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ABSTRACT: Borides are extensively employed in applications
demanding exceptionally high hardness, which arises from the
unique and strong crystallographic arrangement of boron atoms
therein. Addition of multiprincipal elements in borides is expected
to enhance their structural properties due to lattice distortion and
high configurational entropy. In contrast, we unravel a phenom-
enon of elastic softening in refractory multicomponent borides
from first-principle predictions, which concur with experimentally
determined metrics in their single-phase multiprincipal element
counterparts. The reductions in the bulk and Young’s modulus of
these compounds are attributed to the lengthening and distortion
of the boron—boron bonds and angles, but more critically to the
perturbation in the charge densities arising from the different
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cations and the consequential increase in statistical weights of the d° configuration states of the transition metals present in the

boride..

B INTRODUCTION

Borides, an intriguing class of materials composed of boron
and another element (typically a metal), are noted for their
extraordinary high hardnesses.' ™ A subset of this family,
refractory metal borides, derives their elevated hardness from
the crystallographic arrangement of the boron atoms and the
strong covalent bonds between them. Predominantly, borides
of refractory metals assume a hexagonal close-packed (HCP)
lattice structure characterized by compactly organized layers of
atoms held together by strong covalent bonds.””” The boron
atoms in a typical crystal are situated thus to form a strong
three-dimensional network, while in metal borides, a cage-like
atomic arrangement, a.k.a. a boron cluster, surrounded by
metal atoms has been reported.*”®*7'° Such unique
configurations enable borides to resist deformation under
high pressures and temperatures, achieve a high melting point
and enhanced stability at elevated temperatures, and be
resistant to thermal shock under extreme conditions.”'""*
Given such remarkable material properties, borides are widely
employed for cutting tools, wear-resistant coatings, and high-
strength structural components, e.g, in aerospace.‘"12 When
multiple different elements in near-equiatomic proportions
occupy the nonboron sites instead of just a single species, the
compound is termed as a multicomponent or “high-entropy”
boride."*™"> The latter term has its genesis from high-entropy
alloys, so-called because of the enhanced material stability that
is attributed to their high configurational entropy of
mixing,'7
© 2023 The Authors. Published by
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The extent of hardening in metal borides depends on two
key parameters, viz., intrinsic and extrinsic hardening factors."®
While intrinsic hardening is influenced by the metal-to-boron
ratio and the arrangement of boron atoms, extrinsic effects
emerge at the microstructural scale and involve the grain size,
number of crystallographic phases, as well as segregations
present in the material. Multicomponent borides generally do
not form a single phase (see Supporting Information) and are
contaminated with impurities like oxides and B,C,"" ™’
promoting segregation at the grain boundaries and hence an
increased hardness due to the foregoing extrinsic effects. In
contrast, and notably so, we find that single-phase multi-
component borides have lower hardness than their precursor
counterparts.' "**7*" Here, we examine the fundamental
mechanisms associated with the intrinsic factors for hardness
reduction in multicomponent borides. While the literature
extensively reports on diborides, we expand our analyses to
monoborides and dimetal borides as well. Employing first-
principles calculations, we compute the hardnesses of two
single-phase diborides reported in the literature and compare
our predictions against those of the precursor materials. Our
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Figure 1. Crystal structures of (a) W,B; (b) (CrMoTaW),B; (c) WB; (d) (CtMoTaW),B; (e) WB,; (f) (CrMoTaW),B, are illustrated with green,
gray, golden, blue, and purple atoms representing boron, tungsten, tantalum, chromium, and molybdenum, respectively. (g) Thermodynamic
convex hull of W—B and the multicomponent (CrMoTaW)—B (denoted as MCB) system are reproduced from the formation energies per atom for
the structures shown in (a—f). (h) Total formation energies of fully relaxed borides in (a—f) are listed.

results, elaborated below, reveal for the first time that
distortion of boron—boron (B—B) bonds and perturbation in
charge densities due to metal atoms are the root causes for
such hardness decrement.

B RESULTS

The crystal structures and the corresponding formation
energies per atom for tungsten (W) and multicomponent
borides are displayed in Figure la—f. The total formation
energies in Figure 1h indicate that multicomponent borides/
diborides are higher relative to their corresponding W
counterparts with an equal mole fraction of boron; we
attribute this result to the formation energies of Cr (—11.93
eV), Mo (—10.33 eV), and Ta (—11.73 V) being higher than
those of W (—13.27 eV). Nonetheless, the formation enthalpy
AE = E(AxByCz) — xE(A) — yE(B) — zE(C) derived from the
differences of elemental energies from that of the compound
proves that the multicomponent borides are thermodynami-
cally more stable compared to W-borides. This prediction is
corroborated by the convex hull diagram presented in Figure
1g. The enthalpies for WB and WB, are —0.207 and —0.193
€V/atom, while for (CrMoTaW) ;B and (CrMoTaW),B,, they
are —0.270 and —0.262 eV/atom, respectively. We note that
monoborides are energetically most favorable, and a similar
trend is reported in the literature,”* ** while thermodynami-
cally, the formation energy of multicomponent diborides is
nearly equal to that of the multicomponent monoboride. As
the mole fraction of boron increases, the distance between W
atoms increases and the B—B bond length decreases. For
optimal (high) stability, all pairwise bonds among the elements
of a compound must be strong; this condition is met only
when both W—W and B—B bonds are of intermediate length,
and hence monoborides are rendered usually more stable

7512

relative to other stoichiometric borides. We note that the
increase in energy due to the chaotic charge distributions
among cations and boron atoms in multicomponent
monoborides is not significant. Hence, their enthalpy of
formation is similar to that of multicomponent diboride that
has a distorted but strong B—B bond. The predictions also
indicate that (CrMoTaW),B and W,B are the least stable
compounds among the examined materials.

Figure 2 illustrates the variation of bulk modulus, shear
modulus, Young’s modulus, and hardness as a function of the
mole fraction of B. In general, the magnitudes of all the
structural properties increase with increasing concentrations of
B in both W and multicomponent borides. Since bulk modulus
is directly related to the bond strength of elements, a notable
drop is recorded only for the bulk modulus when the chemistry
changes from WB to WB,, possibly due to variations in bond
strength. Nonetheless, the corresponding predictions are
similar for the multicomponent borides (MCBs), i.e., 273.06
GPa for (CrMoTaW);B and 272.87 GPa for (CrMoTaW),B,.
This negligible change in the bulk moduli of the MCBs is
attributed to the nonuniformity in the charge concentrations
caused by different cationic species, which enhances the
interactions between the boron layers and the metal cations.

Shear modulus, Young’s modulus, and hardness of multi-
component borides increase with increasing fraction of B in the
compound but are consistently lower than their W counter-
parts (~2—3 GPa for shear modulus and hardness, ~20—30
GPa for Young’s modulus). Nonetheless, the trends in the
variation of these structural properties suggest a degree of
elastic softening of the multicomponent borides. For instance,
the increase in bulk modulus for both types of borides is
significantly large, ranging from ~50—80 GPa. The extensive
differences arise from the inclusion of various cationic species
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Figure 2. Structural properties (in GPa) for W and multicomponent borides with variations in B mole fraction are presented: (a) bulk modulus;
(b) shear modulus; (c) Young’s modulus; and (d) hardness. The plots reveal an enhancement in the structural properties with an increase in B
concentration, while the properties of the multicomponent borides are consistently reduced from the W counterparts.

Table 1. Simulated Borides and the Corresponding Elastic Tensor Constants (C,;, Cy,, Cy4y and Cg), Minimum Eigenvalue
(Amin) of the Elastic Tensor Matrix, and Elastic Moduli Are Listed

compound Cy (GPa) Cy, (GPa) C,, (GPa)
(CrMoTaW),B 446.92 140.62 161.79 137.93
W,B 546.02 205.32 147.12 171.99
(CtMoTaW),B 493.67 164.79 200.32 238.75
‘WB 553.50 231.85 219.15 246.16
(CtMoTaW),B, 55872 125.74 222.13 220.74
‘WB, 598.20 145.39 224.90 226.90

135.02
147.12
197.97
219.20
217.28
22491

Ces (GPa) Ay, (GPa) bulk modulus (GPa) Shear modulus (GPa) Young’s modulus (GPa)

246.63 153.66 381.71
326.87 156.25 404.31
273.06 192.31 467.24
339.05 197.63 496.41
272.87 223.01 525.79
321.78 225.18 547.77

in the supercell, perturbing the charge distribution in the lattice
structure and making it soft and susceptible to compression.
The dissimilarities in the atomic radii of the cations cause the
bond lengths to be irregular and the bond angles to be
distorted. Also, variations in the principal quantum number
and valence electron configuration in the d-shell of the cations
disrupt the bond characteristics and initiate a polarity. During a
shear deformation, the in-plane layer of B atoms maintains the
lattice structure intact; however, the disparity between W and
multicomponent borides is driven by the distortion in the
bond angles and lengths produced by the different cations.
Table 1 lists the elastic tensors C;;, C;5 C,4 and Ceg
together with the minimum eigenvalue (4,;,) in the elastic
tensor, Young’s, shear, and bulk moduli. The variations in the
elastic tensor constants underline the root causes that
contribute to changes in the elastic moduli. We note that the
tensor constants for W and multicomponent borides vary
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between 100 and 40 GPa for C;;, to 60—25 GPa for C;,, and
~20 GPa for Cyy. Such differences indicate that softening due
to planar loading is more pronounced relative to shear loading.
Shear strength is governed by the attractive forces between the
interatomic layers of B and the metal cations. Thus, one can
infer that the interatomic distances between B atoms in
successive layers of a multicomponent boride are less impacted
than those bonds colocated on a plane. Since elastic constants
are determined in the elastic regime and hardness is measured
from plastic deformation, it is nontrivial to correlate elastic
tensor and hardness. The eigenvalues of an elastic tensor are
independent of each other and are reflective of the material’s
ability to resist deformation under independent elastic
modes.” Hence, hardness is governed by the softest elastic
mode irrespective of the magnitude of the elastic constants—a
typical bucket effect where a chain is as strong as its weakest
link. Here we note that the ratio of hardness presented in

https://doi.org/10.1021/acs.chemmater.3c01086
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Figure 3. (a) Poisson’s ratio of multicomponent and W borides as a function of the mole fraction of boron. (b) Correlation between the Pugh ratio
(G/K) and Cauchy’s pressure normalized by Young’s modulus (E) for the borides distributed across the ductile (1) and brittle (2) regions. The
discontinuous vertical (red) line corresponds to G/B = 0.57, and the horizontal (blue) discontinuous line highlights the Pettifor criterion where

Cip=Cyy = 0.

Figure 2d and corresponding A, in Table 1 lies between 0.13
and 0.17.

Poisson’s ratio decreases linearly with an increase in B mole
fraction, and that for multicomponent borides is consistently
lower than that for their W counterparts (Figure 3a). This
result substantiates the importance of probing the elastic
tensor and the elastic constants. Poisson’s ratio is the quotient
of transverse strain due to axial load to the axial strain on a
crystal and can be computed from a ratio of the difference of
multiples of K (bulk modulus) and G (shear modulus) to the
sum of multiples of K and G. From Table 1 and Figure 2, we
note that the reductions in G for multicomponent borides
(compared to W borides) are trivial relative to corresponding
reductions in K, and hence the Poisson’s ratio for multi-
component borides is lower than their W counterparts.
Physically, if one is to load both types of corresponding
borides by an identical axial weight (within the elastic limit),
the axial strain in multicomponent borides will be lower (Cy;
and K are smaller) compared to W-borides; on the other hand,
the transverse strain due to the axial load will be limited owing
to the relatively less variations in C,, and G. Thus, axial
yielding in multicomponent borides is more extended under
similar loading conditions as compared to W borides, while
variations in transverse yields are insignificant, decreasing the
Poisson’s ratio for multicomponent borides. This finding
suggests that the low Poisson’s ratio of multicomponent
borides renders them desirable for applications that necessitate
restricted shape variation in the transverse direction in
response to tensile or compressive stress along the longitudinal
direction.

Figure 3b exhibits Young’s modulus normalized Cauchy
pressure as a function of the Pugh ratio (G/K), with region (1)
indicative of a ductile material with predominantly metallic
bonding and region (2) representative of brittle materials
dominated by covalent bonding. A low Pugh ratio and high
Cauchy pressure corroborate a ductile behavior, albeit with
notable exceptions, e.g, materials such as NbCr, with Laves
phases. Crucially, these metrics do not consider the effects of
crystal structure or anisotropy and offer a general guideline for
assessing material ductility. Nevertheless, borides being
extremely brittle, the distortion in bond lengths and angles
reduces K more than G due to the “caging” effect of boron

‘min
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layers, and hence the Pugh’s ratio assumes a relatively higher
value for multicomponent borides.

Upon a deeper evaluation of the relaxed boride supercells,
we find significant elongation and distortion in B—B bond
lengths and angles for multicomponent borides (Table 2). The

Table 2. Variations in Boron—Boron Bond Lengths and
Bond Angle Distortions for W and Multicomponent Borides

bond length
compound (A) bond angle (deg)
(CrMoTaW),B  2.62-2.91 177.44—182.56
Ww,B 2.398 180
(CtMoTaW),B  1.85 114.04—118.14
WB 1.81 120.195
(CrMoTaW),B, 1.838—1.841  113.778 buckled boron
layer
1.728—1.741  distortion by 1° planar boron layer
WB, 1.824 111.69 buckled boron
layer
1.743 120 planar boron layer

degree of distortion increases with increase in mole fraction of
metal cations. The percentage elongation in bond length for
(CrtMoTaW),B ranges between 9.25 and 21.35%; for
(CrMoTaW),B, it is 2.21%; and for (CrMoTaW),B,, the
variation is 0.77—0.93%. The distortion in the bond angles
follows a similar trend, being approximately 2.5, 2—4, and 1°
for (CrMoTaW),B, (CrMoTaW);B, and (CrMoTaW);B,,
respectively.

The bond angle distortion in a compound impacts its
hardness. In general, a compound with a higher symmetry and
an ordered arrangement of atoms will be harder than one with
distortions because a symmetrical atomic configuration results
in stronger chemical bonds, making deformation more
difficult.”>*~>* When bond angles are distorted, the disorder
in the crystal structure promotes relatively weaker chemical
bonds and a softer material. When the degree of bond angle
distortion increases, an enhanced disorder renders the material
susceptible to deformations. Additionally, an increased bond
angle distortion contributes to increased defects that further
weaken the chemical bonds and soften the compound.
Likewise, while shorter bond lengths enable stronger chemical

https://doi.org/10.1021/acs.chemmater.3c01086
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Figure 4. 3D visualizations of Young’s modulus (GPa), linear compressibility (TPa™"), shear modulus (GPa), and Poisson’s ratio for tungsten and
multicomponent borides. (al, bl, cl, dl, el, and f1) reproduce Young’s modulus for W,B, (CtMoTaW),B, WB, (CtMoTaW),B, WB,, and
(CrMoTaW),B,, respectively; (a2, b2, c2, d2, 2, and f2) are 3D visuals of linear compressibility for W,B, (CtMoTaW),B, WB, (CrMoTaW),B,
WB,, and (CrMoTaW),B,, respectively; (a3, b3, 3, d3, e3, and f3) depict 3D visualization of shear modulus for W,B, (CtMoTaW),B, WB,
(CtMoTaW),B, WB, and (CrMoTaW),B,, respectively; (a4, b4, c4, d4, and f4) present pictorial versions of Poisson’s ratio for W,B,
(CtMoTaW),B, WB, (CrMoTaW),B, WB,, and (CrMoTaW),B,, respectively.

bonds, impeding deformation and hardening the material,***°
below a threshold, extremely short bonds cause the compound
to be prone to brittle failure. Variations in bond lengths direct
to lattice distortions that is typically considered to enhance
structural properties in high-entropy and multiprincipal
element materials.**~** In contrast, here we find that distortion
in the lattice structure of the borides is potentially detrimental
to their mechanical properties and contributes to softening.
Next, we examine elastic anisotropy through a 3D pictorial
representation of the elastic properties of the borides (Figure
4). For an isotropic material, the visualization renders a
spherical shape denoting a limited dependence on the
direction of loading, while distorted spheres are characteristic
of anisotropy. The blue and green curves reflect the maximum
and minimum estimates of the shear modulus and Poisson’s
ratio, respectively. Among dimetal borides, multicomponent
materials display higher anisotropy, while W,B is near-ideal
isotropic with slight deviations. The cuboidal 3D representa-
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tion for Young’s modulus of (CrMoTaW),B suggests
symmetric effects with a high degree of anisotropy, while the
linear compressibility for both W and multicomponent borides
is isotropic. W,B assumes low anisotropy in shear modulus and
Poisson’s ratio, unlike (CrMoTaW),B, which is strongly
anisotropic. We correlate the variations in Young’s modulus,
shear modulus, and Poisson’s ratio of (CrMoTaW),B to the
distorted bond angles, nonuniformity of bond lengths, and the
cumulative effect of electronic environments generated by Cr,
Mo, Ta, and W atoms. The presence of multiple principal
elements distorts the symmetry and produces several nonzero
elements in the elastic tensor, which in turn enhances the
anisotropy. (CrMoTaW);B and WB follow similar directional
characteristics for their structural properties. The maximum
and minimum surfaces for the shear modulus and Poisson’s
ratio are predominantly anisotropic, as noted from a
completely distorted surface. Now, diborides have isotropic
Young’s modulus with a higher value along the z direction and

https://doi.org/10.1021/acs.chemmater.3c01086
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linear compressibility like the above-discussed borides with
higher values in the xy plane. The Poisson’s ratio of WB, is
higher in the z direction, although (CrMoTaW),B, has a
distorted surface. Young’s modulus assumes a higher
magnitude in the z direction due to the presence of boron
layers in the xy plane; these layers also contribute to increases
in the linear compressibility along that plane and reduce it
along the orthogonal z direction. The effect of buckled boron
layers is noted from the distortion in Poisson’s ratio, whereas
variation in bond lengths and angles will induce the strains to
be nonuniform along the perpendicular directions.

Most multicomponent borides have heterogeneities consist-
ing of B,C, graphite, (Zr/Hf)O,, and segregates of unitary or
mixed-phase borides."”™*’ These heterogeneities emerge at
grain boundaries and improve the structural properties relative
to those of their single-phase counterparts. These impurities
get impregnated during material synthesis, typically via
mechanical alloying and sintering of metal oxides in the
presence of B,C. Monitoring and precise control of the
proportion of such impurities is challenging; hence, estimating
the hardness of a pure single-phase material devoid of grain
boundary segregations is difficult and requires optimal
synthesis methods that minimize exposure to oxide and
carbonaceous contents.'"****731* A widely reported multi-
component boride (Hfy,Zry,Tay,Nby,Tiy,)B, has been
reported to possess hardness between 16.4 and 25.4 GPa
from experimental measurements,'*>"*>242%3144746 with g
single phase chemistry assuming 16.4"° and 20.9 GPa™ per the
literature. Similarly, the hardness of another multicomponent
boride (Hfy,Zry,Tiy,Ta9,Cry,)B, is recorded to range from
19.9 to 29.3 GPa, while its single-phase structures have a
hardness between 19.9 and 25.4 GPa.'****”*" A case in point
is that single-phase multicomponent borides have a lower
hardness relative to their precursor metal diborides.

From first-principle predictions in the literature, we note
that the mechanical properties for (Hfy,Zr,,Ta,,M;,Tiy,)B,,
where M = {Nb, Mo, and Cr}, are typically reduced or nearly
equal to those of the constituent metal diborides; this
difference is more pronounced for the bulk modulus as only
ZrB, and TiB, assume slightly lower values relative to the
MCBs."”” In the case of shear moduli, only MoB, and CrB,
have lower magnitudes as compared to the MCB with the
lowest shear modulus. Also, Qiao et al. validate our hypothesis
by virtual crystal approximation method.*® Structural proper-
ties of (TiZrHfNbTa)B,, (TiZrHfNbMo)B,, (TiZrHfTaMo)-
B,, (TiZrNbTaMo)B,, and (TiHfNbTaMo)B, multicompo-
nent borides have been compared with those of single principal
component borides.*” The results have suggested that the bulk
modulus of all the multicomponent borides is inferior to that
of NbB,, TaB,, and MoB,. Kavak et al. predict the hardness of
(HfTiWZr),B, from first-principle calculations to be 30.99
GPa,19 which is less than the theoretical/experimental (36/
35.5 GPa) hardness value of TiB,.°”*" In the same vein,
molecular dynamics simulations of (Tiy,Zr,,Hfy,Nby,Tay,)
B, using deep learning potentials® have resulted in values akin
to the experiments and density functional theory (DFT)
calculations. In a recent study, we find multicomponent
silicides to exhibit a similar trend of reduction in bulk modulus
from unitary to quinary disilicides.”® Overall, the indicators in
the literature strongly corroborate and robustify our hypothesis
about the phenomenon of elastic softening in multicomponent
borides. We perform DFT computations for two multi-
component boride compositions reported in the literature to
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substantiate our premise. For (Mog,Zry,Tay,Nby,Tig,) B, "
the theoretical hardness is 37.41 GPa, while we predict the
hardness of TiB, from our calculations to be 40.24 GPa.
Similarly, for (TiVZrHf)Br,’® the DFT prediction for
hardness is 36.98 GPa, which is lower than that for TiB,.
We select cations with similar electronic states to ensure a
minimal change in the chemistry of the compound. Increase in
the number of d° states destabilizes the sp* hybridization in
planar boron layers due to the localization of electrons and
hence is detrimental to the predicted structural properties.'
Although the cations Cr, Mo, and W have a similar outer shell
electronic configuration with an increasing number of principal
quantum states, we note a significant distortion in the
distributions of the charge densities, elucidated from the
juxtaposing charge densities obtained from Bader charge
analysis (Figure S). In Figure Sa,b, the charge density around

(CrMoTaW),B
© Boron

o Tungsten

° Chromium

o Tantalum

o Molybdenum
w,B

(CrMoTaW),B

Figure S. Bader charge analysis of W and multicomponent borides.
(a) WB, supercell displaying a uniform charge distribution around the
B—B layer and metal atoms; (b) (CrMoTaW),B, shows a significant
amount of charge localized around metal atoms; (c) WB exhibits
similar behavior as WB,; (d) (CrMoTaW),B produces an increment
in charge densities around metal cations; (e) W,B has uniform bonds
with similar charge densities; (f) (CrMoTaW),B reproduces non
uniformity and chaos in the charge distribution and density.

the metal cations in WB, is uniformly distributed, while for
(CrMoTaW),B,, it is nonuniform, i.e, the charges are
concentrated around chromium; also, the charge that is
localized at the center of the planar boron layer in WB, is
delocalized in the case of (CrMoTaW);B,. This result implies
a significant rise in the statistical weight of d° states in
transition metals and a distortion in the sp> geometry of the
planar boron layer. In the case of monoborides, presented in
Figure 5c,d, we observe a similar behavior; in contrast to the
charge that is localized around B—B bonds in WB, in
(CtMoTaW),B there is an increase in charge densities around
the transition metal atoms. In monoborides, the statistical
weight of d° configuration states is even greater relative to
(CrMoTaW),B,. In Figure Sef, the difference is even more
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explicit as we characterize ordered and symmetrical bonding in
W,B and a rather electronic chaos in (CrMoTaW),B. Notably,
this electronic disruption is the primary reason for the largest
reduction of the bulk modulus. Here, the statistical weight of d°
configuration states for the transition metal atoms increases
drastically, which delocalizes electrons from the B—B bonds,
thereby weakening them. Closing the loop, we can now
correlate this observation with the lengthening and angular
distortions of B—B bonds reported above in Table 2. The
increase in bond lengths is attributed to the weakening and
delocalization of charges from the B—B bonds.

The trend in the variation of the structural properties
concurs with the differences in the charge distribution on W
and multicomponent borides. As the stoichiometric coefficient
of boron increases and the electrons are transferred to the
boron sublattice, the primary function in the electronic
structure of the compound is now performed by the sp states
of boron and B—B bonds. So, with an increase in the boron
mole fraction in the boride, the B—B bonds become shorter
and require additional electron donor atoms in the compound.
Given that B—B bond behavior controls the response to
external stimulus, their formation through sp® hybridization
results in a stable and saturated electronic structure like that
found in graphitic layers. Thus, sp> hybridization serves as the
backbone of transition-metal borides. The B—B bond is a
strongly directional covalent bond and is resistant to
deformation/dissociation even under extreme loads. However,
the softer elastic properties of multicomponent borides are
related to disruption of the lengthened B—B bonds under
stress. The weakness of the covalent bond is due to a limited
transfer of electrons to the boron layer, reducing the
directionality of the B—B bonds. The electrons are not
completely centered between the two boron atoms but rather
deviate from the boron layer. This type of sp* hybridization
results in a distorted electron center as the hybrid orbital forms
at an angle rather than a straight line. The distortion of the sp*
hybridization in B—B bonds in multicomponent borides is
ascribed to the boron atom having only three valence electrons
that is insufficient to create strong sp> covalent bonds between
boron atoms as well as for metal-boron bonds."***
Additionally, in the case of multicomponent borides, the
transition metal atoms withhold even more electrons
compared to when only W is present in the lattice. A
limitation of electrons not only decreases the strength of the
bonds but also impedes the mechanics of the material. Hence,
the weakening of the B—B bonds is caused by a deficiency of
electron transfer.

Bl DISCUSSION

We employ first-principles calculations to probe the phenom-
enon of elastic softening in refractory multicomponent a.k.a.
“high entropy” borides. Our predictions reveal that the mole
fraction of boron imparts a strong contribution in enhancing
the structural properties of multiprincipal element borides.
Although the (CrMoTaW)-based refractory borides consid-
ered herein have a higher total energy, the lower formation
energies of individual dopants render them thermodynamically
more stable relative to the W borides. Our results assert that
lattice distortion in multicomponent borides perturbs B—B
bonds, contributes to elastic softening, and suppresses
structural properties. On the other hand, shear modulus is
relatively less impacted because it depends on a plane of shear
that is usually aligned with the boron layers in the lattice. The

7517

hardness is directly governed by A, corresponding to the
softest elastic mode. However, due to the lengthening of the
bonds and angular distortions, the boride becomes more
compressible, resulting in a higher reduction in bulk and
Young’s moduli. All refractory multicomponent boride samples
examined here assume reduced elastic modulus, elastic tensor
eigenvalues, and hardness compared to their W counterparts.
The elastic properties and hardness of single-phase multi-
component borides reported in the literature are validated
through our calculations, which corroborate the elastic
softening due to an increase in B—B bond length that weakens
the covalent bond strength.

Most remarkably, single-phase refractory multicomponent
borides do not experience ultrahigh hardness relative to their
unitary counterparts, contrary to the literature on high-entropy
alloys that suggest lattice distortion, configurational entropy,
and the cocktail effect promote elevated structural properties.
In comparison to the “high” entropy of atomic configuration,
the statistical weights of electronic configurational states are
vital to the stability and structural properties of refractory
multiprincipal elements in borides. A scrutiny of the bond
chemistry of anions in borides can enable a designer selection
of cations to produce multicomponent borides with targeted
properties.

B METHODS

Density Functional Theory. Vienna ab initio Simulation Package
(VASP) together with the Vaspkit is used to perform the DFT
calculations.”®” The ATAT*® enabled MCSQS technique is adopted
to create the (random) supercells of the multicomponent borides.
Electronic configurations [He] 2s* 2p', [Ar] 3d° 4s/, [Kr] 4d° Ss',
[Kr] 4d° 5s', [Xe] 4f* 5d° 65%, and [Xe] 6s' 4f'* 5d° are used to
represent B, Cr, Ta, Mo, Ta, and W, respectively. Projector-
augmented wave function (PAW) pseudopotentials are used to
describe the core electrons.” Using 0.1 eV for the gamma parameter,
the Perdew—Burke—Ernzerhof (PBE) parametrized generalized
gradient approximation (GGA) exchange correlation functional is
employed with the Methfessel—Paxton smearing scheme.””®' An
energy cutoff of 400 eV is considered for the planewave expansion.
For integration of the Brillouin zone, a K-point mesh with an accuracy
level of 0.02 is generated using the Monkhorst—Pack method.> A
convergence criterion between two iterations is set at 107° eV to
resolve the Kohn—Sham equations by a self-consistent field
procedure. Several relaxation steps (with ISIF = 2 and 7, alternatively)
are performed to fully relax the supercell volume and the atom
positions, separately.

The second-order elastic tensors (SOET) are computed using the
finite difference method on the Hessian of the total energy with
respect to the positions of the atoms. Within the linear elastic zone,
Hooke’s law assumes the form 6; = Cjyey. Here, 6; and & define the

ij
stress and strain second rank tensors, and hence, Cjjy is the fourth

az—U, where U is the

Oe;0ey

strain energy calculated from DFT. Initially, there are 81 tensors for
Cijw but with the symmetry of stress and strain tensors, they are

reduced to 21 tensors.”® To represent the stress and strain tensors as

six-dimensional vectors, we use the following simplified Voigt

notations

rank elastic stiffness tensor. Note that Cyy =

[ Oy yy Ozz yz Oxz/ xy] - [616263646566]’

[ Exx yy €22 yz Exz xy] - [818283848586]

For a simplified representation of the elastic stiffness tensor, we use
Voigt notations accordingly:

Eleven = 1; 22 = 2; 33 = 3; 23(32)
Thus

=4;13(31) = 5; 12(21) = 6.
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The analytical approach described above is applicable to the least
symmetric crystal system of a triclinic structure. However, with
increasing symmetry in monoclinic, orthorhombic, tetragonal,
hexagonal, and cubic lattices, the 21 independent elastic tensors
reduce to 13,9, 7, S, and 3, respectively.63 The inverse of the elastic
tensor matrix produces an elastic compliance matrix, s; = Cj; . To
calculate the polycrystalline bulk and shear modulus, we use Voigt
(represented by subscript V) and Reuss (represented by subscript R)
averaging schemes.

bulk modulus (Voigt),
_ LG+ Cop + Cy3) +2(Ciy + Cos + Gyl
9

Ky

shear modulus (Voigt),

_ [(Cii+ Cyp+ Cyy) = (Ciy+ Gy + Cyy) + 3(Cyy + Cs5 + Co)l
15

Gy

bulk modulus (Reuss),
_ 1
[(s17 + Spp + 533) + 2(s15 + 553 + 537)]

Ky

shear modulus (Reuss),

15
R =
[4(siy + s5p3 + 533) — (s, + 553 + 531) + 354 + 555 + s66)]

Ky + Ky Gy + Gy

The predicted bulk and shear moduli K = and G =
. Additionally, Young’s modulus (E), Poison’s ratio (9), Pugh ratio,

, _ 9KG _ 3K -2G
and Cauchy’s pressure are computed as E = wea = 20ki0)
Pughratio=% and Cauchy’ s Pressure = Cj,—Cyy. Finally, hardness (H)

is determined as H, = 0.1769G — 2.899°* and H, = 0.0635E; H = (H,
+ H,)/2.5

We use MechElastic®® and ELATE®” code to postprocess the elastic
tensors. We used the same DFT model to calculate the mechanical
properties of experimentally reported borides. Differential charge
densities are illustrated using Vesta.*®
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