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g in a TiNbTaZrMo high-entropy
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Saro San,a Puja Adhikari,a Ridwan Sakidja,b Jamieson Brechtl,c Peter K. Liawd

and Wai-Yim Ching *a

High-entropy alloys (HEAs) have attracted great attention for many biomedical applications. However, the

nature of interatomic interactions in this class of complex multicomponent alloys is not fully understood.

We report, for the first time, the results of theoretical modeling for porosity in a large biocompatible HEA

TiNbTaZrMo using an atomistic supercell of 1024 atoms that provides new insights and understanding.

Our results demonstrated the deficiency of using the valence electron count, quantification of large

lattice distortion, validation of mechanical properties with available experimental data to reduce Young's

modulus. We utilized the novel concepts of the total bond order density (TBOD) and partial bond order

density (PBOD) via ab initio quantum mechanical calculations as an effective theoretical means to chart

a road map for the rational design of complex multicomponent HEAs for biomedical applications.
Introduction

The effect of porosity onmaterial behavior is well known1,2 since
it can drastically affect its mechanical properties. For instance,
porosity is undesirable in the aerospace arena since it can lead
to premature material failure.3 Porosity is also particularly
important for materials used in biomedical applications. The
elastic properties of porous materials depend on the size,
dimension, and shape of the pores as well as the interconnec-
tion between them. According to the literature,4 porosity can be
classied into two categories. The rst one is known as natural
porous defects, such as in soils and rocks.5 The second one is in
materials with engineered porosity designed intentionally to
control certain material behavior for specic applications.4 In
particular, for biomedical applications, designing porosity of
the metal-based materials is essential as the porous region
would be critically lled with new bone tissues.

In general, metallic biomaterials are widely used for replac-
ing and supporting bone structures due to their high resistance
to corrosion and desirable mechanical properties in biological
environments.6–9 Due to this compatibility, a variety of metals
have been tested and tried for decades, such as titanium,
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tantalum, and their combination with other transition metal
(TM) elements to make biocompatible alloys.10,11 In particular,
Ti and Ta have been investigated as potential candidates for use
in dental, orthopedic, and osteoconductive applications.8,12

These two metallic species are well known for excellent
biocompatibility.13 However, to develop better metallic bioma-
terials, improving both the biocompatibility and mechanical
properties is still necessary. In this regard, a relatively new class
of biocompatible high-entropy alloys (HEAs) is an excellent
alternative due to the large design space of compositional
combinations that can be employed to further tune their
properties.

HEAs are typically dened as metallic alloys with more than
four elements in equal or nearly equal atomic proportions.14

Alternatively, HEAs can also be dened by the increased
magnitude of entropy since the solid-solution phase can be
stabilized by maximizing the congurational entropy. Since
being initially proposed by Yeh and Cantor,14–16 HEAs have
undergone substantial development aimed for potential engi-
neering applications in different areas.14,16–26 This progress can
be linked to their exceptional properties, which are investigated
by exploring a wide composition space for alloy design. In the
early days, most of the research on HEAs were done on single-
phase alloys, and the congurational entropy (CE) was
thought to be the single controlling factor in forming single-
phase solid solutions. Cantor et al.27 explored the multi-
component alloys, using 3d TM elements in different lattices:
Ni in face-centered cubic (fcc), Fe in body-centered cubic (bcc),
Co in hexagonal-close-packed (hcp), Cr in bcc, and Mn in bcc
structures. The TMs were equally distributed in a single phase.
Later on, other researchers found that multiple phases and
nanoparticles can also result in a single-phase solid-solution
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elastic constants and moduli for the TiNbTaZrMo biocom-
patible model with 8 porosity models

C11 C12 C44 K G E h G/K HV

P0 206.36 120.90 32.74 149.37 36.42 101.04 0.387 0.244 2.357
P1 172.67 95.23 30.11 121.03 33.29 91.49 0.374 0.275 2.537
P2 153.74 81.72 29.16 105.58 31.72 86.49 0.364 0.300 2.710
P3 123.48 58.34 25.82 80.00 28.32 76.00 0.342 0.354 3.014
P4 102.39 46.46 23.13 64.93 24.93 66.31 0.330 0.384 3.020
P5 92.52 41.77 19.05 58.00 21.26 56.84 0.337 0.367 2.559
P6 69.26 28.00 13.10 41.67 15.66 41.76 0.333 0.376 2.121
P7 43.53 10.44 8.18 20.40 10.59 27.09 0.279 0.519 2.322
P8 39.81 10.75 7.68 17.59 9.44 24.03 0.272 0.537 2.224
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phase with fcc, bcc, and hcp structures, rather than multiple
intermetallic compounds due to high CE.17,18 Guo et al.20

showed that bcc and fcc phases can be differentiated by their
valence electron count (VEC). The 2- and 3-components are just
intermetallic alloys whereas the 4-component ones are
medium-entropy alloys.

There have been many studies in designing HEAs20–25 based
on the concept of short-range order (SRO) that can impact their
properties.26 Several experimental28,29 and computational30–34

investigations also show the substantial inuence of SRO on the
properties of HEAs. Ye et al. designed HEAs with a single ther-
modynamic parameter35 that maximizes entropy by taking
enthalpy into account. Other researchers combined experi-
mental measurements with theoretical modelling techniques,
such as molecular dynamics (MD),36,37 calculation of phase
diagrams (CALPHAD),38–40 and density functional theory (DFT)
calculations.41 The DFT-based calculations are usually limited
to using small supercells. However, the complex chemical
disorder in HEAs requires large supercells to implement the
random solid solution (RSS) model or to develop correlation
functions within the special quasi-random structure (SQS)42

that can, for example, indirectly represent the random nature of
the alloy system. The above strategy is even more challenging
when the porosity factor is also considered. In our previous
work,32 a relatively large supercell of 250 atoms was used to
investigate 13 bcc biocompatible HEAs. The initial goal for the
porosity study was to reduce the Young's modulus to be closer
to that of human-bone tissue. However, due to the supercell size
limit, it was difficult to introduce large pores and achieve the
desired Young's modulus.

In this study, we have designed a model that is approximately
four times larger (or 1024 atoms) in comparison to our previous
work.32 This unprecedented large supercell enables us to investigate
different levels of porosity in the biocompatible TiNbTaZrMo HEA.
Here TiNbTaZrMo HEA with no pores is designated as P0. Subse-
quently, eight models with varying porosity percentage shown in
Table 1 were derived from the initial P0 structure and are denoted
as P1–P8. We report the results of a detailed investigation on the
electronic structures and mechanical properties, as determined
from the nine models (P0–P8). The calculations were performed
using DFT. In particular, the focus of the study was on the corre-
lation between calculated mechanical properties and total bond
order density (TBOD). The TBOD is a unique quantummechanical
Table 1 Fully relaxed super cell structures of the 8 porosity models of the
volume (PVol). The first and second nearest neighbor (1NN, 2NN) averag

% PVol PArea a (Å) b (Å) c (Å)

P0 0.0 0.00 0.00 26.487 26.473 26.513
P1 2.6 271.99 232.11 26.418 26.340 26.399
P2 5.1 711.17 424.19 26.296 26.257 26.332
P3 9.5 1403.10 659.32 26.300 26.242 26.265
P4 15.8 2366.22 951.80 26.079 26.080 26.036
P5 19.4 2909.04 1093.69 25.945 25.926 26.002
P6 24.6 3535.07 1223.71 25.284 25.741 25.353
P7 29.6 4237.31 1451.82 25.218 25.631 25.479
P8 33.4 4719.92 1535.58 25.110 25.355 25.362

© 2023 The Author(s). Published by the Royal Society of Chemistry
metric for HEAs that quanties the cohesiveness of the alloy.
Moreover, the role of atomic radius of individual atoms toward their
interatomic bonding and the local lattice distortion (LLD) was
quantied. Importantly, it was found that the accurate partial
charge (PC) calculations on every atom clearly shows the inade-
quacy of using VEC to explain the complex interactions in HEAs.
Results
Mechanical properties

Mechanical properties are one of the paramount properties to
tune in HEAs. For biomedical applications, the elastic proper-
ties are critical to ensure their biomechanical capabilities. The
calculated results of the eight TiNbTaZrMo HEAs models
include the elastic coefficients, bulk modulus (K), shear
modulus (G), Young's modulus (E), Poisson's ratio (h), G/K ratio,
and estimated Vickers harness (HV), which are presented in
Table 2. HV was calculated using Tian et al.’s formula,43 ob-
tained from the tted data to metallic glasses.

The experimental data for refractory bcc HEAs are quite limited,
especially since there are no experimental results for TiNbTaZrMo
with porosity. The results indicate that with the gradual increase in
porosity of TiNbTaZrMo, there is a decrease in Young's modulus
(E), as presented in Table 2 and Fig. 1a. P8 with the maximum
porosity of 33.4% has the lowest E of 24.03 GPa, which is closer to E
values exhibited by human cortical bones typically ranging from 7
to 30 GPa. These results based on large 1024 atomsHEAmodels are
more accurate in comparison to our past publication of 250 atoms
HEA models.32 Even though the Young's modulus decreases with
biocompatible TiNbTaZrMo. Notations are: the surface area (PArea) and
e distance of separations in unit of (Å)

a b g Vol (Å3) 1NN 2NN

90.131 89.843 89.771 18589.86 2.868 3.311
90.052 89.710 89.651 18369.34 2.856 3.298
90.172 90.276 89.429 18180.05 2.847 3.287
89.952 89.891 89.427 18126.33 2.844 3.284
90.514 89.919 89.295 17706.27 2.822 3.258
90.480 89.729 89.056 17486.65 2.810 3.245
91.178 89.612 89.771 16496.23 2.756 3.182
90.503 89.255 89.751 16466.46 2.754 3.180
90.404 89.749 90.908 16144.25 2.736 3.159

RSC Adv., 2023, 13, 36468–36476 | 36469
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Fig. 1 (a) Young's modulus (E) vs. porosity%. (b) Poisson ratio and G/K
of biocompatible models with their corresponding porosity%.
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increase with porosity, we are unable to identify the threshold
beyond which this decreasing trend is not valid. However, it is
possible to identify the threshold if much larger model with higher
porosity can be created. The other mechanical properties, such as
bulk and shear modulus, also show a similar decrease with an
increase in the porosity. However, HV increases in porosity models
P3 (9.05%) and P4 (15.8%), and then gradually decreases.

We plotted the Pugh's ratio G/K for all eight models in
Fig. 1b. Pugh's ratio, G/K, is well within the range of 0.244 and
0.537 with the average around 0.372. The average value is on the
ductile side for metallic systems, somewhere between bulk-
metallic glasses and polycrystalline metals. In addition, Pois-
son's ratio decreases from 0.3887 at P0 to 0.272 at P8, as shown
in Fig. 1b. In fact, the Poisson's ratio values are comparable to
some ceramics, such as Si3N4, Al2O3, and SiC.44 The lower
Poisson's ratio values imply that the TiNbTaZrMo HEA becomes
more brittle as the porosity is increased. These aspects
emphasize the necessity to maintain a balance between supe-
rior biomechanical compatibility and preservation of unwa-
vering structural integrity. Furthermore, introducing porosity
signicantly reduces the weight of the material and therefore
holds particular importance as an additional factor to be
considered for biomedical applications. Currently, most
biomedical applications involve the use of Ti alloys, which is the
lightest refractory element in HEAs. The exibility of the
compositional space afforded by HEAs can be used as a leverage
to further construct a rational design with optimized overall
properties. These properties are also implicitly associated with
the electronic structure and bonding (see section below).
36470 | RSC Adv., 2023, 13, 36468–36476
Electronic structure and bonding

It is widely acknowledged that the electronic structure of
materials is intimately related to their properties and stability.
The total and partial electronic density of states (TDOS and
PDOS) of the TiNbTaZrMo (P0) and P1–P8 models are shown in
Fig. 2a and S1,† respectively. Fig. 2a shows that the Fermi energy
(EF) values are not at a minimum of the TDOS, but instead are
∼0.5 eV above EF. Furthermore, the TDOS of the TM compo-
nents in their pure environments are different. When they form
the HEAs, their d electrons interact with each other, making
them less distinct. The PDOS can be divided into two groups:
those above or below 0 eV. The partially lled s and d bands of
Nb and Mo result in more noticeable changes in the HEA
environment, while TMs with nearly close to full s bands (e.g.,
Ti, Ta, and Zr) produce less changes. The PDOS of ve elements
exhibit similar contributions in the model. Furthermore, as
porosity increases across the P1–P8 models, the distinct sharp
feature of TDOS progressively diminishes.

It can be noted that in the HEA environment, the effective
charge, Q*, which is displayed in the form of a PC, is a more
suitable quantity to describe valence electrons, rather than the
apparent VEC of the corresponding TM in its pure metallic form.
Fig. 2b displays the PC distributions for all individual atoms in the
non-porous HEA. On average, the Ti and Mo atoms gain electrons
in all cases, whereas the Nb, Ta, and Zr lose electrons. Similar PC
gures for porosity models, P1–P8, are presented in Fig. S2.† As
the porosity percentage increases, the distribution of PC becomes
more scattered. This trend is readily apparent, given that the
presence of porosity contributes to a greater degree of disorder.
The concept of disorder is elaborated in the lattice distortion and
impacts section below. The PC and Q* of atoms in HEAs are two
related quantities which control their physical properties since the
charge transfer is closely related to interatomic bonding. The Q*
and PC values, which are calculated quantum mechanically,
depend on the local environment in the HEA. As such, these
values are far more meaningful and appropriate than the VEC
used in the outdated interpretation regarding the TM interactions
in HEAs. This deviation demonstrates that the VEC can only be
useful for elements in their pure environment. Once they interact
with other atoms in complex multicomponent HEAs, their local
structures and atomic sizes change. Thus, any interpretation
using VEC in HEAs may be inadequate and misleading.

The metallic bonding in HEAs involves the sharing of valence
electrons of all nearby atoms that can be quantied in terms of the
interatomic distance (ID) between the center of each atomic pair.
Fig. 2c demonstrates the BO vs. BL or ID of 1NN and 2NN in which
the 1NN dominates the contribution to the bonding. Similar BO
vs. BL or ID for porosity models (P1–P8) are shown in Fig. S3.†
With the increasing porosity, the dispersion in interatomic
bonding becomes more pronounced. The BO value reects the
strength of bonding for each interatomic pair based on their ID
and electronic interaction, including the inuence of the nearby
atoms. From the BO and volume of the structure, we calculate the
TBOD. The higher the TBOD, the more cohesive is the structure of
the alloy.45 The TBOD, which is a quantum mechanical metric,
balances the strength of its interatomic bonding for all the atoms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electronic structure and interatomic analyses for TiNbTaZrMo with no porosity. (a) total and partial density of states, (b) partial charge, (c)
bond order versus interatomic distance, and (d) the contribution percentage of each pair of atoms.

Fig. 3 TBOD vs. porosity% with R2 = 1.
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with the volume of the fully optimized supercell. The ability to
resolve TBOD into PBOD provides much more detailed informa-
tion on the contributions from different pairs. This detailed
information can be demonstrated in Fig. 2d, which features a pie
chart showing the contribution from different pairs. The larger
area or percentage in the pie chart, the more signicant the
contribution to the overall BO. The highest PBOD is from the Ta–
Mo pair in all the cases (see Fig. S4†). Furthermore, the smallest
PBOD in all instances is Zr–Zr, indicating the relatively weak Zr–Zr
bonds. To further evaluate the role of porosity toward the elec-
tronic structures of the models, we have examined the TBOD for
all nine models in Fig. 3. The TBOD shows a particularly good
linear regression model (R2 = 1). This feature suggests that TBOD
can be utilized as a direct means to assess the effect of porosity.

Lattice distortion and impacts

A signicant implication of the detailed interatomic analysis
provides an opportunity to investigate the LLD in HEAs. The
analysis of LLD in HEAs is a nontrivial process that requires
large accurate data that can only be achieved, using supercell
models and creative methods to accomplish. Our P0 model with
1024 atoms offers accurate quantication of the extent of LLD in
comparison to our previous study using 250 atoms.46

Fig. 4 depicts the pair distribution of all nine models (P0–
P8). There exist 15 different kinds of atomic pairs [see Fig. 2(c)
and S3†] and these pairs form both the 1NN and 2NN. These
1NN and 2NN are tted by Gaussian distribution exhibiting
© 2023 The Author(s). Published by the Royal Society of Chemistry
bimodal characteristics, as shown in Fig. 4. We have also
calculated the full width at half maximum (FWHM) of the two
peaks to quantify the width of the distribution.

P0, a model with no porosity, is a bcc supercell. However,
this optimized structure has a noticeable pair distribution
between two peaks indicating slight distortion. To further
analyze LLD in all porosity models, we rst compare the inter-
atomic distances of 1NN and 2NN. According to the averaged
1NN and 2NN distances shown in Table 1, we notice that
increasing porosity leads to slightly closer 1NN and 2NN. With
RSC Adv., 2023, 13, 36468–36476 | 36471
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Fig. 4 Lattice distortion for nine models (P0–P8). FWHM of the
Gaussian curve fitted to the histogram distribution of two peaks. These
two peaks represent 1NN and 2NN.

Fig. 5 (a) Predicted reduction in the normalized modulus for the
finite-element model compared with experimental data for materials
with porosity between 1 and 10% (adapted from ref. 47) and for
nanoporous gold from ref. 48. (b) The influence of the total porosity on
the elastic moduli of sintered materials: with the experimental data for
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increasing porosity, the distance gaps between 1NN and 2NN
become more closely lled, and the two peaks become less
prominent. This trend indicates a deviation of atoms from their
ideal lattice sites, resulting in local lattice distortion. However,
the slight change in the averaged interatomic distance (see
Table 1) also implies the structural integrity of the HEA for
different porosities. As a result of LLD, the once sharp feature of
TDOS (in P0) exhibit a more gradual transition (in P1–P8).
Additionally, a notable increase in scattering of interatomic
bonding and partial charge is observed.
SiC aggregates, synthetic sandstone, and porous aluminum (adapted
from ref. 49), Al2O3 aggregates, MgO aggregates, MgAl2O4 aggregates,
Ti–Al compacts, and sintered Ti (adapted from ref. 49). (c) The influ-
ence of the total porosity on the normalized bulk moduli of porous
materials with isolated spherical pores is examined, with predictions
from the extended Vavakin–Salganik model (solid line), and the
experimental data for the materials adapted from ref. 49.
Discussion

In this study, the TiNbTaZrMo (P0) supercell model with
a substantial 1024 atoms effectively simulates a wide range of
porosity. The porosity percentage and volume for the models
ranges from 2% to 33.64% and from 232.11 Å3 to 4719.92 Å3,
respectively. Using these models, we have extensively studied
their effect in terms of the electronic structure, interatomic
bonding, LLD, and mechanical properties.
Comparison with experimental data

The elevation in porosity noted within the P1–P8 models
introduces signicant LLD. However, these models still main-
tain structural integrity. As a result of LLD, TDOS loses its
prominent feature. Due to the evident structural disorder, both
36472 | RSC Adv., 2023, 13, 36468–36476
the PC and interatomic bonding become more scattered.
Besides these properties, with the increase in porosity of
TiNbTaZrMo (P0) the mechanical properties such as E, K, and G
decrease gradually. For the validity of our results, we have
compared our mechanical properties to some of the available
porous materials, as presented in Fig. 5. In Fig. 5, we plotted the
normalized mechanical properties from our calculations along
with the normalized data obtained on porous materials,
including various oxides, polymers, and alloys. As a rst
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ball and stick model illustrations with different levels of porosity from P0 to P8. The different level of porosity is achieved by removing
a portion of connected metal atoms in an equal proportion starting with P0 (no porosity) up to P8, which has a large single pore. The gray part
shows the 3D porosity inside each model.

Fig. 7 The volume of the HEA models to the volume of its corre-
sponding pores.
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approximation, the data seems to be aligned quite well into
a general linear model that overall represents the effect of
porosity toward the mechanical properties, including the
Young's and Bulk moduli. This result is highly encouraging for
two main reasons; (1) the fact that our data using a large atomic
model can be potentially used to estimate the property of
porous HEAs and (2) the fact that there is a general similar trend
(at least within the range of porosity that we investigated) for
HEAs that can be employed to further design their mechanical
properties. Certainly, we have only tested the idea on one HEA
composition thus far and therefore further study is still needed.
In addition, the correlation between the decreasing trend of
© 2023 The Author(s). Published by the Royal Society of Chemistry
TBOD with an increase in porosity aligns well with E, K, and G.
This nding strengthens the concept that TBOD can serve as
a straightforward method for evaluating the impact of porosity.

Conclusion

In this article, we have conducted a systematic study to inves-
tigate the mechanical properties of porous biocompatible HEAs
alongside the corresponding electronic structures of the alloys.
The novelty of this work lies in nding the correlation between
the degree of porosity with the reduction in mechanical prop-
erties, especially the Young's modulus that can be established
and further connected to the electronic structure factor in the
form of TBOD. The general trend can also be evaluated within
the context of the reduced mechanical properties of the overall
porous materials. The calculatedmechanical properties seem to
align quite well with experimental data available for other
porousmaterials. Importantly, the ndings of this study opened
another crucial pathway that is related to porous biocompatible
HEAs to include the interactions with bones in the human body
or orthopedic implants, which is an area that is currently less
addressed in large-scale computational modeling.

Methods
Model construction

The cubic supercell of the conventional bcc lattice is used to
construct the biocompatible HEAs based on the random solid-
RSC Adv., 2023, 13, 36468–36476 | 36473
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solution model (RSSM). The size of the supercell in the present
work is 2 × n3 grid with n = 8, which results in 1024 atoms in
the bcc supercell. This grid size is necessary to account for large
porosity in computational HEAs, which is different from those
used in the SQS structure in the simulations that is usually
much smaller. In the present work, the RSSM of transition
metals was statistically distributed32,46,50 with the 1NN and 2NN
taken into account for each atom in the bcc lattice.

The use of a large supercell is essential and conducive for
designing biocompatible HEAs and investigating detailed elec-
tronic structures and bond analysis. Five refractory atomic
species of Ti, Nb, Ta, Zr, and Mo at an equal percentage were
selected and distributed randomly at the lattice sites of the
supercell with periodic boundaries. The non-porous HEA, P0,
contains 1024 atoms. The initial lattice constant for the super-
cell is obtained from the scaled average of the crystal-lattice
constant for each atom.

Structural relaxation

The initial supercells for HEAs are fully optimized, using the
Vienna Ab initio Simulation Package (VASP).51,52 VASP is a plane-
wave-based DFT method using pseudopotentials. A projector
augmented wave (PAW) potential with a Perdew–Burke–Ernzerhof
exchange–correlation functional within the generalized gradient
approximation (GGA) is used.53 VASP is very efficient for structural
optimization and elastic-properties calculations. Energy cutoff for
the plane-wave basis was set at 500 eV. The electronic and ionic
force convergences for geometry optimization were set at 10−5 eV
and 10−3 eV Å−1, respectively, and with a single k-point mesh. The
lattice parameters for the nal optimized structures of the
biocompatible HEAs TiNbTaZrMo are listed in Table 1.

Porosity introduction

From the fully optimized non-porous initial random solid solution
TiNbTaZrMo HEA model P0, eight models with different porosity
were designed. These eight models P1 to P8 have 2.6%, 5.1%,
9.5%, 15.8%, 19.4%, 24.6%, 29.6%, 33.4% porosity, respectively,
as shown in Table 1 and Fig. 6. The pore percentage of these eight
HEAs were determined, based on the Platon program,54 using the
van der Waals radii for the elements. The pores were intentionally
designed to align with biomedical applications by initially
removing between 5 and 50 atomic percent. However, aer the
optimization, the volume of pores decreased somewhat as listed
in Table 1. Table 1 also displays the pore-surface area, lattice
parameters, volumes of themodels, with the averaged interatomic
distance for the 1NN and 2NN. As expected, increasing the
percentage of pores leads to a decrease in the system volume, as
presented in Fig. 7. However, the reduction is not signicant even
though the volume of the structure was optimized during relaxa-
tion. For instance, the volume of P1 (P8) is 1% (13%), which is
smaller than P0. The outcome of this reduction can be seen clearly
in the interatomic bonding, where the values of 1NN and 2NN are
slightly smaller than the non-porous HEAs (see Table 1). Details
on interatomic bonding are discussed in the Results sections—
electronic structure and bonding, and lattice distortion and
impacts.
36474 | RSC Adv., 2023, 13, 36468–36476
Mechanical properties

The VASP method was used to determine the elastic constants
and mechanical properties of the HEA. The stress–strain
method, which is the most popular method of calculation, was
used based on a response analysis scheme.55,56 A small strain 3

(±0.5%) was applied to the fully relaxed supercell to obtain the
elastic coefficients, Cij, and compliance tensor, Sij (i, j = 1, 2, 3,
4, 5, and 6) by solving the following set of linear equations:

si ¼
X6

j¼1

Cij3j (1)

From the elastic coefficients and compliance tensor, the bulk
modulus (K), shear modulus (G), Young's modulus (E), and Pois-
son's ratio (h) were obtained using the Voight–Reuss–Hill (VRH)
polycrystalline approximation.57–59 Due to the distorted bcc
symmetry within a supercell of the HEA aer full relaxation, the
elastic constants, C11, C12, and C44, were obtained using eqn
(2)–(4).60

C11 ¼ C11 þ C22 þ C33

3
(2)

C12 ¼ C12 þ C23 þ C13

3
(3)

C44 ¼ C44 þ C55 þ C66

3
(4)

Electronic structure and interatomic bonding

An in-house developed DFT-based method, known as the orthog-
onalized linear combination of the atomic orbitals (OLCAO),61,62was
used for the electronic-structure and interatomic bonding calcula-
tions. The fully optimized structures from VASP were used as input
in OLCAO. OLCAO utilizes atomic orbitals for the basis expansion.
For this study, amore localizedminimal basis set, which consists of
the core orbitals and the open shell of valence orbitals, was used.
One of the main parameters calculated from the OLCAOmethod is
the effective charge, which can be estimated via eqn (5). The devi-
ation of the effective charge (Q*) from the neutral charge (Q0)
provides a partial charge (PC),DQ=Q0−Q*. The neutral atom,Q0,
is also known as the VEC. The VEC is a xed quantity for each
element in the periodic table regardless of its environment.

The accurate determination of PC is signicant in under-
standing several properties and functionality of RSS materials,
including their bonding. This signicance arises from the multi-
component nature of the HEAs, which consist of transition-
metal elements with different 3d, 4d, and 5d-electron occupa-
tions. The importance of the effective charges has been demon-
strated in recent publications.32,46,50 In addition, the bond order
(BO) values, rab, between each neighboring atoms (a, b) were
calculated, based on theMulliken population analysis scheme:63,64

Q*
a ¼

X

i

X

n;occ

X

j;b

C*ia
nCjb

nSia;jb (5)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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rab ¼
X

n;occ

X

j;b

C*ia
nCjb

nSia;jb (6)

In the above eqn (5) and (6), Sia,jb are the overlap integrals
between the ith orbital in the ath atom and jth orbital in the bth
atom. Additionally, Cjb

n are the eigenvector coefficients of the
nth band for the jth orbital in the bth atom. The concept of BO
between a pair of atoms (eqn (6)) measures the strength of the
bond between atoms, a and b, with a specic inter-atomic
distance. The BO value of a pair of atoms is inuenced by the
size of all the nearby atoms. Thus, the summation of all BO
values normalized by the cell volume gives the TBOD. This
TBOD, therefore, is a single metric that can assess the internal
cohesion in the crystal,45 but it can also be interpreted in RSS
models. Furthermore, the TBOD can be resolved into partial
components (PBOD) to identify the contribution of different
pairs of atoms in the TBOD.
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