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Abstract

High entropy diboride ceramics (HEB) are prospective materials for thermal protection systems, 

and high temperature structural materials due to their excellent heat resistance, high temperature 

stability, super hardness, and wear resistance. The efficacy of high entropy ceramics lies in their 

tailorable properties and compositional flexibility. Present study uses first principles methods to 

design tailor made Ti, Zr, Hf, and V based HEBs with enhanced structural, mechanical, and 

thermal stability by tuning the stoichiometry of constituent metals. Thermodynamic phase and 

structural stability of the 18 HEB compositions with varied elemental stoichiometry was confirmed 

from ΔHmix, ΔGmix, enthalpy-entropy parameter and band-filling theory. Vickers’ hardness of 35.72 

‒ 43.22 GPa suggests the super-hardness of studied HEBs. Higher fractions of Ti in HEB 

(Ti0.42Zr0.17Hf0.25V0.17B2 and Ti0.42Zr0.25Hf0.25V0.08B2) favored enhanced hardness while Hf rich 

Ti0.08Zr0.25Hf0.42V0.25B2 showed the highest fracture toughness of 3.65 MPa m1/2. Almost all non-

equiatomic compositions displayed higher melting points (3480 – 3934 K) and 

Ti0.33Zr0.25Hf0.25V0.17B2 exhibited highest melting point of 3934 K. the highest Young's (539 GPa), 

shear (238 GPa), and bulk (246 GPa) moduli exhibited by the HEB having highest Ti and lowest 

V concentration (Ti0.42Zr0.25Hf0.25V0.08B2) advocates remarkable elastic rigidity and superior 

resistance to shape and volume deformation. The findings accentuate the compositional flexibility 

of HEBs and highlight the importance of stoichiometry tailoring to develop HEBs with enhanced 

mechanical, thermodynamic, and structural stability. The present study emphasizes the 

effectiveness and superior properties of non-equiatomic compositions than the widely explored 

equiatomic compositions.

Key Words: High Entopy Ceramics, High Entropy Diborides, First Principles Methods, Thermal 

Barrier Coatings, Super Hard materials, High Melting Materials
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1. Introduction

Ceramic materials, due to their ultra-high melting points (> 3000⁰C), remarkable hardness, 

corrosion and wear resistance, better thermal insulation, and lightweight properties, are always 

preferred over metallic alloys in several applications such as furnaces and high temperature engine 

components, especially when resistance to extreme heat and corrosion is preferred [1]. High 

entropy ceramics (HECs) are solid solutions characterized by high configurational entropy due to 

the presence of four or more metallic cations or non-metallic anions in equal or unequal atomic 

fractions. Since their inception a decade back, HECs are of great interest to researchers due to their 

unique, tailorable, and superior properties [2][3]. The HECs are interesting materials as they 

exhibit enhanced properties than the average of the constituent single metal ceramics. Most of the 

available literature focused on multi-cations (metals) plus a single anion (non-metal) type HECs. 

The single anion type HECs based on oxides, borides, carbides, nitrides, sulfides, and silicides 

were widely reported in literature [1-6]. The HECs, consisting of refractory elements, typically 

exhibit enhanced thermal stability and wear resistance [4]. HECs displaying super hardness (≥ 40 

GPa) are a new class of materials that have attracted major attention due to their wide range of 

applications in wear and corrosion-resistant coatings, cutting tools, abrasives, and high-

temperature applications [1][2][5]. The effect of composition and the atomic fractions of individual 

metals on improving the mechanical properties, lowering thermal conductivity, improving 

hardness, and fracture toughness of high entropy materials is widely discussed in the literature [6].   

High entropy transition metal diborides (mentioned as HEB hereafter), reportedly exhibit 

remarkable mechanical properties such as high hardness, strength, melting points, oxidation 

resistance, and low thermal conductivity, which make them suitable for high-temperature 

applications (>2000 ⁰C) compared to transition metal carbides and nitrides [7][8]. Their 

exceptional properties typically result from the strong interatomic interactions, compositional 

complexity, and configurational disorder as the constituent atoms occupy random lattice sites, 

which results in lattice distortion [9][10][11]. High entropy diborides (HEBs) consisting of metals 

such as Hf, Ta, Zr, Nb, Mo, Ti, have caught the attention of various researchers [9][8]. Liu et al. 

have reported the mechanical and thermal properties of an equiatomic (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)B2 

HEB. They reported that the HEB exhibited fracture toughness of 4.2 MPa m1/2, Vickers hardness 

of 17.7 GPa, and low thermal conductivity at room temperature [8]. Storr et al. reported that the 

Page 2 of 53Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 3

:5
0:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00075D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00075d


3

HEBs (HfZrTiTaMo)B2 and (HfZrNbTaMo)B2 showed Vickers hardness of 38 GPa and 24.4 GPa, 

respectively making them super hard materials [12]. Gild et al. have experimentally studied seven 

equiatomic HEBs such as (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, (Hf0.2Zr0.2Ta0.2Mo0.2Ti0.2)B2, 

(Hf0.2Zr0.2Mo0.2Nb0.2Ti0.2)B2, (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2, (Mo0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, and 

(Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 [13]. They reported that the studied HEBs showed better oxidation 

resistance and hardness compared to the constituent single metal diborides.  

Although various researchers provided theoretical predictions for high entropy ceramics and their 

experimental validation, the research was predominantly limited to equiatomic compositions. The 

experimental or theoretical studies on non-equiatomic high entropy ceramics are very limited in 

open literature. With respect to high entropy diborides, even though HEBs display outstanding 

properties, the underlying fundamentals behind their exceptional properties are not fully 

understood. Therefore, the present study focuses on Ti, V, Zr, and Hf based high entropy diborides. 

To the best of our knowledge, only a single experimental research study is available in the literature 

on this particular HEB combination, which is also of equiatomic type [14]. Feltrin et al. have 

experimentally synthesized equiatomic (Ti₀.₂₅V₀.₂₅Zr₀.₂₅Hf₀.₂₅)B₂ and reported a hardness of 

33.2 GPa, Young's modulus of 466 GPa, and fracture toughness of 4.1 MPa m1/2 [14]. No literature 

is available on the non-equiatomic composition of this type of HEB consisting of Ti, V, Zr, and 

Hf. The constituent metal diborides TiB2, VB2, HfB2 and ZrB2 can be ranked in the following order 

with respect to some key properties: (i) melting point: HfB2> ZrB2> TiB2> VB2 (ii) oxidation and 

corrosion resistance: HfB2> ZrB2> TiB2> VB2 (iii) hardness: HfB2> TiB2> ZrB2> VB2 (iv) elastic 

modulus: HfB2> TiB2> ZrB2> VB2. Considering the properties of pure metal diborides, it is 

interesting to investigate the effect of tuning the atomic fractions of these constituent elements on 

various properties of the resulting HEB. This approach, in a way, optimizes the composition of Ti, 

V, Zr, and Hf based HEB for more tailored properties. Establishing the fundamental rationale 

behind the observed macroscopic properties, such as mechanical and thermal stability of HECs 

based on composition and concentration of individual elements, microstructure, phase stability, 

atomic-level disorder, lattice distortion, cocktail effect, needs a thorough investigation 

[15][16][17]. In the exploratory stage, it will be highly resource-consuming and expensive to 

perform experimental investigation. Furthermore, experimental characterization techniques are not 

capable enough to elucidate the atomic-level complex interactions that govern the properties of 

materials.  Therefore, first principles methods, such as Density Functional Theory (DFT), play an 
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instrumental role in establishing the atomic-level picture of compositional complexity, atomic 

disorder, lattice distortion, and their impact on mechanical, thermal, and chemical behavior. This 

accelerates the innovations of designing new HEC compositions by precisely evaluating the effect 

of the electronic structure on the physical, chemical, mechanical, and thermal properties. The 

novelty of the present study lies in reporting various non-equiatomic HEBs based on Ti, Zr, Hf, 

and V elements, which have superior mechanical and thermal properties compared to the 

equiatomic (Ti₀.₂₅V₀.₂₅Zr₀.₂₅Hf₀.₂₅)B₂ while meeting the solid solution formation criteria.   

2. Computational Methodology 

The crystal structures of the HEBs with varied atomic fractions of constituent metals were 

generated through the Special Quasi-random Structure (SQS) protocol using ATAT as 

implemented in the pipeline pilot of BIOVIA Material Studio software version 2022. While 

generating the SQS, it was ensured that the crystal structure remains nearly cubic lattice (a≈b≈c, 

α≈ β≈ γ≈90o). To achieve this, the 7th nearest neighbor (NN) distance (7.54 Å) was used as a cutoff 

for the pair correlation, and the 3rd NN distance (5.17 Å) was used as a cutoff for the triplet 

correlation. The SQS structures of 18 HEB compositions comprising various atomic fractions of 

Ti, Hf, Zr, and V were generated and are presented in supplementary material S1. Each HEB 

comprised of 72 atoms, in which the number of boron atoms was fixed while the number of metal 

atoms (Ti, Hf, Zr, and V) was changed as per atomic fractions. The HEB structures were 

investigated for electronic, structural, mechanical, and thermal properties using plane wave DFT 

as implemented in CASTEP module of BIOVIA Material Studio 2022 version. Generalized 

Gradient Approximation (GGA) with Perdew-Burke-Ernzerh (PBE) exchange and correlation 

potential was chosen to handle the exchange-correlation potential. OTFG Ultrasoft 

Pseudopotential were used to describe the nucleus-electron interaction. For geometry optimization, 

Broyden-Fletcher-Goldfard-Shanno (BFGS) algorithm was used to get stable structure. For 

geometry optimization of structure, the plane-wave cutoff energy was set at 440 eV. The 

Monkhorst-Pack (MP) method was employed to grid the first Brillouin zone with a 2x2x1 k-point 

mesh in reciprocal lattice space. During the full cell geometry optimization of SQS of HEBs, the 

total energy per atom was made sure to be less than 5.0 x 10-6 eV/atom, and 0.01 eV Å−1 forces on 

a single atom, respectively. The SCF tolerance was set to 5.0 x 10-7 eV/atom. Furthermore, the 
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total stress tensor was reduced to the order of 0.02 GPa, with a maximum displacement of an atom 

to less than 5x10-4 Å. 

The elastic constants of the bulk crystal were calculated using the finite strain method. This 

approach expresses the stress–strain relationship  in the standard Voigt notation of the generalized 

Hooke’s law as σᵢ = Σⱼ Cᵢⱼ εⱼ (i, j = 1–6), where σᵢ and εⱼ represent the stress and strain 

components, respectively, and Cᵢⱼ denotes the elements of the elastic stiffness matrix [15,21]. The 

crystal was subjected to both compressive and tensile strains in the range of −0.7% to +0.7%, with 

six equal increments (−0.007, −0.0042, −0.0014, +0.0014, +0.0042, +0.007). This strain amplitude 

ensures that the deformation remains within the linear elastic regime while providing sufficient 

numerical accuracy for the determination of the elastic constants. The geometries of the six crystal 

structures after applying the deformations were optimized and resulting stresses were used to 

obtain the elastic constants from the Hooke’s law. The cut-off energy for the geometry 

optimization steps required to compute the stiffness matrix calculation was set to 440 eV. Further, 

the convergence threshold for the energy change was set to 1.0 x 10-5 eV/atom, the maximum force 

was set to 0.03 eV/Å, maximum displacement of atoms was set to 0.001 Å−1. The stiffness matrix 

(elastic constants) of all the SQS structures of the 18 HEB compositions were thus determined at 

T = 0 K and P = 0 GPa to study the mechanical properties. The Voigt-Reuss-Hill (VRH) 

approximation was used to calculate the elastic moduli, such as bulk modulus (B), shear modulus 

(G), Young's modulus (E), Poisson's ratio (ν), hardness (Hv), and fracture toughness (KIC), from 

the elastic constants or stiffness matrix (Cij).   

3. Results and Discussion

3.1. Phase Stability 

The thermodynamic phase stability of the 18 HEB compositions was evaluated using various 

parameters such as enthalpy of mixing, entropy of mixing, Gibbs free energy of mixing, and 

enthalpy-entropy omega parameter as defined in equation (1) to equation (4) [18]. 

∆𝐻𝑚𝑖𝑥 = (𝐻𝑡𝑜𝑡𝑎𝑙―∑𝑛
𝑖=1 𝑁𝑖𝐻𝑖) ∑𝑛

𝑖=1 𝑁𝑖                          (1)

where Ni is the number of ith metal diboride unit, Hi is the enthalpy of individual metal diboride, 

and HTotal is the enthalpy of the HEB.
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The configurational entropy of mixing (∆𝑆𝑚𝑖𝑥) provides an estimate for the degree of randomness 

of the constituent metal diborides and signifies the entropy-driven phase stability for the formation 

of a single-phase solid solution. The ∆𝑆𝑚𝑖𝑥 can be calculated as per equation (2) [15,18].

∆𝑆𝑚𝑖𝑥 = ―𝑅∑𝑛
𝑖=1 𝑥𝑖𝑙𝑛𝑥𝑖                            (2)

Where xi is the concentration of the ith metal diboride, R is the universal gas constant.

The thermodynamic potential of phase stability of HEBs was evaluated from the Gibbs free energy 

of mixing (∆𝐺𝑚𝑖𝑥) as per the equation (3) below [15,18].

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 ―𝑇∆𝑆𝑚𝑖𝑥              (3) 

Where T is the temperature. The higher ∆𝑆𝑚𝑖𝑥 indicates that the higher degree of disorder in the 

atomic arrangement which plays a critical role in phase stability of solid solution and also to 

overcome any positive value of the enthalpy of mixing. The enthalpy of mixing should be in the 

range of −15 to +5 kJ/mol for stable solid solutions of high entropy materials. Therefore, a higher 

degree of randomness ensures that the formation of intermetallic phases or phase separation is 

hampered [19].

Another critical parameter that is used to assess the solid solution phase stability of high entropy 

materials is the omega (Ω) parameter which is a function of enthalpy of mixing, entropy of mixing 

and melting temperature as calculated by equation (4) [15-21]. 

Ω =  𝑇𝑚∆𝑆𝑚𝑖𝑥

∆𝐻𝑚𝑖𝑥
(4)

𝑇𝑚(K) = 553𝐾 + 4.51 𝐾
𝐺𝑃𝑎

𝐶11            ± 300K  (5)

Since the lattice parameters of pure diborides have a=b≠c, lattice parameter mismatch (δ) was 

calculated as per equations (6a – 6c)

𝛿𝑎 =  ∑𝑁
𝑖=1 𝑥𝑖 1 ―  𝑎𝑖

∑𝑁
𝑖=1 𝑥𝑖𝑎𝑖

2

(6a)

δ𝑐 =  ∑𝑁
𝑖=1 𝑥𝑖 1 ―  𝑐𝑖

∑𝑁
𝑖=1 𝑥𝑖𝑐𝑖

2

                                                                   (6b)

Page 6 of 53Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 3

:5
0:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00075D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00075d


7

𝛿 = ∑𝑁
𝑖=1

𝑥𝑖

2
1 ― 𝑎𝑖

∑𝑁
𝑖=1 𝑥𝑖𝑎𝑖

2
+ 1 ― 𝑐𝑖

∑𝑁
𝑖=1 𝑥𝑖𝑐𝑖

2
                 (6c)

where 𝑥𝑖, 𝑎𝑖 and 𝑐𝑖 respectively are the concentration, lattice parameters a, and c of the ith metal 

diboride MB2.

Table 1 presents various compositions of the HEBs studied in the present work and their 

composition codes for ease of discussion. The parameters to be evaluated to assess the 

thermodynamic phase stability and solid solution formation ability of all the HEBs are also 

reported in Table 1. The data in Table 1 confirms that all the 18 HEBs satisfied the solid solution 

formation criteria (i.e. δ< 6%, −15 ≤ ΔHmix ≤ 5 kJ/mol, Ω>1, ∆𝑆𝑚𝑖𝑥= 12 to 17.5 J/mol K and 

negative ∆𝐺𝑚𝑖𝑥). The phase stability criteria parameters for the 18 HEBs are as follows: δ = 2.48% 

to 3.81%, ∆𝐻𝑚𝑖𝑥 = −1.48 to −7.60 kJ/mol, ∆𝑆𝑚𝑖𝑥 = 10.88 to 11.53 J/mol K, ∆𝐺𝑚𝑖𝑥 (300K) = −4.61 

to −10.73 kJ/mol, and Ω = 5.36 to 25.18. The δ parameter being less than 4% signifies that the 

lattice parameters of the individual metal diborides do not vary significantly. This will ensure the 

stability of single-phase solid solution and uniform crystal structure. Higher δ parameter values 

resulting from higher mismatch in the pure metal diboride lattice parameters would lead to 

destabilization of single-phase solid solution, formation of multiple phases and segregated multiple 

phases, and non-uniform crystal structures. Further, the HEBs showed negative ∆𝐻𝑚𝑖𝑥 which is 

within the limits of homogeneous solid solution formation, ensuring that the formation of the 

studied HEB compositions (with varied concentrations of Ti, Zr, Hf, and V) is thermodynamically 

favorable and the HEBs are energetically stable compared to the individual metal diborides. The 

lowest negative ∆𝐻𝑚𝑖𝑥 indicates that the HEB structure is relatively stable compared to the 

constituent metal diborides, while the highest negative ∆𝐻𝑚𝑖𝑥 indicates that the HEB is more stable 

compared to the constituent metal borides based on their concentrations. HEB-8 

(Ti0.08Zr0.25Hf0.42V0.25B2) showed the lowest ∆𝐻𝑚𝑖𝑥 (−1.48 kJ/mol) and HEB-9 

(Ti0.08Zr0.25Hf0.25V0.42B2) showed the highest ∆𝐻𝑚𝑖𝑥 (−7.60 kJ/mol). This indicates that at fixed 

concentrations of Ti and Zr, higher Hf concentration decreased the phase stability of the HEB, 

while higher concentration of V increased the phase stability. This trend could be attributed to the 

highest Pauling electronegativity of VB2 (1.903) followed by TiB2 (1.873), ZrB2(1.803) and the 

lowest Pauling electronegativity of HfB2(1.793). Further, the ∆𝑆𝑚𝑖𝑥 of all the HEB compositions 

has satisfied the solid solution formation criteria. The ∆𝐺𝑚𝑖𝑥 (at 300 K) confirms the 
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thermodynamic feasibility of HEB formation at all temperatures. The Ω parameter infers how 

significant the entropy of mixing is over the enthalpy of mixing to stabilize the disordered solid 

solution. As per equation (4), for Ω>1, the numerator of equation (4) will be higher than the 

denominator indicating the dominance of configurational atomic randomness at the melting 

temperature of the material over the enthalpy of mixing, leading to the formation of a stable solid 

solution. On the other hand, for Ω<1, the denominator of equation (4) will be higher than the 

numerator which indicates the dominance of the enthalpy of mixing over configurational 

randomness, leading to the formation of intermetallic phases due to strong interatomic interactions 

[19]. Table 1 confirms that the Ω parameter was greater than ‘1’ for all the studied HEBs, ranging 

widely between 5.36 – 25.18, suggesting their thermodynamic stability and the favorability of solid 

solutions formation.  The Ʌ parameter of HEBs as calculated using equation (7), is presented in 

Table 1. 

Ʌ =  𝛥𝑆𝑚𝑖𝑥

ẟ2 (7)

The Ʌ parameter demonstrates stability of single-phase solid solutions by low ẟ (measure of strain 

energy) and high 𝛥𝑆𝑚𝑖𝑥.  Formation of intermetallics is favored when Ʌ is less than 0.24 while 

two-phase solid solution formation is favored for 0.24 < Ʌ < 0.96, and single-phase solid solution 

is favored for Ʌ > 0.96 [19].

It can be seen from Table 1 that the Ʌ parameter of most of the HEBs lie in the range of 0.24 <Ʌ 

> 0.96 except HEB-2, and HEB-15 to HEB-18. Therefore, except HEB-2, and HEB-15 to HEB-

18, the other HEB compositions show possibility of forming two-phase solid solution crystal 

structures. The HEB-2, HEB-15, HEB-16, HEB-17 and HEB-18 have the potential of forming 

single phase solid solutions as their Ʌ parameter is greater than 1 due to dominating entropy factor 

as per equation (7).  

The classical Hume-Rothery rule states that a set of elements tend to form solid solution when the 

constituent elements have similar atomic sizes, valency, and electronegativity (Guo et al. 2011). 

The Pauling electronegativity difference (𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔) and Allen electronegativity difference (𝜒𝐴𝑙𝑙𝑒𝑛)  

parameters as determined from the equations (8a) and (8b) respectively, were used to evaluate the 

tendency of the studied HEBs to form single-phase solid solutions  [18][19].
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∆𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔 =  ∑𝑛
𝑖=1 𝐶𝑖 𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔

𝑖 ―  ∑𝑛
𝑗=1 𝐶𝑗𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔

𝑗
2

(8a)
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Table 1. Solid solution formation criteria for Ti, Zr, Hf and V based high entropy diborides (HEB)

Code HEC ΔSmix 

(J/mol K)

ΔHmix 

(kJ/mol)

ΔG298 K 

(kJ/mol)

Ω ΔEform 

(eV)

δa 

(%)

δc 

(%)

δ 

(%)

Ʌ
ΔχPauling ΔχAllen

HEB-1 Ti0.25Zr0.25Hf0.25V0.25B2 11.53 -6.96 -10.39 5.78 -727.75 2.73 4.37 3.65 0.87 4.64 2.43

HEB-2 Ti0.42Zr0.25Hf0.08V0.25B2 11.29 -3.88 -7.24 6.83 -904.24 2.23 3.88 3.17 1.12 4.15 1.85

HEB-3 Ti0.42Zr0.25Hf0.17V0.17B2 10.52 -3.41 -6.55 6.64 -1111.6 2.30 4.14 3.35 0.94 4.63 2.24

HEB-4 Ti0.42Zr0.17Hf0.25V0.17B2 11.29 -4.50 -7.87 8.87 -619.42 2.48 4.51 3.64 0.85 4.71 2.43

HEB-5 Ti0.42Zr0.08Hf0.25V0.25B2 10.52 -5.68 -8.81 9.29 -412.09 2.83 4.58 3.81 0.73 4.35 2.42

HEB-6 Ti0.42Zr0.25Hf0.25V0.08B2 11.29 -1.97 -5.34 5.36 -903.09 2.77 4.37 3.66 0.84 4.08 1.97

HEB-7 Ti0.42Zr0.17Hf0.17V0.25B2 11.29 -4.45 -7.82 12.02 -897.20 2.65 4.31 3.57 0.89 4.66 2.38

HEB-8 Ti0.08Zr0.25Hf0.42V0.25B2 10.52 -1.48 -4.61 11.49 -879.99 2.66 4.16 3.49 0.86 4.73 2.73

HEB-9 Ti0.08Zr0.25Hf0.25V0.42B2 10.52 -7.60 -10.73 25.18 -871.22 2.45 3.91 3.26 0.99 5.08 2.73

HEB-10 Ti0.08Zr0.33Hf0.33V0.25B2 10.52 -4.40 -7.54 7.91 -874.70 2.69 4.22 3.54 0.84 5.00 2.80

HEB-11 Ti0.08Zr0.25Hf0.33V0.33B2 11.29 -6.09 -9.45 17.95 -841.92 2.56 4.04 3.38 0.99 5.29 2.97

HEB-12 Ti0.08Zr0.33Hf0.25V0.33B2 11.29 -3.44 -6.80 14.04 -841.32 2.56 4.07 3.40 0.98 5.23 2.80

HEB-13 Ti0.17Zr0.25Hf0.33V0.25B2 10.88 -3.49 -6.73 10.97 -652.83 2.75 4.36 3.65 0.82 4.73 2.60

HEB-14 Ti0.17Zr0.25Hf0.25V0.33B2 10.88 -4.66 -7.91 21.13 -767.53 2.63 4.21 3.51 0.88 4.86 2.58

HEB-15 Ti0.17Zr0.33Hf0.25V0.25B2 10.69 -2.84 -6.02 12.22 -772.84 2.68 4.26 2.52 1.68 4.66 2.43

HEB-16 Ti0.33Zr0.25Hf0.17V0.25B2 10.69 -2.10 -5.28 9.38 -986.33 2.61 4.22 2.48 1.74 4.45 2.20

HEB-17 Ti0.33Zr0.25Hf0.25V0.17B2 10.69 -4.69 -7.87 7.30 -976.46 2.78 4.43 2.61 1.57 4.39 2.23

HEB-18 Ti0.33Zr0.17Hf0.25V0.25B2 10.88 -5.89 -9.13 9.75 -547.84 2.78 4.48 2.64 1.56 4.54 2.42
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∆𝜒𝐴𝑙𝑙𝑒𝑛 =  ∑𝑛
𝑖=1 𝐶𝑖 1 ―  𝜒𝐴𝑙𝑙𝑒𝑛

𝑖
∑𝑛

𝑗=1 𝐶𝑗𝜒𝐴𝑙𝑙𝑒𝑛
𝑗

2

(8b)

Where 𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔
𝑖  and 𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔

𝑗  are the Pauling electronegativities of ith and jth elements. Ci is the 

concentration of ith element. Smaller electronegativity differences infer that the atoms of the HEC 

can uniformly attract the electrons and therefore form stable solid solutions. On the other hand, a 

higher electronegativity difference favors the formation of amorphous phase. As reported by Li et 

al., single phase solid solutions are favored when ∆𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔 values are less than 5.4% while the 

material tends to form multiple phases when ∆𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔 > 5.4%. Furthermore, Yurchenko et al. 

reported that the ∆𝜒𝐴𝑙𝑙𝑒𝑛 values greater than 7.0% along with an atomic size difference of greater 

than 5% favor the formation of laves phase (intermetallic compound) [20]. The Pauling and Allen 

electronegativity mismatch values for the studied HEBs are mentioned in Table 1. The ∆𝜒𝐴𝑙𝑙𝑒𝑛 

were in the range of 1.87% - 2.97% and the ∆𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔  were in the range of 4.08% – 5.29% for the 

HEB compositions studied. Therefore, according to the ∆𝜒𝑃𝑎𝑢𝑙𝑖𝑛𝑔 , all the HEBs tend to form 

single-phase solid solutions. As the ∆𝜒𝐴𝑙𝑙𝑒𝑛  was < 7% for the studied HECs, and lattice parameter 

mismatch was less than 5%, the formation of laves phases (intermetallic compound) can be ruled 

out. Overall, the “Ʌ” parameter and electronegativity difference results collectively indicate that 

all the studied HEBs with un-equal concentrations of constituent metals have the tendency to form 

single phase solid solution.  

3.2. Structural Properties

The optimized stable energy structures of equiatomic HEB-1 (Ti0.25Zr0.25Hf0.25V0.25B2) and of the 

other 17 HEB compositions are presented in supplementary material S1. Due to the presence of 

multiple metal atoms with different atomic sizes, the geometries of HEBs had stabilized as 

distorted cubic (triclinic) crystal structures. Though the distorted cubic structures usually show 

localized variations from perfect cubic symmetry, the local atomic arrangement in high entropy 

crystal structures produce regions that generally have similarity to cubic structures [21][22]. The 

lattice parameters, unit cell volume, and density of the optimized HEB crystal structures are shown 

in Fig. 1(a) and 1(b). Fig. 1 comprehends that the lattice parameters, cell volume, and density vary 

significantly with the variation in the concentrations of Zr, Hf, Ti, and V in the investigated 18 

HEB compositions. Lattice constant, a fundamental structural parameter of crystal structure, 
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characterizes the changes in lattice position occupied by the constituent atoms resulting from the 

variations in the lattice stress. Further, the lattice parameters, which indeed reflect the inter-atomic 

interactions, therefore directly influence the density of the material [23]. For the studied HEB 

compositions, the unit cell volume was in the range of 655 to 695 Å³ while the density was in the 

range of 5.6 to 7.7 g/cm³. The Hf rich composition HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2) showed the 

highest cell volume (~693 Å³) and high density (~7.78 g/cm³). Further, another Hf and Zr rich 

composition HEB-10 (Ti0.08Zr0.33Hf0.33V0.25B2) also showed the highest cell volume (~695 Å³) and 

high density (~7.35 g/cm³). 

  

                                    (a)                                                              (b)

 

                            

(c)

Fig. 1. Structural parameters of the Ti, Zr, Hf and V based HEBs (a) lattice parameters, (b) unit 
cell volume and density, (c) average bond length

Page 12 of 53Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 3

:5
0:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00075D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00075d


13

The presence of higher concentration of lowest electronegative HfB2 (1.793) and high atomic 

radius Hf (1.55 Å) in HEB-8 resulted in weak interatomic interactions (lowest ∆𝐻𝑚𝑖𝑥 =−1.48 

kJ/mol) lead to relatively large Hf—B bond lengths (Fig. 1(c)), loose lattice packing and higher 

lattice volume. Similarly, the presence of equal fractions (0.33) of low electronegative HfB2 and 

ZrB2 and high atomic radius Zr (1.6 Å) and Hf in HEB-10 resulted in ∆𝐻𝑚𝑖𝑥 =−4.40 kJ/mol led to 

relatively large Hf—B and Zr—B bond lengths (Fig. 1(c)), loose lattice packing and higher lattice 

volume. Furthermore, the compositions having high atomic fractions of low molar mass elements 

Ti (47.86 g/mol) and V (50.94 g/mol) showed low density and the composition having higher 

fraction of high molar mass elements Hf (178.49 g/mol) and Zr (91.22 g/mol) showed high density. 

Fig. 1(b) also confirms that the HEBs such as HEB-2, HEB-3, HEB-4, HEB-5, HEB-7, HEB-16, 

and HEB-18 which have Ti concentrations higher than equiatomic concentration (i.e. 0.25) and 

equiatomic fraction of V (i.e. 0.25) showed relatively less unit cell volume and density compared 

to the equiatomic HEB (Ti0.25Zr0.25Hf0.25V0.25B2). Low density is advantageous for advanced 

materials like high entropy materials, as they offer lighter yet stronger and efficient products in 

terms of properties and cost. 

The average boron-boron (B–B) and metal-boron (M–B) bond lengths for each HEB composition 

are presented in Fig. 1(c), and only the M-B bond lengths were plotted in Fig.1(d) for a more 

detailed view. It was observed that the bond lengths of Zr–B (~2.5 Å) and Hf–B (~2.48Å) were 

relatively higher than those of Ti–B (2.45Å) and V–B (2.42Å) for all the HEBs studied. 

Considering the compositional complexity of the HEBs, making direct correlations between M-B 

electronegativity difference and average bond lengths is not appropriate. Because the average M-

B bond length also depends on the M-M interactions as well. The ionic radius of Zr, Hf, Ti, and V 

are 1.60, 1.58, 1.46, and 1.35 Å, respectively. Therefore, the higher Zr–B and Hf–B bond lengths 

could be attributed to the larger atomic radii of Zr and Hf compared to Ti and V. Additionally, the 

B-B bond length was in the range of 1.77 – 1.79 Å for all the HEBs.  

3.3. Mechanical Properties

The elastic constants C11, C12, and C44 of the 18 HEB compositions studied are presented in Fig. 

2(a). Fig. 2(a) describes that for a particular HEB, the elastic constants followed the order of C11 

> C44 > C12.  This is a common trend for any cubic crystal as the stress required for uniaxial 

(longitudinal) deformation is characteristically higher than the stress required for shear 

Page 13 of 53 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 3

:5
0:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00075D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00075d


14

deformation, which in turn is higher than the stress required for volume changes. The C11, C12, and 

C44 data, as reported in Fig. 2(a), confirm that all HEBs satisfy the Born-Huang mechanical 

stability criteria (as per equation (9)), indicating that the materials are so stable that any small 

deformation needs energy input as the internal energy of the material increases with stress 

produced due to strain applied. 

C11 > 0; C44 > 0 ; C11 − C12 > 0 ; C11 + 2C12 > 0 (9)

Born-Huang mechanical stability demands a positive elastic stiffness tensor so that the material is 

stable and does not show any unusual behavior [24]. For cubic crystals, the resistance of the 

material to shear deformations along their crystallographic planes can be understood by the Cauchy 

pressure (𝐶12 ― 𝐶44). The Cauchy pressure (CP) directly involves the shear deformation constants 

associated with the (100) and (110) planes [25]. Positive CP (𝐶12 ― 𝐶44 > 0) indicates that the 

material is more resilient to shear deformation (related to C12) than to isotropic compression or 

dilation (related to C44) in the (100) plane, which is frequently linked to ductile materials or those 

that show plastic deformation in response to applied stress. A negative CP (𝐶12 ― 𝐶44 < 0) 

indicates that the material is more prone to shear deformation than to isotropic compression or 

dilation in the (110) plane. It is indicative of the material's brittleness in terms of ductility [25]. 

Based on the elastic constants, all the 18 HEBs showed negative Cauchy pressure (C12-C44< 0) as 

C12 is less than C44 (Fig. 2(a)). The negative Cauchy pressure indicates that the HEBs are brittle in 

nature due to the presence of interatomic directional covalent bonding existing between the 

metallic Ti, Zr, Hf, and V atoms and the non-metal B atom. 

Due to the less flexibility of the directional covalent bonds, the HEBs could show brittle behavior 

under stress without any prior plastic deformation. The Voigt-Reuss-Hill (VRH) approximation 

was employed to calculate the polycrystalline elastic moduli, such as bulk modulus (B), shear 

modulus (G), Young’s modulus (E), Poisson’s ratio (ν), fracture toughness (KIC), hardness (HV), 

and universal anisotropic index (AU) as per equations (10) to (24) [21-23]. 

𝐵𝑉 = (𝐶11 + 2𝐶12)/3                     (10)

𝐵𝑅 = 1
3𝑆11+6𝑆12

                                (11)

𝐺𝑉 = (𝐶11 ― 𝐶12 + 3𝐶44)/5         (12)
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𝐺𝑅 = 5
4𝑆11―4𝑆12+3𝑆44

                      (13)

𝐵 = (𝐵𝑅 + 𝐵𝑉)/2                        (14)

𝐺 = (𝐺𝑅 + 𝐺𝑉)/2                        (15)

𝐸 = 9𝐵𝐺
3𝐵+𝐺                                     (16)

                                   (a)                                                                              (b) 

                                 (c)                                                                               (d)

Fig. 2. Mechanical properties of TiZrHfV-based HEBs (a) elastic constants (b) elastic moduli (c) 

Poisson’s ratio vs Pugh’s ratio (d) Pugh’s ratio vs Cauchy pressure 

𝜈 = 3𝐵―𝐸
6𝐵                                       (17)

𝛩𝐷 = (ℎ 𝑘) (3𝑛 4𝜋)(𝑁𝐴𝜌 𝑀)
1 3

𝑉𝑚           (18)
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𝑉𝑚 = 1 𝑉3
𝑙 + 2 𝑉3

𝑡 /3
―1 3

                        (19)

𝑉𝑡 = (𝐺 𝜌)1 2                                                  (20)

𝑉𝑙 = [(3𝐵+4𝐺) 3𝜌]1 2                              (21)

Here, Cij refers to stiffness matrix and Sij is the compliance matrix. B, G, and E are elastic moduli 

(BV is the Voigt bulk modulus, BR is the Reuss bulk modulus, GV is the Voigt shear modulus, GR 

is the Reuss shear modulus) and 𝜈 is Poisson’s ratio for cubic crystals. k is Boltzmann’s constant, 

h is Planck’s constant, NA is Avogadro’s number, n is the number of atoms per cell, ρ is the mass 

density of the crystal, M is the molecular weight, Vm is the average elastic acoustic wave velocity, 

Vt is the transverse elastic acoustic wave velocity, and Vl is the longitudinal acoustic wave velocity.

Another empirical indicator for differentiating between brittle and ductile materials is Pugh's ratio 

B/G. The material is deemed to be brittle when B/G <1.75, while deemed to be ductile if B/G ≥1.75 

[11][25].

The universal anisotropy index (AU), anisotropy in Young’s modulus (AE), anisotropy in linear 

compressibility (β) (AC), and the anisotropy in Shear modulus (AG), were calculated by using the 

equations mentioned below.

𝐴𝑈 = 𝐵𝑉

𝐵𝑅
+5 𝐺𝑉

𝐺𝑅
― 6                        (22)

AE= Emax/Emin; AG= Gmax/Gmin; AC=βmax/βmin

Where Emax and Emin are the maximum and minimum Young’s modulus, Gmax and Gmin are the 

maximum and minimum shear modulus, and βmax and βmin are the maximum and minimum linear 

compressibility. 

Vickers’ hardness (HV) as proposed by Tian et al. [26] and fracture toughness (KIC) as proposed 

by Niu et al. [27] are calculated using the formulas below:

𝐻𝑉 = 0.92(𝐺 𝐵)1.137𝐺0.708                  (23)

𝐾𝐼𝐶 = 𝑉1 6
0 𝐺(𝐵 𝐺)1 2                    (24)

Where V0 is the volume per atom in m3, B is the bulk modulus, G is the shear modulus, KIC has the 

units of MPa m0.5. Reportedly, the Tian’s model and Niu’s model and the melting temperature 
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from elastic constant C11 (equation (5)) provide good estimates of hardness, fracture toughness 

and melting temperature respectively of transition metal diborides. However, due to the structural 

complexity associated with the high entropy diborides, these models face certain limitations in 

providing good estimates of hardness and fracture toughness. One of the major limitations is that 

the models (crystal structures) of HEBs are developed by assuming ideal randomness in the 

arrangement of atoms in the lattice sites. However, in reality, the high entropy materials have high 

probability to exhibit local ordering. This can alter the inter-atomic bond strength compared to the 

ideal random arrangement. Furthermore, the empirical models assume that the HEBs form 

homogeneous single-phase. However, in reality, there will be high probability of the formation of 

secondary phases based on synthesis procedures. This leads to difference in predicted values of 

hardness, fracture toughness and melting temperature from empirical models and actual 

experimental values. Nonetheless, these empirical models provide reasonably good estimates of 

the properties for comparison purposes.

The bulk modulus, shear modulus, and Young’s modulus of all 18 HEBs are presented in Fig. 2(b). 

The bulk modulus of the HEBs, depending on the elemental concentration, was observed to be in 

the range of 219.61 – 246.30 GPa, while the shear modulus was in the range of 205.77 – 237.87 

GPa, and the Young’s modulus was in the range of 476.34 – 539.64 GPa. This wide range of elastic 

moduli reflects the strong influence of the concentration of constituent transition metals, 

interatomic interactions, and microstructure resulting from the lattice distortion due to high 

configurational entropy and the presence of multiple elements on the mechanical stability of the 

material. Among the HEB compositions studied, the Hf rich and Ti rich HEB-6 

(Ti0.42Zr0.25Hf0.25V0.08B2), HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2), and HEB-17 (Ti0.33Zr0.25Hf0.25V0.17B2) 

showed the highest bulk modulus, and lowest bulk modulus was shown by the equiatomic 

composition HEB-1 (Ti0.25Zr0.25Hf0.25V0.25B2). The higher bulk modulus signifies that the materials 

are incompressible and rigid and need higher pressures to cause any small volume changes, or the 

material is highly resistant to compression under pressure. Broadly, among the 18 HEBs, the 

compositions such as HEB-5, HEB-6, HEB-7, HEB-8, HEB-13, HEB-17, and HEB-18 would 

make harder materials, while the others are relatively softer (less resistant to volumetric changes 

under pressure). It was observed that the compositions having higher atomic fractions of Ti and 

Hf showed higher bulk modulus compared to other compositions. As per the literature, the 

diborides HfB2 and TiB2 exhibit a higher bulk modulus compared to ZrB2 and VB2 [28]. This 
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suggests that an increase in Hf and Ti concentrations could enhance the material’s capability to 

resist volumetric compression under pressure.   

Shear modulus, or the modulus of rigidity, is another critical property of materials that signifies 

the resistance of a material to shape deformation against applied shearing forces.  Among the HEBs 

studied, the lowest shear modulus was shown by HEB-11 (Ti0.08Zr0.25Hf0.33V0.33B2), HEB-9 

(Ti0.08Zr0.25Hf0.25V0.42B2), HEB-1 (Ti0.25Zr0.25Hf0.25V0.25B2), and HEB-14 (Ti0.17Zr0.25Hf0.25V0.33B2) 

in the increasing order (Fig. 2(b)). The HEBs such as HEB-6 (Ti0.42Zr0.25Hf0.25V0.08B2), HEB-5 

(Ti0.42Zr0.08Hf0.25V0.25B2), HEB-17 (Ti0.33Zr0.25Hf0.25V0.17B2), HEB-7 (Ti0.42Zr0.17Hf0.17V0.25B2), 

and HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2) showed the highest shear modulus in the decreasing order. 

Based on the observations, it can be inferred that a higher Ti concentration compared to other 

constituents has induced higher shear modulus, i.e., resistance to brittle fracture, and therefore, the 

material can maintain its structural integrity. Further, by keeping Zr concentration at 0.25, higher 

V concentrations compared to Ti and Hf have reduced the shear modulus. Due to the varied 

concentrations of constituent elements, the difference in atomic radii and bonding characteristics 

leads to increased atomic-level disorder. This alters the atomic packing and bond stiffness, which 

ultimately affects the material’s resistance to deformation. Indeed, the first-principles studies have 

shown that electronic (bond populations) and lattice distortions induce elastic softening in HEBs 

as the disorder disrupts ideal atomic arrangements and weakens the bonding networks  [29]. 

Furthermore, covalent bonding is crucial for the material's rigidity and high hardness. It is equally 

essential that the metal–boron (M–B) bonds avoid becoming excessively covalent. The crystal may 

exhibit structural irregularities and lattice distortions if the covalent nature of these bonds becomes 

excessively strong, which will disturb the material's resistance to compression and erode its overall 

structural integrity. On the other hand, when a metal is too ionic with boron (M-B), it will reduce 

the shear strength and the material is prone to brittleness [30]. Therefore, a balance of ionic and 

covalent bonds is desired for the material to exhibit the anticipated super hardness.  

Among the HEB compositions studied, HEB-6 (Ti0.42Zr0.25Hf0.25V0.08B2) and HEB-17 

(Ti0.33Zr0.25Hf0.25V0.17B2) showed the highest Young’s modulus, while HEB-1 

(Ti0.25Zr0.25Hf0.25V0.25B2), HEB-9 (Ti0.08Zr0.25Hf0.25V0.42B2), and HEB-11 (Ti0.08Zr0.25Hf0.33V0.33B2) 

showed the lowest Young’s modulus. The data infers that for a fixed Zr concentration of 0.25, the 

compositions having higher atomic fractions of Ti and Hf and lower atomic fractions of V showed 
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higher Young’s modulus, while the compositions having low Ti and high V showed lower Young's 

modulus. The higher Young’s modulus signifies higher stiffness of the material and its resistance 

to deformation, such as bending and stretching, under applied stress. On the other hand, a low 

Young’s modulus indicates higher flexibility and lesser stiffness of the material. This trend is 

consistent with the well-established mechanical behavior of TiB₂, which exhibits high stiffness 

due to directional covalent Ti–B bonding [31]. As per the literature reported, TiB2 in general is 

known to have higher stiffness followed by HfB2, ZrB2, and VB2 [19]. The exceptional stiffness 

demonstrated by some of the HEBs can be attributed to the presence of strong covalent bonding 

networks, which in turn depend on the concentration and lattice positions of constituent metals and 

their interaction with boron. Less mismatch of atomic radii of the constituent metals and reduced 

lattice strain would enable stronger directional bonding and more efficient load transfer. Also, 

HfB2, ZrB2, and TiB2 rich compositions are known to exhibit high elastic moduli due to their strong 

M–B bonding and low elastic anisotropy [32][33].

The stimulus of metal concentration on the ductility and brittleness of the studied HEBs was 

analyzed in Fig. 2(c) and Fig. 2(d) by comparing “Poisson’s ratio (ν) & Pugh’s ratio (B/G)” and 

“Cauchy pressure (CP= C12 – C44) & Pugh’s ratio (B/G)”. Typically, brittle materials show 

negative Cauchy pressure and B/G < 1.75. Which means, due to directional covalent bonding, the 

material could resist volume change under stress and would have less ability to deform before 

fracture. On the other hand, the ductile materials show positive CP and B/G>1.75, indicating that 

the intrinsic metallic character due to non-directional metallic bonding, the material exhibits 

resistance to volume change and significant deformation before breaking when under stress 

[22][35]. The Pugh’s ratio and Poisson’s ratio of all 18 HEB compositions as plotted in Fig. 2(c) 

indicate that all the HEB compositions are brittle in nature due to B/G < 1.5 (values ranged between 

1.01 – 1.13) and ν<0.25 (values ranged between 0.127 – 0.16). Similarly, the CP and B/G as plotted 

in Fig. 2(d) confirm that all the HEB compositions are brittle in nature due to the negative CP 

(values in the range of −155 GPa to −115 GPa) and Pugh’s ratio B/G being less than 1.75. The less 

the magnitude of negative CP, the more brittle the material would be due to more angular and 

directional covalent bonding, signifying the presence of more localized electrons between atoms, 

suggesting strong electron density along the bond. The Ti rich HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2) 

showed lowest negative CP and B/G suggesting that this composition could be more brittle than 

the others.
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Hardness, by definition, characterizes the ability of a material to resist permanent deformation. 

Hardness of the HEBs as computed from the empirical equation (23), is reported in Fig. 3(a). The 

hardness of the studied HEBs ranged between 35.72 ‒ 43.22 GPa based on the composition. The 

equiatomic HEB-1 (Ti0.25Zr0.25Hf0.25V0.25B2) exhibited a hardness of 38.82 GPa. However, the 

notably highest hardness of 43.22 GPa was exhibited by the Ti rich HEB-4 

(Ti0.42Zr0.17Hf0.25V0.17B2).  Furthermore, the HEBs having a higher Ti atomic fraction of 0.42 

(HEB–2 to HEB–7) showed higher hardness (41 ‒ 43 GPa) compared to other compositions 

studied. On the other hand, the HEBs rich in V concentration, such as HEB-8, HEB-9, HEB-11, 

and HEB-14, showed the lowest hardness (35.5 – 36.5 GPa). The ultrahigh hardness values 

(>40 GPa) displayed by the Ti-rich HEBs studied in the present work align with reports of 

superhard HEBs, where resolidified Ti-rich and lattice-distorted structures resulted in hardness 

beyond 40 GPa [13]. These observations suggest that increasing TiB2 concentration increased the 

Ti–B covalent bonds. The resulting localized lattice strain can act as an obstacle to effectively 

impede plastic deformation to enhance hardness. Furthermore, the hardness signifies the resistance 

of the material to compression and shear against external force. Typically, in ceramics, due to the 

shorter bond length resulting from strong interaction and a 2D graphene-like network, the B‒B 

bond imparts resistance to compression, and the M‒B bond is responsible for resistance against 

shear. Therefore, higher concentrations of strong M‒B bonds are critical for high hardness. 

Fracture toughness (KIC) describes the material’s resistance to crack propagation during plastic 

deformation. The value of KIC was computed by using equation (24) and is shown in Fig. 3(b). The 

KIC of all the HEBs was in the range of 3.25 - 3.65 MPa m1/2 based on the composition. Among 

the HEBs studied, the equiatomic HEB-1 (Ti₀.₂₅Zr₀.₂₅Hf₀.₂₅V₀.₂₅B2) showed the lowest fracture 

toughness of 3.25 MPa.m1/2. Further, among the tuned compositions, the Hf rich HEB-8 

(Ti0.08Zr0.25Hf0.42V0.25B2) showed the highest KIC of 3.65 MPa m1/2 (Fig. 3(b)). This indicates that, 

though the equiatomic HEB structure stabilizes in a single phase, it can potentially develop atomic 

defects and microstructural heterogeneities, which reduce the crack propagation resistance [37]. 

The highest KIC of 3.65 MPa m1/2 was shown by HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2), which has low 

Ti and high Hf concentrations. Further, an increase in Ti concentration and a decrease in Hf 

concentration caused a reduction in the KIC values. For instance, HEB-7 (Ti0.42Zr0.17Hf0.17V0.25B2) 

and HEB-13 (Ti0.17Zr0.25Hf0.33V0.25B2) showed low KIC (3.63 MPa m1/2) compared to HEB-8. This 

trend suggests that the presence of Hf toughens the ceramic through microstructural refinement 
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and enhanced crack-bridging mechanisms [38]. Additionally, low Ti concentrations may 

significantly decrease lattice distortion to yield a more favorable microstructure, which aids in 

resisting the crack propagation. Further, in the case of HEB – 6 (Ti0.42Zr0.25Hf0.25V0.08B2) and HEB 

– 17 (Ti0.33Zr0.25Hf0.25V0.17B2), while Zr and Hf were maintained at a concentration of 0.25, it was 

observed that, when Ti concentration dropped from 0.42 to 0.33 and V increased from 0.08 to 0.17, 

toughness slightly decreased from 3.63 to 3.65 MPa.m¹ᐟ². This suggests the threshold effect of 

metal concentration. 

Brittleness index (BI) as expressed by equation (25), is an effective method to quantitatively 

evaluate the resistance to brittle failure for brittle materials [36]. 

𝐵𝐼 =  𝐻𝑣
𝐾𝐼𝐶

                          (25) 

Where Hv (GPa) is Vickers hardness and KIC (MPa.m¹ᐟ²)is fracture toughness. Brittleness Index 

(BI) calculated for the studied HEBs is presented in Fig. 3(c). The units of BI is μm-1/2. Among all 

the HEBs studied, the HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2), HEB-9 (Ti0.08Zr0.25Hf0.25V0.42B2), HEB-

13 (Ti0.17Zr0.25Hf0.33V0.25B2) and HEB-14 (Ti0.17Zr0.25Hf0.25V0.33B2) demonstrated the potential to 

be less brittle (due to low brittleness index) while HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2) followed by 

HEB-2 (Ti0.42Zr0.25Hf0.08V0.25B2), and HEB-3 (Ti0.42Zr0.25Hf0.17V0.17B2) appeared to show more 

brittle nature. These trends indicate that the compositions having a high concentration of Ti and a 

low concentration of V and Hf, exhibited more brittleness. The compositions having a low 

concentration of Ti and a higher concentration of Hf and V exhibited less brittleness. This 

observation is in correlation with the other brittleness indicators such as Cauchy pressure and 

Pugh’s ratio (Fig. 2(d)).

The mechanical strength of the materials in terms of elastic modulus, fracture toughness, and 

hardness can be correlated to the lattice volume and density. Density is a function of the portion 

of the atoms present (contributes to mass) and atomic packing (contributes to lattice parameters 

and volume). From Fig.1(b), it can be observed that the HEBs having low lattice volume exhibited 

low density, and the HEBs having high lattice volume exhibited high density. A comparison of 

Fig. 1(b) with Fig. 2(b), Fig.3(a), and Fig. 3(b) illustrates that HEBs having low lattice volume and 

density exhibited higher elastic modulus, higher hardness, but lower fracture toughness. The low 

lattice volume results from smaller lattice parameters, which are indicative of strong interatomic 
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interactions and shorter bonds, which make the material offer great resistance to deformation. On 

the other hand, the low lattice volume and low density of the material result in reduced availability 

of material to absorb energy during fracture, to resist crack propagation [39]. Also, low lattice 

volume and density offer more pathways for the crack propagation, and therefore material is prone 

to fracture. 

Feltrin et al. reported the experimental investigations of equiatomic (Ti₀.₂₅V₀.₂₅Zr₀.₂₅Hf₀.₂₅)B₂ 

HEB and reported the properties such as hardness (33.2 GPa), Elastic modulus (466 GPa), and 

fracture toughness (4.1 MPa m1/2) [14]. The present work evaluated various compositions along 

with the equiatomic composition of Ti, V, Zr, and Hf-based diboride using DFT. The parameters 

obtained using DFT for equiatomic combination (Ti₀.₂₅V₀.₂₅Zr₀.₂₅Hf₀.₂₅)B₂ are: hardness (38.8 

GPa), elastic modulus (480 GPa), and fracture toughness (3.24 MPa m1/2). This shows that the 

findings obtained from the DFT calculations in the present work are in good agreement with the 

experimental investigation reported by Feltrin et al. Also, these findings emphasize that, compared 

to the most widely explored equiatomic composition HECs, there exist other compositions that 

have the potential to show better properties. Further tuning of elemental concentration could 

therefore be advantageous to identify materials with optimum composition displaying targeted and 

enhanced properties. 

The resistance of a material to wear could be quantified by the ratio of Hv/E (Fig. 3(d)). Wear 

resistance is a key performance indicator for materials in extreme environment applications. 

Higher Hv/E values indicate a good balance between hardness and elastic modulus of a material 

to display better wear resistance properties [8]. For better wear resistance, it is critical to have a 

good balance between the material’s ability to resist permanent deformation, which is represented 

by hardness, and the ability of the material to regain its original shape, which is represented by 

Young’s modulus [9][40][41].
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                             (a)                                                                            (b)      

                                (c)                                                                          (d)

                                                             

(e)

Fig. 3. Mechanical stability of TiZrHfV-based HEBs (a) Fracture toughness (b) hardness (c) 
Brittleness Index (d) wear resistance (Hv/E) (e) sound velocity
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The Hv/E of the studied HEBs as plotted in Fig. 3(d) indicate the superior wear resistance 

properties of HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2) followed by HEB-2 (Ti0.42Zr0.25Hf0.08V0.25B2), 

HEB-3 (Ti0.42Zr0.25Hf0.17V0.17B2), HEB-1 (Ti0.25Zr0.25Hf0.25V0.25B2), HEB-5  

(Ti0.42Zr0.08Hf0.25V0.25B2), HEB-6 (Ti0.42Zr0.25Hf0.25V0.08B2) and HEB-7 (Ti0.42Zr0.17Hf0.17V0.25B2). 

This trend confirms that the higher concentrations of TiB2 are favorable to achieve higher wear 

resistance. Therefore, although HEB-4 showed potential to be highly brittle (due to the highest 

brittleness index), this HEB also showed high hardness and higher stability to wear.

The longitudinal, transverse, and average sound velocities (𝑣𝑙 , 𝑣𝑡 , and 𝑣𝑀 ) of all the HEBs 

studied are reported in Fig. 3(e). Typically, 𝑣𝑙 would be higher than 𝑣𝑡  as the sound propagation 

in the longitudinal mode is fundamentally faster than the transverse mode [42]. HEB-5 

(Ti0.42Zr0.08Hf0.25V0.25B2) exhibited the highest sound velocity, arising from strong inter-atomic 

bonding also indicates the superior stiffness of this composition. Other HEBs such as HEB-4 

(Ti0.42Zr0.17Hf0.25V0.17B2), HEB-13 (Ti0.17Zr0.25Hf0.33V0.25B2), and HEB-18 

(Ti0.33Zr0.17Hf0.25V0.25B2) also showed higher sound velocity but slightly less than HEB-5. 

3.3.1. Elastic Anisotropy Analysis

Single crystals exhibit elastic anisotropy based on their symmetry and crystal structure. The elastic 

anisotropy of a crystal is quantified through the "universal elastic anisotropy index” (𝐴𝑈), as per 

equation (22) [6][43]. A crystal exhibits isotropic nature for “𝐴𝑈 = 0”, while the deviation from 

zero designates anisotropy  [44]. Typically, mechanical anisotropy in materials is caused by 

anisotropic atomic bonding which leads to varied response to mechanical stress in different 

crystallographic directions [45]. The atomic anisotropy in materials like HEBs is due to the highly 

disordered arrangement of multiple types of atoms, which further leads to varied chemical bonds 

and bond strengths, and electron distribution, which further results in different properties in 

different crystallographic directions [46]. 
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                                                                           (a)

            (b)                                                           (c)                                                         (d)

                                              

         (e)                                           (f)                                          (g)                                     (h)

Fig. 4. (a) Anisotropy in elastic moduli of HEBs (b) 2D profiles of Young’s modulus of HEB-

1(Ti0.25Zr0.25Hf0.25V0.25B2)  (c) 2D profiles of shear modulus of HEB-1 (d) 2D profiles of Poisson’s 

ratio of HEB-1 (e) 3D profile of Young’s modulus of HEB-1 (f) 3D profile of shear modulus of 

HEB-1 (g) 3D profile of Poisson’s ratio of HEB-1 (h) 3D profile of linear compressibility of HEB-

1
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As the anisotropy significantly affects the mechanical durability and micro-crack behavior of 

materials, it is critical to evaluate the anisotropy of the material [42]. Fig. 4(a) shows that the HEBs 

have 𝐴𝑈 values in a range of 0.12 – 0.26, designating the anisotropy of the crystal structures of 

HEBs. Among the studied HEBs, HEB–10 (Ti0.08Zr0.33Hf0.33V0.25B2) showed the higher 𝐴𝑈 of 0.26, 

highlighting its strong anisotropic behavior. Typically, HEBs exhibit strong anisotropy due to their 

MB2-type hexagonal crystal structure, which is made up of closely packed metal atom layers and 

alternating hexagonal boron layers. This structural configuration causes relatively weaker 

interlayer interactions and strong in-plane metal–boron (M-B) bonds, which are responsible for 

the anisotropic behavior seen in HEBs [13]. Furthermore, the anisotropy also arises because of the 

presence of different types of directional atomic bonding and bond strength due to the presence of 

different types of metal cations arranged in a highly random manner due to the inherent high 

entropy [22]. 

The directional variations in the elastic properties of HEBs were comprehensively analyzed using 

an open-source MATLAB code, “AnisoVis” [34]. Fig. 4(b) – Fig. 4(g) illustrates the elastic 

properties along different directions using 2D and 3D profiles. These graphical representations 

illustrate how Young's modulus, linear compressibility, shear modulus, and Poisson's ratio vary in 

different plane projections and directions. The maximum and minimum values of each modulus 

indicate the level of anisotropy present in the HEBs, which allows for the identification of 

directions (coordinates) of interest in the elastic properties that are not always parallel to the 

crystallographic axes of the material [34]. The 3D projections in xy, yz, and xz planes reveal the 

presence of increased anisotropy in Young’s modulus, linear compressibility, shear modulus, and 

Poisson’s ratio. For an isotropic crystal, the 3D projections will take a perfect spherical shape. Fig. 

4 and S2 of supplementary material confirm that all the HEBs display elastic anisotropy. These 

figures shed important light on the intricated directional dependence of elastic properties within 

structures and contribute significantly to our understanding of mechanical behavior. The 

anisotropy in these HEBs is also due to the lattice distortions. Further, it was observed that for all 

the HEBs, the anisotropy in shear modulus was higher than the anisotropy in Young’s modulus, 

which suggests that HEBs are more anisotropic in certain non-axial directions of the crystal. The 

anisotropy in linear compressibility was more significant in (0 0 1) direction than the (1 0 0) and 

(0 1 0) directions. Overall, a strong directional bonding dependency was observed in the HEBs 
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which shows their mechanical performance, such as deformation behavior, crack resistance, etc., 

depends on loading direction. 

3.4. Thermodynamic Properties

Debye temperature (ΘD), a characteristic temperature derived from the Debye model, is an 

important thermodynamic property that is correlated to properties such as thermal conductivity, 

specific heat, vacancy formation energy, and thermal expansion coefficient. The Debye 

temperature of HEBs was calculated as a function of acoustic velocity as per equation (18) [47] 

and is presented in Fig. 5 (a). 

                           

 (a)                                                                       (b)

Figure 5. Thermodynamic properties of Ti, Zr, Hf and V based HEBs (a) Debye temperature (b) 
melting point

 The ΘD signifies the maximum frequency of lattice vibrations, which results from the strength of 

interatomic bonds. Low Debye temperature of a material results from weak interatomic bond 

strength, and the material will have more low-frequency vibrational modes. Therefore, their atoms 

exhibit easy vibrations even with low energy, which lead to high specific heats at low temperatures. 

Furthermore, weak interatomic bonding results in more scattered phonons, which further results 

in low thermal conductivity. On the other hand, materials having high Debye temperatures exhibit 
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high thermal conductivity due to the presence of strong interatomic bonds and their atoms need 

more energy for easy vibrations [48]. Further, as the 𝐶𝑉 ∝  𝑇
𝜃𝐷3  , at higher temperatures (T>> ΘD), 

materials with low Debye temperature would exhibit high specific heat and the materials with high 

Debye temperature exhibit low specific heat. As the Debye temperature is proportional to mean 

sound velocity, the Debye temperature followed the same trend as sound velocity. For instance, 

the HEB–5 (Ti0.42Zr0.08Hf0.25V0.25B2) showed the highest sound velocity as well as higher ΘD (Fig. 

5(a)). Most of the non-equiatomic HEBs showed higher ΘD compared to the equiatomic HEB-1 

(Fig. 5(a)). The HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2), HEB–5(Ti0.42Zr0.08Hf0.25V0.25B2), HEB-13 

(Ti0.17Zr0.25Hf0.33V0.25B2), and HEB-18 (Ti0.33Zr0.17Hf0.25V0.25B2) showed higher ΘD, indicating 

stronger interatomic bonding and enhanced lattice stiffness, which translates to superior 

mechanical strength, thermal stability, and low thermal conductivity. This high ΘD suggests 

reduced vibrations of atoms at a given temperature, which indicates strong bonding, a stiff lattice, 

along with improved elastic moduli, and higher resistance to thermal shock, which are key traits 

for ultra-high temperature applications. It was observed that the HEBs showing high sound 

velocity and Debye temperature are low in zirconium concentrations compared to other constituent 

elements. 

The melting points of the HEBs as computed using the empirical equation (5) are presented in Fig. 

5(b). Since the HEBs studied are relatively cubic, the C11 used in equation (5) was computed as 

C11 = (C11+C22+C33)/3. All the non-equiatomic HEBs showed higher melting points than the 

equiatomic HEB-1.  HEB-17 (Ti0.33Zr0.25Hf0.25V0.17B2) exhibited the highest melting point of 3934 

K. The lowest melting point of 3465 K was exhibited by HEB-10 (Ti0.08Zr0.33Hf0.33V0.25B2). 

Broadly, it can be observed that the highest melting points were shown by those HEB 

configurations that had higher concentrations of titanium and hafnium. Further observations 

include (i) for a fixed Zr and Hf concentration, increase in Ti and decrease in V concentration has 

increased the melting point (ii) for a fixed Zr and V concentration, decrease in Ti and increase in 

Hf concentration has improved the melting point (iii) for a fixed Ti and V concentration, increase 

in Hf concentration has improved the melting point. Therefore, it can be concluded broadly that 

Ti and Hf concentrations have relatively more influence on the melting point of the studied HEBs. 

3.5. Electronic Properties

3.5.1. Density of States

Page 28 of 53Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 3

:5
0:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00075D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00075d


29

The structural stability of the HEB structures was evaluated by analyzing the total density of states 

(DOS) of the electronic structures. Fig. 6(a) and 6(b) show the equiatomic HEB crystal structure 

and its total DOS. The total DOS of equiatomic HEB-1, along with the projected DOS of 

constituent cations of HEB, such as Ti, Zr, Hf, V, and anion B, is shown in Fig. 6(b). The DOS of 

the remaining 17 HEB compositions is presented in the supplementary material S3. 

                                              (a)                                                               (b)

Fig. 6. Equiatomic (TiZrHfV)B2 HEB-1 (a) crystal structure (b) total density of states of HEB-1 

and the projected density of states of constituent elements  

The lattice distortion which causes significant lattice strain, typically arise from the random 

distribution of multiple transition-metal cations having different atomic radii in the HEB structure 

(Fig. 6(a) for equiatomic HEB-1). The lattice distortion causes variation in local bonding 

environments and enhances the orbital overlap between the d-states of metal atoms and p-states of 

boron by reducing symmetry and altering bond lengths between atoms which enable stronger and 

directional bonds. This is reflected in the broadened bonding peaks and the formation of the 

pseudo-gap near the Fermi level in the DOS (Fig. 6(b)). The total DOS of equiatomic HEB-1 (Fig. 

6(b)) shows a non-zero density of states at the Fermi level, indicating available electron energy 

states, suggesting possible superconductivity. Further, a valley at −1.08 eV near the Fermi level 
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(pseudo-gap) resulting from the hybridization of the d-orbital of metal atoms and p-orbital of boron 

atoms was observed. This pseudo-gap confirms the presence of covalent bonds in the material. 

The bonding states formed from the d-orbital of metal and the p-orbital of boron occurred at −13.80 

eV, and the antibonding states were above the Fermi level. Two bonding peaks were observed at 

~ −11.86 eV and −3.62 eV. The peak at −11.86 eV was observed to be due to the hybridization of 

d – p orbitals of Hf and B, respectively. The peak at −3.62 eV was observed to be due to the 

hybridization of d – p orbitals of Ti, Zr, and V with B. The metals such as Ti, Zr, and V showed 

relatively higher DOS at the fermi level, indicating weaker covalent bonds with boron (Fig. 6 (b)). 

On the other hand, Hf had a low DOS (1.65) at Fermi level, indicating stronger covalent bonding 

with boron, signifying the higher contribution of Hf-B bonds to mechanical stiffness and hardness. 

The strong Hf-B bond strength can also be confirmed from the higher Hf-B bond population (Table 

3) associated with its local coordination and bond shortening within the distorted lattice. For the 

studied HEBs, based on the composition, the bonding states occurred in the range of −12.3 eV to 

−14.2 eV, while the peak of bonds was observed at around ~−12.00 eV and −3.86 eV for all the 

HEBs. Thus, the structural disorder and lattice distortion directly influence the electronic 

hybridization, the position and width of bonding states, and the pseudo-gap formation, which in 

turn governs the bonding strength and mechanical stability of the HEBs. The DOS of all the HEBs 

is presented in supplementary material S3. 

3.5.2. Structural stability

The structural stability of the materials can be assessed through the Band-filling theory. The band-

filling theory states that the bonding states, particularly for p-d covalent compounds, can be used 

to predict the structural stability of a crystal [49][50]. A crystal structure is considered to be stable 

when it is in its lowest overall energy state. The electron distribution in the covalent bonds of a 

ceramic crystal and the nature of electrons in the bonding states (localized/delocalized) govern the 

lowering of the energy state of the crystal. In this regard, the structural stability of the HECs was 

calculated from the stability ratio as defined in equation (26).

𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 =  𝑊𝑜𝑐𝑐

𝑊𝑏
                                        (26)

where Wocc denotes the width of occupied states (energy as distance from the bottom of the bonding 

states to the Fermi level Ef) and Wb denotes the width of bonding states (energy as distance from 
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the bottom of the bonding states to the pseudo gap, which is the dip in DOS before antibonding 

states begin). Typically, 𝑊𝑜𝑐𝑐

𝑊𝑏
 ≈ 1 infers that all bonding states are fully filled, implying maximum 

structural stability. 𝑊𝑜𝑐𝑐

𝑊𝑏
> 1 indicates that the electrons are spilling into anti-bonding states, which 

reduces stability. When 𝑊𝑜𝑐𝑐

𝑊𝑏
< 1, some bonding states are unfilled, leading to reduced stability 

[50]. Using band-filling theory, the structural stability of the studied HEBs was assessed by 

examining 𝑊𝑜𝑐𝑐

𝑊𝑏
, as shown in Table 2. Greater phase stability is indicated by values closer to 1, 

which also suggests optimal filling of bonding states. The average M-B bonding energy Wpd is 

evaluated as the distance from the bottom of the band to the main peak of the bonding states (M-d 

‒ B-p overlap). The number of valence electrons (nb) of the HEBs is calculated by integrating the 

total DOS against the energy from the lowest energy state in the valence bond till the Fermi level. 

For all the HEBs studied, the computed values of 𝑊𝑝𝑑, 𝑊𝑜𝑐𝑐, 𝑊𝑏 and 𝑊𝑜𝑐𝑐

𝑊𝑏
  are shown in Table 2. 

In Table 2,  𝑊𝑜𝑐𝑐 value was observed to lie in the range of 12.3 to 14.2, and 𝑊𝑏 value was in the 

range of 11.3 to 13.2 for various concentrations of constituent metals. However, except HEB-2, 

HEB-3, HEB-4, HEB-5, and HEB-7, all the other HEBs showed nearly the same values of 𝑊𝑜𝑐𝑐 

(13.8), 𝑊𝑏 (12.6) and 𝑊𝑜𝑐𝑐

𝑊𝑏
  (1.08). It was observed that the outlier HEBs (HEB-2, HEB-3, HEB-

4, HEB-5, and HEB-7) have higher Ti concentrations than the others. The Wocc and Wb were 

observed to be narrower for HEB-3 and wider for HEB-7. The 𝑊𝑜𝑐𝑐

𝑊𝑏
 of all the HEBs being greater 

than ‘1’ infers that the bonding states of the HEBs have no room to accommodate the valence 

electrons. For example, 𝑊𝑜𝑐𝑐

𝑊𝑏
  =1.09 means, only 91% of the valence electrons can be 

accommodated in bonding states, and the remaining 9% would spill into the non-bonding states, 

which typically are high-energy states, inducing some structural instability. The HEB-6 

(Ti0.42Zr0.25Hf0.25V0.08B2) had the lowest ratio of 1.04 among all the compositions (Table 2), 

suggesting that its bonding states are almost completely occupied with negligible electron spillover 

into non-bonding states, making it the most stable configuration. HEB-2 (Ti0.42Zr0.25Hf0.08V0.25B2), 

and HEB-9 (Ti0.08Zr0.25Hf0.25V0.42B2), on the other hand, displayed the highest ratio of 1.13 and 

1.11, respectively. This signifies higher electron spill over to non-bonding states, which highlights 

decreased structural stability. Although the extent varied with composition, most of the systems 
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showed 𝑊𝑜𝑐𝑐

𝑊𝑏
 ratios that were marginally greater than ‘1’, indicating partial occupation of non-

bonding orbitals.

Table 2. Width of occupied states (Wocc), and bonding states width (Wb), stability ratio (𝑊𝑜𝑐𝑐

𝑊𝑏
), 

average M-B bonding energy (Wpd)  and number of valence electrons  for Ti, Zr, Hf and V based 
HEBs

 Code HEC Wocc 
(eV)

Wb 
(eV)

Wocc/Wb Wpd 
(eV)

nb

HEB-1 Ti0.25Zr0.25Hf0.25V0.25B2 13.8 12.6 1.10 2.06 335.97
HEB-2 Ti0.42Zr0.25Hf0.08V0.25B2 13.0 11.5 1.13 2.27 286.27
HEB-3 Ti0.42Zr0.25Hf0.17V0.17B2 12.3 11.3 1.09 2.61 339.70
HEB-4 Ti0.42Zr0.17Hf0.25V0.17B2 14.0 13.1 1.07 2.38 342.13
HEB-5 Ti0.42Zr0.08Hf0.25V0.25B2 14.0 12.8 1.09 2.64 342.13
HEB-6 Ti0.42Zr0.25Hf0.25V0.08B2 13.6 13.1 1.04 1.82 333.54
HEB-7 Ti0.42Zr0.17Hf0.17V0.25B2 14.2 13.2 1.08 2.62 315.72
HEB-8 Ti0.08Zr0.25Hf0.42V0.25B2 13.8 12.8 1.08 2.28 393.59
HEB-9 Ti0.08Zr0.25Hf0.25V0.42B2 13.8 12.4 1.11 2.15 337.99
HEB-10 Ti0.08Zr0.33Hf0.33V0.25B2 13.6 12.6 1.08 1.81 364.40
HEB-11 Ti0.08Zr0.25Hf0.33V0.33B2 13.8 12.6 1.10 2.40 365.82
HEB-12 Ti0.08Zr0.33Hf0.25V0.33B2 13.8 12.6 1.10 2.05 340.23
HEB-13 Ti0.17Zr0.25Hf0.33V0.25B2 13.8 12.8 1.08 2.06 364.33
HEB-14 Ti0.17Zr0.25Hf0.25V0.33B2 13.7 12.4 1.10 2.25 338.49
HEB-15 Ti0.17Zr0.33Hf0.25V0.25B2 13.7 12.7 1.08 2.16 340.23
HEB-16 Ti0.33Zr0.25Hf0.17V0.25B2 13.9 12.7 1.10 2.02 310.45
HEB-17 Ti0.33Zr0.25Hf0.25V0.17B2 13.7 12.8 1.07 1.93 334.61
HEB-18 Ti0.33Zr0.17Hf0.25V0.25B2 13.9 12.9 1.08 2.25 340.49

The Ti-rich and V-rich variants had a shift of the Fermi level (Ef) further into non-bonding states, 

reducing their structural robustness, whereas compositions that were equiatomic or nearly 

equiatomic generally displayed better band-filling characteristics because of balanced d-orbital 

contributions from multiple elements. According to this analysis, adjusting the elemental ratios 

can have a major impact on the electronic structure and, consequently, the structural stability of 

HEBs. Furthermore, the HEB-2, HEB-3, HEB-4, HEB-5, and HEB-7, which showed distinct 

properties compared to the other nine HEBs, have also showed relatively higher average M-B bond 
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energies (𝑊𝑝𝑑) (Table 2). In addition, an increase in the number of valence electrons (𝑛𝑏), did not 

show any widening of the width of bonding states (𝑊𝑏), inferring that the bonding states do not 

have additional room to accommodate the valence electrons further. Between HEB-2 (lowest 𝑛𝑏) 

and HEB-16 (second lowest 𝑛𝑏), an increase in valence electrons has slightly widened the 𝑊𝑏. 

However, after this, the width of  𝑊𝑏 was almost constant (~12.6 eV). Between HEB-14 (𝑛𝑏 = 

338.5) and HEB-3 (𝑛𝑏= 339.7), an increase in valence electrons has slightly reduced 𝑊𝑏 from 12.6 

to 11.3. Comparing HEB-2 and HEB-3, it can be observed that these two Ti-rich compositions 

have low Wb values. The common aspect of HEB-2 and HEB-3 is that these two HEBs have the 

same combined concentration of Hf and V (0.34) and the same Ti and Zr concentrations of 0.42 

and 0.25, respectively. Table 2 also presents another interesting aspect about HEB-2, HEB-3, 

HEB-4, HEB-6, and HEB-7, which showed slightly deviated 𝑊𝑏, and 𝑊𝑝𝑑. These five HEBs have 

the same Ti concentration of 0.42, and the other three metals, Zr, Hf, and V, follow a peculiar 

concentration combination, i.e. sum of concentrations of any two elements is 0.34. 

3.5.3. Partial charge analysis and bond population analysis

The atomic bonding properties of HEBs were assessed through Mulliken charges and bond 

populations [47]. The Mulliken partial charge and bond population analysis of the equiatomic 

HEB-1 are presented in Fig. 7(a) and Fig. 7(b), respectively. The same analysis for the rest of the 

17 HEBs is presented in the supplementary material S4 and S5 respectively. The charge density 

of individual atoms in complex systems such as high entropy ceramics is greatly influenced by the 

local atomic environment because of the presence of different types of interatomic interactions and 

structural configurations. The interatomic interactions directly govern the compound strength, 

flexibility, thermal conductivity, and energy storage capacity of the material. As per the Mulliken 

partial charge distribution of equiatomic HEB-1 presented in Fig. 7(a) and other HEBs in the 

supplementary material S4, the partial charges on the metal atoms in all compositions ranged 

roughly from +0.8 to +1.4, whereas the partial charge on boron atoms ranged between −0.58 to 

−0.60, indicating the significant role of metal–boron (M-B) bonding on the overall electronic 

structure. This highlights the mixed ionic–covalent nature of the bonding in these compositions by 

showing a significant charge transfer from metal atoms to boron.  

Compared to different metals (Ti, Zr, Hf, and V), the degree of charge dispersion between 

individual atoms of a particular metal type appears to be less pronounced. This highlights the 
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stabilization of local bonding environment by suggesting a more consistent interaction strength 

between atoms of the same element. Furthermore, the Zr atoms showed the highest positive charge 

(highest oxidation states) compared to other metals in all the HEBs, which means that, due to 

losing more electrons, the shared electron density between Zr-B covalent bond got reduced. This 

results in weaker directional Zr-B covalent bond interactions. Conversely, the Hf atoms showed 

the lowest positive charge among all the HEBs, which signifies stronger Hf-B interactions. The 

higher charge transfer of Hf-B compared to Zr-B bonds could be attributed to the higher 

electronegativity difference between Hf and B compared to Zr and B.  As per the partial DOS 

analysis, the electron transfer involving the B atoms is primarily concentrated in the s and p 

orbitals, while for the metal atoms, it predominantly occurs in the d orbitals. 

                                  (a)                                                                          (b)

                          

                               (c)                                                                              (d)

Fig. 7. Electronic properties of HEB-1(Ti0.25Zr0.25Hf0.25V0.25B2) (a) Mulliken partial charge 

analysis (b) Bond population (c) electron localization function (ELF) (d) spin-up and spin-down 

d- orbital density of states

HEB - 1
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This illustrates that charges on all metals and boron are delocalized throughout all the designed 

compositions because partial charges of metals varied from a range of 0.8e up to 1.4e.  By a 

combined analysis of partial charges and bond populations (Fig. 7(a) and 7(b)), it becomes evident 

that the HEB compositions significantly enhanced the ionic character of the Zr–B chemical bond, 

while the Ti–B, Hf–B, V–B, and Zr–B predominantly retain their covalent bonding characteristics. 

In addition, the weakest bond plays a determinative role in the hardness of materials [51]. Gao et 

al. proposed that bonding strength and the number of bonds per unit area are the two important 

factors affecting the intrinsic hardness of a covalent material [24]. The bond population of the 

Zr–B bond is the smallest among all and varies with the tuning of the composition. This implies 

that the intrinsic hardness of various HEBs will vary as well, following the same general pattern 

proposed by Tian’s correlation [26]. The delocalization of electrons, which is suggestive of 

metallic behavior in all investigated HEBs, was confirmed by the steady charge transfer from 

metals to boron with the finite DOS at the Fermi level. The DOS close to the Fermi level indicates 

the density of free charge carriers available to conduction, whereas partial charge sheds light on 

the degree and direction of charge transfer as well as the bonding type (ionic, covalent, or metallic), 

which influences the mechanical strength of the material.

Mulliken bond population, which represents the overlap and strength of atomic orbitals, provides 

an understanding of bond strength and covalency [47]. The bond population versus bond length 

data for the equiatomic HEB-1 is presented in Figure 7(b), and for the other 17 HEBs is presented 

in the supplementary material S5. The average Mulliken bond population and bond length of B-B, 

Ti-B, Hf-B, V-B, and Zr-B are presented in Table 3. HEBs with higher bond populations are 

typically more structurally stable and resistant to mechanical or thermal degradation, making them 

ideal for hard coatings or high-temperature structural materials. Conversely, HEBs with lower 

bond populations indicate weaker interactions, which may result in decreased mechanical strength 

but occasionally increased ionic mobility, which would be a benefit in solid-state batteries or ionic 

conductors. From Fig. 7(b), Table 3, and supporting material S5, it can be seen that the average 

bond length of B-B, Ti-B, Hf-B, V-B, and Zr-B ranged between 1.76 ‒ 1.81 Å, 2.40 ‒ 2.48 Å, 2.46 

‒ 2.50 Å, 2.42 ‒ 2.50 Å, and 2.46 – 3.00 Å, respectively. Further, the bond population followed 

the order of B-B (0.88)> Hf-B (0.11)> Ti-B (0.08)> V-B (0.07)> Zr-B (-0.02). 
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The highest B-B bond population indicates strong covalent character, and the B-B region has a 

strong redistribution of electron density, which can result in boron atoms having a 2D graphene-

like network in the crystal. Further, the low metal-boron bond population indicates weak electron 

population and an ionic-covalent nature of the bond. In almost all of the HEBs, the Zr-B bond 

showed the lowest and negative bond population, which signifies the transfer of electrons to 

antibonding orbitals, due to which the Zr-B bond gets weakened or destabilized. Furthermore, the 

Hf-B bond, having the highest bond population among the four metal-boron bonds, indicates that 

this bond is the strongest and stable bond, followed by the Ti-B bond. This concludes that the 

concentrations of Hf and Ti would highly affect various mechanical and thermal properties of the 

HEBs. This observation gets strong support from the trends of various mechanical and thermal 

properties discussed in the previous sections.

3.5.4. Electron localization function 

The mechanical, thermodynamic, and microstructure characteristics of the materials, from the 

electron outlook, depend significantly on the nature of the chemical bonds present. The nature of 

chemical bonding and charge transfer characteristics of a material can be qualitatively represented 

by the electron localization function (ELF) [50][52]. The ELF for the equiatomic HEB-1 is 

presented in Fig. 7(c), and the ELF of the other 17 HEBs is presented in the supplementary material 

S6. The scale of the graphs ranges from approximately zero (red), referring to electron 

delocalization. Further, ELF moves towards 0.3 (yellow) and 0.6 (green), and then ELF reaches 

close to 1, having almost 0.87 (blue) value showing a localized electron region, and perfect 

covalent bonding. 

It is clearly seen in all the ELF graphs (Fig. 7(c) and supplementary material S6) that more charge 

was localized near boron atoms, highlighted in blue and green color (ELF≈ 0.6 to 0.9). This 

indicates the covalent bonding of B−B and ionic-covalent bonding between metal and boron. On 

the other hand, a delocalized and nearly homogeneous electron gas around metal atoms was 

observed, which is highlighted in yellow color (ELF ≈ 0.3). This indicates a weak metallic bonding 

between the metals. This observation is also supported by Mulliken partial charge analysis and 

PDOS of atoms. As the molecular orbitals of HEBs have a major contribution from d-orbitals of 

metals, the Fermi level in the DOS is mainly from d-orbitals. Therefore, it can be confirmed that 

the ELF, Mulliken, and DOS/PDOS follow the same trend. When the various compositions of 
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studied HEBs were compared, the distribution of ELF, bond population, and average partial charge 

varied greatly depending on the concentration of the individual metals. This variation is crucial in 

determining the suitability of any particular HEB composition for various applications.  

Table 3. Average Bond Population (P) and Bond Length (L) of Ti, Zr, Hf and V based HEBs

B-B B-Hf B-Ti B-V B-ZrNomenclature

P L P L P L P L P L

HEB-1 0.88 1.76 0.11 2.49 0.08 2.40 0.07 2.45 -0.02 2.49

HEB-2 0.87 1.77 0.11 2.47 0.08 2.43 0.07 2.43 -0.03 2.46

HEB-3 0.86 1.78 0.11 2.47 0.09 2.44 0.07 2.43 -0.02 2.48

HEB-4 0.86 1.78 0.10 2.47 0.08 2.44 0.07 2.44 -0.03 2.47

HEB-5 0.86 1.77 0.09 2.46 0.07 2.43 0.06 2.42 -0.05 2.47

HEB-6 0.85 1.79 0.10 2.48 0.08 2.45 0.07 2.44 -0.03 2.48

HEB-7 0.86 1.78 0.09 2.46 0.08 2.43 0.07 2.42 -0.04 2.46

HEB-8 0.85 1.80 0.11 2.50 0.09 2.47 0.06 2.47 -0.01 2.51

HEB-9 0.87 1.78 0.11 2.48 0.08 2.45 0.07 2.46 -0.01 2.49

HEB-10 0.85 1.80 0.12 2.50 0.09 2.48 0.07 2.48 -0.003 2.50

HEB-11 0.86 1.79 0.12 2.49 0.07 2.47 -0.01 2.50 0.08 3.00

HEB-12 0.86 1.79 0.12 2.49 0.09 2.46 0.07 2.46 -0.01 2.49

HEB-13 0.85 1.79 0.11 2.49 0.09 2.46 0.07 2.46 -0.02 2.49

HEB-14 0.86 1.79 0.11 2.48 0.09 2.46 0.07 2.45 -0.01 2.49

HEB-15 0.86 1.79 0.12 2.49 0.09 2.47 0.07 2.46 -0.01 2.49

HEB-16 0.86 1.78 0.11 2.47 0.09 2.44 0.07 2.46 -0.02 2.47

HEB-17 0.85 1.79 0.11 2.48 0.09 2.45 0.07 2.44 -0.02 2.48

HEB-18 0.83 1.81 0.10 2.47 0.08 2.43 0.06 2.43 -0.03 2.47

Low average partial charges imply less charge separation and more uniform electron distribution, 

which characterizes metallic bonding (Fig. 7(a) and supplementary material S4). High partial 

charges indicate stronger and more directional bonding, which is associated with covalent or ionic 

character (Fig. 7(a) and supplementary material S4). A strong bonding (ionic or covalent), which 

Page 37 of 53 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 3

:5
0:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00075D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00075d


38

is associated with high ELF values between atoms, leads to high hardness, thermal stability, and 

localized chemical interactions, all of which are advantageous for solid electrolytes, protective 

coatings, and refractory materials. Conversely, metallic bonding behavior is associated with lower 

ELF values, which indicate delocalized electron density. This supports electrical and thermal 

conductivity, which is desirable in conductive ceramics, electrodes, or thermoelectric materials. 

Certain HEB compositions in this study showed a mixed bonding character with moderate partial 

charges, bond populations, and ELF. This suggests that they may provide a balance of properties, 

including both functional performance and mechanical robustness (e.g., in multifunctional 

structural-electronic components). To customize their behavior and optimize their composition for 

any particular application, it is crucial to examine how partial charge, bond population, and ELF 

interact across various compositions.

3.5.5. Magnetism and spin polarization

Spin-polarized metals are of great technological importance as they have diverse fields of 

applications, ranging from spintronic devices to quantum computation [53]. Electronic structure 

provides the foundational knowledge about the micro-mechanisms of structural stability and 

mechanical properties. Similarly, the Density of States (DOS) provides an understanding of the 

electrical and optical properties of a system. The ratio of spin polarization can be expressed by 

means of the spin-up and spin-down DOS around the Fermi level, Ef [54]:

𝑃 =  𝐷
↑(𝐸𝑓)― 𝐷↓(𝐸𝑓)

𝐷↑(𝐸𝑓)+ 𝐷↓(𝐸𝑓)                                                                        (27) 

Where 𝐷↑(𝐸𝑓) is the density of states for spin-up electrons at energy E, 𝐷↓(𝐸𝑓) is the density of 

states for spin-down electrons at energy 𝐸𝑓. The fully spin-up polarized systems would have P = 

1 (e.g., half-metal with only spin-up states at 𝐸𝑓), and the fully spin-down polarized systems would 

have P = −1, and if P = 0, then the system would not have spin polarization (equal DOS for both 

spins). Both total density of states (TDOS) and projected density of states (PDOS) were calculated 

based on spin-polarized crystal structure optimization. The states near the Fermi level (Ef) are 

critical in determining the electronic and magnetic properties. Generally, spin moments appear due 

to unequal occupancy of spin-up and spin-down bands, and can be confirmed from spin-polarized 

DOS deduced from the band structure calculations [55].  
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The spin-polarized total density of states (TDOSs) and projected density of states (PDOS) of 

occupied d-orbitals of equiatomic HEB-1 over the energy range of −15 eV to +25 eV with the 

Fermi level (Ef) set to 0 eV is presented in Figure 7(d), and for the rest of the compositions, has 

been presented in the supplementary material S7. Spin down has been shown by inverting the y-

axis with the same energy scale for the spin up contribution along the x-axis. Conductivity depends 

mainly on the electronic states near the Fermi surface. The non-zero d-orbital DOS at the Fermi 

level “D(Ef)” implies that the HEBs are intrinsically metallic, which has been indicated due to 

orbital hybridization because of the overlap of d-orbital bands  [55].  The overlaps of these bands 

give evidence that HEBs are composed of strong bonding. Along with this, PDOS allows us to 

identify predominant states in conduction and valence bands near the Fermi level [56]. For almost 

all of the studied HEBs, it was observed that the PDOS was asymmetric with respect to the energy 

axis for all the metal atoms. This asymmetric distribution of spin-up and spin-down electrons in 

occupied and unoccupied states shows a hallmark of spin-polarization and near magnetism of the 

HEBs. Among all the compositions studied, HEB–1 (Ti0.25Zr0.25Hf0.25V0.25B2), HEB-10 

(Ti0.08Zr0.33Hf0.33V0.25B2), HEB–11 (Ti0.08Zr0.25Hf0.33V0.33B2), HEB-16 (Ti0.33Zr0.25Hf0.17V0.25B2), 

and HEB–17 (Ti0.17Zr0.25Hf0.25V0.33B2) showed the largest spin splitting, especially in the Ti-d and 

V-d states, suggesting magnetic moments localized on these atoms (Figure 7(d) and supplementary 

material S7). The DOS of each HEB reflects how the variation in composition influences the 

position, intensity, and symmetry of the d-orbital contributions to DOS. Across all cases, the 

TDOS is predominantly governed by the d-orbitals of transition metals, particularly in the energy 

range from −10eV to +15eV. In some of the HEB configurations, clear spin polarization was 

observed, which indicates that these HEBs exhibit some degree of magnetism depending on the 

metal distribution.  

Spin asymmetry is observed to be particularly pronounced in compositions having higher V and 

Ti concentrations. Titanium showed more pronounced peaks in the conduction band, particularly 

in the spin-up channel just above the Fermi level (0 to +5 eV). This behavior was noticeable in Ti-

rich configurations such as HEB-1, HEB-16, and HEB-17, where 3d of Ti states dominate the low-

energy conduction states, indicating its role in modulating electrical conductivity rather than 

contributing to deep valence band states; however, the spin asymmetry was less pronounced than 

in the V-d contribution. The maximum contribution (5 and 7 electrons/eV near the Fermi level) in 

spin up for the valence band by the V-d orbital was observed for HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2), 
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and HEB-9 (Ti0.08Zr0.25Hf0.25V0.42B2). Maximum contribution in spin down (up to 10 electron/eV 

near the Fermi level) for the conduction band by V-d orbital was observed for HEB-16 

(Ti0.33Zr0.25Hf0.17V0.25B2), HEB-1 (Ti0.25Zr0.25Hf0.25V0.25B2), and HEB-17 (Ti0.17Zr0.25Hf0.25V0.33B2) 

(Figure 7(d) and supplementary material S7). However, the spin asymmetry is more pronounced 

than in Ti-rich compositions, suggesting that V contributes to magnetism rather than being 

dominated by metallic conductivity. Zr-d and Hf-d in HEBs systems exhibit broader and more 

localized d-states extending from −4 eV to +4 eV. These 4d and 5d elements contribute 

significantly to both the valence and conduction band, with relatively spin symmetric DOS. 

Because of their more itinerant nature, d-orbitals of Zr, and Hf are primarily responsible for 

maintaining the metallic framework and minimizing exchange splitting (diminishing magnetism). 

In keeping with their function in ultra-high temperature ceramics, these components add structural 

rigidity and electron delocalization [57].

Overall, most of the compositions displayed asymmetric conduction band, with large spin-down 

contributions, particularly from Ti and V. Titanium contributed to compositions that lead to strong 

exchange splitting and enhanced magnetism due to localized d-states in the valence band. 

Vanadium was observed to contribute significantly near the Fermi level in both valence and 

conduction bands, favoring high electrical conductivity. Equiatomic Ti₀.₂₅Zr₀.₂₅Hf₀.₂₅V₀.₂₅B 

(HEB-1) displayed a near symmetric spin, suitable for stable metallic applications without 

magnetic interference. Most of the non-equiatomic HEBs show good electrical conductivity and 

potential towards spintronic applications due to spin imbalance.

The total magnetic moment (Bohr magneton/formula unit, µ𝐵/f.u) of the HEBs studied in the 

present work is reported in Table 4. The total magnetic moments of the HEBs ranged from 0.007 

to 0.037 µ𝐵/f.u, indicating that the studied HEBs displayed a near non-magnetic nature or were 

weakly magnetic in their ground states. The small values of µ𝐵 /f.u suggest the d-electrons of the 

transition metals, although capable of magnetic polarization individually, tend to become 

delocalized in the metallic and complex environment of the high-entropy solid solution. From 

partial to total DOS, the valence band mostly consisted of s-orbitals. Generally, these lowest 

valence bands are separated from other valence bands by energy gaps for both majority (spin-up) 

and minority (spin-down) spin bands and are not affected by the exchange interaction. 
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Since the studied HEBs did not show any band gaps (Fig. 7(d) and supplementary material S7), it 

can be said that the s-orbitals do not influence the band gap and magnetic moment. The dispersed 

bands, which mainly consist of d-electrons, are due to the strong hybridization of orbitals, 

including p-electronic states. HEB-7 (Ti0.42Zr0.17Hf0.17V0.25B2) showed the highest magnetic 

moment (0.037 µ𝐵/f.u) among all compositions. It may be due to a local imbalance in the electronic 

environment or increased contribution from the Ti and V atoms, which are known to exhibit weak 

magnetic behavior in some combinations. On the other hand, HEB-18 (Ti0.33Zr0.17Hf0.25V0.25B2) 

showed the lowest moment of 0.007 µ𝐵/f.u, suggesting near-perfect cancellation of spin 

polarization. As can be seen from the supplementary material S7, the primary contribution to the 

total magnetic moment arises from spin polarization of d states. Hybridization of d states of the 

transition metals suggests the presence of metallic bonds. DTi(Ef) and DV(Ef) are the highest among 

all PDOS at the Fermi level at all HEBs compositions, followed by DHf(Ef) and DZr(Ef), leading to 

magnetic instability. The spin-polarized PDOS of Ti and V have two separate peaks: one above 

the Fermi level and one below the Fermi level. These two peaks hybridize Hf and Zr peaks, 

respectively, resulting in magnetic splitting. Also, DHf(Ef) ≈ DZr(Ef), showing the very least DOS 

near the Fermi level, contributes to enhancing nonmagnetic characteristics. 
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Table 4 Magnetic Moment of Ti, Zr, Hf and V based HEBs

Nomenclature HEB Average Spin 

Up

Average Spin 

Down

Magnetic 

Moment

HEB-1 Ti0.25Zr0.25Hf0.25V0.25B2 0.46 0.44 0.023

HEB-2 Ti0.42Zr0.25Hf0.08V0.25B2 0.47 0.46 0.015

HEB-3 Ti0.42Zr0.25Hf0.17V0.17B2 0.48 0.47 0.015

HEB-4 Ti0.42Zr0.17Hf0.25V0.17B2 0.49 0.47 0.022

HEB-5 Ti0.42Zr0.08Hf0.25V0.25B2 0.48 0.45 0.023

HEB-6 Ti0.42Zr0.25Hf0.25V0.08B2 0.51 0.49 0.021

HEB-7 Ti0.42Zr0.17Hf0.17V0.25B2 0.50 0.46 0.037

HEB-8 Ti0.08Zr0.25Hf0.42V0.25B2 0.50 0.48 0.021

HEB-9 Ti0.08Zr0.25Hf0.25V0.42B2 0.51 0.48 0.029

HEB-10 Ti0.08Zr0.33Hf0.33V0.25B2 0.50 0.47 0.029

HEB-11 Ti0.08Zr0.25Hf0.33V0.33B2 0.50 0.48 0.021

HEB-12 Ti0.08Zr0.33Hf0.25V0.33B2 0.50 0.47 0.029

HEB-13 Ti0.17Zr0.25Hf0.33V0.25B2 0.49 0.47 0.022

HEB-14 Ti0.17Zr0.25Hf0.25V0.33B2 0.48 0.45 0.023

HEB-15 Ti0.17Zr0.33Hf0.25V0.25B2 0.48 0.47 0.015

HEB-16 Ti0.33Zr0.25Hf0.17V0.25B2 0.49 0.47 0.022

HEB-17 Ti0.33Zr0.25Hf0.25V0.17B2 0.49 0.47 0.022

HEB-18 Ti0.33Zr0.17Hf0.25V0.25B2 0.48 0.47 0.007

3.6. Comparison of Pure Metal Borides and High Entropy Diborides (HEBs) 

To understand the superior properties of HEBs against the pure metal diborides, the properties 

such as elastic modulus, hardness, and melting point of the 18 HEB compositions are compared 

with the constituent metal diborides in Fig. 8. 
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                                    (a)                                                                           (b)

(c)

Fig. 8. Comparison of properties of Ti, Zr, Hf and V based HEBs with pure metal diborides: (a) 

elastic modulus, (b) hardness, (c) melting temperature

Fig. 8(a) shows that, except HEB-1, HEB-9, and HEB-11, all the other 15 HEB compositions 

showed higher elastic modulus compared to ZrB2, VB2, and TiB2. However, the elastic modulus 

of all 18 HEB compositions was observed to be less than that of HfB2. Fig. 8(b) highlights that, 

except for HEB-8, HEB-9, HEB-11, and HEB-14, all the other 14 HEB compositions showed 

higher hardness compared to ZrB2, VB2, and TiB2 but less than HfB2. Furthermore, the HEB-4, 

HEB-5, HEB-6, HEB-7, HEB-13, HEB-17, and HEB-18 showed higher melting points compared 

to the constituent metal diborides ZrB2, VB2, HfB2, and TiB2. Among the remaining HEBs, except 

HEB-10, the other HEBs showed higher melting points than at least two pure metal diborides. This 
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comparison confirms that the HEBs, having various concentrations of constituent metal diborides, 

have the potential to exhibit exceptionally enhanced mechanical and thermal stability compared to 

the pure metal diborides. 

4. Conclusions

The present study introduces new types of high entropy diboride based ceramic materials 

comprised of transition metal diborides TiB2, HfB2, ZrB2, and VB2. There is only one literature 

study available for this combination, which reported the mechanical properties of equiatomic 

(TiHfZrV)B2. The present study tried to assess the enhancement in the structural, mechanical, and 

thermal properties of this HEB combination by tuning the atomic fractions of Ti, Hf, Zr, and V. 

The phase and structural stability of the HEBs was confirmed from the thermodynamic parameters 

such as ΔHmix, ΔGmix, Ω and the band-filling theory analysis. The findings conclusively show that 

compositional complexity governs the mechanical, thermodynamic, magnetic, and electronic 

behavior of the HEBs. Most of the HEB compositions (Ti0.42Zr0.25Hf0.08V0.25B2, 

Ti0.08Zr0.25Hf0.25V0.42B2, Ti0.08Zr0.25Hf0.33V0.33B2, and Ti0.33Zr0.25Hf0.25V0.17B2) met the criteria for 

single phase solid-solution formation as confirmed by thermodynamic parameters. According to 

the universal anisotropy index, which takes the differences in lattice symmetry and bonding 

uniformity into account, the HEB-10 (Ti0.08Zr0.33Hf0.33V0.25B2) showed highest anisotropy, while 

HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2) was nearly isotropic. With respect to mechanical stability, HEB-

4 (Ti0.42Zr0.17Hf0.25V0.17B2) having highest Ti and Hf concentrations, showed the highest hardness, 

while HEB-9 (Ti0.08Zr0.25Hf0.25V0.42B2), and HEB-14 (Ti0.17Zr0.25Hf0.25V0.33B2) having low 

concentrations of Ti and high concentration of V showed the lowest hardness. HEB-

4(Ti0.42Zr0.17Hf0.25V0.17B2) appears to be the most brittle and isotropic, whereas HEB-9 

(Ti0.08Zr0.25Hf0.25V0.42B2) exhibited highest ductility. With the highest Young's, shear, and bulk 

moduli, HEB-6 (Ti0.42Zr0.25Hf0.25V0.08B2) having highest Ti concentration and lowest V 

concentration demonstrated remarkable elastic rigidity and superior resistance to both shape and 

volume deformation. The lowest Young's, shear, and bulk moduli of HEB-9 

(Ti0.08Zr0.25Hf0.25V0.42B2) and HEB-10 (Ti0.08Zr0.33Hf0.33V0.25B2) suggest that low Ti concentrations 

and high V concentrations would make the HEBs compliant under mechanical loading and make 

the HEB less rigid. The hardness of the studied HEBs ranged between 35.72 ‒ 43.22 GPa, indicate 

their super-hardness properties. It is noteworthy that the Ti rich HEB-4 (Ti0.42Zr0.17Hf0.25V0.17B2), 
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HEB-6 (Ti0.42Zr0.25Hf0.25V0.08B2), HEB-7 (Ti0.42Zr0.17Hf0.17V0.25B2) and HEB-17 

(Ti0.33Zr0.25Hf0.25V0.17B2) displayed the potential to be superhard materials as their hardness was 

greater than 40 GPa, indicating their strong covalent bonding nature. Because of its low brittleness 

index and Hv/E ratio, the Hf rich HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2) having low Ti concentration 

showed highest density, volume, and fracture toughness. HEB-8 displayed low wear resistance but 

excellent crack resistance. While magnetic variations (e.g., high in HEB-7 

(Ti0.42Zr0.17Hf0.17V0.25B2)) result from variations in electronic hybridization and bonding type, the 

high Debye temperature and sound velocity in HEB-5 indicate strong atomic bonding and thermal 

stability. All non-equiatomic HEBs showed higher melting points than the equiatomic HEB-1. 

Ti0.33Zr0.25Hf0.25V0.17B2 exhibited the highest melting point of 3934 K.

The complex composition of the investigated HEBs results in unique property–application 

relationships. Cutting tools and protective coatings may benefit from HEB-4 

(Ti0.42Zr0.17Hf0.25V0.17B2) due to its exceptional hardness and wear resistance. For load-bearing 

structural elements, HEB-6 (Ti0.42Zr0.25Hf0.25V0.08B2) may provide superior stiffness due to its 

highest elastic moduli. Strong crack resistance appropriate for armor and impact-resistant 

applications was displayed by HEB-8 (Ti0.08Zr0.25Hf0.42V0.25B2) due to its high density and fracture 

toughness. HEB-9 (Ti0.08Zr0.25Hf0.25V0.42B2) is suitable for flexible or heat shock-resistant 

structural coatings because it has the highest Poisson's ratio and ductility. HEB-5 

(Ti0.42Zr0.08Hf0.25V0.25B2) has outstanding thermal stability for high-temperature structural 

applications and aerospace applications due to its high Debye temperature and sound velocity. 

While HEB-17 (Ti0.33Zr0.25Hf0.25V0.17B2) has the highest melting point and may be best suited for 

ultra-high-temperature applications like turbine blades and refractory coatings, HEB-7 

(Ti0.42Zr0.17Hf0.17V0.25B2), which exhibits the highest magnetic moment, may be a promising 

candidate for magnetic and spintronic devices. Overall, this study proves the importance of 

evaluating structure-property relationships to identify optimum HEC composition for a target 

application and also to identify non-equiatomic HEB compositions with superior properties than 

the usually explored equitomic HEBs. 
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