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ARTICLE INFO ABSTRACT

Keywords: The MAX phases’ unique mixture of ceramic and metallic features makes them appealing for various techno-
312 MAX phases logical uses. ZrsPbCy and Hf3PbCy, two Pb-based MAX phases, were recently synthesized experimentally. The
DFT

physical properties, such as structural properties as well as electronic, mechanical, hardness, thermal, and lastly,
the optical properties of M3PbCy (M = Zr and Hf) have been investigated using density functional theory (DFT)
and analogized with those of other 312 MAX phases. The optimized cell volume and computed lattice constants
match the experimental values. The calculated band structure certifies the metallic character, and DOS calcu-
lations confirmed the dominant contribution to conductivity from the Zr-4d and Hf-5d states. The stiffness
constant (Cj) proved the mechanical stability of these compounds. The mechanical behavior of the studied
compounds was explored by calculating the elastic moduli, hardness parameters, and fracture toughness, which
are also compared to those of the 312 MAX phases. The tightly bound M-C covalent bonds within the crystal give
these compounds high stiffness. The Mulliken population (both atomic and bond) was calculated to explore the
bonding characteristics within them and the Vickers hardness of the titled phases. The degree of elastic
anisotropy present within phases has been analyzed by calculating different indices. The phonon dispersion
curves and phonon DOS (PHDOS) were computed to check the dynamical stability of the phases. Thermodynamic
potential functions were calculated from the PHDOS. The thermal parameters were also studied, including the
Debye temperature, melting temperature, Griineisen parameter, and minimum thermal conductivity (Kmin). A
thorough computation and analysis of the vital optical constants was done to explore their potential in diverse
fields. The titled compounds are suitable for use as thermal barrier coating (TBC) materials and coating materials
to prevent solar heating.

Band structure
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TBC material
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Optical property

1. Introduction compounds has a crystal structure in the space group (number 194). It

consists of layers of My 1X, and flat sheets containing A atoms posi-

A family of substances called the MAX phases is now being
researched for its unusual combination of features. For instance,
compared with other carbides, they are machinable, flexible, and able to
act in a plastic manner at a high temperature. These materials are
intriguing for applications due to their combination of qualities, which
has kept them in the public eye for the past few years [1]. Barsoum
coined the phrase “M,1AX, phase” for the very first time in 2000 [1].
The generic formula M, 1AX,, subsequently abbreviated to ‘MAX’ [2],
included the following components: M stood for an earlier transition
metal, A for a group ‘A’ element, X for C or N, and n = 1-3. This group of
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tioned along the c direction [3]. The atoms within the My, 1X,, layers are
held together by covalent bonds, making these layers ceramic-like, while
the A atomic sheets have contributed to the metallic properties. These
ceramic and metallic layers and sheets are arranged alternately along
the c-axis, creating a mixture of ceramic-metallic characteristics found
in MAX phases [4]. As the layer index ‘n’ increases, MAX phases get
several layers in their unit cell, compared to metallic sheets. Indeed, in
the case of 211 MAX phases (where ‘n’ equals one), a metallic sheet is
sandwiched between two ceramic layers, and this pattern continues with
‘n + 1’ ceramic layers separating each metallic sheet. The macroscopic
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properties are anticipated to be greatly impacted by large amounts of
anisotropy. According to Barsoum and El-Raghy [5], the mechanical
property is incredibly odd and consists of a mass movement of dis-
placements in the basal plane that results in a kinking mechanism. This
phenomenon has since been observed in a number of different materials,
and it is thought to be rather typical for compounds with high c/a ratios.
MAX phases exhibit specific metallic characteristics, including their
ability to conduct electricity and heat, damage tolerance, ease of
machining, relative ductility, thermal shock resistance, and plastic
behavior at elevated temperatures [1]. Additionally, they possess
ceramic attributes such as resistance to oxidation, exceptional refrac-
toriness, high elastic stiffness, low density, and strong resistance to
corrosion [3].

These materials possess a combination of stiffness (with Ti3SiCy
being approximately three times stiffer than titanium at a similar density
[6]) and relative softness compared to binary carbide counterparts. This
softness makes MAX phases amenable to machining with standard
metalworking tools like hacksaws or lathes [7]. They are used in many
applications, such as bond-coat layers of thermal barrier coating (TBC)
systems, high-temperature materials, and automotive exhaust gas filters.
Notably, their layered structure grants them impressive damage toler-
ance; the layers are capable of sliding, kinking, and delaminating to
absorb deformations, resulting in localized hardening at the point of
damage [8,9]. MAX phases are used as high-temperature burner nozzles,
electric furnace components, and furnace tubes and have even been
suggested for use as molds for latex gloves [6,10]. In nuclear-powered
reactors, MAX phases are frequently used as neutron irradiation-
resistant materials because of certain encouraging radiation tolerance
investigations [11,12]. Due to their layered structure and self-
lubricating qualities, they are contenders for bearing and other sliding
purposes [13]. The utilization of MAX phases has gained popularity in
generating their 2D counterpart known as “MXene.” MXene is employed
as a material for energy storage and serves as an electrode in micro-
supercapacitors, batteries, and electrochemical capacitors [14]. Bar-
soum and El-Raghy initially created dense and phase-pure Ti3SiCy in
1996, and through characterization, they demonstrated how it uniquely
combined some of the most outstanding metal and ceramic engineering
features [15]. The researchers then synthesize or theoretically forecast
many MAX phases, including 312 MAX phases. Fang et al. [16] predicted
V3SiCy as a metastable compound, although it was suggested that it is
possible to synthesize the compound as stable (or metastable) phases
using thin-film deposition. TigGaCs and TizInC,, synthesized by Cuskelly
[17], showed that the c-axis length increased linearly with the radius of
the atom of the A element. M. W. Barsoum et al. [18] explored the phase
stability, compressibility, electronic, elastic, and optical properties of
Ti3SnCy, whereas Rayhan et al. [19] studied the hardness and thermo-
dynamic properties. Roknuzzaman et al. [20] investigated the first
hafnium-based 312 MAX phase Hf3AlC; and discovered the compound
likely to be a superconducting phase. Fashandi et al. [21] synthesized
TigAuCy, TigAuyCy, and TislrCy by substitution reaction of noble metal
in TigSiCy. They found that these phases create Ohmic electrical in-
teractions with SiC and stay stable after 1000 h of aging at 600 °C in air.
TigSiCy, TizGeCy, and TizAlCy are explored by Chen et al. [22] and
attested to the fact that, in high-temperature or radiation-prone envi-
ronments, Ti3AlC; is the most stable of the chosen M3AC, materials.
Ouadha et al. studied (Zr;.xTix)3AlCy and investigated the fact that
increasing pressure causes a significant increase in both the bulk
modulus and the Debye temperature [23]. Rached et al. explored some
MAX-phases. Some of them were found to be good candidates for TBC
material, and some of them can be used in high-temperature applica-
tions as well as in nuclear industry applications [24-27]. Belkacem et al.
also find that M3GaCy (M = Ti & Zr) compounds have the potential to be
used as TBC material [28]. Hadi et al. [29] explored that Ti3ZnCy may be
etched into 2D MXenes more readily than other Ti3gACy compounds.
Very recently, Hadi et al. [30] investigated the Sn-Based 312 MAX
phases, where all the compounds can potentially be used as a coating
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material to prevent solar heating. Recently, two 312 MAX phases,
Zr3PbCy and Hf3PbCy, were synthesized experimentally by Zhang et al.
[31].

After thoroughly analyzing the published reports in the previous
section, we have discovered that the 312 MAX phases have the potential
for practical applications, particularly in high-temperature technology.
This has motivated us to further investigate the two synthesized MAX
phases (Zr3PbC2 and Hf3PbC2) to determine if they can be utilized in
this field. Although these two compounds were successfully synthesized
by Zhang et al. [31], the physical properties and implications or po-
tentiality of these compounds have not yet been addressed. To take full
advantage of these compounds, the structural, electronic, and mechan-
ical properties, including hardness, thermal, and optical properties, are
explored within this work. Besides the studied properties, the authors
highlight the significance of thermo-mechanical and optical properties
in predicting ZrsPbCy and Hf3PbC;, compounds as suitable materials for
thermal barrier coatings (TBC) and coating material to reflect sunlight.
A substance eligible for use as a TBC should possess exceptionally low
thermal conductivity at elevated temperatures, high melting points, an
extremely low thermal expansion coefficient, and adequate machin-
ability to enable its application as a coating layer. The optical properties
were considered to predict their (ZrsPbCy and HfsPbCy) suitability as
coating materials to reduce solar heating.

Thus, this paper presents a first-time comprehensive report of the
structural, electronic, mechanical, thermal, and optical properties of
Zr3PbCy and Hf3sPbC, compounds. The subsequent sections are arranged
as follows: the computational methods in Section 2, the results and
discussions in Section 3, the Environmental concern of the Pb-
containing compounds in Section 4, and the conclusions and summari-
zation of the findings in Section 5.

2. Computational methods

To perform the First-principles approach based on Density Func-
tional Theory (DFT), the CASTEP code [32] has been used. Generalized
gradient approximation (GGA), formed on the PBE-functional owing to
Perdew-Burke-Ernzerhof, has been employed to treat the impact of
exchange-correlation interactions [33-35]. The Vanderbilt ultra-soft
pseudopotential has been used to evaluate electron-ion core interac-
tion [36]. A k-point of 9 x 9 x 2-grid on the Monkhorst-pack scheme
[37] with a plane wave cut-off energy of 550 eV is employed to create
identical grid points within the reciprocal space. The Broyden—-
Fletcher-Goldfarb-Shanno (BFGS) relaxation arrangement optimizes
the geometry by limiting the total energy and the internal forces [38].
Atoms are positioned more loosely to converge on the way to an overall
energy difference of <5 x 10-6 eV/atom; maximum force, stress, and
ionic displacement are taken in between 0.01 eV/1°\, 0.02 GPa, and 5 x
10~* A correspondingly. We derived the elastic constants using the
“stress-strain” technique built into the CASTEP program. The elastic
moduli have been calculated using the anticipated elastic constant
tensors Cj. The phonon dispersions were computed using the DFPT
linear-response approach [39]. The quasi-harmonic Debye approxima-
tion was applied to acquire the thermodynamic properties from the
phonon density of states.

3. Results and discussions
3.1. Structural properties

The 312 MAX family contains the recently synthesized Zr3PbCy and
Hf3PbCy, which crystallize within the hexagonal space group P63/mmc
(No. 194). Fig. 1(a) displays the unit cell of the phases under study. At
the very center of the triangle prism in the structure, the square-planar
tiles of the Pb-atom’s atomic layers coincide with the almost closed-
packed layers of MgC (M = Zr or Hf) octahedra. C atoms dwell in the
octahedral sites located between M atoms. Fig. 1(b) shows the stacking
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of layers in 312 MAX phases, the layers stacked along the c-direction.
The MX slab is formed by enclosing an ‘X’ layer with ‘M’ layers with a
face-centered-cubic-type stacking sequence. The ‘A’ layers act as sepa-
rators between these slabs. Moreover, there is an HCP stacking pattern
around the ‘A’ layers, where the ‘A’ layers themselves form a mirror
plane within the crystal. Table 1 lists the optimized lattice parameters of
the phases under study, experimental values, and the other 312 MAX
phase carbides. The structural parameters have slightly higher values
compared to the other compounds that were previously investigated, as
mentioned in Table 1.

Using the c/a ratio and the internal parameter Zy;, the distortion
parameters for the unit cell structure have been computed. An optimum
structure has octahedron (O,) and trigonal (P;) parameters that are equal
(O; = P, = 1); deviations from 1 for O, and P, denote distortion in the
polyhedral structures. A structure with less distortion represents more
stability [41]. The O; and P; can be calculated by using the following
formulae:

0O, = V3 and P, = ! (€))

O R SO T

O, (P,) values for ZrsPbC, and Hf3PbC, are 0.568 (1.058) and 0.569
(1.073), respectively. This indicates that the distortion in the analyzed
structures for octahedron and trigonal prisms is relatively similar

Table 1

Data for structural parameters of M3PbC, (M = Zr and Hf) compounds.
Phase a(A) c(A) Zm c/a V (A% O,/P;
Zr3PbC, 3.394 20.315 0.125 5.99 202.62 0.537
Zr3PbC, (exp)” 3.377 20.007 0.126 5.92 197.6 0.53
nganQI’ 3.369 20.04 0.128 5.949 197 0.53
Hf3PbC, 3.398 20.092 0.126 5.91 200.97 0.53
Hf3PbC, (exp)” 3.336 19.77 0.126 5.926 190.5 0.53
Hf3SnC2l’ 3.373 19.829 0.1296 5.878 195.4 0.51
TizAlCy" 3.0786 18.73 - 6.08 153.736 -
TizAlC,! 3.0705  17.725 - 5.7727 144725 -

a Reference [31].
b Reference [42].
¢ Reference [43].
d Reference [29].
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Fig. 1. Structural features: (a) the unit cell of the M3PbC, (M = Zr and Hf) compounds and (b) the stacking of layers in 312 MAX phases [40].

because of the extremely closed value of ratios (O./P;).
Table 1 lists the (Or/Pr) ratios for the phases under study. The
studied compounds are less distorted than the others.

3.2. Electronic properties

3.2.1. Band structure

The band structure provides vital information regarding electrical
behavior. Fig. 2 displays the predicted band structures of ZrsPbCy and
Hf3PbCy compounds along the high symmetry points in k-spaces. The
dashed line in both figures indicates the Fermi level, Eg, at zero energy
levels. At Ef, there is an overlap in the K-I" and K-I" directions of both the
valance band and conduction band; due to the overleaping, no band gap
exists, representing the compound’s metallic nature. Additionally, the
band structures of both ZrsPbC, and Hf3PbC, demonstrate the aniso-
tropic character of electronic conductivity. An identical result was
divulged by Roknuzzaman et al. [20] for Hf3AIC,. The electron energy
dispersion is illustrated along the c-axis for the pathways I'-A, H—K, and
M-L, while it is depicted in the basal planes for the paths A-H, K-T', I'-M,
and L-H. Analysis of Fig. 2 reveals that the energy dispersion in the c-
direction surpasses that in the basal plane due to the larger effective
mass of electrons in the c-direction [44]. The reduced energy dispersion
along the c-axis enables a clearer observation of the anisotropy in
electrical conductivity. Consequently, the conductivity across the c-axis
is anticipated to be lower than in the basal planes. Usually, the cubic
materials are isotropic, while the hexagonal or layered structured ma-
terials are anisotropic owing to the differences in the atomic arrange-
ment along the c-direction and basal plane. The anisotropic behavior of
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Fig. 2. Band structure of (a) Hf3PbC, and (b) Zr3PbC, compounds.
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materials is frequently leveraged in electronic devices to optimize per-
formance or achieve specific functionalities.

3.2.2. Density of state (DOS)

The total and partial DOS of ZrsPbC, and Hf3PbC, have also been
calculated to assess the involvement of the electronic states to electronic
conductivity, shown in Fig. 3, with the Fermi energy level indicated by
the dashed line. According to the graphs, the densities of states (DOS) at
the Fermi level (Eg) for ZrsPbC, and Hf3sPbC, are 3.5498 and 3.6823
states per eV per unit cell, respectively. The Zr-d and Hf-d states are
primarily responsible for this DOS at the Fermi level. This d-resonance
and the non-zero DOS value at the Fermi level indicate the metallic
conductivity of the ternary compounds ZrsPbC, and Hf3PbC,. The
orbital hybridizations that these compounds share are shown in Fig. 3.
This includes interactions between the d orbitals of element M and the p
orbitals of Pb or C, located at energy levels lower or higher than the
Fermi energy, known as bonding (or anti-bonding) interactions. The ‘M’
atom also shows nonbonding states near the Fermi energy level. These
substances contain the Fermi energy within a pseudo gap, separating the
bonding and nonbonding states.

The bonding states are filled in the case of ZrsPbCy and Hf3sPbCy
compounds, whereas the nonbonding states are only slightly occupied.
This causes the Fermi energy to move to a higher energy area and causes
the number of states at the Fermi energy to quickly increase. Structural
stability is often diminished when insufficient valence electrons popu-
late the anti-bonding states or, conversely, an excessive number of extra
electrons fill the bonding states. However, there is little to no impact on
the structure’s stability when nonbonding states are occupied. [45].
These findings allow us to conclude that the ZrsPbCy and Hf3PbCy
compounds are stable. The valence band is partitioned into three
discernible sections: the lowest valence band (LVB), covering —12 to
—8.22 eV for ZrsPbCy and —13 to —9.15 eV for Hf3PbC,, dominated by
C-s orbitals with minor Pb-s, M-d, and M-p state involvement; the mid
valence band (MVB) within —5.7 to —2.23 eV for ZrsPbC, and —6.63 to
—2.61 eV for HfsPbC,, characterized by robust C-p and M-d hybridiza-
tion; and the upper valence band (UVB) spanning —1.4 to 0.0 eV for
Zr3PbCy and —1.54 to 0.0 eV for HfsPbC,, featuring a noteworthy M-
d and C-p affinity at lower energy levels, in contrast to a closer M-d and
Pb-p relationship near the Fermi energy (Ep), revealing distinct elec-
tronic interactions within ZrsPbCy and HfsPbCy; compounds. The
dominant contributors to electronic conduction at the Fermi level are
primarily the Zr-4d and Hf-5d electrons. In contrast, the involvement of
Pb and C atoms in conduction is notably limited, although they do
exhibit a slight presence in the TDOS at the Fermi level. This conclusion
aligns with the results indicating that alterations in the M site substan-
tially affect resistivity [46,47]. In contrast, replacements at the ‘A’ or ‘X’
sites have a comparatively lesser impact [48]. Qu et al. [49] have
determined that the Ti-d electrons drive the electronic conduction at the
Fermi level in the Ti3SiCy compound.
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3.2.3. Charge density mapping

The charge density mapping (in units of e/A%) along the (101)
crystallographic plane is shown in Fig. 4 to assess bond strength and
comprehend the characteristics of the bond between different atoms.
The plot’s right-hand side displays the color scale. Yellow-blue plot
zones denote the areas of charge depletion, while red zones denote
charge accumulation regions. Unevenly distributed negative or positive
charges at the atomic sites result in the formation of an ionic bond. In
contrast, the preferential accumulation of charges (positive areas)
among two atoms forms a covalent bond [50]. The two compounds
exhibit strong M-C (Zr—C and Hf—C) covalent bonding, as evidenced by
the charge density patterns around the ‘C’ and ‘Pb’ atoms, which are
relatively spherical, and the distorted distribution around the ‘M’ atom
towards ‘C’ atoms. Furthermore, C’s almost spherical charge distribu-
tion towards Pb indicates the ionic character of the Pb—C bonding.

1.000¢-]

- 5000¢-2

1.242¢-9

-5.000¢-2

Fig. 4. Charge density mapping of ZrsPbC, and Hf3PbC,.
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Fig. 3. Diagram for density of state of (a) Hf3sPbC, and (b) Zr3PbC, compounds.
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3.3. Mechanical properties

The mechanical response of materials relies on their elastic con-
stants, which, in turn, are intertwined with the bonding characteristics
of the materials. As a result of the inherent relationship between elastic
properties and bonding characteristics, the insights provided by elastic
constants are strongly related to the chemical bonds between the atoms
in the solid. The relationship between the material’s stress o; and the
applied strain q; is established by the elastic constants Cj;. The stress-
strain method, which includes fitting calculated stresses of elongated
cells to the following equation, was used to determine Cj;.
0 = Zcijaj{i (2)

ij

Due to the hexagonal shape of MAX phase compounds [51,52],
similar to other materials of this type, the 312 MAX phase possesses six
distinct elastic constants: C11, C12, C13, C33, C44, and Cgg, with the first
five being independent. At the same time, Cgg relies on the relationship
Ce6 = (C11 — C12) / 2. For the MAX compounds to attain mechanical
stability, the following criteria must be satisfied [53]:

C11 > |C1a]; Caq > 0;Ces > 0; (C11 + C12)Cs3 > 2C3, 3

Table 2 shows that the elastic constants we computed fully meet
these requirements, confirming the mechanical stability of both ZrsPbC,
and HngbCZ.

The Cj; values also offer valuable insights into the mechanical
properties of the ZrsPbC, and HfsPbCy MAX phases under investigation.
For example, the C1; and Cs3 coefficients signify the stiffness of a ma-
terial when subjected to stress along the (100) and (001) crystallo-
graphic directions, respectively. On the other hand, the C44 coefficient
quantifies the material’s resistance to shear deformation inside the (100)
crystallographic plane. The C44 value is smaller than the unidirectional
stiffness constants Cy; and Css, suggesting that the shear deformation is
more favorable than linear compression along the a- and c-axes.

The C11 and Cs3 coefficients of ZrsPbCy and Hf3PbC; are greater than
that of C44, indicating a lower resistance to shear deformation as
compared to unidirectional deformation. Zapata-Solvas et al. [4] also
reported a similar finding in their study involving synthesizing a Zr-
containing 312 MAX phase. The observed disparity in bonding
strength between the [100] and [001] directions can be ascribed to the
higher value of Cy; compared to Css. The ZrsPbCy and Hf3sPbCy com-
pounds exhibit anisotropic compressibility, with greater resistance to
compression observed along the crystallographic a-axis than the c-axis.

Table 2
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The uneven values of Cy; and Csj further evidence anisotropic bonding
strength along the a-axis and c-axis. The magnitudes of the C13 and C;3
are somewhat less when compared to the remaining single-crystal elastic
constants. The combination of these two elements involves the appli-
cation of stress along the a-axis and the occurrence of uniaxial strain
along the b- and c-axes, respectively. Once more, it can be inferred from
the inequality C1; + Ci2 > Cs3 that the bonding strength and tensile
elastic modulus are larger in the (001) plane compared to the direction
along the c-axis.

Utilizing elastic constants enables the estimation of specific micro-
mechanical parameters in polycrystalline specimens, including the bulk
modulus, shear modulus, and Young’s modulus. The bulk modulus,
denoted as B, quantifies the magnitude of inter-atomic bonding and the
capacity of solids to withstand changes in volume, where the shear
modulus G is a parameter that can be employed to elucidate the ability
of a material to withstand transverse (plastic) deformations. Addition-
ally, it can measure the average shear ability of a specific material. The
widely recognized Voigt-Reuss-Hill (VRH) approximation, as docu-
mented in references [54-56], is employed to determine the elastic
properties of the polycrystalline carbide material. Table 2 presents the
computed elastic moduli of the studied compounds in contrast to other
312 MAX phase carbides based on Zr and Hf, and these theoretical
values of elastic moduli are very analogous to the experimental work of
Zr3PbCy and Hf3PbCy compounds [31].

The elevated value of B signifies the material’s notable capacity to
resist compression. The compressibility of a material can be evaluated
by considering the reciprocal value of its B. In this context, a material
with a low B value exhibits higher compressibility. The ZrsPbCy com-
pound has the most pronounced characteristic of having the lowest
value of B, resulting in the lowest resistance when subjected to
compression.

On the contrary, HfsPbC,, exhibiting the utmost magnitude, dem-
onstrates the greatest resistance to compression. Furthermore, it has
been shown that the bulk moduli of ZrsPbCy and Hf3PbC, are compar-
atively smaller when compared to other MAX phases containing zirco-
nium and hafnium. Shear modulus can also be used to measure the
stiffness of materials. A high value of G signifies the hardness of the
compounds, whereas a low value of G indicates its softness. The shear
modulus (G) for ZrsPbC; is significantly greater than that of HfsPbC,.
This disparity suggests that ZrsPbCy shows a higher hardness level than
Hf3PbC,. However, when compared to other MAX phases containing Zr
and Hf, such as those listed in Table 2, it can be shown that Zr3PbC, and
Hf3PbCy are less hard. Young’s modulus (Y) is a physical property that

Data for the stiffness constants, elastic moduli, Poisson’s ratio (v), Pugh’s ratio (G/B), machinability (B/C44), f-index, hardness parameters, and fracture toughness (Kic)

of M3PbC, (M = Zr and Hf) compounds.

Parameters ZrsPbC, Hf3PbC, TizAlC," TisSiC," Zr3AICy Hf3AIC,!
C11 (GPa) 275 284 355° 370" 322¢ 347¢
C12 (GPa) 83 107 84" 97" 73¢ 774

Cy3 (GPa) 72 77 76" 112" 75° 80¢

Cs3 (GPa) 237 238 292° 349" 270¢ 291¢

C44 (GPa) 73 76 119* 155° 106° 127¢

B (GPa) 138 146 163" 192" 151¢ 162¢

G (GPa) 85 84 125° 140" 113¢ 127¢

Y (GPa) 212 211 299° 338" 272¢ 302¢

v 0.243 0.258 0.194° 0.207° 0.20° 0.189¢
B/G 1.62 1.74 1.304 1.37 1.34 1.276
G/B 0.62 0.57 0.77 0.73 0.75 0.78
B/Cy4 1.87 1.91 1.37 1.24 1.42 1.28
f 1.30 1.47 1.33 1.03 1.26 1.25
Hingero (GPa) 12.34 10.99 21.83 21.92 19.69 22.44
Hiicro (GPa) 14.57 13.55 27.68 29.1 22.67 26.33
Kic (MPa m‘/?) 1.74 1.78 3.3 3.7 3.1 3.4

2 Reference [57].
b Reference [57].
¢ Reference [58].
d Reference [20].
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quantifies the tensile stiffness of a solid material. Recently synthesized
compounds ZrsPbC, and Hf3sPbC; exhibit a comparable Y value. So, the
stress necessary for the deformation of ZrsPbCy and Hf3PbC; is almost
equal. The relationship between Young’s modulus of MAX phases and
the exfoliation energy may be established. As the Y value decreases, the
material exhibits a softer nature, resulting in a decrease in exfoliation
energy and an increase in the likelihood of etching into 2D MXenes [59].
The elastic constants and elastic moduli of Zr3AlC,, Hf3AIC,, TisSiCo,
and Ti3AlC, are also presented in Table 2 and plotted in Fig. 5 for
comparison. As seen, the values of the parameters of Pb-containing
phases are lower than those of others given here. Strong metallic or
covalent bonds are typically associated with higher elastic moduli and
elastic constants in materials. Table 4 illustrates that Zr—C and Hf—C
have weaker bonds than Ti—C (a longer bond implies a weaker bond),
which results in a lower hardness value for the compounds under
investigation.

The machinability index is a significant measure utilized to evaluate
the machinability of substances. The quality in question is defined by the
bulk modulus B and the shear elastic constant C44. The machinability
index, as determined by Sun et al. [60], is represented by the equation p
= B/C44. A material that can be used in various shapes or forms must
have a high value for this parameter. As shown in Table 2, the values of
C44 of Pb-based 312 phases are much lower than the previously studied
Al and Si-based 312 phases, representing the lower resistance to shear
deformation along (100) direction, resulting in the high machinability
index, which gives the priority of being used in the machining process to
these Pb-based 312 phases. The prediction of a compound’s ductile and
brittle characteristics can be achieved by an alternative method known
as Pugh’s modulus, which is calculated as the ratio of B/G or G/B. More
analytically, it can be observed that when the ratio of Pugh’s parameter
(G/B) is <0.57 or the reciprocal of this ratio (B/G) is >1.75, the material
can be classified as ductile. The B/G is 1.62 for Zr3PbC, (G/B = 0.62)
and 1.74 for HfsPbCy (G/B = 0.575), which is <1.75 (B/G is >0.57),
thus, the titled phases are brittle. It should be noted that the brittleness
index of HfsPbCy is very close to the borderline, which implies less
brittle and more machinable, as seen from B/C44 values. This means that
the propagation of cracks occurs at a high rate, even with minimal
external tension exerted on the material.

Poisson’s ratio, denoted as v, is a significant characteristic of poly-
crystalline aggregates, offering valuable insights into the mechanical
characteristics of crystalline materials. Poisson’s ratio, Cauchy pressure,
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and Pugh’s ratio may be used to anticipate the stability of materials in
response to shear forces. The Poisson’s ratio can be determined by using
the equation v = (3B — 2G)/(6B + 2G), where, v represents the Pois-
son’s ratio, B denotes the bulk modulus, and G represents the shear
modulus. Frantsevich et al. [61] introduced a critical threshold
of v~0.26 to distinguish between materials exhibiting brittle and ductile
behavior. The v for the ZrsPbCy and Hf3PbC, compounds was deter-
mined to be 0.24384 and 0.25891, respectively, based on the data
shown in Table 2. Both compounds are characterized by brittleness. The
use of v extends to t evaluating interatomic forces inside crystals [62]. If
the v of a crystalline solid falls within the range of 0.25-0.50, it may be
inferred that the central forces exerted inside the solid are effective. The
interatomic forces will exhibit non-central characteristics if the v falls
beyond this range. In the case of Hf3sPbCy, the interatomic forces are
governed mainly by non-central forces, but in the case of ZrsPbCy, the
interatomic forces are predominantly influenced by central forces.
Furthermore, the v is crucial in evaluating the chemical bonding char-
acteristics inside crystalline structures. When the value of v is equal to or
<0.1, a material may be characterized by covalent bonds. On the other
hand, when the value of v is equal to or >0.33, the atomic bonding in the
material is attributed to metallic bonds [63]. The 312 MAX phases that
were investigated exhibit Poisson’s ratio within the range of these
typical values. As a result, the MAX phases under investigation are ex-
pected to have a predominant presence of metallic and covalent
bonding. By using the crystalline elastic modulus, we can calculate the
hardness of the ZrsPbC, and HfsPbCy compounds, respectively, from the
0585

2
following equations, Hygero = 2 {(g) G — 3 [64-66] and Hpjcro =

(1-20)Y
6(1+0)

and Hpcro for the ZrsPbCy and Hf3PbCy compounds, which indicates
their hardness as a measure of their ability to withstand external loads.
As seen in Table 2, the value of these parameters of the studied com-
pounds is lower than those of the other mentioned 312 MAX phases,
which is expected. As mentioned in the above equations, these param-
eters are based on the value of the elastic moduli; the lower the elastic
moduli, the lower the hardness parameters. The elastic moduli are lower
than those of other mentioned compounds, which results in the lower
value of these hardness parameters.

For the purpose of mechanical applications, we also calculated the
fracture toughness (Kjc) of ZrsPbCy and HfsPbCy; compounds, which

[67-69]. Table 2 represents the calculated values of Hpgcro

400

g
]
<

g

:

ZrsPbCy HEPC, TigAlC, TisSiC, ZryAlC, HIAIC,

Fig. 5. Graphical representation of the stiffness constants (Left) and the elastic moduli (Right) of the studied compounds with previously explored compounds.
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define the resistance to crack extension. Like hardness parameters, Kic
also depends on the elastic moduli, which causes a decrease in the value
of this parameter in comparison to the other 312 MAX phases mentioned
in Table 2. We found the Kj¢ values of ZrsPbC, and Hf3PbC, are 1.74
MPa m'/’? and 1.78 MPa m'/?, respectively, and these values are rela-
tively close to the fracture toughness of the segmented YSZ coating in the
range of 2.0-2.3 MPa m'/? [70,71].

The f-index, defined as the linear compressibility ratio along the a-
axes and c-axes, is another significant factor that examines the bonding
strength and degree of isotropic nature along these axes [72].

(Ci1 + Cr2 — 2Cy3)
(Cs3 — Cr3)

Bonds are isotropic along the a- and c-axes if f = 1 and stiffer in the
ab-plane as compared to the c-direction if f > 1. When exposed to a
particular mechanical strain, such as ultrasonic excitation, a larger f
(>1) may be linked to a higher probability of the material exfoliating
into 2D nanosheets. The value of the f-index of the studied compounds is
slightly larger than other compounds mentioned in Table 2, demon-
strating that they have a higher possibility of exfoliation than other
compounds. The exfoliation of Ti,AlC (f = 1.174) has already occurred
[14], so ZrsPbCy (f = 1.297) and Hf3sPbCy (f = 1.47) would be the
candidates for experimental exfoliation.

f= G

3.3.1. Mulliken population

The primary information source for Mulliken atomic populations in
the linear combination of atomic orbitals-molecular orbital (LCAO-MO)
theory system is first-order electron density functions [65,73,74].
Sanchez-Portal et al. [75] modified the CASTEP code to support Mul-
liken atomic populations by jutting plane-wave states upon a linear
combination of atomic orbitals (LCAO). Mulliken population analysis in
non-magnetic systems produces Mulliken bond populations, Hirshfeld
charges, and Mulliken charges. The formulas provided below are uti-
lized to compute the Mulliken charge (o) linked with a specific atom
[731, @(a)=Ywi> 0 *> Puw(k)Sw(k) and the bond population

k v

1

involving two atoms o« and p is [73], P(ap) =
Swi oty #2p,,(k)S,, (k), where P,, denotes the density matrix
k

elements and S, denotes the overlap matrix.

Fractional electron distribution across various atomic bond regions is
examined through Mulliken population analysis. Understanding the
nature of atomic bonding comprehensively requires analyzing the
Mulliken atomic population and effective valence charge [76].

The effective valence charge conveys information about a chemical

Table 3
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bond’s covalent or ionic properties and strength. Atoms with a non-zero
effective valence charge prefer forming covalent bonds, with values
significantly larger than zero indicating the degree of covalency. Table 3
highlights prominent covalent bonds in ZrsPbCy and HfsPbCy; com-
pounds, as evidenced by effective valence charge values exceeding zero.
Additionally, the overlap population is a valuable criterion for assessing
atom-to-atom bonding and determining the covalent or ionic nature of a
bond. A small bond population’s value signifies an ionic interaction,
while a large value denotes a covalent bond [77]. In the studied com-
pounds, Zr3PbCy and Hf3PbC; each form four bonds: C—Zr1, C—Zr2 and
C—Hf1, C—Hf2, among those C—Zr1 and C—Hf1 bonds exhibit greater
covalency than the other two bonds due to higher bond population
values. Table 3 also reveals positive Mulliken charges for Zr and nega-
tive charges for C/Pb in the ZrsPbCy; compound, indicating charge
transfer from Zr to C/Pb. Similarly, in the Hf3sPbCy compound, charge
transfer from Hf and Pb to C is also observed.

3.3.2. Theoretical Vickers hardness

The hardness of a solid reflects its resistance to plastic deformation,
dent, excess, and scrabbling [20]. It is a critical mechanical property
among solid materials, significantly influencing the choice of materials
for various engineering applications [42]. Gao [78] proposed a theorem
for determining the theoretical Vickers hardness of nonmetallic com-
pounds; however, this method proved ineffective for determining the
Vickers hardness of partially metallic compounds, such as MAX phase
compounds [79]. In response to this limitation, Gao and colleagues [79]
introduced a novel term known as “metallic populations” to assess the
Vickers hardness of metallic materials. Additionally, they modified
Gao’s equation to calculate bond hardness, resulting in the following
formulation:

H: =740(P — P ) (v) (5)

The Mulliken overlap population of the p-type bond is denoted as P*,
while P¥ is introduced for the metallic population. The utilization of unit
cell volume (V) and the total number of free electrons in a cell ng,, = |; EE:
N(E)dE brings P* into action, calculated as P* = Nfree/V, Where Ep rep-
resents the energy at pseudogap. The volume of a bond of the p-type, v},
is determined by the bond length d of the p-type and the number of
bonds NY of type v per unit volume, given by the equation Vv, =

(@)?/ [(d“ )3N’;, } To assess the hardness of complex multiband crys-

tals, the geometric mean of all bond harnesses can be determined using
the following equation [80]:

Data for Mulliken atomic populations and effective valence charge of M3PbC, (M = Zr, Hf) compounds.

Compound Atom Mulliken atomic population Effective valance charge
s P D Total Charge
Zr3PbC, C 1.50 3.29 0.00 4.79 -0.79 -
Pb 1.44 2.58 10.04 14.05 —-0.05 3.95
Zrl 2.27 6.58 2.73 11.58 0.42 3.58
Zr2 2.16 6.44 2.61 11.21 0.79 3.21
Hf3PbC, C 1.55 3.32 0.00 4.87 -0.87 -
Pb 1.01 2.67 10.04 13.71 0.29 3.71
Hf1 0.45 0.41 2.82 3.68 0.32 3.68
Hf2 0.39 0.04 2.75 3.17 0.83 3.17
Hf3AIC," C 1.56 3.32 0.00 4.88 —0.88 -
Al 1.17 1.99 0.00 3.15 -0.15 2.85
Hf 1 0.40 -0.02 2.74 3.12 0.88 3.12
Hf 1 0.41 0.30 2.77 3.48 0.052 3.48
TisAlC,” C 1.48 3.25 0.00 4.73 —0.73 -
Al 1.08 1.96 0.00 3.04 —0.04 3.04
Til 2.13 6.62 2.61 11.35 0.65 3.35
Ti 2 2.17 6.75 2.65 11.58 0.42 3.58

@ Reference [20].
b Reference [29].
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Hy = [ (H,)" T/ 2 6)

where, n* is the number of bonds of p-type comprising the actual
multiband crystal.

Upon completion of the theoretical calculations, the Vickers hard-
ness values of ZrsPbCy and Hf3PbC, compounds are determined to be
3.33 GPa and 4.42 GPa, respectively (Table 4). Hadi et al. [42] con-
ducted analogous calculations for ZrsSnC, and Hf3SnC, compounds,
revealing respective theoretical Vickers hardness values of 4.2 GPa and
4.7 GPa. Roknuzzaman et al. [20] reported a Vickers hardness of 4.9 GPa
for Hf3AlC,, while Lapauw et al. [81] synthesized Zr3AlC, and ascer-
tained its Vickers hardness to be 4.4 GPa. Through this comparative
analysis, we can infer that our investigated compounds exhibit slightly
lower hardness values than other MAX phase compounds, making them
more machinable. Notably, MAX phase materials are typically soft, with
Vickers hardness values falling within the 2-8 GPa range [82].

The Vickers hardness is also lower for Zr-based phases than the Hf-
based ones, like elastic constants and moduli. This can be explained
with the help of the total DOS of the compounds presented herein Fig. 6.
The peak position in the DOS measures the strength of the hybridized
states; a hybridized peak in the lower position indicates a stronger
bonding among the states. As evident, the positions of the peaks are
lower for ZrsPbC, compared to Hf3sPbCy, indicating comparatively lower
bonding strength of hybridized states; consequently, lower elastic
moduli and hardness are observed for ZrsPbCy compared to HfsPbCy. A
similar report has been noted for other MAX phases [83-85].

3.3.3. Elastic anisotropy

Elastic anisotropy, commonly known as the anisotropy parameter,
describes how a material’s elastic response to an external force changes
with direction. In other words, it measures the degree to which the
mechanical characteristics of a material, such as stiffness or Young’s
modulus, depend on the direction of load application. Elastic anisotropy
can affect the kinetics and direction of phase transitions in materials,
like the change from one crystal structure to another. Several physical
and mechanical features, including unusual bcc slip, phase alterations,
dislocation dynamics, precipitation, anisotropic deformation caused by
plasticity, mechanical yield points, rupture behavior, friction within the
material, elastic instability, and intense investigations of ab initio cal-
culations, are significantly influenced by elastic anisotropy [86]. Firmly,
the equations we have given below are used for determining shear
Anisotropic factors A;, Ay and As; these three factors represent three

DOS (states/eV)

[
N
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Fig. 6. Graphical view of the Total DOS for Zr3PbC, and Hf3PbCs.

Table 4
Data for Mulliken bond number (n"), bond length (d"), bond overlap populations (P*), metallic populations (P”'), Vickers hardness (Hy) of M3PbC, (M = Zr, Hf)
compounds.
Compound Bond nt & (&) p P vi( Aﬁ) HY (GPa) Hy (GPa)
Zr3PbC, C-Zrl 4 2.267 1.25 0.0414 23.058 4.788 3.33
C-Zr2 4 2.407 0.83 27.597 2.316
Hf3PbC, C-Hf1 4 2.278 1.65 0.0143 23.17 6.43 4.42
C-Hf2 4 2.399 1.02 27.07 3.05
Zr3SnCy” Zrl-C 4 2.2697 1.24 0.00935 22.61 5.04 4.42
Zr2-C 4 2.3973 0.88 26.64 3.56
HnglCzh Hf-C 4 2.27173 1.46 0.0716 10.6137 20.044 4.9
Hf-C 4 2.38140 1.02 15.6203 7.1904
Hf-Al 4 3.00404 0.78 47.327 0.8466
TisAlCy" Ti-C 4 2.07550 1.16 0.07208 7.75556 26.49355 8.96
Ti-C 4 2.19815 0.88 9.21334 14.76516
Ti-Al 4 2.90778 0.48 21.3269 1.84045
Ti3SiC2“ Ti-C 4 2.09078 1.11 0.0131 8.40 23.39 10.89
Ti-C 4 2.18730 0.89 9.62 14.92
Ti-Si 4 2.70384 0.64 18.172 3.70

2 Reference [42].
b Reference [20].
¢ Reference [4].

d Reference [29].
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distinct elastic shear constants along the [100], [010] and [001] axes of
a hexagonal crystal [86].

1 (C11 + Ciz + 2C33 — 4C13) 2C44
A =8 jAy = jAs =A A
! Caq T -Gt 12
:% (C11 4 C12 + 2C33 — 4C13) 7
Cin —Ci2

The values given in Table 5 suggest that both compounds are
anisotropic and as they are distinct from unity. Utilizing precise for-
mulas, the linear compressibility anisotropy index (k./k,) assesses the
degree of compressibility along the c- and a-axes.

& _ Ci1 + Ci2 — 2C13

8
K, C33 — Ci3 ®

This index shown in Table 5 deviates from one, demonstrating that
the studied compounds are more compressible in the c-direction than the
a-direction. The bulk modulus (Voigt, Reuss) and shear modulus (Voigt,
Reuss) were used to compute the degree of anisotropy in compressibility
(Ap) and shear (Ag) using the formulae presented:

Gy — Gg

x 100%;A¢ = G Ge x 100% ()]
14 R

By By
" By +Bg

B

For determining the universal anisotropic index, AY, we use the
following relation [65]:
GV BV
AV=5—"4+"—"--6>0 10
Gn + B, °7 (10)
The obtained values Ag, Ag, and AV are non-zero, meaning all the
solids presented here are anisotropic.

3.4. Vibrational properties

The Phonon Dispersion Curve (PDC) of a substance gives knowledge
about configurational steadiness and vibrational offering in the ther-
modynamic possessions. The phonon dispersion is calculated at the
equilibrium volume for a novel sequence of MAX phases along high
symmetry directions, as shown in Fig. 7. The absence of negative fre-
quency in the Brillouin zone demonstrates the dynamic stability of the
freshly discovered MAX phases. The existence of a crystal structure is
critically dependent on its inherent strength. A total of 36 vibrational
modes appear at the zone’s center in the 12-atom conventional unit cell
of the studied MAX phases. Three of the 36 modes in this collection are
acoustic (green lines), while the other 33 are optical (black lines). Lower
branches of the dispersion curves that match the acoustic branches
(green lines) can be seen as a result of coordinated movements of lattice
atoms that deviate from their equilibrium positions. Inside the crystal’s
Brillouin zone (BZ), the phonon dispersion curve (PDC) and phonon
density of states (PHDOS) for the studied phases have been calculated.
The linear-response DFPT approach [39] was used to make this
computation, as described in reference and shown in Fig. 7. The optical
branch occupies the top part of the PDC and is crucial in determining the
optical properties of the compound. At the zone center (G), the fre-
quencies for the transverse optical (TO) and longitudinal optical (LO)

Table 5
Calculated data for different anisotropy parameters Ay, Ao, A3, By, B, kc/ka, Ap,
Ag, and the universal anisotropy index (AY) of M5PbC, (M = Zr, Hf) compounds.

Phases Ay Ay Az ke/ka Ag Ag AY
ZrsPbCy 1.24 0.76 0.94 1.30 0.36 0.59 0.07
Hf3PbCy 1.23 0.89 1.09 1.47 0.68 0.60 0.07
ZrsSnC,"  0.833  1.17 0.98 1.18 0.13 0.35 0.038
Hf;SnC,* 0915  1.02 0.935 1.09 0.043 0.06 0.007
TizAIC," 1.026  0.871  0.8948 1.271  0.036 0.281  0.036
TisSiC," 0.812 1.128  0.916 0.998  0.00003  0.320  0.032

@ Reference [42].
b Reference [29].
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phonon modes are found to be 16 and 16.8 THz, respectively.

The calculated overall phonon density of states (PHDOS) is shown in
Fig. 7. The rather regular behavior of the bands is what causes the
PHDOS to have peaks. In contrast, the heights of the peaks within the
(DOS) are reduced when both upward and downward-sloping bands are
present. Examining the relationship between a peak and the flatness or
sloping of the bands surrounding it will help anyone better understand
this idea. The dispersion curve shows that the relevant bands have an
almost constant energy. As we focus our attention on the lower bands,
their upward-sloping characteristics help to explain why the compre-
hensive DOS’s peaks are less prominent.

3.5. Thermal properties

The material’s thermodynamic properties at elevated temperatures
and pressures hold significant scientific and technological importance,
as they contribute to our ability to anticipate the material’s performance
and applications under such extreme conditions. To compute these
thermodynamic properties accurately, a comprehensive understanding
of the vibrational spectrum and a high level of precision are essential.

Using the derived phonon density of states and the quasi-harmonic
approximation [87], we determined the thermodynamic potential
functions for M3sPbCy (M = Zr, Hf) at zero pressure, including the
Helmbholtz free energy F, internal energy E, entropy S, and specific heat
Cy. The F, E, S, and C, have been determined via the following equations
[88]:

®max

. hw
F = 3nN,K,T / ln{25mh<2KBT> }g(w)dw an
0
n o
E= 3nNy, / a)coth(ﬁ)g(w)dw a2
0
v hw 0] . 0]
S = 3nN4Kjp / {mcoth<m> —ln{2smh<2KBT> }}g(w)dw
0
13)
T 7 x4
C, = 9NaKs (=) [ —X— 14
A B<9D)O/(8Xl)2 14

here “n” signifies the number of atoms within a unit cell, “N” stands for

Avogadro’s number, “Omay” is the cut-off phonon frequency, “o” is the

phonon frequency, and “kg” signifies the Boltzmann constant. To ensure

that f(g(w) )dw = 1, we normalize the phonon density of states g(w), so
Omax

that/ g(w)dw = 1, making g(w) = (1/3nN) }_01*6(w — w(q,1) ); where
0

the phonon wave vector g and the phonon mode 1.

Fig. 8(a—d) showcases the computed Free Energy (F), Internal Energy
(E), Entropy (S), and Heat Capacity at Constant Volume (Cy) across the
temperature range of 0 to 1000 K. Fig. 8(a) illustrates the Helmholtz free
energy (F) of M3PbCy (M = Zr, Hf), which exhibits a gradual decline as
the temperature increases. Free energy often follows a decreasing trend,
and this negative direction is a consistent characteristic of any natural
process. A system’s entropy (S) influences the extent of the free energy
decrease. Entropy increases with rising temperature because thermal
agitation contributes to greater disorder within the system. This phe-
nomenon is depicted in Fig. 8(c). The internal energy (E) displays a
rising pattern with increasing temperature, which contrasts with the
behavior of free energy, as demonstrated in Fig. 8(b). Specific heat plays
a significant role in predicting the density of states, band structure, and
lattice vibrations. Fig. 8 illustrates the influence of temperature on the
specific heat at constant volume (Cy) for MsPbCy (M = Zr, Hf). At lower
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Fig. 8. The representation of (a) Helmholtz free energy (F), (b) internal energy (E), (c) entropy (S), (d, ) heat capacity at constant volume (C,) and constant pressure
(Cp), (e) thermal expansion coefficient («) for MsPbGCy (M = Zr, Hf) compounds at different temperatures.

temperatures, the heat capacities of both MAX phases adhere to the
Debye T 3 power-law, primarily because of the exponential increment in
the number of excited phonon modes. Another thermal property, the
linear thermal expansion coefficient (TEC), is related to the heat ca-
pacity at constant volume (C,) and capacity at constant pressure
expressed through the following equations [19].

yCv c—c

TEC = ;
3BV, 7P

(15)

1+ayT]

where, y, By V,, denote Griineisen parameter, isothermal bulk modulus,
and molar volume.

At temperatures above 600 K, the Dulong-Petit (DP) model is almost
precisely followed. Furthermore, in Fig. 8(e), we show how
temperature-dependent TEC varies. The results demonstrate that TEC
proliferates up to 180 K, then steadily climbs between 200 K and 350 K
before becoming nearly constant at high temperatures.

Understanding how heat is transferred at different temperature
ranges is crucial when choosing a suitable Thermal Barrier Coating
(TBCQ). As a result, both the minimum thermal conductivity (Kpi,) and
the phonon thermal conductivity (K,) must be considered when
investigating the application of M3PbCy (M = Zr, Hf) as potential TBC
materials. These characteristics rely on the Debye temperature (®p) and
the Griineisen parameter (y). The calculation is derived from the sub-
sequent equation [89];

10

h

_n Nap
Ky

®D M

1

3n 3
(&) ] 0o
Here, M represents the molecular weight, n stands for the number of
atoms in the molecule, r is the mass density, and h, Kg, and N represent
the Planck constant, Boltzmann constant, and Avogadro number,
respectively. The mean sound velocity, denoted as Vy,, is determined

using the following formula:

B3

3
Here, v; and v, represent the sound speeds in the longitudinal and
transverse modes. These values, v; and v;, are computed using the sub-
sequent equations [92]:
2

= (2529 0= 3

Zr3PbCy (~413 K) has a substantially higher value of ©p than the Hf-
based compound Hf3PbC; (~333 K), as also demonstrated by Hadi et al.
(Zr3SnCy ~ 480 K & Hf3SnC, ~ 405 K) [42]. It is a result of Zr’s lower
atomic size. The @p of the titled compounds, along with other 312
phases, is plotted in Fig. 9. Low @p implies reduced thermal conductivity
and compound stiffness. Materials with low heat conductivity show
promise for TBC use. Table 6 reveals another significant factor: the

2

= an

3B +4G
3p

P =

18
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Fig. 9. Graphical view of the @p (Left) and T, (Right) of the studied compounds with previously worked compounds.

Table 6

Data for density (p in gm/ cm?), transverse, longitudinal and average sound velocities (v;, v, vy, in m/s), Lattice thermal conductivity (K,, in W/mK), Minimum thermal
conductivity (Kni, in W/mK), Griineisen parameter (y), Debye temperature (0p in K) and melting temperature of M3PbC, (M = Zr and Hf) MAX phases.

Phases p Ve % Vi Op Kon Kmin Y Tm
ZrsPbC, 8.278 3210 5515 3561 413 14.31 0.75 1.5 1536
Hf3PbC, 12.674 2579 4522 2866 333 10.28 0.60 1.5 1563
TizAlC," 4.2187° 5566.78" 8862.66" 6129.02° 780.7° 53.74" 1.550° - 1866°
TisSiCy" 4.4907° 5631.31° 9124.48" 6211.83" 806.4" 52.12° 1.631° - 1975°
Zr3SnCy,” 7.019" 3756" 6316" 4818" 480° - - - 1571°
Hf5SnC," 11.526" 3117° 5247" 3452" 405" - - - 1755"
Hf3AIC, 10.29¢ 3514° 5675° 3874° 459¢ - - - -
Y,4ALOq" - 7020 4000 4450 564" - 1.12¢ 1.55¢ -
Zr,InBy° 6.870° 6358° 3907¢ 4312° 516° - 0.92¢ 1.28° 1693¢

@ Reference [29].
b Reference [42].
¢ Reference [20].
d Reference [90].
€ Reference [91].

values of y; are significantly larger than those of v. This means that the
wave velocity in the transversal mode is lower than in the longitudinal
mode because it takes extra energy to vibrate the nearby atoms [93].

In a computationally tractable manner, a metallic compound’s lattice
thermal conductivity (Kpp), such as MAX phases, gives an estimate of its
total thermal conductivity. Motivated by these results, we computed the
examined MAX phases’ Kpp. For materials having dual characteristics
(ceramic and metallic), such as MAX phases, the K, can be computed
using the Slack model [94]. The K, can be computed using the equation
that Slack deduced:

M, 0,35 3(1
Kpn = A(y) Lle, where, y = w; 19
2T 2(2 —3v)

where § is the cubic root of average atomic volume in meters, M,y states
the average atomic mass in kg/mol, n represents the atom’s number in a
unit cell, @p stands for the Debye temperature in K, T denotes the
temperature in K, and y signifies the Griineisen parameter. The factor A
(y) stated by Julian [95] can be obtained as

4.85628 x 107
0.514 0.228
(e

Table 6 shows that the Ky, values for the phases under study are quite
low, which suggests that the electronic contribution in terms of overall
thermal conductivity at ambient temperature is higher than the lattice
contribution for these compounds.

From the perspective of academic study and technical application,
understanding anharmonic effects is crucial. The Griineisen parameter
(y) measures a crystal’s anharmonic effect [96]. An essential

A(y) (20)
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thermodynamics number, the Griineisen parameter connects the bulk
modulus, thermal expansion coefficient, heat capacity at constant vol-
ume, and volume collectively. Regarding polycrystalline elements, y
should be between 0.85 and 3.53, and the Poisson’s ratio should be
between 0.05 and 0.46 [97]. For high thermal conductivity materials, it
was found that y is low but higher for low thermal conductivity mate-
rials. This suggests that the compounds under investigation have higher
anharmonic effects because we found higher values of y (Table 6) [96].
Every solid has a minimum value of thermal conductivity at high tem-
peratures, which is a property that is essential in deciding how solids are
used in high temperatures. Phonons become unpaired at high temper-
atures and give heat energy to nearby atoms. Since there is not ever an
optical mode in an individual “equivalent atom” in a cell, the minimum
thermal conductivity (Kmyin) at excessive temperatures can be deter-
mined with Clarke’s model [98] and the following formula:

3

M
Kmin = KBVm( (21)

;)

The @p formula utilized in this research and the Ky, formula used
here both use the same symbols. Table 6 presents the calculated Kpin
values of 0.75 W/mK and 0.60 W/mK for the ZrsPbC, and Hf3PbC,
compounds, respectively. The significantly reduced Kp;, values may be
attributed to the higher Griineisen parameter [96,99]. The observed low
Kmin values in the analyzed compounds lead to the anticipation that our
investigated compound holds considerable potential for application as
thermal barrier coating (TBC) material. In a study by Liu et al. [99], six
perovskite compounds exhibited a K, value of 1.25 W/m-K, suggesting
their suitability as TBC materials. Let’s delve into some intriguing TBC
materials commonly employed in gas turbines, airplanes, and state-of-
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the-art aero engines. The widely used Yttria-stabilized zirconia (7YSZ)
boasts a Kni, value of 2.2 (W/mK) [100]. Researchers have identified
alternative TBC materials with high melting temperatures and low heat
conductivity, such as RE;T207 (RE = La, Pr, Nd, Sm, Eu, Gd, Y, Er, or Lu;
T = Ti, Mo, Sn, Zr, or Pb), estimated to have Kp,;, values ranging from
1.40 to 3.05 W/mK [100]. Rare earth stannates RE;Sn,0O7 (RE = La, Nd,
Sm, Gd, Er, and Yb) exhibit K,;, values from 1.8 to 2.5 W/mK. The
perovskite oxides used for TBC applications are ABO3 (A = Sr, Ba; B =Ti,
Zr, Hf), with Ky, values ranging from 1.09 to 1.74 W/mK [100]. Be-
sides, the minimum thermal conductivities of certain pyrochlore oxides
such as LasTisOy, LasGey0y, LasZroO7, LasSnyO, and LasHf50; have
been examined. The respective minimum thermal conductivity values
for these compounds are 1.17 W/m-K, 1.14 W/m-K, 1.03 W/m-K, 1.00
W/m-K, and 0.87 W/m-K. These values are relevant for applications in
TBC [101]. These materials enhance thermal protection, ensure
component longevity, and maintain performance in demanding opera-
tional conditions. Considering those above, it can be concluded that the
Knmin values of the ZrsPbCy and HfsPbCy compounds are 0.75 W/mK and
0.60 W/mK, respectively, making them highly potential Thermal Barrier
Coating (TBC) materials.

The formula proposed by Fine et al. have been used to compute the
melting temperature (T},) of the MAX phases from the stiffness constants
such as C1; and Cs3 [64]:

T,, = 354 + 1.5(2C11 + C33) (22)

The calculated values of T, are tabulated in Table 6 with some
previous work data and plotted in Fig. 9. Certain zirconate compounds
within the Pyrochlore family find application in higher temperature
regions and exhibit superior thermal stability compared to the
commonly utilized TBC material YSZ [102]. Specifically, zirconates
involving Gd, La, Nd, and Sm possess a unique attribute in higher
temperature regions, making them suitable as Electron Beam-Physical
Vapor Deposition (EB-PVD) top coats within the temperature range of
973 K to 1473 K. Notably, the GdyZr,07 compound demonstrates ther-
mal stability up to 1823 K [103]. Given this information, it is conceiv-
able that the compounds under study may also be employed in higher-
temperature environments.

3.6. Optical properties

This section examines the interactions of electromagnetic (EM) ra-
diation with the studied materials. A substance’s optical characteristics,
which are crucial for optoelectronic applications, are related to the way
that a substance reacts to an occurrence of electromagnetic radiation.
Since the MAX phases have metallic properties, the optical properties of
the metal and MAX phases are mostly determined by the electrons. Due
to their shiny surfaces, metals and MAX phases exhibit high reflectivity
and low light transmission, making MAX phases potential candidates for
use as coating materials to lessen solar heating. They reflect light in the
visible and infrared spectrums and up to a specific ultraviolet frequency
known as the “plasma frequency,” which has been mentioned in the
“Loss function” section. The optical characteristics of the ZrsPbCy and
Hf3PbCy compounds belonging to the 312 MAX phase have been
calculated for energy up to 25 eV considering both (100) and (001)
polarization direction, as illustrated in Fig. 10. Inter-band and intra-
band transitions are well known to influence the dielectric properties
of a metallic compound. Since the substances being studied are metallic,
it is necessary to correct the low-energy region of the spectrum (intra-
band). A semi-empirical Drude expression is employed to affect this
alteration, characterized by a plasma frequency set at 3 eV, a Drude
damping parameter of 0.05 eV, and a Gaussian smearing of 0.5 eV [20].
This action broadens the Fermi level, enhancing the impact of k-points
on the Fermi surface. It is important to note that while the profiles for
both polarization orientations are similar, they are not identical. The
peak positions differ and can be distinguished by their respective in-
tensities. When a material is exposed to sufficient energy light, electron
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Fig. 10. (a) The real part ¢ (w) (b) imaginary part e;(w) of the dielectric
function, (c) refractive index (), (d) extinction coefficient (k), (e) absorption
coefficient (), (f) Photoconductivity (o), (g) Reflectivity (R) and (h) loss
function (LF).

transitions occur from occupied states below the Fermi level to unoc-
cupied states above it. The dielectric constant represents a material’s
behavior in response to an applied electric field. Which is expressed by

() = &1(w) + ez (w) (23)
where the actual ¢1(0) and the imaginary e3(0w) components adhere to
the Kramers-Kronig relationships. It is established that the initial con-
dition for computing the remaining optical constants necessitates the
inclusion of the imaginary component ¢2(®) in the dielectric function.
The imaginary component of the dielectric constant is calculated using
momentum matrix elements associated with occupied and unoccupied
wave functions and selection rules. This can be stated as follows [104]:
_2e%n

&(w) = Q—eo (24)

> lwilurlyi[s(; B~ B)
ky.c

Within this equation, o signifies the photon frequency, e represents
the electronic charge, Q stands for the volume of a unit cell, v symbolizes
the unit vector aligning with the polarization of the incoming electric
field, and |y¢| and |y}| respectively represents the wave functions of
conduction and valence band electrons at a specific k point. The real
component of the dielectric function can be obtained through the
Kramers-Kronig transformation applied to the imaginary part [105].
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er(@) = 1+3p/  e2(0 )doo (25)
T Jo (07 —w?)

Fig. 10 illustrates the (a) real and (b) imaginary components of the
complex dielectric function for MsPbCy(M—Zr, Hf). The dielectric
function’s real component, £;(w), denotes the material’s ability to store
electrical energy (electronic polarizability) or to transmit an electric
field. e2(w) is related to dielectric loss, which is always positive, repre-
senting the loss factor or energy absorbed by a material within its unit
volume. Within the low-energy range, the real component ¢;(®) of the
dielectric function is observed to cross zero from below, displaying
negative values, and the imaginary component e>(®) approaches zero
from higher values. This observation indicates the metallic behavior of
M3PbCy (M = Zr, Hf). A similar pattern of £;(®) and e»(o) is also reported
for TioPBy and ZryPbB;, [106] and TizSiCy [107] MAX phases. The first
peak in £;() is observed in the 0.5 to 2.5 eV range, while the first peak is
noticed at ~1.5 eV for Ti3SiCy. The peaks in ez(w) indicate the intra or
inter-band transition of electrons. For the present case, the peak in the
low energy part is due to the intra-band transition within M-3d states.

The refractive index n(w) of M3PbCy; (M = Zr, Hf), illustrated in
Fig. 10(c), is a dimensionless quantity that indicates how much a me-
dium can slow down the light. The substantial constant value in the
range of 15-20 eV indicates the metallic behavior of the investigated
MAX phases. A greater refractive index corresponds to a slower speed of
light propagation through the medium, leading to increased light
bending and more efficient refraction. Fig. 10(d) illustrates the imagi-
nary component of the refractive index, also referred to as the extinction
coefficient, k(w). An exceptionally high value of k(w) is attributed to a
metallic substance, while an exceedingly low value of k() is linked with
a semiconductor material. Conversely, dielectric materials are primarily
non-conductive and possess a k() value of zero. For MsPbCy (M = Zr,
Hf), the constant range of k(®) spans from 0.5 to 4.2 eV. Between 5 eV
and 13 eV, the value of k(w) surpasses n(®), indicating an energy span
where light cannot penetrate deeply into the compound [108]. This
observation portrays the reflective metal attributes of M3PbCy
compounds.

@) = 75| Ve @)+ (ea) * 4o (w)}m (26)

k(w) = %{\/{é’l (@)} +{e2(@) }* — &1(w) } " 27)
1/2

a(w) = V20 |:\/{81 (@)Y + {e2(@) }* — & (a))} (28)

The absorption coefficient (o) in Fig. 10(e) represents the process by
which matter (usually electrons confined in atoms) absorbs photon en-
ergy and converts it into internal energy of the absorber (such as thermal
energy). It starts at 0 eV for {100} and {001} polarization direction. This
indicates the metallic nature is evident from the beginning of their
spectra, which commence at zero photon energy because of the absence
of a bandgap. Furthermore, the peak values fall within the range of 2.2
to 2.6. Across nearly all instances and for both polarizations, the ab-
sorption spectra exhibit slight anisotropy throughout the entire range of
photon energies.

The optical and electrical phenomenon known as photoconductivity
occurs when a material absorbs electromagnetic rays, such as gamma,
ultraviolet, visible light, or infrared rays, making it more electrically
conductive. As depicted in Fig. 10(f), photoconductivity (c) originates at
zero photon energy due to the absence of a band gap in the materials, as
evident from the band structure. The material’s electrical conductivity
increases due to photon absorption, contributing to its photoconduc-
tivity [109]. The Hf3PbCy shows maximum photoconductivity at 8.13 eV
for the (001) direction and 7.55 eV for Zr3PbC, at the (001) direction.

13

Diamond & Related Materials 146 (2024) 111245

(29

(30)

Fig. 10(g) exhibits the reflectivity (R) of the materials, which is a
measure of the ability of a surface to reflect radiation, presented by the
equation mentioned above [110-112]. As photon energy increases,
there is a distinct reduction in reflectivity for ZrsPbCy within the 13-30
eV range. Moreover, as the photon energy is further raised, there is a
sharp alteration in reflectivity, reaching its apex between 35 and 42 eV
at a value of 0.64. Regarding Hf3PbCy, the reflectivity experiences a
nearly continuous decrease until it gets a minimum value of 0. The
highest point for HfsPbC, is within the range of 18-24 eV, with the peak
reflectivity recorded at 0.52. Li et al. [107] suggested that a material
must have a reflectivity exceeding 44 % to qualify as a coating material.
They identified Ti4AlN3 as such a material, with applications as a coating
in spacecraft due to its ability to reflect 44 % of incident light. Our
investigation observed a noteworthy result consistent with Li’s findings.
Zr3PbCy and Hf3PbC, compounds can reflect incident light up to 9.2 eV
and 11.90 eV, respectively, for the (001) polarization direction. More-
over, ZrsPbCy and HfsPbCy compounds demonstrate reflectivity >44 %
up to 6.2 eV and 4.12 eV, respectively, for the (100) polarization di-
rection. This phenomenon is reminiscent of observations in the Ulrs
intermetallic compound studied by Dujana et al. [113], where Ulrs re-
flected 54 % of incident light up to an energy of 15 eV. Qureshi et al.
[114] also completed a theoretical work on the Zr3CdB4 compound
through the DFT method, and they suggested that Zr3CdB4 can be used
as a coating material to diminish solar heating because it reflects 44 % of
solar light. So, from the above comparison with other coating materials,
we can easily suggest that our examined compounds are suitable for use
as coating materials aimed at mitigating solar heating.

Fig. 10(h) shows the optical energy loss function L(®). It describes
how much a high-speed electron loses energy when it passes through a
material and can be computed by the equation, L(w) =

e2(w)/ [{81 ()} + {e2(0) }* ] It displays an opposite relationship with

the imaginary part of the dielectric function. In Fig. 10(d), a wide peak
exists in the imaginary part within the energy range of 0-5 eV, yet there
isn’t a noticeable prominent peak in the loss function. This suggests a
high optical conductivity and minimal energy loss within this region.
For Zr3PbCy, the notable peak emerges between 10 and 21 eV, while for
Hf3PbCy, the peak appears in the 22-34 eV range. These peaks are
consistent for both polarization planes. The bulk plasma frequency can
be defined as the center of these peaks. The plasma frequency for
Zr3PbC, is 17.72 eV, while for Hf3PbCy it is 29.72 eV. A comparable
phenomenon is observed in the compound Hf3PB4, whose plasma fre-
quency is 19 eV.

4. Environmental concerns of Pb-containing compounds

Since we concentrated on compounds containing lead, it is essential
to discuss the toxic effects of lead on the environment. Pb is a kind of
heavy nonferrous metal that resists corrosion. It is extensively utilized
for radiation mitigation, cable, batteries, and the chemical industry. Pb
is a metal with a greater bulk and atomic mass that is harmful to the
environment as well as human health [115]. These hazardous metals are
released into the environment in large quantities by several industries,
including the pulp preservative, food, beverage, pharmaceutical, and
newspaper industries. Mineral fertilizers made of coal contain a lot of
heavy metals, like lead and mercury. All things considered, these uses
are to blame for the increase in lead pollution in the environment [116].

The surrounding regions and local organisms are primarily impacted
by these metal-based (Pb) pollutants when they are produced or
released. Thus, some methods for the systematic disposal of pollutants
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centered on site-specific Pb remediation are discussed by Raj et al.
[117].

Despite having several adverse effects, Pb-containing compounds, as
well as Pb-containing MAX phases, have been studied and have excep-
tional mechanical, thermal, and optical qualities and are used in high-
temperature, nuclear, solar, and oxidation-resistant applications,
among other areas. For example, Hossain et al. studied Hf;AB (A = Pb,
Bi) and found that the compounds can be used as a cover material [68].
Pb-containing 212 MAX phases were studied by Ali et al., and they
explored that these compounds show excellent thermal properties,
including an increment in Debye and melting temperatures [106].
Hussein et al. found the corrosion & oxidation resistance and self-
healing behavior of Pb-containing MAX phases [118]. Srinivasan et al.
found that TioAN (A = TI, Pb) can be used as a TBC material as well as in
many high temperature applications [119]. Moreover, the Pb-
containing MAX phases are already synthesized successfully [120].
However, it is essential to note that the adverse effects of Pb-containing
phases must be carefully considered before practical application, and
precautions should be taken to minimize these adverse effects.

5. Conclusions

We conducted a DFT investigation to analyze the physical properties
of newly synthesized ZrsPbCy and Hf3PbC, compounds. The lattice
constants consent with the experimental data. The electronic band
structure certifies the metallic nature of the studied compounds. Ac-
cording to the DOS figure, the Zr-4d and Hf-5d electrons are responsible
for the electronic contribution at the Fermi level. The charge density
mapping affirms the existence of a strong covalent bond between M and
C atoms and a weaker covalent bond between Pb and C atoms within
these compounds. Elastic constants demonstrated the mechanical sta-
bility of the studied compounds, and the brittleness is confirmed by
Pugh’s ratio and Poisson’s ratio. The f-index value indicates that the
studied compounds can be exfoliated into a 2D nanosheet (MXene). Low
elastic moduli (B, G, and Y) and Vickers hardness values (3.33 GPa for
Zr3PbCs and 4.42 GPa for Hf3sPbCy) confirmed their soft nature, which in
turn certifies the excellent machinability of them. The existence of ionic
bonding has been confirmed by the transfer of charge from the M atom
to the Pb and/or C atoms. Anisotropic elastic properties have been
confirmed, where Zr3PbC, exhibits lower anisotropy indices compared
to that of Hf3PbC,. Furthermore, the phonon dispersion curve assures
the dynamical stability of the compounds. The vital thermal parameters
such as low thermal expansion coefficient, high melting temperature
(1536 K and 1563 K for ZrsPbC;, and Hf3sPbCy), very low value of min-
imum thermal conductivity (0.75 W/mK and 0.60 W/mK for the
Zr3PbCy and Hf3PbCy) established them as potential TBC materials.
Moreover, the preferable outcome of the optical property’s analysis
suggests that ZrsPbCy and Hf3sPbCy could be potential candidates for
coating materials to mitigate solar heating. Though the compounds have
potential practical applications, their toxic effects must be considered,
and precautions must be taken to minimize harm, such as proper waste
disposal and shielding.
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