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Abstract

Sustainable development of our society demands recycling of metallic scraps and wastes which in general contain a wide
variety of metallic impurities. Therefore, it is desirable to try to develop a ‘universal’ material structure, such as a mul-
ticomponent amorphous alloy tolerating high concentrations of multiple-component metallic pollutants. We here report
the results of ab initio molecular dynamics (AIMD) simulations for manufacturing a novel multicomponent high entropy
amorphous alloy of twenty elements (20e-HEAA). Analysis reveals both topological and chemical compositional short-
range ordering in the obtained 20e-HEAA and formation of pair clusters for light elements. Electronic structure calcula-
tions reveal the metallic nature of the amorphous alloy with its Fermi level falling in a valley in the electron density of
states. Moreover, the (semi)core-like Zn 3d and Cd 4d electrons exhibit a localized nature and thus, should be excluded
from the valence electron concentration (VEC) analysis in the study of multicomponent high-entropy alloys. The infor-
mation obtained here is helpful to get insight into multicomponent high entropy materials, especially multicomponent
high-entropy amorphous alloys as potential circular metals.

Keywords Multicomponent alloys - Amorphous alloys - High-entropy alloys - Valence electron concentration - Circular
metals - 4b initio molecular dynamics simulations

Introduction The development of multicomponent high-entropy

alloys (MC-HEAs) [9-14] provides us with an opportunity

Recycling metallic scrap and discarded parts is crucial for
the environment-friendly, sustainable development and cir-
cular economy of our society [1—4]. Metallic wastes enclose
various metallic impurities introduced during manufacture,
usage, sorting and treatment processes [1, 2, 5, 6]. Many
techniques have been developed to deal with metallic impu-
rities in scrap and wastes [6—8]. Removal of impurities is a
widely used approach to obtain purer metals and alloys for
circular metals [2, 6, 7]. This approach involves several pro-
cesses and is costly in energy, manpower and time. Another
potential approach is to find a material with a single struc-
ture, a ‘universal’ phase which can tolerate a broad variety
of metallic impurities for recycling metal wastes.
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to reach single-phase crystalline materials with desirable
properties. Compared to conventional alloys which consist
of one or two principal elements, MC-HEAs contain mul-
tiple principal elements (typically more than four principal
elements) and are designed principally based on configura-
tional entropy, with a contribution that is large enough to
stabilize a single-phase or near-single-phase crystalline
compound at elevated temperatures.

The development of bulk metallic glasses (BMGs) pro-
vides us with another choice. BMGs can be manufactured
with relatively slow cooling rates [15, 16] and the products
are stable at ambient conditions, being used in industry [15,
17]. Previous study has revealed the confusion principle,
i.e. that an increase in the number of elements may induce
difficulties for the liquid to crystallize [18]. Naturally, the
addition of principal elements of different atomic size and
chemical nature enhances the complexity of the liquid,
making crystal nucleation difficult, and thus favouring the
formation of amorphous materials.
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As shown before, multicomponent high entropy alloys
(MC-HEAs) exhibit high stability due to their configu-
rational entropy contribution. For multicomponent high
entropy amorphous alloys (MC-HEAAs), the number of
configurations is even higher than that of the correspond-
ing crystal phases because they lack both topological and
compositional long-range ordering in the amorphous state
[19, 20]. Here, the topological short-range ordering refers
to the arrangement of atoms in a material that is not ran-
dom but rather organized in a more specific pattern (short
range ordering). There are two major factors determin-
ing the disordering and stability of the MC-HEAAs: the
enthalpic interactions for the diversity of elements and the
entropy contribution due to the number of atomic species in
the systems [10—12, 21]. Mixing entropy continues to rise
with increasing number of components, though the rate of
increase gradually slows down. At the same time, increas-
ing number of components leads to an increasing likelihood
of strong interaction energies between some of them and,
therefore, an increasing likelihood of compound forma-
tion. However, the enhanced complexity of the liquid also
favours formation of amorphous materials [18, 21]. The
structure is likely, therefore, to be accommodating to a wide
variety of low-level impurities and alloying elements. Thus,
a ‘universal’ MC-HEAA may be a good option for recycling
of metal wastes.

There have been many investigations on MC-HEAs
with structural frames of predominantly face-centred cubic
(FCC) lattices, e.g. the Cantor alloys consisting mainly of
3d transition metals [10, 11, 22] or of body-centred cubic
(BCCQ) lattices including the Senkov refractory alloys con-
sisting mainly of early transition metals [11-13, 23]. There
have also been investigations on multicomponent bulk
glasses (MC-BMGQG) [15, 16, 24]. Recently, MC-BMGs with
excellent mechanical and physical properties with chemical
compositions such as Fe,s 7C046 7Niyg ¢SigB; [25] and Ti ¢ 5
Zr,¢,Hf ¢ ,Cuy ,Ni ¢ ;B¢ 7 [26] were prepared. Luan et al.
prepared an equiatomic NbNiZrTiCo glass with stability at
elevated temperature [27].

Theoretical approaches, including ab initio molecular
dynamics [28-30] and atomistic molecular dynamics [31,
32] techniques have been applied to MC-HEAs, focusing
on the Cantor- and Senkov-based systems. Gao et al. inves-
tigated the AL MoNbTiV high entropy alloy using ab ini-
tio methods [28]. Yang et al. analysed the VEC criterion in
high entropy alloys including the Al-Co-Cr-Fe-Ni system
with high-throughput ab initio calculations [30]. Parmar, et
al. developed a generic strategy for numerically modelling
MC-BMGs [31]. Recently, Zhou et al. studied amorphiza-
tion evolution of the Cantor alloys (CrCoFeNiMn) using
an atomistic molecular dynamics approach [32]. Niu and
Liu [33] and Liu and Curtin [34] separately modelled and
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addressed short-range order in high-entropy alloys using
an ultra-fast large-scale approach. Moreover, the coher-
ent potential approximation (CPA)-based approaches were
employed to investigate the stability of high-entropy alloys
[35-37]. As a mean-field method the CPA method treats
each atom as embedded in an “averaged” sea of all the oth-
ers, can deal systems of large number of atoms, which thus
may miss much of the specific aspects of local atomic inter-
actions and the material behaviours [38].

Here we explore the formation, stability and structural
and electronic properties of an MC-HAA with 20 elements
(20e-HEAA) by means of ab initio molecular dynamics
(AIMD) simulations. The 20 metallic elements were cho-
sen for exhibiting a rich variety of atomic sizes, lattices and
electronic properties as shown in the following sections.
This variety helps enhance the difficulty for the liquid to
crystallize. The magnetic 3d transition metals are excluded
to reduce computational costs. The simulations reveal the
stability of the amorphous form of the alloy at ambient
conditions. We analyse the topological and compositional
short-range ordering in the obtained MC-HEAA samples.
First-principles electronic structure calculations show sta-
bility of this MC-HEAA and reveal the roles of the different
types of atomic species in the 20e-HEAA samples.

Basic and Collective Properties of the 20
Elements

Based on the classic Hume-Rothery rules for metallic solu-
tions [39], three parameters have been employed to describe
the collective behavior of the constituent elements in MC-
HEAs or MC-HEA As [40—42]. The first parameter is atomic
size difference (J) which is based on the average atomic size
(r,y,) for the system of n atomic species [11, 39, 40], .

Tav = Zi:l CiTg (D

where ¢; and r; are the atomic fraction and atomic radius of
atom i. The atomic size difference (9) is defined as,

n

2
5= Zci<1 “’) % 100% )

r
i=1 av

The unit of J is percentage. The second parameter is mixing
enthalpy AH,;, which can be approximated as:

AHpiw = Z Z cici€li; (3a)
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where Q;;=4 A, (AB) and A, (AB) is the mixing enthalpy
of the binary AB alloys [42]. Accordingly, we can also define
the average contribution to the mixing enthalpy A, (i) for
element i in the equiatomic system of # elements as,

A (i) = (3 Bia (AB)) /(0 = 1) (3b)

The third parameter is the difference of electronegativity
values, Ay defined as,

Ax= /Y el — xa)? X 100% )

where x,, = Dc; %; represents the average value and y; is the
Pauling electronegativity value for element i. Averaged val-
ues for other parameters, e.g. the melting temperature or the
bulk moduli can be obtained using relations similar to Eq. 1.

The values of the basic properties of the chosen elements
— lattice types, atomic masses, valence electrons, atomic
radii, Pauling electronegativities and melting tempera-
tures — were taken from the literature [39, 40, 42, 43] and
are listed in Table 1. The average atomic size (r,,) and the
related atomic size difference (J) according to Egs. 1 and 2,
the average values of mixing enthalpies for each element
(Eq. 3b) and average value of heat of mixing for the equi-
atomic 20-element system via Eq. 3a, and average melting
temperature based on the melting points of the elements
[43], as well as the difference of electronegativity values
(Eq. 4) are also included in Table 1. We also plot the values
of the melting points, Pauling electronegativities and atomic
volumes of the 20 elements and the related average values
in Fig. 1.

From Fig. 1; Table 1, the 20 atomic species exhibit a rich
variety of basic properties. The 20 elements can be divided
into five different types:

1. Nine transition metals (TM) with 3d electrons (Sc, Ti, V,
and Zn), 4d electrons (Mo and Cd), or 5d electrons (Hf,
Ta and W). The TMs exhibit three different lattices. It is
noted that Zn and Cd are usually classified as transition
metals with a VEC number of 12. This indicates that the
10 d-electrons are accounted as valence electrons [10,
30]. The role of these d-electrons will be discussed later.

2. Five main group III elements: B, Al, Ga, In and TI, each
of which have three s and p valence electrons. B has the
smallest volume among the 20 elements.

3. Two main group IV elements: Si and Ge with a dia-
mond-like cubic lattice and tetrahedral coordination (sp3
hybridisation) [44, 45]).

4. Three group metals: Sn and Pb are main group IV ele-
ments and Sb is a main group V element, exhibiting inert
ns? electron pairs [45].

5. La, the only rare earth element with zero 4f electrons. It
has the largest volume in the 20 elements. Interestingly,
La has a high binary value of heat of mixing with many
other elements [42]

Table 1 shows the average VEC value for the 20e-system
is 4.8 with the Zn 3d and Cd 4d electrons included and the
average AH,;, is approximately—10 KJ/mol. These values
suggest that the stable phase might be expected to favour a
BCC structure according to the previous criteria [30, 41].
Meanwhile, the large atomic size difference, 6=14.6% and
large Ay value (0.324) indicate that it is difficult for the
20e-system to form a single-phase solid solution [10, 41].
Moreover, the 20 pure elements exhibit several different
lattices, including FCC, BCC and hexagonal as shown in
Table 1. This complexity enhances the difficulty for the lig-
uid to crystallize [18]. Therefore, the large atomic size and
electronegativity difference and the wide variety of different
elemental lattices suggest that we might also expect a strong
tendency for the 20e-system to form an amorphous phase at
elevated temperatures, instead of a single crystalline phase
according to the criteria established in the literature [10, 11,
21, 41].

Details of ab initio molecular dynamics
simulations

Periodic boundary conditions were employed for the ab
initio molecular dynamics simulations, indicating require-
ments to employ supercells in the study. A cubic supercell
and the equiatomic approach were utilized. The content is 5
at% for each element. The length of the cubic supercell was
determined by the volumes of the input atoms with consid-
eration of thermal expansion at the simulation temperatures
[43]. In this way a cubic cell with a=16.49 A was built for
the 200-atom system.

We first produced a liquid using a single component,
namely Al which has a moderate melting temperature
(944.5 K [43]) by equilibrating at 5000 K for 2000 steps
(1.5 femtosecond (fs) per step). Then, we replaced ran-
domly the Al atoms by the chosen 20 elements similar to
the method of preparing random O/N distributions in the
BaTaO,N perovskite [46]. The liquid was then treated as
shown in Fig. 2. The samples were first equilibrated dynam-
ically at 3000 K for 3 ps (picosecond). This temperature is
notably higher than the average melting temperature of the
20e-system (1463 K, Table 1). Then, two different treat-
ments were applied: (1) continued equilibration of selected
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Table 1 Basic properties of the elements in the equiatomic 20-element system. P.u. represents Pauling unit for the electronegativity, . E.C. repre-

sents electronic configuration

M Latt. Mass VEC(e/at.) ro(A) x(P.u.) Tm[34] AH_; (1) Selected A, (AB)[42]
[43] (Da) E.C.[41] [41,43] [41] (K) (kJ/mol)

B Rho. 10.811 3 0.820 2.04 1300 -13.82 B-: Hf(—66), Ti(-58), Sc(-55); B-:
252 2p! TI(27), Pb(31), Sb(23), In(18).

Al FCC 26.981 3 1.432 1.61 933.5 -11.24 Al-: Hf(—39), Sc(-38), La(-38);
3s? 3p! Al-: TI(11), Pb(10), In(7)

Ga Orth. 68.723 3 1.393 1.81 303 -8.08 Ga-: La(—41), Sc (—38), Hf(-34);
452 4p! Ga-: Mo(6), B(6), TI(6), Pb(5).

In Tetra. 114820 3 1.659 1.78 430 +0.39 In-: La(—39), Sc(—30), Hf(—18);
5s% 5p! In-: W(38), Mo(33), B(18).

Tl Hex. 204380 3 1.716 1.62 577 +5.66 Tl-: La(-38), Sc(~28), Hf(-11);
6s% 6p! Tl-: W(52), Ta(24), Mo(46), B(27).

Si FCC 28.085 4 1.153 1.90 1690 -31.08 Si-: Hf(—77), Sc(-74), La(-73);
352 3p? Si-: TI(—4), Pb(-2)

Ge FCC 72610 4 1.240 2.01 1211 -25.18 Ge-: La(-73.5),5¢(—69.5)
452 4p? JHf(—65.5);

Ge-: B(-0.5)

Sn Tetra. 118710 4 1.620 1.96 505 -5.66 Sn-: La(—53), Sc(—45), Hf(—35);
55 5p? Sn-: W(27), B(18), Mo(20).

Pb FCC 207.200 4 1.750 2.33 600.6 +2.24 Pb-: La(—51), Sc(—40), Hf(—23);
6s% 6p° Pb-: W(49), B(30), Mo(42).

Sb Trig. 121.750 5 1.453[2] 2.05 904 -10.34 Sb-: La(—71), Sc(-61), Hf(—50);
6s% 6p° Sb-: W(25), B(18), Mo(17).

Sc Hex. 44956 3 1.641 1.36 1814 -25.24 Sc-: Si(=74), Ge(—69.5), Sb(-61);
3d' 4s? 4p° Sc-: Ta(16), Mo(11), W(9), Ti(8)

La Hex. 138900 3 1.879 1.10 1191 -22.97 La-: Ge(=73.5), Si(—73), Sb(-71);
41° 54" 652 6p° La-: Ta(33), W(32), Mo(31),

Ti HCP 47880 4 1.462 1.54 1943 —15.45 Ti-: Si(—66), B(—58), Ge(—51.5)
3d? 4s? 4p° Ti-: La(20), Sc(8), TI(2).

Hf Hex. 178490 4 1.578 1.30 2502 -23.71 Hf-: Si(=77), B(-66), Ge(—65.5);
5d? 6s2 6p° Hf-: La(15), Sc(5), Ta(3).

A BCC 50.941 5 1.316 1.63 2201 -3.97 V-: Si(—48), B(—42), Ge(—31.5);
3d? 452 4p° V-: TI(22), La(22), Pb(15), In(12).

Ta BCC 180.948 5 1.430 1.50 3293 -5.50 Ta-: Si(—56), B(—54), Ge(-37.5);
5d 652 6p° Ta-: La(33), TI(24), Sc(16)

Mo BCC 95940 6 1.363 2.16 2895 +7.71 Mo-: Si(—35), B(—34), Ge(—13.5)
5d* 6s? 6p° Mo-:TI(46), Pb(42), In(33)

W BCC 183850 6 1.367 236 3687 +10.50 W-: Si(=31), B(=31), Ge(-7.5);
6d' 7s% 7p° W-: TI(52), Pb(49), In(38).

Zn HCP 65.390 12 1.395 1.65 693 -4.82 Zn-: Sc(-29), La(—31),Hf(-24)
3d'0 45 4p° Zn-: W(15), TI(6), Pb(5);

cd Hex. 112.411 12 1.568 1.69 594 -0.27 Cd-: La(-36), Sc(-30), Hf(—19);
44" 552 5p° Cd-: W(33), Mo(28), B(13).

Av. - 103.739 4.8 1.462 1.77 1463 -9.52 s, p elements prefer: La, Hf, Sc;

dev. - - 8:14.6% Ay:0.324 - - d-elements prefer: Si, B, Ge;

Zn and Cd prefer La, Sc and Hf.

samples at 3000 K for another 13.5 ps; and (2) cooling other
samples to 1000 K in 6 ps followed by equilibrating them
at 1000 K for another 21 ps. Selected equilibrated samples
were quenched to 0 K and relaxed to remove the internal
forces produced at elevated temperature. In this way we can
obtain results of statistical meaning [47, 48]. The volumes
of the 20e-HEAA systems at different temperatures were
determined by the results of the NPT approach [47, 49, 50]
which was implanted into the first-principles package VASP

@ Springer

(Vienna Ab initio Simulation Package) [51, 52] using exper-
imental data at elevated temperatures [43].

All AIMD simulations were performed using the code
VASP [51, 52]. VASP is a plane-wave approach within the
density functional theory [53]. This code utilizes the pro-
jector augmented wave method which is a generalization
of the pseudopotential and a linear augmented plane-wave
approach [54]. Moreover, it permits variable fractional
occupation numbers and, therefore, it works well for metal-
lic systems [52]. The exchange and correlation terms are
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Fig. 1 Atomic volumes a, melting points [38] b and Pauling electronegativities ¢ for the elements employed in the present 20-component system.
The average values are shown in the horizontal dotted lines. The unit of electronegativity values is Pauling unit (P.u.)

described using the generalized gradient approximation
(GGA) [55], because a previous study showed that the GGA
results are better than the local density approximation, espe-
cially for transition metals [56].

For structural optimizations, electronic structure calcu-
lations and for the NPT calculations to determine the vol-
umes of the 20e-systems at elevated temperatures, a dense
k-mesh (2x2x2, eight k-points in the Brillouin zone) and
high cut-off energies (400.0 eV for the wave functions and
550.0 eV for the augmentation functions respectively) were
used. These energies are higher than the corresponding
default values of the metallic atoms for which the highest
values are Exyax/Eqye = 318.6 €V /535.3 ¢V for boron. The
Berendsen thermostat was used for the NVT ensemble in
the AIMD simulations of the supercells. A lower cut-off

energy, £, = 300 eV was used, which is still higher than
the Exp iy (239.0 eV) and close to the Eyyax (318.6 V) for
boron which has the highest cut-off energies. The I' point
was adopted in the Brillouin zones [57], because liquid or
amorphous systems lack periodicity [46, 48, 51]. Test simu-
lations for different cut-off energies ranging from 200.0 to
400.0 eV and different volumes of the supercells revealed
no significant differences in the obtained results, demon-

strating the present settings are reasonable.

@ Springer



High Entropy Alloys & Materials

3000 l

2000 — R2

Temperature (K)

R3

1000 —

0 R

I I I I I I
0 3 6 9 12 15 18 21 24 27 30

Time (ps)

Fig. 2 Schematic for the thermal treatments for the 20e-HEAA system
during AIMD simulations

Results and Discussions
Structural Properties of the 20e-HEAAs

The AIMD simulations revealed that at 3000 K (R1 in Fig. 2)
the energy of the 20e-HEAA system decreases quickly with
time in the first 2.5 ps, and then stays at an approximately
constant value up to 16.5 ps. The energy decreases with
the simulation time and temperature in the cooling process
(R2). During subsequent equilibration at 1000 K (R3) the
energy continues decreasing for about another 1.5 ps before
it reaches the equilibration value. Then, samples were

obtained with interval of about 1.5 ps. The obtained samples
were relaxed to remove the internal forces.

The simulations also showed that there is no quick
decrease in the curve of the calculated total valence elec-
tron energy of the system after 16.5 ps at 1000 K, indicating
no crystallization occurs. A snapshot of the structure for a
relaxed sample is shown in Fig. 3c, together with an equili-
brated sample at 1000 K in Fig. 3b, and together with a lig-
uid sample simulated at 3000 K in Fig. 3a.

Figure 3 shows no significant differences in atomic order-
ing in the three snapshots. The sample equilibrated at 3000 K
in Fig. 3a is liquid as the average melting temperature is
about 1463 K (Table 1). Meanwhile the sample in Fig. 3b is
equilibrated at 1000 K which is lower than the average melt-
ing temperature. A careful look reveals that there is no long-
range topological ordering either in the sample equilibrated
at 1000 K (Fig. 3b) or the relaxed structure (Fig. 3c). This
indicates their amorphous nature. The major difference is
the size of the cells. The length of the cube is a=16.82 A for
the sample at 3000 K (Fig. 3a), a=16.32 A for the sample
at 1000 K (Fig. 3b) and a=16.21 A for the relaxed sample
(Fig. 3¢) based on the NPT calculations and the experimen-
tal values on the temperature [43].

In order to assess the degrees of amorphous/crystalline
nature of the liquid at 3000 K and the solids at 1000 K and
after relaxation, we use the partial pair distribution func-
tion (PPDF) g«(r) and pair distribution function (PDF) g(r)
and corresponding partial pair density function p;(r) and
pair density function p(r), which are defined, respectively
as [58]:

000000000

Al B Cd Ga Ge Hf In La Mo Pb

Sb Sc Si Sn Ta Ti Tl

V. W Zn

0000000000

(a) (b)

Fig.3 Snapshots of atomic structure along the [100] axis of the 20-ele-
ment HEAA sample simulated a at 3000 K, b at 1000 K, and ¢ relaxed
at 0 K. The meaning of the different coloured spheres is shown in the
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legend at the top. The red perpendicular and horizontal lines in each
snapshot correspond to the b and c-axis, respectively
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510) = i S0 = ) = )/ () (50

Q(T)Zmzzfﬂr—ﬁj): p(r)/po (5b)

where p,, is the average density of atoms, &V is the total num-

ber of atoms, r;; is the distance between atom i and atom
J, and ¢; is the atomic fraction of species i. (r — ry;) is the
Dirac delta function which is equal to 1 when r=r;; and 0
when r#r;;. When r — o, gi(r)=1 and g(r)=1. We analyzed
the pair distribution functions for ten liquid samples simu-
lated at 3000 K, ten samples equilibrated at 1000 K and ten
samples relaxed at 0 K using Eq.5b. We also analyzed the
related value for each HEAA. The obtained results for the
independent initial configurations exhibit strong similarity
to the averaged ones. For clarity, the results for the averaged
PDF curves are shown in Fig. 4.

The overall shapes of the three curves in Fig. 4 show con-
siderable similarity to each other. In all the samples there are
weak densities around 1.8 A (see the insertion). There is a
high 1st peak at about 2.8 A with a valley at 4.0 A, and there
is a broad plateau from 4.5 to 5.8 A, followed by a shallow
valley at about 6.5 A. In the rest of the curves the density
functions vary slightly. Structural analysis revealed the for-
mation of B-B pairs and three-B triangles and even four-
B squares in the samples. These B-B clusters correspond
to the weak densities at 1.8 A in Fig. 4. The overall PDF
curves indicate the topological amorphous nature of all the
samples equilibrated at 3000 K and 1000 K before and after
relaxation.

Careful analysis revealed subtle differences in the pair
distribution functions of the three different types of sam-
ples. The height of the 1st peak decreases in a series from

3

0.2

P1 0.1

2 sl

I I
14 16 18 2

PDF, g(r)

B A APy O g D gy

) P2

1] W‘é\ .
— Relaxed at 0K

—— Egquilibrated at 1000 K

Equilibrated at 3000 K

0 T T T T T T
0 2 4 6 8 10 12 14

Distance. d(A)

Fig. 4 Average pair distribution function (PDF) curves for the
20e-HEAA samples simulated at different thermal conditions. The
enlarged PDF between 1.4 to 2.0A was inserted. The solution is 0.1A

the relaxed samples to the samples equilibrated at 1000 K
and then to those at 3000 K. Correspondingly, the width of
the 1st peak increases in the same sequence. Figure 4 also
shows that the PDF value at the valley at about 4 A of the
samples equilibrated at 3000 K is notably higher than those
equilibrated at 1000 K and the relaxed samples. The latter
two display high similarity, which indicates the solid nature
of the samples at 1000 K. This agrees with the average melt-
ing temperature (1463 K, Table 1).

Overall, the present simulations reveal the topologically
amorphous nature of the samples equilibrated at 1000 K for
over 20 ps and those after relaxion at 0 K. This corresponds
to the large number of atomic species of significantly dif-
ferent nature and corresponding high-entropy contribution,
which makes it difficult for the liquid to crystallize. The
broadness of the PDF curves and the peak of B-B clusters
also indicate the effect of compositional ordering in the
20e-HEAA.

Chemical compositional ordering in amorphous materi-
als can be described by element-resolved partial pair dis-
tribution functions (PPDFs) [11, 58]. The PPDF curves for
each elemental species were obtained via Eq. 5a and are
shown in Fig. 5.

The PPDFs provide information about the chemical com-
positional contributions to the short-range atomic ordering.
The PPDF curve for B starts at 1.7 A with a peak at 1.8 A,
which corresponds to the B-B clusters. Then there is a sharp
peak with high density at 2.2 A (the first peak), correspond-
ing to B coordination by the larger metallic atoms. For the
rest of the elements, there are apparent first peaks which
are positioned differently and have a variety of widths. The
same is also true for the second peak.

To further distinguish between topological and composi-
tional ordering, we performed AIMD simulations for three
pure typical elemental liquids, B with the smallest radius, Al
with an intermediate radius and La with the largest radius.
The samples were first simulated at 3000 K for 6 ps to obtain
corresponding liquid samples. Then the liquid samples were
equilibrated for 6 ps at 1000 K for B and La and 500 K for
Al. The obtained PDF curves of the pure elemental amor-
phous samples are compared with the corresponding PPDFs
in the 20e-HEAAs in Fig. 6.

Both the PPDF of B in the 20e-HEAAs and the PDF of
the pure B amorphous sample starts from 1.7 A. For pure B
amorphous samples, the first PDF peak is at 1.8 A, followed
by a broad valley at 2.4 A. The second peak is at 3.2 A
and the weak third peak at 4.6 A. Meanwhile, for the PPDF
curve of B in the 20e-HEAAs, there is a weak peak is at 1.8
A, corresponding to B-clusters and the first peak is at 2.2 A
and then a broad 2nd peak at 4.6 A. Overall, except for the
peak at 1.8 A, the PPDF curve of the 20e-HEAAs has little
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Fig.5 Element-resolved partial pair distribution functions of one 20e-HEAA sample relaxed at 0 K

similarity to that of the pure B sample, due to the variety of
different neighboring atoms in the alloy.

The general structure of the PPDF curves of the Al and
La in the 20e-HEAAs are similar to those in the correspond-
ing pure elements, except for the positions of the peaks.
This is due to the constant atomic radius of all the atoms in
each pure element, compared with the variety of different
atomic sizes in the 20e-HEAA.

Interestingly, we observed formation of B-clustering dur-
ing the simulations at 1000 K (Figure S1). Figure 7b shows
one B cluster in a square form found in a relaxed sample.
Analysis showed no stable clustering for other atoms, e.g.
Al during the simulations at both 3000 K and 1000 K (Fig-
ure S1). Moreover, formation of B-clusters in other metallic
systems were reported in the literature [59]. This indicates
the importance not only of topological ordering but also of
chemical compositional ordering in the 20e-HEAAs.

Statistical analysis of local structures for the relaxed
samples revealed a rich variety of local chemical bonds.
Figure 8 shows distributions of coordination numbers of
nearest neighbours for each species in an amorphous sam-
ple. The bond-length of each M1-M2 pair is determined by
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the sum of the atomic radii of the two atoms (M1 and M2)
with extra 20% as cut-off, that is, dg, = (r; + 77)x1.20 as
shown in the chemical bonding theory [60, 61].

The coordination numbers of the different atomic species
vary in the ranges between 5 and 15 as shown in Fig. 8. The
transition metals of large atomic sizes, such as Hf, Mo and
Ta have more neighbours. Meanwhile, some atoms, e.g. B
(Fig. 7a) and Si have relatively small range of coordination
numbers. The averaged coordination number for each spe-
cies also varies between 6.5 for Zn and 13.0 for Mo. The
averaged CNN for all atoms in the sample is 9.4 which is in
between the BCC structure (CNN=28) and the simple FCC
or HCP (CNN=12). Such notably variation of local coordi-
nation indicates complexity in structural analysis of HEAS
and HEAAs using simplified methods [30, 41, 62]. More-
over, such complexity of local coordination causes difficulty
for the liquid to crystalize.

Electronic Properties of the 20e-HEAAs

In order to obtain some insight into the chemical inter-
actions in and electronic properties of the 20e-HEAAs,
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first-principles electronic structure calculations were per-
formed for the relaxed configurations. The obtained total
density curves of states (TDOS) for the ten configurations
are shown in Figure S2 in the Supplementary Materials.
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Fig. 8 Statistics of coordination number per atoms and the averaged
value for each specie for the 20e-HEAA sample. The dotted lines
are used to guide readers’ eyes. The cut-off lengths of the bonds are
described in the text

Clearly, the frames of the TDOS curves are similar to each
other. This means that in such a rich variety of chemical
environments, the electronic properties of the 20e-HEAAs
are similar. This agrees with solid state physics that the
valence electrons of all elements belong to the whole crys-
tal collectively and quantum mechanics requires that the
atomic arrangements in the cell trends to its lowest potential
at the conditions. Next, we discuss one of them in detail.
Figure 9a and b show the obtained total density of states
(TDOS) and the partial density of states (pDOS) respec-
tively for one configuration. It is noted that the number of
configurations for the 20e-HEAA is huge. However, it is

(b)

Ta

Fig.7 Schematics of local coordination of a a single B atom and b a B cluster in the 20e-HEAA simulated at 1000 K
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expected that the TDOS and pDOSs in Fig. 9 provide some
insight into the electronic properties of the alloy.

We analysed the variety of the elemental projected den-
sity of states curves in different chemical environments
using La and Ta as examples. As shown in Figure S3, the
frames of the density of states (DOS) curves for each atomic
species in the extremely different chemical environment are
similar to each other. Both the upper part of the valence and
the lower part of the conduction band of Ta are dominated
by 5d states. The lower part of the conduction band of La is
dominated by La 4f states, and La 5d states are dominating
the upper part of the valence band and the bottom of the
conduction band. Thus, it is reasonable to address the gen-
eral electronic properties using the averaged DOS curves in
the same system for each atomic species.

Figure 9a shows only one band over the energy range.
The valence band starts at about—11.0 eV to the Fermi level
(0 eV). There are small DOS peaks at the low energy range.
Eigen character analysis revealed that the lowest peak at
about—11.0 eV consists of dominantly B 2s states coming
from B-B clusters. The second small peak at about—10.5 eV
is composed of contributions from the B2s and tails from
the neighbouring Ge and some W and Mo atoms.

The TDOS is predominantly composed of s and p elec-
trons in the range from —11.0 eV to -5.0 eV, except two high
peaks at —8.5 and —7.5 eV (Fig. 9). These two peaks come
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from the Cd 3d (Fig. 9b_s) and Zn 4d (Fig. 9b_t) electrons
respectively. The narrow peaks mean that there is a local-
ized nature of the electrons which contribute little therefore
to the chemical bonding in the system. We also performed
electronic structure calculations using the standard local-
density approximation and confirmed the well-separations
of the localized Cd 3d and Zn 4d electrons from the Fermi
level (not shown). The valence electron concentration
(VEC) approach describes the valence electrons which con-
tribute to the chemical interactions [30]. Thus, the localized
Zn 3d and Cd 4d electrons should not be included into the
VEC value of the system. In this way, the VEC value of
the 20e-HEAA system is 3.8 e/atom when we exclude these
localized Zn 3d and Cd 4d electrons from the valence band,
instead of 4.8 e/atom when we include them (Table 1).

From —5.0 eV to +1.0 eV the d-electrons of the transition
metals (except Zn and Cd) dominate the TODS based on the
eigen character anslysis. From —5.0 eV to —1.0 the TDOS
increases with the energy. Then it decreases and forms a val-
ley at the Fermi level. From 1.0 eV TDOS increases again
due to the TM d orbitals and La 4f states from the partial
DOS curves and eigen-character analysis. The latter form a
peak at 2.0 eV.

Figure 9b shows the average DOSs for each atomic spe-
cies in the system. Interestingly, there are densities in the
DOS curves for B, Si and Ge at the Fermi level, indicating
their metallic nature, in contrast to the normal semiconduct-
ing nature of these elements in their pure bulk crystalline
form [63, 64]. This phenomenon originates from the high
coordination numbers of the atoms in the 20e-HEAA com-
pared with the corresponding elemental crystals. As shown
in Fig. 8, Si and Ge have seven to ten and five to ten neigh-
bours in the alloys, respectively. These numbers are sig-
nificantly higher than four in pure Si and Ge crystals with
tetrahedral coordination [64]. Crystalline B is semiconduct-
ing. However, amorphous boron exhibits metallic nature as
shown in a previous study [59]. Moreover, the coordination
number of the boron atoms in the 20e-HEAA ranges from
six to eight, again being higher than that in crystalline boron
(five to seven) [64, 65].

Overall eigen-character analysis revealed that at the
Fermi level the s, p, and d orbitals of the atoms contrib-
ute to the DOS. corresponding to their contributions to the
formation of the amorphous form. However, the localized
Cd 3d and Zn 4d electrons contribute little to the chemical
interaction, and thus, they should be excluded from the VEC
number account.

Charges at and charge transfer between atoms provide
deep understanding about chemical interactions in materials
[66, 67] particularly for complex systems as the 20e-HEAA.
Here we employed the Bader charge approach which was
coded and implanted into VASP [68] for the amorphous
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system. The obtained results are shown in Fig. 10 together
with the Pauling electronegativity values [39] as compari-
son. Again, it should be noted that the present results are
just from one of the huge number of configurations in the
20e-HEAA.

The charges at the atomic sites for each species are
scattered (Fig. 10), which corresponds to their complex
neighbourhood (Fig. 8). The charges at the atomic sites
are generally inverse to their electronegativity values. For
example, La has the smallest electronegativity value and
it correspondingly has the largest electron loss. However,
there are exceptions. Tl has an electronegativity value in-
between its neighbouring Ti and V, but it gets electrons from
the neighbouring atoms in contrast to the electron losses for
Ti and V. Si has a smaller electronegativity value than Sn,
but it receives more electrons than the latter in the amor-
phous sample. The results indicate that care is needed when
using electronegativity values and electronic charges to
describe the interactions in such complex systems.

Discussions: Perspectives of MC-HEAAs

The AIMD simulations reveal aspects of the formation and
stability of the 20e-HEA A dominantly due to the high entro-
pic contributions. The results show that mixing elements
with multiple crystal structure types and a broad variety of
atomic sizes makes it difficult for the resulting supercooled
liquid to crystallize.

Solidification theory suggests that foreign particles
reduce barriers for a liquid to nucleate a solid [69, 70]. The

simulations presented here reveal the formation of B-B
clusters. However, they may contribute little to nucleation,
since B has been regarded as a glass-former in many tradi-
tional bulk metallic glasses [17, 71, 72].

During the liquid-treating and casting process of real
alloys and materials, impure particles such as oxides and
nitrides are unavoidably formed [73, 74]. These native
oxide and nitride particles may not only affect the proper-
ties of the products but also act as potential nucleation sites
for crystallization [75, 76]. Thus, it is necessary to mini-
mize foreign particles, such as oxides and nitrides in liquids
if the objective is to avoid easy heterogeneous nucleation
and either form an amorphous structure without any crystal-
lisation or promote dense nucleation at low temperatures.
Moreover, a range of high melting temperatures and heavy
masses means that the liquid needs to be kept at a high prep-
aration temperature for a reasonably long period of time if
the objective is to obtain a homogeneous multicomponent
liquid and thus manufacture a homogeneous solid. These
are challenges for experimentalists in practice.

The electronic structure calculations presented here
reveal the metallic nature of the 20e-HEAA. The d-orbit-
als of the transition metals contribute predominantly at the
Fermi level. The electronic density at the Fermi level is cru-
cial for determining the stability of the amorphous metallic
material [64, 77]. Figure 9a shows that the Fermi level falls
in a deep valley or a minimum of the density of states, indi-
cating stability of this amorphous phase [64, 77, 78].

The present AIMD simulations predict a 20e-HEAA of
stability, largely due to the entropic contributions. It is noted
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that the wide range of different local compositional clusters
(many trillions, even for a five-component material) makes
effective modelling and full sampling extremely difficult
[62]. Compared with the widely used Monte Carlo/Molecu-
lar dynamics (MC/MD) approaches, ab initio approaches
have unique advantages. Although sampling in the ab initio
approaches is relatively small, it is parameter-free, without
the same widespread unwarranted assumptions, and can,
therefore, provide essential information about the mod-
elled systems in addition to the other approaches, as dis-
cussed comprehensively in [79]. Moreover, the ab initio
approaches provide the specific (and often the most interest-
ing) aspects of local atomic interactions and, therefore, the
material behaviour, in contrast to the CPA-based methods
which treats each atom as embedded in an “averaged” sea of
all the others [38]. Previous thermo-statistics analysis shows
that the configurational entropy contribution increases very
strongly with the number of elements in an alloy up to about
4 or 5, then less strongly up to about 12 or 13, and then
increasingly slowly with even more elements in the alloy
[10, 11]. This indicates the flexibility of MC-HEAAs, and
potential experimental practice for producing MC-HEAAs
as a ‘universal’ structure tolerating various metallic impuri-
ties, which helps deal with the metallic wastes for a circular
economy [2—4, 80].

Conclusions

We investigated an equiatomic 20-clement liquid and an
equilibrated high-entropy amorphous alloy (20e-HEAA).
The study revealed that the 20e-HEAA exhibits:

1. Kinetic stability, indicating that it can potentially be
used as a universal amorphous material tolerating a wide
range of metallic impurities.

2. B-B clusters, that are present at low temperatures, and
that may stabilize the non-crystalline nature of the alloy.

3. A DOS valley at the Fermi level, indicating electronic
stability of the alloy.

4. Localized, core-like Zn 3d and Cd 4d electrons which
should be excluded from the valence electron concentra-
tion (VEC) of the alloy.

This paper represents a first start, but only a very small step
towards more detailed studies, providing interesting and
valuable initial results. At the same time, it is import for fur-
ther works at both crystalline and amorphous systems with
different atomic species and chemical compositions.
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