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Abstract: High-entropy materials have been widely researched in recent years, and more work on
their thermal and electrical properties is still needed. Herein, we fabricate a high-entropy carbide
(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C ceramic and report the thermal and electrical conductivity at room tem-
perature using first-principles calculations and experiments. The movement of phonons is suppressed
in high-entropy carbides when analyzing the thermal and electrical conductivity at room temperature,
but the movement of electrons is not. After the first-principles calculations on the electronic structure
and lattice vibration and experiments, we give the reasons why the rule of mixture can predict
electrical conductivity but not thermal conductivity at room temperature. Finally, we outline the
cause of the similar lattice patterns between TaC and (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C.

Keywords: high-entropy carbides; thermal conductivity; electrical conductivity; density function
theory

1. Introduction

High-entropy ceramics have attracted widespread attention due to their designabil-
ity in terms of composition and related properties. Rost et al. [1] first reported and
fabricated a high-entropy oxide in 2015; high-entropy ceramics contain oxides [2–5],
borides [6–8], silicides [9–11], carbides [12–17], nitrides [18] and more at present. High-
entropy carbides have a higher indentation modulus and hardness, attributed to the
bonding behavior and solid solution hardening originating from localized lattice strains,
than those calculated via the rule of mixture (ROM) from the individual binary car-
bides [12,16]. First-principles calculations are also used to study high-entropy ceramics. Beilin Ye
et al. [19,20] theoretically demonstrated the formation possibility of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C
and (Zr0.25Nb0.25Ti0.25V0.25)C. Based on these, Shi-Yu Liu et al. [21] and Wenyu Lu et al. [22]
gave the theoretical mechanical properties of these high-entropy carbides, providing ideas
for the design of high-entropy materials.

The electrical and heat transport of high-entropy carbides constitute an important
topic of study due to their extremely low thermal conductivity at room temperature. Evan
C. Schwind et al. found that the room temperature thermal conductivity of (TaHfNbZr)C4 is
10.7 W/m·K (97.6% relative density) [23], Yan et al. found that (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C
(93% relative density) has a thermal conductivity of 6.45 W/m·K [14] and Liu et al. reported
that the room temperature thermal conductivity of (VNbTaMoW)C is 9.2 W/m·K (97.7%
relative density) [17], all of which are much lower than the individual binary carbides
(about 10~33.5 W/m·K). Some researchers believed that these high-entropy carbides ex-
hibit a lower room temperature thermal conductivity compared to that calculated from
the rule of mixtures because of the terrible lattice dislocation and point defects. D. Liu
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et al. [24] stated that the difference in C content causes a change in bonding within the
specimen: as the molar fraction of C changes from 0.35 (about 16 W/m·K) to 0.5 (about
9 W/m·K), the bonding transitions from metallic to covalent in ceramics, which leads to a
significant decrease in thermal conductivity. F.-Z. Dai et al. [25] calculated lattice thermal
conductivity via deep learning, which decreases with the increase in temperature. E.C.
Schwind. et al. [23] showed the thermal conductivity with temperature changes and noted
that for (Ti, Hf, Nb, Zr)C, electrical thermal conductivity plays a dominant role.

However, detailed work assessing the performance of electrons and phonons in high-
entropy carbides, and showing the thermal conductivity is lower than the predicted value
under the ROM, is still lacking. Additionally, research on what physical properties of
high-entropy carbides can be predicted by the ROM and the reasons behind this is also
lacking. Thus, in this work, we used the SPS process to synthesize and prepare dense
(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C (HEC), and than measured thermal and electrical conductivity
and carried out first-principles calculations to supplement the related research on high-
entropy carbides. Here, we conclude that, in high-entropy carbides, phonon transport
is more severely affected than electron transport at room temperature because the high-
entropy effect has a greater effect on the lattice vibration and weakens the ability of acoustic
phonons for heat transport. Moreover, the lattice distortion caused by the high-entropy
effect also exacerbates phonon scattering and impedes heat transfer. However, the electron-
dominated electrical conductivity and electrical thermal conductivity is not seriously
suppressed as the electronic structure is not significantly affected.

2. Experimental and Theoretical Methods
2.1. Materials Synthesized

The (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C was self-synthesized using commercial metal powders
of Ti (AR, purity 98 wt%), Nb (AR, purity 99.8 wt%), Ta (AR, purity 99.8 wt%), Zr (AR,
purity 99.8 wt%), Hf (AR, purity 99.8 wt%) and carbon black (200 nm) with Ti, Nb, Ta,
Zr and Hf at 10 mol% and carbon black at 50 mol%. All the powders were mixed using
a planetary ball mill at 240 r/min for 12 h with WC balls and ethanol as milling media.
The ball-to-powder ratio was 3:1 in weight. After drying in the vacuum drying oven and
dispersed through a 200-mesh sieve, the powder mixtures were sintered through Spark
Plasma Sintering (SPS) at 1900 ◦C with a pressure of 50 MPa for 10 min and a heating rate
of 100 ◦C/min. More details can be found in our previous work [26].

2.2. Properties Characterization

The phase compositions of the specimens were determined via X-ray diffraction
(XRD, Rigaku Ultima III) with Cu Kα radiation, at a range of 20–90◦ and a step size of
0.02◦. Additionally, the microstructures of the specimens were observed using scanning
electron microscopy (SEM, Hitachi 3400). Isobaric heat capacity (Cp, J/g·K) and thermal
diffusivity (α, cm2/s) were measured using Discovery Laser Flash (TA DLF-2800) and a
high-temperature calorimeter (Setaram MHTC 96). Electrical conductivity (σ, s/m) was
measured via Cryoall CTA-3. Additionally, the bulk density (ρ, g/cm3) was measured via
the Archimedes method. Thermal conductivity (κ, W/m·K) was calculated according to
the following equation, Equation (1).

κ = α× Cp × ρ (1)

2.3. Density Function Theory Calculations

The thermal and electrical properties were calculated using the CASTEP [27,28] based
on density function theory (DFT). The exchange correlation interactions were described
via the generalized gradient approximation (GGA) with PBE functional [29], and the ultra-
soft pseudopotential method was used to express the interactions between ionic core and
valence; the Brillouin Zone was sampled with 3 × 2 × 3 k-points and a cutoff energy of
320 eV. Additionally, the self-consistence convergence tolerance for the total energy was
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1.0 × 10−5 eV/atom, the maximum force of the atom was 0.03 eV/Å, the maximum stress
was 0.05 GPa and the maximum ionic displacement was 1.0 × 10−3 Å. The lattice of HEC
here was taken to be the Face-Centered Cubic (FCC) type, the same as that of previous
publications [17,30,31]. An FCC supercell with 108 atoms, including Ti, Nb, Zr, Ta, Hf and
C, at an atomic ratio of 1:1:1:1:1:5, was created using the Atomsk. The metal cations were
randomly distributed in the unit cell. Therefore, the lowest symmetry of the triclinic lattice
was chosen in the following calculation.

3. Results and Discussion
3.1. Crystal Structure and Morphology Characteristic

The SEM photograph of the fracture surface of the HEC at different scales is character-
ized in Figure 1a,b. Apart from a few small pores in the grain boundary, the sample shows
a high density. This is consistent with the measured relative density of about 95%. More
information can be found in previous work [26]. Figure 1c presents the typical XRD pattern
of the (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C (HEC) sample at 1900 ◦C and theoretic TaC pattern as a
reference. It was seen that the single phase of (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C formed at 1900 ◦C.
Furthermore, the XRD pattern of TaC (PDF#77-0205) is more similar to the as-received
high-entropy carbide than other individual carbides. A high-entropy carbide ceramic
(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C with good density and a single phase was fabricated in this
work. Figure 1d,e show a comparison of the XRD patterns before and after the structural
optimization of the high-entropy carbide; the optimized structure is in line with HEC,
which indicates that the model in our task is reasonable.

3.2. Thermal and Electrical Conductivity of HEC

Figure 2a gives the measured electrical conductivity and thermal conductivity of
the received HEC at room temperature, Figure 2b gives the measured electrical and lat-
tice thermal conductivity of the received HEC at room temperature, and those of the
referenced individual carbides [32]. Compared with them, the electrical conductivity of
HEC is lower than that of TaC, higher than those of HfC and ZrC, and close to those of
TiC and NbC. Additionally, the electrical conductivity of the as-received HEC is about
1.45 × 106 Sm−1 at room temperature, which is a little higher than that predicted by the
ROM (1.35 × 106 Sm−1). From previous reports [23,33], the high-entropy effect has both
advantages and disadvantages for electron transport. Therefore, the electrical conductivity
of HEC is slightly higher than the calculated ROM one (~3.7% difference) and can be
predicted with the ROM value at this condition. Different from the electrical conductivity,
the thermal conductivity exhibits a larger difference (~24.8% difference) with the ROM,
which means that the ROM may not be suitable for the prediction of thermal conductivity
due to the fact that thermal conductivity is not only determined by the electric structure
but also by the structure of the crystalline.

To determine the reason for the difference between the measured and predicted values,
the contributions of electrons and phonons to thermal conductivity were calculated. The
total thermal conductivity (κt) of ceramic is equal to the sum of electrical (κe) and lattice
(κL) thermal conductivity:

κt = κe + κL (2)

κe = L × σ× T (3)

Here, κe was calculated using the Wiedemann–Franz law, σ is electrical conductivity
and T is temperature. L usually takes the Sommerfeld value (L = 2.44 × 10−8 WΩK−2).
However, the value of L is not a constant due to the influence of internal phonon–electron
interactions [34]; to rigorously evaluate the heat conduction in more depth, a sophisticated
theoretical expression developed by Makinson [35] was employed:
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comparison of the experimental (red) and calculated (black) XRD patterns of the high−entropy
car−bide; (d) before geometry optimization; (e) after geometry optimization.
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Figure 2. (a) Measured electrical and thermal conductivity of (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C (sintered at
1900 ◦C) and binary carbides (TiC, ZrC, NbC, HfC and TaC) referenced from Xin Liang’s report [32];
(b) the electrical thermal conductivity and lattice thermal conductivity for HEC and individual
car−bides.

R0, reflecting the extent of intrinsic disorder scattering, is the residual resistance at
zero temperature: Re-ph is the electron–phonon scattering. Usually, we consider R0

Re−ph
and

ρ0
ρe−ph

to be numerically equal. ρ0, residual electrical resistivity, can be approximately given
by the relationship between ρ and T. Although ρe-ph is commonly unknown due to the lack
of electron–phonon scattering, in this work, since ρ exhibits excellent linear dependence
with T, a good approximation can be measured: Re−ph = AT

4θD
and A

4θD
= dρ

dT [36,37].

Consequently, we obtain dρ
dT , ρ0 and θD [32,34] for HEC.

Figure 2b illustrates the contribution of electrons and phonons to the thermal conduc-
tivity of the HEC and individual carbides. As the transport of electrons is not seriously
affected in HEC, the measured electrical thermal conductivity is similar to the predicated
value of the ROM. However, the lattice thermal conductivity is not. Clearly, the phonon
transport is significantly inhibited for HEC, so the lattice thermal conductivity is signifi-
cantly lower than the predicted value, which caused the larger error between them.
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3.3. Phonon Properties of HEC and Individual Carbides

As shown in Figure 3, the total density of phonon states (TPDOS) and partial density
of phonon states (PPDOS) were calculated to assess the contribution of phonons to the
lattice thermal conductivity One can distinctly see that both compounds have no imaginary
frequencies as shown in Figure S1 (see Supplementary Information), proving that all of them
are dynamically stable, and that phonon band gaps mainly originated from the large mass
differences. Furthermore, Figure 3b gives the PPDOS of C atoms in HEC and individual
carbides, showing a distinct vibration broadening of C. The vibration of Ti in HEC is lower
than in TiC, but the gap of TiC is larger than HEC, as shown in Figure 3a,c. In general, a
phonon broadening was observed in HEC, which is induced by the inherently present mass
and force constant, unlike the individual carbides [38,39]. In low-frequency regions, the
vibrations of different metal atoms increase the anharmonic interactions between phonons,
hindering the thermal transport of low-frequency phonons and resulting in the decrease
in lattice thermal conductivity [39]. Due to the high-entropy effect, the optical branching
modes are more than individual carbides and move towards the low-frequency regions.
These low-frequency optical branching modes result in a significant suppression of the
frequency of the acoustic branch phonons, as shown in Figure S1 (see Supplementary
Information), according to the “avoided crossing” effect [40]. The suppressed acoustic
branch phonon comes from the contribution of heat transfer.
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Figure 3. (a) Total phonon density of states of (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C and individual carbides
(TiC, NbC, ZrC, TaC, HfC); (b) the partial phonon density of states of C atom in HEC and individual
carbides; (c–g) the partial phonon density of states of metal atom in HEC and individual carbides.

3.4. Electric Structure of HEC and Individual Carbides

To understand the bonding characteristics of HEC, the total density of state (TDOS)
and partial density of state (PDOS) are shown in Figure 4. The Fermi level is situated near
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a deep valley, which indicates the structural stability of high-entropy carbide [41]. Figure
S2 presents the comparison between individual carbides and HEC; the Fermi levels of TiC
and ZrC are much closer to the pseudogap bottom, whereas those of NbC, HfC and TaC
deviate slightly from the pseudogap bottom. These characteristics imply that the stability
of HEC is higher than that of NbC, HfC and TaC, but less than TiC and ZrC; a similar result
to the reported report that has been found in previous work [42]. Below the Fermi level,
the M-d orbitals are hybridized with C-p orbitals, which indicates strong covalent bonding
between M and C atoms in HEC (see Supplementary Information). Uporov, S.A. et al. [43]
pointed out that the values at Fermi level (V(EF)) are related with the electrical conductivity.
Thereby, we obtained the V(EF) of HEC and ROM from Figure 4a, respectively. Distinctly,
there was a small distance between them. According to Figure 4a, the TDOS of HEC is
similar to the individual carbides, with no distinct difference among these compounds. As
the metal atoms share a set of anionic sublattices in HEC, the PODS of metal atoms is lower
than that of individual carbides, which is shown in Figure 4c–g. The “high entropy” results
in a small change in the electronic structure from the analysis of TDOS and TPDOS.
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metal atoms in HEC and individual carbides.

The Mulliken atomic populations (MAPs) of HEC and individual carbides are posted
in Figure 5a,b. In the MAP, the positive/negative values represent that the element of-
fers/accepts electrons [44]. Clearly, the metal atoms offer electrons and the C is the electrons’
acceptor in HEC, and the transfer of charge also indicates the presence of an ionic char-
acteristic in the bond attributed to the randomly distributed metal atoms, which induces
the inhomogeneity of their local environment and the MAP of HEC is disordered, which
is different with individual carbides. Ti, Zr and Nb atoms have higher levels of electron



Crystals 2023, 13, 708 8 of 11

transfer in HEC than individual carbides, Ta and Hf atoms are less so and C has a larger
distribution, which is employed to compensate for cation charge disorder [45].
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Figure 5. The Mulliken atomic population distribution for (a) HEC and (b) an individual carbide.

Concerning the transport of electrons and phonons in HEC, the reason why the
transport of electrons is weakly affected is that the electronic structure of HEC changes
lightly compared to individual carbides. For phonon transport, due to the suppression of
acoustic phonons and phonon scattering, caused by lattice distortion, the heat transfer of
phonons is reduced, thereby reducing the thermal conductivity of HEC.

3.5. Bond Characters

In Figure 6a, the BP-BL for M-C bonds is displayed depending on the DFT; it can be
seen that, although the data are somewhat dispersed, the general trend is that a longer BL
leads to a lower BP. Moreover, Marco Esters et al. [45] show that homogeneous coordination
environments around the metals increase the configurational entropy, so that the bond
lengths of different types of bonds are close to each other even though the distribution of
bond lengths is disordered. Based on the XRD patterns, the (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C
in our work has similar lattice constants to TaC; this result is also illustrated in Figure 6b.
Nearly 80% of the bond lengths are close to TaC in HEC, with an absolute error of less than
3%. Therefore, HEC has a lattice constant similar to that of TaC.

From the above analysis, we found that the reason why HEC has a lower thermal
conductivity at room temperature is that it has a lower lattice thermal conductivity, induced
by the terrible phonon scattering. Due to the diversity of metal atomic masses and radii,
the cationic sublattices can have significant lattice distortion, and the anionic sublattice
is distorted to balance this distortion. These severe lattice distortions result in phonon
scattering. For transition metal carbides, the Fermi surface nesting, high electron density
and perturbations in interatomic potentials induced by the large number of local atomic
vibrations cause strong electron–phonon interactions and relatively weak phonon–phonon
interactions [32,46,47], which appreciably suppress lattice thermal conductivity. Intuitively,
a harmonic force constant plays a more important role in high-entropy carbides than binary
carbides. This is because the multi-component configuration results in a more complex
chemical environment for high-entropy carbides. Therefore, the HEC has a low thermal
conductivity at room temperature.
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4. Conclusions

In summary, we have briefly described the changes in the electrical and thermal
conductivity of (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C (HEC) at room temperature. For the electrical
conductivity, because the subtle differences in its electronic structure do not have a sig-
nificant impact on it, we could use the ROM to evaluate and predict it. However, for the
thermal conductivity, due to the serious lattice distortion in HEC, the scattering rate of
the body was improved, and the complexity of the structure also inhibits the transport
capacity of acoustic phonons for heat, so the thermal conductivity seriously deviates from
the predicted value under the ROM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13040708/s1, Figure S1: The phonon spectra of high-entropy
carbides and individual carbides; Fig. S2. The Total-Density of states and Partial-Density of states of
carbides and individual carbides.
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