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1 |  INTRODUCTION

Zirconium carbide is a promising material for potential use 
in tristructural isotropic (TRISO) fuel particles1 that will 
be used in advanced high temperature nuclear reactors.2,3 
The coolant outlet temperature of the very high tempera-
ture reactor (VHTR) concept is around 1000℃. To opti-
mize the performance of TRISO fuel particles, zirconium 
carbide is being considered as an alternative to the silicon 
carbide layer. Zirconium carbide is structurally stable at the 
predicted operating temperatures and has favorable thermal 
conductivity, fission product retention characteristics, and 
radiation damage resistance. Zircon (nominally ZrSiO4) 
is a naturally occurring mineral and is the principal raw 
material used in the commercial production of zirconium. 
Typically, zircon contains about 2  wt% of hafnium.4 In 
practice, separating hafnium from zirconium is difficult 
because they have similar atomic radii, valence electron 
configurations, and chemical properties.5 Therefore, Hf 
impurity is an important defect in ZrC and other zirconium 
compounds.

It is well- known that solid solution additions generally 
decrease the thermal conductivities of the resulting alloys. 
For example, the thermal conductivity of Ge– Si alloys is 
lower than that for either pure element.6 The thermal conduc-
tivity of Si0.7Ge0.3 is about 6.3 W·m−1·K−1, which is lower 
than either pure Si (about 88 W·m−1·K−1) or pure Ge (about 
50  W·m−1·K−1). The thermal conductivities of Mg alloys 
also decrease as the amount of alloying elements increas-
es.7– 11 Likewise, the thermal conductivity of (Zr,Hf)NiSn 
half- Heusler alloys decreases when Ti is substituted onto the 
(Zr,Hf) sites or by substituting Sb onto Sn sites.12 Solid solu-
tions of yttria- stabilized hafnia- zirconia have lower thermal 
conductivities than either yttria- stabilized zirconia (YSZ) or 
yttria- stabilized hafnia end members. Replacement of Zr4+ 
ions on the zirconia sublattice with Hf4+ ions decreases the 
phonon mean free path.13 For Al alloys, the thermal conduc-
tivities of binary Al alloys (Al– Si, Al– Cu, Al– Fe, and Al– 
Mg) are all lower than that of 99.8% pure Al.14 The thermal 
conductivity of Al– Cu decreases as Cu content increases 
due to the scattering of electrons and phonons.15 The ther-
mal conductivity of Al– Si foundry alloys decreases due to 
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the addition of the main alloying elements of Si, Cu, and 
Ni.16 Some theoretical studies found that solid solutions 
of Mg2SixSn1−x had bulk thermal conductivities that were 
smaller than bulk Mg2Si and bulk Mg2Sn.17 Similarly, lattice 
thermal conductivities of TixHf1−xNiSn and ZrxHf1−xNiSn 
half- Heusler alloys are lower than those for TiNiSn, ZrNiSn, 
and HfNiSn due to the mass disorder effect.18

Thermal conductivities of ceramic solid solutions have 
been studied experimentally. Thermal conductivities of high 
entropy carbides and high entropy borides are lower than the 
constituent transition metal carbides and borides.19– 22 The 
thermal conductivity of YSZ can be reduced by decreasing 
the grain size23 and by doping with rare- earth oxides.24 The 
thermal conductivity of Si also decreases with decreasing 
grain size (i.e., increasing density of grain boundaries) and 
due to increasing impurity content, both of which scatter pho-
nons.25,26 Irradiation has been shown to reduce the thermal 
conductivity of CeO2,27 SiC, Al2O3, MgAl2O4, AlN, Si3N4, 
and BeO28 due to defects formation. Grain boundaries of 
Y3Al5O12 also scatter phonons and reduce thermal conduc-
tivity.29 Theory- based analysis provides an excellent com-
plement to experimental results and can help provide insight 
into mechanisms controlling the observed behavior. Several 
recent studies have used the Debye– Callaway model with 
parameters determined from first- principles calculations to 
calculate lattice thermal conductivity for materials includ-
ing selenium compounds,30 γ- Si3N4, γ- Ge3N4,31 and ZrB2.32 
Previous experimental studies of the thermal conductivity 
of ZrC have resulted in values that range from about 26 to 
42 W·m−1·K−1 at around 1500 K without a systematic expla-
nation of the reasons for the differences.33

The purpose of this paper is to use theoretical methods to 
study the effect of hafnium content on the electronic structure 
and lattice thermal conductivity of (Zr,Hf)C solid solutions. 
Note that some of the results for pure ZrC used for compari-
son in the present study were from our previous study on the 
effect of carbon vacancy content on the thermal properties of 
ZrCx ceramics.34 The previously published results are shown 
in Figures 1A, 6A, and 7A as well as in Table 1.

2 |  CALCULATION METHODS

2.1 | First- principles calculations

The valence electron configurations are 4d25s2 for zirconium, 
5d26s2 for hafnium, and 2s22p2 for carbon. The crystal structure 
of ZrC is rock salt (space group: Fm3m, No. 225) with an ini-
tial lattice constant of 4.699 Å before geometry optimization as 
shown in Figure 1A. The atom coordinates are (0, 0, 0) for Zr 
and (0, 0.5, 0) for C with other atom positions generated based 
on symmetry operations. To investigate the effect of Hf on the 
electronic structure and thermal properties of ZrC, 2 × 2 × 2 su-
percells of (Zr1−xHfx)C with x = 3.125 at%, hereafter written 
Zr0.97Hf0.03C, and x = 6.250 at%, hereafter written Zr0.94Hf0.06C, 
were built. The supercells were based on the ZrC unit cell with 
some Zr atoms replaced by Hf as shown in Figure 1B,C. The 
Hf atom positions were assigned to ensure that the structures 
of the supercells retained the cubic symmetry. The equilibrium 
crystal structures were optimized using the Broyden– Fletcher– 
Goldfarb– Shanno (BFGS) methodology.35 The density of states, 
electron density differences, and phonon dispersion curves were 

F I G U R E  1  Crystal structures of (A) 
ZrC and (B) HfC and supercells of ZrC with 
(C) 3.125 at% Hf (Zr0.97Hf0.03C) and (D) 
6.25 at% Hf (Zr0.94Hf0.06C) [Color figure can 
be viewed at wileyonlinelibrary.com]
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calculated from first principles using density function theory 
(DFT; Quantum Espresso).36 Interactions between the ionic 
cores and the valence electrons were represented by Vanderbilt- 
type ultrasoft pseudopotentials.37 The generalized- gradient ap-
proximation (GGA)38 based on the Perdew– Burke– Ernzerhof 
(PBE) scheme was employed to treat the exchange- correlation 
energy. A plane- wave cutoff energy of 70  Ry was set after 
convergence tests. The special k- points sampling integration 
over the Brillouin zone was employed using the Monkhorst 
Pack method with 9 × 9 × 9 spatial k- points mesh for ZrC and 
HfC and 4 × 4 × 4 spatial k- points mesh for Zr0.97Hf0.03C and 
Zr0.94Hf0.06C.39 Phonon dispersion curves were calculated using 
density function perturbation theory.40

2.2 | Lattice thermal conductivity 
calculations

Lattice thermal conductivities (κl) were calculated at differ-
ent temperatures using the Debye– Callaway model.41 Two 
transverse (κTA1 and κTA2) and one longitudinal (κLA) acoustic 
phonon modes contributed to the total lattice thermal conduc-
tivity (κl) as expressed by Equation (1):

In the present study, the contributions of optical pho-
nons to lattice thermal conductivity were ignored due to the 
low group velocities of the optical phonons, which result in 
lower contributions to thermal conductivity than for acoustic 
modes.42– 44 Each of the acoustic branches (κi, where i rep-
resents TA1, TA2, and LA) gives rise to Debye– Callaway 
terms, which are expressed as

where kB is the Boltzmann constant, ℏ is the reduced 
Planck constant, and vi is the group velocity of the acous-
tic phonons evaluated at the zone center. θi is the Debye 
temperature of the acoustic phonons, which is determined 
from !i = ℏ#max∕kB, where ωmax represents the maxi-
mum frequency of the acoustic phonon branches at the 
Brillouin zone boundary.30 The factor x is determined by 
x = ℏ"∕kBT . In both Equations (2) and (3), τC is the total 
relaxation time for all phonon scattering processes. It is a 
combination of normal (N) and resistive (R) processes. The 
relaxation time for normal phonon processes is τN while τR 
is the sum of all the resistive scattering processes. Then, 
the total scattering rate is the sum of normal and resistive 
scattering rates, ! −1

C
= ! −1
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R
. The relaxation time for 

resistive processes is the sum of contributions from iso-
tope scattering (! −1

I
), grain boundary scattering (! −1

B
), and 

Umklapp scattering (! −1
U

).
Isotope scattering arises from random mass variations 

(from multi- isotope elements) at an atomic site in an other-
wise perfect crystal. The scattering rate for isotope scattering 
can be expressed as45

where Γ is the phonon- scattering parameter of the mass fluctu-
ation as determined by

with
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Composition

vTA1 vTA2 vLA θTA1 θTA2 θLA γTA1 γTA2 γLA

Unit

(km/s) (K) N/A
ZrC 4.24 4.24 7.97 340 340 467 1.79 1.51 1.65
HfC 3.23 3.23 6.43 253 253 343 1.80 1.84 1.67
Zr0.97Hf0.03C 2.37 2.37 3.99 158 158 176 1.72 0.47 1.68
Zr0.94Hf0.06C 2.98 2.98 6.04 184 184 204 1.91 1.08 1.42

T A B L E  1  Group velocities, Debye 
temperature, and Grüneisen parameters of 
ZrC, HfC, Zr0.97Hf0.03C, and Zr0.94Hf0.06C
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where d is the effective grain size. The grain boundary scatter-
ing rate is independent of temperature.

The Umklapp scattering rate can be expressed as41

where M is the average mass of atoms in the structure and γi is 
the Grüneisen parameter of the acoustic phonon branch, which 
is calculated by46

where γi,q is the mode resolved Grüneisen parameter for mode i 
at wave vector q, which is determined by

where V is the volume of the unit cell. In Equation (9), Ci(q) is 
expressed as

The group velocities of the acoustic phonons are deter-
mined as

where the directional derivative of the dispersion is taken in 
the [100]. Low energy acoustic phonons have dispersion sur-
faces that are approximately conical. Therefore, group velocity 
is treated as isotropic.

3 |  RESULTS AND DISCUSSION

3.1 | Electronic structure

The density of states for ZrC is shown in Figure 2A. A 
nonzero density of states at the Fermi level indicates the 
presence of metallic bonding in ZrC. From the partial den-
sity of states curves, the states at the Fermi level are mostly 
from the Zr 4d and C 2p states, demonstrating that the 
main contribution to electrical conductivity is from these 
states. The lowest lying states from −11.4 to −8.1 eV are 
mostly from quasi- core C 2s with small contributions from 
Zr 5s, Zr 4p, and Zr 4d orbitals, and they are not involved 
in chemical bonding. The states from −5.6 to −1.7 eV are 
mainly from overlapping of C 2p and Zr 4d orbitals, form-
ing strong covalent bonds.

The density of states for Zr0.97Hf0.03C and Zr0.94Hf0.06C 
is shown in Figure 2B,C. The partial density of states for 
Hf is very similar to those of Zr in both compositions. 
Thus, the electronic structure and bonding properties of 
ZrC are not changed significantly when Hf is present in 
Zr0.97Hf0.03C and Zr0.94Hf0.06C solid solutions. However, 
in contrast to the presence of a small peak at the Fermi 
level in total density states of ZrC (Figure 2A), no peaks 
were present at Fermi level in the total density states of 
Zr0.97Hf0.03C or Zr0.94Hf0.06C, indicating that both compo-
sitions are more stable than ZrC.
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F I G U R E  2  Density of states of (A) pure ZrC, (B) Zr0.97Hf0.03C, and (C) Zr0.94Hf0.06C [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


4712 |   ZHOU ET AL.

Electron density difference maps for ZrC are shown in 
Figure 3. The (100) and (111) planes were selected to study 
Zr– C and Zr– Zr bonds. On the (100) plane (Figure 3A), 
strong overlapping was obvious between the Zr 4deg and C 
2pi (i represents the x, y, and z directions) orbitals, which in-
dicates that strong covalent bonds form between Zr and C 
atoms. In addition, the electron density differences around 
the C atoms are not spherical, which indicates charge transfer 
from Zr to C. In other words, the Zr– C bonds have mixed co-
valent and ionic character. Typical metallic bonds between Zr 
atoms result in the triangular- shaped regions of higher elec-
tron density difference between Zr atoms on the (111) plane 
of ZrC (Figure 3B).

Figures 4 and 5 show the electron density difference maps 
for Zr0.97Hf0.03C and Zr0.94Hf0.06C. The (002) planes were se-
lected becuase these planes contain Zr, Hf, and C atoms in 
both supercells. No significant differences were observed ex-
cept that the ionic character was stronger in Zr– C bonds than in 
Hf– C bonds. Similar to ZrC, the (111) planes were selected to 
view the electron density differences between Zr– Zr and Zr– 
Hf pairs. The metallic bonds in Zr0.97Hf0.03C and Zr0.94Hf0.06C 
are similar to those in ZrC. Electron density difference maps 
indicate that the addition of Hf does not significantly change 
the electron structure of Zr0.97Hf0.03C or Zr0.94Hf0.06C com-
pared to ZrC.

3.2 | Phonon dispersion and group velocity

Phonon dispersion curves and group velocities for ZrC, HfC, 
Zr0.97Hf0.03C, and Zr0.94Hf0.06C are shown in Figure 6. In 
Figure 6A,B, ZrC and HfC have six phonon branches be-
cause the primitive cells contain one Zr or Hf atom and one C 
atom. In Figure 6C,D, Zr0.97Hf0.03C and Zr0.94Hf0.06C super-
cells were used in phonon calculations such that much more 
phonon branches are included in these figures. The low fre-
quency branches (below 10 THz for ZrC and 8 THz for HfC) 
are acoustic phonons (colored lines), and the high frequency 
branches (above 10  THz for ZrC and 8  THz for HfC) are 
optical phonons (black lines). The gaps between the acoustic 
and optical phonon branches for ZrC (5.6 THz at the Γ point) 
and HfC (10.3 THz at the Γ point) were attributed to aniso-
tropic bonding and the mass difference between the Zr and C 
atoms in ZrC and between the Hf and C atoms in HfC.47 As 
regard Hf- contained ZrC, athough a number of extra phonon 
branches in Figure 6C,D existed due to the more atoms in the 
supercells, compared with ZrC and HfC, the deterioration in 
acoustic phonons of supercells is significant. As will be illus-
trated later, such deterioration has great impact on the Debye 
temperature and group velocity of acoustic phonons, which 
eventually shaped the thermal conductivity of ZrC with Hf 
impurity.

F I G U R E  3  Electron density difference 
maps of ZrC on (A) (100) plane and (B) 
(111) plane. [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  4  Electron density difference 
maps of Zr0.97Hf0.03C on (A) (002) plane 
and (B) (111) plane [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Group velocities were calculated for the acoustic pho-
nons for all compositions. The group velocities are shown 
in Figure 6 beside the corresponding phonon dispersion 
curves, and the values are compiled in Table 1. Group ve-
locities of HfC (vTA1  =  3.23  km/s, vTA2  =  3.23  km/s, and 
vLA  =  6.43  km/s) are lower than the corresponding group 
velocities of ZrC (vTA1 = 4.24 km/s, vTA2 = 4.24 km/s, and 
vLA = 7.97 km/s). HfC has lower group velocities because 
of its high atomic weight resulted lower acoustic phonon 
frequencies, which reduce the slope of the acoustic phonons 
according to Equation  (12). Notably, the initial addition of 
3 at% of Hf into the ZrC lattice decreased the group velocities 
compared with pure ZrC (for Zr0.97Hf0.03C, vTA1 = 2.37 km/s, 
vTA2 = 2.37 km/s, and vLA = 3.99 km/s). When the Hf con-
tent increased to 6  at%, group velocities increased (for 
Zr0.94Hf0.06C, vTA1  =  2.98  km/s, vTA2  =  2.98  km/s, and 
vLA = 6.04 km/s). Higher group velocities of Zr0.94Hf0.06C re-
flect the higher acoustic phonon frequencies compared with 
Zr0.97Hf0.03C as shown in Figure 6. The contributions of the 
optical phonon branches to the group velocities were ignored 
due to their low values compared with the contributions of the 
acoustic branch, especially for Zr0.97Hf0.03C. Lattice thermal 
conductivity is proportional to the square of phonon group ve-
locity, which can be expressed as Ks(!) = Cs(!)Vg(!)2"(!)

.41 Reduction of group velocity will, therefore, decrease lat-
tice thermal conductivity.

3.3 | Debye temperature

Debye temperatures were determined from the maximum 
acoustic phonon frequencies (two transverse and one longi-
tudinal) at the Brillouin zone boundaries. The Debye tem-
perature for HfC (θTA1 = 253 K, θTA2 = 253 K, θLA = 343 K) 
was lower than those for ZrC (θTA1 = 340 K, θTA2 = 340 K, 
θLA = 467 K) as shown in Table 1. The lower Debye temper-
ature of HfC was due to the lower acoustic phonon frequen-
cies. The addition of 3 at% Hf into ZrC reduced the Debye 
temperature (for Zr0.97Hf0.03C, θTA1 = 158 K, θTA2 = 158 K, 
θLA = 176 K) due to scattering of acoustic phonons by low 

lying optical phonons as shown in Figure 6C,D. Increasing 
the Hf content to 6  at% in ZrC led to a small increase in 
the Debye temperature (for Zr0.94Hf0.06C, θTA1  =  184  K, 
θTA2  =  184  K, θLA  =  204  K) as presented in Table 1. 
Overall, Hf impurity has negative effect on the Debye tem-
perature in general. The elastic constants of Zr0.94Hf0.06C 
(c11 = 470.2 GPa, c12 = 101.2 GPa, c44 = 156.8 GPa) were 
higher than Zr0.97Hf0.03C (c11 = 467.7 GPa, c12 = 101.1 GPa, 
c44  =  156.6  GPa), which means Zr0.94Hf0.06C has stronger 
chemical bonds. The stronger chemical bonds increased the 
acoustic phonon frequency and increased the Debye temper-
ature of Zr0.94Hf0.06C compared with Zr0.97Hf0.03C.

3.4 | Lattice thermal conductivity

Temperature- dependent lattice thermal conductivities of 
ZrC, HfC, Zr0.97Hf0.03C, and Zr0.94Hf0.06C are shown in 
Figure 7. The grain size was assumed to be 5 µm (Table 2) 
for all calculations. In those plots, κUI is the lattice thermal 
conductivity for isotopically pure ZrC and HfC; κUA is the 
lattice thermal conductivity with grain boundary effects; and 
κN represents the thermal conductivity with grain boundary 
effects plus Umklapp and normal phonon– phonon scattering 
processes. At room temperature, lattice thermal conductivi-
ties of ZrC were 122 W·m−1·K−1 for κUI, 100 W·m−1·K−1 for 
κUA, and 68 W·m−1·K−1 for κN. As discussed in our previous 
study,33 these values are higher than experimentally meas-
ured values due to the assumption of no carbon vacancies, no 
impurities, and no porosity.

The lattice thermal conductivities of HfC 
(κUI  =  83  W·m−1·K−1, κUA  =  68  W·m−1·K−1, and 
κN = 47 W·m−1·K−1 at room temperature) were lower than 
ZrC, as expected from the lower group velocities. Typical ex-
perimental values for thermal conductivity of HfC0.98 range 
from 20 to 25 W·m−1·K−1 at temperatures from 25 to 100℃.48 
Analogous to ZrC, the thermal conductivity of HfC predicted 
herein is higher than the experimental values, which are re-
duced by the defects in the sintered products49– 51 that are not 
accounted for in the modeling.

F I G U R E  5  Electron density difference 
maps of Zr0.94Hf0.06C on (A) (011) plane 
and (B) (111) plane [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  6  Phonon dispersions 
and group velocities of (A) ZrC and 
(B) HfC, (C) Zr0.97Hf0.03C, and (D) 
Zr0.94Hf0.06C [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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After adding 3.125 at% of Hf into ZrC, the lattice ther-
mal conductivity decreased compared with pure ZrC or pure 
HfC. At room temperature, κUI was 33 W·m−1·K−1, κUA was 
28 W·m−1·K−1, and κN was 18 W·m−1·K−1 for Zr0.97Hf0.03C. 
The predicted lattice thermal conductivity values for 
Zr0.94Hf0.06C at room temperature were κUI = 25 W·m−1·K−1, 
κUA = 21 W·m−1·K−1, and κN = 15 W·m−1·K−1, which were 
lower than Zr0.97Hf0.03C. Four effects contributed to the 

decrease in lattice thermal conductivity when Hf was added 
to ZrC. The first was the decrease in group velocity (Table 
1). The spectral thermal conductivity is proportional to the 
square of the group velocity, !s(") = Cs(")Vg(")2#(")52; 
therefore, decreasing group velocity leads to lower lattice 
thermal conductivity. The second reason was the decrease in 
Debye temperature (Table 1). According to Equations (2) and 
(3), decreasing Debye temperature decreases both acoustic 

Average atomic mass 
(a.u.)

Average diameter 
(μm)

Average atomic 
volume (Å3)

ZrC 51.62 5 13.02
HfC 95.25 5 13.04
Zr0.97Hf0.03C 52.98 5 13.02
Zr0.94Hf0.06C 54.34 5 13.06

T A B L E  2  Average atomic masses, 
average grain diameters, and average atomic 
volumes of ZrC, HfC, Zr0.97Hf0.03C, and 
Zr0.94Hf0.06C

F I G U R E  7  Lattice thermal 
conductivity of (A) ZrC, (B) HfC, (C) 
Zr0.97Hf0.03C, and (D) Zr0.94Hf0.06C. 
Hf was considered as isotope for (E) 
Zr0.97Hf0.03C and (F) Zr0.94Hf0.06C. (κUI 
represents the lattice thermal conductivity, 
which considered as isotope effected; κUA 
represents the lattice thermal conductivity 
with isotope and grain boundary effects; 
κN represents the thermal conductivity 
with isotope and grain boundary effects, 
Umklapp, and normal phonon– phonon 
scattering) [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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and optical phonon thermal conductivities; hence, the total 
lattice thermal conductivity is also decreased. Thirdly, the 
strain induced by the presence of Hf in the ZrC lattice de-
creased thermal conductivity. The Zr– C bond length (which 
was given after geometry optimization) for ZrC was 2.3524 Å, 
whereas the length of Hf– C bond was 2.3607 Å. After add-
ing 3.125  at% Hf into ZrC, the average Zr– C bond length 
decreased to 2.3522 Å. Similarly, after adding 6.25 at% Hf to 
ZrC, the average Zr– C bond length was 2.3519 Å, whereas 
the average Hf– C bond was 2.3604 Å. The polarization of the 
bonds increases as the bond length increases due to the strain 
in the ZrC lattice after adding Hf, which leads to polarization 
scattering the phonons.53 The final reason for the decrease in 
thermal conductivity is the increase in average atomic mass 
when Hf is added. The average atomic mass increased be-
cause Hf has a higher atomic mass than Zr. Increasing aver-
age atomic mass decreases the acoustic phonon frequencies 
and thereby decreases lattice thermal conductivity. Similar 
calculations were also performed by considering Hf as an 
isotope of Zr, and the lattice thermal conductivities were cal-
culated as shown in Figure 7E,F. Lattice thermal conductivity 
decreased slightly compared with calculations that consid-
ered Hf to be and impurity with the same trend predicted by 
the other method.

4 |  CONCLUSION

Electronic structures and lattice thermal conductivities were 
studied for ZrC and for ZrC containing Hf additions. The ad-
dition of Hf did not change the electronic structure of ZrC 
significantly. The lattice thermal conductivities were cal-
culated with the Debye– Callaway model using Grüneisen 
parameters, Debye temperatures, and group velocities calcu-
lated from first principles. HfC has higher average Grüneisen 
parameters, lower Debye temperatures, and lower group ve-
locities compared with ZrC. As expected, the lattice thermal 
conductivity of HfC (κN = 47 W·m−1·K−1 at room tempera-
ture) was lower than ZrC (κN = 68 W·m−1·K−1 at room tem-
perature). With the addition of Hf into ZrC, the lattice thermal 
conductivities decreased to 18 W·m−1·K−1 for Zr0.97Hf0.03C 
and 15  W·m−1·K−1 for Zr0.94Hf0.06C, respectively. The de-
crease in lattice thermal conductivity with the addition of Hf 
into the ZrC lattice was attributed to the decrease in frequen-
cies of acoustic phonons, which, in turn, induced lower group 
velocities and Debye temperatures.
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