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Highlights:

e First-principles calculations predict mechanical properties of high-entropy carbide ceramics.
e Structural stability and lattice distortion effects on carbide ceramics are analyzed.

e Comprehensive review of high-entropy carbide crystal structure by first-principles theory.

Abstract: High-entropy carbide ceramics (HECCs) materials that are made up of more than four metal
carbides, have great significances in the field of ultra-high temperature service environment because of
their great thermal stability. Compared with single metal carbides, HECCs materials involve complicated
combination of ingredients, multiple scale dimensions design and multi-field coupling service
environment, accompanying with an inefficient developing by traditional empirical trial-and-error
method. Fortunately, with the development of computational materials science, multi-scale simulation
calculation methods improve the research and application efficiency of HECCs. This work briefly
summarized the principle and calculation process of the representative first-principles calculations
method, and then reviewed the usability in the estimation of composition stability, structural design and
mechanical property of HECCs. Finally, the prospect of the first-principles calculation method in the
study of HECCs was prospected.
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1. Introduction

The high-entropy ceramics (HECs) were developed according to high-entropy alloys (HEAS) whose
concept was initially introduced by Ye. et al [1] in 2004. At the same time, Cantor et al. [2] also came
up with the concept of multi-principal element alloys (MPEAS). Both HECs and HEAs are single-phase
solid solutions prepared from a variety of metal elements (more than four) in equal molar ratio or close
to equal molar ratio. Coincidentally, good structural stability, excellent mechanical properties and
functional properties are achieved by maximizing the configuration entropy.

Stefano’s team [3] from North Carolina State University in the United States successfully prepared
(Mgo.2C00.2Nio.2ZNno2Cuo.2)O oxide HECs for the first time in 2015, which triggered the research boom
of HECs. Compared with traditional ceramics, HECs show excellent properties, such as high hardness,
high modulus, low thermal conductivity and good oxidation resistance, mainly owing to the four major
effects of high-entropy materials [4-7].

High-entropy carbide ceramics (HECCs) materials based on refractory metal carbide ceramics have
become one of the research hotspots because of elevated melting temperatures, superior elevated-temperature
mechanical robustness, notable heat resistance and minimal thermal expansion. Considering the
complex composition space of HECCs materials, it is too inefficient to develop high-performance
HECCs materials by scientific intuition and empirical trial-and-error traditional research methods, which
comes with a long term of development and application cycle. However, with the development of
computational science and artificial intelligence technology, materials science has gradually moved from
an empirical science to a rational science. Multi-scale material calculation methods have become one of
the fast and accurate methods to predict the structure and properties of HECCs, which can effectively
reduce resource waste and environmental pollution simultaneously, such as the simulation calculation
based on first-principles [8-14].

At present, there have been many reports on the prediction of HECCs based on first-principles
calculation. Considering the application background of HECCs, the research mainly covers the influence
of the number and types of components, and the change of metal components on the mechanical, thermal
and other functional properties. However, the formation ability of high entropy single-phase and the
effects of lattice distortion on mechanical properties have not been summarized by the first principles
methods in detail. In this work, the method and the research progress of the first-principles calculation
in the composition screening, and structural and mechanical properties prediction of HECCs have been
summarized. Meanwhile, the prospect of the first-principles calculation method in the study of HECCs
is also prospected in this paper.

2. High-entropy carbide ceramics

Conventional single-phase high-entropy carbide ceramics (HECCs) typically consist of four or more
transition metal carbides (e.g., TiC, HfC, ZrC, TaC), where carbon atoms occupy octahedral interstitial
positions within a face-centered cubic (FCC) lattice formed by transition metals, and the crystal structure
decided by one of the original single carbides as well as lattice distortion results in the desirable
performance of HECCs [15-20]. Thus, the properties of single metal carbide are very important for the
design of HECCs. The crystal structure, lattice parameters, melting point and formation enthalpy of
common single transition metal carbides are shown in Table 1.
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For HECCs, the metal components atoms of (Ti, Zr, Hf, Nb, Ta)C solid solution occupy the lattice
positions, and carbon atoms take over the interstitial positions [21-23]. Interestingly, most transition
metal carbides have a Na-Cl structure (Figure 1). The enthalpy of formation in HECCs exhibits a strong
dependence on the specific metal elements involved, with the absolute value decreasing as the atomic
number of the constituent metals increases, and each atom is surrounded by eight closest atoms [24]. In
addition, metallic, covalent, and ionic bonds together constitute the bonds of transition metal carbides
whose metallic bonds results from non-zero electrons in some Fermi energy states [25].

Table 1. Common physical parameters of single transition metal carbides.

Compound Crystal structure  Lattice parameter, A Melting point, °C  Formation enthalpy, kcal/mol
TiCl42426] FCC 4.333 3067 -44.0
ZrCl14.24.26] FCC 4.710 3420 -47.0
HfCL!426] FCC 4.637 3928 -60.1
NbCl!424.26¢] FCC 4.482 3600 -33.2
TaCl42¢! FCC 4.452 3950 -35.0
vy Cli424.27] FCC 4.157 2830 -10.9
wCl4281 HCP - 2867 -9.69
CrCl2930 FCC 4.016 - 15.8
MoCB132! FCC 4.390 - 13.1

| ® C atoms
Octahedral sites
@  metal atoms

Lattice point

Figure 1 Crystal structure model of transition metal carbides with salt rock structure [33]
Reprinted with permission [33]. Copyright 2020 Wiley: (a) and (b) are different stochastic
models with the same atoms; (c) Schematic diagram of unit cell crystal structure.

The melting point of transition metal carbides is often above 3000 °C (as seen in Table 1), and they
have so good thermal properties, mechanical properties and chemical stability that they are widely used
in extreme environments, such as the nose cone of high-speed aircraft. The enthalpy of formation in
HECCs exhibits a strong dependence on the specific metal elements involved, with the absolute value
decreasing as the atomic number of the constituent metals increases. While, the absolute formation
enthalpy of the same group increases with the atomic number of the metal. In addition, the basic
properties of transition metal carbides combine the characteristics of metals and ceramics under the joint
action of strong metallic, covalent and ionic bonds [34-36]. Since metal atom sites can be occupied by
a variety of elements in the IVB-VIB groups, and nonmetal sites can also be occupied by one or more
elements, it greatly increases the selectivity and complexity of high-entropy carbide components [37-39].
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Fortunately, the structure and properties of HECCs can be predicted using the material computation
methods based on the composition.

3. The first-principles calculation and simulation of HECCs

Material integration computing technology can not only greatly reduce the repetitive and trial-and-error
work in the development process of HECCs materials, but also accelerate the theoretical innovation in
the process of material research, so as to accelerate the development and application process of HECCs materials.

First-principles calculations, also known as ab initio calculations, are a method based on quantum
mechanics principles. This method is not to depend on experimental data or empirical parameters, but
to directly begin with the fundamental equations of quantum mechanics and computational approaches
rooted in quantum mechanical principles offer a methodology independent of empirical parameters or
experimental datasets, particularly those solving the Schr&linger equation to derive system properties
[11,40-44] (as shown in Equation (1)).

Hy (r,R) =E .y (1,R) (1)
where, ¥ is the wave function; E is the ground state energy of the system; A is the Hamiltonian
operator; 7 is the set of coordinates for all electrons; R is a set of coordinates of the nucleus.

Density functional theory (DFT) that has emerged as a predominant computational framework in
the physical chemical filed is a simulated calculation method of the relationship between electron,
nucleus and their movements through quantum mechanics [12]. DFT is grounded in the Hohenberg-
Kohn theorem and Kohn-Sham equations [44,45], which can be used relatively few calculations for
higher accuracy by solving the electron density to determine the structural quality of the material, and
the latter calculation process is shown in Figure 2.
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Figure 2 Flow chart illustrating a self-consistent solution to the Kohn-Sham equation [45].

Based on DFT, its predictive accuracy hinges critically on approximations for the exchange-correlation
potential, commonly addressed through Local Density Approximation (LDA) or Generalized Gradient
Approximation (GGA) methods [40,45,46] These techniques are frequently implemented in software
packages such as the Vienna Ab initio Simulation Package (VASP) [47-49], CASTEP [46,50], Quantum
Espresso [51], Abinit [52] and so on. For instance, Liu et al. [50] employed the GGA-PBE (Perdew-

4



Al Mater. Review

Burke-Ernzerhof) formalism within CASTEP to assess mechanical properties, lattice discrepancies, and
structural stability across fifteen HECCs, demonstrating their exceptional characteristics including
extreme hardness, fracture resistance, and ultra-high melting points (Figure 3 (a)). Liu et al. [53] studied
the thermal as well electrical properties of (Tio.2Zro2Nbo2Hfo2Tao2)C using the CASTEP based on DFT,
predicting the room temperature conductivity through experiments successfully (Figure 3(b)). Through
first-principles calculation integrated with simulations and experimental analyses, in their study of
(Ti0.2Vo2Nbo2Tag2Wo.2)Cx high-entropy carbide synthesis, Ouyang et al. [46] proposed an anionic
vacancy filling (AVF) mechanism to explain structural evolution, as illustrated in Figure 3(c).
Employing first-principles calculations via the GGA approach in Quantum Espressov6.2, Hossain et al.
[51] explored carbon concentration dependent mechanical behavior in (HfNbTaTiZr)Cy thin films.
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Figure 3. Different calculations of HECCs by first-principle: (a) The formation energy (Eform),
mixing enthalpy (AHmix) and lattice constant difference (Ja) of fifteen HECCs [50]. Reprinted with
permission [50]. Copyright 2021 Elsevier; (b) The bond population (BP)-bond length (BL) of each
bond, and the absolute error (%) between M-C in HECCs and TaC in binary carbide [53]; (c)

Energy variation state and reaction rate of (Tio25Vo25Nbo2sTao2s5)Cx [46]. Reprinted with
permission [46]. Copyright 2024 Elsevier.
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In addition, based on the electronic structure characteristics of HECCs system, it is not only able to
obtain the electronic state density and the structure affected by lattice distortion, but also the ability to
predict the properties of the material, such as mechanical, thermal physics, optical, electrical, etc., to
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select the component system of the target energy and improve the development efficiency of HECCs
materials [46,50,54]. In general, the calculation time is proportional to the size of the supercell. Limited
by the processing capacity of the computer, the material system that can be processed is relatively small,
usually less than one hundred [46,49,51,53]. At present, researchers successfully predicted the
production of components, structures, single-phase high-entropy formation ability and basic mechanical
properties of HECCs based on the first-principles calculation [55-58].

4. Phase and structure of HECCs
4.1. Phase stability evaluation and crystal structure of HECCs

Hundreds of HECCs (more than four kinds of metal elements) have been found, and some crystal
structures and unit cell parameters are shown in Table 2. Different transition metal sizes, and the different
crystal structure, lattice size and electron distribution of binary carbides cause differences of stability
and formation ability of HECCs solid solution [55-59].

Table 2. Component design and crystal structure of HECCs solid solution.

Compent Crystal structure Lattice constants,a=b=c
(TaNbHfZrTi)CP! FCC 4.528
(HfZrTaNbTi)C!") FCC 4.528 + 0.005

(ZINbTiV)C4 FCC 4.434
(HfTaZrTi)CP3 FCC 4.554
(HfTaZrNb)C! FCC 4.583
(TiZrHfCr)CB6 FCC 4.487
(TiZrHfMo)CP®! FCC 4.524
(TiZrHfW) P! FCC 4.513
(TiZrVCr)CP¢ FCC 4.353
(TiZrVMo)CP*! FCC 4.410
(TiZrvw)CBbel FCC 4.400
(TiZrNbCr)CP% FCC 4.437
(TiZrNbMo)CB®! FCC 4.480
(TiZrNbW)CPe! FCC 4.480
(NbTazZrw)CB" FCC 4.509
(NbTaZrHfW)CB! FCC 4.5285
(TaNbTiZr)CP® FCC 4.504
(TaNbTiZrHf)CP¥ FCC 4.534
(TaNbTiZrHfMo)CP®¥ FCC 4.504
(TaNbTiZrHfMoV)CP8] FCC 4.464
(TaNbTiZrHfMoV W)C8 FCC 4.455
(TaNbTiV)CB4 FCC 4.376
(ZrNbTaHH)CP! FCC 4.563
(ZrNbTaHfTi)CP! FCC 4.553

(ZrNbTaHfTiV)CP”! FCC 4.495
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4.1.1. Criterion of mixed Gibbs free energy

Because of the scale and the number of elements, there is a wide design space of HECCs. In order to
effectively select the atomic combination of single-phase HECCs, the researchers constantly develop
the new body, and try to predict the formation ability through theoretical calculation.

Gibbs free energy serves as a key criterion for evaluating thermodynamic stability in single-phase
high-entropy ceramic systems [24]. For high-entropy carbide ceramics, this stability is fundamentally
linked to the combined Gibbs free energy (AGmix), @ parameter quantitatively described in Equation (2),

AG,,, =AH_. —TAS . (2)

Here, AHmix and ASmix denote the enthalpy and entropy of mixing for HECC systems, respectively. A

negative AGmix (AGmix < 0) indicates a possible stabilized solid solution [24,60]. Equation (3) provides

the computational framework for determining zero-temperature/pressure mixing enthalpy (AHmix at 0 K
and 0 Pa) in HECCs.

AH 21:; = EHECCS - (ETMlc + ETMZC + ETM3C + ETM4C + ETMSC) / 5 (3)

E represents density functional theory (DFT)-derived energies for both constituent transition metal
carbides (TM1C-TM5C) and the resultant HECC phase. The positive and negative values of AH’X
determine whether it is an endothermic or exothermic process. In addition, there are two sublattices for
HECCs where h represents the metallic sites and k denotes the carbon sites. Their configurational mixing
entropy can be formulated through Equation (4) [24,61],

X N X N
AS . =—R{I—— " " x"In(x")+ CxKlIn x.k} 4
=R X ) 5 3 ) @

where, Ny and Nk correspond to elemental diversity within sublattices h and k, while molar fractions of
component i in these sublattices are denoted by respective variables.

Further considering the carbon vacancy properties of HECCs, the actual configuration is that the metal
atoms randomly occupy the metal sublattice, while the carbon atoms and a certain concentration of vacancy
occupy the carbon sublattice, so the mixed entropy of HECCs comes from the disorder of the metal
sublattice and the vacancy in the carbon sublattice [24,61]. For example, Ye research group [24,55] has
verified through experiments that (ZrNbTiV)C carbide has dual sublattice structure characteristics: in
the carbon sublattice system, the atomic sites show a statistical distribution of carbon atoms and vacancy
accounting for 50% each, while the metal sublattice is occupied by four or more transition group
elements in disordered solid solution form. It is particularly noteworthy that the vacancy defects in the
carbon sublattice can be equivalent to the virtual components participating in the entropy calculation,
and this unique structural design significantly improves the configuration entropy of the carbon
sublattice. Therefore, the overall mixing entropy of the material contains two dimensional contributions,
including the synergistic superposition effect of the multi-element disorder distribution of the metal
sublattice and the vacancy defect entropy of the carbon sublattice. The different ASmix of no vacancies
and 50% carbon vacancies are 0.693R and 1.040R, respectively. In the case of the DFT, using Special
Quasi-random Structure (SQS) modeling, Ye et al. [7] quantified both mixing enthalpy and
configurational entropy for (TiZrHfNbTa)C systems, and determined the stable temperature of the mixed
Gibbs freedom for the negative (TiZrHfNbTa)C using thermodynamic data, which is the guide to the
synthesis of this HECCs.
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4.1.2. Criterion of entropy formation ability

Entropy Forming Ability (EFA) was used to predict whether multi carbides can form single phase based
on the first-principles calculations [8]. Entropy estimation involves analyzing the metastable energy
spectrum (H) relative to the ground state, with standard deviation o inversely correlating with entropy
magnitude S. For a system without specific species, the descriptor (EFA) is defined as 1/, measured
above the ground state of the system at absolute zero temperature. The calculation expression is shown
in the Equation (5) and (6),

EFA(N) = {a[spectrum(Hi (N))]T=O}_l (5)

Zin:lgi (Hi - Hmix)2
a9

Here, n indicates geometric configuration multiplicity, gi reflects degeneracy states, and Hmix is derived
from enthalpy-weighted averaging across configurations (Equation (7)),
Ho 2, 9H,
Z::lgi

Sarker et al. [8] calculated EFA values for a total of fifty-six five-membered carbides and some of
them were tested by experimental verification as shown in Table 3. Elevated values correlate strongly
with single-phase solid solution formation in penternary carbides, aligning with an established EFA
synthesis threshold of 50 (eV/atom)™. The five-membered carbides with a large EFA value all form
single-phase solid solution, while the second phase is easy to appear in the five-membered carbides with
small EFA value [8,9], as shown in Figure 4. In addition, Kaufmann et al. [14] predicted EFA values of
seventy kinds of five-membered carbides containing Group VI elements through machine learning, and
verified several typical compositions in combination with experiments, further confirming the

effectiveness of EFA model in high-throughput exploration of high-entropy ceramic compositions
(Table 3).

o {Hi(N)} = (6)

(7)

Table 3 EVA values of different HECCs by first-principles calculations.

Composition EVA Phase Composition EVA Phase
avlo 141 (0]

VNbTaMoW)C!®! 125 S TiZrHfMoW)C®! 38 M
(TiZrHfNbTa)C®! 100 S (ZrtHfVMoW)C!®! 37 M
(TiHfVNbTa)C®! 100 S (CrMoNbVW)C!'4 100 S
(TiVNbTaW)CE! 77 S (CrMoNbTaW)C!4! 104 S
(HfNbTiVZr)C® 71 — (CrMoTaVW)C!H4! 103 S
(TiHfNbTaW)C!®! 67 S (CrMoTivW)Cl4! 88 S
(TiZrHfTaW)C!®! 50 S (CrHfTaWZr)C!4! 51 M
(ZrHfTaMoW)C!®] 45 M (CrMoTiWZr)C!14! 49 M
(HfTaVWZr)C!®! 43 — (CrHfMoTiw)C[4! 45 M

Notes: “S: Single-phase; M: Multi-phase.
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Figure 4. The energy distribution and XRD diffraction pattern of different configuration, while
(@) and (b) are from Reference [8], and (c) is from Reference [14], and comparative analyses
include (a) configuration energy profiles for nine penternary carbides, (b) XRD patterns of these
nine systems, and (c) diffraction data for seven analogous compositions.

4.1.3. Criterion of lattice constant difference

Single-phase HECC formation propensity depends critically on constituent atomic radii, quantified
through lattice mismatch parameter 9, and 6 less than or equal to 6.6% is easy to form a single phase.
For multicomponent solid solutions, & can be determined by Equation (8) [62],

5:\/2 ni:lci( _L; ’ (8)

where, ci and r; correspond to the atomic fraction and the lattice constant of i atom, respectively, while
7 is the average lattice constant of n components.

For example, Ning et al. [34] performed DFT calculation by VASP, based on the ¢ as the criterion
of single-phase formation. The results showed that (TaNbTiV)C has a smaller ¢ about 3.014%, indicating
a smaller degree of lattice distortion, which increases the possibility to form a single-phase solid solution.
In addition, the negative AHmix observed in (TaNbTiV)C systems thermodynamically favors single-phase
solid solution formation. The experiment results that metal carbides with single phase rock salt structure
were synthesized also confirm the reliability of the first-principles calculations [24,55].

However, although there are different methods to predict the formation ability of HECCs, there is
not a universal parameter to apply to all kinds of HECCs, which is independent of the number of metal
or nonmetal elements. It is also one of the directions that needs to develop for high-entropy ceramics.

4.2. Electronic structure

Bonding characteristics, lattice distortion, as well as the microscopic mechanism of its structural stability
and mechanical properties can be expressed by the electronic structure of materials. For (HfTaZrTi)C
and (HfTaZrNb)C HECCs [63], both them have similar shape and position to Density of States (DOS)
peaks (Figure 5). In addition, the DOS at the Fermi level has some values, meaning the presence of
metallic bonds, which is similar to the single-transition-metal carbide [25,26]. Near the Fermi level, their



Al Mater. Review

state density is mainly produced by the p-orbital electrons of C atoms and d-orbital electrons of metal
atoms, which form covalent bonds. The more electron transfer indicates a stronger ionic property in
(HfTaZrTi)C, while a stronger covalent bond in (HfTaZrNb)C. Similarly, Zhang et al. [65] also found
that there are strong covalent bonds of ionic and metallic characteristics in (TiZrHfNbTa)C as a positive
effect on its mechanical strength (Figure 5 (c)). Thus, HECCs have so complex bonding characteristics
that the analysis of electronic structure is of great significance to the prediction of structural stability as
well as mechanical properties.

For example, the mechanical properties, thermal stability, and chemical stability of HECCs are
affected by the changes in electronic structure directly. In addition, because the bonding strength
between metal atoms and carbon atoms affects the formation ability and hardness of the material, the
types and proportions of metal side elements can control the mechanical properties. In addition, the
replacement of metal elements may lead to changes in the amount of charge transfer, thereby affecting
the brittleness and toughness of the material.

At present, researches are focus on the effects of different electron orbitals on bonds for HECCs.
However, there is not a detailed statistical data about the kinds and contents of different bonds for
different HECCs. In addition, the relationship between the content of bonds and the types of metal
components, as well as the mole ratios of metal and nonmetal, has not been reported in detail.
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Figure 5. DOS of high-entropy carbides ceramics [63,65]. Reprinted with permission [63].
Copyright 2020 Elsevier. Reprinted with permission [65]. Copyright 2019 American Institute of

Physics: (a) (HfTaZrTi)C; (b) (HfTaZrNb)C; (c) (TiZrHfNbTa)C.
4.3 Lattice distortion

Lattice distortion has an important effect on high-entropy materials, which is caused by the mismatch of
atomic sizes of high concentration component elements [59,66,67]. The study of lattice distortion in HECCs
is a great help to comprehend the strengthening mechanism of their excellent mechanical properties.

Sun et al. [68] proposed that the vacancy formation energy of high-entropy ceramics is positively
correlated with lattice distortion. Double carbon vacancy formation energy of (NbTaCrTiVZr)Ce,
(WCrTaTiVZr)Ce, (NbTaWCrVvzr)Cs and (CrMoTaVWZr)Cs systems which have highly lattice
distortion is more than that of (CrMoNbTiVW)Cs, (MoTaCrTiVW)Ce, (MoVWTINbTa)Cs and
(MoWTiZrNbTa)Cs systems whose lattice distortion is smaller. In addition, the system with large lattice
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distortion is not easy to produce carbon vacancy, and this phenomenon manifests with particular
prominence in metallic vacancy formation energies, as these demonstrate heightened sensitivity to
variations in lattice distortion magnitude.

In addition, high pressure can lead to changes in material structure and properties [69-72]. Given
that high-entropy ceramic carbides (HECCs) predominantly operate under extreme thermomechanical
conditions (elevated temperatures > 1000 °C and pressures > 5 GPa), understanding pressure-dependent
elastic behavior becomes crucial for performance evaluation [73,74]. Through density functional theory
simulations, Yang’s group [47] systematically investigated the pressure-modulated elastic response
evolution in (TaNbHfTiZr)C systems. The results showed that HECCs have the mixed characteristics of
covalent bond and ionic bond, and ionic bond was stronger under pressure, and tough-brittle transition was
also showed in the HECCs when the pressure was at 20 GPa. Complementary research by Jiang et al. [33]
employed Ab initio molecular dynamics to characterize the pressure-induced mechanical evolution
pathways in both (HfTazrTi)C and (HfTaZrNb)C compounds, revealing distinct pressure-hardening
mechanisms between the two material systems. The results showed that the chemical bonds formed by
C and transition metals tended to be covalent with the pressure increases, following the decrease of
hardness, lattice parameters and elasticity modulus. Complete and detailed research by Xiong et al. [48]
studied the influence of pressure on the crystal stability, mechanical properties and electronic structure
of (TiZrNbTa)C whose lattice parameters and brittleness decreased and elastic constant and elastic
modulus increased with the increase of pressure. Figure 6 showed the crystal structure and grain
boundary with lattice distortion under pressure.
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Figure 6. Models of local lattice distortion [48,74]. Reprinted with permission [48]. Copyright
2021 Springer. Reprinted with permission [74]. Copyright 2024 Elsevier: (a) lattice parameter,

density and the variation law of local lattice distortion with pressure; (b) lattice distortion of
HECCs at grain boundaries.

Lattice distortion can change the stress field and elastic strain energy inside the material, resulting
in strain strengthening effects. Therefore, the increase of lattice distortion can improve the hardness and
toughness of HECCs. However, excessive lattice mismatch leads to increased brittleness. Besides, lattice
distortion directly affects the stability of HECCs, which can be reified as a small lattice distortion
meaning a well stability and a significant one corresponding to a poor stability, and even lead to phase
transitions at high temperatures.
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5. Mechanical properties of HECCs by first-principles calculations

Elastic properties offer fundamental insights into the mechanical behavior of materials. In engineering
contexts, changes in elastic properties under varying environmental conditions are frequently observed,
and understanding the pressure dependence of these properties is essential for predicting how pressure
influences mechanical stability and associated fundamental physical characteristics [74,75]. Typically, the
elastic constants of a cubic lattice (C11, C12, and C44) are determined via the strain-stress method [76].
Employing the generalized Born’s framework, the thermodynamic stability criteria for cubic crystalline
systems subjected to hydrostatic compression are mathematically formalized through Equation (9),
establishing critical boundaries for lattice integrity preservation [77],

¢,-p>0C,-P>0C,-C,-2P>0,C,+2C,+P>0. 9

The modules, Poisson’s ratio, Platts’ ratio and Vickers hardness of HECCs can be calculated from
the elastic constants to evaluate their elastic properties. For instance, in the case of
(TixZro2Nbo2Tag2M0o.4x)C high-entropy carbides with a cubic crystal structure, the strain-stress method
was employed to determine three independent elastic constants [24]. Critical elasticity parameters
including B, G, and Hy were computationally resolved through constitutive relationships defined in
Equations (10-15), employing tensor transformation protocols [78].

g Cu +32<:12 (10)
=3+ ;GR (11)
Gv — 3C44 +§11 _C12 (12)
o= 5(011 _ClZ)C44 (13)

4C44 +3(C11 _Clz)
E= 39BBGG (14)

+

HV — 2(k2G)0.585 _3 (15)

where B is bulk modulus, G is shear modulus, and k is the G/B ratio. The larger the B, the stronger the
material’s resistance to volume deformation under pressure; The greater the E, the stronger the resistance
to unidirectional axial tensile; The greater the G, the stronger the resistance to shear strain; Moreover,
Poisson’s ratio and Platts’ ratio serve as critical indicators to quantify the material’s propensity for
ductile versus brittle fracture modes.

From multiscale investigations about the computational and experimental studies, HECCs have
higher hardness and modulus than single-component carbides that are calculated based on the Rule of
Mixture (ROM) [8,48]. The calculation results of elastic modulus, Poisson’s ratio and Przewalski’s ratio
of some carbide high-entropy ceramics are listed, as shown in Table 4. In addition, lattice distortion also
leads to differences in elastic modulus. For (NbTaTiZr)C ceramics, lattice distortion results in an
increase in elastic modulus, while that of (NbTiVZr)C ceramics is significantly reduced due to lattice
distortion. At present, the prediction of elastic properties of HECCs by first-principles method has been
recognized by many researchers, and computational predictions demonstrate strong congruence with
empirical measurements, validating the implemented multiscale modeling framework [50].

12



Al Mater. Review

Table 4. Calculation results of B, G, E, v and k of HECCs

Components B/ GPa G/ GPa E/GPa v k
(HfTaZrNb)C*! 270.4 205.2 485.6 0.2 1.3
(HfTaZrTi)CP! 255.1 164.7 405.9 0.23 1.6
(HfTaTiWZr)Ce®! 274 191 466 - -
(TiZrNbTa)C*®! 254 466 195 0.194 1.303
(NbTaTiZr)C!"™

Lattice distortion 250 177 429 0.213 1.410
(NbTaTiZr)Cl"™! 264 189 458 0.211 1.397
(NbTiVZr)C™!

Lattice distortion 270 197 476 0.206 1.370
(NbTiVZr)C™! 274 203 489 0.203 -
HfZrTaNbTi)C4”!

(HEZrTaNbTi)C 264.5 179.6 439.4 0.223 1.47

Lattice distortion

(TiZrHfTaNb)C®"! 241.29 185.82 44.09 0.193 1.29

(TiZrHfTaMo)C®] 255.67 181.11 439.55 0.213 1.41
(TiZrHfTaV)CE 241.54 178.73 430.10 0.203 1.35

(TiZrHfTaCr)C®" 230.90 171.36 412.14 0.203 1.35
MoNbTaVWC;!®l 312 183 460 - -
HfNbTaTiZrCs™ 362 192 464 - -
HfNbTaTiVCs®! 276 196 475 - -
HfNbTaTiWCs!®! 291 203 493 - -
NbTaTiVZrCs!®! 305 199 490 - -
HfNbTiWZrCs!®! 274 191 466 - -

Li et al. [81] found that the ratio and arrangement of metal atoms significantly influence the
mechanical properties and slip mechanisms. 1VB group transition metal carbides tend to slip along
(110)/[110], when VB group transition metal carbides tend to slip along (110)/[111]. The quasi-equilibrium
mechanical response of (HfTiZr)—«(NbTa)xC adheres to established composite material blending laws.
However, atomic-scale bond strength analysis reveals yield shear stress is predominantly dictated by
Me-C bond dissociation energies at active slip planes, whose spatial orientation correlates with y-surface
minima in stacking fault energy landscapes. As evidenced in Figure 7, the average lattice constants and
modules of (HfTiZr);-x(NbTa)xC means that the change of atom type and content can affect the lattice
constant and modules directly, as well as a good agreement with the ROM method. Moreover, when x > 0.5,
dissociation takes place on the (111) slip plane, suggesting that the primary (110)/[110] slip system
characteristic of IVB group transition metal carbides may shift to the (110)/[111] slip system. By modifying
the ratio and arrangement of various group metal atoms within (HfTiZr)1-x(NbTa)xC, it is possible to tailor
the material’s slip behavior, yield shear strength, and plasticity.
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Figure 7. Average lattice constants (a) and modules (b) of (HfTiZr),—«(NbTa)xC and those predicted
by ROM [81]. Reprinted with permission [81]. Copyright 2024 American Physical Society.

In addition, the grain boundary structure also determines the mechanical properties of HECCs. Li et
al. [74] studied the mechanical response of {210}/[001]ce in (HfNbTaTiZr)C under shear deformation.
The GB migrates in VB carbides, while C-C bond formed inside GB in IVB carbides inhibits GB
migration, resulting in Metal-C bond breakage, as well as the failure of the super-battery. By customizing
grain boundaries in (HfNbTaTiZr)C with metal atoms from diverse groups, a ‘pinning’ effect can be
introduced, which may enhance plasticity while maintaining strength. Furthermore, high-entropy carbide
ceramics (HECCs) demonstrate greater grain boundary migration stress than traditional binary carbides.
These findings offer valuable insights into the mechanical properties of grain boundary structures in
high-entropy carbide ceramics.

In short, the lattice distortion and grain boundary structure directly affect the mechanical properties
of HECCs, which are influenced by the size and atomic proportion of transition metal atoms. Therefore,
based on first-principles calculation, structural design is expected to guide the preparation of HECCs
with specific mechanical properties. However, the difficulty in controlling the influencing factors of the
experimental process has become a key constraint on preparation.

6. Summary and prospect

The first-principles calculation can effectively predict the crystal structure, single-phase formation
ability, stability, and mechanical properties of HECCs, shorten the development cycle and avoid
resources wast. Based on the first-principles calculation, multiple types of calculations can be performed
regarding high entropy ceramics.

(1) The accurate prediction and simulation of the crystal structure of HECCs based on first-principles
calculation were summarized. HECCs tend to form FCC structures, and the formation ability of
single-phase HECCs was tested based on different evaluation parameters;

(2) This article summarizes the results of first-principles calculation of electronic structure
information, such as band structure and DOS of HECCs which exhibits characteristics of
covalent bonds, ionic bonds, and metal bonds, and the bonding strength between metal and
carbon atoms varies with the type of metal atom;
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(3) Based on first-principles calculation, calculation method for mechanical properties of HECCs
was summarized, and the effects of pressure, lattice distortion, and grain boundary structure on
the elastic modulus of HECCs were explained.

However, the first-principles calculation also has shortcomings. Due to its large amount of
calculation and long-time consumption, the scale of the material system is generally about one hundred or
even dozens of atoms, which is small for HECCs with disorderly distribution of various metal elements.

According to the shortcomings and advantages of first-principles calculation method, its application
in HECCs should be developed in the following directions: (1) Expand the computational atomic system
size and increase the number of atoms from developing more reasonable and efficient modeling and
calculation methods while reducing the calculation time; (2) Integrate multi-scale calculation methods.
Different properties of HECCs at different scales are studied by combining the first-principles
calculations with phase molecular dynamics, machine learning, phase diagram calculation and so on; (3)
Unify the calculation database results. Establish the first-principles calculations database of HECCs and
standard the first-principles calculation software, so that the calculation results of different researchers
are more standardized and comparable.
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