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Eutectic and near-eutectic high entropy alloys (HEAs) have recently attracted a great deal of interest because of their promising
properties, such as an excellent castability and unique combination of good ductility and high strength. However, in the absence of a
phase diagram, it remains a non-trivial task to find a eutectic or near-eutectic composition for a HEA system, which usually demands
a tremendous amount of efforts if a trial-and-error approach is followed. In this paper, we briefly review the thermodynamics that
governs the eutectic solidification in regular binary and ternary alloys, and proceed to the discussion for the design of eutectic
HEAs. Based on the data reported, we then propose an improved strategy which may enable an efficient search for the eutectic or

near eutectic HEA compositions.
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1 Introduction

As originating from the Greek language, eutectics, a com-
pound word of “eu”(-easy) and “teksis”(-melting), describes
a non-unary system with a specific atomic or molecular ra-
tio which has the lowest melting point. Upon solidification
of eutectic alloys, competitive nucleation [ 1] and cooperative
growth [2] of at least two phases are usually involved. De-
pending on the cooling rate and undercooling, eutectic or near
eutectic alloys are able to yield different kinds of microstruc-
tures [3,4]. Typical microstructures of eutectic alloys include
lamellar or rod-like [5—8] structures, which could lead to ex-
cellent mechanical properties for engineering applications.
For example, eutectic Sn-Ag/Cu [9] with good mechanical
properties, wettability was developed as reliable solder mate-
rials in absence of Pb element.

*Corresponding author (email: yonyang@cityu.edu.hk )

© Science China Press and Springer-Verlag GmbH Germany 2017

Recently, high entropy alloys (HEAs) were developed
as equal or near equal atomic multicomponent alloys [10].
Unlike the conventional alloy design strategy which is usu-
ally based one major element, HEAs are defined as an alloy
with five or more principal elements. As a new class of
potential structural material, HEAs exhibit good mechanical
properties. For example, Alo3CoCrFeNi [11,12] displayed
over 40% tensile elongation till failure both under the as-cast
and annealing conditions. Meanwhile, Alg4HfysNbTaTiZr,
AlMOo,sNbTaojTin [13] and AloAsNbTaoAgTiLsVoAzZr [14] at-
tain a high yield strength even at a temperature over 800°C.
High hardness values were also obtained when an appro-
priate alloying element was included in the CoCrFeMnNiV
[15] and AlCo,CrFeMog s [16] systems. In theory, due to the
high entropy effect at equal or near-equal atomic ratios [10],
the multicomponent systems tend to form single phase struc-
tures. However, it is known that a single-phased structure
may not lead to a good combination of strength and plasticity
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[17-19]. Therefore, a rather novel concept called “eutec-
tics high entropy alloys” (EHEAs) were recently proposed
[20-30]. By having two or even more competitive phases,
such as an entropy stabilized solid solution phase and an in-
termetallic phase, EHEAs can possess the excellent balance
of high ductility and strength [20]. Besides, because of the
sluggish diffusion at elevated temperature [31], EHEAs may
have the potential to be used as high-temperature alloys.
For example, the AlCoCrFeNi, [20,25,32] EHEA system
possessing the FCC/B2 phases exhibits a tensile fracture
stress of 944 MPa and failure strain of 25.6% at room tem-
perature, 538 MPa and 22.9% at 973 K, 690 MPa and 6.7%
at 77 K. The AICrFeNiMoos EHEA [33] with the mixture
of two BCC phases reaches a very high fracture stress at
2643.5 MPa with a fracture strain comparable to that of a
low carbon stainless steel [34]. The CoCrFeNiNbx EHEA
[24,29] displayed a high hardness around 700 HV or 7 GPa in
the as cast state and retained a residual strength as high as
3 GPa even after 24 h of thermal annealing at 1023 K.
Despite the promising properties of EHEAs, it is not a
trivial task to locate eutectic compositions, if any, for a
given HEA system due to the lack of a phase diagram. In
the literature, the concept of a pseudo binary-phase EHEA
[23,35,36] was often mentioned, which was based on the
notion that an EHEA system may comprise of two phases
similar to a regular binary alloy, with one phase to be
entropy stabilized at a high temperature. With the data-
base-based computational packages, such as Thermo-Calc,
one can even attempt to verify the eutectic composition
if the so-called pseudo-phase EHEA system was already
identified. Trial-and-error methods [22,23,26] were also
conducted for the verification of the eutectic composition
for HEAs. Usually, this was done by checking whether one
could observe a hypo- or hyper- like eutectic microstructures
to fine tune the alloy compositions. In principle, this process
is time consuming and empirical in nature. In this article, we
propose a systematic approach to design EHEAs after a brief
reviewing of the fundamental thermodynamics governing
the formation of eutectic composition. This approach is later
justified with the EHEA compositions reported so far.

2 Eutectic binaries and ternaries

2.1 Thermodynamics of eutectic formation in multi-
component alloys

Upon the solidification of a eutectic alloy system, multiple
phases precipitate at the same time. In theory, the eutec-
tic composition and eutectic temperature might be predicted
with Schroeder-van Laar equation [37] should all the eutectic
phases precipitated are known a priori. In general, it can be
easily shown that the following relation between the Gibb’s
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free energy G, temperature 7" and enthalpy H holds at a con-
stant pressure P. According to ref. [38], it can be easily shown
that

aG/T)| _ H

oT T2’

P
Note that the expression of entropy S = —0G / 0T, and Gibb’s
free energy G = H— TS are used in deriving eq. (1). Upon
the mixing of different phases, the chemical potential of the
ith phase can be expressed as u, = u,° +RTIn(a,/ a) where

(1

u.° is the chemical potential of ith phase before mixing, R is
the gas constant, ¢; is the activity coefficient of the ith phase
and a is the reference activity coefficient. Given the general
relationship G = ZL] u1.X; where X; is the molar fraction of
the ith phase, one could obtain the following equation for
solidification of the ith phase:

a(/ul / T) AHfilSiOn 2
oT r? @
where AH, . is the enthalpy of fusion of ith phase. Let

us further assume an ideal mixing of the eutectic phases,

we then have % = X,. As such, eq. (2) can be cast into

O(RInX, AH [, . .

( 81; ) T“;“"". Integrating the above equation
P

thereby gives the set of Schroeder-van Laar equations for a

eutectic solidification [37]:
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hﬂc:&___' (3)
RO\T, T,

In which i goes from 1 to n, Z”;X,. = 1; Tk is the eutectic
temperature of the alloy and 7; is the melting point of phase i.
Note that the boundary condition 7=T7; for X;=100% is used
in deriving eq. (3).

2.2 Regular binary and ternary alloys

First, let us verify the applicability of eq. (3) on binary eu-
tectics. For the sake of simplicity, we herein focus on the
binary solid-solution eutectic alloys. As such, the enthalpy
of fusion and melting temperature of the individual element,
as listed in Table 1, can be used as the inputs to eq. (3). As
shown in Figure 1(a) and (b), it can be seen that eq. (3) cap-
tures very well the general trend of the eutectic temperature
Tt and eutectic composition obtained across a wide range of
alloy systems. The data scattering may be attributed to the
assumption of ideal mixing.

Next, we verify the predictability of eq. (3) on eutectic
ternary solid-solution systems. Although the theoretical pre-
diction of the eutectic temperature generally agrees with the
experimental data as shown in Figure 2(a), however, it can be
noticed that a relatively large discrepancy arises between the
predicted and measured eutectic compositions, as listed in
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Table 1 The melting point (K), eutectic temperature (K), enthalpy of fusion (J mol™), calculated and experimentally measured for the binary systems. The
experimental data of the eutectic temperature are from [39] while the data of the melting point and enthalpy of fusion are from [40]?

Enthalpy of . Calculate.d Experimerllt Enthalpy of . Calculate‘d Experimer}t
fusion Meltlng molar fractl'on molar fractlf)n fusion Meltlng molar fracn'on molar fracn'on
(J mol ) point (K) and eutectic and eutectic (7 mol ) point (K) and eutectic and eutectic
temperature temperature temperature temperature
Al 10700 934 0.05 0.05 Ge 31800 1211 0.23 0.16
Ga 5590 303 0.95 0.95 Sb 19700 904 0.77 0.84
Tp=297 K Te=299 K Tp=823 K Te=865 K
Al 10700 934 0.8 0.71 Ge 31800 1211 0.07 0.05
Ge 31800 1210 0.2 0.29 Zn 7350 693 0.93 0.95
Tp=803 K Tg=697 K Tg=656 K Tg=667 K
Al 10700 934 0.34 0.12 Hf 25500 2506 0.36 0.32
Zn 7350 693 0.66 0.88 Th 16000 2023 0.64 0.68
Tp=523 K Tr=654 K Te=1372 K Te=1723 K
As 27700 887 0.56 0.57 Hf 25500 2506 0.29 0.13
Au 12500 1337 0.44 0.43 Y 11400 1799 0.71 0.87
Te=769 K Te=909 K Te=1244 K Te=1698 K
Au 12500 1337 0.62 0.75 La 6200 1193 0.93 0.9998
Co 16200 1768 0.38 0.25 Ta 36000 3290 0.06 0.0002
Tp=940 K Tp=1269.5 K Te=1075 K Tp=1138 K
Au 12500 1337 0.61 0.7 Lu 22000 1926 0.52 0.63
Ge 31800 1210 0.39 0.3 Zr 21000 2128 0.48 0.37
Tp=931 K Tr=634 K Te=1310 K Te=1673 K
Au 12500 1337 0.88 0.96 Mo 36000 2896 0.23 0.23
Mo 36000 2896 0.12 0.04 Pa 15000 1845 0.77 0.77
Te=1120 K Te=1327K Te=1457K Te=1740 K
Au 12500 1337 0.64 0.915 Pb 4770 601 0.86 0.83
Tm 16800 1818 0.36 0.085 Sb 19700 904 0.14 0.17
Tp=953 K Te=1115 K Te=518 K Te=524.7K
Cr 20500 2180 0.48 0.27 Sc 16000 1814 0.8 0.88
Lu 22000 1936 0.52 0.73 Ta 36000 3290 0.2 0.12
Tp=1315 K Tp=1523 K Te=1492 K Te=1792 K
Cr 20500 2180 0.41 0.34 Ta 36000 3290 0.15 0.001
Sc 16000 1814 0.59 0.66 Tb 10800 1629 0.85 0.999
Tp=1215 K Te=1363 K Te=1351 K Te=1627 K
Cr 20500 2180 0.36 0.22 Tb 10800 1629 0.64 0.77
Y 11400 1799 0.64 0.78 Ti 18700 1941 0.36 0.23
Te-1140 K Te-1514 K Te=1038 K Te=1543 K
Cu 13100 1358 0.79 0.975 Tb 10800 1629 0.68 0.65
Ru 25700 2607 0.21 0.025 Zr 21000 2128 0.32 0.35
Te=1128 K Te=1332 K Te=1092 K Te=1523 K
Dy 11100 1685 0.66 0.57 Ti 18700 1941 0.46 0.27
Zr 21000 2128 0.34 0.43 Tm 16800 1818 0.54 0.73
Tp=1110 K Tp=1553 K Tg=1166 K Tp=1603 K
Ga 5590 303 0.84 0.95 Y 11400 1799 0.64 0.6
Zn 7350 693 0.16 0.05 Zr 21000 2128 0.35 0.4
Tp=281 K Te=298 K Te=1139 K Te=1636 K

a) Note that 7f stands for the eutectic temperature
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Table 2. This implies that the applicability of the ideal mix-
ing rule should be limited as the compositional complexity
of an alloy system increases. A similar finding for the limita-
tion of the ideal mixing rule for multi-component systems was
also discussed in HEA literature [42,43]. Interestingly, from
Table 2, one may notice that the constituent elements of the
ternary eutectics also form binary eutectics pairwise. As an
example, Table 3 lists the breakdown of the eutectic Cd-Pb-
Sn, Cd-Sn-TI and Al-Ge-Zn ternaries into several eutectic bi-
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naries. Indeed, a similar idea was proposed early in the lit-
erature [44,45], however, there is no verification done yet for
multicomponent systems, particularly for HEAs, to our best
knowledge. Here, one may envision that, if the above find-
ings are generally valid, a formula for a eutectic multicompo-
nent system may be available. That is, one may view a eutec-
tic multicomponent system as a combination of several eutec-
tic binaries. For instance, we may reformulate the above eu-
tectic ternaries as Cda3Pb2oSns7 = (Cd2sPb72)0.2(Cd33Sn67)0.6-
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Figure 1 (Color online) Comparison of the calculated and measured (a) molar fraction of one constituent element and (b) the eutectic temperature for the

eutectic binaries.

Table2 The melting point (K), eutectic temperature (K), enthalpy of fusion (J mol™), calculated and experimentally measured for the selected ternary systems.
The experimental data of the eutectic temperature are from [41] while the data of the melting point and enthalpy of fusion are from [40]. Note that the binary

eutectic compositions are rounded to closest 1%

Enthalpy of . Calculate‘d Experimerhlt Enthalpy of . Calculate‘d Experimer}t
fusion Meltmg molar fractl'on molar fractl'on fusion Meltmg molar fract{on molar fractl'on
(J mol ™) point (K) and eutectic and eutectic (I mol ) point (K) and eutectic and eutectic
temperature temperature temperature temperature
Bi 10900 544 0.01 0.015 Ga 5590 303 0.68 0.859
Ga 5590 303 0.25 0.015 Sn 7000 505 0.2 0.074
Hg 2290 234 0.74 0.97 Zn 7350 693 0.12 0.067
Tg=186 K Te=233 K Tp=258 K Te=290 K
Al 10700 933 0.03 0.03 Cd 6300 594 0.27 0.22
Ga 5590 303 0.74 0.89 Sn 7000 505 0.3 0.51
Sn 7000 505 0.23 0.08 Tl 4200 577 0.43 0.27
Tg=267 K Te=292 K Tg=293 K Te=403 K
Cd 6300 594 0.29 0.23 Al 10700 933 0.33 0.15
Pb 4770 601 0.39 0.2 Ge 31800 1211 0.015 0.07
Sn 7000 505 0.32 0.57 Zn 7350 693 0.65 0.78
Te=301 K Te=418 K Te=519 K Te=623 K
Table 3 The breakdown of the ternary eutectics into several eutectic binaries
Cd-Pb-Sn alloy
Binary eutectic “elements” Cd2sPb7z Cd33Sne7 Pb26Sn74
Cd-Sn-TI alloy
Binary eutectic “elements” Cd33Sne7 Cdy7Tls3 Sn70Tl30
Al-Ge-Zn alloy
Binary eutectic “elements” Al70Geso Alj2Zngsg GesZngs
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(Pb26Sn74)0.2, Cd22Sns1Th7=(Cd33Sn67)0.5(Cd27T173)0.25(Sn70
Tlz0)0.25, and Al1sGesZn7s=(Al;0Ges0)0.15(Al12Znss)o.35(Ges
Znos)o.s. In what follows, we will turn to HEAs and discuss
further the above ideas about EHEAS.

3 High entropy alloys

3.1 Entropy stabilization and random solid solution

In 2004, Yeh et al. [10] proposed the concept of HEA to
rationalize their findings of the formation of random solid
solution in equal atomic multicomponent alloys. The idea of
HEA was originally rooted in the ideal mixing rule, according
to which the configurational entropy of mixing S. per atom for
a N-component random solid solution alloy may be expressed

N .
as S, = —kBZ _ XInX,. As such, the configurational entropy
of mixing S. reaches its theoretical maximum S;; in an equal
atomic composition:

S = kslnN, “4)

where N is the total number of elements. As N increases
from 3 to 6, Sis goes from 1.1 R to 1.79 kg. According to Yeh
et al. [10,46], this brings about a high entropy effect which
could stabilize a random solid solution phase instead of
intermetallics. However, the experiment results [47-49] re-
ported so far simply showed that the formation of random
solid solution depends not only on Sz but also on other
parameters, such as the atomic size difference and mixing
enthalpy of the constituent atomic pairs [50]. In analogy
to the Hume-Rothery rules, Zhang et al. [51-53] further
proposed several empirical parameters for the formation of
random solid solution in HEAs. These include the atom

size difference ¢ and the mixing enthalpy AHmix, which
2

) b

can be expressed as 0% = 100%, Z'ilX,. 1-

n

i
ijlX/r,/
AH_. =

i 4AHU.'"”‘XI.X/., respectively where r; is the atomic
i=1izj
radius of the ith element and AH, .j.mi" is the enthalpy of mixing
of binary alloys between the ith and jth elements. According
to Zhang et al. [54], single phase HEAs tend to form for —15
kJ mol '<AHix<5 kI mol™! and 0<§<5, and multiple phases
and even amorphous structures tend to form otherwise.

In theory, eq. (4) holds if all interactions among the con-
stituent elements in a HEA can be neglected. This may be
plausible at a high temperature when thermal fluctuations out-
weigh all atomic-scale interactions. However, as the temper-
ature cools below the melting point of an alloy, it may be im-
perative to consider the effect of atomic-scale interactions on
the accessible microstates which an alloy can explore in its
configurational space. Consequently, the configurational en-
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ergy of mixing could reduce because of the variety of cor-
relations resulting from the inter-atomic interactions. If one
relaxes the assumption of an ideal mixing rule and takes the
mixing of elements in a random solid solution to be corre-
lated, the configurational entropy of mixing Scorr can be writ-
ten as [55,56]:

Scorr:Sizl+SE’ (5)

where Sk (<0) denotes the excess entropy of mixing. The
physical meaning of Sk is that the variety of inter-atomic inter-
actions could result in a reduction of configurational entropy
of mixing and result in a deviation from ideal mixing rules.
More specifically, Sz can be expressed as follows according
to the recent work of He et al. [43]:

x 1+e™
2 l-e*|

S, =k,- 1+§—1n(x)+1n(1—e*~‘)— (6)

where the dimensionless parameter x = kA—gT stands for the
normalized energy fluctuation due to atomic interactions and
Aex is the range of interaction energies. In general, there are
different kinds of inter atomic interactions which can con-
tribute to the normalized energy fluctuation. According to He
etal. [43], the energy fluctuation due to atomic size difference
and chemical bond misfit can be respectively expressed as the
two dimensionless parameters x. and x.. Consequently, one
has x=x.+tx.. Following refs. [43,47], it can be theoretically
derived that:

x,=4.126- LSy (7a)
k,T
JZ Y, XxH,~H)*
‘=2 N it (7b)
‘ k,T ’

where K is average bulk modulus, 7 is average atomic
volume, Hj is the mixing enthalpy between element i and
Jj» and H is the average of H;. Based on the data reported
in the literature, He et al. [43] found that the phase se-
lection in HEAs is correlated very well with the ratio of
Scor/Sia. A single-phase solid solution tends to form for
0.85<Scor/Sia<1l; a multi-phase structure tends to appear for
0.7<Scor/Si4<0.85; and an amorphous structure tends to form
for 0.4<Scor/Sig<0.6. This is consistent with the early finding
of Zhang et al. [57]. As an example, Figure 2(b) shows
the comparison of a few quinary HEAs of different phases.
According to eq. (4), they share the same configurational
entropy of mixing Siz=ksIn5 as an ideal solution although
they are of different phases in the as-cast state. In contrast,
the alloys of different phases are well separated by their ratio
of Scorr/Sia. These results are encouraging, which implies that
the notion of entropy stabilization is valid, at least for the
few single-phased HEAs.
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Figure 2 (Color online) (a) Comparison of ternary systems between cal-
culated eutectic temperature and experimental temperature; (b) comparison
of the Scorn/Sia ratios calculated for 15 quinary HEAs. Note that the average
melting temperature according to the rule of mixture is used for the calcula-
tion of the correlated entropy Scorr; (¢) comparison of the Scor/Sia for reported
eutectic or near eutectic compositions calculating at their melting tempera-
ture.

3.2 The effect of formation enthalpy

Alternatively, Troparevsky et al. [58] proposed a simple cri-
terion based on the enthalpy of formation AHy of all possible
binaries to predict the phase formation in HEAs. Their idea
was based on the notion that, for a given entropic contribution
—TannASmix, Where Tann is the annealing temperature and ASmix

February (2018) Vol.61 No.2

is the ideal entropy of mixing, the strong (weak) interactions
of pairwise constitutes promotes (suppresses) the multi-phase
formation. In general, this is equivalent to the idea of entropic
stabilization and the findings of Troparevsky et al. [58] are
also consistent with those of Zhang et al. [57] since the en-
thalpy of formation AH; is correlated with the enthalpy of
mixing AHnix for binaries [39].

4 Design of eutectic high entropy alloys

From thermodynamic view, the solidification behavior of a
eutectic system is driven by Schroeder-van Laar equation.
However, in high entropy alloys, the number of elements can
reach as much as 7 which implies a large potential number of
phases can co-precipitate when liquid metal solidifies. With
absent of these phases information, we are not able to locate
the eutectic point efficiently by conducting eq. (3). More-
over, none ideal mixing of metal atoms may induce a relative
large deviation from where the eutectics should be.

Based on the above discussions, hypotheses can be now
proposed for the formation of EHEAS, being listed as follows.
Namely, (1) the mixing of the selected elements should lead to
the formation of multiple phases by destabilizing the random
solid solution single phase; however, amorphization should
be discouraged since eutectic multicomponent systems could
be potential metallic glass formers [59,60]; and (2) the mul-
ticomponent systems should contain eutectic binaries as the
essential “elements” to form a eutectic multicomponent sys-
tem. Here, it should be noted that satisfying (1) is equivalent
to having 0.7<Scor/Siv<0.85 based on the prior data of HEAs
[43].

Table 4 lists the EHEAS or near-eutectic HEAs hitherto re-
ported in the HEA literature [20-24,26,28,36], from which it
is discernable that these alloys usually contain the transition
metals, such as Co, Cr, Cu, Fe, Ni, to form a high-entropy
base plus a relatively small amount of other transition metals,
such as Al, Nb, Mo and Ti, as the eutectic forming element
(EFE) to turn the single solid-solution phase to an eutectic or
near-eutectic microstructure. As seen in Table 5, these EFEs
do form eutectic binaries with some of the high-entropy base
elements (HEBEs) or, in some cases (such as Nb), with all of
the HEBEs considered.

Based on the data in Table 5, one can then follow the afore-
mentioned formula to design the EHEAs. Here, it is worth
noting that Al and Fe can form an Al-rich eutectic binary
FeAly 13 (in atomic percentage). However, because of the
large demand of Al, we consider this Al-rich eutectic binary
less influential as compared to other eutectic binaries for the
formation of EHEASs. As listed in Table 4, it is evident that,
by excluding FeAl, 13, the theoretically designed EHEA com-
positions generally agree with the experimentally determined
ones, thereby supportive of the second hypothesis. Here, the
legitimate question is that, if we keep increasing the amount
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Compositions of the reported EHEAs in comparison with the theoretical predictions
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Reported alloys

Constituent elements

Formula

Theoretical prediction

AlCoCrFeNiy; [20]

Alj ,CrCuFeNi, [21]

COzMOo_gNizVWo,g [22]

CoFeNiy Vo sNbo.7s [23]

CoCrFeNiNby g5 [24]

CoFeNiVMoy [26]

CoFeNij4VMo [26]

AlpsCoCrCuFeNi [36]

Ti12CuosFeCoNi [28]

EFE: Al
HEBESs: Co Cr Fe Ni
EFE: Al
HEBESs: Cr Cu Fe Ni
EFE: Mo

HEBEs: Co Ni
Others: VW

EFE: Nb

HEBEs: Co Fe Ni
Others: V

EFE: Nb

HEBESs: Co Cr Fe Ni
EFE: Mo

HEBESs: Co Fe Ni
Others: V

EFE: Mo

HEBESs: Co Fe Ni
Others: V

EFE: Al

HEBESs: Co Cr Cu Fe Ni
EFE: Ti

HEBESs: Cu Fe Co Ni

(COA10_24)+2. I(NiAl(),}_;)

(CuAlo,22)+2(NiAlo,33)

2(CoMop 37)+2(NiMoo.56)

(CONb()_ 1 5)+(F€Nb0_ 14)+2
(NiNbo.19)

(CoNby.15)+(CrNbo.15)+(Fe-
Nbo.14)+(NiNbo.19)

(CoMoy.37)+(NiMog s6)

(CoMog 37)+1.4(NiMoo.56)

(CoAlp24)+(CuAlp.22)+(N-
iAlg33)

0.8(CuTig37)+(FeTio.19)+(C-

0Tio.3)+(NiTio.19)

Alp.93CoCrFeNiy

Alo_ngl‘CuFeNiz

CoxMo19NizVWosg

CoFeNiyVj sNboe7

COCrFeNiNb()A@

COFGNiVMOo_%

CoFeNij4VMoy 15

AlongCoCrCuFeNi

Tip.08Cug sFeCoNi

Table 5 Required amount (mole) of Eutectic Forming Elements (EFEs) to form eutectics [39] normalized by unit mole of High Entropy Based Elements

(HEBEs)Y
EFEs
HEBEs

Al Nb Mo Ti
Co 0.24 0.15 0.37 0.30
Cu 0.22 ~0 - 0.37
Cr - 0.15 - -
Fe 2.13 0.14 - 0.19
Ni 0.33 0.19 0.56 0.19

a) Note that only the eutectic binaries stable at a low temperature are considered

of Al to above 3, for example, in the Al.CrCuFeNi, sys-
tem, would the system exhibit a eutectic microstructure? To
our best knowledge, this question remains unaddressed at the
present time, which could be our future work. In addition to
the EFEs and HEBEs, we also identify a few elements, such
as V and W, which contribute neither to the random solid so-
lution nor to the eutectic multi-phases. According to the ref.
[18], these elements were added into the alloys for other pur-
poses. For example, adding V could lead to finer grain size
and change the distribution of other constituents between den-
drite and interdendritic region. Furthermore, we also calcu-
late the Scor/Sia ratios of the EHEAs. As seen in Figure 2(c),
the calculated values fall into the range between 0.7 and 0.85,
being consistent with the first hypothesis.

S Summary

In summary, it appears that the current design of EHEAs
follows a simple formula that can be traced back to the ex-
isting database of eutectic binaries. Seemingly, it also fol-
lows the empirical rules that were already established for the
formation of multiple phases in HEAs. At the fundamen-
tal level, the composition of a multicomponent eutectic sys-
tem should be governed by the Schroeder-van Laar equation
(eq. (3)), should all eutectic phases could be known. There-
fore, one improved strategy to pinpoint an EHEA composi-
tion is using the simple formula, as exemplified in Table 4,
for the design of an initial EHEA composition, proceeding
with the physical characterization of the eutectic phases sub-
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sequently detected, and refining the initial EHEA composi-
tion with the Schroeder-van Laar equation. This whole search
process could be iterative and repeated for numerous times
until the final EHEA composition fits into the general ther-
modynamics that governs the solidification of eutectic phases
in a multicomponent system.
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