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Abstract
The formation possibility of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C high‐entropy ceramic (HHC‐1) was first
analyzed by the first‐principles calculations, and then, it was successfully fabricated by hot‐pressing
sintering technique at 2073 K under a pressure of 30 MPa. The first‐principles calculation results showed
that the mixing enthalpy and mixing entropy of HHC‐1 were −0.869 ± 0.290 kJ/mol and 0.805R,
respectively. The experimental results showed that the as‐prepared HHC‐1 not only had an interesting
single rock‐salt crystal structure of metal carbides but also possessed high compositional uniformity
from nanoscale to microscale. By taking advantage of these unique features, it exhibited extremely high
nanohardness of 40.6 ± 0.6 GPa and elastic modulus in the range from 514 ± 10 to 522 ± 10 GPa and
relatively high electrical resistivity of 91 ± 1.3 μΩ·cm, which could be due to the presence of solid solution
effects.
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Abstract

The formation possibility of (Hf 0.2 Zr 0.2 Ta 0.2 Nb 0.2 Ti 0.2 )C high-entropy ceramic

(HHC-1) was first analyzed by the first-principles calculations and then it was
a
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successfully fabricated by hot pressing sintering technique at 2073 k under a pressure
of 30 MPa. The first-principles calculation results showed that the mixing enthalpy
and mixing entropy of HHC-1 were -0.869 ± 0.290 kJ/mol and 0.805R, respectively.
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The experimental results showed that the as-prepared HHC-1 not only had an
interesting single rock-salt crystal structure of metal carbides but also possessed high
compositional uniformity from nanoscale to microscale. By taking advantage of these
unique features, it exhibited extremely high nanohardness of 40.6 ± 0.6 GPa and
elastic modulus in the range from 514 ± 10 GPa to 522 ± 10 GPa and relatively high
electrical resistivity of 91 ± 1.3 μΩ⋅cm, which could be due to the presence of solid
solution effects.

Keywords: High-entropy ceramics, metal carbides, first-principles calculations,
mechanical properties, electrical resistivity.

1. Introduction

Crystalline high-entropy ceramics (CHCs), a new class of solid solutions that

contain five or more elemental species, are attracting increasing interest for their
unique structure and properties and potential applications . 1,2 Generally, in CHCs, a
maximum molar configurational entropy can be produced by mixing five or more
elements in equimolar concentrations, which results in the minimization of Gibbs free
energy.3,4 As a result, these new materials can be thermodynamically more stable at
elevated temperatures. More interestingly, much more unique physical and chemical
characteristics that cannot be easily predicted from the crystal structure and the nature
of the constituting elements can be achieved in CHCs due to their four core effects
including high-entropy, lattice distortion, sluggish diffusion, and cocktail effect.5,6
Therefore, recent research highlighted the fabrication and properties of various CHCs,
such as metal oxides,7,8 diborides,9,10 nitrides,11 and carbides.12,13 Among the existing
CHCs, metal carbide CHCs have received great attention for potential applications in
the structural fields, especially extreme conditions of temperature, pressure and other,
This article is protected by copyright. All rights reserved

owing to their excellent physical and chemical properties including high hardness and
melting point and good thermal stability and corrosion resistance.14,15 Recently, Yan et
al.12 prepared (Hf 0.2 Zr 0.2 Ta 0.2 Nb 0.2 Ti 0.2 )C high-entropy monolithic ceramic with low
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thermal conductivity by spark plasma sintering technique at 2273 K under a pressure
of 30 MPa. Zhou et al.13 synthesized (Hf 0.2 Zr 0.2 Ta 0.2 Nb 0.2 Ti 0.2 )C high-entropy
ceramic powder by heat treatment technique at 2223 K in vacuum. However, the
current study and understanding of metal carbide CHCs is yet limited.
In

this

work,

we

first

analyzed

the

formation

possibility

of

(Hf 0.2 Zr 0.2 Ta 0.2 Nb 0.2 Ti 0.2 )C high-entropy ceramic (HHC-1) by the first-principles
calculations and then successfully fabricated it by hot pressing (HP) sintering
technique at 2073 K under a pressure of 30 MPa. The phase evolution and crystal
structure of the as-prepared HHC-1 were investigated, as well as their compositional
uniformity, electrical resistivity and mechanical properties.
2. Experimental and computational method
The first-principles calculations based on the Density Functional Theory (DFT)

were carried out using Vienna Ab-Initio Simulation Package (VASP).16,17 The
projected-augmented-waves

(PAW)

with the Perdew-Burke-Ernzerhof

(PBE)

exchange-correlation potentials were adopted.18,19 Generally, the binary metal
carbides, including ZrC, HfC, TaC, NbC, and TiC, consist of two sets of face-centered
cubic (FCC) sublattice. Consequently, a cell of the multicomponent metal carbides
was built in which one FCC sublattice is occupied by C atoms and the other FCC
sublattice is occupied by five kinds of metal atoms, as shown in Fig. 1(a). It is noted
that this is a simplified schematic diagram that does not take the lattice distortion into
account. In order to build a model closer in the stoichiometry of HHC-1 and

investigate the mobility of each type of atoms, a 2 × 2 × 2 supercell was built with 64

atoms in total, as displayed in Fig. 1(b). The first-principles calculations based on
DFT focused on the supercell structure of HHC-1. To achieve decent statistics, the
energies of 100 structures with random distribution of metal atoms and the
stoichiometry nearly the same as HHC-1 were calculated. The energy and lattice

constant of each binary metal carbide system were also calculated from a 2 × 2 × 2
This article is protected by copyright. All rights reserved

supercell. The energy calculations were performed using PAW method within VASP.
Generalized gradient approximation in the form of PBE was used for the electronic
exchange and correlation energy. The plane-wave cutoff energy of 400 eV was
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applied and the calculations were performed with the automatic k-mesh generation 40
in VASP. The electronic energy convergence criterion and the ionic force convergence
criterion were 10-4 eV and 0.02 eV/A, respectively. Furthermore, the positions of the
atoms were allowed to relax during the calculation and the volume of the supercell
was carefully adjusted to give a pressure less than 0.0 ± 1.0 kB after relaxation. These
selected calculation parameters were mainly based on Refs. 20-23.
HHC-1 was prepared by HP sintering technique in the furnace. The powders of

ZrC, HfC, TaC, NbC and TiC (99.9% purity, average particle size < 3 μm, Shanghai
ChaoWei Nanotechnology Co. Ltd., Shanghai, China) were utilized as starting
materials. The powders were mixed as follows: 20 mol.% ZrC, 20 mol.% HfC, 20
mol.% TaC, 20 mol.% NbC and 20 mol.% TiC, and ball milled for 24 h in ethanol
using high-purity agate spherical media. Afterwards, the powders were dried,
screened, and pressed into pellets of 20 mm (diameter) × 10 mm (thickness) under a
uniaxial pressure of 10 MPa. Finally, these pellets were hot-pressed under a
mechanical pressure of 30 MPa inside graphite dies in vacuum at 2073 K for 30 min
with a heating rate of 8 K/min.
Phase analysis of the samples was monitored by X-ray diffraction (XRD, X’pert

PRO, Almelo, Netherlands). The equivalent counting time for a conventional point

detector would be 30 s per point at 0.01° 2θ increments. The microstructure and
compositional uniformity of the samples were analyzed by scanning electron
microscopy (SEM, supra-55; Zeiss, Oberkochen, Germany) with energy dispersive
spectroscopy (EDS) and transmission electron microscopy (TEM, JEM 2100, JEOL,
Tokyo, Japan) with EDS. Nanoindentation test was performed on the well-polished
surface of the samples using Nano-IndenterTM XP (MTS system Corp., USA) system
with a diamond Berkovich indenter with a tip radius of 20 nm to measure their
nanohardness and elastic modulus. The load was set at a constant value (8 mN). The
indentations were recorded with each point spaced 10 μm apart. The nanohardness
This article is protected by copyright. All rights reserved

and elastic modulus of the samples were calculated by the Oliver and Pharr method.24
It should be mentioned that the elastic modulus is determined using the following
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equation:
1⁄���� = (1 − ʋ2 )⁄� + (1 − ʋ2� )⁄��

(1)

where E eff is the reduced modulus obtained from nanoindentation, E and ʋ are the
elastic modulus and Poisson’s ratio, respectively, for the sample, whereas E I and ʋ I
are the same parameters for the indenter. An estimated Poisson’s ratio (0.18 ~ 0.22)
from the average value of five individual metal carbides is obtained from literature25
where available. The microhardness of the samples was measured on their
well-polished surface by the indentation technique using the microhardness tester with
a Vickers indenter (HVS-30Z, Shanghai SCTMC Co. Ltd., China) at different loads
(0.98 N, 1.96 N, 2.94 N, 4.9 N and 9.8 N). The fracture toughness of the samples was
also measured on their well-polished surface by the indentation technique using the
same microhardness tester with a Vickers indenter. A load of 24.5 N was used to
generate the cracks in the sample in order to calculate the fracture toughness (K Ic ) by
using Antis equation:26

E
K Ic =0.016  
H

1/2

P
c3/2

(2)

where P is the applied load, E is the elastic modulus, H is the hardness, and c is the
radial crack length (measured from center of indent). A total of 30 indentations were
performed to get the average value of the hardness, elastic modulus and fracture
toughness. The electrical resistivity of HHC-1 at room temperature was determined by
the four point probe method with three specimens 1 mm × 3 mm × 10 mm in size to

get the average value. These experiments were carried out by using a digital DC
resistance tester (TH2512, Tonghui Electronic Co. Ltd., Changzhou, China). The
densities of the samples were measured via the Archimedes method and the relative
densities were calculated via using theoretical densities that were determined by the
lattice parameters measured by XRD.
3. Results and discussion
This article is protected by copyright. All rights reserved

The equilibrium lattice parameters of HHC-1 and the binary carbides at 0 K
calculated by the first principles are listed in Table 1. It can be seen that the calculated
lattice parameter of HHC-1 is about 4.528±0.005 Å, in good agreement with the
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calculated lattice parameter of 4.524 Å from Vegard’s law,27 which demonstrates the
calculated lattice constant of HHC-1 is reasonably accurate. Furthermore, on the basis
of the energies from DFT calculations of HHC-1 and the binary carbides at 0 K after
relaxation (Table 1), we can analyze whether or not the structure of HHC-1 is
thermodynamically stable. The thermodynamic stability of HHC-1 is determined by
its mixing Gibbs free energy (ΔG mix ), which can be expressed as:

∆Gmix =∆H mix − T ∆Smix

(3)

where ΔH mix is the mixing enthalpy of HHC-1, ΔS mix is the mixing entropy of HHC-1,
and T is the temperature. The ΔH mix should be insensitive to the temperature thus its
variation can be negligible.28 As a consequence, the ΔH mix of HHC-1 can be estimated

by its value at 0 K. Specifically, the mixing enthalpy of HHC-1 at 0 K ( ∆H mix ) can be
0K

calculated by the following equation:
0�
Δ����
= ����−1 − (���� + ���� + ���� + ���� + ���� )/5

(4)

where E stands for the DFT energies of the different samples after relaxation at 0 K

0K
and 0 Pa. Using the energies from DFT calculations, the ∆H mix is calculated to be

about -0.869±0.290 kJ/mol, which is close to zero. According to the phase formation
theory in multi-component systems, the positive ΔH mix and negative ΔH mix have the
same effect for restraining the solid solution formation. Only when the value of ΔH mix
is close to zero, the different elements can randomly distribute in the system, and the
solid solution phases can stable occur in the solid phase.29 In general, the mixing
entropy of a system containing two different sublattices (h presents one sublattice
with a number of sites X, and k presents another sublattice with a number of sites Y)
can be defined as:30,31
∆���� = −� �

�

�+�

ℎ
ℎ
∑�
�=1 �� ln��� � +

�

�+�

�
�
∑�
�=1 �� ln��� ��

(5)

where R is the ideal gas constant, N is the element species in the individual sublattice,
This article is protected by copyright. All rights reserved

and ��ℎ and ��� are the mole fractions of the ith element in the sublattice h and k,

respectively. In HHC-1, the values of X of carbon sublattice (h) and Y of metal
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ℎ
ℎ
sublattice (k) are equal to 1, and the value of ∑�
�=1 �� ln��� � of carbon sublattice is

equal to 0. Therefore, the mixing entropy of HHC-1 can be expressed as:
�

�
�
∆���� = − ∑�
�=1 �� ln (�� )
2

(6)

From Equation 6, the ΔS mix of HHC-1 per mole is calculated to be about 0.805R. By
combining the calculated ΔH mix of HHC-1 discussed above, the ΔG mix is found to be
negative using the Equation 3 (ΔG mix = -2.863 kJ⋅mol-1) at room temperature (298 K),
suggesting that the structure of HHC-1 is thermodynamically stable. To further
explore the stability of HHC-1, we investigated the atomic displacements of different
elements from the initial FCC lattice configuration upon relaxation based on the
first-principles calculations. Fig. 1(c) displays the magnitude of the displacement of
each atom from its original position in the 100 independent starting supercells. Clearly,
the atomic displacements from the FCC lattice are quite small in general, within the
2.5% of the lattice constants, which confirms the stability of HHC-1.
Encouraged by the theoretical calculations, we conducted above-mentioned

experiment to fabricate HHC-1. XRD characterization was first conducted to analyze
the phase composition of HHC-1. Fig. 2(a) displays XRD patterns of the phase
evolution for the mixture of the initial powders and HHC-1 during HP sintering
process. Before the HP sintering process, the mixture of the initial powders presents
XRD diffraction peaks for five individual phases of the metal carbides. After the HP
sintering process, those five individual metal carbide phases merged to form a single
rock-salt crystal structure of metal carbides without other phases, as shown in Fig.
2(b), implying that HHC-1 is composed of the single rock-salt crystal structure of
metal carbides. To further confirm this result, the X-ray data of HHC-1 in Fig. 2(a) is
plotted on a logarithmic scale, as shown in top-right corner in Fig. 2(a). Obviously, no
any diffraction peaks of other phases can be found except for HHC-1, such as the
individual binary carbides, oxides and other solid solutions. In addition, the lattice
parameter of HHC-1 phase was measured to be about 4.497 Å by XRD, which is in
This article is protected by copyright. All rights reserved

good agreement with the lattice parameter from first-principles calculations (4.528 ±
0.005 Å). On the basis of this result, the theoretical density of HHC-1 can be
calculated to be about 9.519 g/cm3. In HHC-1, the rearrangement of metallic elements
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will generate distinction in lattice parameters, which transfers the sublattice into an
unstandardized rock-salt structure. That is to say, the lattice parameter and theoretical
density are just the average estimation. Meanwhile, the measured density of HHC-1
using Archimedes method is about 9.075 g/cm3. Therefore, the relative density of
HHC-1 can be calculated to be about 95.3%. Fig. 2(c) displays a typical SEM image
of the polished surface and the corresponding EDS compositional maps of HHC-1.
The compositions of HHC-1 are largely uniform at the micrometer scale except for
the presence of a small quantity of Nb element localization. According to XRD results,
the Nb element localization may be the undissolved NbC rather than the niobium
oxides. In addition, EDS compositional maps from TEM analysis shows that no
element localization can be observed at nanoscale, which suggests that the
undissolved NbC exists in the microstructure as grain boundary phase. The presence
of a small quantity of undissolved NbC may result from the difference with other
metal carbides in their electronic structure and atom radius.32 Generally, however,
NbC can form continuous solid solutions with other metal carbides. Therefore, the
presence of a small quantity of undissolved NbC can be dissolved by heating for a
prolonged time or at higher temperatures.9 Therefore, the micrometer-scale
compositional homogeneities of HHC-1 are largely satisfactory.
TEM analyses were employed to further investigate the crystal structure and

compositional homogeneity at nanoscale. Fig. 3(a) is a representative high-resolution
transmission electron microscopy (HRTEM) image of HHC-1. It clearly exhibits a
periodic lattice structure, in which a set of fringes is about 0.26 nm, corresponding to
the d-space of (111) planes of the FCC metal carbides. Moreover, the lattice parameter
can be calculated to be about 4.468 Å, close to XRD results (4.496 Å). Selected area
__

electron diffraction (SAED) pattern along the [110] zone axis (Fig. 3(b)) indicates that
HHC-1 is the typical FCC metal carbide structure, which is in good agreement with
This article is protected by copyright. All rights reserved

XRD results. Fig. 3(c) presents the typical scanning transmission electron microscopy
(STEM) image and EDS compositional maps at the nanometer scale. It can be
observed that Zr, Hf, Ta, Nb and Ti elements are uniformly distributed at nanoscale
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and no segregation or aggregation is found throughout the scanned area. Combined to
the results from XRD and SEM, it can be concluded that a single phase HHC-1 with
good compositional uniformity from nanoscale to microscale can be prepared by HP
sintering technique, which verifies the rationalization of the first-principles
calculations on analyzing the formation possibility of the high-entropy metal carbide
ceramics.

The electrical resistivity and mechanical properties of HHC-1 were measured, as

listed in Table 2 and compared with those of the individual binary carbides including
ZrC, HfC, TaC, NbC, and TiC. Obviously, the measured electrical resistivity of
HHC-1 is significantly higher than that of most of individual binary carbides, such as
ZrC, HfC, NbC, and TaC, but is only comparable to that of TiC. The relatively high
electrical resistivity is mainly due to the presence of solid solution effects and the
porosity. The presence of solid solution effects is expected to improve the electrical
resistivity associated to the following two aspects. In the one aspect, in HHC-1, the
metal cations are in a disorder, i.e., randomly occupy the cation sub-lattice, which will
result in a high concentration of lattice distortion due to the different sizes and
bonding strengths of five metal atoms (Hf, Zr, Ta, Nb and Ti) in the cation position.12
In the other aspect, the random carbon vacancies may be generated in HHC-1.33 As a
result, these lattice distortions and carbon vacancies can improve the scattering of the
electron, which ultimately contributes to the relatively high electrical resistivity.34 In
addition, the relative density of ZHC-1 is only 95.1%, which indicates the presence of
a certain amount of porosity in ZHC-1, the presence of the porosity in HHC-1 can
also lead to an increase in electrical resistance because it can increase the scattering of
the electron. For the mechanical properties of HHC-1, it is worth noticing that the
nanohardness of HHC-1 is about 40.6 ± 0.6 GPa and its elastic modulus are in the
range of 514 ± 10 GPa to 522 ± 10 GPa, which inherits the high elastic modulus and
nanohardness of the binary carbides and even presents much higher values in
This article is protected by copyright. All rights reserved

nanohardness and elastic modulus than that of the individual binary carbides (Table 2)
measured using identical nanoindentation techniques at approximately the same load.
Furthermore, in order to avoid the effect of the estimated Poisson's ratio on the
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improvement of the elastic modulus, the reduced modulus was also listed in Table 2.
Obviously, the reduced modulus of HHC-1 is much larger than that of the individual
binary carbides, indicating that the elastic modulus has been improved. In view of the
presence of the porosity in ZHC-1, the microhardness of HHC-1 was measured under
different loads and the results are shown in Fig. 4. It can be seen that the
microhardness of HHC-1 exhibits a decrease trend with the increase of the load.
Clearly, the microhardness of HHC-1 is about 22.5 ± 0.3 GPa at a load of 0.98 N.
While the microhardness of HHC-1 decreases to 18.8 ± 0.4 GPa when the load
increases to 9.8 N, which is close to the value reported by Yan et al.12. In addition, the
measured microhardness of HHC-1 is much lower than that of the measured
nanohardness. The decrease of the microhardness can be attributed to the presence of
the porosity in HHC-1. In sum, however, the nanohardness and elastic modulus of
HHC-1 is much larger compared with that of the individual binary carbides, which is
due to the presence of solid solution strengthening mechanism. During the HHC-1
solid solution formation, the distortion can be introduced into the lattices at a specific
degree. Nevertheless, from the thermal dynamical point of view, the entire crystal
lattices potentially maintain the original lattice configurations, and therefore the local
stress fields will be created. The presence of the stress fields further result in an
increase in hardness.4 In general, most inorganic materials possess a positive
correlation between elastic modulus and interatomic bonding.35 For solid solutions,
the smaller mixing enthalpy means the larger binding force between elements.4,29 On
the basis of the first-principles calculations, the value of the mixing enthalpy is
negative. This indicates that the interatomic bonding of HHC-1 is rather strong,
leading to the increase of elastic modulus. Therefore, the as-observed enhancement in
hardness and elastic modulus of HHC-1 should be relevant to the presence of solid
solution strengthening mechanism in high-entropy ceramics. Nevertheless, the
fracture toughness of HHC-1 is close to the value of the individual binary carbide
This article is protected by copyright. All rights reserved

(Table 3). This indicates that the impact of solid solution effects on the toughness of
high-entropy ceramics can be negligible.
4. Conclusion

Author Manuscript

In conclusion, we had theoretically demonstrated the formation possibility of

HHC-1 based on the first-principles calculations and then successfully fabricated a
single-phase HHC-1 by HP sintering technique. The HHC-1 not only had a near zero
mixing enthalpy but also possessed a high mixing entropy, which made the structure
of HHC-1 be thermodynamically stable. The as-prepared HHC-1 exhibited a single
rock-salt crystal structure of metal carbides and the high compositional uniformity
from nanoscale to microscale. Therefore, it had extremely high nanohardness and
elastic modulus and relatively high electrical resistivity, which could be attributed to
the presence of solid solution effects. These superior performances endow the
high-entropy

metal

carbide

ceramics

a

promising candidate for

extreme

environmental applications.
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Table 1. Calculated equilibrium lattice parameters and DFT energies of the different

Samples

samples at 0 K.
HHC-1

ZrC

HfC

TaC

NbC

TiC

4.528 ± 0.005

4.704

4.641

4.474

4.477

4.324

-10.207 ± 0.0253

-9.735

-10.526

-11.102

-10.277

-9.351

Lattice

parameter
s (Å)

Energies

(eV/atom)

Table 2. The measured electrical resistivity, nanohardness, elastic modulus, reduced
modulus of HHC-1 and five individual metal carbides using identical techniques.

Electrical

Samples Resistivity
[μΩ⋅cm]

Elastic

Reduced

Modulus

Modulus

Load

Nanohardness

Ref
[mN]

[GPa]
[GPa]

[GPa]

ZrC

75

32.5

464

340

10

36-38

HfC

67

29.0

352

276

8

36,39

TaC

15

18.6

409

312

25

36,40

NbC

20

24.5

406

311

10

36,41

TiC

100

25.6

397

302

13

36,42

HHC-1

91 ± 1.3

40.6 ± 0.6

366

8

514 ± 10 ~
522 ± 10

Present
work

Table 3. Comparison of the fracture toughness (K Ic ) of HHC-1 with five individual
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metal carbides.

Fracture toughness

Load

(K Ic , MPa/m2)

(N)

Author Manuscript

Samples
ZrC

HfC
TaC

NbC

2.1 ± 0.2

2.9 ± 0.5

2.7 ± 0.3

2.9 ± 0.2

Equation

Ref

19.6

Anstis

37

9.8

Anstis

43

9.8

Anstis

43

98

Lawn

44

TiC

3.3 ± 0.1

9.8

Anstis

45

HHC-1

3.0 ± 0.2

24.5

Anstis

Present work

Figure captions

Fig. 1. First-principles calculations analysis of HHC-1: (a) The simplify schematic
diagram of unit cell that does not take the lattice distortion into account; (b) the
structure model of the 2 × 2 × 2 supercell with 64 atoms viewed from the [111]

direction and the color of the atoms is the same as that in (a); (c) the atomic
displacements of the different elements resulting from the relaxation expressed as the
fraction of the lattice constant.
Fig. 2. XRD and SEM characterizations of the different samples: (a) XRD patterns: A
is HHC-1 and B is the mixture of five metal carbide powders; (b) enlargement of (a):
C is the standard diffraction peaks from (111) planes of five metal carbides; (c)
polished surface SEM image and the corresponding EDS compositional maps of
HHC-1.

Fig. 3. TEM analysis of HHC-1: (a) HRTEM image; (b) SAED pattern; (c) STEM
image and the corresponding EDS compositional maps.
Fig. 4. The measured microhardness of HHC-1 as a function of the load.
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