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Abstract

The DFT approach is used in the pressure range of 0 - 50 GPa to examine the physical character-
istics of the synthesized MAX phases Zr2SeB for the first time. The calculated lattice parameters 
agree with previous findings at ambient pressure. The density of states and band structure exhibit 
that within the studied pressure range, Zr2SeB is metallic. Under various pressures, partial DOS 
is also taken into consideration. The investigated compound maintains their mechanical stability 
up to 50 GPa.  Zr2SeB is elastically anisotropic up to 50 GPa, and brittle up to 20 GPa pressure. 
The brittleness of the material decreases with increasing pressure. At 30, 40 and 50 GPa, howev-
er, Zr2SeB exhibit a ductile behavior. The MAX phase research community is anticipated to be 
inspired by this discovery to further investigate the properties of this material under various 
pressures.
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Introduction

A family of layered ternary carbides and nitrides with the 
general formula Mn+1AXn, where n = 1-3, M is an early 
transition metal, A is a p-block element, and X is B or C or 
N are called MAX phases. These intriguing nanolaminates 
have a unique mix of physical, chemical, mechanical and 
electrical, characteristics, making them thermodynamically 
stable materials with a wide range of possible applications. 
These are thermodynamically stable nanolaminates and are 
interesting materials with great application potential due to 
their remarkable combination of chemical, physical, electri-
cal and mechanical properties (Barsoum, 2001). Like 
metals, they are extraordinarily damage resistant, electrical-
ly and thermally conductive, plastic at high temperatures, 
and most easily machinable. (Barsoum and El-Raghy, 1996; 
El-Raghy et al. 1999; Sun et al. 2006). Like ceramics, they 

are lightweight, elastically rigid, fatigue, creep, maintain 
their strengths to high temperatures and oxidation and 
corrosion resistant (Barsoum, 2009; Sundberg el al. 2004; 
Jovic el al. 2006). MAX phases are intriguing prospects for 
applications in the nuclear sector, superconducting materi-
als, spintronics, wear and corrosion-resistant coatings, 
high-temperature technologies, Li-ion batteries, sliding, 
contacts for 2D electronic circuits and electrical contacts 
(Barsoum, 2013; Surucu, 2018; Ali et al. 2018). The hybrid 
features of MAX phases are caused by the presence of 
strong covalent M-X bonds and relatively weak metallic 
M-A links inside their structure. These challenging traits are 
a perpetual source of inspiration for scientists, and as a 
result, more than 150 MAX stages have been found (Sokol 
et al. 2019).

Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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P a c c/a V Remark 

0 3.5624 12.6416 3.5486 138.9377 This study 

3.6440 12.6323        --- --- (Zhang et al.  2022) exp  

3.5624 12.6417 --- --- (Zhang et al.  2022) theo  
10 3.4813 12.4006 3.5621 130.1565 This study 

20 3.4159 12.2312 3.5807 123.6010 This study 

30 3.3605 12.0974 3.5999 118.3159 This study 
40 3.3119 11.9901 3.6203 113.8929 This study 

50 3.2687 11.9005 3.6407 110.1212 This study 

Fig. 1. (a) Crystal structure of Zr2SeB, (b) 2D view in
            the xy-plane

Table I. Estimated and available theoretical and experimental values of lattice constants (a and c, in Å), their 
ratio c/a and volume (V, in Å3) for Zr2SeB under various pressure (P, in GPa)

Fig. 2. (a) Lattice parameters, (b) Normalized lattice
          parameters, (c) Volume and (d) Normalized volume
          of Zr2SeB under pressure
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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P B G E υ G/B B/C44 Remark 

0 134 96 232 0.211 0.72 1.18 This study 

 133 88 216 0.229 --- --- (Zhang  et al.  2022)  

10 175 111 276 0.237 0.63 1.21 This study 

20 213 129 322 0.248 0.61 1.22 This study 

30 247 112 293 0.302 0.45 1.23 This study 

40 281 110 293 0.326 0.39 1.24 This study 

50 316 145 378 0.301 0.45 1.27 This study 

Table II. Estimated elastic constants, Cij (GPa), of Zr2SeB at different pressures, (P, in GPa)

P C11 C12 C13 C33 C44 C66 Remark 

0 242 72 78 263 113 85 This study 

228 87 77 266 109 71 (Zhang  et al.  2022)  

10 290 104 117 320 145 93 This study 

20 340 126 153 377 175 107 This study 

30 328 200 188 427 201 64 This study 

40 349 244 223 472 226 52.5 This study 

50 425 234 258 516 249 95.5 This study 

Table III. Calculated elastic moduli values, all in GPa, Poisson’s ratio, Pugh’s ratio, machinability index of 
Zr2SeB in the pressure range 0–50 GPa

Fig. 3. (a) Elastic constants (Cij), (b) Elastic moduli (B, G, and Y) and (c) Poisson’s, Pugh’s ratio and 
machinability index for Zr2SeB at different pressures
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Table IV. Elastic anisotropy factors for Zr2SeB in the pressure range 0–50 GPa

P A1 A2 A3 AU Kc/Ka Remark 
10 0.78 1.33 1.04 0.10 0.85 This study 
20 0.65 1.56 1.01 0.25 0.79 This study 
30 0.58 1.64 0.95 0.34 0.71 This study 
40 0.52 3.14 1.64 1.47 0.64 This study 
50 0.48 4.30 2.05 2.52 0.59 This study 

Fig. 4. Zr2SeB's shear anisotropy factors in the 0–50
         GPa pressure range
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Table V. Calculated total and partial density of states (states/eV) at the fermi level of Zr2SeB at different
            pressures (P, in GPa)

Phase P 

 

Partial density of states, PDOSs at EF Calculated 
total DOS at 

EF 

Total 
DOS at 

EF 

(from 
graph) 

Ref. 

Zr Se B 
5s 4p 4d 4s 4p 2s 2p 

Zr2SeB  0 0.02 0.15 2.71 0.08 0.19 0.00 0.37 3.52 3.53 This 

20 0.02 0.19 2.66 0.10 0.28 0.01 0.55 3.81 3.80 This 

40 0.03 0.24 2.64 0.08 0.33 0.01 0.64 3.97 3.96 This 

Fig. 6. Total and partial density of states of Zr2SeB at (a) P = 0 GPa, (b) P = 20 GPa and (c) P = 40 GPa, respectively

Fig. 5. Calculated band structures of Zr2SeB along the high symmetry directions of the Brillouin zone at (a) 
P = 0 GPa (b) P = 20 GPa (c) P = 40 GPa, respectively. The Fermi energy is set to 0 eV, and the horizontal 
line represents it
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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Additionally, scientists are attempting to alter composition 
and structure to attain an excellent mix of properties, includ-
ing various alloys or solid solutions, (Lapauw et al. 2018; 
Tunca et al. 2019; Griseri et al. 2020; Ali and Naqib, 2020) 
M2A2X, (He et al. 2018; Chen et al. 2019) and M3A2X, (Chen 
et al. 2019)  rare-earth i-MAX phases, (Tao  et al. 2019; Ali 
et al. 2021), 212 MAX phases, (Miao et al. 2020) 314 MAX 
phases,(Ali et al. 2021) MAX phase borides (Rackl et al. 
2019; Rackl and Johrendt, 2020; Ali et al. 2021) and 
MXenes, the derivatives of the two-dimensional (2D) MAX 
phase (Naguib et al. 2011). 

Ti2SC and Zr2SC were included in a thorough analysis of the 
elastic characteristics of the 211 MAX phases that Cover et 
al. performed (Cover et al. 2009). After synthesizing M2SB 
(M = Zr, Hf, and Nb) borides, Rackl et al. (2020) exposed 
them to a thorough examination on the basis of M2SX's (X = 
C and B) physical characteristics. In each instance, the 
mechanical properties of the S-containing MAX phases 
outperform those of the comparable Al-containing MAX 
phases. Chen et al. (2021) recently developed a novel chalco-
gen (Se) containing MAX phase (Zr2SeC). The electrical 
resistivity, electronic density of the different states, thermal 
conductivity, and the charge density of Zr2SeC were investi-
gated, and Qiqiang Zhang et al. (2022) synthesized Zr2SeB. 
In numerous fields where several different MAX phases have 
already been used, these inadequate Zr2SeB results are not 
sufficient for practical use. Therefore, a detailed study of 
Zr2SeB must thus be thoroughly studied in order to reap the 
benefits and be used in as many industries as feasible. As a 
result, this work presents the structural, mechanical and 
electronic characteristics of Zr2SeB at zero and high pressure. 
The remaining text is arranged as follows: The entire compu-
tational methodology is presented in Section 2, the findings 
and analysis are presented in Section 3, and the main conclu-
sions are presented in Section 4.

Materials and  methods

First-principles calculations were performed within the 
context of density functional theory (Kohn and Sham, 1965) 
by utilizing the plane-wave pseudopotential method applied 
in the CASTEP code (Clark et al. 2005). Ultra-soft pseudo-
potentials created by Vanderbilt were used to model the 
interaction between electrons and ion cores (Vanderbilt, 
1990). The generalized gradient approximation (GGA) is 
used to address the electronic exchange and correlation 
energies, according to Perdew-Burke-Ernzerhof (PBE) 
(Perdew et al. 1996). The Broyden-Fletcher-Goldfarb-Shan-
no (BFGS) minimization technique (Fischer and Almlof, 
1992) is used to . determine a crystal's ground state. By 
independently altering the lattice parameters and internal 

locations of atoms leaving core correction or spin effect, the 
crystal structures are totally optimized. A Γ-centered k-point 
mesh of 23×23×5 grid is employed to integrate over the first 
Brillouin zone of the reciprocal space of the hexagonal unit 
cell of MAX phases (Monkhorst and Pack, 1996) in the 
Monkhorst–Pack (MP) scheme. A planewave cutoff energy 
of 700 eV was found to be suitable for expanding the eigen-
functions of valence and nearly valence electrons of the 
atoms of the systems. In order to achieve geometry optimiza-
tion, the tolerance for convergence is being set to an energy 
change of less than 10-5 eV/atom, a force change below 0.03 
eV, a stress change below 0.05 GPa, and a change of atomic 
displacement below 10-3 Å. The CASTEP code’s implemen-
tation of the stress-strain method (Nielsen  and Martin 1983) 
is performed to determine the elastic constants, Cij. DFT is a 
suitable approach for characterizing the electrical structure of 
crystalline materials (Hadi, 2016; Hadi et al. 2009).

Results and discussion

Structural properties

Experimental and theoretical studies have crystallized the 
Zr2SeB in Hexagonal structure with lattice parameter ‘a’ and 
‘c’ , space group P63/mmc (194) (Barsoum, 2013). The unit 
cell has eight atoms since it is comprised of two formula 
units. The atomic positions of Zr2SeB are Zr: (1/3, 2/3, 
0.6029), Se: (1/3, 2/3, 1/4), and B: (0, 0, 0) (Zhang el at. 
2022). Fig. 1(a) depicts the unit cell of the crystal structures 
of Zr2SeB where the atoms are specified separately by differ-
ent colors and Fig. 1(b) represents its two dimensional view 
in xy plane. From this figure it is observed that, the Se atom 
is sandwiched between two Zr2SeB octahedra. Table I 
provides the optimal lattice parameters for comparison along 
with the relevant experimental and theoretical data. Table I 
shows how pressure affects the lattice parameters of Zr2SeB. 
With rising pressure, it is seen that the lattice parameters are 
decreasing; accordingly, a similar trend is seen for volume. 
The pressure dependence of the lattice parameters ‘a’ and ‘c’ 
for Zr2SeB is plotted in Fig. 2(a) with increments of 10 GPa 
from 0 to 50 GPa. It is also revealed from this figures that the 
lattice parameter ‘a’ and ‘c’ decreases successively with 
increasing pressure. Further we also observed that the lattice 
parameters ‘a’ and ‘c’, respectively, varied by 29% and 74% 
with increasing pressure. The compression along the ‘c’ 
direction is therefore lower than that along the ‘a’ direction, 
as shown by Table I and Fig. 2(a), where the lattice parameter 
‘c’ falls with pressure more quickly than the lattice parameter 
‘a’. Figures 2(b), 2(c), and 2(d) show, respectively, the 
pressure dependence of the normalized lattice parameters 
(a/a0 and c/c0, where a0 and c0 are the equilibrium lattice 

parameters.), volume, and the unit cell’s normalized volume. 
From these figures it is seen that both a/a0 and c/c0 tend to 
decrease with pressure due to the fact that pressure compress-
es the volume. Furthermore, based on this research, it is 
predicted that when pressure rises, the bonds in Zr2SeB 
would get strong and the bond lengths will shorten. 

Mechanical stability and behaviors 

A material’s utility range can be measured using its mechani-
cal relationships, which can also confirm the degree of 
service that is anticipated. The mechanical relationships can 
be used to identify the most prevalent solid characteristics, 

including mechanical stability, anisotropic bonding strength, 
ductility, rigidity, and displacement. Using the strain-stress 
method, elastic constants (Cij) are computed. Elastic 
constants can be used to evaluate a solid’s mechanical stabili-
ty. The elastic constants provide significant information, such 
as the interpretation of solid rigidity is known by C11 and C33. 
Due to its hexagonal structure, Zr2SeB possesses five distinct 
elastic constants. This group consists of C11, C13, C33, C12, and 

C44. The following formula can be used to estimate the value 
of C66, a second elastic constant that depends on C11 and C12: 

Table II displays the computed values for the elastic 
constants of Zr2SeB. Our calculated elastic constants meet 
the following stability requirements: (Qureshi et al. 2021; 
Sin’ko and Smirnov, 2002; Sin’ko and Smirnov, 2005; 
Anderson, 1963).

C11 > C12, C11 > 0, C33 (C11 + C12) - 2(C13)
2 > 0, and C44 > 0, and 

hence, Zr2SeB is mechanically stable.  Table II shows that for 
both compounds, C11 < C33, showing that the compounds are 
required at a higher level of pressure to bend along the c-axis 
than the a-axis. As a function of hydrostatic pressure, Figure 
3(a) displays the calculated elastic constants. The elastic 
constants grow monotonically with increasing pressure 
except C11, C12, C66 at pressures 30 and 40 GPa. In spite of the 
fact that Zr2SeB maintains its mechanical stability at these 
pressures, C11, C12, and C66 demonstrate aberrant behavior.

A solid’s Young's modulus (E) determines its stiffness, 
whereas its shear modulus (G) and bulk modulus (B) dictate 
its resistance to plastic deformation and incompressibility, 
respectively. The elastic constants Cij can be used to compute 
the bulk modulus B and shear modulus G. For hexagonal 
crystals, these two moduli (noted BV and GV) may be comput-
ed using the Voigt approximation (Voigt, 1928) as:

The bulk and shear moduli (noted BR and GR) in the Reuss 

approximation (Reuss and Angew, 1929) are defined as 
follows:

The arithmetic mean of the B and G effective values for 
anisotropic polycrystalline crystals as determined by the 
Voight and Reuss approximations is what is known as the 
Hill approximation (Hill, 1952):

Using the following formulae, Young’s modulus E and Poisson's 
ratio v may be calculated from B and G (Karkour et al. 2022)

Fig. 3(b) and Table II can be used to show how pressure 
affects elastic modulus. As pressure increases, the bulk 
modulus, B, rises practically linearly. Apart from at 30 and 
40 GPa pressure, the Young's modulus E and the Shear 
modulus G likewise rise with pressure. The stiffness of 
materials is often higher when the Young’s modulus E is 
higher. Therefore, from the values of E as shown in Table 
III and figure 3(b), it can be said that Zr2SeB is a stiff 
material and its stiffness increases with increasing 
pressure. The resistance to thermal shock is related to 
Young’s modulus. High thermal shock resistance is 
marked by a low Young's modulus value. High thermal 
shock resistance is a requirement for the ideal thermal 
barrier coating (TBC) material. Therefore, from the values 
of E as shown in Table III, it can be said that Zr2SeB is 
likely to be TBC materials.

Using Pugh’s and Poisson’s ratio, it was determined if the 
aforementioned composite was ductile or brittle at the 
investigated pressure range. Pugh’s and Poisson’s ratios 
of Zr2SeB is shown at various pressures in Fig. 3(b). 
When G/B exceeds 0.57, a material is considered brittle 
by Pugh's ratio (Pugh 1954); otherwise, it is ductile. 
Again, it is generally known that a solid is brittle if the 
Poisson's ratio is less than 0.26, (Roknuzzaman et al. 
2017) and ductile if it is higher. With the exception of 30, 
40, and 50 GPa, at ambient pressure, both compounds are 
brittle and remain such for up to 20 GPa, as shown in 
Table III and Fig. 3(c), in accordance with the aforemen-
tioned threshold values. Zr2SeB exhibit ductility at 
pressure 30, 40 and 50 GPa. The machinability index 
(MI), B/C44, which governs the form flexibility of any 
material, is a crucial feature for the use of MAX phase. 
Table III contains a list of the MI of Zr2SeB, and Fig. 3(c) 
shows it. These findings indicate that the MI of Zre2SeB 
increases as pressure increases. It is well known that 
metallic compounds have a higher MI than ceramic ones. 
As Zr2SeB is metallic and the MI value is increasing with 
increasing pressure thus it can be said that the metallicity 
is increasing with increasing pressure.

The production of plastic deformation or the propagation of 
cracks is influenced by elastic anisotropy. The following 
formulae can be used to calculate the shear anisotropy factors 
(Ranganathan and Ostoja-Starzewski, 2008):

where A1 refers to the shear anisotropy in the {100} shear 
planes between the <011> and <010> directions, A2 to the 
{010} shear planes between the <101> and <001> directions 
and A3 to the share planes {001} between <110> and <010> 
directions. The relation between elastic anisotropy factor and 
the linear compressibility coefficient for a hexagonal crystal 
is given below (Hadi, 2016):

Ranganathan and Osraja calculated the universal anisotropy 
index as follows (Ranganathan and Ostoja-Starzewski, 2008; 
Ledbetter, 1977)

Table IV provides an illustration of the elastic anisotropy for 
Zr2SeB under pressure and Shear anisotropy is shown in Fig. 
4. The anisotropic elastic behavior of the Zr2SeB phase show 
anisotropic nature upto 50 GPa pressure as Ai and Kc/Ka = 1 
for isotropic situations. Additionally, for an isotropic condi-
tion, the value of AU is equal to 0. Varying degrees of anisot-
ropy are suggested by positive or negative values of AU. 
Figure 4 demonstrates the anisotropy of both compounds up 
to a pressure of 50 GPa.

Electronic properties

Electronic band Structure

The energy of the crystal orbitals in a crystalline substance 
are represented in two dimensions by the band structure. 
In essence, it depicts the range of electronic energies that 
are allowed in a solid material. A solid's insulating, 
semi-metallic, or metallic nature can be explored using the 
band structure graph. By determining the properties and 
energy of the prominent bands close to the Fermi level, 
various aspects of a material can be investigated. From a 
band structure curve, one can extract significant details 
about a material, such as its electrical conductivity, optical 
properties etc. The Fermi surfaces form can be better 
understood by calculating the electronic band structure. A 
band structure has a number of bands that equals the 
number of atomic orbitals in a unit cell. The energy bands 
of Zr2SeB in the range of -4 eV to 4 eV are computed and 
shown in Fig. 5(a) along the high symmetry directions 

(Γ-A-H-K-Γ-M-L-H) of the Brillouin zone at zero 
pressure. The line horizontally across the conduction and 
valance bands at zero energy is known as the Fermi level 

EF. This graph demonstrates probable valance and conduc-
tion band overlap, which is a sign of metallic behavior. 
The variation of the band structure with pressure in the 
range from 0 to 40 GPa with steps of 20 GPa have been 

investigated in this present study as shown in  Figs. 5 (a), 
(b)  and (c), respectively. These graphs reveal that the 
metallic behavior of Zr2SeB remains constant up to a 
pressure of 40 GPa. The bands are pushed away from the 
Fermi level along the Γ, Η and Κ directions and closer to it 
along the M, L directions with increasing pressure.

Density of States 

The quantity of electron states in respect to both volume and 
energy is known as the density of states. The density of states 
has an effect on several bulk properties of conductive materials, 
including specific heat, paramagnetic susceptibility, and differ-
ent transport phenomena. For Zr2SeB at zero pressure, the 
computed total and partial density of states is shown in Fig. 
6(a). The vertical line in this image depicts the Fermi level. 
Table V demonstrates that the density of states at the Fermi 
level is 3.52 at ambient pressure, which predominately contains 
contributions from the Zr-4d states, which have a contribution 
of 2.71, and the B-2p states, which have a contribution of 0.37, 
respectively. Further, the pressure effects on the electronic 
structure of Zr2SeB is studied. The calculated total and partial 
density of states for Zr2SeB at 20 and 40 pressures are tabulated 
into Table V and illustrated into Figs. 6(b) and 6(c), respective-
ly. These figures show that with increasing pressure, the density 
of states for Zr2SeB at the Fermi level rises. This implies that for 
Zr2SeB, conductivity rises as pressure rises.

Conclusion

In conclusion, the DFT approach was used to analyze the 
structural, elastic, and electrical characteristics of Zr2SeB while 
taking the pressure impact into consideration. The accuracy of 
the calculations utilized in this study is shown by the optimized 
lattice parameters' fair agreement with the data from the 
available experiments. According to the current study, the 
compression along the c direction is somewhat larger than 
along the a direction because the lattice parameter c lowers 
marginally more quickly than the lattice parameter a. Zr2SeB is 
metallic at all examined pressures, as demonstrated by band 
structure and TDOS studies. The elastic constants in the investi-
gated pressure range provide as evidence for the mechanical 
stability of Zr2SeB. Additionally, the impact of pressure on the 
parameters relating to elastic moduli, elastic constants, and 
anisotropy is seen. It is demonstrated that pressure causes the 
values of the mechanical behavior-related parameters to rise. 
The compounds' brittleness, which tends to decrease with rising 
pressure, is revealed. The exploration of the MAX phase 
materials under high pressure is expected to be accelerated by 
the research’s findings.
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