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ABSTRACT: (NbZrHfTi)C high-entropy ceramics, as an emerging class of ultra-high-temperature materials, have
garnered significant interest due to their unique multi-principal-element crystal structure and exceptional high-
temperature properties. This study systematically investigates the mechanical properties of (NbZrHfTi)C high-entropy
ceramics by employing first-principles density functional theory, combined with the Debye-Griineisen model, to
explore the variations in their thermophysical properties with temperature (0-2000 K) and pressure (0-30 GPa).
Thermodynamically, the calculated mixing enthalpy and Gibbs free energy confirm the feasibility of forming a stable
single-phase solid solution in (NbZrHfTi)C. The calculated results of the elastic stiffness constant indicate that the
material meets the mechanical stability criteria of the cubic crystal system, further confirming the structural stability.
Through evaluation of key mechanical parameters—bulk modulus, shear modulus, Young’s modulus, and Poisson’s
ratio—we provide comprehensive insight into the macro-mechanical behaviour of the material and its correlation
with the underlying microstructure. Notably, compared to traditional binary carbides and their average properties,
(NbZrHfTi)C exhibits higher Vickers hardness (Approximately 28.5 GPa) and fracture toughness (Approximately
3.4 MPa-m'/?*), which can be primarily attributed to the lattice distortion and solid-solution strengthening mechanism.
The study also utilizes the quasi-harmonic approximation method to predict the material’s thermophysical properties,
including Debye temperature (initial value around 563 K), thermal expansion coefficient (approximately 8.9 x 1076 K™*
at 2000 K), and other key parameters such as heat capacity at constant volume. The results show that within the studied
pressure and temperature ranges, (NbZrHfTi)C consistently maintains a stable phase structure and good thermome-
chanical properties. The thermal expansion coeflicient increasing with temperature, while heat capacity approaches the
Dulong-Petit limit at elevated temperatures. These findings underscore the potential of (NbZrHfTi)C applications in
ultra-high temperature thermal protection systems, cutting tool coatings, and nuclear structural materials.

KEYWORDS: High entropy ceramics; mechanical properties; electronic properties; thermodynamic properties

1 Introduction

High-entropy alloys (HEAs), a relatively novel class of multi-component materials, exhibit certain
distinctions from conventional alloys typically based on one or two primary elements [1]. They typically
consist of five or more principal elements, each with a molar content of between 5 and 35 atomic percent [2].
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The mixed entropy increases with the rise of the main elements (>1.61R), and high-entropy alloys tend to
form simple single-phase face-centred cubic (FCC) or body-centred cubic (BCC) solid solution structures,
rather than intermetallic compound phases [3]. HEAs exhibit many excellent properties, such as outstanding
strength, high hardness, superior wear resistance, and good oxidation resistance, which are mainly due to
four core effects: the high entropy effect, severe lattice distortion effect, slow diffusion effect, and the cocktail
effect [4]. The concept of high-entropy alloys has been extended to the field of ceramics, thereby giving rise to
the development of high-entropy ceramics (HECs). Single-phase compounds composed of cations or anions
of not less than four elements with equimolar or nearly equimolar ratios are defined as high-entropy ceramics
(HECGs) [5].

As one of the HECs, carbide-based HECs exhibit [6,7] high hardness, superior oxidation resistance,
and excellent wear resistance, granting them broad wide application prospects in aerospace, mechanical,
and metallurgical fields. Early research on carbide HECs mainly focused on HECs based on the five-
component transition metal carbide systems. For example, Sarker et al. [8] pioneered the prediction of
HEC stability using the energy distribution spectrum (defined as the entropy stability parameter EFA),
calculated from the randomization of the structure. However, the EFA parameter only considered five-
component equimolar ratio HECs, which could not be extended to predict the four-component HECs.
Consequently, studies on four-component HECs have primarily relied on experimental approaches [9,10].
Although various microstructures and mechanical properties of four-component HECs have been reported,
traditional experimental methods are suffered from with limitations such as high cost, low efficiency, and
long development time.

Theoretical approaches based on first-principles calculations provide an effective solution to these
limitations [11]. Furthermore, as first-principles calculations are rooted in quantum mechanics, they require
no empirical parameters in their derivation, making them a powerful tool for predicting and optimizing
the properties of HECs [12,13]. Herein, we established the special quasi-random structure (SQS) [14] model
of (NbZrHfTi)C HECs to analyze its structural, mechanical, and electronic properties by applying first-
principles calculations. The thermodynamic properties, including the thermal expansion coefficient and
constant-volume heat capacity under varying pressure and temperature conditions, were also examined
using a combined approach incorporating the Debye-Griineisen model [15].

2 Calculation Details

In this work, first-principles calculations were performed by the CASTEP (Cambridge Serial Total
Energy Package) module in Materials Studio 2017, which is based on density functional theory [16]. The
plane-wave pseudopotential method was used to treat all calculations [17]. In general, single binary metal
carbides, including NbC, ZrC, HfC, and TiC, consist of two face-centered cubic sublattices [18,19]. One of the
FCC sublattices is occupied by metal atoms, and the other is occupied by carbon atoms, as shown in Fig. la.
To model the compositional disorder in the solid solution, a 4 x 1 x 1 special quasi-random structure (SQS)
supercell containing 32 atoms was constructed, as illustrated in Fig. 1b.

In the calculation, the exchange-correlation interactions were treated using the Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) [20]. The electron-ionic
interaction was calculated in reciprocal space using norm conserving pseudopotential. The k-points in the
Brillouin zone were generated by the Monkhorst-Pack method [21], with a k-point mesh of 6 x 2 x 2.
The geometry optimization adopted the Broyden Fletcher Goldfarb Shanno (BFGS) algorithm, and the
convergence criteria were as follows: the electron energy was less than 1 x 10~ eV/atom, the Hellmann-
Feynman force was less than 0.03 eV/A, the maximum stress deviation was lower than 0.05 GPa and the
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maximum ion displacement deviation was less than 0.001 A. The plane wave cut-off energy was set to 1550 eV
to ensure computational accuracy.

(a)

‘ M=Nb, Zr, Hf, or Ti
Figure 1: Crystal structure model (a) and 4 x 1 x 1 supercell model (b) of (NbZrHfTi)C

At present, the quasi-harmonic Debye model has been extensively employed to investigate the thermal
properties of high-entropy systems owing to its computational efficiency and simplicity, and it demonstrates
strong agreement with experimental results [13]. Accordingly, the quasi-harmonic Debye model was adopted
in the present study to compute all thermodynamic quantities using the GIBBS software package [22]. The
Gibbs free energy for a non-equilibrium state is given by [23]:

G(V;P,T)=E(V)+PV+A,;, (6(V),T) 1)

where E (V) represents the static energy of the crystal as a function of cell volume, PV corresponds to the
constant hydrostatic pressure condition, A,;; is the Helmholtz vibrational free energy, 6 (V) is the Debye
temperature and A, ;, can be expressed as [23]:

A,ip(0(V),T) :nkT[geTD+3ln(l—eeTD)—D(0TD)] 2)

where D (GTD) is the Debye integral and k is the Boltzmann constant, 0p is defined as:

h Rk B
9D=E[6n2V5n] f (o) MS 3)

where M represents the mass of the cell, B; approximates the adiabatic bulk modulus, and ¢ is the Poisson’s
ratio. f (o) can be calculated by the following equation [23]:

- e )

The non-equilibrium Gibbs function G (V;P,T) for volume minimization is simplified to a function of
V [23]:

oG(V;P,T) _
R ®
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By solving Eq.(5), constant volume heat capacity Cy, isothermal elastic modulus By and the coefficient
of thermal expansion « can be obtained:

~ Op 360p/T
*G(V;P,T)

Br(P,T) = V(T) 7)
o=V 8)

BrV
where y is the Gruneisen parameter and can be calculated by the following equation [23]:

dlnb
- - 9

T ©

3 Results and Discussion
3.1 Structural Stability

To determine the lattice constants, equilibrium bulk modulus, and some relevant parameters of
(NbZrHfTi)C after relaxation, the lattice structure of the (NbZrHfTi)C supercell was optimized and its
equilibrium energy at different volumes was obtained. Fitting the energy-volume data to the third-order
Birch-Murnaghan equation of state [24]:

vy 2 [ (5) ] [ (2 [e-a(2) ) w

where V and E (V) are the calculated volume and corresponding energy, respectively. V,, and E, are
respectively lattice volume and energy at equilibrium, and By and B;) are the bulk modulus and its first-order
derivative. The results of the fit are shown in Fig. 2. By fitting the B-M equation of state, the volume V, of
(NbZrHfTi)C is 372.05 A® in the equilibrium state, and the bulk modulus and its first-order derivative are
By = 253.48 GPa and B;) = 3.98, respectively. According to the equilibrium volume V), the lattice constant
a=4.53 A at (NbZrHfTi)C relaxation was obtained.

The data presented in Table 1 are the equilibrium lattice parameters of (NbZrHfTi)C and binary carbides
calculated by MS at 0 K and 0 GPa. It is observed that the lattice constanta = 4.53. A of (NDZrHf Ti)C is similar
to the fitting results, and is approximately equal to the average lattice constant 4.53 A of the four-component

binary carbides. Consistent with the behavior of most high-entropy alloys (HEAs), the lattice parameters
of high-entropy carbides (HECs) approximately adhere to the mixing rule, suggesting a nearly random
distribution of the constituent elements. Furthermore, the calculated lattice constants of (NbZrHfTi)C align
closely with previously reported experimental and theoretical values for both the multicomponent carbide
and its constituent binary carbides, thereby corroborating the reliability of our computational results.
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Figure 2: Calculated E-V curve for (NbZrHfTi)C

Table 1: Equilibrium lattice constants and energies for different systems at 0 K and 0 GPa

Systems Source (NbZrHfTi)C NbC ZxC HfC TiC
Lattice constants (A)  Current 4.530 4.500 4.718 4.729 4.338
Cal. / 4.507% 47112 4,648 4.337%
Expt. 4.517 4.478° 4.695" 4.645 4.325°
Energies (eV/atom)  Current -924.675 —297.935 -1428.998 -241.471 -1729.860

Note: 2Ref [25]. PRef [26].

To further analyze the structural stability of (NbZrHfTi)C, we calculated the energies of (NbZrHfTi)C
and binary carbides after relaxation at 0 K.and 0 GPa, as listed in Table 1, and calculated the Gibbs free energy
of (NbZrHfTi)C by the following equation:

AGpix = AHpix — TASpix (11)

where AH,,; is the enthalpy of mixing, T is the temperature, and AS,,;, is the entropy of mixing. Since
ASix is negligibly affected by temperature [27], the value of the enthalpy of mixing can be estimated by it
at 0 K and 0 GPa. Therefore the enthalpy of mixing for (NbZrHfTi)C can be expressed as:

(Exvc + Ezrc + Engc + Eric)

AHpix = Eggc-1— ,

(12)

where E is the energy of (NbZrHfTi)C or individual metal carbides at 0 K and 0 GPa equilibrium. According
to the energy obtained by the first-principle calculation, the AH,,;, of (NbZrHfTi)C is -10.50 kJ/mol, and the
negative value of mixing enthalpy indicates the process is exothermic. A negative mixing enthalpy indicates
an exothermic mixing process. Typically, a more negative mixing enthalpy corresponds to a stronger driving
force for forming high-entropy carbides from single binary carbides, which correlates positively with the
enhanced stability of the resulting solid solution. Therefore, the formed (NbZrHfTi)C is stable. On the other
hand, the enthalpy of mixing of (NbZrHfTi)C satisfies the criteria for solid solution phase formation (AH,,;
= -15~5 kJ/mol), indicating that a stable single-phase solid solution can be formed in (NbZrHfTi)C. For a
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system like (NbZrHfTi)C, which contains two different sublattices: & denotes a sublattice with multiple X
bits and k denotes another sublattice with multiple Y bits, the mixing entropy can be defined as [28]:

AS, .. =-R Lixhln(xh)vtiixkln(xk) (13)
mix X-‘rYi:l i i X+Y,~:1 i i

where R is the ideal gas constant (R ~ 8.314 ]-mol ' K™!), and / and k represent the carbon sublattice and metal
sublattice, respectively. N represents the species of elements in the / or k sublattice, x/ and x¥ are the atomic
percentages of the ith element in the h and k sublattices. When only considering the perfect situation that
the carbon sublattice in (NbZrHfTi)C has no vacancies, the value of Zfil xf’ In (xlh) is 0. Furthermore, the
values of X for the carbon sublattice and Y for the metal sublattice are both 1. Therefore, the mixed entropy
formula can be simplified as:

R & k
AS iy = - > xfln (x,- ) (14)
i=1

The mixing enthalpy of (NbZrHfTi)C is 0.693 R by Eq.(14). Then, the Gibbs free energy of
(NbZrHfTi)C (298 K) is calculated by Eq. (11) to be —12.21 kJ/mol. AG,,;, indicates that (NbZrHfTi)C
can form a stable solid solution at room temperature. In addition, atomic size difference is a fundamental
empirical criterion for assessing and predicting the formation of single-phase solid solutions in high-entropy
alloys. In order to more accurately quantify the degree of lattice distortion in (NbZrHfTi)C high-entropy
carbide—as opposed to conventional metallic high-entropy alloys—the differences in lattice constants
among the constituent binary carbides are adopted as a substitute for the atomic size difference. The lattice
constants difference can be expressed as [29]:

5= gci (1—%)2 15)

where # is the binary metal carbide species in the solid solution of the high entropy carbides, C; and r; are
the atomic percentage and lattice constant of the ith binary metal carbide, respectively, the average lattice
constant 7 = 3.7, ¢;7;. The computed lattice constant difference § for (NbZrHfTi)C is 3.15%. In general, a
lower § value corresponds to a reduced degree of lattice distortion and lower associated strain energy within
the system, indicating a higher tendency toward stable solid solution formation. For a solid solution, the &
value is less than 6.6%. Therefore, (NbZrHf Ti)C conforms to the standard of solid solution formation, which
is consistent with the calculation results of Gibbs free energy.

3.2 Elastic Properties

The single-crystal elastic stiffness constants (Cij) serve as fundamental parameters for characterizing
crystalline materials, providing direct insight into key mechanical properties such as intrinsic strength and
mechanical stability. Therefore, the three independent single-crystal elastic stiffness constants Cl11, C12, and
C44 for FCC (NbZrHfTi)C at 0 GPa and 0 K, and the tetragonal shear modulus C' (C’ = (C11 — C12)/2) were
calculated by using the stress-strain method based on density functional theory as shown in Table 2.
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Table 2: The calculated elastic constants Cij (GPa) and C' (GPa) for (NbZrHfTi)C and binary carbides at 0 GPa

and 0K
Material Source Cj; Ci2 (oM (ol

(NbZrHfTi)C Current 541.5 111.1 172.2 215.2
NbC Current 615.0 134.0 161.3 240.5

Cal. 682.0* 124.0* 165.0° 279.0°

ZrC Current 4485 94.8 153.0 176.9

Cal. 473.0° 102.0* 153.0° 185.5°

HfC Current 581.6 947 199.0 2485

Cal. 5271 1071 160.0° 210.0°

TiC Current 4943 134.2 159.2 180.1

Cal. 509.3° 119.2° 169.5° 195.0°

Note: *Ref [30]. PRef [31]. “Ref [32].

Consistent with observations in metallic high-entropy alloys, the elastic constants of (NbZrHfTi)C fall
between those of the constituent binary carbides, approximately obeying the rule of mixtures. Moreover,
through these elastic stiffness constants and tetragonal shear modulus, it is observed that (NbZrHfTi)C
satisfies the following mechanical stability criteria: C11 > 0, C44 > 0, CI1 + 2C12 > 0, Cl1 — C12 > 0, and
the tetragonal shear modulus C' > 0. Therefore, (NbZrHfTi)C is mechanically stable. The elastic modulus
represents a fundamental mechanical property of engineering materials. In this study, the elastic moduli
of the carbide systems were determined using the Voigt-Reuss-Hill (VRH) approximation, based on the
previously derived elastic constants. The results are listed in Table 3 and the formula is as follows [33,34]:

C
g tu +2Cp,
3
G G
G-2v*thr
2
3C4yy+Cpy-C
GV _ 44 11 12
5
G = 5(Cyi—Ci2) Can
4C44 +3 (CH — CIZ)
_ 9BG
" 3B+G
Hy =2(K*G)"™" -3

Kic = V)/°G (B/G)*?

(16)

(17)

(18)

(19)

(20)

(21)

(22)

where Bis bulk modulus, G, Gy and Gy are shear modulus, Voigt and Reuss approximation of shear modulus,
respectively, K is defined as G/B, and Vj is the volume per atom.
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Table 3: Under the conditions of 0 GPa and 0 K, the following mechanical property parameters of (NbZrHfTi)C high-
entropy carbide and its binary constituent carbides were calculated: bulk modulus (B, GPa), shear modulus (G, GPa),
Young’s modulus (E, GPa), Vickers hardness (Hv, GPa), Pugh ratio (B/G), Poisson’s ratio (v), and Cauchy pressure
(C12-C44)

Material Source B G E Hy B/G v Ci2-Cyq Kic
(NbZrHfTi)C Current 253.9  188.4 453.2 272 1.3 020 -6l1 33
Expt. / / 616 £ 374 39+4* / / / 45+ 0.5
NbC Current 2942 188.2 465.5 24 16 024 -273 35
Cal.  310.0> 204.0> 501.7° 245> 15 023> 410 /
Expt. / / 472.5 245 / / / 29+022
ZrC Current 2127  162.0 387.6 255 13 020 —58.2 2.8
Cal.  226.0" 165.0° 3985 24.6° 14> 021> —5L0P /
Expt. / / 383.0° 32.5° / / / 21+ 0.2
HfC Current 2570  215.6 505.4 348 11 017 -1043 3.6
Cal.  2471° 178.4°  431.4° 2545 145 021°  -52.9° /
Expt. / / 352.0° 29 / / / 29+05°
TiC Current 2542 1672 411.4 215 15 023 250 3.0
Cal.  2495% 1793 43404  253¢ 149 0219 503 /
Expt. / / 4255 25.6" / / / 33+ 012

Note: ?Ref [30]. PRef [31]. “Ref [32]. 9Ref [32].

From Table 3, it is seen that the bulk modulus B, shear modulus G, and Youngs modulus E of
(NbZrHfTi)C approximately obey the mixing rule, and the calculated results are similar to those of Refs
[30-32]. These results confirm the reliability of the computational approach. The bulk modulus (B) serves as
a fundamental indicator of a material’s resistance to uniform external compression within the elastic regime.
It quantitatively characterizes the volumetric stiffness and compressibility of the solid under hydrostatic
stress. Since the bulk modulus B of (NbZrHfTi)C does not show a significant increase, it has not contributed
to an effective enhancement of its incompressibility. The shear modulus G characterizes the material’s
resistance to shear deformation, similarly, no significant enhancement is observed in the shear deformation
resistance of (NbZrHfTi)C. Equations underpins the macroscopic mechanical properties 6 to 10 show
that the elastic moduli are closely related to the elastic constants, and they together reflect no significant
change in the fracture resistance and shear deformation resistance of (NbZrHfTi)C compared to binary
carbides. However, Table 3 shows that the hardness of (NbZrHfTi)C is higher than the average value for
the binary carbides, suggesting that there may be a solid solution strengthening effect for (NbZrHfTi)C
HECs. Notably, as presented in Table 3, the Young’s modulus, Vickers hardness of (NbZrHfTi)C surpass the
averaged properties of the constituent binary carbides in both calculated and experimental results. Although
the experimental values are significantly higher, the theoretically calculated data have the same trend as the
experimental, which indicates that there is a significant solid solution strengthening effect of (NbZrHfTi)C.
In addition, compared to the pure metal HEAs Tiy ,Zry ,Hfy ,Nby », there is a significant improvement in
elastic moduli and hardness [35,36]. This implies that (NbZrHfTi)C retains the characteristic properties of
high-entropy carbides, such as high strength and hardness.

Poisson’s ratio (v) is not only an elastic constant but also an important indicator for assessing the tough-
ness or brittleness behaviour of polycrystalline materials. In general, Poisson’s ratio for elastic deformation
varies between 0.2 and 0.3. If v is approximately 0.1, the material is strongly covalent, if v is greater than 0.25,
the material is ductile. For metallic materials, the v value is approximately 0.33 [37,38]. The Poisson’s ratio
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for (NDZrHfTi)C is 0.2, implying that (NbZrHfTi)C is a brittle material in which ionic and covalent bonds
are present. Pugh ratio B/G can also be used to predict the brittleness and ductility of materials. If B/G >
1.75, the material is described as ductile, otherwise, it is brittle. According to the Pugh criterion, a higher B/G
ratio generally indicates better ductility in materials. The calculated B/G value for (NbZrHfTi)C is 1.3, which
falls below the ductility threshold of 1.75, confirming its brittle nature. Furthermore, the Cauchy pressure
(C12-C44) serves as an additional indicator for evaluating ductile vs. brittle behavior in alloys [39], it can
predict the bondability of the material. A negative value of Cauchy pressure implies the material is brittle and
otherwise behaves as ductile. The calculated C12 — C44 = —61.1 at 0 GPa and 0 K for (NbZrHfTi)C is higher
than the value for its component binary carbides, which indicates (NbZrHfTi)C has a fracture toughness
than the component binary carbides, corresponding to its higher theoretical hardness. Overall, Poisson’s
ratio, Pugh’s ratio, and Cauchy pressure are consistent in determining the brittleness of (NbZrHfTi)C.

3.3 Electronic Properties

The electronic structure and atomic interaction of materials explain the macroscopic mechanical
properties at the microscopic scale. Therefore, the energy band structure (Fig. 3) and density of states (Fig. 4)
of (NbZrHfTi)C and its component TiC were calculated for comparison. Fig. 3 shows the energy band
structure being calculated along the high symmetry direction G-F-Q-Z-G within the Brillouin zone [40].
The Fermi energy level (EF) is set to 0 eV and indicated by the red dashed line. Evidently, the Fermi level
intersects multiple energy bands in both (NbZrHfTi)C and TiC, with a greater number of bands crossing the
Fermi level in (NbZrHfTi)C. This indicates that both TiC and (NbZrHfTi)C have metallic properties and
that (NbZrHfTi)C is more metallic. On the other hand, the energy band of (NbZrHfTi)C is more compact
compared to TiC, indicating more intense orbital electronic hybridization and stronger interaction between
the atoms.

Energy (eV)

Figure 3: Energy band structure of (NbZrHfTi)C (a) and TiC (b)
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Figure 4: (a) Total and partial electronic DOS of (NbZrHfTi)C. (b) Enlargement of total DOS of TiC. (c) Total and
partial electronic DOS of TiC

To elucidate the electronic energy states within the system, we calculated the density of states (DOS)
for both (NbZrHfTi)C and TiC. As shown in Fig. 4, it is observed that the total density of states waveforms
of both vary slightly, and the DOS at the Fermi energy level is not zero, demonstrating that (NbZrHfTi)C
has similar structural stability to TiC and has metallic properties. The reduced amplitude of peaks in the
total density of states (DOS) of (NbZrHfTi)C, along with the denser distribution of states in the high-
energy region and diminished fluctuation in conduction behavior, collectively suggest enhanced electronic
interaction and orbital hybridization among the constituent elements. This corresponds to the more dense
energy band of (NbZrHfTi)C. The electronic state density near the Fermi level of (NbZrHfTi)C is primarily
contributed by the hybridisation of d electronic states from the transition metals (Nb, Zr, Hf, Ti) and p
electronic states from C. This electronic structure suggests strong covalent bonding between carbon and
metal atoms. The strong peak energies on either side of the Fermi energy level of (NbZrHf Ti)C are —3.28 and
2.29 eV, while TiC is —1.76 and 2.95 eV, suggesting pseudo-energy gaps of 5.57 and 4.71 eV for (NbZrHfTi)C
and TiC, respectively. The pseudogap reflects the strength of the bonding covalency of the system, the
wider it is, the stronger the covalency is. (NbZrHfTi)C has a wider pseudo-energy gap, demonstrating
stronger covalency.

To clearly describe the spatial distribution of charge around the atoms, the charge densities of
(NbZrHfTi)C and TiC along the crystal plane (100) were calculated (Fig. 5). There is the overlap of electron
cloud around each atom, and the electron cloud around the Hf atom of (NbZrHf Ti)C has clear directionality,
this verifies the formation of covalent bonds. As shown in Fig. 5. that the Zr atoms are the brightest around,
and have the highest overlap of electron cloud with the C atoms; The charge density around Hf atoms is the
lowest, and the overlap with the electron cloud around C atoms is the lowest. Therefore, the binding of Zr
atoms to C atoms is the strongest, and that of Hf atoms to C atoms is the weakest.
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Figure 5: Charge density distribution on the (100) plane of (NbZrHfTi)C and TiC

3.4 Thermodynamic Properties

The thermodynamic properties are important theoretical guides to the engineering applications of
materials. It mainly refers to the evolution of physical quantities such as volume, heat capacity, thermal
expansion coeflicient, and Debye temperature with temperature and pressure when the material is under
a certain temperature and pressure. Therefore, the Debye-Griineisen model combined with first-principles
calculations was utilized to investigate these thermophysical properties.

The Debye temperature is a key physical parameter of solid materials, closely related to several
properties such as specific heat capacity, melting point, elastic constants, and thermal conductivity. As
shown in Fig. 6, the Debye temperature of (NbZrHfTi)C changes with temperature and pressure. Under
constant pressure, this Debye temperature approximately decreases linearly as temperature increases. This
change reflects the weakening of atomic interactions in the material with rising temperature. Since the Debye
temperature is directly associated with the strength of covalent bonds—the higher the value, the greater the
bond strength—the phenomenon described indicates that the strength of covalent bonds in (NbZrHfTi)C
gradually decreases with increasing temperature. However, from 0 to 2000 K, the curve exhibits a relatively
stable decreasing trend, implying that (NbZrHfTi)C has somewhat resistance to high temperature. Under
isothermal conditions, the Debye temperature of (NbZrHfTi)C is positively correlated with pressure, which
is attributed to the reduction in interatomic distances and enhanced bonding effects caused by high pressure,
thereby increasing the macroscopic strength of the material.

We calculated the variation of the heat capacity CV of (NbZrHfTi)C with temperature and pressure
using the quasi-harmonic Debye model (Fig. 7). It is worth noting that the variation of CV with temperature
is essentially the same for different pressures, indicating that the heat capacity of (NbZrHfTi)C is not greatly
affected by the pressure. CV increases rapidly with temperature  and T <500 K. As the temperature continues
rising, the heat capacity increases flatly and gradually converges to the Dulong-Petit limit, indicating that the
CV is strongly influenced by lattice vibration at low temperatures.
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Figure 7: Temperature and pressure dependence of heat capacity of (NbZrHfTi)C Ceramic

The thermal expansion coefficient is one of the key parameters characterising the temperature properties
of materials and can be used to evaluate their thermal stability. Fig. 8 shows the relationship of the thermal
expansion coefficient « of (NbZrHfTi)C with changes in temperature and pressure. It is observed that, under
normal pressure conditions, the a value rapidly increases with temperature in the low-temperature range,
while it exhibits an approximately linear growth in the high-temperature range. As pressure increasing,
the trend of the thermal expansion coefficient with increasing temperature becomes significantly weaker,
and this suppression effect is more pronounced in high-temperature environments. The above phenomena
indicate that (NbZrHfTi)C is more sensitive to thermal disturbances under low temperature and low pressure
conditions, while it exhibits superior thermal stability in high temperature and high pressure environments.
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4 Conclusions

In summary, the mechanical and thermodynamic properties of (NbZrHfTi)C high-entropy ceramics
were systematically investigated using first-principles calculations combined with Debye-Griineisen model.
The calculated AH i and AG,,;x of (NbZrHfTi)C were —10.50 and —12.21 kJ/mol, respectively, satisfying
thethe condition of stable solid solution formation. The calculation of the elastic constants indicated
that (NbZrHfTi)C was also mechanically stable. Further analysis of elastic moduli reveals that, although.
(NbZrHfTi)C exhibits brittleness similar to that of binary carbides, it has higher hardness and fracture
toughness than the average of its component binary carbides, demonstrating a pronounced solid-solution
strengthening effect. Electronic structure calculations suggest stronger covalent interactions and higher
interatomic forces in (NbZrHfTi)C. Additionally, the effects of temperature and pressure on the thermo-
physical properties of (NbZrHfTi)C were discussed, demonstrating that (NbZrHfTi)C had good thermal
stability in the range of 0-30 GPa and 0-2000 K. This study provides a valuable reference for the design,
preparation, and application of novel carbide HECs in the future.
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