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To develop single-phase lightweight high-entropy alloys (LWHEAs), we performmassive screening over a
vast material space containing more than 560,000 possible compounds by employing thermodynamic
principles and examine the mechanical properties of the resulting alloys based on density functional the-
ory (DFT) calculations. Considering LWHEAs composed of five principal elements including light atoms
such as Li, Mg and Al, we identify 40 optimal atomic compositions for single-phase solid solutions in
body-centered-cubic structure. Combined with DFT calculations, it is demonstrated that the valence elec-
tron concentration plays an important role in determining elastic moduli and that the identified LWHEAs
are ductile as is evidenced by the satisfied Pugh criteria and positive Cauchy pressure. In cases of shear
modulus and yield strength, pd-hybridization between Al and transition metal atoms is shown to make a
significant contribution through forming strong directional bonds. Together with an observation that the
inclusion of Li and Mg atoms is instrumental in reducing the overall density, the present results provide a
valuable guidance to develop novel, low-density high-entropy alloys.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The demand for lightweight (LW) materials is higher than ever
due to the increasing need for applications such as in automotive,
aviation and other transportation sectors where energy efficiency
and reduction of carbon dioxide emissions are becoming a critical
issue [1–5]. Efforts to achieve high-performance LW materials for
targeted applications have been attempted predominantly through
alloying approaches. In traditional alloying schemes, small
amounts of secondary elements are incorporated into a host mate-
rial to improve materials’ properties, which has been successfully
utilized for centuries. Relatively recently, however, a novel alloying
strategy based on multiple principal elements was introduced,
which opened up a unique avenue for developing a vast number
of advanced materials [6,7].
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Table 1
Thermodynamic and physical parameters for phase formation rules of HEAs. ci is
the atomic percentage of the i-th element, R the ideal gas constant, and DHmix

ij the
enthalpy of mixing of binary alloys, respectively. (Tm)i, vi, (VEC)i, Ai, and qi are the
melting temperature, Pauling electronegativity, valence electron concentration,
atomic weight and density of the i-th element, respectively.

Parameter Definition Formula

DSmix½Jmol�1K�1� Entropy of mixing DSmix ¼ �R
PN

i¼1 ci ln cið Þ
DHmix½kJmol�1� Enthalpy of mixing DHmix ¼

PN
i¼1;i–j4cicjDH

mix
ij

d ½%� Atomic size difference
d ¼ 100%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ci ri=

PN
j¼1cjrj

� �2
r

Tm [K] Theoretical melting
temperature

Tm ¼ PN
i¼1ci Tmð Þi

X Ratio of entropy to
enthalpy values

X ¼ TmDSmix
DHmixj j

Dv Electronegativity
difference Dv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ci vi �

PN
j¼1cjvj

� �2
r

VEC Valence electron
concentration

VEC ¼ PN
i¼1ci VECð Þi

q ½g cm�3� Theoretical density
q ¼

PN

i¼1
ciAiPN

i¼1
ciAi=qi
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These new alloys, referred to as high entropy alloys (HEAs),
have high configurational entropy due to a nearly equal-atomic-
ratio composition of five or more major elements, which avoids
the formation of intermetallic (IM) compounds and results in sta-
bilization into simple solid solution phases [8]. In fact, special
interest in high entropy alloys stems from the fact that HEAs com-
posed of multiple transition metal (TM) elements have demon-
strated superior performance such as high resistance against
corrosion [9], wear [10] and oxidation [11] together with excellent
mechanical properties at various temperatures [12–14]. Inspired
by these advancements, much effort has been made to extend
the high entropy alloying scheme to incorporate light elements
such as Li, Mg and Al, which has resulted in lightweight high
entropy alloys (LWHEAs) [15].

The density of LWHEAs is primarily determined by the amount
of light elements such as Al, Li and Mg, leading to an overall density
ranging from 2.67 g cm�3 to 6.09 g cm�3 [16–18]. However, unlike
conventional HEAs that are stabilized in single-phase solid solu-
tions such as body-centered-cubic (BCC) or face-centered-cubic
(FCC) phases, LWHEAs reported so far have exhibited diverse struc-
tural complexities including mixed phase states and intermetallics
as well as single phase structures. For instance, FCC Al-Li-Mg-Sc-Ti
alloys were synthesized through mechanical alloying, which is
transformed to a HCP structure when sintered [16]. The strong
interaction between Al/Ti and 3d TM metals readily forms IM com-
pounds [19], and the microstructures of Li- and Mg-containing
LWHEAs showed a mixture of different IM compounds [17]. Such
multi-phase structures present a major challenge for applications
of LWHEAs because the resulting alloys are likely to exhibit high
level of brittleness, which could be circumvented through con-
structing single-phase LWHEAs.

It should be admitted, however, that developing single-phase
LWHEAs with minimized brittleness is a highly convoluted multi-
variate optimization problem because both the selection of con-
stituent elements and their atomic fraction should be carefully
regulated. To tackle this issue, we employ combined thermody-
namic principles and ab-initio computational approaches and carry
out massive screening over a large-scale material space. The
formability of a single phase LWHEA is assessed through thermo-
dynamics parameters, and the resulting compounds are systemat-
ically examined for structural and mechanical properties based on
first-principles electronic structure calculations. Careful investiga-
tion of the screened LWHEAs demonstrates that the absence of p-
orbitals in Li and Mg gives rise to different bonding characteristics
with neighboring TM elements compared to Al, which then brings
about contrasting effects on mechanical properties of LWHEAs.
These results not only shed a new light on the role of light ele-
ments other than Al in determining physical properties of high
entropy alloys but also provide a valuable guidance to develop
novel LWHEAs for applications where enhanced performance is
highly desired together with reduced weights.
2. Computational methods

Screening for single phase structures. To evaluate the forma-
bility of solid solution (SS) phases of multicomponent alloys, the
phase formation rules dictated by the thermodynamic parameters
(Table 1) are employed. In order to facilitate the formation of SS
phases, small values of both atomic size (d) and electronegativity
differences (Dv), near zero values of mixing enthalpy (DHmix)
and large entropy-to-enthalpy ratios (X) are needed as well as high
mixing entropy (DSmix) [17]. In cases of conventional HEAs that are
mainly composed of TM elements, the criteria for forming SS
phases are given as �15 < DHmix < 5 kJ=mol [20], d < 5%; X �
1:1 and d < 6:6% [21], respectively. However, light elements
2

lacking d orbitals such as Li, Mg, and Al favor the formation of
ordered compounds rather than disordered solid solutions. This
observation makes the phase formation rules for low-density
multi-element alloys more strict than those for conventional HEAs,
which leads to the following screening criteria:�1 < DHmix �
5kJ=mol; X > 10; d < 4:5% and Dx < 0:175 [17].

First-principles calculations. To investigate mechanical prop-
erties of LWHEAs, we carry out density functional theory (DFT) cal-
culations by employing Vienna Ab-initio Simulation Package
(VASP) [22]. The Kohn-Sham equation is solved based on plane-
wave basis of 400 eV cutoff together with projector augmented
wave (PAW) [23] method, and exchange–correlation interaction
among electrons is treated within generalized gradient approxima-
tion (GGA) [24]. To perform integration over the first Brillouin
zone, 3� 3� 2 k-meshes are utilized for both structural optimiza-
tion and calculation of elastic properties. To examine the bonding
characteristics between atoms in LWHEAs, we perform detailed
analyses based on the electron localization function (ELF) [25],
density derived electrostatic and chemical (DDEC6) method [26]
and crystal overlap Hamilton population (COHP) [27] approaches.
It should be noted that due to the high-entropic nature of the
alloys, it is necessary to take random structure into account. To
address this issue, we employ special quasi-random structure
(SQS) [28] method as is implemented in ATAT package [29] and
generate LWHEA supercells which are composed of 3� 4� 5 con-
ventional BCC units containing 120 atoms.
3. Results and discussion

3.1. Alloy screening and structural properties

To perform screening for novel LWHEAs, we begin with the fol-
lowing 11 elements which are commonly studied in producing
lightweight alloys: Li, Mg, Al, Ti, V, Nb, Zr, Hf, Mo, W and Ta. To
construct quinary LWHEAs, 5 elements out of 11 elements are
selected with the atomic fraction of each constituent lying
between 5 % and 35 %, which results in an extensive material space
containing more than 560,000 possible combinations. In screening
over these materials, it should be noted that valence electron con-
centration (VEC) plays an important role in the phase stability of
HEAs in addition to the aforementioned thermodynamic parame-
ters. For VEC greater than 8, FCC solid solution is stabilized,
whereas BCC solid solution is favored when VEC is smaller than
6.87, and solid solution of mixed FCC and BCC phases is formed
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with 6.87 � VEC � 8 [30]. Investigating all the possible compounds
for the formation of stable solid solutions based on the thermody-
namic parameters as well as VEC, it is found that 80 candidate
materials are expected to form BCC phase with density lower than
6 g/cm3 to be considered as lightweight alloys [19].

However, it should be noted that the high reactivity of the low-
density elements with the environment becomes one of the major
challenges in synthesizing LWHEAs [15]. In particular, the presence
of a high fraction of high vapor pressure elements such as Li, Mg,
Zn, and Mn makes melt-synthesis difficult, so it is necessary to
reduce the content of these elements as low as possible [31]. In
the present study, we follow previous studies and keep a total
atomic weight of Li and Mg less than 10 % [31,32] of the entire unit
cell, which finally enables us to identify 40 alloys in BCC structure
for LWHEAs (Table 2). The resulting LWHEAs are further divided
into three groups according to the light elements contained in
the compounds: Li-Mg-Al-X-Y (12), Li-Al-X-Y-Z (6), and Mg-Al-X-
Y-Z (22). Here, X, Y, and Z are transition metal elements (Ti, V,
Zr, Nb, Hf, Ta, Mo, and W), and numbers in parentheses indicate
the number of alloys in each group. The obtained LWHEAs are plot-
ted in terms of d and DHmix in Fig. 1(a) and with respect to Dv and
X in Fig. 1(b), respectively. As is seen from the figures, while the
criteria for thermodynamic parameters predict the stabilization
in BCC structures of the above LWHEAs, the same criteria also well
describe the formation of stable solid solution phases of other high
entropy alloys such as refractory HEAs or existing LWHEAs [19].
Table 2
List of LWHEAs. A complete list of screened LWHEAs together with parameters for the ph

HEAs DSmix DHmix VEC

Li05Al20Mg10Ti30Nb35 11.9 0.3 3.8
Li05Al20Mg10Ti35Nb30 11.9 �0.7 3.8
Li05Al20Mg15Ti35Nb25 12.2 1.4 3.6
Li05Al25Mg15Ti20Nb35 12.2 1.3 3.7
Li05Al25Mg15Ti25Nb30 12.4 0.1 3.6
Li05Al30Mg15Ti15Nb35 12.0 �0.4 3.6
Li05Al15Mg25Ti30Hf25 12.4 �0.8 3.2
Li05Al20Mg20Ti35Ta20 12.3 1.9 3.5
Li05Al25Mg20Ti30Ta20 12.5 �0.6 3.4
Li10Al10Mg25Zr35Hf20 12.4 0.6 3.1
Li15Al15Mg25Zr15Hf30 13.0 0.1 2.9
Li15Al15Mg25Zr20Hf25 13.2 �0.3 2.9

Li05Al10Ti25V25Nb35 12.0 �0.2 4.4
Li05Al10Ti30V20Nb35 11.9 �0.3 4.3
Li05Al10Ti30V25Nb30 12.0 �0.7 4.3
Li05Al10Ti35V15Nb35 11.6 �0.4 4.3
Li05Al10Ti35V20Nb30 11.9 �0.8 4.3
Li05Al10Ti35Zr15Nb35 11.6 �0.9 4.1

Al10Mg10Ti35Zr10Nb35 11.9 �0.1 4.1
Al15Mg15Ti30Zr05Nb35 12.0 0.2 3.9
Al15Mg15Ti35Zr05Nb30 12.0 �0.7 3.9
Al05Mg20Ti25Zr35Hf15 12.2 0.3 3.6
Al05Mg20Ti30Zr30Hf15 12.3 0.8 3.6
Al05Mg20Ti35Zr25Hf15 12.2 1.3 3.6
Al05Mg25Ti20Zr35Hf15 12.2 1.3 3.5
Al05Mg25Ti25Zr30Hf15 12.4 1.9 3.5
Al05Mg30Ti15Zr35Hf15 12.0 1.9 3.4
Al10Mg30Ti25Zr10Hf25 12.6 �0.4 3.3
Al10Mg30Ti30Zr05Hf25 12.0 0.5 3.3
Al15Mg15Ti30Nb35Mo05 12.0 1.4 4.0
Al15Mg15Ti35Nb30Mo05 12.0 0.5 4.0
Al15Mg15Ti30Nb35Hf05 12.0 0.5 3.9
Al15Mg15Ti35Nb30Hf05 12.0 �0.4 3.9
Al15Mg15Ti30Nb35Ta05 12.0 1.5 4.0
Al15Mg15Ti35Nb30Ta05 12.0 0.6 3.9
Al20Mg20Ti25Nb25Ta10 13.0 1.2 3.8
Al20Mg20Ti25Nb30Ta05 12.5 1.3 3.8
Al20Mg20Ti30Nb25Ta05 12.5 0.2 3.7
Al20Mg20Ti35Nb20Ta05 12.3 �0.9 3.7
Al10Mg30Ti35Zr10Hf15 12.3 �0.5 3.4

3

Fig. 1(c) shows the lattice parameters (a) of optimized LWHEAs
as a function of valence electron concentration. As is presented in
Fig. 1(c), the average lattice constant a of a conventional cubic unit
is 3.33 Å, showing a linear decrease with VEC. It is further found
that a of LWHEAs containing Li and Al is shorter (3.23 Å) than those
of Li-Mg-Al-X-Y (3.31 Å) and Mg-Al-X-Y-Z (3.37 Å) alloys, which
makes the density of Li-Al-X-Y-Z highest (5.79 g/cm3). In contrast,
Li-Mg-Al-X-Y shows the lowest density (5.20 g/cm3), leading to the
overall density of 5.49 g/cm3 for the proposed LWHEAs.

3.2. Mechanical properties

Elastic modulus. In studying mechanical properties of LWHEAs,
we first calculate the elastic moduli including bulk modulus B and
shear modulus G. To this end, the elastic constants, Cij, are obtained
from the total energy calculations with infinitesimal deformation
introduced into a unit cell, and the elastic moduli are then obtained
by inverting the stiffness tensor. Fig. 2(a) shows the obtained bulk
modulus, and as is clearly seen in the figure, B displays a strong lin-
ear increase as a function of VEC. Such linear dependence of B is
understood by noting that bulk modulus measures volumetric
resistance of a material against compressive deformation, and high
VEC implies enhanced repulsive response upon compression, thus
leading to high B values [33]. In contrast, the shear modulus does
not show a comprehensible relation with VEC in that G is dis-
tributed over a wide range of VEC with the average of 25.9 GPa
ase formation rules. The numbers in subscript represent the atomic percentage.

d X Dv q

3.5 76 0.152 5.0
3.5 32 0.151 4.8
4.0 15 0.156 4.4
4.1 16 0.160 4.7
4.1 176 0.159 4.5
4.2 52 0.161 4.7
4.5 24 0.161 5.7
4.3 11 0.151 5.6
4.4 37 0.154 5.5
3.4 31 0.142 5.8
3.8 218 0.173 6.0
3.8 56 0.173 5.7

4.3 110 0.138 5.9
4.0 80 0.137 5.8
4.3 37 0.137 5.7
3.6 69 0.136 5.8
4.0 32 0.137 5.6
4.0 28 0.152 5.9

4.4 403 0.106 5.6
4.4 106 0.109 5.2
4.4 34 0.108 5.0
4.2 90 0.109 6.0
4.3 28 0.113 5.9
4.4 17 0.115 5.8
4.0 17 0.104 5.8
4.2 12 0.109 5.7
3.7 11 0.098 5.6
4.4 56 0.121 6.0
4.4 41 0.124 5.9
4.3 18 0.168 5.4
4.2 44 0.168 5.2
4.3 48 0.112 5.6
4.2 59 0.111 5.5
4.0 16 0.100 5.7
4.0 37 0.099 5.5
4.5 21 0.110 5.7
4.5 17 0.112 5.3
4.4 102 0.110 5.1
4.4 23 0.109 4.9
4.3 43 0.116 5.9



Fig. 1. Screening results for LWHEAs. (a) Atomic size difference (d) versus enthalpy of mixing. (b) Pauling electronegativity difference versus log10 X. The shaded areas
represent the region of solid solution (SS) phases. (c) The calculated lattice constants a as a function of VEC.

Fig. 2. Elastic moduli of LWHEAs. (a) bulk modulus B, (b) shear modulus G as a function of VEC. Comparison between DFT- (X DFT) and ROM-calculated (X ROM) values (X = Bor
G): (c) bulk modulus and (d) shear modulus, respectively.
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(Fig. 2(b)). It is noted that Mg-Al alloys exhibits a wider variation in
G than the other two cases with 16 and 36 GPa for minimum and
maximum values, respectively.

When computing mechanical properties of conventional HEAs,
the rule of mixture (ROM) [14] has been commonly applied. In
the ROM, a given physical property M of HEAs is calculated from
M ¼ P

iciMi, where ci is the atomic fraction and Mi the correspond-
ing property of the i-th constituent, respectively. In Fig. 2(c) and 2
4

(d), the DFT-computed values of B and G are presented against
those obtained from the ROM. As is evident from Fig. 2(c), the
DFT results present good agreement with the ROM values for bulk
modulus. On the other hand, however, the difference in shear mod-
ulus between the DFT and ROM values is striking (Fig. 2(d)) in that
the results from the ROM are confined within a rather narrow
range with 33 GPa on average whereas the DFT results range from
16 to 36 GPa. It should be stressed that unlike the present cases,
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the ROM values of shear modulus exhibit close agreement with
those from DFT calculations for other high entropy alloys.

To gain an insight into the contrasting results of the DFT and
ROM calculations regarding bulk and shear moduli, we plot the
DFT-computed G with respect to the average number of Al and
average number of Li and Mg in the nearest neighbor of TM ele-
ments in Fig. 3(a). As is clear from Fig. 3(a), the G values become
higher when more Al are present around TM elements whereas
large amount of Li and Mg tends to reduce the shear modulus. Such
difference can be understood from disparate bonding characteris-
tics between component atoms within LWHEAs. Fig. 3(b)
shows an electron localization function (ELF) of a Li-Mg-Al-Ti-Nb
alloy, projected on (101) plane. We note that similar ELF is also
observed in other cases. Evidently, the ELF around Al has higher
values than those around Li, Mg or TM elements, which indicates
that the bonding nature between Al and TM is different from all
the other cases. In conventional HEAs that are composed of multi-
ple TM elements, the ELF are found to have values close to the ones
around TM atoms in the present cases, suggesting that all bonds
are of the same type (non-directional metallic bonds) [34].
However, the high ELF values around Al implies the formation
Fig. 3. (a) Distribution of shear modulus of 40 screened LWHEAs as a function of aver
elements. The shear modulus is displayed by the colored circles with the color scale on th
The ELF map is projected onto (101) plane and the color scale is presented on the right.
axis) and -ICOHP (y-axis).

5

of directional covalent bonds with TM atoms through pd
hybridization, which exhibits strong resistance to shear deforma-
tion [35,36].

Fig. 3(c) presents the bond orders (BOs) for all atom pairs in 40
LWHEAs, calculated with DDEC6. It is seen from the figure that the
BOs of Li- and Mg-containing bonds are definitely lower than those
of Al-Al, Al-TM and TM-TM bonds. Also, the BO of Al-Al or Al-TM is
distributed over the nearly same range of TM-TM cases, which sug-
gests that the Al-TM bonds are likely to be as strong as the bonds
between transition metal elements. Accumulated electrons on the
Al-TM bonds, together with high level of the bonding state as is
evidenced by the large negative values of the integrated COHP (-
ICOHP), substantially contributes to enhancing the shear modulus.

Ductility. The intrinsic ductility is an important characteristic
for practical application of materials. While it is extremely chal-
lenging to compute ductility from first-principles, the Cauchy pres-

sure C
�
12 � C

�
44, where C

�
12 ¼ ðC12 þ C23 þ C13Þ=3 and C

�
44 ¼ ðC44 þ

C55 þ C66Þ=3, respectively, has been utilized as a valuable metric
to estimate the deformability of materials for gauging ductility. It
is known that the Cauchy pressure holds a close relation with
angular character of atomic bonding, that is, positive and negative
age number of Al (x-axis), Li and Mg (y-axis) in the nearest neighbor (NN) of TM
e right. (b) Contour map of the electron localization function of Li5Mg10Al20Ti30Nb35.
(c) Distribution of the atomic bonds within LWHEAs with respect to bond order (x-
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Cauchy pressure correspond to non-directional and covalent,
directional bonding, respectively. In Fig. 4(a), ductility of the pre-
sent LWHEAs is examined based on the widely used criteria by
Pugh [37] and Pettifor [38], respectively. Interestingly, there exists
an apparent linear relation between the G=B ratio and Cauchy pres-

sure rescaled by bulk modulus (ðC
�
12 � C

�
44Þ=B). It is seen from Fig. 4

(a) that the G=B values of all LWHEAs are smaller than the critical
value (dotted, vertical line in the figure), implying that all the pro-
posed LWHEAs in the present study are ductile. Besides, the Petti-
for criterion for ductile behavior is also satisfied as is seen from the

positivity of ðC
�
12 � C

�
44Þ=B. The ductile behavior originates from the

non-directional bonding between TM atoms and between Li or Mg
and TM atoms which compensates for the strong directionality in
Al-TM bonding. In Fig. 4(b), the rescaled Cauchy pressure is plotted

against VEC. As is seen from the figure, ðC
�
12 � C

�
44Þ=B exhibits an

overall linear increase with VEC, which holds the highest and low-
est values for Li-Al-X-Y-Z and Li-Mg-Al-X-Y alloys, respectively.
The observed linear dependence demonstrates that ductility can
be systematically tuned by modulating the types and amounts of
Fig. 4. Ductility of LWHEAs. (a) Distribution of LWHEAs with respect to G=B values (x-axi
pressure as a function of VEC.

Fig. 5. (a) Yield strength of LWHEAs as a function of density, (b) distribution of yield stre
the nearest neighbor (NN) of TM elements. The yield strength is displayed by the colore

6

light elements as well as amount of Al just as in other mechanical
properties.

Yield strength. Yield strength (rY ) makes an important
mechanical property in designing high-performance alloys and
their applications. In the present study, the yield strength of
LWHEAs is evaluated based on the solid solution strengthening
as is proposed by Senkov et al.[14] and Yao et al.[39] In this
approach, rY is computed as rY ¼ rmix

Y þ Dr with rmix
Y being the

average yield strength according to the elemental fractions in
LWHEAs. Dr represents the contribution from the solid solution
strengthening, which is obtained by summing up the constituent’s

values: Dr ¼ P
i AGð Þ3=2 d2Gi

þ a2d2ri

� �
ci

h i2=3
. Here, A and a are

material-dependent parameters taken from literature [14,39] and
G is the DFT-computed shear modulus of LWHEAs, respectively.
In the equation for Dr, dGi

and dri are defined as
dGi

¼ P
j9 Gi � Gj
� �

=4 Gi þ Gj
� �

and dri ¼
P

j9 ri � rj
� �

=4 ri þ rj
� �

,
respectively, where Gi is the shear modulus of the i-th element.

Fig. 5(a) shows the computed yield strength of the present
LWHEAs, and as is seen from the figure Li-Al-X-Y-Z and Li-Mg-
s) and Cauchy pressure rescaled by bulk modulus (y-axis), and (b) B-rescaled Cauchy

ngth of LWHEAs as a function of average number of Al (x-axis), Li and Mg (y-axis) in
d circles with the color scale on the right.



I.-S. Jeong and J.-H. Lee Materials & Design 227 (2023) 111709
Al-X-Y alloys have a similar range for the yield strength: 0.73 GPa
� rY � 0.91 GPa for Li-Al-X-Y-Z and 0.67 GPa � rY � 0.83 GPa for
Li-Al-Mg-X-Y, respectively. In contrast, Mg-Al-X-Y-Z alloys show a
wider variation in rY ranging from 0.54 to 0.92 GPa. While a ran-
dom nature of atomic distribution within BCC lattices of LWHEAs
makes a thorough analysis of rY between different alloy groups
extremely challenging, a clear tendency in rY is observed when
the yield strength is plotted against the average number of Al
and other lightweight atoms in the nearest neighbor of TM ele-
ments. As is seen from Fig. 5(b), rY shows higher values (�0.65
GPa) when more Al atoms are present around TM elements,
whereas no consistent change in rY is witnessed for varying the
amount of Li and Mg. Such pronounced dependence of rY on Al
is attributed to the formation of strong directional bonds between
Al-p and TM-d orbitals, which also plays a significant role in deter-
mining shear modulus in HEAs.
4. Conclusions

Developing novel lightweight high-entropy alloys is a non-
trivial task due to a complex multivariate nature arising from
simultaneous optimization of atomic species and composition.
Such highly combinatorial problems can greatly benefit from com-
putational approaches which enable expedited screening over a
vast material space containing all allowed compounds. Indeed, a
recent study based on a combined machine-learning and DFT cal-
culation have made it possible to identify new Invar high-
entropy alloys with low thermal expansion coefficients.[40] The
present study presents an alternative computational route towards
a multicomponent optimization problem by employing the solid-
solution phase formation rules which are based on thermodynamic
parameters. It should be noted that this approach is particularly
devised for high-entropy alloys and thus can substantially acceler-
ate the screening procedure without training of algorithms. The
resulting LWHEAs possess robust mechanical and ductile proper-
ties as is demonstrated with DFT calculations, which makes the
new LWHEAs highly appealing for technical applications where
energy efficiency is a key issue. It is thus expected that the present
results will be a valuable guide to experimental synthesis of novel
low-density high-entropy alloys.
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