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ARTICLE INFO ABSTRACT

Keywords: This study predicted four new MAX phase borides via the DFT method, with a comprehensive and thorough

DFT approach. The stability of the predicted phases has been thoroughly studied using formation energy, phonon

MAX phf*se . dispersion curve (PDC), and elastic constants (Cjj). The metallic nature of the studied phases is confirmed through

Elecmm_lc propertle_s the computation of the electronic band structure and density of states (DOS). Their bonding nature is disclosed

Mechanical properties . . . . . . . : .

Thermal properties using the partial density of states, Mulliken population analysis, and charge density mapping. The mechanical
behavior is investigated in depth by calculating elastic constants, elastic moduli, Poisson's & Pugh ratio,
machinability index, and Vickers hardness. Different anisotropic indices are also computed to demonstrate the
elastic anisotropy. The Debye temperature (@p), Griineisen parameter (y), phonon thermal conductivity (kpp),
minimum thermal conductivity (kpin), thermal expansion coefficient (TEC), and melting temperature (Ty,) are all
calculated, and the suitability of the studied phases as thermal barrier coating (TBC) materials has been dis-
cussed. Finally, the optical constants are calculated and analyzed, further certifying the metallic nature of the
herein-studied phases. The reflectivity spectra of all the herein selected compounds reveal their potential as
coating materials to lessen solar heating. Among the studied phases, VoPB exhibits the best thermo-mechanical
properties for potential applications in diverse fields, such as structural components and TBC materials. The
potential applications of our findings are vast, and the obtained results reveal that the predicted phases are
indeed potential alternatives to their counterpart carbides.

1. Introduction known, and 182 are also expected to be synthesizable [5].
The diversity of the MAX phase's members for the X element was
limited to C or N, even though they mature by tuning the M or A ele-

ments. As a result, an expansion of the X elements can lead to the

The MAX phases are a remarkable type of nano-laminated layered
solids. They possess a unique combination of properties, making them

quite fascinating. The materials are stiff and lightweight, yet they are
still easily machinable. They are also oxidation and creep-resistant, in
addition to being metallic conductors and exceptionally resistant to
thermal shock [1-5]. The standard formula for MAX Phases is My, 1AXp,
where M stands for an early transition metal, A is an element from the A-
group, and X is either C or N. Interestingly, MAX Phase materials
uniquely blend ceramic and metallic characteristics [1-5]. The metallic
attributes, such as mechanical strength, metallic conductivity, and easy
machinability, and the ceramic attributes, such as high-temperature
sustainability, corrosion, and oxidation resistance, make the MAX
phase materials one of the focused and researched materials [1,2,5]. Due
to the MAX phase's benefits across various sectors, 342 MAX phases are
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addition of numerous additional compounds as MAX phase members. It
is fantastic news that the B/P atom, reported by the researchers, can
replace the X (C/N) element [5]. Several reports are available that deal
with the MAX phase borides. For example, the MAX family has been
extended by the synthesis of MAX phase borides: MSB (M = Zr, Hf, Nb)
by Rackl et al. [6,7]. The first work published on MAX phase borides has
been done by Khazaei et al. [8], wherein MAIB (M = Sc, Ti, Cr, Zr, Nb,
Mo, Hf, and Ta) borides have been reported as stable materials along
with their electronic and mechanical properties. A lower ductility was
claimed for the borides compared to the carbide phases. Additionally,
Sc2AlB was found to be mechanically unstable, while TapAlB has the best
potential for forming a 2D nano-sheet. G. Surucu [9] studied MoAB (M =
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Ti, Zr, Hf, and A = Al, Ga, In) boride phases by exploring their structural,
electronic, mechanical, phonon, and thermal properties. Three Hf-based
MAX phases [HfpXY (X = Al, Si, P, and Y = B, C, N)], along with carbides
and nitrides, were explored by Aydin et al. [10] where the boron and
phosphorus-containing compounds were considered for the first time. It
was observed that phases containing nitrogen have lower cohesive en-
ergy compared to phases containing boron. Additionally, both Hf2AIB
and Hf2SiB were reported to be dynamically unstable. Ali et al. [11]
studied the unexplored properties such as dynamic stability, mechanical
anisotropy, thermodynamic, and optical properties of the synthesized
M5SB (M = Zr, Hf, Nb) borides. The electronic, thermal, mechanical, and
optical properties of Hf;AB (A=Pb, Bi) phases were investigated by
Hossain et al. [12,13] in ambient conditions as well as under high
pressure. The full-potential linearized augmented plane wave (FP-
LAPW) method was applied to explore MoAC and M>AB (M = Nb or Mo,
A = Al or Ga) MAX phases by Essaoud et al. [14]. In their research, Rana
et al. [15] reported the MyGaB [M = Sc, V, Nb, Ta] phases as potential
candidates of the MAX phase family. Additionally, Islam et al. [16]
further investigated the unexplored properties of MyGaB (M = Ti, Zr,
and Hf) and, for the first time, predicted the existence of the MoyGaB
boride phase. Recently, ZroSeB, Hf;SeB [17], and Hf;TeB [18] phases
were synthesized, which were then further studied by Islam et al. [19]
theoretically. Zhou et al. [20] predicted nine new MAX phase borides
M2AB (M = Zr, Hf, Nb, A = P, As, and Sb). The Zr;SeB phase was also
studied theoretically by Bai et al. [21]. In a more recent study, Akhter
et al. [22] explored two new Sc-based MAX phase borides. A first-time
report of the 312 MAX phase borides, M3GaB, (M = Ti, Hf), was car-
ried out by Ishtiaq et al. [23].

In the cases mentioned above, the authors have shown that the
boride phases can be used as an alternative to the previously known
carbide phases. Some MAX-phase borides exhibit improved thermo-
mechanical properties and are superior to MAX-phase carbides. This
prospect inspires us to extend the MAX phase family by exploring more
borides phases, so we have selected the titled borides for the current
project. Therefore, VoAB [A = Ge, Tl, P, Zn] borides have been studied
using DFT, considering their structural, electronic, mechanical, optical,
and thermal properties. The study revealed that VoPB would be an
effective material for thermal barrier coatings (TBC) due to its very low
weight, reasonably high elastic moduli, high melting point, very low
minimum thermal conductivity, and good coefficient of thermal
expansion.

2. Computational methodology

Physics and materials science researchers have paid substantial
attention to the DFT-based ab-initio calculations [24,25]. A widely used
BFT-based code, Cambridge Serial Total Energy Package (CASTEP)
[26,27], was considered to calculate the physical properties of the
studied MAX phases. The exchange-correlation energy has been
described by the Perdew—Burke—Ernzerhof (PBE) typed generalized
gradient approximation (GGA) [28]. Ultrasoft pseudopotentials (USP),
developed by Vanderbilt (1990), were selected to converge the plane
wave for transition metals [29] during the calculation of the electron-ion
interaction. The USP method relaxes the norm-conservation constraint
and describes the difference in charge densities between the all-electron
and pseudo-orbitals using a few localized augmentation functions,
which enables low cutoff energy in a plane-wave basis setting. The
optimized structure was obtained using the Broyden—Fletcher— Gold-
farb—Shanno (BFGS) scheme [30]. All the calculations were performed
using a k-point mesh of size 9 x 9 x 2 (Monkhorst—Pack schemes) [29]
and a cutoff energy of 500 eV. The phonon dispersion curves were
calculated using the finite displacement method. All other relevant
equations and formalisms have been stated in the respective results and
discussion sections.
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3. Results and discussion
3.1. Structural properties and stability

In Fig. 1, the crystal structure of the ternary Vo,AB MAX phase is
depicted. This phase has a hexagonal structure with a space group P63/
mmec, similar to other MAX compounds containing C or N
[7,11,17,20,31-33]. Like other MAX phases [34], the compounds being
studied also have two formula units, each containing eight atoms, with
four atoms in each unit.

In the unit cell, the Wyckoff positions of the constituent atoms are as
follows: V at 4f (0.3333, 0.6667, Zyp), Ge at 2d (0.3333, 0.6667, 0.75),
and B at 2a (0,0,0) sites. The important structural parameters of Vo,AB
MAX phase borides are given in Table 1, which includes the lattice
constants (a, c¢), internal parameter (zy), and c/a ratio of the titled
phases. A comparison is not feasible as these phases are being reported
for the first time.

Stability checking is crucial for predicting any phases. This study
calculated the formation energy, phonon dispersion curve (PDC), and
elastic constants to achieve this. Table 1 lists the calculated formation
energy of the titled phases using the formalism, which have been used by
many researchers to predict new materials [35,36], particularly MAX
phases [15,37-41].

V2AB M Ga B
FV2AB _ Egil — (XEMyy + YESS 1 + 2B

for X+y+z

);A:Ge,P,Tl,Zn

Here, x = 4, y = 2, and 2z = 2 represent the atomic numbers of V, A,
and B present in the unit cell and E24%, EM... ES% . and EP, are the
corresponding energies of VoAB compounds and V, A, and B solids (with
stable structures), respectively.

The V,GeB, VyPB, V,oTIB, and V,ZnB have formation energies of
—0.72, —0.86, —042, and — 0.54, respectively. Therefore, the studied
phases are thermodynamically stable. After confirming the thermody-
namic stability, we have calculated the phonon dispersion curve (PDC).
The PDC is widely used to check the stability of materials under varying
conditions, such as temperature and pressure. In this case, the PDCs of
all the phases exhibited positive frequencies. The presence of negative

Fig. 1. The schematic unit cell of V,AB (A = Ge, P, Tl, Zn) borides.
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Table 1
Calculated lattice parameters (a and c), internal parameter (Zy), and formation
energy (Eg) of Vo,AB (A = Ge, P, Tl, Zn) borides.

Phases aA) cA) Znt c/a Er (eV)
V,GeB 3.0333 12.3732 0.5938 4.0791 —0.86
V,PB 3.1226 10.9192 0.6051 3.4968 -0.97
V,TIB 3.1581 13.6334 0.5763 4.3169 —0.42
V,ZnB 2.9716 13.2687 0.5870 4.4651 —0.54

frequency certifies instability, thereby indicating the non-existence of
any imaginary frequency in the considered Brillouin zone, which in turn
confirms the dynamical stability of the titled compounds.

Furthermore, the PDCs provide additional information that can be
used to analyze the vibrational characteristics of the titled compounds.
The 211 phases, consisting of 8 atoms, should have 24 phonon modes,
including three acoustic and 21 optical modes. The high-frequency op-
tical modes exhibit less dispersion compared to the lower-frequency
range. The low-frequency optical modes hybridize with the acoustic
modes, albeit at a distance from the G point compared to other sym-
metry points. Additionally, the highest optical modes are separated by a
phononic band gap, which is not observed in the low-frequency optical
modes and acoustic modes. The dispersion of acoustic branches varies
due to the hybridization with the low optical modes. The weaker the
hybridization between acoustic and optical modes, the more dispersive
the acoustic modes and the greater the phonon contribution to the lat-
tice thermal conductivity [42,43]. Among the 21 optical modes, there
are six IR-active, seven Raman-active, and eight silent modes. The op-
tical phonon modes at the Brillouin zone center can be represented by
the following groups:

Copt. = 2Azy + 4E1y + 2B + 4Egg + A + 2By + 2Byg + 4By,

where Az, and Ejy are IR active modes, Ag, E1g, and Ezg are Raman
active modes and By, Byg and Ey, are silent modes [44,45]. The modes
are presented in Table 2.

The nature of optical anisotropy can also be understood from the
difference between the highest transverse optical modes (TO) and lon-
gitudinal optical modes (LO). For example, the calculated optical
anisotropy [vro(Azw)- vro(E1w)] is 130.00, 59.36, 95.79, and 92.87 for
V2GeB, VoPB, V,TIB, and V,ZnB, respectively. The optical anisotropy
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resulted is due to the atomic arrangement and atomic bonding within
the structures [46].

The graph in Fig. 2 shows the phonon Density of States (PHDOS),
which corresponds to the bands we obtained. The peaks in the PHDOS
line up with the flat bands in the curves. We can see a decrease in the
peaks due to the slopes of the bands. We've also included the partial
PHDOS, which shows the contribution from different orbitals. The
highest optical modes come from the B atoms, the lowest frequencies are
from the A atoms (where A = Ge, Tl, Zn), and the mid-frequency range is
contributed by the V atoms in the V2GeB, V,TIB, and V,ZnB phases. In
the VoPB phase, the V atoms form the lowest acoustic branch, and the P
atoms contribute to the mid-frequency range. This means that the A
atoms play the most important role in determining the lattice thermal
conductivity in the V,GeB, V,TIB, and V,ZnB phases, while the V atoms
mainly contribute to the thermal conductivity of the VoPB phase.

3.2. Electronic properties and bonding nature

The electronic band structure, DOS, charge density mapping, etc.,
usually describe the electronic conductive nature of solids and electronic
bonding within the solids. The band structures of the titled compounds
are shown in Fig. 3, wherein overlapping of the conduction and valence
band is seen, indicating the metallic nature of Vo,AB [A = Ge, P, Tl, Zn]
phases, like other MAX phase compounds (carbides) [47-49]. The band
structure of the titled phases has demonstrated the anisotropic elec-
tronic conductivity. Within the Brillouin zone, the electronic paths I'-A,
H—K, and M-L are in the z-direction, whereas the paths A-H, K-I', I'-M,
and L-H are in the basal plane. The level of dispersion among these paths
indicates the comparative electronic conductivity; the higher the
dispersion, the lower the electronic conductivity. This characteristic
results from differences in the effective electronic mass tensor along
different directions [44]. Similar results have been published for many
MAX phases [50-52]. As a result, a lower degree of electronic conduc-
tivity along the z-axis is observed compared to that in the basal planes.
Atomic arrangement along the different axes is the same for cubic ma-
terials, which results in a typical isotropic nature. On the other hand, the
atomic arrangement in the different directions is not the same for hex-
agonal or layered structured materials, causing an anisotropic behavior
of electronic response, contribution as well and interaction also; this
(anisotropic) nature of materials is crucially used in electronic devices

Table 2

Theoretical wave numbers o and symmetry assignment of the IR-active and Raman-active modes of V,AB [A = Ge, P, Tl, Zn) MAX phases borides.
Theoretical Mode IR Raman Theoretical Mode IR Raman  Theoretical Mode IR Raman Theoretical Mode IR Raman
symmetry (V2GeB) (V2GeB) symmetry (VoPB) V,PB) symmetry (V,TIB) (V,TIB) symmetry (V2ZnB) (V2ZnB)
Elu - - A2u - - Elu - - A2u - -
Elu - - Elu - - Elu - - Elu - -
A2u - - Elu - - A2u - - Elu - -
E2¢g - 109.18 E2u - - E2¢g - 42.32 E2u - -
E2g - 109.18 E2u - - E2g 42.32 E2u - -
E2u - - E2g - 188.99 Elu 71.84 - E2g - 83.64
E2u - - E2¢g - 188.99 Elu 71.84 - E2¢g - 83.64
Elu 157.10 - Blu - - E2u - - Elu 109.08 -
Elu 157.10 - B2g - - E2u - - Elu 109.08 -
Blu - - Elg - 285.21 B2g - - Blu - -
B2g - - Elg - 285.21 Blu - - B2g - -
E2g - 245.27 Elu 333.53 - A2u 167.36 - A2u 201.95 -
E2g - 245.27 Elu 333.53 - E2¢g - 236.28 Elg - 211.30
Elg - 255.04 E2¢g - 357.67 E2¢g - 236.28 Elg - 211.30
Elg - 255.04 E2g - 357.67 Elg - 24225 E2g - 215.41
A2u 287.10 - Alg - 392.85 Elg - 242.25 E2g - 215.41
Alg - 299.56 A2u 392.85 - Alg - 294.24 Alg - 290.93
B2g - - B2g - - B2g - - B2g - -
E2u - - A2u 616.53 - A2u 638.74 - Blu - -
E2u - - Blu - - Blu - - A2u 577.50 -
Elu 662.73 - E2u - - E2u - - Elu 625.78 -
Elu 662.73 - E2u - - E2u - - Elu 625.78 -
Blu - - Elu 638.96 - Elu 686.17 - E2u - -
A2u 669.61 - Elu 638.96 - Elu 686.17 - E2u - -
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Fig. 2. Phonon dispersion curve and phonon DOS of (a) V,GeB, (b) VoPB, (c) V,TIB, (d) V.ZnB borides.

toward optimization of the performance or to attain particular
functionalization.

The total and partial DOS of VoAB [A = Ge, P, Tl, Zn] have been
calculated to study the contribution from different states to the con-
ductivity and hybridization among the different states. In Fig. 4, the
computed DOSs are shown, with the Fermi level set at 0 eV and indicated
by the dashed line. A reflection of the overlapping of valence and con-
duction band is seen by a distinct value of DOS at the Fermi level for
each phase, which agrees well with band structure results. The V-d states
predominantly contribute to the electronic conductivity at the fermi
level, which is well consistent with traditional MAX phases. The bonding
in the MAX phases is a combination of metallic, covalent, and ionic [53].
The presence of covalent bonding can be understood from the hybridi-
zation among the states, as shown in partial DOSs of Fig. 4. The strongest
hybridization between B-p and V-d states is observed at around — 2.5 eV
for each case, resulting in strong covalent bonding between V—B atoms.
A comparatively weaker hybridization between A-p and V-d states is also
noticed, indicating a covalent bonding that is weaker than the previous
one. Metallic bonding is formed in the conduction band by V d-d orbitals.

The Mulliken atomic analysis, presented in Table 3, has demon-
strated the existence of ionic bonding. The table shows the charge of
constituent atoms in the respective phases. The V and A atoms carry
positive charges, while the B atoms carry negative charges for each
phase. This observation indicates a charge transfer from the positively

charged atoms to the negatively charged ones, resulting in ionic
bonding.

In the paragraphs above, we observed the metallic nature and a
combination of covalent, ionic, and metallic bonding in the phases we
studied. Now, let's examine how the strength of the bonding changes
when we replace the A atom from Ge to P, P to Tl, and Tl to Zn. The
change in bonding strength has been demonstrated by calculating the
charge density mapping (CDM), as shown in Fig. 5. In CDM, the shape of
the charges at the atomic position signifies the nature of atomic bonding.
For example, the spherical shape around the atomic position signifies
ionic bonding, while a distortion from the sphere indicates covalent
bonding. The greater the distortion, the stronger the bonding. Let's now
closely examine the positions of V and A [A = Ge, P, Tl, Zn] atoms. The
most distorted charge distribution is observed for the V-P-V position,
followed by V-Ge-V, V-Zn-V, and V-TI-V. Thus, the bonding strength of
the V-A covalent bonds is expected to follow the sequence: V-P > V-Ge >
V-Zn > V-TL It is important to note that the V—B bonding strength is
expected to be the same or nearly the same for each phase. Conse-
quently, the hardness sequence is expected to be VoPB > V,GeB >
VoZnB > V,TIB, with a significantly large value of V,PB. The hardness
and elastic properties of VoAB [A = Ge, P, T1, Zn] have been presented in
the following section.
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Fig. 3. Electronic band structure of (a) V,GeB, (b) V2PB, (c) V,TIB, (d) V2ZnB borides.

3.3. Elastic constants and mechanical behavior

A material's response to external forces can be understood by
calculating its elastic constants, C;. The elastic constants also help to
disclose a solid's mechanical behavior by calculating elastic moduli,
brittleness/ductility, hardness parameters, machinability index, aniso-
tropic level, propagation of elastic waves, etc. [41,54]. As the titled
borides belong to the hexagonal system, there are five independent
elastic constants and one dependent; a total of six elastic constants are
there, as presented in Table 4. These constants were used to check the
mechanical stability using the following conditions [55,56].

Ci1 > 0,C33 > 0,C44 > 0,C11 > Crz, (C11 +C12)Ca3 — 2Cf3 >0

The values of Cj; for all phases considered here satisfy the above-
mentioned conditions. Thus, we claim that the tiled borides are me-
chanically stable.

These constants are used not only to check mechanical stability but
also to infer some additional features of the considered compounds. For
instance, the stiffness along the a and c-axes is measured by the values of
C11 and Cs3, whereas the constant C44 represents the resistance to shear
deformation. The value of C44 is smaller than C;; and Css, indicating
that shear deformation is easier compared to deformation along the a/c
direction. Moreover, the inequality of C;; and Css, certifying a differ-
ence in stress along the a and c-axes, resulted in uneven bonding
strength in these axes. Since these elastic constants are the basis of
elastic moduli and mechanical properties of solids, anisotropy in the
elastic properties is expected. Furthermore, these constants are used to
calculate the elastic moduli by the following equations [57]:

B = (By+Bg)/2

here, By = [Z(Cu + C]z) + C33 +4Ci3 ]/9 and B = CZ/M; c? = (Cu +
C12)C33 — 2C,;

M = Ci1 + Ci2 +2C33 — 4Cy3.

where By (Voigt bulk modulus [58]) and Bg (Reuss bulk modulus [59])
indicate the upper and lower values of B, respectively. G was computed
using equations like B,

G = (Gy+Gg)/2

where, Gy = (M+ 12C44 + 12666)/30;

(2) [C2C44Ce6)/[3ByCa4Co6 + C*(Cas + Ces) |;

Gr =

(C11 — C12)/2.

Finally, B and G were used to compute the Young's modulus (Y) and
Poisson's ratio (v) as follows [60]:

Y = 9BG/(3B+ G) and v = (3B — Y)/(6B)

The computed values of B, G, Y, and v are also present in Table 4. The
B value indicates a material's ability to resist volume changes, while G
represents its ability to withstand transverse (plastic) deformations. The
highest B and G values are found for V,PB, followed by V,GeB. The B is
the lowest for V,TIB, but G is the lowest for VoZnB among the studied
MAX phase borides. In this context, VoTIB, with the lowest B value,
exhibits higher compressibility than others, and V,ZnB has the lowest
deformation resistance. The Y value denotes the stiffness of solids and is
closely related to thermal shock resistance (inverse relation) and melting
temperature (direct relation). Based on the Y values, the phases can be
ranked as follows: VoPB > V,GeB > V,TIB >. Thus, VoPB is expected to
be stiffest, and V,ZnB exhibits the highest thermal shock resistance.
Although these three moduli do not directly measure hardness, they
tend to be higher for harder solids. As seen in Table 4, the highest value
of elastic constants and moduli is observed for Vo,PB. Thus, V5PB is ex-
pected to be the hardest among the titled borides, reflected by the
Vickers hardness shown in Table 5.

MAX phases usually have higher elastic moduli due to their pre-

Cos =



M.A. Ali et al.

DOS(states/eV)

DOS (states/eV)

Energy, E (eV)

Diamond & Related Materials 150 (2024) 111668

S
2L
g
8
w1
%3
o
A
30_. (@ EFl o= Total
| ——B-s
B-p
25+ | —_Vs
~ V-p
>
2 20 ' —V-d
k2] | Zn-s
S e 711D
SIRLE |
72)
Q
= |
10 1
5_
0 T J| T — :
-10 -5 0 5 10

Energy, E (eV)

Fig. 4. The total and partial DOS of (a) V,GeB, (b) V,PB, (c) V,TIB, and (d) V»,ZnB borides.

Table 3
Mulliken (atomic) population analysis of V,AB [A = Ge, P, Tl, Zn] borides.
Phase Atoms S P d Total Charge
V,GeB B 1.14 2.45 0.00 3.59 -0.59
\4 2.27 6.74 3.86 12.88 0.12
Ge 1.11 2.55 0.00 3.66 0.34
Vo,PB B 1.15 2.39 0.00 3.54 —0.54
A% 2.20 6.65 3.92 12.77 0.23
P 1.57 3.34 0.00 491 0.09
V,TIB B 1.14 2.52 0.00 3.66 —0.66
v 2.21 6.70 3.79 12.70 0.30
TI 1.10 1.82 10.02 12.94 0.06
VoZnB B 1.13 2.50 0.00 3.63. —0.63
v 2.19 6.76 3.75 12.70 0.30
Zn 0.62 1.14 9.94 11.96 0.04

dominant covalent bonding despite being metallic in nature. This co-
valent bonding also contributes to the brittleness of most MAX phases,
although some can also be ductile. A material's ductile/brittleness
character can be studied using two well-known parameters: Pugh [65]
and Poisson's [66] ratio. The Pugh ratio is the ratio of shear to bulk
moduli (G/B) or bulk to shear moduli (B/G). A material is considered
brittle if G/B is higher than 0.57 and ductile if it is lower than 0.57. For
Poisson's ratio (v), a material is considered brittle when the value is
lower than 0.26 and ductile if it is higher than 0.26. As shown in Table 4,
V2GeB and V2ZnB have G/B values lower than 0.571 and v values higher
than 0.26, indicating their ductile nature. On the other hand, V,PB and
V,TIB have G/B values higher than 0.571 and v values lower than 0.26,

indicating their brittle nature. V,GeC is also ductile, while V,ZnC is not
ductile. Some Nb-based carbides (Nb,TIC, NbsZnC, and Nb,CdC) are
also reported as ductile [67]. In addition, Poisson's ratio also carries
significant information when classifying the solids into ductile or brittle
classes. For instance, the value of v distinguishes the dominating role of
central or non-central interatomic forces within the solids [68]. A value
of v between 0.25 and 0.50 suggests the effectiveness of the central
forces inside the solid. In contrast, a value of v outside this range sug-
gests the dominance of non-central interatomic forces within the solids.
It is seen from Table 4 that the non-central interatomic forces dominate
the V,oPB and V,TIB solids. On the other hand, V,GeB and V,ZnB are
predominantly governed by the central interatomic forces. Furthermore,
the dominating bonding character is defined by the v value; v is typically
0.1 or less for covalently bonded solids, while it is 0.33 or greater for
ionic solids bonds [69]. For brittle MAX phases, v lies toward the critical
value of 0.26, and for ductile phases, it is <0.33, indicating the existence
of both covalent and ionic bonding within them.

The machinability index is a crucial parameter that indicates how
easily a material can be machined in any form. The ratio of the material's
bulk modulus (B) to the shear elastic constant (C44) is known as the
machinability index, p = B/C44, formulated by Sun et al. [70]. In
Table 4, it can be observed that the p values of the titled borides are
closer to those of 211 counterpart carbides. Notably, VoZnB exhibits the
highest value (1.79) of y, which is also higher than its carbide coun-
terpart (VoZnC ~ 1.49). As per the equation mentioned above, the value
of p is inversely related to the shear elastic constant C44. Among the
herein-studied borides, VoPB exhibits the lowest p value with the highest
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Fig. 5. The charge density mapping of V,AB [A = Ge, P, Tl, Zn] borides.

value of C44. Similar reports are also available. For example, the highest
machinability score of 33.33 is reported for WoSnC, with a small C44
value of 6 GPa, the lowest among all the 211 MAX phases [71]. Among
the 312 MAX phases, TizInCy has the highest B/C44 ratio, with a C44
value of 92 GPa [72].

The ability of a solid material to withstand plastic deformation,

dents, and scratches is a measure of its hardness [50]. This mechanical
property plays a crucial role in determining the suitability of materials
for a wide range of engineering applications [73]. The calculation/
measurement of hardness depends significantly on the formalisms/
methods used, and the results obtained vary broadly. In this paper, we
calculated the Vickers hardness of the studied phases using the following
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Table 4
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Calculated stiffness constants, bulk modulus (B), machinability index (B/Ca4), Cauchy pressure (CP), shear modulus (G), Young's modulus(v), and Pugh ratio (G/B) of

V,AB [A = Ge, P, Tl, Zn] borides.

Phase Cn Cia Ci3 Cs3 Caq B G Y v G/B B/Caq Ref.
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

V,GeB 254 119 155 251 162 179 88 227 0.29 0.49 1.11
V,GeC 282 121 144 259 160 182 99 252 0.27 0.55 1.13 [611
V,PB 343 116 149 365 215 208 143 349 0.22 0.69 0.97
°V,PC 376 113 168 386 204 226 154 376 0.22 0.68 1.10 [62]
V,TIB 230 55 62 208 77 114 80 195 0.22 0.70 1.48
“TiyTIC 274 73 51 241 82 126 93 224 0.20 0.74 1.53 [63]
V,ZnB 230 89 82 199 72 129 69 176 0.27 0.53 1.79
V,ZnC 308 90 92 260 106 158 104 256 0.22 0.69 1.49 [64]
2 [61].
b [62].
¢ [63].
4 [64].

Table 5 Vickers hardness compared to the other three compounds, as expected
able

The Mulliken bond number (n*), bond length (d"), bond overlap population (p*)
of p type, metallic population (P*), bond volume (V}), and Vickers hardness (H,)
of V,AB [A = Ge, P, Tl, Zn] borides.

Compound Bond n* d* (&) p* p¥ VE(AD) H, (GPa)

V,GeB B-V 4 2.10 1.13 0.026 24.64 3.91

V,PB B-V 4 2.13 1.00 0.298 9.55 12.05
P-v 4 2.39 0.93 0.298 13.49

V,TIB B-V 4 2.09 0.98 0.115 29.44 2.27

VyZnB B-V 4 2.07 1.00 0.098 25.36 3.04

formalism. Gao [74] anticipated a model to theoretically determine the
Vickers Hardness of nonmetallic compounds, which is eventually inef-
fective in the case of compounds where partial metallic bonds, such as
MAX phase compounds, are present [75]. Gou et al. [75] overcome this
limitation by introducing the term “metallic populations” into the
equation as follows:

H. = 740(P —P* ) (v)

where P* is the Mulliken overlap population of the p-type bond. The
P o= N/ V, is the metallic population. ng., = fg N(E)dE is the total
number of free electrons in a cell and V is the unit cell volume. Ep
represents the energy at pseudogap. The volume of a bond of the p-type,
v}, is determined by the bond length d” of the p-type and the number of
bonds Nj of type v per unit volume, given by the equation vj =

@3y, [(cl")3Nf,]. Finally, the geometric average of all the bonds

hardnesses (more than one) present within the solids can be obtained by

)M]I/Zn“

the following equation [76]: Hy = [17" (H"‘, where, n* is the

number of bonds of p-type comprising the actual multiband crystal. In
Table 5, the hardness values of the compounds are listed as follows:
V2PB > VyGeB > VoZnB > V,TIB, according to the prediction made in
the previous section. In addition, the H, values for V,GeB, V,ZnB, and
V,TIB are within the range of 2-8 GPa [67], indicating the softness and
easy machinability of the studied MAX phases, while the Hv of V,PB is
much higher than those of V;GeB, V5ZnB, and V,TIB. P-based MAX
phases usually exhibit higher hardness values due to the presence of two
strong covalent bonds, M-B and P—B bonding [Table 5]; on the other
hand, there is only one covalent bonding among M and B atoms for
V,GeB, V,ZnB, and V,TIB phases [Table 5]. A similar report is also
available for other P-based MAX phases, for example, NboPC (9.3 GPa)
and Nb,GeC (1.49 GPa), Nb,TIC (1.99 GPa), and Nb,ZnC (2.29 GPa)
[67]. The elastic moduli of V,PB are also highest, followed by V,GeB.
The bulk modulus also follows the same trend (VoPB > V,GeB > V,ZnB
> V,TIB) as Hy, whereas the G and Y values are higher for V,TIB than
those of VoZnB. Additionally, VoPB has much higher elastic moduli and

from the charge density mapping.

3.3.1. Elastic anisotropy

The study of the elastic anisotropy of hexagonal layered structured
solids is important due to the difference in the atomic arrangement and
bonding strength in the c-direction and a(b) -direction. Anisotropy has a
crucial connection with several physical phenomena, such as crack
formation and propagation, phase changes, dislocation dynamics, pre-
cipitation, anisotropic deformation due to plasticity, mechanical yield
points, fracture behavior, material friction, and elastic instability. The
knowledge of elastic anisotropy also helps in understanding the elastic
response under the application of forces. Different anisotropy parame-
ters are being used for different crystal systems. The VoAB (A = Ge, P, Tl,
Zn) MAX phases belong to the hexagonal materials. Thus, we have
considered the anisotropic indices that are relevant to hexagonal sys-
tems and studied the anisotropic nature of the elastic properties of Vo,AB
(A = Ge, P, Tl, Zn) borides.

First of all, we considered the shear anisotropic factors that offer
invaluable insights into the anisotropy in atomic bonding along the
different directions, providing a greater understanding of their practical
applications. The formulae used to derived them are as follows: A; =

% (C11+C124+2C33—4C13) 2Ca4 %5 (C11+C12+2C33-4C13)
—E TR, Ay = i As=A1 Ay = — e

44
[771 for {100} planes between the (011) and (010) directions, for {010}
shear planes between the (101) and (001) directions and for {001} shear
planes between the (110) and (010) directions, respectively. The results
presented in Table 6 reveal that the titled borides exhibit different A;
values, indicating anisotropic behavior in three shear planes. Addi-
tionally, the distinct A;, Ay, and A3 values highlight the substantial
directional dependence of shear modulus in these boride phases.

We have also calculated the ratio of linear compressibility (k./ka)
along the ¢ and a-axes by the following equation:

& ~ C11 +C12 —2Cy3
ko C33 — Ci3

From Table 6, the ratio of k. to k, is not equal to one for the borides
studied herein, indicating an unequal compressibility in the ¢ and a di-
rection. A k./k, value greater than one suggests a greater compressibility
along the c direction, while a greater compressibility along the a

Table 6
Calculated data for different anisotropy parameters Aq, Ay, As, ke/ka, Ap, Ag, and
the universal anisotropy index (AY) of V,AB (A = Ge, P, Tl, Zn) borides.

Phases Ay A, As ke/ky Ag Ag AY

V,GeB 0.26 2.40 0.63 0.66 0.2 0.136 1.58
V,PB 0.46 1.89 0.87 0.75 0.2 0.059 0.63
V,TIB 0.98 0.88 0.86 1.10 0.0 0.006 0.06
V,ZnB 0.90 1.02 0.92 1.29 0.3 0.007 0.08
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direction is confirmed by a value less than one. Thus, the compressibility
is greater along the c-direction for VoTIB and V,ZnB and reverse for
V2GeB and V,PB.

After that, we look forward to the percentage anisotropy, which is
calculated by the following formulae: Ag = g:;gﬁ x 100%;A¢ = % X
100%.

Ap and Ag represent the percentage anisotropy in bulk and shear
modulus, respectively. The subscripts V (Voigt) and R (Reuss) represent
the upper and lower values of B and G. A zero (non-zero) value of Ag and
Ag indicates the isotropy (anisotropy) in B and G, where the deviation
from zero measures the degree of anisotropy. Table 6 lists the values of
Ag and Ag, which indicate the presence of anisotropy in B and G.

Finally, the universal anisotropy constant, AY, has also been calcu-
lated for the titled borides. The AY also provides a quantitative mea-
surement of the anisotropy, like Ap and Ag, providing the level of
anisotropy possessed by the elastic parameters of the solids, and the
following formula has been used for the purpose mentioned above [15]:

U GV BV
A" = SG—R +E -6>0

Upon examining Table 6, it is evident that the value of AY is non-zero
for each phase considered, signifying that VoAB (A = Ge, P, Tl, Zn)
borides display anisotropic characteristics, that is, the parameters used
to characterize the mechanical behavior are dependent on the direction
measured.

In the end, the nature and extent of the anisotropy of mechanical
properties are crucial for practical applications. For example, the ma-
terials can behave differently under loading in different directions; the
materials could be stiffer or weaker in certain directions. This knowl-
edge of anisotropy is important for different industries, including
aerospace, automotive, and material engineering, as it impacts the
design of structures. Therefore, the anisotropic indices presented in
Table 6 indicate that priority should be given to direction-dependent
properties before using these borides.

3.4. Thermal properties

The thermal properties characterizing parameters must be known to
evaluate the material's performance and application in a high-
temperature environment. In this section, we have investigated the
thermal properties to disclose the possible application of the herein-
predicted compounds in high-temperature technology. Recently, the
MAX phases have drawn significant attention for their application as
TBC materials [78,79]. We have considered the Debye temperature
(©p), phonon thermal conductivity (kpp), minimum thermal conductiv-
ity (kmin), thermal expansion coefficient (TEC), and melting temperature
(T of the tiled borides in this study because of their significant roles in
designing thermal barrier coating materials. For instance, the Debye
temperature helps to disclose the behavior of phonons in materials. In
contrast, the phonon thermal conductivity and minimum thermal con-
ductivity are important for determining the heat transport properties.
The thermal expansion coefficient measures the material's response to

Table 7
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changes in temperature, and the melting temperature indicates the
material's stability at elevated temperatures. Overall, these parameters
are essential for predicting and optimizing the thermal barrier proper-
ties of coating materials. Table 7 lists the results obtained for Vo,AB (A =
Ge, P, TI, Zn) MAX phase borides and those of corresponding counter-
part carbides. The Debye temperature has been calculated using the
widely known Anderson formula [80,81] based on the sound velocity

propagating through the solids. The relevant equations are given below:
1

3
—h |(3n) Nap
o =& | (1) v

where,

1
L1, 2\]s
T3\ v3

with,
1 1 .
v = (%) 2 and v; = <g> 2where, v, is the average sound ve-

locity, which is computed from the longitudinal (v;) and transverse (v;)
sound velocities, respectively, p is the mass density, N4 is Avogadro's
number, M is the molar mass, n is the number of atoms in the unit cell, kg
is the Boltzmann's constant and h is the Planck's constant. The v; and v,
have been computed from the bulk and shear modulus. The obtained @p
of the titled compounds is presented in Table 7. The Debye temperature
indicates the characteristics of the temperature of solids, which usually
describes the vibrational mode of atoms; the higher the ®p, the stronger
the interatomic bonding. On the other hand, the hardness of solids is
determined by the bonding strength of atoms within the solids. Hence, a
direct relationship between Debye temperature and hardness is ex-
pected, and a higher @), is also expected for harder solids [60]. Tables 5
and 7 show that higher @y is obtained for harder phases studied herein.
The ©p is also comparable to other MAX phases [82,83].

The lattice thermal conductivity of solids is a decisive property for
applications at elevated temperatures, specially, at very high tempera-
tures, when the thermal conductivity becomes constant and known as
minimum thermal conductivity. Thus, the study of thermal conductivity
is essential, and we have also calculated the thermal conductivity and
minimum thermal conductivity of the titled solids, which are presented
in Table 7. The relevant formulae are given below:

[84]:
M,,05%
kon =A(7) 7;
y>n3T

4.85628x107

where y = 23<(21f3"')> and A(y) =

2| 1-05144028
The lattice thermal conductivity of the studied MAX phases is 30.7,
82.8, 27.0, and 17.2 W/mK for V,GeB, VoPB, V,TIB, and V2ZnB,
respectively. At room temperature, MAX phase compounds generally
exhibit total thermal conductivity values ranging from 12 to 60 W/mK
[2]. As seen, the K, of VoPB falls outside the range mentioned above. A
higher value of thermal conductivity (65 W/mK) was reported for 212

The Debye temperature (@p), phonon thermal conductivity (k,), minimum thermal conductivity (kmin), thermal expansion coefficient (TEC), and melting temperature

(T, of VoAB (A = Ge, P, TI, Zn) borides.

Phases p 01 ¢ Om @p Y kpn Kmin TEC T Ref.
(kg/m%) (m/s) (m/s) (m/s) X) (W/mK) (W/mK) K% 107°) )
V,GeB 6243.1 7084.4 4002.2 4451.4 573.8 1.54 30.7 1.10 3.6 1492 This
V2GeC 6670.0 6864.0 3858.0 4293.0 565.0 1.32 39.9 1.10 1588 [54
V,PB 5174.8 8904.7 5401.8 5969.2 786.9 1.32 82.8 1.54 2.6 1930 This
V2PC 3441.0 11,196.0 6689.8 7403.6 849.5 1.36 97.8 1.45 2061 [62]
V,TIB 8941.1 4982.9 3009.9 3327.4 404.3 1.32 27.0 0.73 4.1 1356 This
Ti,TIC 8454.1 5437.9 3316.7 3663.1 439.1 1.14 27.0 0.78 1537 [63]
V2ZnB 5828.3 6157.8 6157.8 3830.4 489.1 1.60 17.2 0.93 5.3 1342 This
VoZnC 6166.0 6940 4110.0 4550.0 592.0 1.32 44.6 1.14 1482 [64]
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MAX phase borides (NbyPBy) [85]. In their work, the authors high-
lighted the critical role of high thermal conductivity in thin films. They
stressed that such films are extensively utilized in the microelectronic
packaging industry as protective layers or support materials, where a
high level of conductivity is necessary. Thus, the thin film of V,PB is
likely to be suitable for use as supporting materials for the same
mentioned earlier.

The minimum thermal conductivity (k) was calculated via the
equation given below [86]:

M \ 3
kmin = kam (m)

Before addressing the minimum thermal conductivity, let's start by
discussing the kpi, values of well-known TBC materials used in gas
turbines, airplanes, and cutting-edge aero engines. Yttria-stabilized
zirconia (7YSZ) with a kpi, of 2.20 W/mK has been extensively used
as a TBC material, providing valuable insights to researchers [87]. Re-
searchers have also explored other TBC materials with high Ty, and low
thermal conductivity. The rare-earth-based oxides, RE2T207 (RE = La,
Pr, Nd, Sm, Eu, Gd, Y, Er, or Lu and T = Ti, Mo, Sn, Zr, or Pb) with ki,
values ranging from 1.40 to 3.05 W/mK, have been discovered [87,88].
The rare earth stannates RE;Sn,O7 (RE = La, Nd, Sm, Gd, Er, and Yb)
have a kp;, range from 1.80 to 2.50 W/mK [87]. Some of the perovskite
oxides, also known as TBC materials, are ABO3 (A = Sr, Ba; B = Ti, Zr,
Hf), which have kp;, values in the range of 1.09 to 1.74 W/mK [87]. As
seen in Table 7, the highest kyin (1.54 W/mK) is found for V,PB, which is
lower than that of many other TBC materials. Thus, the titled com-
pounds are expected to be potential TBC materials.

The thermal expansion coefficient (TEC) is another critical param-
eter that need to be known before using a material in high-temperature
environment to prevent the structure getting damaged due to thermal
stress developed during operation at high temperatures. The TEC of the
titled compounds was calculated by the following equation[89]:

7Cy

TEC =
3BrVn

where y = Griineisen parameter, C, = specific heat at constant volume,
Bt = isothermal bulk modulus, and V,;, = molar volume.

The TEC values are comparable (in the order of 10"° K1) to those of
a thermally grown oxide layer in extreme conditions, a prerequisite for
TBC materials at very high temperatures. Thus, the studied phases are
expected to be potential materials for high-temperature applications.

Finally, the melting temperatures of the V,AB (A = Ge, P, TI, Zn)
MAX phases are also calculated using the equation given below [16].

Tm = 354+ 1.5(2C11 + Cs3).

As seen, the equation contains C;;and Cs; with conversion param-
eter. Thus, a direct relationship of T, with Young's modulus (Young's
modulus is the measure of stiffness of solids, and C;; and Cs3 are the
measure of stiffness along the x and z-direction of solids) is expected.
The data presented in Table 4 and Table 7 confirmed this relationship.
The Ty, is high enough (above 1000 °C), and the TBC is usually used to
protect the heating elements in the hottest parts of different engines.

Based on the parameters used to characterize the materials, such as
its machinability index, which indicates the need for good machinability
to create a coating layer, minimum thermal conductivity, very low
thermal expansion coefficient, and high melting temperature, it can be
concluded that the compounds under study are excellent potential ma-
terials for TBC applications. In addition, Table 7 revealed that the titled
borides can be considered as an alternative to those of carbide phases. In
comparison, the Debye and melting temperatures, lattice thermal con-
ductivity, and minimum thermal conductivity of the borides (with an
exception for NbySB/Nb,SC [11], VoGeB/VoGeC [Table 6]) are usually
lower than those of counterpart carbides [11,15]. Higher ©p and T, are
desirable for high-temperature applications, and lower lattice thermal
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and minimum thermal conductivity are good for thermal barrier coating
applications. Thus, the selection of materials depends on the targeted
environments, such as operating temperature, and the type of applica-
tions, such as TBC applications. In particular, VoPB exhibits the best
combination of thermo-mechanical properties, which might be a
possible new material to replace Ni/Co superalloys in the hottest section
of a gas turbine engine. This substitution would allow the engine to
operate at higher temperatures, potentially boosting efficiency.
Currently, Ni/Co superalloys can withstand temperatures of around
1100 °C-1150 °C, but this could possibly be increased by approximately
100 °C using MAX phases. [78]. In order to validate the potential of
VPB, it is imperative to conduct experimental synthesis and measure-
ments of mechanical properties, melting temperature, minimum ther-
mal conductivity, and coefficient of thermal expansion. Regrettably,
these crucial procedures currently fall outside the scope of our present
capabilities.

3.5. Optical properties

It is necessary to disclose the material's response to electromagnetic
radiation (photons) for the exploration of the practical applications of
solids. MAX phase materials are well known as coating materials on
spaceships to avoid solar heating of the body, which can be predicted by
studying optical properties [90]. By examining the reflectivity of these
materials, we can gain insight into their ability to efficiently reflect solar
radiation. This understanding allows for the development of coatings
with high reflectivity, which can effectively manage solar radiation and
minimize heat absorption, thereby reducing the impact of solar heating
on the spacecraft. That is why the optical properties of the titled MAX
phases have been studied and presented in this section. Before delving
into the optical functions, it is imperative to understand the real and
imaginary components of the frequency- and energy-dependent dielec-
tric function. Any homogeneous material at any photon energy may
have its optical functions described using the dielectric function. The
title compounds' electronic structure demonstrated that they were a
metallic system, requiring the use of an additional parameter (plasma
frequency, 3 eV) in order to analyze the optical properties. Using the
momentum matrix element between the occupied and unoccupied
electronic states, the imaginary component of the dielectric function
(IDF) e2(w) has been estimated using the following formula:

2e’n

ac, D AvElurlvi|*s(5 — B —E)

kyc

&2(w)

where, e = electronic charge; m = light frequency; u = polarizing vector
of incident electric field; y§ = conduction band wave function at k and
w} = valence band wave function at k. The real part of the dielectric
function (RDF) [e1(w)] was computed using the Kramers-Kronig re-
lations [27,91].

L2 [Poe(w)do
e1(w)=1 +;P/O 7(02 p

After that, the refractive index n(w), the extinction coefficient k(w),
the absorption coefficient a(w), the photoconductivity o(w), reflectivity
R (®), and the energy loss function L(®w) were calculated using the
following equations:

n(w) = \%{\/{Sl (@)} +{e2(0) }* +er(w) } "

k(o) = %N {er(@) 2 + {ea(@) ) — er(0) } "

1/2
a(w) = V20 {\/{el(m) P4+ {e(@) ) - el(m)}
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L(@) = &(®) [ [{e1(@) }* + {e2(0) }* |

Therefore, this section presents a thorough investigation of the
energy-dependent (0 to 25 eV) optical constants of VoAB (A—Ge, P, TI,
Zn) MAX phase borides.

The dielectric function is made up of two parts: the IDF [e5(w)] and
the RDF [e1(w)], as shown in Fig. 6(a, b), where e2(®) is connected to
dielectric losses as a function of frequency and &;(®») represents stored
energy. The energy-dependent ¢;(®) spectra start from below and reach
zero at approximately 20 eV, as seen in Fig. 6(a-b). In contrast, the e5(®)
value approaches zero from above about 23 eV, providing evidence for
metallic or Drude-like behavior. The low-energy region (< 1 eV) of the
e1(w) spectra exhibits the highest dielectric constant value due to the
electron's transition within the bands. The infrared spectrum of e(®)
gradually declined with a prominent peak at 3 eV. The compounds under
examination exhibit almost same RDF and IDF spectra.

The extinction coefficient (k) shows how much light a material ab-
sorbs, whereas the refractive index (n) compares the velocity of light in
any medium with that in empty space. The refractive index (n) and
extinction coefficient (k) of VoAB (A = Ge, P, TI, Zn) phases are shown in
Fig. 6 (c, d). At zero photon energy/frequency, the VoAB (A = Ge, P, TI,
Zn) MAX phases exhibit n values of 9, 8, 12, and 10.5 values, respec-
tively. For photonic and optoelectronic device applications, materials
having a high refractive index (often >1.5) are beneficial for improving
the visual quality of electronic displays such as QDLED TVs, OLEDs, and
LCDs [91-93]. V4TIB has the highest n value (12) out of all the com-
pounds, whereas V,PB has the lowest n value (8).

We have also calculated the absorption spectra of Vo,AB (A = Ge, P,

T B s 8B B B W

hj‘.-“

V,TIB V,ZnB

B
V,GeB V,PB

Fig. 6. The (a) real and (b) imaginary part of the dielectric function, (c) ab-
sorption coefficient, (d) photoconductivity, (e) refractive index, (f) extinction
coefficient, (g) reflectivity, and (h) loss function of V,AB (A = Ge, P, TI,
Zn) borides.
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TI, Zn) borides, as shown in Fig. 6(e). The spectra started at zero photon
energy, revealing their metallic character. The spectra grow fast in the
visible light region and reach their maximum in the ultraviolet region,
which then decreases progressively. The materials above demonstrate a
broad absorption spectrum, or absorption capability, predominantly in
the visible and ultraviolet wavelength ranges. This implies they may find
application in developing diverse optoelectronic devices, including UV
surface-disinfection apparatus and medical sterilization devices. These
materials' photoconductivity behavior closely matches their absorption
characteristics, as seen in Fig. 6(f). They also begin with the starting of
incident photon, which agrees well with their band structure results. The
compounds' conductivity peaked at around 5 eV energy and gradually
decreased with few visible peaks. Interestingly, the visible region finds
one prominent peak at around 2.5 eV. However, a closer look at the
electrical structure lends credence to the claim that these results strongly
suggest that the materials in question shouldn't have a band gap.

The quantity of light energy a surface reflects before absorbing is
known as its reflectivity (Fig. 6(g)). The initial reflectivity spectra of the
V2GeB, V,PB, V,TIB, and V,ZnB are 65, 62, 70, and 68 %, respectively.
This spectrum shows values in the visible and infrared areas that are
consistently above 47 %. The reflectivity graphs show a prominent peak
at around 8 eV, after which the reflectivity of the substances under
investigation drops rapidly as photon energy increases. According to
reports [90,94], solar light may be successfully reflected from the sur-
face of materials if it has an average reflectivity of 44 % or greater. As
evident from Fig. 6 (g), the reflectivity of the studied phases sustained
higher values (higher than 44 %) up to the UV-Vis range, which in-
dicates that they can reflect solar radiation from their surface. Thus,
spaceships can be protected from solar heating by making a surface
coating of these MAX phases.

The energy dissipated during the passage of charged particles across
a medium, like electrons. It is clear from Fig. 6 (h) that there is no energy
loss up to 0-10 eV for all the compounds under study because of the
comparatively large value of [eo(w)]. At the point of maximal energy
loss, we find a plasma resonance. The energy loss of the charged particle
is expressed by prominent peaks for V,GeB, V,PB, V,TIB, and V,ZnB,
which were found at 20.5, 22, 17.5, and 20 eV, respectively. The com-
pounds that are being studied should have high transmittance; the ab-
sorption and reflection spectra should show abrupt decreases at these
particular energies.

4. Conclusions

The MAX phase borides V2AB [A = Ge, P, T1, Zn] have been explored
for the first time. The formation energy confirmed their chemical sta-
bility, the phonon dispersion curve confirmed their dynamical stability
and elastic constants confirmed their mechanical stability. The over-
lapping of valence and conduction bands at the Fermi level reveal the
metallic behavior of V,AB [A = Ge, P, Tl, Zn] borides. The DOS displays
a finite value at Er with a dominating contribution from the V-d states.
The hybridization of different states suggests the presence of covalent
bonding. In contrast, the Mulliken population confirms the transfer of
charges from V and A atoms to B atoms, revealing the formation of ionic
bonds. The CDM demonstrates variation in bonding strength, leading to
changes of the elastic moduli and Vickers hardness for different phases.
The elastic constants and moduli of the studied phases are compared
with those counterpart carbides where available. The findings show that
borides could serve as an alternative to carbides. VoGeB and V,ZnB
(V2PB and V,TIB) are ductile (brittle) like their carbide phases. Among
these, VoZnB is more machinable than others. The Vickers hardness
values agree with the charge density mapping, showing a much higher
value for VoPB compared to the other three compounds studied. The
different anisotropic indices suggest the anisotropic nature of the me-
chanical properties. The parameters characterizing the thermal prop-
erties, such as Op, kph, kmin, TEC, and T, are comparable to those of
conventional MAX phase carbides [22,82,95]. The results also suggest
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their potential use in high-temperature technology, such as TBC mate-
rials. The optical constants, €1(®), €2(®), a and c spectra reveal the
metallic nature of the studied phases. The reflectivity of each phase is
continuously above the 44 % up to UV range, certifying a good potential
for use as coating materials in spaceships as solar heating reflectors, like
most of the MAX phase carbides.

Therefore, the herein-explored MAX phase borides have the potential
to be an alternative to the well-known carbide MAX phases. The non-
existence of previous studies on these borides has resulted in a lack of
additional theoretical or experimental data in tables and figures. This
study effectively addresses this gap and provides valuable data for future
experimental research. We hope that the materials scientists will pay
attention to synthesizing these borides experimentally and unlock their
full potential for the advancement of the scientific community and the
benefit of practical applications.
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