.99 
7.78 

50.56 
51.43 
49.87 
48.14 
8.99 
9.38 
10.90 
9.96 
8 .95 
9.71 
10.68 
11.81 
53. 12 

46.99 

(continued on next page) 
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Table 1 (conrinued) 

Composition 

AlsCu12Nit4Zr66 .. 
AI3 Cu7Ni1yZr66 :! 

Al9Cu16Ni9Zr66• 

AICoo.s CrCu0_5 FeNi 
AICoo 5CrCuFcNi 
AICo0_5 CrFcMo05 

AICo0.5 CrfeMo0 5 Ni 
AICoi.5 CrCu0_5 FeNi 
AICo,_5 CrFcMoD.5 
AICo,_5CrFeMo0_5Ni 
AlCo,_5CrFeNiTio.s 
AICo2CrCu0.5FeNi 
AICo2CrFeMo0 _5 

AICo2CrFeMo0_5Ni 
AICo2CrFcNiTi0_5 
AICo3.5CrCu0_5 FeNi 
AICo3CrCu,_5FeNi 
AICo3CrfeNiTi0 _5 

AICoCr0 5Cu,.5 FC!"\Ii 
AICoCr0.5CufeNi 
AlCoCr0 5FeMo0_5Ni 
AICoCr,_5Cu0.5 FeNi 
AICoCr1_5 FeMo0_5 Ni 
AICoCr2Cu0.5FeNi 
AICoCr2FcMo0_5 Ni 
AICoCrCu0 _25FeNi 
AICoCrCu0.25FeNiTi0.s 

AICoCrCu,5 Fe 
AICoCrCu0 5 Fe0 5 Ni 
AICoCrCu0 _5 Fe,_5 Ni 
AICoCrCu05Fe2Ni 
AICoCrCu0.5FeNi 
AICoCrCu0.5 FeNio.s 
AlCoCrCu0 5 FeNi1.s 
AICoCrCu0.5 FcNi2 

AICoCrCu0 5 FeNi2.5 

AICoCrCu0.5Fc Ni3 

AICoCrCu0.5FeNiTi0 5 
AICoCrCu0_5Ni 
AICoCrCuFe0 .5 Ni 
AICoCrCuFeMoNiTiVZr 
AICoCrCuFcNi,_5 

AICoCrCufeNiTi 
AICoCrCuFeNíTiV 
AICoCrCuFeNiV 
AICoCrCuNi 
AICoCrCuNiTi 
AICoCrCuNiTiY 
AICoCrCuNiTiY0_5 
AICoCrCuNíTiY0 _8 

AICoCrFc0 6Mo0_5 Ni 
AICoCrFc15Mo05Ni 
AICoCrFe2 Mo0 _5 Ni 
AICoCrFcMo0_1 Ni 
AICoCrFeMo0 _2 Ni 
AICoCrFeMo0_3 Ni 
AICoCrFeMo0.4 Ni 
AICoCrFeMo0_5 
AICoCrFeMo0 _5 Ni 
AICoCrFeMo0 _5 Ni0 _5 
AICoCrFeMo0.5 Nits 
AICoCrFeMo0 _5 Ni2 

AICoCrfeNb0 _1 Ni 
AICoCrFeNb0 25 Ni 
AICoCrFeNb0.5 Ni 
AICoCrFcNi 
AICoCrFcNiTi 
AICoCrFeNiTi0.s 
AICoCrFeNiTi15 

AICoCrFeNiTiVZr 
AICoCu0.33 FcNi 
AICoCu, 5 FeNi 
AICoCuNi 
AICoFeMo0.5 Ni 
AICr0_5CuFeNiTi 

Structure 

amorphous 
amorphous 
amorphous 

fcc+ bcc 
fcc+ bcc 
bcc+a 
bcc+rr 
fcc+ bcc 
bcc+cr 
bcc + a 
fcc+ bcc 
fcc+bcc 
fcc + bcc +a 
fcc + bcc+a 
fcc + bcc 
fcc + bcc 
fcc + bcc 
fcc + bcc 
fcc+ bcc 
fcc+ bcc 
bcc+a 
fcc+ bcc 
bcc + a 
fcc+ bcc 
bcc+a 
bcc 
bcc+bcc 
fcc+ bcc 
fcc+ bcc 
fcc+ bec 
fcc+ bcc 
bcc 
fcc+ bcc 
fcc + bcc 
fcc+ bcc 

fcc+ bcc 
fcc+ bcc 
bcc+ bcc 
bcc 
fcc+ bcc 
fcc+bcc 
fcc + bcc 
bcc + fcc + bcc 
fcc + bcc 
fcc + bcc 
fcc + bcc 
B2+fcc+a 
AINi2 Ti+ Cu2 Y 
A1Ni2 Ti+ Cu2 Y 
AINi2 Ti+ Cu2 Y 
bcc + a 
bcc+u 
bcc +a 
bcc 
bcc+a 
bcc+a 
bcc +u 
bcc+u 
bcc+a 
bcc + a 
fcc+bcc + n 
fcc+bcc + a 
bcc 
bcc + bcc+ L 
fcc + bcc + L 
rcc+B2 
bcc + bcc 
bcc+ bcc 
fcc+ bcc + L 
amorphous 
fcc + fcc+ B2 
fcc+ bcc 
fcc+ bcc 
bcc+tr 
fcc+ bcc 

Mlcrostructure 

llMG 
BMG 
BMG 
2ss 
2ss 
ss +IM 
ss +IM 
2ss 
SS+ IM 
ss+1M 
2ss 
2ss 
2ss+IM 
2ss + IM 
2ss 
2ss 
2ss 
2ss 
2ss 
2ss 
ss+lM 
2ss 
SS+ !M 
2ss 
ss+ lM 
bccSS 
2ss 
2ss 
2ss 
2ss 
2ss 
bcc ss 
2ss 
2ss 
2ss 
2ss 
2ss 
2ss 
bcc SS 
2ss 
2ss 
2ss 
3ss 
2ss 
2ss 
2ss 
SS+ lM 
IM 
IM 
IM 
ss+ lM 
SS+ lM 
ss + IM 
bcc SS 
ss+IM 
ss+ IM 
ss+ lM 
ss+IM 
ss+ lM 
SS +lM 
2ss+ IM 
2ss+IM 
bccSS 
SS+ IM 
ss+ IM 
ss+IM 
2ss 
2ss 
2ss+IM 
BMG 
2ss+ IM 
2ss 
2ss 
SS+lM 
2ss 

Ref. 

[781 
[781 
[78] 
[76] 

[811 
[82] 

1821 
[761 
[8~1 

[82] 
[831 
[76] 
[82] 
[82] 
[831 
[76] 

[761 
[83] 

[761 
[61] 
1641 
[76] 
184] 
)761 
1841 

129 1 
[85] 
[76 ] 
[761 
[76] 
[76] 

[6 11 
[76] 

[76] 
[76] 
[761 
176] 
[85] 
[5] 
[81] 
[861 
[811 
[871 
[5 ] 

[671 
[88] 
[89] 

1891 
[891 
(89 ) 

1901 
[90] 
[90] 
[91] 
[91] 
[9 1] 

[91] 
[82) 
[90] 

[921 
[92] 
192] 
[931 
(931 
193 ] 

175] 
[94] 

(831 
[94] 
[78] 

(951 
[76] 
[88] 

[841 
[96] 

fi(%) 

9.9 
10.1 
9.7 
5.2 
5.0 
5.5 
5.6 
5.0 
5.5 
5.4 
6.0 
4.8 
5.4 
5.3 
5.9 
4.5 
4.6 
5.7 
5.3 
5.1 
5.7 
4.9 
5.3 
4.7 

5.1 
5.2 
6.0 
5.2 
5.3 
4.9 
4.7 
5.1 
5.1 
5.0 
4.9 
4.8 

4.7 
5.9 
5.5 
5.1 
8. 1 
4.9 
6.3 
5.9 
4.7 
5.3 
6.6 
15.2 
12.6 
14.3 
5.6 
5.3 
5.2 
5.3 
5.4 
5.4 
5.5 
5.5 
5.5 
5.5 
5.4 

5.4 
5.5 
5.8 
6.2 
5.3 
6.6 
6.2 
6.9 
8.7 
5.5 
5.6 
5.8 
6.0 
6.5 

!l.H"'" (1<.1 moJ-1) 

-35.4 
- 39.3 
-32.4 

-7.9 
- 4.5 

- 9.7 
-11.7 
- 7.8 
- 10.4 
-11.1 
- 17.2 
-7.7 
-10.4 
-10.7 
-16.4 
- 7.0 
-7.3 
-15 
-8.3 
-5.0 
-12.1 
-7.6 

-10.8 
-7.2 
-10.3 
-9.9 

-15.5 
-6.1 
-8.9 
-7.1 
-6.5 
-7.9 
-7.3 

- 8.3 

- 8.4 
- 8.4 
- 8.4 
-13.4 
- 10.2 
-5.6 
- 17.2 
-3.9 
-13.6 
-13.9 
- 7.8 
- 6.6 
-16.7 
-19.3 

-16.3 
- 19.0 
- 12.3 
-10.5 
-9.7 
- 12.1 
-12.0 
-11.8 
- 11.6 

-10.3 
- 11 .4 
-11.1 
- 11.5 
-11.5 
-13.3 
-14.7 

-16.5 
-12.3 
-21.6 
- 17.9 
-23.9 
- 26.8 
-9.2 
- 8.7 
- 6.0 
-12.7 

-15.4 

VEC 

5.6 
5 .5 
5.6 
7 .4 
7 .7 

6.1 

6.9 
7.7 
6.7 
7.3 
7.1 

7.8 
6.9 
7.4 

7.2 
8.0 

7.9 
7.5 

7.7 
8.0 
7.2 
7.4 

7.0 
7.3 

6.9 
7.4 

7.1 
7.0 
7.5 
7.6 
7 .6 
7.5 
7 .3 
7.8 

7.9 
8.1 
8.2 
7.2 
7.4 

7.8 
6.6 
7.6 

7.3 
7.0 

7.4 
7.8 

7.2 
6.6 

6.8 
6.7 
7.0 
7.2 
7.2 
7.2 
7 .2 
7.1 

7 .1 

6 .4 
7.1 

6 .8 
7.3 
7 .5 

7.2 
7.1 

7.0 
7.2 

6.7 
6.9 

6.5 
6.1 
7.9 
7 .9 
8 .3 
7.3 
7 .1 

Marerialia 5 (2019) 100222 

55.15 
58.12 
51.23 
6. 18 

5.64 
10.45 
8.92 
5.20 
8.79 
7.63 
9.80 
4.81 
8. 12 
7. 10 

9.09 
4.50 
4.19 
7.94 

6.17 
5.64 
8.91 
5.21 
7.63 
4.82 
7.12 
5.90 
10.15 
6 .74 
6.09 
5.80 
4.92 
5.65 
6.15 
5.22 
4.36 
4.53 
4.25 
9 .72 
6.59 
5.56 
21.07 
5.61 
11.95 
10.74 
5.21 
5.94 
13.15 
30.26 
22.26 
27.17 
8.75 
7.73 
7.27 

6.66 
7.12 
7 .52 

7.89 
9.56 
8.23 
8.86 
7.67 
7.17 

7.26 
8.77 
10.95 
6.17 
14.00 
10.62 
16.54 
25.06 
7.06 
6.80 
7.13 
9.71 

14.40 

(continued on next page) 
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Ta ble 1 (coru:inued) 

Composition 

AICr1 , c uFeNiTi 
AICr2CuFeNiTi 

AICr3CuFeNiTi 

AICrClJo.sFeNi 
AICrCuFeMn Ni 

AICrCuFeNi2 
AICrCuFeNiTi 
AICrFeNi0 .75 

AICrMoTaTiZr 
AICrTaTiZr 
AlfeNiTiVZr 

AINbTaTiV 
AITiVYZr 
Co1 sC:t FcN i1 !,Ti0 ., 

Co, , CrFeMo0 1N11 , T10 , 

Co1 5Crt~Mo05Ntt 5 l'lv':i 

Co, .. _crreMo~," Ni1 "T~ ,. 

CoCrClJo.sFeNi 
CoCrCUo.7s FcNi 
CoCrCuFeMn 
CoCrCuFeMnNi 
CoCrCuFeNi 
CoCrCufeNiTi 

CoCrCuFeNiTi0.s 
CoCrCuFeNiTi0.8 

CoCrCuFcNíTi2 
CoCrCufeNiTiVZr 
CoCrFeMnNbNi 
CoCrFeMnNi 
CoCrfeMnNiTi 
CoCrFcMo0 .3 Ni 

CoCrfeMo0.5 Ni 
CoCrFcMo11 ,r;Ni 

CoCrFeMoNiTiVZr 
CoCrfeNbNi 
CoCrFeNi 
CoCrFeNiTa 
CoCrFeNiTi 
CoCrFcNiTi0.3 
CoCrFeNiTi0.s 
CoCrfeNiV 
CoCrFcNiW 
CoCrFeNiY 

CoCrFeNiZr 
CoCrMnNiV 

CoCuFeNi 
CoCuFeNiTiVZr 

CoCuf eNiV 

CofeMnMoNi 
CoFeMnNiV 
CoFcMoNiTiVZr 
Cr2Cu2Fe2MnNi2 

Cr2Cu2FeMn2 Ni 2 

Cr2CuFe2 Mn2Ni2 
Cr2CuFe2MnNi 
CrCu07feNi 
CrCu2 Fe2 Mn2Ni 
c reu, Fe2 Mru'lli2 

CrCuFeMn2Ni2 
CrCuFcMnNi 

CrCuFeMoNi 
CrCuFcNiZr 
CrCuMnNi 
CrFcMnNiTi 
CrNbTiVZr 
CrNbTiZr 

Cu"'7Ni8 Ti3>4Zr11 J 

Cu60Hfl0 Ti10Zr20 
CufeHITiZr 
CuFeNiTiVZr 
CuliiNiTiZr 
CuNbNiTiZr 
FcMoNiTiVZr 
HINbTaTiZr 

Srruccure 

fcc+ bcc 
fcc + bcc 

fcc + bcc 
fcc+ bcc 

bcc 
fcc 
fcc + bcc 
bcc+ B2 
amorphous 
amorphous 
amorphous 

bcc 
compound 

fcc 

fcc 

fcc+a 

fcc+n 
fcc 

fcc + fcc 
fcc + bcc 
fcc 

fcc 
fcc+L 
fcc 

fcc + L 
compound 

amorphous 
compound 

fcc 
Compound 

fcc 
fcc + a 

fcc + a+J.I 
amorphous 
fcc+C14 

fcc 
bcc + C14 
x+CI4+•i 
fcc 

fcc+L+ a+ R 
fcc+a 
fcc +~ 

bcc + Y + YNi + Y2 

bcc+C15 
fcc +~ 
fcc + fcc 
amorphous 
fcc 
fcc + IJ 

fcc+a 
amorphous 
fcc+bcc 

fcc + bcc 
fcc + bcc 

fcc+ bcc 
fcc+ bcc 

fcc+ bcc 
fcc 
fcc 

fcc + bcc 

fcc + bcc 
bcc+IM 
fcc +bcc 

bcc + L 
bcc + IM 
bcc+ IM 

amorphous 
amorphous 
IM 

amorphous 
amorphous 

amorphous 
amorphous 
bcc 

Microstructurc 

2ss 
2ss 
2ss 
2ss 

bcc SS 
fcc SS 

2ss 
ss+ IM 
BMG 
BMG 
BMG 
bcc SS 
IM 

fcc SS 

fcc SS 

ss+ IM 

ss+ IM 
fcc SS 

2ss 
2ss 
fcc SS 

fcc SS 
ss+ IM 
fcc SS 

SS + IM 
IM 

BMG 
IM 

fcc SS 
IM 

fcc SS 
ss+ IM 

SS+ IM 
BMG 
ss+ IM 

fcc SS 
ss + IM 
IM 
fcc SS 
SS+ IM 
ss+ IM 
ss+ IM 
SS+ IM 
ss+ IM 
ss+ IM 

2ss 
BMG 
fcc SS 
ss+ IM 
ss+ IM 
BMG 
2ss 
2ss 
2ss 
2ss 
2ss 

2ss 
fcc ss 
fcc SS 
2ss 

2ss 
ss+ IM 
2ss 
ss + IM 
ss+ IM 
SS+ lM 

BMG 
BMG 
IM 

BMG 
BMG 

BMG 
BMG 
bcc SS 

Ref. 

]96] 

1961 
[96] 

]76] 
[70] 
[12] 
[96] 
]95] 
[97] 
[98] 
[78] 
[68] 
[291 

]991 

[99] 

1991 
[991 
11001 
1721 
[26] 
[141 

[101] 
[I 01 ] 

1101] 
[101] 

[29] 
(781 
1141 
114] 
114] 
[55[ 
]64] 

(64] 
(78] 

[ 4 1J 
[100] 
[4 1] 
[41] 
[102] 
[102] 
[41] 
]41 ] 
]41 ] 
1411 
126] 
[95] 

178 1 
[29] 
[26] 
1261 
[78] 
[103] 
[103] 
[103] 
[103] 

11041 
1103 ] 
[10.ll 
[I03] 

1791 
[79] 
(79] 
[lOS] 
[14 ) 
[106] 
[1061 
[77] 
[78] 
[1071 
[781 
11071 
[39] 
(781 
11081 

.i(%) 

6.2 
6.0 
5.8 
5.3 
4.8 
4.9 
6.4 
5.6 
6.6 
7.1 
8.7 
3.2 
12.3 

4.6 

4.8 

5.1 

5.3 
1.2 
1.2 
0.9 
1.1 
1.2 
5.7 
4.5 
5.3 
6.7 
8.8 
5.9 
1.1 

5.8 
3.0 
3.5 

4.2 
8.6 
5.7 
1.2 
5.7 
6.2 
4.1 
5.0 
2.2 
3.8 
16.4 

10.8 
2.8 
1.1 
9.2 
2.8 
4.4 
2.8 
8.8 
1.1 
1.1 
1.0 
0.9 
1.2 
0.9 
1.1 

1.1 
1.0 

4.1 
10.0 
1.1 

6.0 
7.7 
7.8 

8.6 
10.3 
9.8 
9.2 
10.3 
9.4 
8.6 
4.1 

t.Hrnox (kJ mol-1 ) 

-1 2.3 
- 11.1 
- 9.3 
-7.7 

- 5.1 
-5.8 
-1 3.7 
- 13.2 
-16.1 

-20.0 
-31.3 
- 13.4 

- 14.9 

-10.7 

-10.6 

-10.3 

- 10 
0.5 
2.2 
4.2 
1.4 

3.2 
-8.4 
-3.7 
- 6.8 
- 14.0 
-16.8 

-12.0 
-4.2 
- 13.4 

- 4.2 
-4.3 

-4.6 
- 18.8 
- 14.9 
- 3.8 
- 14.4 
- 16 .3 
- 8.9 
- 11.6 
-9.0 
- 2.9 
-9.3 
- 22.7 
- 9. 1 

4.7 
- 20.2 
-2.2 
-4.0 
- 9.0 
-21.8 

3.6 
2.4 
0.1 
2.6 
3.0 
4.7 
3.9 
- 0 .5 
2.7 

4.6 
-1 4.4 

1.8 
- 13.3 
-4.6 
- 5.0 
- 15.4 
- 17.3 
-15.8 
-18.8 
- 27.4 
- 21.3 
- 19.8 
2.7 

VEC 

6.9 
6.9 
6.8 

7.2 

7.5 
8.0 
7.0 
6.5 
4.7 

4.4 
5.7 
4.4 
3.8 

8.1 

8. 1 
7.9 

7.8 

8.6 
8.7 

8.2 
8.5 
8.8 
8.0 
8.4 
8. I 

7.4 
7.1 
7 .5 

8.0 
7.3 

8.1 
8 .0 

7.9 
6.5 
8.8 
8.3 
8.8 
7.4 
8.0 
7.8 
8.8 

7 .8 
7.2 
7.4 
7.4 

9.5 
7.3 

8.6 
8 .0 
7.8 
6.6 
8.6 
8 .4 
8.1 
8.0 
8.6 
8.5 
8.9 

8.4 
8.4 
8 .2 
7 .8 
8.5 
7.0 
4 .8 
4.8 
7 .8 
8.2 
6.2 
7.0 
6.6 
6 .8 
6.2 

4.4 
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12.69 

11.96 
10 .73 

6.82 

6.80 
5.26 
13.51 
8.11 
22.89 

27.16 
29.75 
6.37 
33.31 

5.54 

6.05 
8.42 

8.66 
0.22 
0.28 
2.92 
2.57 

0.34 
9.73 
5.61 
8.20 
15.48 
22.60 
11.75 

2.98 
11.35 
2.58 
4.00 

5.86 
24.08 
12.44 

0.03 
14.48 
11.69 

4.30 
6.74 
1.74 

8.80 
28.54 

26.43 
3.68 

0.42 
25.10 

1.78 

7.74 
3.93 
26.15 
1.95 
3.14 
3.30 
2.35 
0.35 
3.24 
2. 16 

3.88 
3.00 

6 .17 
26.04 
3.26 
13.14 
28.98 
33.64 
24.19 

34.51 
47.77 
27.95 
46.69 
33.03 
28.02 

11.13 

(conrinued on next page) 
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Table 1 (conlinued) 

Composition Structure Microstruc ture 

MoNbTaVW bcc bcc SS 
MoNbTaW bcc bcc SS 
MoNbTiV0_2. zr bcc bcc SS 

MoNbTiV0_5 Zr bcc bcc SS 
MoNbTiV0 .75Zr bcc bccSS 
MoNbTíV 1.5Zr bcc bcc SS 
MoNbTiV2 Zr bcc bcc SS 
MoNbTiV3 Zr bcc bcc SS 
MoNbTiVZr bcc bcc SS 

MoNbTiZr bcc bcc SS 
NbTaTiV bcc bcc SS 

NbTiV1 Zr bcc + bcc + bcc 3ss 
NbTiVZr bcc bcc SS 

• The composition is in at.%. 

60 glassy region t: 2 ss 
e 3 ss 

• {}. ss + IMs 
50 ,: o 2 ss + IMs • •• v t> IMs 

• BMGs ...-- 40 bccSS I " o • fccSS • E • I> A 

30 t ' • A A 
6 .:e... l> • ••• } v~ bcc SS region 

20 >2>.p 
<l o ' 10 "" 

fcc * 
- 40 - 30 -20 -10 o 10 

t:.Hmix (kJ mol- 1) 

Fig. 3. The (t..H., vs. t..H.,,, ) criterion for the 235 complex concentrated alloys 
and bulk mctallic glasses (BMGs) given in Tablc I (SS - single-phasc 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 solvem atoms is less than 15% for binary 
alloys. 

3.3. The (t. H,1 vs. t.H.,ix) criterion 

There is a similar pattem for the (t.He1 vs. AHmix} criter ion (Fig. 3 ) 

co that shown in Fig. 2 . The fcc SS populated region lies in the range 
of O< t..He1 :5 6.H9 kJ mol-1 and -10.7 :5 M/mix 5 3.9 kJ mol-1; the lat­
ter condition for the fcc SSs formation was already reported in Zhang 
and Zhou (28] . The bcc SSs, unlike the fcc SS region, are spread in a 
broader range of AHel and li, and they overlap with the duplex alloys, 
IMs, fcc + bcc + !Ms, bcc + IMs, and fcc + IMs microstructures. Similarly 
to the (ó.Hel vs. li} criterion (Fig. 2), 6 crystalline alloys (5 single-phase 
IMs and one alloy w ith a mixture of ss and IM phases) lie in the BMGs 

region . 

The (ó.Hel vs. AHmixl criterion, like the (t.Hel vs.li} criterion, may 
work reasonably wcll to distinguish the fcc SSs within different mi­
crostructures, but it clearly cannot separate the bcc ones. The ó.Hmix 
of the bcc SSs studied ranges from -16.4 to 2.7 kJ mol- 1 (Table 1) 
which overlaps with the enthalpy of formation for other m icrostructures, 
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Ref. fi(%) I:!.H..,. {kJ mol- 1) VEC I:!.Hd (kJ mol-1) 

[16] 3.2 -4.6 5.4 5.31 
llól 2.2 -6.5 5.5 3.59 
[ IO<J] 5.3 -2.6 4.8 16.29 
[1091 5.6 -2.7 4.8 17.00 
[109] 5.8 -2.7 4.8 17.43 
[1091 6.1 -2.7 4.8 17.70 
[109] 6.1 -2.7 4.8 17.42 
(109] 6.2 -2.5 4.9 16.43 
[109] 5.9 -2.7 4.8 17.66 
[1091 5.0 -2.5 4.8 15.19 
(68] 3.6 -o.3 4.8 7.74 
11061 6.6 - 1.3 4.6 20.58 
11061 6.2 - 0.3 4.5 20.08 

60 glassy reg~n i! 2ss 
e 3 55 •• A ss + IMs 

50 .... o 2 ss + IMs • l • • IMs ---- [> 
T"" • BMGs I 40 o " bccSS 

E I> • •• fccSS 
"""") 30 ,, • t ' 
~ • • .. ·--- • ... i 
:_t • • ., l • 

20 
""" .. <l 

10 " ~· " À tJr 

·•" " • 
" !'ti o bcc SS reg1on tl 

fcc SS region 

4 5 6 7 8 9 

VEC 

Fig. 4. The (t.H,1 vs. VEC) criterion for the 235 complex concentrated alloys and 
bulk mctallic glasses (BMGs) given in Table I (SS - single-phase solid solution, 
ss- solid solurion, !Ms - intermetallics). 

including lMs and BMGs. The criterion may work reasonably well to dis­
tinguish the fcc SS region especially for the compositions that tend to 
ideal solid solutions for thc range of - 5 :5 t. Hmix 55 kJ mol- 1• 

Frorn the 22 alloys with the duplex microstructures (fcc + bcc, or 
fcc + fcc phases) that share the common region with the fcc SS alloys 
(Fig. 4), 13 have positive values of t..Hmix and ali 22 have Cu as the 
constituent element. Copper is known to have high positive AHmix 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 wiU mostly 
resulr in segregation and phase separation. This can explain why these 

alloys have low values of C.He1 but phase separation occurs. As shown 
by Otto et a i. [26], the phase formation in higher-order multicomponent 
alloys is consis tem with a minimization of the total Gibbs free energy, 
with contributions of both enthalpy and entropy. They suggest that the 
binary C..H011x of the consri cuent elements will also play an importam 

role in format ion of SS or a compound in CCAs. 

3.4. The (t.H,1 vs. VEC} criterion 

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

Figs., 2 and 3, in the range of 3.59 :5 t.Hc1 :5 20.08 kJ mol- 1 and 4.40 5 
VEC 5 6.2. From the 28 CCAs with the bcc SS microstrucrure in Tablc 1 , 
16 (57 .1 %) li e in this region. In the bcc SS region, 1 alloy containing 
an IM phase stands, representing 1.3% for these alloys, without any 
duplex alloys overlap. The remaining bcc SS alloys overlap with other 
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16 

14 

12 

6 

4 

2 

4 

glassy region 
v • 

/' 

••• 

e 3ss 
u 2 55+ IM5 

"" 2 55 
t> IM5 
• BMGs 
" 55+ IMs 

• ., bcc SS 
'' • fcc SS • ••• 

• .. ~: • • fcc /SSregion 

· .:.· f< " 

• 
., c. " ~ -:. ., 

bcc SS region 

5 6 7 

VEC 

~ 

8 9 

Fig. 5. The (li vs. VEC) criterion for the 235 complex concentrated alloys and 
bulk metallic glasses (BMGs) given in Table I (SS- single-phase solid solution, 
ss - solid solution, !Ms- intermetallics). 

microstructures in the range o f 6.5 ::; \!EC ::; 7.5. Considering the ali 56 
SS alloys, including both fcc and bcc alloys, 44 of them fit the li.mits of 
(ll.Hel vs. VEC) fo r the bcc and fcc SS microstructures. This trend means 
that 78.6% of ali the SS alloys belong to thc SS regions high lighted in 
ri.g. 4. In Fig. 4, 22 fcc + bcc, or fcc + fcc 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 ali microstructures, except of the SS (179 alloys in Table 1), are 
considered then 16.2% of ali these alloys overlap with the SS regions 
(delimited in Fig. 4). When only the IM-phase-containing a lloys are con­
sidered then 9.5% overlap with the SS regions is found. 

In accordance to what Guo e t ai. (1 2 ) proposed, the VEC criterion 
is able to separate fcc and bcc SSs alloys for CCAs. Ali the evalua ted 
bcc SS alloys have \!EC lower than 7.5, while ali the fcc SS alloys have 
VEC higher than 7.8. From the 28 alloys with the fcc SS microstructure 
listed in Tablc I , 86% o f them obey the range proposed by Guo et ai. 
(12]. For the bcc SS alloys, 79% o f them follow the range proposed. The 
(ll.H01 vs. VEC) criterion (Fig. 4) shows a plausible ability to distinguish 
SS alloys from ali different microstructures described in the literature 
for CCAs. The hexagonal-close-pacl<ed SSs alloys are not considered in 
this study because only a few alloys with the hcp SS microstructurcs 
have been published 149-53], so far. 

It should a lso be noted that the bcc SS may also form fo r low val­
ues of ll.Hcl• for example the MoNbTaW and MoNbTaVW alloys have 
ll.Hcl = 3.59 kJ moi-1 and 5.31 kJ mol-1, respectively. These values are 
comparable with those for the fcc SS. All the constituent elements of 
the MoNbTaW and MoNbTaVW alloys have the bcc A2 structure at Tm 
and T0 . Therefore, it is not surprising that these CCAs precipitare with 
the same crystal structure characteristic o f the constituem elements, in 
what Miracle and Senkov [1] defined as the "structure in - structure 
out" correlations (SISO). The SISO analysis rakes into accounr the crys­
tal structure ofthe e lement being used to design an alloy, and it develops 
the Hume- Rothery concept of the link between the crystal 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. 1'he (6 vs. VEC) criterion 

Two SS regions a re distinguishable in Fig. 5 in agreement with the 
( ó.Hel vs. VEC) cricerion (Fig. 4). In total, 18 alloys with duplex mi­
crostructures and 1 O IM-containing a lloys overlap with the fcc SS region, 
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• fcc SS 
CoCrFeMo0.85Ni 

o(> 

2 55 
u. 55+ IMs 
o 25s + IM5 \ 

:~~ 
CoFeMnMoNi ,. • • \ 

CoCrFeNiW 

CoFeMnNN 

• 
• • 

CoCrFeNN .....-Â 

• A O • • 

8.0 8.2 8.4 

VEC 

fcc SS region 

8.6 8.8 

10r--.~--.-~-.--~.-~-.--~-.~-. 

9 

8 

7 

6 "" 

5 

4 

3 

2 

~-cacrFeNiW 

'd 6 
~;_....----... CoFeMnMoNi 

o w 'f> • • f> 

t;. f> • 
• 

CoFeMnNiV 

7.8 8.0 8.2 8.4 

VEC 

8.6 

• fcc SS 
f> 2 ss 
" s5 + IM5 
o 2 ss + IMs 

8.8 

Fig. 6. The ability of rwo criteria (a) (li vs. VEC} and (b) (t.Hc~ vs. VEC) to cor­
rectly predict the phase formation of some intermetallic alloys thar overlap with 
the fcc single-phase solid-solution regions in Figs. 4 and 5, respectively. 

which yields 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 (AHe1 vs. VEC) criterion (Fig. 4). When the bcc 
SS region is investigated, 1 alloy with a m ixture of ss and IM phases and 
none of the duplex alloys are found. The comparison of the two cri teria 
for the pred iction o f the fcc SS region is shown for the {li vs. VEC) cri­
terion in Fig. 6a, and for the ( t.Hcl vs. VEC) criterion in Fig. 6b. A clear 
shift can be seen for some IM-containing alloys to the outside o f the fcc 
SS region in Fig. 6b. 

The SS regions can be distinguished in a three-dimensiona1 space 
considering the electronic, VEC, the topological, ll.Hc1, and the thermo­
dynamic, ll.Hmix • parameters by combining Figs. 3 and 4 (see Fig. S3 
in the Supplementary Material). For example, the (ll.He1 vs. VEC) crite­
rion outcomes for the SSs are correct (Fig. 4), in most cases, when the 
range of -1 5 :.::; éi.Hm;, ::; 5 kJ mol-1, defined by Zhang et al. [28,29], is 
sarisfied (Fig. 3). 

4. Predicting the sigma (u) and mu (J.l.) phases 

At this point, let us explore the prediction capability of the ll.H. 1 

parameter by considering the 6 alloys with a rnixture of ss and IM 
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Table 2 
The compositions (in molar fraction), microsrructures, and the predicLion outcomes using 5 different cri teria: 
(li vs. AH"',. );(A//m;, vs. VEC);(A H,1 vs. AH,.,.);(8 vs. V EC); and (A H,1 vs. VEC) for the imermetallic alloys that overlap with the 
single-phase solid-solution regions for these cri teria (L - Laves phase; (j- sigma phase; I' - mu phase). 

Composilion Microstructure Ref. lJ V$. 6Hmix. 6Hmu: vs. VEC 6He,1 vs. d Hmlx 6 vs. VEC t>.H,1 vs. VEC 
The criterion outcome 

Al0 5CoCrCuFeNiV fcc+bcc+ .. [73) Fmlc'<.l 
Al0.3CoCrFeNi fcc + L12 [55) Failcd 
Al0 5CoCrCuFeNiV0 8 fcc + bcc + n [731 railed 
CoCrFeMo0.5 Ni fcc+ q [64] Failcd 
Aiu 5CoCrCuFeNiV0.6 fcc + bcc+ a (731 Fatled 
CoCrFeNiV fcc+a [4 1] Fmlcd 
CoFeMnNiV fcc +o (261 l.lilcd 
CoCrFeMoo.85Ni fcc+a+ )! [64] Fatlc>d 
CoCrFeNiW fCC+fl [41] Fa~ed 

CoFeMnMoNi fcc+fl [2b] railcd 
AICoCrFe2Mo0 5Ni bcc+a [90] ~.uled 

A10.5CrFe~.5MnNi0., bcc + fcc + B2 [71J Fatl~d 

At0 _3CrFe1•5MnNio.s bcc + fcc + 82 [71 ] fnil~<l 

CoCrCuFeNiTi fcc+L [1 01] Succeeded 
CoCrCuFeNiTi, • fcc + L [ ! OI] Succcedcd 
Cot.s CrFeMo0_8 Ni1.5Ti0 s fcc+n [991 lailed 
AICoCuo.33FeNi fcc+ fcc+B2 [95] Succccdcd 
CoCrMnNiV fcc + n 126] lailed 

phases that overlap with the fcc SS region de lim ited in Fig. 4. From 
these 6 alloys, 5 of them exhibit a mixture of a ss phase, and the 
sigma, u, phase usually found in low volume fracrions in interden­
dritic regions and grain boundaries [26]_ These 5 alloys are CoCr­
FeNiV, CoCrFeMo0 _5Ni, Al0_5CoCrCuFeNiV, AJ0_5CoCrCuFeNiV0_6 , and 
Al0.5CoCrCuFeNiV0 _8 . Four of these alloys contain V, 2 alloys have V 
as a minor addition, and 2 alloys contain the equimolar concentration. 
Vanadium is kn own to exrend the u phase s tability in alloys contain­
ing Co, Mn and Fe, and it is the only element to form the u phase, 
when combined with Ni. "Among the intennetallic phases, it is prob­
ably the phase having the broadest range of existence among the dif­
ferent systems" [54] _ This seems reasonable to explain w hy the u phase 
forms in these alloys. However, it does not give any insight imo how 
to correctly p redict and avoid the precipitation of the (j phase. The re­
maining Al0.3CoCrFeNi alloy shows a different intermetallic phase- the 
microstructure is composed o f fcc ss and Ll 2 phase l55J _ 

Table 1 contains 34 alloys with the u 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 u phase formation for the largest 
number of binary systems [54]. Tsai et ai. [56] proposed an empirical 
method using the VEC alone to predict the formation range of the u 
phase in CCAs. They suggested that alloys were prone to the precipita­
tion of the u 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 
Tab le I (24%), that form the u phase, fali outside the aforemention ed 
range in VEC. Ali eight alloys conta in 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 demonsrrated in Table 2 ( the table shows the 
outcome of differe nt criteria to predict the phase formation for the IM 
alloys overlapping witl1 the SS regions) and Fig. 6 . From the 6 alloys that 
contain V and form the u phase, 5 alloys are incorrectly predicted with 
the (li vs. VEC) criterion (Fig. 6a and Table 2), and 4 a lloys are wrongly 
predicted witl1 the (t..He1 vs. VEC) criterion (Fig. 6b and Table 2). l t can 
be concluded that for CCAs o f the 3-d transitional metais family, V and 
Mo may lead (depending on the alloying elements and the overall com­
position) to the formation of the u phase, and that the prediction of thc 
u IM phase for V-containing alloys is somewhat difficult. The reasons 
for this are d iscussed in the following paragraphs. 

Tsai et al. [ 41] examined the predicting quality for the phase for­
mation using five d ifferent criterion available, w ith variable terms. The 
CoCrFeNiX (X= Y, Ti, Zr, Hf, V, Nb, Ta, C r, Mo, and W) alloys were used 
as the master composition for the comparison. The empírica! methods 

f-atie '<.I l'ailed l'mled t'Jilod 
Fatlet.l Failcd Failcd raikd 
Failed Fmled FJiled Fa1lcd 
Ltilcd Failed Failed f.ll lcd 
!'atled Failed l"ailed l•ailed 
Failod Fmlcd FoMd F.dlcd 
Failcd l•atled lailed Succceded 
Fatl•>d Foiled Fmlcd Succeed~d 

Fa•let.l Succceded ra.led Succeeded 
Falled Succecded railcd Succecded 
Succeodcd Failed Succeeded Succceded 
Succeeded Foilcd Succe<.>ded Succeeded 
Succ~edcd l·aik-d Succecded Succeodcd 
FJilrd Succeeded Succeeded Succeeded 
Fatlet.l Succeeded Succeedcd Su<eecdod 
I atle<l Succeeded Succ~ed Succeeded 
Fa.iled fail~d Succccded Succc~dcd 

Succeeded l·ailed Succeeded Succeeded 

and the SS-forming conditions are summarized in Table 3 . Inclusive of 
the common rules for õ.Hmix (Eq. (5)) [57], li (Eq. (6)) [57], and nT [34] , 
introduced in Secrion 2, additional pa rame ters are defined as: [5~0] 

WL = 1-

w5 = 1-

ws 
r = - , 

WL 

(r, - i')~ - r~ 

(r , + r)~ 

( r 1_ +r)~- f2 

(r L+ f)! 

õ.S'':idc•l 
A=~. 

f>2 

4> = Sc - S 11 _ 

se 

( l i) 

( 12) 

( 13) 

( 14) 

( 15) 

Herc, r 5 and rL are the radii of the smallcst and largest atoms in 
a mul ticomponent metallic mixture, respectively. The Se denotes the 
configurational entropy of mixing for an ideal gas, and the SE is the 
excessive entropy of mix.ing which is the function of atomic packing 
and atom size. The SH = it.H, ;, 1/7~" is defined as the complementary 
en rropy. The rcsults by Tsai et aL [41 1 revealed that 4 criteria, un like 
the present work, consistently fail to correctly predict a t least the phase 
formation for d1e alloys with X= V, Mo, and W; these form the fcc +a 
phases for X = V and Mo and fcc + 11 phases for the X= W alloy (Table 3). 
Ali fi ve methods are unable to correctly predict at least X= V and Mo 
alloys (fa ble 3). In the present work, the results show that only for 
the X = V alloy, it is not possible to separare the fcc SS region using 
the (t.H. 1 vs. VEC} cri terion (Fig_ 6b and Tablc 3). The (õ.H01 vs. VEC} 
criterion has greater abili ty to predict alloys with IM phases, compared 
with the 5 existing empirical models [41], in particular for a lloys that 
form the 11 phase (Table 2). For the u phase, when Mo is the element 
leading to its fonnation, it was also possible to correctly predict the 
phase formation (Table I , the alloys highlightcd in blue) . 

Tsai et al. {4 1] argued that the fa ilure of the well-established meth­
ods to correctly predict the regions of the formation of SSs a nd !Ms 
is because th ey consider SSs formation only when the õ.Hmix is near 
zero, and li of the constituem e lemen ts is small < 6.6%. Howeve r, IM 
phases can also form with the near-zero mixing enthalpy and for small 
atomic-size difference. This is the case of the (j and 1.1 phases. One may 
notice that only the CoCrFeNiV (fcc + u phases) a lloy overlaps with the 
fcc SS region in Fig. 6b, and 2 alloys overlap witl1 fcc SS region when 
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Table 3 

The single-phase solid-solution (SS) forming conditions and the prediction outcomes for five d if­
ferent approaches, surnrnarized by Tsai et ai. [41]. The SS-forrning cond itions applied to the 
(6He1 vs. VEC) criterion and the prediction outcomes for the CoCrFeNiX (X= Y, Ti, Zr, H f, V, Nb, 

Ta, Cr, Mo and W) alloys. 

Modei/Rcf. Single-phasc solid-solution forming conditions Incorrect predictions for 

Guo et al. [57] 
Zhang e t ai. 1581 
Yang et a!. [34 I 
Singh et al. [59] 
Ye c t al. 1601 
This work 

- 11.6 5 t.Hm1, 5 3.2kJ mol- 1; S < 6.6% X=V, Mo and W 
X = V, Mo and W -1 1.6 5 t.Hmu s 3.2kJ mol-1 ; y < 1.175 

Q 2: 1.1; . 5 6.6% 
11 > 0.96J K mol- 1 

<I> > 20 

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

fcc SS: O 5 !l.H., 5 6.8 kJ moi-' ; VEC 2: 8.0 X=V 
This work bcc SS: 3.59 5 liH<1 5 20.08 kJ moi-'; 4.0 5 VEC 5 6.2 

the atomic-size mismatch criterion is considered in Fig. 6a. These are 
the CoCrFeNiV and CoCrFeNiW alloys with microstructures of fcc + 11 

phases and fcc + ~~ phases, respeccively. 
The J.l 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 .u phase. These are the CoCrFeMo0.85Ni [64], CoCrFeNiW 
l41J, and CoFeMnMoNi [26] alloys (highlighted in green in Table 1). 

When the (<'i vs. VEC) criterion is applied, ali of the alloys are predicted 
to be fcc SSs which does not correspond to their real microstructures 
(Tablc 2 and Fig. 6a). On the other hand, when the (Aliei vs. VEC) cri­
terion is applied, a li three alloys are shifted outside off the fcc SS alloys 
region (Tablc 2 and Fig. 6b). !tis tempted to assume that the (8 vs. VEC) 

criterion could flawlessly predict the alloys that precipitare the J.l phase. 
However, there are not enough alloys published in the literature to date 
to fully verify it. 

4.1. Comparing the results of LI.Hez and 8 

The reason that it is possible to correctly predict the formation of 
the ~ phase using D.Hel 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 LI.H. 1, the bulk modulus has 
a more pronounced effect contrary to 6. The a tomic 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 u 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 u phase are considered, neither the 
bulk modulus nor atomic radius of V differs greatly from the other ele­
ments. For this reason, both (<'i vs. VEC) and {D.H01 vs. VEC) cri teria fail 
to correctly predict the microstructures despi te that the LI.H01 parameter 
has an overall better per formance (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 LI.H. 1 parameter shows th ree distinct elastic-strain-energy re­
gions for complex concentrated alloys: (i) the single-phase solid­
solution alloys with fcc c.rystal structure precipitare predominantly 
in the range of D.Het :S 6.05 kJ moi- 1 ; (i i) The range of 6.05 < 11 !101 :S 
::!2 kJ mol- 1 contains most of the bcc SS alloys, and other types of 
complex concentrated alloys (e.g. ss + !Ms, !Ms or duplex alloys); 
and the region (iii) for D.Hel > 22 kJ moi- 1 a li bulk metallic glasses 
and - 56% of the single-phase intermetalli~s can be found. 

2. The ( AH.1 vs. VEC) crirerion (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 J.l phase, when it is compared with the different approaches 
already used in literature. 

3. The V-containing complex concentrated al loys forming the sigma u 
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 11 phase and contain V are difficult to predict by using the 
empirical methods because of tl1eir near-zero enthalpy of mixing, 
low atomic-size mismatch and low elastic-strain energy. Further in­
vestigation should be carried our to establish reliable models. 

4. The simplified LI.H01 parameter improves the quality to predict 
single-phase solid-solution microstructures compared to the well­
established 8 paran1eter. The LI.H01 parameter, together with those 
previously reported in tl1e literature, can be used to design new com­
plex concentrated alloys. 

Declaration of interest 

None. 

Acknowledgments 

The present work was conducted during a scholarship supported 
by the International Cooperation Program CAPES/DAAD/ CNPq at the 
IFW Dresden. The worl< was financed by CAPES - the Brazilian Fed­
eral Agency for Support and Evaluation of Graduate Education (grant 
number 88887.161381/20 17-00, 2017). Peter K. Liaw would like to ac­
knowledge: (i) the Department of Energy (DOE), Office of Fossil Energy, 
National Energy Technology Laboratory (DE-FE·OO I 1194) with the pro­
gram manager, Dr. J. Mullen, (ii) the U.S. Army Rcsearch Office project 
(w9l l NF-13-1-0438) with the programs managers, Drs. M. P. Bal<as, S. 
N. Mashaudhu, and D. M. Stepp and (iii) the support from the National 
Science Foundacion (DMR-1611180 and 1809640) with the program di­
rectors, Drs. G. Shiflet and D. Farkas. 

Supplementary material 

Supplernentary material associated wi th this article can be found, in 
the online version , at doi:10. 101 6/ j.mtJa.2019. 100222. 

References 

[1] D.B. Miracle, O.N. Senkov, A criticai revlew of high entropy alloys and rclated 
concepts, Acta Mater. 122 (2017) 448-511, doi:10.1016/j.actamat.2016.08.08l. 

(2] Y. Zhong, T.T. Zuo, Z. Tang, M.C. Cao, K./1. Dahmen, P.K. Liaw, Z.P. Lu, Mi­
crostructures and propcrrics of high-enrropy alloys, Prog. Mater. Sei. 61 (2014) 
1- 93, doi:JO.IOi ó j .pmatsci.2013.10.001 

[3] Z.P. Lu, H. Wang, M.W. Chen, I. Baker, J.W. Yeh, C.T. Liu, T.G. Nieh, An assess­
rnent on the furure dcvclopment of high-entropy a lloys: summary from a recent 
workshop, lnterrnetallics 66 (2015) 67-76, doi:1 0.1016 j.inlcrmct.20l5.06.021. 

[ 4] S. Corssc, D.B. Miraclc, O.N. Senkov, Mapping the world o f complex conccnLra ted 
alloys, Acta Mater. 135 (2017) 177- 187, doi:l 0.10l6 j."ctnmot.2017.06.027. 



A.F. Andreo li, J. Orava and P.K. Liaw et aL 

[5] J .·W. Ych, S.·J. Lln, T.-S. Chin, .J. -Y. Gan, S.·K. Chcn, T.·T. Shun, C.-H. Tsau, S.· 
Y. Chou, Formation of simple crystal structures in Cu-Co-Ni-Cr-Al-Fe-Ti-V alloys 
with multiprindpal metal lic elements, Metal!. Matcr. Trans. A 35 (2004) 2533-
2536, doi:IO.I007/s l l661·006.0234-4. 

[6] Y.Y. Chen, T. Duval, U.D. Hung, J .W. Vch, H.C. Shih, Microstructurc ond electro­
chemical properties of high entropy a lloyg.......a comparison wirh type-304 stainless 
stccl, Carros. Sei. ~7 (2005) 2257-2279, doi: IO.JOJ6/j.corsci.200•U I.008. 

[7 J T.-K. Chcn, M.-S. Wong, T.-T. Shun, J.-W. Vch, Nanostruc tured nitride ti lms of 
multi-element high-entropy alloys by reactive DC spurtering, Surf. Coar. Technol. 
200 (2005) 1361- 1365, doi: I 0. 1 O 16 J.Surfcuat.2005.08.081. 

[8] C. Hsu, J. Ych, S. Chcn, T. Shun, Wear rcsistanee a.nd high-temperature eompression 
strength of Fec CuCoNiCrAI0 5Fe a lloy with boron addition, Metal!. Mater. Trans. 
11 35 (2004) 1465-1469, doi:l0.1007 s l l66 1·004·0254·X. 

[9] J .. w. Vch , Rccent progrcss in high-cmropy alloys, Ann. Chim. Sei. Dcs Matériaux 
31 (2006) 633-648, doi:10.3166 ·acsm.3 1.633-648. 

[10] E.S. Machli.n, An lnrroduction to Aspects ofThermodynamics and Kinetics Relevam 
to Materiais Science, Elsevier , , 2007, doi:IO.IOI6 •B978 0-08-046615-6.'<5016-4. 

[111 F. Zhang, C. Zhang, S.L. Chen, J. Zhu, W.S. Cao, U.R. Kattner, An undcrstanding 
of h igh entropy alloys from phase diagram ealcula tions, Calphad 45 (2014) 1- 10, 
doi: 10.10 16/j.calphad.2013.10.006 

[ 12] S. Guo, C. Ng, J . Lu, C.T. Liu, Effect of valence electron conccntra tion on stabil­
ity of fce or bce phase in high encropy alloys, J . Appl. Phys. 109 (2011) 103505, 
doi: lO 1063/ 1.35!17228. 

[13] A.B. Melnick, V.K. Soolshenko, Thermodynamic design of high-entropy refractory 
alloys, J. Alloys Compd. 694 (2017) 223-227, doi:10.1016/j.jallcorn.2016 09.189. 

[14 j B. Cantor, f.T.H. Chang, P. Knight, A.J.IJ . Vincent, Microstructural developmcnt in 
equiaromie multicomponent alloys, Mater. Sei. Eng. A 375-377 (2004) 2 13-218, 
doi: 10 10161J.m5ea.2003.10 257. 

[15] D. Miraclc , J . Millcr, O. Scnkov, C. Woodward, M. Uchie, J . Tiley, Exploration and 
developmcnt of high cntropy alloys for struetura l applicarions, Entropy 16 (2014) 
494-525, doi: l0.3390 e l6010494. 

[16] O.N. Scnkov, G.B. Wilks, D.B. Miracle, C.P. Chuang, P.K. Liaw, Re-
fractory high-entropy alloys, lntcrme tall ics 18 (2010) 1758-1765, 
doi: I 0.1 O 16tj.inrcrrnct.20 I 0.05.0 14. 

[17] B. Gludovarz, A. Hohenwarrer, D. Catoor, E. H. Chang, E.P. George, R.O. Ri tchie, 11 
fracrure-resistant high-cncropy alloy for cryogenic applicarions, Scienee 345 (2014) 
1153-1158, doi: 10.1126 tsciencc. l254581. 

[18] V. Shi, B. Vang, P. Liaw, Corrosion-resistant high-entropy a lloys: 11 review, Metais 
(Base!) 7 (2017) 43, doi:I0.3390/ mct7020043. 

[19] V. Qiu, M.A. Gibson, H.L. Frascr, N. Birbilis, Corrosion ch:uacteris­
tics of high encropy alloys, Mater. Sei. Teehnol. 31 (2015) 1235-1243, 
doi: 10.11 79; 1743284715Y.0000000026 

[20] M.A. Hcmphill, T. Yuan, G.Y. Wang, J .W. Yeh, C.W. Tsai, A. Chuang, P.K. Liaw, 
Fatigue behavior of Al0.sCOCrCuFeNi high entropy alloys, ficta Mater. 60 (2012) 
5723-5734, doi: 10.1016 'j.acl.\mar.2012.06.046. 

[21] M. Sei fi, D. Li, Z. Yong, P.K. Liaw, J.J. Lewandowski, Fraeture toughncss and fa tigue 
crack growth behavior of as-cast high-cntropy a lloys, JOM 67 (2015) 2288-2295, 
doi:10 1007. sll 837-015-1563-9. 

[22] Z. Tang, T. Yuan, C.-W. Tsai, J .. w. Ych, C.D. Lundin, P.K. Liaw, Faliguc bchavior of 
a wrought Alo.5CoCrCuFeNi two-phase high-cnu opy alloy, Acta Matcr. 99 (2015) 
247- 258, doi:! O 1016/j .acramar.2015.07.Cl04 

[23] K.V.S. Thurston, B. Gludovarz, A. Hohenwartc r, G. Laplanche, E.P. George, 
ltO. Ritchie, Effcc r of temperoturc on the fatigue-crock growth behav­
ior of lhe high-entropy alloy CrMnFeCoNi, lntcnnerallics 88 (2017) 65-72, 
doi: I 0.1 016/ J. mrcmtcr .201 7.05.009. 

[24] P. Chen, C. Lec, S.-Y. Wa.ng, M. Scifi, J.J . Lewandowski, K.A. Dahmcn, H. Jia , 
X. Xie , B. Chen, J.-W. Yeh, C.-W. Tsai, T. Yuan, P.K. Liaw, Fatigue behavior 
of high-entropy alloys: a revicw, Sei. China Technol. Sd. 61 (2018) 168-178, 
doi:IO.I007 ~ 1 1 43 1 -017-9137-4 

[25] M.F. Ashby, Materiais selecrion in mechanical design, Design (2005), 
doi: 10.1016, ll978-l -85617-663-7.00011-4. 

[261 r. Otto, V. Yang, H. Bci, E.P. George, Rclative effects of enthalpy and emropy on 
the phase stabiliry of cquiatomic high-entropy alloys, Aeta Mater. 61 (2013) 2628-
2638, doi: I 0. 1016 'j.actamat.2013.01.042. 

[27) O.N. Senkov, D.B. l\lliracle, A new thcnnody.namic paramete r to prediet fonnation 
of solid solution or intermetallic phases in high entropy alloys, J . Alloys Compd. 
658 (2016) 603~07 , doi:1 0101 6/j.ja llcum.2015.1 0.279. 

[281 Y. Zhang, Y.J . Zhou, Solid solution formotion criteria for high 
entropy alloys, Matcr. Sei. fo rum 561-565 (2007) 1337-1339, 
doi: 1 0.40281Mvw.sdentific.net /MSI'.561-565.1 337. 

[29] Y. Zhang, Y.J. Zhou, J .P. Lin, G.L. Chen, P.K. Uaw, Solid-so lurion phase for­
mation rules for multi-eomponenr alloys, Adv. Eng. Mater. 10 (2008) 534- 538, 
doi: I 0.10021adem.200700240. 

[30) A. Takeuehi, A. 1noue, Mixing entha lpy of liquid phase calculatcd by Micdema's 
scheme and approximated with sub-regular solution model for assessing forrn­
ing ability of amorphous and glassy alloys, 1.ntennetallies 18 (2010) 1779-1789, 
doi: l0. 10 16.j .inrcnnct.2010.06 003 

[31 ] J.M. López, J.A. Alonso, The a tomie sizc-mismatch contribution to Lhe enthalpy 
of fonnation of coneentrared substitutional metallie solid solutions, Phys. Status 
Solidi 85 (1984) 423-428, doi:10.1002, pssa 2210850211. 

[32] D.A. Porrcr, K.E. Easterling, Phase Transfonnations in Metais and Alloys, thitd ed., 
CRC Prcss, 2014, doi: I0.11 46 annurc,· ms.03.080173.001551. 

[33] I. Toda-Caraballo, P.E.J. Rivera-Dfaz-del-castillo, A crirerion fo r rhe formation of 
high cnrropy alloys bascd on lattiee dis10rtion, lntcrmetallies 71 (2016) 7~7. 

doi: I 0.1 0 161j.intenncr.2015.1 2.011. 

Mcuertalía 5 (2019) 100222 

[34] X. Yang, Y. Zhang, Prediction of high-entropy stabilizcd solid-solution 
in mul ti-component alloys, Mater. Chem. Phys. 132 (2012) 233-238, 
doi:l 0. 1016/J.matchemph) s.~O 11.11 .021 

[35] M.G. Poletti, L. Batte:aati, Electronic and thermody.namic criteria for the occur­
rcnce of high enrropy alloys in metallic sySiems, Acta Mater. 75 (2014) 297-306, 
doi:l 0.1 016 /j acr;mtar.20 14.04.033 

[36] S. Fang, X. Xiao, L. Xia, W. Li, V. Dong, Relationship berween the widths of super­
eooled liquid regions and bond pa rametcrs o f Mg-based bulk metallie g!asses, J . 
Non. Cryst. Solids 321 (2003) 120-125, doi:10.!016 ·S0022-3093(03)00155·8. 

[37] Y.F. Vc, C. T. Liu, Y. Vong, A geometrie model for intrinsic ,.,;dual strain 
and phase stabiliry in high cntropy alloys, Aeta Mater. 94 (2015) 152-161, 
doi:1 0.101 ó 1j.act,lmat.201 5.04.051. 

[38] Y.F. Ye, Y.ll. Zha.ng, Q.F. Hc, Y. Zhuang, S. Wang, S.Q. Shi, 11. 1iu, J . Fan, Y. Yang, 
Atomie-scalc dis torted la ttice in chemically disorde red equimola r complex a lloys, 
Acta Mate r. 150 (2018) 182- 194, do i:IO.l 0 16/j acramat.20 18.03.008. 

[39] A. Cunliffe, J. Plummer, I. Figucroa, I. Todd, Glass formation in a 
high entropy alloy system by dcsign, lnrermetallics 23 (2012) 204- 207, 
doi: I O. I 01o 'j.intermct.2011.l2.00ó. 

[40] The photographie periodic rable of rhe elements, Acessed on 12/06/ 2018. 
http: t 1 pcr iodictable.eom t mdcx.hrml. 

[41 I M.-H. Tsai, J .-H. ü , A.-C. Fan, P.-H. Tsa i, 1ncorrect prcdiclions of simple solid solu­
tion high entropy alloys: cause and possible solution, Ser. Mater. 127 (2017) 6-9, 
doi: 10.10161j.scriptamat.2016 08.024. 

[42] J.Y. He, W.H. Liu, H. Wang, V. Wu, X.J. liu, T .G. Nieh, Z.P. Lu, Effec ts of AI addi­
tion on strucrural evolution and tensile properties of the FeCoNiCrMn high-encropy 
alloy sysrem, ficta Matcr. 62 (2014) 105-113, doi:IO.! Ol6 j.actamat.2013. 
09.037 

[43] Y. Ma, 8. Jiang, C. Li, Q. Wang, C. Dong, P. Liaw, F. Xu, L. Sun, The BCC/82 
morphologies in AI, NiCoFeCr high-entropy alloys, Metais (Base!) 7 (2017) 57, 
doi: I O.J390/ met7020057. 

(44] J. Li, Q. Fang, B. Liu, V. Liu, Transformation induced softening and 
plasticity in high cntropy alloys, Acca Mater. 147 (2018) 35-41 , 
doi: I 0.1 O 16 'j .. lctamat.2018.0 1.002. 

[45] A. lnoue, Stabilizalion of mctall ie supercoolcd liquid and bulk amorphous a lloys, 
/le ra Marer. 48 (2000) 279-306, doi:10.10 161Sl 359-6454(99)00300-6. 

[ 46] T. Egami, Universal critcrion for merallic glass formacion, Ma ter. Sei. Eng. A 226-
228 (1997) 261- 267, doi: l 0 .1016 S092 1-5tl93(97)8004l -X. 

[47] T. Egami, llromic leve! stresses, l'rog. Marer. Sei. 56 (201 1) 637~53, 
doi: l0.10 16 j.pmatsci.20l l.OJ.004. 

[481 T. Egami, Y. Waseda, Atomic size effect on lhe formability of merallie glasscs, J . 
Non. Cryst. Solids 64 (1984) 113-134, doi:I O. I016 '0022-3093184\90210-2 

[49] A. Takcuchi, K. Amiya, T. Wada, K. Yubuta, W. Zhang, High-enrropy 
alloys with a hexagonal close-packed srructure dcsigned by cqui-a tomic 
alloy strategy and bina ry phase diagrams, JOM 66 (2014) 1984-1992, 
doi: 10. 1007/ s l i837-QI4-1085-x. 

[50] J.O.A. Paschoal, H. Kleykarnp, F. Thuemmler, Phase equilibria in the quate rnary 
molybdenum-ruthenium-rhodium-pallad ium system, Chem. lnf. 15 (1 984) 652-
664, doi: lO 1002 chio 1984010 16. 

[51] C.L. Tracy, S. l'ark, D.R. Rittman, S.J. Zinkle, H. Bei, M. Lang, R. C. Ewing, W.L. Mao, 
High pressure synthesis o f a hexagonal close-packed phase o f the high-entropy alloy 
CrM.nFeCoNi, Nat. Commun. 8 (2017) 15634, doi:! O 1038/ncommsl 5634 

[52] R. Soler, A. Evirgcn, M. Yao, C. Kirchlcchner, F. Stein, M. Feuerbachcr, D. Raabe, 
G. Dehm, Microstruetura l and mechanieal charocterization of an equiatomic 
YGdTbDyHo high entropy alloy with hexagonal close-packed srruerure, Acta Mater. 
156 (2018) 86-96, doi:IO.l016 tj.actnmar.201 8.06.010. 

[53] V.J. Zhao, J.W. Qiao, S.G. Ma, M.C. Gao, H.J. Yang, M.W. Chcn, V. Zhang, A hexag­
onal close-packed high·entropy alloy: the effect of enrropy, Mater. Des. 96 (2016) 
10-15, doi: 10.1016/j .ma tdes.2016.01 . 149. 

[54] J .-M. Joubert, Crystal chcmistry and Calphad modeling of thc u phase, Prog. Ma ter. 
Sei. 53 (2008) 528-583, doi: 1 0. 101 6,j.pma~sci.2007.04.001. 

[55] T.: r . Shun, C.-H. Hung, c.-F. Lcc, Fonnorion of ordcrcd/ disordered nanopar­
ticles in FCC high entropy alloys, J. Alloys Compd. 493 (2010) 105-109, 
doi: 1 0.1 O 16 'j.j.llkom.2009. 12.071 

[56] M.-H. Tsai, K. -Y. Tsai, C.-W. Tsai, C. Lee, C.-C. J uan, J.-W. Yeh, Criter ion for sigma 
phase fonnation in Cr- and V-containing high-enrropy alloys, Mater. Rcs. Lett. 1 
(2013) 207- 212, doi:IO.IOSO 2 1663831.2013.831382. 

[57] S. Guo, Q. Hu, C. Ng, C.T. Liu, More than entropy in high-entropy alloys: 
Forming solid solutions or amorphous phase, lnrennetall ies 41 (2013) 96- 103, 
doi: 1 O.IOI6/j.int~rmeL20 13.05.002. 

[58] Z. Wang, V. Huang, V. Vang, J . Wang, C.T. Liu, Atomic-size effect and 
solid solubiliry of multieomponcnt alloys, Ser. Matcr. 94 (2015) 28-31, 
doi: 10. 101 ó/j .scripUlmat.2014.09.0 lO. 

[59] A.K. Singh, N. Kumar, A. Dwivedi, A. Subramaniam, A geometrical parameter 
for the formation of disordered solid solutions in multi-componcnt alloys, 1nrer­
metallics 53 (2014) 112- 119, doi: 10.101 6~. inrermct.201 4.04.0 1 9. 

[60] V.F. Ye, Q. Wang, J . Lu, C.T. Liu, Y. Vang, Design of high enrropy al­
loys: A single-paramcrer thennodynamic rule, Ser. Matcr. 104 (2015) 53-55, 
doi: I 0.1 0 16 1j.<eriptamot.2015.03.023. 

[61) R. Darolia, D. Laltrman, R. Ficld, Formation o f topologieally closed paeked 
phases in niekel base single crystal superalloys, in: Proceedings of the Supera l­
loys 1988 (Sixth lnt. Symp., TMS), 1988, pp. 255-264, doi:10.7449/ 1988 •Super­
aUoys_I988_255_264. 

[62] K. Zhao, V.H. Ma, L.H. Lou, Z.Q. llu, Jl phase in a niekel base direetionally so­
lidified alloy soliditicd alloy, Mater. Trans. 46 (2005) 54-58, doi:1 0.2320, matcr­
trans.4ó.54. 



A. F. llndreolí, J. Orava and P.K. Liaw e1 aL 

[63] A.S. Wilson, Fonnation and effect of topologically close-packed phases 
in nickel-basc superalloys, Matcr. Sei. Technol. (2017) (United Kingdom), 
doi: 10.1080 02670836.201 6.11 87335. 

[64] T.-T. Shun, L.-V. Chang, M.-H. Shiu, Microsrructurc and mechanical properties of 
multiprincipal componcnt CoCrFeNiMo, alloys, Mater. Charact. 70 (2012) 6~7. 

doi: 10.10 16 j.ma tchar.20 12.05.005. 
165] V.J. Zhou, V. Zhang, F.J. Wang, G.L. ChCJJ, Phase transfonnation induced by lat­

Lice distortion in mulliprincipal componenl CoCrFeNiCuxAI1_x solid-solution al ­
loys, Appl. Phys. Lett. 92 (2008) 241917, doi:I0.1063/1.2938690. 

(66] F.J. Wang, Y. :Zhang, G.L. Chcn, Atomic paeking efficieney and phase tran­
sition in a high entropy alloy, J. Alloys Compd. 478 (2009) 321-324, 
doi: 10.1016/j.jalkom 2008 11.059. 

[67] H.-P. Chou, V.-S. Chang, S.-K. Chen, J.-W. Vch, Mierostructurc, thcrmophysical and 
eleetrical properties in AJ,CoCrFeNi (Osx,;2) high-cntropy alloys, Matcr. Sei. Eng. 
8 163 (2009) 184-189, doi: lO. 101b j.mseb.2009.05.024. 

[68] X. Vang, Y. Zhang, P.K. Liaw, Microstructure and comprcssive proper­
ties of NbTiVTaAI, high entropy alloys, Proc. Eng. 36 (2012) 292-298, 
doi:10.1016 j.procng.2012.03.043. 

[69] J .-W. Yeh, S.-K. Chcn, S.-J. Lin, J. -Y. Gan, T.-S. Chin, T.-T. Shun, C.-H. Tsau, S.­
V. Chang, Nanostrucrured high-entroi>Y alloys with multiple principal clcmenrs: 
Novel alloy design conccprs and outcomes, Adv. Eng. Mater. 6 (2004) 299-303, 
doi:10.1002 ·ad~m.200300567. 

(701 H.·Y. Chen, C.-W. Tsai, C.-C. Tung, J.-W. Veh, T.-T. Shun, C.-C. Yang, S.-K. Chen, 
Effect of the substirution of Cr> by Mn in Al-Cr-Cu-Fe-Co-Ni high-entropy alloys, 
Ann. Chim. Sei. Des Matériaux 31 (2006) 685-698, doi:10.3166 'ocsm.31.685 6Q8 

[71] K.-C. Hsich, C.-F. Yu, w.:r. Hsieh, W.-R. Chiang, J.S. Ku, J.-H. Lai, C.­
P. Tu, C.C. Vang, Thc microstructure and phase equilibrium of new high 
perfonnance high-entropy alloys, J . Alloys Cr>mpd. 483 (2009) 209-212, 
doi:!O 1016 J.jollcom.2008.0S. l l8. 

[72] C.-J. Tong, Y.-L. Chcn, J.-W. Yeh, S.-J. Un, S.-K. Chen, T.-T. Shun, C.-H. Tsau, 
S.-V. Chang, MicrosLructure characterization of AI,CoCrCuFeNi high-cntropy alloy 
system with multiprincipal clernenL<, Metal!. Ma ter. Trans. A 36 (2005) 881-893, 
doi: 10.1007/s I 1661·005·028.1-0 

[731 M.·R. Chen, S . .J. Un, J .-W. Veh, M.-H. Chuang, S.-K. Chen, V.-S. Huang, Effect 
of vanadium addition on the microstructure, hardness, and wear resistance of 
A10•5CoCrCuFeNi high-entropy alloy, Metal!. Mater. Trans. A 37 (2006) 1363-1369, 
doi: I0. 1007 s l1 661-006-0081·3. 

[74] 1(. Zhang, Z. Fu, Effects of annealing tteatmenc on phase composition and mi· 
crosrrueturc of CoCrFeNiTW, high-entropy alloys, lntermetallics 22 (2012) 24-32, 
doi:l 0.1016 j .intcrmet.2011.1 0.0 10. 

[75] Y.-F. Kao, T . .J. Chen, S.-K. Chen, J.-W. Veb, Microstrucrure and mechanical prop­
erty of as-east, -homogenizcd, and -deformcd Al,CoCrFeNi (O,;x:s;2) high-entropy 
alloys, J. Al loys Compd. 488 (2009) 57-64, doi:I0.1016 'j.ja llcom.2009.08.090. 

[76] G.-V. Ke, G.-V. Chen, T. Hsu, J.-W. Veh, FCC and BCC equivalents in as.cast solid so­
lutions of Al.'(CoyCrzCüo.sfc"Ni w high~ntropy alloys, Ann. Chim. Sei. Des Matéri· 
aux 31 (2006) 669-684, doi:l0 .3166 acsm.31.669-684 

[77] S. Guo, C.T. Uu, Phase stability in hígh entropy alloys: Formation of solíd­
solution phasc o r amorphous phase, Prog. Nat. Sei. Mater. lnt. 21 (2011) 43~46, 
doi: 10.10 16/S 1002·007 1 ( 12)60080-X. 

[78] 1\1. Mkhacl, P.K. Liow, Bulk ~1c lallic Gl<l'>scs: an Ovcrview, Springor, 2008. 
[79] C. Li , J.C. Li, M. Zhao, Q. Jiang, Effect of alloying elemenrs on microstructure and 

properties of multiprincipal elements high-cntropy alloys, J. Alloys Cr>mpd. 475 
(2009) 752- 757, doi: 10. 1016 j.J.ll.lcom.2008.07.124 

[80] V. Li, S.J. Poon, G.J. Shiflet, J . Xu, D.H. Kim, J.F. Lõfflcr, Formation of 
bulk rnetallic glasses and thcir composites, Ml\S Buli. 32 (2007) 624-628, 
doi:I O.l557 mrs2007. 123. 

[81] C.-C. Tung, J .-W. Yeh, T. Shun, S.·K. Chen, Y.-S. lluang, H.-C. Chen, On the ele­
mc.mal effcct of AICoCrCuFcNi high·cnuopy allo y system. Mater. Lctt. 61 (2007) 
1-5, doi: I 0.1 O 16 j.matlct.2006.03.140. 

[82] C.-Y. Hsu, W.-R. Wang, W.-Y. Tang, S.-K. Chen, J. -W. Veh, Microstructure and me­
chanical properties o f new A1Cox:CrFcMo0_5Ni high-entropy alloys, Adv. Eng. Ma ter. 
12 (201 0) 44-49, doi: I 0.1002; adem.20090017 1. 

[83] F.J. Wang, V. Zhang, Effect of Co addition on crystal structure and mcchanical 
properties of Ti0.sCrfcNiAlCo high cntropy alloy, Mater. Sei. Eng. A 496 (2008) 
214-216, doi:10.1016 J.msea.2008.05.020. 

[84) C.-V. Hsu, C.-C. Juan, W.-R. Wang, T.-S. Shcu, J .. w. Veh, S.-K. Chen, On the su­
perior hot hardness and softening resistance of AICoCr, FeMo0.5 Ni high-entropy al­
loys, Mater. Sei. Eng. A 528 (2011) 3581-3588, doi:10.10 16,j.msca.2011 0 1.072 

[85] V.J. :Zhou, Y. Zhang, F.J. Wang, Y.L. Wang, G.L. Chcn, Effect of Cu addition on the 
microstructure and mechanical properties of AICoCrFeNiTio.s solid-solution alloy, 
J. Alloys C.ompd. 466 (2008) 201-204, doi: l0.10 16 j.jallcom 2007. 11. 110. 

Materialia 5 (2019) 100222 

[86] C.W. Chong, Mícrostructure and PropcrtiC> ot a:.-cast 10-lcompnnent nanostruc­
turcd AICoCrCuFt•MoNiTiV7r high-entropy alloy. National Tsing Hud Univcrsity. 
2004. 

[87] B.S. Li, Y.P. Wang, M.X. Ren, C. Yang, H.:Z. Fu, Effecrs of Mn, Ti and V on the 
microstructure and properties o f AlCrFeCoNiCu high cntropy alloy, Matc r. Sei. Eng. 
A 498 (2008) 482-486, doi:10.l016 J.ms.!a.2008.08.025. 

(88] J.-W. Veh, S.-V. Chang, Y.-D. Hong, S.-K. Chen, S.-J. Lin, Anomalous de­
crease in X-ray diffraction intensitics of Cu-Ni-AI-<:o-Cr-Fe-Si alloy sys· 
tems with multi-principal elemenrs, Mater. Chem. Phys. 103 (2007) 41-46, 
doi:IO. l0 16 j.matchcmphvs.2007.0 1.003. 

[89] :Z. Hu, Y. Zhan, G. Zhang, J. She, C. Li, Effcct of rarc ca rth V addítion on the 
nticrosrructure and mechanicaJ properties of high entropy AICoCrCuNiTi alloys, 
Mater. Des. 31 (2010) 1599-1602, doi:1 0.10l6/j.nmtdcs.2009.09.0 16. 

[90] C.-Y. Hsu, T.-S. Shcu, J.-W. Yeh, S.-K. Chen, Effect of iron content on wear 
behavior of AICoCrFexMo0.sNi high-entropy alloys, Wear 268 (2010) 653-659, 
doi:I0.1016 j.weor.2009.10.013. 

[91] J.M. Zhu, H.M. Fu, H.F. Zhang, A.M. Wang, H. Li, Z.Q. Hu, Microsrructures and 
compressive propcrtics of multicomponcnt AlCoCrFeNiMo, alloys, Mater. Sei. Eng. 
/1 527 (2010) 6975-6979, doi: 10.10 1 6/j.mse'I. ~OI 0.07.028. 

[921 C.-C. Juan, C.-V. Hsu, C.-W. Tsai, W.-R. Wang, T.·S. Shcu, J .-W. Ych, S.·K. Chcn, 
On microstrucrure and mechanical performance o f AlCoCrFeMo05 Ní, high-cntropy 
alloys, lnterrnetallics 32 (2013) 401-407, doi:10.1016,J mtermet.21ll2.09.008. 

(93] S.G. Ma, Y. Zhang, Effect of Nb addition on the microstructure and proper­
tics of AlCoCrFeNi high·entropy alloy, Mater. Sei. Eng. A 532 (2012) 480-486, 
doi: 10.10 16 j.msea.20 ll.lO.llO. 

[94] Y.J. Zhou, V. Zhang, Y.L. Wang, G.L. Chcn, Soüd solution alloys of AICr>CrFeNiTi, 
wilh excellent room·temperaturc mec.hanical propert.ies, Appl. Phys. LetL 90 
(2007) 181904, doi:l 0.1063' 1.2734517. 

[95] A.K. Singh, A. Subramaniam, On thc fonnation of disordered solid solu­
tions in multi-component alloys, J . Alloys Compd. 587 (2014) 113-119, 
doi: 10.1 0 16 'j.jallcom.2013. 10.133. 

[96] M. Chcn, Y Liu, V. Li, X. Chcn. Micromucturc and nK'dtanical propon ks of 
AITiFeN1CuCr, high-cntropy alloy "ith multi-principJl cl~mcms, Acta Mí•tall . Sin. 
43 (20071 1020--1024 

[97] K.-H. Cheng, C.-H. Lai, S.-J. Un, J .-W. Yeh, Structura l and mechanica l properties of 
multi-element (AlCrMoTaTíZr)N, coatíngs by rcactive magnetron sputtering, Thin 
Solid Films 519 (2011) 3185-3190, doi:I O.I016, J.t5f.2010 11.034 

[98] C.-1·1. Lai, S.-J. Lin, J.-W. Yd1, A. Davison, llffcct of substrate bias on the structure 
and propcrtics of multi·elemcnt (AlCrTaTiZr)N coatings, J. Phys. D Appl. Phys. 39 
(2006) 4628-4633, doi: lO 1088/ 0022·3727 39 21, 019. 

[99] V.L. Chou, J.W. Yeh , H. C. Shih, The effect o f molybdenum on the corrosion be­
haviour of thc high-entropy alloys Co ... CrFeNí~.5 Ti0.5Mo, in aqueous cnviron­
ments, Corres. Sei. 52 (2010) 2571- 2581, doi:I 0.1016( J.cor>ci.2010.04.004 

[ 1 OOJ Y.-J . Hsu, W.-C. Chiang, J.-K. Wu, Corrosion behavior ofFeCoNiCrCu, high-entropy 
alloys in 3.5% sodium chloride solution, Mater. Chem. Phys. 92 (2005) 112- 117, 
doi: 10.10 16 j .mat<·hconphys.2005.01.001 

[101] X.F. Wang, Y. :Zhang, V. Qiao, G.L. Chen, Novel microstrucrure and proper­
ties of mul ticomponcnt CoCrCufeNiTi, a lloys, lnrcnnetallics 15 (2007) 357-362, 
doi: 10.1016 j.int"rmct.2006 08.005 

[102] T.-T. Shun, L.-Y. Chang, M.-H Shiu, Microstructurcs and mechanical properties 
of multiprineipal component Cr>CrfeNiTi, alloys, Mater. Sei. Eng. A 556 (2012) 
170--174, doi:l 0.10l6 j.m.,ca.2012.06 075. 

[1 03) B. Ren, Z.X. Liu, D.M. U, L. Shi, 8 . Cai, M.X. Wang, Effect of elemental interaction 
on mierostructure o f CuCrFeNiMn high entropy alloy system, J . Alloys Compd. 493 
(2010) 148-153, doi: 10.1 O 16 'J.jJllcom.2009.12.183. 

[104] A.K. Singh, A. Subramaniam, Thermodynamic ralionalization of the microstruc­
rures of CrFeNi & CuCrFeNi alloys, Adv. Mater. Res. 585 (2012) 3-7, 
doi: 1 0.4028,www.~-il'lltific.nev AMR.585.3 . 

[105] A. Durga, K.C. Hari Kumar, B.S. Muny, Phase formation in equiatomic high entropy 
alloys: CALPHAD approach and experimental studies, Trans. lndian lnst. Met. 65 
(2012) 375-380, doi:! O 1007, sl2,.,66-012-0138·5 

[106] O.N. Senkov, S.V. Senkova, C. Woodward, 0 .13. Miracle, Low·dcnsity, re­
fractory multi-principal e lement alloys of the Cr-NI>-Ti- V-Zr system: 
Microstructure and phase analysis, Acta Mater. 61 (2013) 1545-1557, 
doi:l 0.1016 j.adamat.2012.11.032. 

[107] L. Ma, L. Wang, T. Zhang, A. lnoue, Bulk glass formation ofTi-Zr-Hf-Cu-M (M;Fe, 
Co, Ni) alloys, Mater. Trans. 43 (2002) 277-280, doi: 10.2320 matertrans.43.277 

(108] O.N. Seni<Ov, J .M. Scott, S. V. Senkova, D.B. Miracle, C.F. Woodward, Microstruc­
turc and room tempcrature properties o f a high-entropy TaNbHf2rTí alloy, J. Alloys 
Cr>mpd. 509 (2011) 604~48, doi:10.1016 j.j.llkom.2011.02.171. 

[1091 V. Zhang, X. Yang, P.K. Uaw, Alloy dcsign and propertics optimization of higb­
entropy alloys, JOM 64 (2012) 83(}...838, doi: I O. I 007 s 11837 ·O 12-0366·5. 


