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Abstract: The composition—property relationship of 18 quaternary high entropy diborides (HEBs) consisting of boron
and IVB, VB and VIB transition metals (TM) was investigated using first-principles calculations. A valence electron
concentration—relative electronegativity (VEC—REN) composite descriptor was developed to effectively predict the
mechanical properties of HEBs. The results demonstrate that with a fixed VEC, the rise of the REN makes HEBs harder
but more brittle when the electronegativity of doped TM atoms is lower than that of boron atoms. However, HEBs
become softer and more ductile as REN increases if the doped TM atoms have higher electronegativity than boron
atoms. The VEC—REN composite descriptor can accurately classify and predict the mechanical properties of HEBs with
different components, which provides important theoretical guidance for the rapid design and development of novel
high-entropy ceramic materials.
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[6,7]. Recently, the high-entropy design concept has

been introduced to ceramic systems, including

oxides, borides, carbides, and nitrides [8—14].
Among the high-entropy ceramic (HEC)

1 Introduction

Since 2004, high entropy alloys (HEA) have

attracted significant attention due to the excellent
performance  under environments,
including high temperature, irradiation and nuclear
reactors [1—5]. HEAs, composed of five or more
primary elements in atomic percentages ranging
from 5% to 35%, offer a broad compositional space
for tailoring material properties. With an increasing
demand for higher performance, the design and
exploration of new materials with desirable
properties have become critical areas of research

extreme

materials, high entropy transition metal diborides
(HEBs) have emerged as promising ultra-high
temperature ceramics (UHTCs) due to their
exceptional hardness, high-temperature stability,
and oxidation resistance [15—17]. The excellent
performance of HEBs makes them have great
application potential in extreme environments, such
as hypersonic vehicles, ultra-high temperature
thermal barrier coatings and nuclear reactors.
The wide composition space of HEC provides the
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possibility for designing the desired mechanical
properties of materials, but the research on HEBs is
still in its early stages. Currently, the research is
focused on improving the mechanical properties by
compositional optimization and advanced synthesis
techniques based on experiments [18,19].

A major challenge is the fact that HEBs
commonly exhibit extreme brittleness in addition to
their high hardness, thereby significantly limiting
their practical applications. This is due to the fact
that the prepared HEBs are mainly composed of
IVB and VB refractory transition metal diborides
(TMB:s), such as ZrB; and TiB,, which are known
for their limited ductility [20]. As for VIB transition
metal diborides, like CrB,, MoB, and WB,,
although predicted to be ductile UHTCs, they have
relatively low hardness and are thermodynamically
unstable. Only a few studies have reported HEBs
containing more than two VIB group elements due
to their low hardness and thermodynamic instability
[21,22].

Besides, the fundamental understanding of the
relationship linking the appropriate properties
of a HEC phase to its intrinsic corresponding
components remains the biggest challenge in this
field. To classify and predict properties of HEBs,
an accurate and appropriate descriptor for HEBs
is urgently needed. Addressing this need, some
attempts have been reported to explore the phase
formation and mechanical properties of HECs using
the density functional theory (DFT) based on
first-principles calculations [23—25]. For instance,
GUO and LIU [26] claimed that the mixing
enthalpy (AHmix), electronegativity difference (Ay)
and valence electron concentration (VEC) are
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crucial for the formation of the single phase solid
solution of HEA. LIU et al [27] constructed a new
thermodynamic parameter (¢2) along with the
structural parameter atomic size difference (J)
and established the £—0 criterion to predict the
formation ability of fifteen quaternary HEBs.

Further investigation is required to study the
relationship between the descriptors of formation
ability and the mechanical properties of the HEBs.
GU et al [28] conducted extensive research on
binary metal diborides and claimed that relative
electronegativity (REN) plays a key role in
determining property trends by capturing relative
charge redistribution. Although the composite
VEC-REN descriptor was proposed to accurately
sort mechanical properties of binary metal diborides,
the space for modulation of material design is finite
compared to high entropy systems.

In this work, the phase stability and
mechanical properties of 18 quaternary transition
metal diborides using first-principles calculations
were systematically investigated. This work is
expected to accelerate the discovery and design
of HEC materials possessing appropriate and
adjustable properties, offering new pathways for
applications in extreme environments.

2 Computational methods

The structure of the AlB,-type high-entropy
metal diborides consists of a cationic sublattice and
an anionic sublattice respectively occupied by
transition metal (TM) atoms with equal atomic
ratios and the boron atoms, as shown in Fig. 1(a).
The special quasi-random structure technique was
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Fig. 1 (a) Crystal structure of high entropy diborides (The grey spheres represent boron atoms, and other colored
spheres represent transition metals (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo and W)); (b) Doped schemes of 18 quaternary high-

entropy diborides
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employed to generate disordered high entropy solid
solution using the Alloy Theoretic Automated
Toolkit (ATAT) [29,30]. The bulk supercell (3x3x4)
with 108 atoms was selected for the calculations.
The first-principles calculations were conducted
using Vienna ab initio simulation package (VASP)
code with the project-augmented wave method and
the Perdew—Burke—Ernzerhof version of the
exchange correlation functional [31,32]. The VASP
calculations were performed using the Gamma
k-point mesh of 4x4x3, with the cutoff energy
of the plane wave basis set to be 400eV. The
convergence criteria during the optimization were
set to be 1x10*eV and 0.02 eV/A for the electronic
relaxation process and the ionic relaxation loop,
respectively.

Figure 1(b) shows the design principle and
electronegativity values of all the atoms involved,
according to the Pauling scale [33]. The REN
values for group-IVB transition metal atoms show a
noticeable decline from Ti to Zr and then to Hf. The
value of the group-VB TM atoms exhibits a similar
trend, ranging from V to Nb and finally to Ta,
whereas the values of group-VIB TM atoms show a
completely opposite pattern, from Cr (1.66) to Mo
(2.16) and ultimately to W (2.36). In order to find
the appropriate properties of HEBs, we designed 18
high-entropy diborides by using a fixed-doped-TM
structure with TM atoms from groups [VB, VB, and
VIB. In particular, three TM atoms are taken from
one group, denoted as fixed atoms, while the fourth
TM atom is chosen from another different group as
the doped atom in each quaternary HEB model. By
adjusting the doped atoms from group IVB to VIB
TM atoms, the REN values of the quaternary HEBs
can be effectively tuned while hosting the same
VEC.

The elastic constants were acquired by strain—
stress relations to investigate the mechanical
properties of the 18 quaternary HEBs. Then, the
bulk modulus B, shear modulus G, Young’s
modulus £ were derived from the calculated elastic
stiffness constants by Voigt—Reuss—Hill (VRH)
approximation [34]. The values of G/B and
Poisson’s ratio (v) were utilized to evaluate the
ductility of the HEBs. The formula for Poisson’s
ratio is v=(3B—2G)/(6B+2G). A material exhibits
brittleness properties if G/B>0.57 or v<0.26 [35,36];
The hardness can be calculated by the formulation:
H=0.92(G/B)"¥7G" ™% [37].

3 Results
3.1 Crystal structure and thermodynamic
stability

In order to assess the validity of the formation
of 18 quaternary high-entropy diborides, their
geometry optimized lattice parameters are first
calculated and the results are listed in Table 1. The
calculated lattice constants (a and ¢) of VNbTaTiBS8,
VNbTaZrB8 and VNbTaHfBS are similar to the
results in the previous study [27]. The calculated
values of TiZrHfTaB8, TiZrHfCrB8 and TiZrHfVBS§

Table 1 Lattice parameters and c/a ratio for studied 18
quaternary high-entropy diborides

Lattice

Material VEC Source __constant/A A cla
a c

This work 3.087 3.345 1.083

TiZrHfVB8  10.25
Exp. [38] 3.12 3.41 1.092

TiZrHfNbB8 10.25 Thiswork 3.114 3.401 1.092

This work
TiZrHfTaB8 10.25
Exp. [39]

3.112 3.398 1.092
3.105 3.338 1.091

This work 3.078 3.343 1.086
Exp. [40] 3.109 3.387 1.089

TiZrHfCrB8  10.5

TiZrHfMoB8 10.5 Thiswork 3.101 3.374 1.088

TiZrHfWB8 10.5 This work

3.102 3.376 1.088
This work

3.065 3.226 1.053
VNbTaTiB8 10.75
Exp.[27] 3.04 3.0

This work 3.095 3.315 1.071
VNbTaZrB8 10.75

Exp.[27] 3.08 3.27
This work

3.089 3.303 1.069
VNbTaHfB8 10.75
Exp.[27] 3.06 3.3

VNbTaCrB8 11.25
VNbTaMoB8 11.25
VNbTaWB8 11.25
CrMoWTiB8 11.5
CrMoWZrB8 11.5
CrMoWHfB8 11.5
CrMoWVBS8 11.75
CrMoWNDbBS 11.75
CrMoWTaB8 11.75

This work 3.046 3.184 1.045
This work 3.067 3.247 1.059
This work  3.069 3.249 1.059
This work  3.03  3.187 1.052
This work 3.058 3.299 1.079
This work 3.049 3.299 1.082
This work  3.031 3.143 1.037
3.054 3.245 1.063
3.049 3.245 1.064

This work
This work
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also agree well with the experimental results
[38—40]. Both of these results demonstrate the
dependability of the current calculations.

The difference of lattice constant (d, and J.) is
an empirical index for predicting the formation of
HEBs. The critical lattice size difference to form
a single-phase HEA structure is 6.6%. The lattice
constant difference for AIB>-type HEB can be
expressed as [27]

N ) N
S, =.>x(1—a/a), a=)uxa (1)
i=1 i=1
N ) N
5.=>x(-c/c), ¢=Yxc (2)
i=1 i=1

where x; is the atomic fraction of the i-th element;
a; and ¢; are the lattice constants of their
corresponding single-component metal diborides,
respectively; @ and ¢ are the average lattice
constants of different diboride ceramics; N is the
number of metal elements in the ceramic.
Subsequently, the calculated 6, and J. of the
HEBs are given in Figs. 2(a, b), respectively. The
computed J, values are smaller than J. because of
the different electronic structure and chemical
bonding nature of the various planes of HEBs.
ZHOU et al [20] provided a detailed chemical
bonding analysis of transition metal diboride. They
confirmed that the TM—TM bonding is metallic,
evidenced by a triangular accumulation of electrons
between neighboring TM atoms. The B—B bonding
is covalent, with strong electron localization
indicating o-type covalent bonds formed by
overlapping hybridized B sp? orbitals, and z-type
covalent bonds formed through the overlapping of
B p, orbitals. The TM-B bonding is primarily ionic
due to charge transfer from TM to B, but there
is also evidence of covalent bonding from the
interaction between TM-d and B-p orbitals. WANG
et al [25] investigated the bonding feature for
(Hfo2Z102Tao2Mo2Tio2)B2, showing similar bonding
characteristics to the TMB,. The chemical bonding
on the boron plane is covalent, while on the metal
plane, it is metallic. The bonding between metal and
boron exhibits mixed ionic-covalent characteristic.
The M—B or M—M bonds accommodate the
internal strain in the structure, rather than by
distorting the 2D rigid boron net resulting in Jdq
values smaller than J.. Among the 18 quaternary
HEBs, except for TiZrHfCrB8 and CrMoWZrBS,
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Fig. 2 (a) Calculated lattice constant a difference (d.),
(b) calculated
(c) formation energy (Efm), and (d) mixing enthalpy
(AHnix) of 18 high-entropy metal diborides

lattice constant ¢ difference (J.),

the d, and J. are below 6.6%, indicating that they
can form a single-phase HEB structure. The large
J. and J. may result in a large energy of lattice
distortion in TiZrHfCrB8 and CrMoWZrB8, in
particular TiZrHfCrBS8. However, the formation
energy (Erpm) for TiZrHfCrBS8, close to that for
TiZrHfNbBS, suggests that a stable structure
can be achieved by high configurational entropy,
potentially overcoming the enthalpy disadvantage.
This is also supported by the experimental results,
which pointed out the importance of thermal
annealing for cation diffusion, resulting in chemical
homogenization to obtain the configurational
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entropy required for stable high-entropy ceramics
[38]. Thus, it can be concluded that TiZrHfCrBS§
and CrMoWZrB8 with large ¢ can form the stable
high-entropy structure.

Besides the lattice constant difference, the
chemical stability of the 18 HEBs could be assessed
by the formation energy [41]:

Efom :(Etot - ZNiEi-bulk ) / ZNi (3)

where Ei is the total energy of the HEBs, Eipuk is
the energy of one atom, and »; is the number of
atoms in the HEBs. In general, a relatively negative
Etm 1s associated with high chemical stability.

As depicted in Fig. 2(¢c), the Erm of all four-
metal diborides is negative, indicating that the
HCP-structured HEBs are thermodynamically
stable. This is caused by the high entropy effect of
multiple components, which in turn promotes the
formation of simple solid solution structures.

The thermodynamic stability of HEBs can be
analyzed by the Gibbs free energy change of mixing
(AGmix), which can be expressed as [42]

AGmix=AHmnix—TASmix (4)

where T is the thermodynamic temperature, AHmix is
the mixing enthalpy and ASmix is the mixing entropy.
The AHmix for HEB system can be obtain by

AHmix:(Elot —ZNiEiMeBZ)/ZNi ®)

where EM: is the energy of the individual metal
diboride.

Figure 2(d) shows the mixing enthalpies of
18 HEBs. All of the mixing enthalpies, except
for those of CrMoWTiB8 and CrMoWTaBS8, are
positive. This indicates that the formation of HEBs
is an endothermic process. Nevertheless, all the
mixing enthalpies are relatively small, with the
maximum value being merely 20 kJ/mol.

The ASmix of an N-element solution can be
evaluated by [43]

R N

AS . =— ?inln x; (6)
i=1

where R is the molar gas constant.

The calculated ASmix values of the quaternary
HEBs were 0.46R. The formation of a stable high-
entropy diboride is determined by the combined
effect of mixing enthalpy and entropy. At an
elevated temperature, the effect of mixing entropy
dominates over that of the mixing enthalpy,

resulting in a negative Gibbs free energy of mixing,
and a stable HEB solid solution structure can be
formed. The multicomponent metal diborides are
driven by negative AGmix to form stable single-
phase HEB.

3.2 Elastic constants of HEBs with changing

VEC

The mechanical stability of the HEBs based
on the results of elastic constants is studied. The
obtained five independent elastic constants of HEBs
are listed in Table 2. The elastic stability criteria for
hexagonal structure can be judged from the Born—
Huang criterion [44]. The criteria are completely
satisfied, demonstrating that all the HEBs are
mechanically stable. The Css values calculated for
the 18 HEBs examined in this study are depicted in
Fig. 3, which take into account the shear behaviors
along [1020] directions for the hexagonal
symmetry structure. At each VEC, the data are
widely dispersed but show a distinct overall
decreasing pattern, starting from an average of
246 GPa at VEC=10.25 and decreasing to 97 GPa at

Table 2 Calculated elastic constants (Cj) of 18 HEBs
(GPa)

Material Ci Ci2 Ci3 Ci3 Cas

TiZrHfVBS§ 599 79 127 425 240
TiZrHfNbBS 578 85 146 418 248
TiZrHfTaB8 579 92 150 420 249
TiZrHfCrB8 588 83 132 407 217
TiZrHfMoB8 597 83 145 425 233
TiZrHfWB8 592 85 159 407 220

VNbTaTiB8 638 108 150 464 238
VNbTaZrB8 602 103 164 433 228
VNbTaH{B8 610 104 169 432 228
VNbTaCrB8 616 132 172 429 170
VNbTaMoB8 601 134 190 427 183
VNbTaWBS§ 602 137 195 427 182

CrMoWTiB8 601 128 183 386 143
CrMoWZrB8 525 135 197 344 113
CrMoWHI{BS 565 121 188 347 114
CrMoWVBS 584 140 196 370 98
CrMoWNDbBS 556 130 182 405 95
CrMoWTaB8 512 203 204 355 98
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VEC=11.75. This suggests that the shear deformation
resistance of HEBs tends to decrease as the VEC
increases. Furthermore, there 1is considerable
overlap in the ranges of Cs for different VEC
values. For example, the Css values have ranges of
240-249 GPa at VEC=10.25, 217-233 GPa at
VEC=10.5 and 228-238 GPa at VEC=10.75. The
phenomenon of the expanded property range
shows that VEC parameter alone is insufficient
to accurately classify and predict the mechanical
characteristics of HEBs. Therefore, a new
descriptor is needed for rational material design.
Figure 4 displays the results of the elastic
parameters, Ci; and Cs3, of the examined HEBs.
These elastic parameters can be defined as the
bonding strength along [1010] and [0001]
directions under the tensile stress. In contrast to
Cua, the calculated values of Ci; and Cs; exhibit
significant scatter even at the same VEC. Moreover,

VEC
10.25 10.50 10.75 11.25 11.50 11.75
300 T T T T T T
250 mq
G200+
150
100 "
dnH
R R T R R T R R
NS
ASACIRUAR &\‘&\ ROR 4@4@ TS O@O‘
HEB

Fig. 3 Calculated elastic parameters Cis values as
function of VEC of 18 high-entropy metal diborides

VEC
10.25 10.50 10.75 11.25 11.50 11.75

(@)

the Ci1 values are evidently greater than the Css
values, suggesting the anisotropy of compressional
characteristics along different directions of the
HEB:s.

Therefore, the calculation was performed
to determine the compressive anisotropy ratio
(C33/Cn1), which is closely related to anisotropic
deformation. For a completely isotropic system, the
compressional anisotropy ratio is close to 1.0 [45].
Figure 5(a) shows the Cs3/Cii values of the HEB
investigated. It can be seen that Cs3/Ci; values
remain well in a range below 1.0, indicating the
significant anisotropy of the elastic parameters
for the HEBs. Besides, this parameter is also
extremely dispersed, demonstrating that VEC is
not appropriate indicator to capture anisotropic
behaviors. Another method of assessing the
mechanical property anisotropy is examining the
relationship of G/B with v. A material is isotropic
when the slope is approximately —2.6 within the v
range of 0.2—0.45 [46]. The linear curve is shown in
Fig. 5(b) and the regions of brittleness and ductility
are separated by G/B=0.57 and v=0.26. The slope
of the G/B curve is —3.17, indicating that the
mechanical properties of the HEBs are significantly
anisotropic.

The effect of varying VEC on B, G, G/B and
v for the 18 quaternary high-entropy diborides
studied here is examined, and the calculated results
are illustrated in Fig. 6. The variation trend of these
mechanical properties is similar and the scattering
range of all parameters is very large. The B
represents the ability of a material to resist volume
change under pressure, while the G represents the
material’s ability to sustain shape deformation [47].
When the VEC increases, the values of B also

VEC
10.25 10.50 10.75 11.25 11.50 11.75
550 F . . . ; ; .
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500 ¢
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’\3&@\ RPN DI S e O&Cﬁ\

Fig. 4 (a) Elastic parameters Ci; and (b) elastic parameters Cs3 of all HEBs versus VEC changing from 10.25 to 11.75
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Fig. 6 (a) Bulk modulus (B) for 18 high-entropy metal diboride with VEC increasing from 10.25 to 11.75; (b) Shear
modulus (G) for 18 high-entropy metal diboride with VEC increasing from 10.25 to 11.75; (c) Variation trends of G/B
with VEC; (d) Variation trends of Poisson’s ratio (v) with VEC

increase (Fig. 6(a)), whereas the G values Fig. 6(b)
exhibit an opposite trend compared to the B. These
B and G values exhibit a spread of approximately
20—30 GPa for every fixed VEC. As VEC increases,
the G/B values (Fig. 6(c)) display a downward

trend, while v values (Fig. 6(d)) increase. Here, a
significant number of ductile systems are observed,
including CrMoWZrB8, CrMoWHI{BS, CrMoW VBS,
CrMoWNDBBS8, CrMoWTaB8. The VEC value that
is crucial for the transition from brittle to ductile is
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11.5. Although the overall trend of the mechanical
properties of HEB with the VEC is comparable to
the reported one of binary metal diborides, the
mechanical properties of HEB have a very large
scattering range at the same total VEC [48]. A
typical example is the compounds, CrMoWH{BS
and CrMoWTiB8, which have the same VEC
of 11.5 but show different mechanical properties.
Based on the values of G/B and v, it can be
concluded that the former is ductile, while the latter
is brittle.

Figures 7(a, b) plot the dependence of the
hardness and Young’s modulus on the VEC of
the HEBs, respectively. H represents a material’s
intrinsic resistance to deformation when a force
is applied [49], while E indicates a material’s
resistance to tensile or compressive deformation. As
VEC increases, H decreases from an average of
approximately 37.5 GPa at VEC=10.25 to around
11.4 GPa at VEC=11.75. The trend of E follows a
comparable downward pattern to H, as E decreases
from an average of approximately 524.1 GPa at
VEC=10.25 to around 343.8 GPa at VEC=11.75.

Based on the above analysis, the variations of
several key elastic parameters of HEBs with VEC
have been investigated. Although these properties
have a clear overall trend driven by VEC, the key
elastic parameters with the same VEC are always
widely dispersed. Despite having the same VEC,
HEBs formed by different elemental combinations
have quite distinct mechanical characteristics. This
suggests that the observed substantial fluctuations
reflect a fundamental and universal pattern.
Specifically, describing the changes in elastic
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properties in terms of the VEC alone would not
take into account the significant influence of
other essential factors. At a fundamental level, a
significant aspect absent from the VEC description
is the charge distribution within HEBs, which can
differ significantly even with the same overall VEC.
In order to accurately classify HEB systems, it is
necessary to study and comprehend the primary
mechanisms underlying the dominant -elastic
properties and to identify a reliable descriptor.
The relative electronegativity of the constituent
elements is an important factor in determining the
characteristics of internal charge distribution among
the atoms within a HEB structure. Therefore, the
REN has the potential to serve as the primary
indicator for predicting the trend of the related
properties.

3.3 VEC-REN descriptor for precise sorting

HEB

Subsequently, we used the electronegativity
combined with the VEC as a new indicator to
accurately describe and predict the mechanical
properties of HEBs. To achieve this, we examined
the 18 HEBs with the same VEC but different REN
values. Specifically, three TM atoms were fixed
within the same group, while the remaining TM
atom passed through a series of TM atoms in an
adjacent group. The key mechanical characteristics
of a range of TiZrHf—(TM)B8 and VNbTa—(TM)BS8
HEBs are illustrated in Figs. 8(a—c) and 8(d—f),
respectively. In the TiZrHf—(TM)B8 systems,
TiZrHfTaB8, TiZrHfNbB8, and TiZrHfVB8 all
share the same VEC of 10.25, as shown in Fig. 8(a).

B TiZrHfCrB8 @ TiZrHfWB8 A TiZrHfMoB8
® VNbTaCrB8 @ VNbTaMoB8 A VNbTaWBS8
uCrMoWVB8 o CrMoWNbB8 4 CrMoWTaB8
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Fig. 7 (a) Calculated hardness (H) as function of VEC for all diborides; (b) Calculated Young’s modulus (£) as function

of VEC for all diborides
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The systematic adjustment of REN for TiZrHfTaB8,
TiZrHfNbBS8, and TiZrHfVBS is achieved by the
doped atoms progressing through the group VB
series of Ta, Nb, and V (with REN values increasing
from 1.5 to 1.6 and to 1.63, respectively), as
indicated by the arrow in Fig. 8(a). Pugh’s ratio,
shear modulus and hardness show a monotonic
rising trend as the group-VB doped TM atoms
change from Ta to Nb and to V. However, these
values exhibit a mostly universal decrease trend as
the REN of TM atoms rises from Cr to Mo and W
(the REN wvalues increase from 1.66 to 2.16 and
2.36) in TiZrHf—(TM)B8 systems.

We further examined the VNbTa—(TM)BS
systems, where the physical characteristics are
adjusted by the electronegativity of altering group-

—_—
REN increasing
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IVB and group-VIB TM atoms. The Pugh’s ratio,
shear modulus and hardness exhibit a rising trend as
the REN of group-IVB doped TM atom increases
from Hf to Zr and Ti (the REN values also increase
from 1.3 to 1.33 and 1.54). This trend is comparable
to the group—IVB (Ta, Nb, V) in TiZrHf—(TM)BS§
systems. Physical characteristics demonstrate a
decreasing trend as the REN of group-IVB doped
TM elements increases from Ta (1.5) to Nb (1.6)
and V (1.63), resembling the behavior observed in
group-IVB (Ta, Nb, V) within TiZrHf-(TM)BS8
systems.

Figure 9 plots the relationships between
mechanical properties and REN for the CrMoW—
(TM)BS8 systems. As the REN of the doped atom
increases, the CrMoW—(TM)B8 HEBs exhibit a
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predominantly monotonic decrease in the G/B, G,
and H values. It is worth noting that the changing
trend in all major mechanical properties caused by
the introduction of group-VIB (Cr, Mo, W) host
atoms is opposite to that of the group-IVB or VB.
Mo and W not only possess significantly higher
electronegativity values compared to other TM
atoms, but their electronegativity is also higher
than that of B substantially. Hence, the REN of
Mo and W plays a crucial role in determining
the mechanical characteristics and governing the
patterns.

4 Discussion

The electronegativity is a fundamental
physical parameter that characterizes the capacity
of an element to gain or donate electrons, thus
determining the mechanical properties [50].
Specifically, a higher electronegativity value
indicates a greater ability of an atom to attract
electrons, while a lower electronegativity value
indicates a stronger propensity for the atom to
donate electrons. In the case of TiZrHfTaB8,
TiZrHfNbB8 and TiZrHfVB8, for example, all
share the same VEC of 10.25. However, the value
of the REN is systematically adjusted as the doped
TM atoms pass through the V, Nb, and Ta in the
group VB series. The substitution of TM atoms with
high electronegativity can increase charge attraction
from the adjacent boron sites and boron—boron
bonding regions, leading to a notable accumulation
of charge around the substitution site. This apparent
charge transfer forms a stronger network of B bonds
and enhanced B—Nb bond binding. ZHOU et al
[20] demonstrated that the enhanced covalent TM
d—B p (sp?) bonding has a positive effect on shear
resistance, while the excessive occupation of TM dd
bonding has a negative effect on shear modulus in
transition metal diboride. Similar phenomena have
been observed in binary and ternary carbides
[51,52], in which the enhanced transition metal dd
bonding has a negative effect on shear resistance.
XU et al [48] discussed that the variation of bulk
modulus in TMB; compounds is mainly influenced
by both covalent B p—TM d interaction and TM dd
bonding. The enhanced B p—TM d and TM dd
bonding is beneficial to the bulk modulus B.
Therefore, as the electronegativity of doped atoms
increases from Ta to Nb and V, all the elastic

parameters, shear modulus, G/B, and H values
exhibit a nearly ascending pattern.

However, in the case of VNbTaCrBS,
VNbTaMoB, and VNbTaWB8 systems, where REN
undergoes systematic modification as doped TM
atoms pass through the VIB group series from Cr to
W, the result is completely different. The key factor
here is that the REN values of the doped TM atoms
(Mo: 2.16 and W:2.36) surpass not only the
original TM atom Cr (1.66) value, but more
significantly, also exceed that of B (2.04). This
enables these doped atoms to effectively transport
charge away from the B—B bonding regions. The
charge transfer can weaken the strength of the B
bonding network, and then the extensive weakening
of covalent bonds can eventually lead to the
deterioration of mechanical properties. The results
of these systems demonstrate that VEC-REN
can be used as a reliable descriptor to accurately
classify and predict the mechanical properties
of high-entropy diborides. HEBs that possess
identical VECs can exhibit significantly varied
characteristics as a result of the fundamentally
distinct charge redistribution caused by REN.

5 Conclusions

(1) 18 quaternary HEBs consisting of boron
and IVB, VB and VIB transition metals were
systematically investigated using first-principles
calculations. These HEBs are found to be
thermodynamically stable, satisfying the criterion
for forming single-phase solid solution structure.

(2) The relative electronegativity of the
constituent transition metals is identified as a
decisive indicator in regulating the widely dispersed
property trends in HEBs under the VEC description.
When the REN of the doped metal atoms is lower
than that of boron, an increase in REN leads to
higher hardness and brittleness. Conversely, when
the REN of the doped metals exceeds that of
boron, the HEBs exhibit softer and more ductile
characteristics with increasing REN.

(3) An accurate and efficient VEC-REN
descriptor is established to sort and predict
mechanical properties. This work provides
significant insights for discovering and predicting
the HEBs and also paves the way for the rapid
exploration of novel high-entropy ceramic materials
with hardness-toughness balance.
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