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Abstract 

 

A novel high-entropy carbide ceramic, (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, with a 

single-phase rock salt structure, was synthesized by spark plasma sintering. X-ray 

diffraction confirmed the formation of a single-phase rock salt structure at 26-1140 °C 

in Argon atmosphere, in which the five metal elements likely share a cation position 

while the C element occupies the anion position. (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C exhibits 

a much lower thermal diffusivity and conductivity than the five binary carbides HfC, 

ZrC, TaC, NbC and TiC, which may result from the significant phonon scattering at 

its distorted anion sublattice. (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

 

)C inherits the high elastic 

modulus and hardness of the binary carbide ceramics. 

 

 

Keywords: high-entropy ceramics, microstructure, thermal conductivity, spark 

plasma sintering 

 

 

 

 

 

1. Introduction 

 

    In the last decade, metallic high-entropy alloys (HEAs) have attracted extensive 

research interest.1 Unlike traditional metal alloys, HEAs contain four or more metal 
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elements in equal or near-equal atomic percentage, but form a single-phase solid 

solution with simple lattice structures (such as body-centered cubic or face-centered 

cubic) due to a high configuration entropy.2, 3 Because the minimization of Gibbs free 

energy (G = H−TS, where H is enthalpy, S is entropy, and T is temperature) controls 

the thermodynamic stability of a material, high-entropy materials with a large S can 

be more thermodynamically stable at high temperatures. In addition, high-entropy 

materials have shown superior mechanical properties, corrosion resistance, thermal 

properties, and irradiation tolerance to traditional materials.

    Compared to metallic HEAs, very few high-entropy ceramics (HECs) have been 

discovered. High-entropy ceramics are characterized by an intrinsic atomic disorder 

of metal elements in the cation position, resulting in compositional complexity and 

significant lattice distortion.  The high configuration entropy may make the HECs 

more thermodynamically stable at high temperatures. Rose et al. first reported a 

high-entropy oxide, (Mg

3, 4, 5 

0.2Co0.2Ni0.2Cu0.2Zn0.2)O prepared by quenching, which has 

a single-phase rock salt structure.6 Later, Bérardan et al. found that this oxide and its 

derivatives, (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)1-x-yA xGayO (where A = Li, Na or K), exhibit 

colossal dielectric constants7 and superionic conductivity.8 Gild et al. synthesized a 

family of high-entropy borides, including (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 and 

(Hf0.2Zr0.2Ta0.2Mo0.2Ti0.2)B2, by spark plasma sintering (SPS). These high-entropy 

borides exhibit a single-phase solid solution with a layered hexagonal structure, and 

show higher hardness and oxidation resistance than the binary metal diborides such as 

HfB2 or ZrB2.
9

    This paper presents the synthesis, microstructures, and properties of a novel 

high-entropy carbide ceramic, (Hf

 Despite these recent studies, little is known about the mechanisms 

associated with the underlying atomic disorder in the HECs, which controls their 

microstructures and properties. 

0.2Zr0.2Ta0.2Nb0.2Ti0.2)C. X-ray diffraction (XRD) 

confirmed the formation of a single-phase rock salt structure (space group Fm3�m), in 

which the five metal elements (Hf, Zr, Ta, Nb, and Ti) may share a cation position 
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while the C element occupies the anion position. The (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 

exhibits low thermal conductivity and diffusivity, which is much lower than the five 

binary carbides HfC, ZrC, TaC, NbC and TiC. In addition, 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

 

)C inherits the high elastic modulus and hardness of the 

binary carbide ceramics. These excellent properties make high-entropy carbide 

ceramics as a promising candidate for thermal insulation materials in aeronautic and 

automotive applications such as spacecraft and gas turbines. 

2. Experimental 

 

    High-entropy carbide ceramics, (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, were synthesized 

by spark plasma sintering (SPS). Commercially available HfC (99.5%, <45 µm 

powder size), ZrC (99.5%, <45 µm), TaC (99.5%, <45 µm), NbC (99.0%, <45 µm), 

and TiC (99.5%, <45 µm) were purchased from Alfa Aesar. These powders, with an 

equimolar composition (HfC: ZrC: TaC: NbC: TiC=1:1:1:1:1), were mixed in a glove 

box under an Ar atmosphere to avoid oxidation. The powders were added into a 

316-stainless steel grinding bowl for ball milling in an Ar atmosphere (1 atm). The 

grinding balls are 10 mm in diameter and the ball-to-powder mass ratio was 5:1. The 

mixture of powders was milled at 250 rpm for 6 h using a high-energy planetary ball 

mill (Model Pulverisette 7, Fritsch GmbH). To prevent overheating, ball milling was 

interrupted for 5 min, every 60 min for cooling. Consolidation of the ball milled 

powders was performed in an SPS system (Model SPS 10-4, Thermal Technologies) 

in a vacuum (2×10−2 Torr) at 2000 °C for 5 min under a pressure of 30 MPa. The 

heating rate was 100 °C/min. A 25µm-thick molybdenum foil was used to separate 

the powders from the graphite die to prevent a reaction between them. The 

synthesized samples’ diameter and thickness were about 20 mm and 1 mm, 

respectively. 
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    The phase composition in the as-sintered sample was characterized by XRD 

using a diffractometer (AXS D8 Discover, Bruker) with Cu Kα radiation. Jade 

software (V6.2, Materials Data Inc.) was used to refine the lattice parameters from 

XRD peaks. To examine the thermal stability of the high entropy ceramics, the 

as-sintered (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples were annealed at 500, 800 and 

1140 °C for 1 hour in Argon atmosphere. After annealing, the samples were 

characterized by XRD with Cu Kα

    The microstructures were characterized by a FIB/SEM dual-beam workstation 

(Helios 660 NanoLab, FEI) using the secondary electron imaging mode. The grain 

size was statistically measured from the fracture surface for over 100 grains using 

ImageJ software (Version 1.51f, National Institute of Health). The chemical element 

distribution was analyzed by energy dispersive X-ray spectroscopy (EDS) using an 

EDS system (Octane Super, EDAX) equipped in the Helios 660. 

 radiation. 

    The density of the as-sintered sample was measured using the Archimedes 

method on a balance (AT201, Mettler Toledo). The theoretical density of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C was calculated from the mass of the atoms in a unit cell 

and the lattice parameters measured from the XRD data. The Young’s modulus (E) 

was calculated using the nanoindentation load-displacement curve measured in a 

triboindenter (TI 950, Hysitron), following the method developed by Oliver and 

Pharr.10 The Vickers microhardness (Hv

    Thermal conductivity (k) was calculated from the thermal diffusivity (α), density 

(ρ), and specific heat (c

) was measured using a hardness tester under 

a load of 9.8 N and a dwell time of 10 seconds (Tukon 2500, Wilson).  

p

                       � = ����                           (1) 

) according to the following equation:  

Thermal diffusivity was measured using a laser flash unit (LFA 457/2/G microflash, 

Netzsch). The sample was coated with a light spray of graphite to prevent any 

undesirable reflection of the laser beam. The thermal diffusivity measurements were 

performed under air atmosphere and from 15 laser shots. Specific heat capacity was 
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measured on a differential scanning calorimeter (DSC 204 F1 Phoenix, Netzsh).11 The 

linear thermal expansion was measured using a dilatometer (402C, Netzsch) in Ar 

atmosphere from 25 to 300 ºC at heating and cooling rates of 3 ºC/min. The thermal 

expansion coefficient (αL

 

) was calculated from linear thermal expansion. 

3. Results and discussion 

 

Fig. 1a shows the XRD spectrum of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, which is 

compared with those of the five binary carbides used in its synthesis (HfC, ZrC, TaC, 

NbC and TiC). The XRD peaks suggest a single-phase of a rock-salt structure (space 

group Fm3�m), which is the same structure as the five binary carbides. It is important 

to note that ball-milled powders were still a mixture of HfC, ZrC, TaC, NbC and TiC, 

while a single phase (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

Based on the XRD data, the schematic diagram of the rock salt structure of 

(Hf

) was formed after sintering by SPS.  

0.2Zr0.2Ta0.2Nb0.2Ti0.2)C is presented in Fig. 1b. It is noted that this is a simplified 

schematic diagram that does not take the lattice distortion into account. The five metal 

elements (Hf, Zr, Ta, Nb, and Ti) very likely share a cation position, while the C 

element occupies the anion position. The thermal stability of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C was studied by the annealing experiments. After 

annealing at 500, 800 and 1140 °C for 1 hour under argon environment, the XRD 

spectra showed no evidence of phase decomposition or transformation, indicating that 

the high-entropy phase (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

The lattice parameter a of (Hf

)C is thermally stable up to 1140 °C 

(Fig. 1c).  

0.2Zr0.2Ta0.2Nb0.2Ti0.2)C was calculated to be 

4.5180 Å, which is close to the average lattice parameter (4.5130 Å) of the five binary 

carbides (Table 1). In the high-entropy ceramics, the rearrangement of the multiple 

metallic elements can generate distinction in lattice parameters, which transfer the 

sub-lattice into an unstandardized rock-salt structure. Due to the lattice distortion in 
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this unstandardized rock-salt structure, the lattice parameter of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C is just an average estimation. The theoretical density of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C is 9.385 g/cm3 , which is calculated from its lattice 

parameter and is an average estimation. The measured density of the bulk 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample using the Archimedes method was 8.751 g/cm3

The SEM micrographs of a typical fracture surface of the 

(Hf

, 

suggesting the relative density of the bulk sample is 93%. 

0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample (Fig. 2a) revealed uniaxial grains with an average 

grain size of 16.4 ± 4.5 µm. The SEM image of the polished surface and the 

corresponding EDS mapping of Hf, Zr, Ta, Nb and Ti elements are shown in Fig. 2b. 

The distribution of these metal cation elements is homogeneous at the micrometer 

level, indicating that these metal elements formed a solid solution. No element 

degradation was identified from the EDS mapping, confirming that a single phase is 

present in the (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample. The TEM images of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

The thermal properties of (Hf

)C show uniaxial grains with a grain size of 10-20 µm. 

0.2Zr0.2Ta0.2Nb0.2Ti0.2)C measured are listed in 

Table 2 and compared with those of the five binary carbides HfC, ZrC, TaC, NbC 

and TiC. The (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C shows a very low thermal diffusivity (3.6 

mm2/s) at 29.5 °C, which is 57% of the lowest value (6.29 mm2/s) in the five binary 

compounds at room temperature (25 °C). As a result, (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 

exhibits a low thermal conductivity, 6.45 W/m·K at 29.5 °C, which is less than 

one-fourth of the thermal conductivity of the binary compounds of 

ultra-high-temperature ceramics (UHTCs) such as HfC (29.3 W/m·K) or TaC (33.5 

W/m·K) and is only comparable to the thermal conductivity of NbC (6.3 W/m·K) at 

room temperature. With increasing temperature, the thermal conductivity of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C decreases to 5.42 W/m·K at 70.8 °C. In addition, the 

thermal expansion coefficient of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C is 6.44×10-6 K-1 at 25 °C, 
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which is comparable to that of the five binary carbides (HfC, ZrC, TaC, NbC and TiC) 

(Table 2). 

The low thermal conductivity of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C may result from the 

high-entropy effects. Phonons and electrons are the main carriers for transferring heat 

in solids. For transition metal carbides, such as TiC, the electron contribution 

accounts for about 25% of the total heat conduction at room temperature, as estimated 

from the Wiedemann-Franz law, leaving the phonon contribution at about 75%.21 

When HfC, ZrC, TaC, NbC, and TiC form the high-entropy phase 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, the phonon contribution may be changed much while the 

electron contribution is not. Due to the different sizes and bonding strengths of the 

five individual metal atoms (Hf, Zr, Ta, Nb and Ti) in the cation positions, there exist 

significant atomic-scale lattice distortions for the lattice sites in 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C. Recently, Rost et al. present an extended X-ray 

absorption fine structure (EXAFS) analysis of an HEC, 

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O.22 It showed that the crystal models that best fit the 

experimental X-ray scatting data are cations that are distributed randomly on an FCC 

sublattice with minimum positional disorder, with an interleaved anion FCC sublattice 

in which oxygen ions are displaced from the ideal locations to accommodate the 

distortions in the cation polyhedral. In (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, the distortion 

from an ideal rock-salt structure occurs primarily through the disorder in the anion 

sublattice. Because (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C has a similar rock-salt structure with 

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, it can be hypothesized that in 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, the lattice distortion may also occur mainly through the 

anion sublattice. However, an EXAFS analysis will be needed to examine this 

hypothesis. In contrast to perfect crystals and ordered materials, the mass and 

interatomic force constant fluctuations in HECs, due to anion sublattice distortion, can 

induce severe phonon scattering.23 The low thermal conductivity due to lattice 

distortion has also been observed in some other HEAs, such as PbSnTeSe and 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

BiSbTe1.5Se1.5.
24, 25, 26 The low thermal conductivity of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 

may be mainly attributed to its distorted anion sublattice, at which the phonons are 

scattered more significantly. However, there is a significant difference in HECs and 

HEAs. In HECs such as (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, the lattice distortion may occur 

mainly through the anion sublattice. In the HEAs such as PbSnTeSe, the lattice 

distortion exist in the whole crystal structure.  In HEAs such as NiCoFeCr, it is 

suggested that an increasing number of principal elements and/or concentrations of 

specific elements can result in a substantial reduction in the electron mean free path 

and a decrease in electrical and thermal conductivity. The subsequently slow energy 

dissipation can affect the defect dynamics at the early stages, which may lead to less 

irradiation defects and improved irradiation resistance.27, 28 It is thus possible that 

HECs such as (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

(Hf

)C may also show high irradiation tolerance 

similar to HEAs. 

0.2Zr0.2Ta0.2Nb0.2Ti0.2)C inherits the high elastic modulus and hardness of the 

binary carbides. The elastic modulus and Vickers hardness of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C are comparable to the five binary carbides HfC, ZrC, TaC, 

NbC and TiC (Table 1). The high elastic modulus and hardness of the transition metal 

carbides, such as HfC, have been attributed to their strong covalent metal-carbon 

bonds.29 The local bond lengths of each cation-anion pair in 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C may vary around each cation.22 Therefore, it may need a 

quantitative EXAFS analysis of the local bond lengths of each cation-anion pair in 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

The beneficial effects of high entropy in carbide ceramics have been revealed in 

this study, i.e., thermal conductivities are decreased while the high elastic modulus 

and hardness can be retained. These material properties are important for aeronautic 

and automotive applications such as spacecraft and gas turbines. Such properties 

cannot be easily achieved from other processing routes such as forming composites. 

)C to better correlate with the mechanical properties.  
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4. Conclusion 

 

A novel high-entropy metal carbide, (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, was 

synthesized by SPS. The crystal structure and phase composition were characterized 

by XRD, showing a single-phase rock salt structure (space group Fm3 ̅m), in which 

the five metal elements (Hf, Zr, Ta, Nb, and Ti) likely share a cation position while 

the C element occupies the anion position. The high-entropy phase 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C is thermally stable at least up to 1140 °C in Argon 

atmosphere. (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C exhibits low thermal conductivity and 

diffusivity, which are much lower than those of the five binary carbides HfC, ZrC, 

TaC, NbC and TiC. The low thermal conductivity may result from the significant 

phonon scattering at its distorted anion sublattice. The elastic modulus and hardness 

of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

 

)C are comparable to those of the five binary carbides, 

which may be attributed to the strong covalent metal-carbon bonds.   
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Figure Captions: 

 

Fig. 1. (a) XRD of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C at room temperature, compared with 

the five binary carbides used in the synthesis (HfC, ZrC, TaC, NbC and TiC). (b) 

Schematic diagram of the rock-salt structure of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C. (c) XRD 

of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

 

)C before and after annealing at 500, 800 and 1140 °C for 

1 hour in Argon atmosphere.. 
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Fig. 2. Microstructural characterization of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

Tables: 

)C: (a) SEM 

image of the fracture surface; and (b) SEM image of the polished surface, with the 

corresponding EDS mapping of Hf, Zr, Ta, Nb and Ti elements. 

Table 1. Comparison of the lattice parameters and mechanical properties of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

Materials 

)C with binary carbides HfC, ZrC, TaC, NbC and TiC.  

Lattice 

parameter, 

a (Å) 

Theoretical 

density, 

ρ (g/cm3

Elastic 

modulus, 

) E (GPa) 

Vickers 

hardness, 

Hv (GPa) 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

4.5180 
)C 

9.385 479 15 

HfC 4.641 12.6 450-500 18.312 12 

ZrC 4.683 6 464 17.613 14 

TaC 4.454 7.6 458 13.915 15 

NbC 4.4691 4.56 392 22.116 17 

TiC 4.3178 14 448 21.8716 18 

 

Table 2. Comparison of the thermal properties of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2

Materials 

)C with 

binary carbides HfC, ZrC, TaC, NbC and TiC. The data is at room temperature unless 

specifically indicated.  

Thermal 

diffusivity, 

α (mm2

Specific heat 

capacity, 

/s) cp

Thermal 

conductivity, 

 (J/kg·K) k (W/m·K) 

Thermal 

expansion 

coefficient, 

αL (10-6 K-1) 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2 4.6 (29.5 °C) )C 

3.68 (50.7 °C) 

3.73 (70.8 °C) 

191 (29.5 °C) 

161 (50.7 °C) 

155 (70.8 °C) 

6.45 (29.5 °C) 

5.56 (50.7 °C) 

5.42 (70.8 °C) 

6.44 (25 °C) 

HfC 12.3 188 29.3 6.619 
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ZrC 15.2 368 33.5 6.7420 

TaC 12.4 356 33.5 6.2920 

NbC 6.29 569 6.3 6.6520 

TiC 8.32 190 22.2 6.9920 
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