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Abstract: Titanium carbide (TiC) and tungsten carbide (WC) are essential engineering materials
known for their exceptional hardness, wear resistance, and thermal stability. This study investigates
the formation, phase stability, mechanical properties, and electronic structure of (Ti,W)C solid
solutions. The research employs computational methods, including Density Functional Theory (DFT)
and Cluster Expansion (CE), to explore compositional variations and their effects. Results reveal that
Ti0.5W0.5C demonstrates superior thermodynamic stability, while intermediate compositions such
as Ti0.67W0.33C achieve peak hardness (~33 GPa) due to the synergistic effects of covalent Ti-C and
metallic W-C bonding. The electronic structure analysis highlights hybridized bonding
characteristics that optimize mechanical resilience and thermal stability. Elastic and vibrational
properties show a notable influence of tungsten incorporation, enhancing bulk modulus and enabling
tailored properties. These findings provide critical insights for the development of high-performance
materials in applications such as machining, wear-resistant coatings, and structural components.

Keywords: titanium carbide; tungsten carbide; solid solutions; phase stability; mechanical properties;
electronic structure; cluster expansion

1. Introduction

Titanium carbide (TiC) and tungsten carbide (WC) are critical materials in engineering,
renowned for their exceptional hardness, superior wear resistance, and outstanding thermal stability.
These attributes make them indispensable for applications such as cutting tools, wear-resistant
coatings, and structural components operating in extreme environments. TiC is particularly valued
for its high hardness and thermal resistance, while WC is recognized for its excellent toughness and
thermal conductivity. The formation of (Ti,W)C solid solutions, which combines the unique strengths
of these compounds, offers the potential to achieve enhanced toughness, tunable mechanical
properties, and significantly improved hardness [1-3].

Several advanced methods are employed to synthesize (Ti,W)C solid solutions, ensuring
optimized properties and microstructures. Self-propagating high-temperature synthesis (SHS)
utilizes exothermic reactions to produce dense and defect-free materials with rapid processing and
controlled grain size [4,5]. This method has proven effective in producing TiC-WC composites with
superior mechanical properties. Plasma transfer arc (PTA) deposition is another prominent
technique, enabling the fabrication of coatings with uniform carbide distribution, excellent adhesion,
and enhanced wear resistance [6]. Hot-pressing techniques have enabled the fabrication of dense
materials with refined grain sizes and enhanced uniformity, while the addition of 5 vol.% WC
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increases hardness from 21.5 GPa to 23.5 GPa and flexural strength from 410 MPa to 491 MPa, with
the structure characterized by a single NaCl-type phase, indicating the formation of a stable solid
solution [7].

The unique properties of (Ti,W)C arise from the substitution of tungsten atoms into the TiC
lattice. This substitution reduces the lattice parameter due to the smaller atomic radius of W,
increasing atomic packing density and hardness [8,9]. Experimental studies report lattice parameters
decreasing from 4.32 A for pure TiC to approximately 4.27 A for equiatomic (Ti,W)C [10]. Carbon
vacancies, particularly in high-W-content compositions, further stabilize the lattice by reducing strain
and improving thermal conductivity. These vacancies also enhance electronic properties,
contributing to stronger covalent bonding and improved mechanical properties [11,12].

Despite the progress in understanding (Ti,W)C solid solutions, existing data often focus on
isolated compositions and fail to address configurational variations. Experimental approaches are
limited in capturing atomic-scale phenomena, such as the role of vacancies and bonding interactions
[13,14]. Advanced computational methods, such as Cluster Expansion (CE) [15] integrated within the
Density Functional Theory (DFT) framework [16], are robust tools for modeling solid solutions. The
CE method excels in determining ground-state structures by systematically evaluating
configurational energies, providing a clear advantage over conventional supercell approaches [17],
which often struggle with configurational sampling in complex systems. CE method delivers
valuable insights into phase stability, mechanical properties, and electronic structures, enabling the
exploration of a wide compositional range with unprecedented precision.

The current study employs computational approaches to determine the phase stability and
mechanical properties of (Ti,W)C solid solutions. By examining the role of compositional variations
in the TiC-WC system, this research aims to address existing knowledge gaps and inform the
development of high-performance materials for applications in machining, wear-resistant coatings,
and advanced structural components.

2. Computational Details

The structural and mechanical properties of TiixWxC solid solutions were investigated using
density functional theory (DFT) as implemented in VASP [18]. The r2SCAN meta-GGA exchange-
correlation functional [19] was selected for its accuracy in modeling transition metal carbides,
enabling precise predictions of total energy and electronic structure. The substitutional solid
solutions were modeled using the structure inversion method (SIM) within the Alloy Theoretic
Automated Toolkit (ATAT) [20,21]. Starting from the TiC lattice (space group Fm-3m), tungsten
atoms were substituted in the titanium sublattice across the composition range 0 < x < 1 to explore
the compositional dependence of mechanical and electronic properties. The B-WC (space group Fm-
3m) phase was chosen as the WC end member.

The Brillouin zone was sampled using the Monkhorst-Pack scheme with a k-point density of
1000 points per reciprocal atom, ensuring high-resolution electronic structure calculations. A plane-
wave energy cutoff of 520 eV was set to balance computational efficiency and accuracy, and the
convergence criterion for the self-consistent field (SCF) iterations was set to 108 eV. These parameters
were optimized to account for the complex electronic structure of transition metal carbides.

The electronic structure, including the density of states (DOS) and projected density of states
(pDOS), was analyzed to investigate the underlying electronic interactions in the solid solutions.
Gaussian smearing with a width of 0.05 eV was applied for the DOS calculations, with energy values
sampled over a range from -20 eV to 20 eV using 2000 points. The pDOS calculations included orbital
projections up to 1=2 (s, p, d orbitals) to capture detailed angular momentum contributions. To gain
deeper insights into the chemical bonding characteristics, the Electron Localization Function (ELF)
[22], deformation density (DD), and Reduced Density Gradient (RDG) fields were calculated using
SSSP-precision pseudopotentials [23] within the Quantum ESPRESSO [24] code, integrated into the
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Amsterdam Modeling Suite (AMS). These calculations were performed for TiC, WC, and clusters
exhibiting enhanced mechanical properties, specifically in crystal planes containing M—C bonds.

The mechanical properties were determined by calculating the stiffness tensor components
using the strain-stress method, which relates applied strain to stress response. This approach was
chosen for its direct applicability to materials with complex bonding environments. Elastic moduli
were derived using the Voigt-Reuss-Hill (VRH) approximation [25], which averages the elastic
constants assuming uniform stress and strain conditions, providing reliable predictions for
polycrystalline materials. The Vickers hardness (HV) was determined as an average of predictions
from five theoretical models [26-30], ensuring robust and accurate estimates of the material’s
resistance to local deformation [31].

Vibrational properties were evaluated by calculating the Debye temperature, which provides
essential insights into the lattice dynamics, thermal conductivity, and stability of the solid solutions.
This parameter was derived from the elastic constants and further analyzed using methodologies
integrated into VASPKIT code [32], offering a comprehensive understanding of the thermal and
mechanical behavior of TiixWxC solid solutions.

3. Results and Discussion
3.1. The Cluster Expansion Analysis

The CE results for the TiC-WC system, as depicted in Figure 1, illustrate the pseudobinary
energy landscape and provide critical insights into the thermodynamic stability of substitutional
solid solutions. The convex hull, derived from the CE calculations, identifies compositions that are
thermodynamically stable, corresponding to those that minimize the system energy for specific
tungsten carbide mole fractions (xw). Key intermediate compositions, such as Tio.e7Wo33C, TiosWosC
and Tio3sWoe7C, lie on the convex hull, confirming their stability and suggesting their potential as
promising candidates for advanced material applications.
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Figure 1. Pseudobinary energy landscape for the TiC-WC system: purple crosses (predicted structures), green

crosses (known structures), cyan stars (known ground states), and orange squares (predicted ground states).

The stability of these phases is attributed to the interplay of strong covalent bonding between
the transition metals and carbon atoms, as well as reduced lattice strain arising from the optimal
atomic arrangement. Among these, TiosWosC exhibits the lowest energy along the convex hull,
indicating its exceptional thermodynamic stability. This composition benefits from a well-balanced
interaction between Ti, W, and C atoms, minimizing the overall energy of the system. In addition to
stable phases, the CE results reveal metastable configurations that lie above the convex hull.

3.2. Mechanical Properties

The elastic moduli of (Ti,W)C solid solutions modeled by CE as a function of the mole fraction
of tungsten carbide (xw) reveal significant trends that provide insight into their mechanical
properties. As shown in Figure 2, the bulk modulus (B) increases steadily with xw ranging from 255
GPa for pure TiC (xw=0) to 390 GPa for pure WC (xw=1). This monotonic increase reflects the
substitution of weaker Ti-C bonds with stronger W—C bonds, which are known for their higher
bonding rigidity and compressive strength. Similarly, the shear modulus (G) and Young’s modulus
(E) increase consistently with xW reflecting the influence of tungsten carbide on the stiffness of the
solid solutions. Intermediate compositions, such as xw=0.5 and xw=0.66, exhibit bulk moduli of 318
GPa and 346 GPa, respectively, indicating that alloying TiC with WC results in significant
strengthening effects. The observed elastic trends are consistent with prior studies. Song et al. [10]
reported that the addition of TiC to tungsten composites enhances stiffness, with the elastic moduli
increasing linearly as a function of TiC content. This reinforcing effect is attributed to the high
stiffness and bonding strength of TiC. Similarly, Ivashchenko et al. [33] validated the elastic
properties of TiC and WC, noting their dependence on bond strength and lattice distortion, which
corroborates the trends observed in this study.
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Figure 2. Concentration dependence of the elastic moduli for TiixWxC solid solutions calculated using VRH

approximation.

Figure 3 illustrates the trends in Poisson’s ratio (v) and average Vickers hardness (HV) as a
function of the mole fraction of tungsten carbide (xw) in (Ti, W)C solid solutions. The Poisson’s ratio
demonstrates a slight increase with increasing xw, reaching a peak of 0.281 at xW=1.0 for pure WC.
This trend reflects the compositional changes in bonding character from predominantly Ti—C to W-
C bonds, which contribute to an increase in isotropic compressibility. Conversely, the average HV
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exhibits a nonlinear response, peaking at xw=0.33 with a value of approximately 33 GPa before
declining to 24 GPa at xw=1.0. This suggests that while intermediate compositions benefit from solid-
solution strengthening, the dominance of W-C bonds in pure WC reduces the hardness due to the
associated increase in ductility.
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Figure 3. Concentration dependence of the elastic moduli for TiixWxC solid solutions calculated using VRH
approximation.

The observed hardness trends align with the literature, which reports a peak hardness of ~24-25
GPa for dense, binderless WC ceramics at ambient conditions, attributed to their high density and
restricted grain growth [34]. Moreover, the hardness of pure WC ceramics at elevated temperatures
also approaches ~25 GPa, while that of pure TiC remains lower (~19 GPa) under similar conditions
[35]. The intermediate compositions of (Ti, W)C benefit from both the fine-grained microstructure and
the synergistic effects of Ti and W bonding, resulting in higher hardness compared to the individual
constituents.

The relationship between the Cauchy pressure (Pc) and Kleinman’s parameter (C) as a function
of the tungsten carbide mole fraction (xw) reveals critical insights into the bonding nature and
deformation mechanisms in (Ti, W)C solid solutions. These parameters, depicted in Figure 4, exhibit
contrasting trends that reflect the complex interaction of covalent and metallic bonding
characteristics with varying xw.
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Figure 4. Concentration dependence of the elastic moduli for Til-xWxC solid solutions calculated using VRH

approximation.

The Cauchy pressure, Pc exhibits a non-monotonic trend with increasing xw. Starting at Pc=-58.4
GPa for pure TiC (xw=0), Pc becomes increasingly negative, reaching a minimum of -74.4 GPa at
xw=0.33. This indicates a pronounced dominance of covalent-like bonding in the intermediate
compositions, likely due to the synergistic strengthening of Ti-C and W-C bonds. Beyond xw=0.33, Pc
begins to rise, transitioning to positive values at higher xw with Pc=37.8 GPa for pure WC (xw=1.0).
Positive Pc at these compositions reflects a shift toward metallic-like bonding, typical of WC’s bond
characteristics. This evolution in Pc highlights the capability to tailor the bonding nature of (Ti,W)C
solid solutions by varying the tungsten content. The Kleinman's parameter, (, displays a
complementary trend, providing further insight into the deformation mechanisms. Initially, (=0.44
at xw=0, indicating bond-bending dominance in pure TiC. With increasing xw, C decreases to a
minimum of 0.37 around xw=0.5, further signifying the structural anisotropy associated with
directional covalent bonding. Beyond this point, C increases, peaking at 0.53 for xw=0.8, before slightly
decreasing to 0.45 at xw=1.0. The rise in C at high xw indicates a transition to bond-stretching
dominance, consistent with the more isotropic nature of WC’s metallic bonds. The observed trends
in Pc and C emphasize the duality in the mechanical properties of (Ti,W)C solid solutions. The
strongly negative Pc values at intermediate compositions, combined with lower , suggest enhanced
hardness and brittleness due to the preponderance of covalent bonding. In contrast, the positive Pc
and higher C at WC-rich compositions correspond to improved ductility, rendering these materials
more suitable for applications requiring toughness.

The variation of longitudinal wave velocity, transverse wave velocity, and Debye temperature
as functions of the mole fraction of tungsten (xw) in the (Ti,W)C solid solutions is presented in Figure
5. These properties provide valuable insight into the elastic and thermodynamic behavior of the
material, reflecting the influence of tungsten incorporation on the mechanical and vibrational
characteristics of the solid solutions.
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Figure 5. Concentration dependence of the elastic moduli for Til-xWxC solid solutions calculated using VRH

approximation.

The longitudinal wave velocity, exhibits a systematic decline from approximately 10200 m/s for
pure TiC (xw) to 6500 m/s for pure WC (xw=1). This monotonic reduction is indicative of a weakening
in the stiffness of the material in the longitudinal direction, which is directly correlated to the
substitution of lighter titanium atoms with heavier tungsten atoms. The heavier atomic mass of
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tungsten, coupled with the associated changes in bond stiffness, slows the propagation of elastic
waves through the material. A similar trend is observed for the transverse wave velocity, which
decreases from 6200 m/s at xw=0 to 3500 m/s at xw=1. The transverse velocity reflects the material’s
shear rigidity, which diminishes as tungsten content increases. This decline correlates with the shear
moduli of the solid solution, underscoring the impact of atomic mass and bond strength on the
material’s shear response. The Debye temperature, decreases steadily from 942 K for pure TiC to 544
K for pure WC. This property, intrinsically related to elastic wave velocities and atomic masses,
signifies the vibrational characteristics of the lattice. The introduction of tungsten, with its higher
atomic mass, softens the vibrational modes of the material, resulting in a lower Debye temperature.
This trend implies a reduced ability of the material to conduct heat via phonons as the tungsten
content increases. The observed trends in longitudinal and transverse wave velocities and Debye
temperature collectively highlight the impact of tungsten incorporation on the mechanical and
thermal properties of the (T1,W)C solid solution. The simultaneous decline of these properties reflects
areduction in lattice stiffness and an increase in atomic mass, which collectively influence both elastic
and vibrational behaviors.

3.3. Electronic Properties

The Density of States (DOS) and Partial DOS (pDOS) analyses for TiC, WC, and the Tioe7Wo.33C
cluster, representing the solid solution with the highest hardness (Figure 6), reveal the intricate
interplay between covalent and metallic bonding that governs their mechanical properties.
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Figure 6. The TDOS and pDQOS: (a) TiC; (b) WC; (c) Tio.s7Wo.33C cluster.

The DOS (Figure 6, a) of TiC is characterized by sharp peaks near the Fermi level, primarily
dominated by the Ti-d and C-p orbitals. The strong hybridization between these states, observed in
the energy range of -6 eV to 0 eV, highlights the robust covalent bonding between Ti and C atoms.
This bonding results in high stiffness and significant hardness, as the electronic density is localized
in bonding orbitals, resisting deformation. However, the dominance of covalent interactions limits
plasticity, making TiC inherently brittle. The localized nature of the C-p states further enhances the
bonding rigidity, contributing to TiC’s resistance to compression and wear.

The electronic structure of WC reveals a broader distribution of states (Figure 6, b), with W-d
orbitals prominently contributing across the energy spectrum, especially around the Fermi level.
Unlike TiC, the metallic bonding nature of WC is evident from its delocalized electronic states, which
allow for better ductility and toughness. The overlap between W-d and C-p orbitals spans -8 eV to 2
eV, indicating weaker covalent bonding compared to TiC. This results in lower hardness but greater
toughness and thermal conductivity, making WC suitable for applications requiring resistance to
mechanical and thermal fatigue.
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The Tioe7Wo3sC cluster, exhibits a unique DOS profile (Figure 6, c) that integrates features from
both TiC and WC. Ti-d and W-d orbitals show significant hybridization, particularly near the Fermi
level, which strengthens covalent bonding in the lattice. This hybridization reduces lattice strain and
enhances hardness, exceeding that of WC while maintaining a degree of toughness not achievable in
pure TiC. The broad DOS range (-8 eV to 2 eV) demonstrates contributions from both covalent and
metallic bonding, offering a balanced mechanical properties. The C-p states, while retaining their
localization, interact effectively with Ti and W d-states.

The trends observed in the DOS and pDOS directly correlate with the mechanical properties of
these materials. TiC, with its pronounced covalent bonding, achieves superior hardness but at the
cost of brittleness. WC, with its metallic bonding, offers exceptional toughness and ductility, making
it ideal for dynamic environments. Tios7Wo3sC bridges these extremes, delivering a synergistic
combination of hardness and toughness. The hybridized bonding in the solid solution also improves
thermal stability and electronic conductivity, making it a promising candidate for high-performance
cutting tools and wear-resistant materials.

The Electron Localization Function (ELF) provides insight into the bonding nature and its
implications for the mechanical properties of TiC, WC, and the TioesWo3sC cluster, as depicted in
Figure 7. The ELF distributions highlight the interplay of covalent and metallic bonding, which
defines the unique mechanical behavior of these materials.

N r u’ (b), "\ “ 7

Figure 7. The ELF: (a) TiC; (b) WC; (c) Tio.s7Wo.3sC cluster.

In TiC (Figure 7a), the ELF reveals a highly localized electron density between Ti and C atoms,
with values nearing 1.0. This strong localization reflects the predominance of covalent bonding,
which is responsible for TiC’s high hardness as the rigid bonding network resists deformation.
However, this strong covalent interaction also leads to inherent brittleness, as the lack of delocalized
electrons reduces the material’s ability to dissipate mechanical stresses. In contrast, the ELF for WC
(Figure 7b) exhibits a more delocalized electron density, with values ranging from 0.550 to 0.775. This
distribution indicates a shift toward metallic bonding, where electron delocalization enhances the
material’s ductility and toughness. The W-C bonds are less localized than Ti-C bonds, allowing WC
to accommodate greater plastic deformation under mechanical load. This property, while improving
toughness, reduces the hardness of WC compared to TiC, as the delocalized electrons are less
effective in resisting localized deformation. The ELF for the cluster representing the solid solution
TioerWo.3sC (Figure 7c) demonstrates a hybridized bonding nature, combining features of both TiC
and WC. The Ti-C bonds exhibit significant electron localization, while the W-C bonds show
delocalization similar to WC. This unique bonding arrangement optimally balances hardness and
toughness, where the localized Ti-C bonds contribute to structural rigidity and the delocalized W-C
bonds improve ductility. The resulting synergy can minimizes lattice strain and enhances the
mechanical versatility of Tioe7Wo.s3C.

The deformation density plots for TiC, WC, and the TioesWossC cluster, shown in Figure 8,
provide critical insights into the redistribution of electronic charge due to chemical bonding.
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Figure 8. The deformation density: (a) TiC; (b) WC; (c) Tios7WosC cluster.

In TiC (Figure 8a), the deformation density exhibits a highly concentrated redistribution of
electronic charge between Ti and C atoms, with maximum deformation density values exceeding 0.70
e/A3. This high charge localization indicates the dominance of covalent bonding, where electrons are
strongly shared between Ti and C. The polarized charge around C atoms, directed toward Ti,
strengthens the Ti-C bonds, resulting in high hardness (~24 GPa). However, this strong localization
reduces the material’s ability to deform plastically, contributing to its inherent brittleness. For WC
(Figure 8b), the deformation density shows broader and less intense charge redistribution between
W and C atoms, with peak values around 0.40-0.50 e/A3. This reduced localization reflects a greater
contribution of metallic bonding, where electrons are more delocalized. These characteristics are
consistent with its lower hardness (~20 GPa) compared to TiC. In the Tioe7Wo33C cluster (Figure 8c),
the deformation density map combines features of both TiC and WC. The Ti-C bonds exhibit localized
charge redistribution, with deformation densities reaching ~0.65 e/A3 preserving the covalent
bonding strength. Simultaneously, the W-C bonds display a more delocalized distribution with
values around 0.45 e/A3, introducing metallic bonding characteristics. This hybridized bonding
nature balances the mechanical properties.

The Reduced Density Gradient (RDG) shown in Figure 9, provide insights into the nature of
bonding and non-covalent interactions within these materials.

Figure 9. The deformation density: (a) TiC; (b) WC; (c) Tios7WosC cluster.

For TiC (Figure 9a), the RDG values highlight strongly localized bonding regions between Ti
and C atoms, characterized by low RDG values. These regions correspond to covalent interactions,
as evidenced by high electron density and minimal density gradients. This localization results in a
highly rigid bonding network, which contributes to TiC’s structural hardness and resistance to
deformation. However, the lack of significant non-bonding regions in the RDG profile correlates with
TiC’s limited ability to dissipate mechanical stress, making it brittle. In WC (Figure 9b), the RDG plot
reveals broader and less localized bonding regions, with relatively high RDG values. These higher
RDG values indicate a mixture of covalent and metallic bonding, where delocalized electrons
contribute to WC’s toughness and ductility. Additionally, the presence of moderate non-bonding
interaction regions in the RDG map corresponds to the material’s ability to absorb stress more
effectively, even under dynamic conditions. This explains WC'’s reduced hardness compared to TiC
but significantly improved fracture resistance.

For the Ti0.67W0.33C cluster (Figure 9c), the RDG plot combines features of both TiC and WC.
The Ti-C bonds exhibit low RDG values, consistent with strong covalent bonding, while the W-C
regions display slightly higher RDG values, indicative of delocalized metallic interactions.
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Furthermore, the solid solution exhibits more prominent non-bonding interaction regions around W
atoms, enhancing lattice flexibility and stress dissipation. This hybrid bonding nature minimizes
lattice strain, balancing rigidity and ductility, and contributes to the material’s mechanical versatility.

4. Conclusions

This study demonstrates the potential of (Ti,W)C solid solutions as advanced engineering
materials with tailored properties for demanding applications. The computational investigation
using Density Functional Theory (DFT) and Cluster Expansion (CE) has provided critical insights
into the structural, mechanical, and electronic properties of these materials. The phase stability
analysis revealed TiosWosC as the most stable composition, benefiting from the optimal interplay of
Ti, W, and C atomic interactions. Mechanical evaluations showed that intermediate compositions like
TioerWo3sC achieve superior hardness (~33 GPa) due to synergistic effects of covalent Ti-C and
metallic W-C bonds, offering an optimal balance of rigidity and ductility. The electronic structure
analysis highlighted the hybridized bonding characteristics that contribute to the enhanced
mechanical resilience and thermal stability of these solid solutions. Additionally, the elastic and
vibrational property trends revealed the influence of tungsten incorporation, which increased the
bulk modulus and reduced thermal conductivity, allowing for the customization of properties. These
findings provide a foundation for the development of high-performance materials for machining,
wear-resistant coatings, and structural applications.
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