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Mechanical, electronic, and thermodynamic properties of zirconium carbide have been systematically studied using
the ab initio calculations. The calculated equilibrium lattice parameter, bulk modulus, and elastic constants are all well
consistent with the experimental data. The electronic band structure indicates that the mixture of C 2p and Zr 4d and 4p
orbitals around the Fermi level makes a large covalent contribution to the chemical bonds between the C and Zr atoms.
The Bader charge analysis suggests that there are about 1.71 electrons transferred from each Zr atom to its nearest C
atom. Therefore, the Zr-C bond displays a mixed ionic/covalent character. The calculated phonon dispersions of ZrC are
stable, coinciding with the experimental measurement. A drastic expansion in the volume of ZrC is seen with increasing
temperature, while the bulk modulus decreases linearly. Based on the calculated phonon dispersion curves and within
the quasi-harmonic approximation, the temperature dependence of the heat capacities is obtained, which gives a good

description compared with the available experimental data.
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1. Introduction

Transition-metal carbides, such as TiC, ZrC, HfC, and
TaC, are well known as hard refractory ceramic materi-
als, sharing the same NaCl-type face centered cubic crystal
structure.!!! As an important member of the large family, zir-
conium carbide (ZrC) possesses a high melting temperature
(~3670 K), decent refractory hardness (~25 GPa), strong cor-
rosion and oxidation resistance.’>#! Due to the presence of
metallic bonding, the thermal and electrical conductivities of
ZrC are similar to those of the zirconium metal.!>¢! Beside,
ZrC has a much lower density compared to other carbides like
WC, TiC, and HfC. Thus, ZrC has an attractive potential in
rocket/SCRAM jet engines and hypersonic spacecraft, where
lower density and higher temperature load bearing capability
are the most important requirements.!”! In addition, ZrC is one
of the promising inert matrix materials in nuclear reactor ap-
plications according to the framework of the generation-IV in-
ternational project,'®°! since it has a remarkably low neutron
absorption cross-section and high resistance to the corrosion
of nuclear fission products.[!%-11]

On account of these extraordinary properties of ZrC used
in the extreme environment, several studies have already been
conducted. The works concerned with the band structure and
the density of states have been reported. However, still many
features of bonding in this carbide have not been satisfactorily
explained. For example, the electronic band structures from
the augmented-plane-wave method given by Ihara er al.!']
demonstrated that the charge transfer from the Zr outermost
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s state to the C 2p state occurs, but did not give the exact
value of electron transferred. The band structure of ZrC from
a modified empirical-pseudopotential method obtained by Al-
ward et al.!"3! contradicts the result of Potoracha et al. from
the tight-binding method,!'*! especially in the energy of the
lowest band derived from the C 2s state and the position near
the Fermi level. On the other hand, relatively little is known re-
garding the phonon dispersions and the thermodynamic prop-
erties of ZrC from first-principles calculations. Last but not
least, the temperature dependence of the bulk modulus and the
volume dependence of energy are still lacking in the litera-
ture. All these facts bring about restraint to understand ZrC
more deeply. Therefore, more intensive theoretical studies are
necessary to confirm the mechanical, electronic, and thermal
properties of ZrC, which encourage us to systematically inves-
tigate ZrC using the first-principles calculations based on the
density functional theory (DFT).

According to this aim, the rest of this paper is orga-
nized as follows. The first-principles computational method
is briefly introduced in Section 2. The calculated results are
presented and discussed in Section 3. Finally, a summary of
this study is given in Section 4. As will be shown, the cal-
culated bulk properties of ZrC illustrate that the conventional
generalized gradient approximation (GGA) for the exchange—
correlation potential in DFT can give satisfactory results when
compared to the experimental data. The bonding nature of ZrC
exhibits a mixed ionic/covalent character, and there are about
1.71 electrons transferred from each Zr to C atom. The bulk
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modulus, lattice vibration energy, and specific heat at different
temperatures are predicted by the quasi-harmonic approxima-
tion (QHA) based on the phonon density of states, providing a
good comparison or reference with experiments.

2. Computational methods

The first-principles total-energy calculations are car-
(PAW)
pseudopotential ">l within DFT!'®! as implemented in the

ried out wusing the projector-augmented-wave
Vienna ab initio simulations package (VASP).!'”] The ex-
change and correlation effects are described by the GGA in the
Perdew—Burke—Ernzerhof (PBE) form.!'8! The valence con-
figurations of 4s24p®5s24d? and 2s?2p? are explicitly included
for Zr and C, respectively. The cutoff energy for the plane-
wave basis set is 500 eV. The integration over the Brillouin
zone (BZ) is carried out on 11 x 11 x 11 Monkhorst-Pack k-
point meshes!!”! for structural calculations, which proves to be
sufficient for energy convergence of less than 1.0 x 1076 eV
per atom. A dense 19 x 19 x 19 k-point mesh is selected to
yield the electronic band structure, the density of states, and
the charge density distribution.

In order to calculate the elastic constants of ZrC, we im-
pose a small strain on the equilibrium cubic cell. The crystal
total energy E(V, €) can be expanded as a Taylor series!?’!

6 6
\%
E(V,e) = E(VQ,O)—i—V()ZG[e,'—i-?O Z C;je;ej
i=1 ij=1

+0({g}), (1)

where E(Vp,0) is the energy of the undistorted lattice of vol-
ume Vj, C;; are the elastic constants, and € is the strain tensor
which has matrix elements g; (i,j =1, 2, 3)

€] 66/2 65/2
e=| e/2 ex es)2 |. 2)
es/2 es/2 e3

Therefore, the three lattice vectors defining the unstrained Bra-
vais lattice {ay, k =1, 2, 3} are transformed to the strained
vectors {ay’}?!! via a small strain, which can be written as

a, = (I+e¢)ay, 3)

where I is a unit 3 x 3 matrix. Lattice vectors a; and a;’ are
3 x 1 matrices.

For the cubic structure, there are only three indepen-
dent elastic constants Cjy, Ci2, and Cy4. Therefore we just
need to employ three different strains to calculate them as
follows: €' = (8,8,0,0,0,0), €* = (8,-§,0,0,0,0), € =
(0,0,0,9,0,0), where the Voigt notation has been used. The
strain amplitude & is varied in steps of 0.02 from —0.06 to
0.06 and the total energies E(V, §) at these strain steps are cal-
culated.

3. Results and discussion
3.1. Atomic structure and mechanical properties

In order to obtain the equilibrium volume of ZrC, a series
of total energies at different volumes around the experimental
data are calculated. Then these energies are fitted as a func-
tion of volume to the third-order Birch—-Murnaghan equation
of state (BMEOS)!??! to obtain the theoretical equilibrium lat-
tice parameter ag, bulk modulus B, and the pressure deriva-
tive of bulk modulus B’, which are tabulated in Table 1. The
experimental and other theoretical results are also presented
in Table 1 for comparison. As shown in Table 1, our theo-
retical lattice parameter of 4.72 A is in good agreement with
the experimental value of 4.698 A??! and other theoretical re-
sults ranging from 4.68 A to 4.72 A.1?3-25] The obtained bulk
modulus is 230.5 GPa, which is also consistent with the avail-
able experimental values and other theoretical results. The
elastic constants, providing information about the resistance
of materials to external stress or pressure, can be used to
evaluate the stability of the crystals against elastic deforma-
tion. The calculated elastic constants of ZrC are gathered in
Table 1, which are in good agreement with the experimen-

[2627] By comparing these three elastic constants,

tal results.
we find that Cy; is much larger than the two others, indicat-
ing that ZrC is incompressible under uniaxial stress along the
axis direction. Clearly, all these three elastic constants satisfy
the mechanical stability criterion for the cubic structure, 291
Ci1 > 0,Cq4 > 0,Cy1 > |C12], and (C11 +2C12) > 0. From the
predicted elastic constants, the corresponding bulk modulus
and shear modulus can be calculated by employing the Voigt—
Reuss—Hill (VRH) approach./?®! Note that the Voigt, Reuss,
and Hill bulk moduli are identical for any cubic phase. As
shown in Table 1, the obtained bulk modulus from the elas-
tic constants is 4.5 GPa larger than the one from EOS fitting,
which may be attributed to that the EOS fitting is not in the
fully elastic region, unlike the determination of the elastic con-
stants. The bulk modulus of 235.0 GPa for ZrC is smaller than
the ones of 263 GPa for TiC[!l and 242 GPa for HfC.[>°! The
obtained Voigt, Reuss, and Hill shear moduli are close to each
other (around 165 GPa), coinciding with the experimental val-
ues (162-170 GPa).[?73%311 The B/G ratio is 1.43, which is
smaller than the critical value of 1.75, indicating the brittle
nature of ZrC, since a value of 1.75 separates ductile and brit-
tle materials according to the Pugh criterion.!*?! The Young’s
modulus E and Poisson’s ratio v can be derived from the fol-
lowing relations: 33!

9BG

=3z ) “)
G
3B—2G
V= 2BB+0) )

It can be clearly seen that the predicted Young’s modulus of
400 GPa is quite large, indicating the strong ability to resist
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Table 1. Calculated lattice parameter ag (A), elastic constants C; 7 (GPa), bulk modulus B (GPa), pressure derivative of the bulk modulus B’, shear modulus
G (GPa), Young’s modulus E (GPa), and Poisson’s ratio v for ZrC. For comparison, other theoretical and experimental results are listed.

Property This study Previous calculation Experiment
ag(EOS) 4.72 4.69-PA (4.695004)2) 4. 689), 4.72¢) 4.6989

B(EOS) 230.5 2379, 229°) 223, 230%), 207"
B/(EOS) 6.34 4.019 -

Ci 490.1 504LDA (499GGAYa) 272b) 4729, 4707

Cn 107.5 9LDA (936GAY2) | 134b) 99", 1007

Cu4 1487 173LPA (170GGA)2)  429b) 15991607

Gy 165.7 1861-PA (185664 223b) -

Gr 163.2 1851-DA(1845GA ) 204b) -

Gu 164.5 185%,170%), 1779 1709, 1659, 1621
By 235.0 228LDA(225GGA)a) 232b) 223, 2308, 207"
E 400.1 4359, 408°) 390%), 4079, 395¢), 386"
% 0.21 0.18% 0.199, 0.20¢)

a) Ref. [25], P Ref. [24], ©) Ref. [23], 9 Ref. [22], © Ref. [35], © Ref. [27], & Ref. [31], ) Ref. [30], ) Ref. [26], ) Ref. [36], ¥) Ref. [34].

deformation. The obtained Poisson’s ratio is 0.21, compa-
rable to the derived values of 0.1913* and 0.2083!1 based on
the experimentally determined elastic constants. Commonly,
the microcracks in materials can be easily induced by sig-
nificant elastic anisotropy, thus it is important to evaluate
the anisotropic factor to understand the mechanical durabil-
ity. For the cubic phase, the elastic anisotropy factor A is
given by A = 2C44/(C11 —Ci2). The factor A is equal to 1.0
for isotropic crystals while a value different from 1.0 indicates
elastic anisotropy. Due to the different atomic arrangements,
the interaction forces between atoms in the (100), (110), and
(111) crystal planes of ZrC are different, leading to the differ-
ent performances of the stress—strain relationship. Therefore,
our predicted anisotropy factor of 0.78 shows somewhat the
anisotropic nature of ZrC.

3.2. Electronic structure and bonding character

The most macroscopical properties of a material, such as
hardness, elasticity, metallic property, and superconductivity,
are closely connected to its electronic structure and chemical-
bonding character. Thus, it is vital to investigate the elec-
tronic structure for ZrC. The electronic band structure of ZrC
along selected high symmetry directions are depicted in Fig. 1,
where the Fermi energy level is set to zero. From the band
structure, we know that ZrC is a semimetal compound due to
the occupied electronic orbitals over the Fermi level. Below
the Fermi level, an energetically low-lying band, ranging from
—11.0 eV to —8.0 eV, is evidently apart from the higher one.
It originates from the C 2s state that contributes almost noth-
ing to the bonding between the C and Zr atoms. As the energy
scale increases, the C 2p orbital and Zr 4d and 4p orbitals form
an obvious hybrid orbital below the Fermi level, extending to
1.0 eV above the Fermi energy, which contributes to the co-
valent bond between the C and Zr atoms. The energy bands
above 1.0 eV are predominantly derived from the Zr 4d or-
bital. The band structure can be well understood with the help

of electronic density of states (DOS), as depicted in Fig. 2.
Clearly, the total DOS of ZrC is characterized by three ob-
vious peaks, locating around —9.5 eV, —2.0 eV, and 5.0 eV,
respectively. The peak I is mainly from the C 2s orbital. The
mixture of C 2p and Zr 4d and 4p orbitals forms the large peak
II, which makes a large contribution to the covalent bonds be-
tween the C and Zr atoms. The broad peak III mainly origi-
nated from the Zr 4d state.
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Fig. 1. Calculated band structure of ZrC along the high-symmetry direc-
tions at Eg = 0.
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Fig. 2. (color online) Total and projected electronic densities of states of
ZrC at ground state.
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The chemical bonding nature along the (110) plane of the
valence charge density distribution for ZrC is shown in Fig. 3.
Obviously, there is a nearly spherical distribution around Zr
and C with slight deformation towards the directions to their
nearest neighboring atoms. The charge density around the
Zr and C ions is high while there is hardly a valence charge
in the tetrahedron-hole interstitial region. This indicates the
remarkable ionization of the Zr and C ions, which is consis-
tent with the result derived by Ihara et al.!'*) Furthermore, the
electronic bridges between the Zr and C atoms can be clearly
seen, which represent the covalent bonding nature of the Zr—
C bonds. The bonding symmetry is evident. The line charge
density at the bond point (CDy,) along the nearest C-C, C—
Zr, and Zr—Zr bonds is calculated respectively, and the results
are collected in Table 2. As can be seen, the nearest C and
Zr atoms are bonded by C—Zr bonds with mixed features of
ionic and covalent. The CDy, value of 0.0412 e/au? for the C—
Zr bonds is close to 0.044 e/au® found for the B—Zr bond in
ZrB,, but slightly larger than 0.033 e/au’ found for the B—Zr
bond in ZrB,.17) Besides, it is interesting to notice that there
exist relatively weak covalent bonds between the C atoms with
CDy, = 0.0226 e/au® and weak metal bonds between the Zr
atoms with CDy, = 0.0218 e/au?. To find out the electron trans-
fer value, the Bader analysis*®3%! is employed, which is an
effective tool for studying the topology of the electron den-
sity and suitable for discussing the ionic/covalent character of
a compound. The calculated results are presented in Table 2.

The charge enclosed within the Bader volume can give a good
approximation to the total electronic charge of an atom. Based
on the Bader analysis, there are respectively 2.29 electrons and
5.71 electrons around the Zr and C atoms, indicating that ap-
proximately 1.71 electrons are transferred from each Zr to its
nearest C atom. From the configuration of the extra-nuclear
electrons, the Zr atom tends to lose 2 electrons to form Zr?™.
Compared to the Bader charge of 1.71, the effective valency
in ZrC then can be represented as ZrT1 71— Therefore,
the ionicity of the Zr—C bond is remarkable, with a mixture of
weak covalency.

Fig. 3. (color online) Contour plot of the charge density distribution in the
(110) plane for ZrC. Contour lines are drawn from 0.0 to 0.1 at 0.01 efau?
intervals.

Table 2. Calculated bond lengths (A) and charge densities (efau?) at bond points (CBy,) along the nearest C—C, C—Zr, and Zr—Zr bonds
as well as effective atomic charges (e) and volumes (A% according to Bader partitioning for ZrC.

Method c-C C-Zr  Zr-Zr  CDy(C-C)  CDu(C-Zr) CDy(Zr-Zr)  Qp(Zr)  Qg(C) Vi (Zr) V(C)
GGA 3.340 2.209 3.340 0.0226 0.0412 0.0218 2.29 5.71 12.0297 14.3257

3.3. Phonon dispersion curves and thermodynamic prop- 20 (a) .

erties [

Considering that the thermodynamic properties of a ma- o 10 s /< [l
terial are related to its phonon dispersions, we employ the Ty
Hellmann—Feynman theorem!?! and the direct method*!! to g |
obtain the phonon dispersions. The 5 x 5 x 5 Monkhorst—Pack :?J‘; 8r 2 :2
k-point mesh is used for the 3 x 3 x 3 ZrC supercell (contain- = . A
ing 54 atoms) to produce the phonon spectra. A pair of Zr and ’
C atoms is displaced from their equilibrium positions with 0

r A X K ¥ I' A L Phonon

0.03 A amplitude to calculate the Hellmann—Feynman forces.
The calculated phonon dispersion curves along the I -X—-K—
I'-L directions in BZ and the corresponding phonon DOS
are displayed in Fig. 4. The experimental data measured by
Smith et al.'*?! from the long-wavelength conduction electron
screening are also presented in Fig. 4. The agreement between
our calculation and the experimental data is excellent, strongly
supporting the validity of the current theoretical model. For

DOS

Fig. 4. (color online) (a) Phonon dispersions and (b) phonon density of
states of ZrC. The shown experimental data (square symbols) at room tem-
perature are taken from Ref. [42].

rock-salt type ZrC, there are only two atoms in its primitive
cell. Therefore, six phonon modes exist in the dispersion re-
lations. There is a distinct gap between the acoustic branches
and the optic branches which results from the large mass dif-
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ference between the Zr and C atoms. Thus the phonon DOS
can be separated into two parts: one is caused by the vibra-
tions of Zr atom in the range from 0 THz to 9.9 THz; the other
one is mainly caused by the vibrations of light C atom with
the range of 13.2-20.8 THz. The stable phonon dispersions
demonstrate that the thermodynamic properties of ZrC are sta-
ble, which further indicates that our following thermodynamic
calculations are reliable.

Thermodynamical quantities such as the lattice vibration
energy and the specific heat can be determined by phonon cal-
culations using the quasiharmonic approximation (QHA).*3]
Within this model, the Helmholtz free energy F as a function

of temperature (7') and volume (V) can be written as
F\V,.T)=E\V)+Fn(V,T)+Fa(V,T), (6)

where E (V) stands for the ground-state total energy, Fyn(V,T)
is the phonon free energy at a given unit cell volume V, and
Fge is the electronic excitation energy. Under QHA, F, (V, T')
can be calculated from phonon DOS g(®) by

ho
ZkBT)] do, (D

where ® = @(V) represents the frequency of the phonon mode

Fn(V,T) = kBT/ONg(a)) In [2sinh (

for volume V, g(®) is the phonon density of state, 7 is the
Plank constant, and kg is the Boltzmann constant. Equation (7)
contains some effects of unharmonics since the phonon fre-
quency depends on the volume. In addition, the specific heat
Cy at constant volume can be expressed as

JoF ho \?
o (7)1
B

Then the specific heat Cp at constant pressure can be obtained

by the following relationship:
Cp—Cv = a(T)B(T)V(T)T, ©)

where the volume thermal expansion oy is defined as oy (T') =
(1/V)(dV /aT)p.

The calculated volume dependence of the Helmholtz free
energy F(V,T) curves with the locus of the equilibrium vol-
ume at different temperatures are plotted in Fig. 5. A drastic
expansion in the equilibrium volume of ZrC can be clearly
seen with increasing temperature from Fig. 5. By fitting these
F-V data to BMEOS, the corresponding bulk modulus B(T')
can be obtained as shown in Fig. 6. Obviously, the bulk
modulus B(T') decreases linearly with increasing temperature.
This kind of temperature effect in ZrC is the same as that
in most compounds**! and metals.*3! The specific heat ca-
pacities at constant volume Cy and at constant pressure Cp are

—19.2

Free energy/(eV/atom)

oL L L L

© © © © ©

3 ) 5 B W
T

101 103 105 107 109 111
Volume/(A’/unit cell)

Fig. 5. (color online) Volume dependence of the Helmholtz free energy
F(T,V) and the locus of the minimum of the free energy at different tem-
peratures for ZrC.
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Fig. 6. Temperature dependence of the bulk modulus for ZrC.
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Fig. 7. (color online) Calculated specific heat capacities at constant pres-
sure (Cp) and at constant volume (Cy). For comparison, the previous
experimental results from Refs. [46]— [48] and theoretical results from
Refs. [49] and [50] are also shown.

given by Egs. (8) and (9) and compared with the experimen-

49,50

tal datal*®*8] as well as theoretical results,!**% as shown

in Fig. 7. With increasing temperature, Cy and Cp both in-
crease continuously. Our theoretical result for Cp is found to

be in good agreement with the experimental measurements!*7!
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in the range of 300-500 K. As the temperature further in-
creases, the discrepancy between our result and the experi-
mental data becomes legible with a maximum difference of
4 J-mol 1K1
harmonic approximation used, where the anharmonic effects

It may be mainly attributed to the quasi-

play a non-negligible role at high temperature.

4. Conclusion

Based on the DFT, we performed first-principles cal-
culations to systematically study the mechanical, electronic,
and thermodynamic properties of ZrC. The obtained ground-
state equilibrium lattice parameter, bulk modulus with its de-
rived modulus, and elastic constants, are all in good agree-
ment with recent experimental data or previous theoretical re-
sults. The mixture of C 2p and Zr 4d and 4p orbitals around
the Fermi level makes a large contribution to the covalent
bonds between the Zr and C atoms in the ZrC matrix. The
Bader analysis shows that the valency of ZrC can be expressed
as Zrt171C=1 71 Thus the Zr—C bond displays a mixed
ionic/covalent character. The phonon dispersions of ZrC are
stable, coinciding with the experimental measurements. We
have further predicted the thermodynamic properties of ZrC.
As the temperature increases, the volume expansion of ZrC is
evident, while the bulk modulus decreases linearly. The spe-
cific heat at constant pressure agrees well with the experimen-
tal data in a relatively low temperature range (7' < 500 K),
while in the range of high temperatures, the anharmonic ef-
fects must be involved to predict more reliable results. We ex-
pect that these theoretical results of ZrC will be helpful for its
practical application in the rocket engine and nuclear industry.
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