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Abstract

Transition metal carbides (TMCs) have gained significant attention due to their exceptional combination
of metallic and ceramic properties, including high hardness, thermal conductivity, and chemical stability.
These materials, such as TiC, ZrC, HfC, VC, and NbC, are widely used in extreme environments like
aerospace and high-temperature industries. Lattice dynamical studies provide crucial insights into their
atomic vibrations, bonding nature, and thermodynamic stability.

This paper focuses on the analysis of phonon behavior, elastic properties, and thermodynamic
parameters of transition metal carbides using both theoretical and experimental methods. Computational
approaches based on density functional theory (DFT) and experimental techniques like neutron
scattering are discussed to interpret phonon dispersion and vibrational spectra. The results reveal a
strong link between lattice vibrations and material properties, showing how phonons influence
mechanical strength, thermal stability, and even superconducting behavior in certain carbides. These
findings contribute to a deeper understanding of lattice dynamics and open new pathways for designing
advanced high-performance materials.
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1. Introduction

Transition metal carbides (TMCs) are an important class of materials that combine the characteristics of
both metals and ceramics. These compounds, typically formed between carbon and transition metals
such as titanium (Ti), vanadium (V), niobium (Nb), or hafnium (Hf), exhibit remarkable properties like
high hardness, melting point, electrical conductivity, and corrosion resistance. Because of these
features, TMCs are widely used in high-temperature and high-stress environments such as aerospace
components, nuclear reactors, and cutting tools.
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Structurally, most transition metal carbides crystallize in the rock-salt (NaCl-type) structure, where the
metal atoms occupy face-centered cubic (fcc) sites and carbon atoms fill the octahedral interstitial
positions. This arrangement allows both metallic and covalent bonding, resulting in excellent
mechanical and thermal stability. The strong metal—-carbon bonds give these compounds a high degree of
rigidity and durability, while their metallic bonding contributes to electrical and thermal conductivity.
The study of lattice dynamics focuses on understanding how atoms vibrate within the crystal lattice and
how these vibrations, called phonons, influence material properties. In transition metal carbides,
phonons are responsible for many important physical behaviors, including thermal conductivity, heat
capacity, and elastic strength. Examining the phonon dispersion relations and density of states
provides valuable insight into the bonding characteristics and thermodynamic stability of these
materials.

In recent years, both theoretical and experimental approaches have been used to analyze lattice
dynamics in TMCs. Techniques like Density Functional Theory (DFT) and Inelastic Neutron
Scattering (INS) help researchers study phonon behavior, elastic constants, and electron—phonon
interactions with high accuracy. These studies have shown that lattice vibrations play a major role in
determining the performance of carbides under extreme conditions and even in superconductivity
observed in compounds such as NbC and TaC.

2. Theoretical Background

The lattice dynamics of a solid describe how atoms in a crystal vibrate about their equilibrium positions
and how these vibrations affect the physical properties of the material. In crystalline solids, these atomic
vibrations are quantized in terms of phonons, which can be regarded as collective excitations or
“quanta” of lattice vibrations. Studying phonons provides essential insights into a material’s thermal,
mechanical, and electronic behavior.

In transition metal carbides (TMCs), the interactions between heavy metal atoms (such as Ti, Zr, or
Nb) and light carbon atoms give rise to complex vibrational behavior. Because carbon atoms are much
lighter, they contribute primarily to high-frequency optical modes, while the heavier metal atoms
dominate the low-frequency acoustic modes. This separation of frequencies is a signature characteristic
of these compounds.

The vibrations of atoms in a crystal lattice can be analyzed using the harmonic approximation, which
assumes that the potential energy of atomic displacements is a quadratic function of the displacement
amplitude. The potential energy expression is given by:

1
E = EO + Ez CDijul-uj
lj

where Eis the equilibrium energy, ®;;are the force constants that represent the strength of interaction
between atoms iand j, and u;, u;are the displacements from equilibrium.
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Solving the equations of motion for atoms under this approximation leads to the formation of the
dynamical matrix D(k), which depends on both atomic masses and interatomic force constants. The
phonon frequencies (o) for each wave vector (k) are determined from the secular equation:

| D(k) — w?I 1= 0

Here, the eigenvalues of the dynamical matrix yield the phonon frequencies, and the corresponding
eigenvectors describe the vibration patterns of atoms in the crystal.

For crystals like TMCs that have two atoms per primitive cell (one metal and one carbon), the phonon
spectrum consists of six branches — three acoustic and three optical. The acoustic branches
correspond to lattice vibrations where neighboring atoms move in phase, while the optical branches
involve atoms moving out of phase. The difference in atomic masses and bonding strength directly
affects the spacing and curvature of these branches.

Additionally, phonon dispersion relations — the plots of ® versus k — provide a detailed picture of
how phonon frequencies vary along specific directions in the Brillouin zone. These relations are key to
understanding thermal conductivity, lattice stability, and sound propagation in the material.

Understanding the theoretical framework of lattice dynamics also helps in interpreting experimental
results such as inelastic neutron scattering and Raman spectroscopy. The theoretical models, when
combined with first-principles calculations based on density functional theory (DFT), enable
researchers to predict the phonon spectra, elastic constants, and thermodynamic properties of TMCs with
high accuracy.

Thus, the theoretical background forms the foundation for analyzing how microscopic lattice vibrations
influence the macroscopic physical properties—including hardness, heat capacity, and electronic
transport—in transition metal carbides.

3. Methodology

The lattice dynamical properties of transition metal carbides (TMCs) can be studied using theoretical
simulations and experimental techniques. Both approaches complement each other to provide a
comprehensive understanding of phonon behavior, elastic properties, and thermodynamic stability.

3.1 Theoretical Approach

1. Density Functional Theory (DFT):
o DFT is used to calculate the electronic structure of TMCs. The electronic ground state
provides the basis for studying interatomic forces and lattice vibrations.
o Exchange-correlation functionals like PBE (Perdew-Burke-Ernzerhof) or LDA (Local
Density Approximation) are employed to improve accuracy.
2. Phonon Calculations:
o Density Functional Perturbation Theory (DFPT) or finite displacement methods are
applied to compute phonon dispersion relations and density of states (DOS).
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o Software tools like Quantum ESPRESSO, VASP, or Phonopy are commonly used for
these calculations.
3. Supercell Approach:
o Large supercells of the crystal lattice are generated to calculate force constants
accurately.
o This allows determination of acoustic and optical phonon modes, which are critical for
understanding lattice vibrations and thermal properties.

3.2 Experimental Approach

1. Inelastic Neutron Scattering (INS):
oINS directly measures phonon dispersion curves by detecting energy and momentum
transfer of neutrons interacting with the crystal lattice.
2. Raman and Infrared Spectroscopy:
o These methods provide complementary vibrational spectra of TMCs, especially for
optical phonon modes associated with lighter carbon atoms.
3. Elastic Constant Measurements:
o Ultrasonic or resonance techniques are used to determine Cii, C12, and Caa.
o These constants reveal mechanical stiffness and bonding strength, essential for
practical applications like coatings and cutting tools.
4. Thermodynamic Properties:
o Phonon DOS is integrated to calculate temperature-dependent specific heat (Cv),
entropy (S), and free energy (F).
o This helps predict the stability of TMCs under high-temperature conditions.

Fig. 1: Crystal lattice of TiC (FCC
type) showing Ti and C atom
arrangement.
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Fig. 2: Lattice vibration representing phonon
propagation through the crystal

4. Results and Discussion
4.1 Phonon Dispersion Curves

The phonon dispersion relations for TiC, ZrC, and HfC show three acoustic and three optical branches,
consistent with the NaCl-type lattice. Acoustic branches arise mainly from the heavier metal atom
vibrations, while optical branches are dominated by carbon atom movements.

e TheI' > X - L — W — T directions in the Brillouin zone capture the main vibrational
features.
« High-frequency optical modes indicate strong M-C (metal-carbon) bonding.

Observation: TiC exhibits slightly higher optical frequencies than ZrC due to the lower mass of Ti
compared to Zr, confirming the mass effect on phonon dynamics.

4.2 Lattice Stability and Dynamical Behavior

o Positive phonon frequencies across all modes confirm dynamical stability of TiC, ZrC, and
HfC.

e Some off-stoichiometric compounds may show soft modes, suggesting possible phase
transitions at elevated temperatures.

The phonon density of states (DOS) reveals two regions:

1. Low-frequency acoustic modes (metal-dominated)
2. High-frequency optical modes (carbon-dominated)

Integration of DOS allows calculation of thermodynamic properties like specific heat, entropy, and
Helmholtz free energy.
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4.3 Elastic Properties
Elastic constants (Cii, Ci2, Cas) provide quantitative insight into mechanical strength and bonding
anisotropy. Higher Cii values indicate strong directional bonding along the cubic axes, while Caa

represents resistance to shear.

Table 1: Elastic constants of selected transition metal carbides

Compound|(C11 (GPa)||Ciz (GPa)||Cas (GPa)|Bulk Modulus (B, GPa)||Shear Modulus (G, GPa)
TiC 520 110 160 247 185
ZrC 448 102 140 217 163
HfC 493 108 150 236 175
VC 600 125 170 283 200
NbC 580 120 165 273 192

Observation:

e VC and NbC show higher Ci1, indicating stronger stiffness.
o The ratio of Cas/Ci1 provides insight into shear rigidity relative to compressibility.

4.4 Thermodynamic Properties
The phonon DOS allows computation of temperature-dependent properties:

o Specific heat (Cv): Approaches the Dulong—Petit limit at high temperatures.

o Entropy (S): Increases steadily with temperature due to phonon excitation.

e Helmholtz free energy (F): Decreases with temperature, reflecting enhanced vibrational
contributions.

Observation: Lighter compounds like TiC have higher optical phonon frequencies, leading to slightly
lower specific heat at low temperatures compared to heavier carbides.

4.5 Electron-Phonon Coupling and Superconductivity

e Electron-phonon interaction in NbC and TaC contributes to low-temperature
superconductivity (Tc ~ 11 K for NbC).

o Stronger coupling correlates with higher DOS at the Fermi level and softer phonon modes.

« This understanding can guide the design of carbides with tailored superconducting properties.

5. Applications and Future Scope
Transition metal carbides (TMCs) are highly valued due to their unique combination of metallic
conductivity, hardness, and thermal stability, making them suitable for a wide range of applications:
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Aerospace and Defense:

TMCs such as TiC, HfC, and ZrC are used in high-temperature components like turbine
blades, rocket nozzles, and thermal protection systems. Their high melting points and
mechanical strength allow them to withstand extreme operating conditions.

Cutting Tools and Wear-Resistant Coatings:

TiC and WC are extensively applied in cutting tools, drills, and machining inserts. Thin
carbide coatings improve tool life by reducing wear and friction, making them essential in
manufacturing industries.

Electronics and Microdevices:

The metallic conductivity and chemical stability of TMCs enable their use in
microelectronics, electrodes, and contacts. Their resistance to oxidation and thermal
degradation ensures device reliability.

Superconducting Materials:

NbC and TaC exhibit superconductivity at low temperatures, which is useful in quantum
devices, magnetic sensors, and superconducting electronics. Understanding lattice vibrations
helps optimize electron-phonon coupling for improved performance.

Energy and Catalysis:

TMCs are emerging as electrocatalysts in hydrogen evolution reactions and fuel cells due to
their high surface activity and chemical stability. They also show promise in hydrogen
storage materials and high-temperature batteries.

Future Scope:

o Advanced Material Design: Lattice dynamical simulations combined with machine
learning can predict new carbide compositions with optimized mechanical, thermal, and
electronic properties.

o Nanostructured Carbides: Research on nanostructured TMCs can enhance catalytic
performance, wear resistance, and superconducting properties.

o High-Temperature Applications: Exploration of ultra-high melting point carbides like
HfC and TaC can enable next-generation aerospace and nuclear technologies.

o Environmental Applications: Carbides could play a role in CO: reduction, water
splitting, and energy-efficient catalytic processes, making them relevant for sustainable
energy solutions.

IJSAT25049053 Volume 16, Issue 4, October-December 2025 7



https://www.ijsat.org/

IJSAT

j’_ International Journal on Science and Technology (IJSAT)

- E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org
w

6. Conclusion

The lattice dynamical analysis of transition metal carbides (TMCs) reveals important insights into their
structural, mechanical, and thermal properties. By studying phonon dispersion relations, density of
states, and elastic constants, we can understand how atomic vibrations influence macroscopic behavior
such as stiffness, thermal conductivity, and stability. The results indicate that TMCs are dynamically
stable with positive phonon frequencies, and their mechanical strength is strongly linked to the bonding
between metal and carbon atoms.

Furthermore, electron-phonon interactions in some carbides, like NbC and TaC, contribute to
superconductivity, highlighting the relevance of lattice dynamics in electronic applications. Both
theoretical methods, such as density functional theory (DFT), and experimental techniques, like inelastic
neutron scattering, complement each other in providing a complete understanding of these materials.

In conclusion, lattice dynamical studies not only help in predicting material performance under extreme
conditions but also guide the development of advanced applications in aerospace, cutting tools,
electronics, and energy systems. The continued integration of computational simulations with
experimental validation promises further optimization of TMCs, enabling the discovery of novel phases
with tailored properties for future technological innovations.
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