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Abstract: First principles calculation and quasi-harmonic Debye model were used to obtain more physical properties of zirconium
carbide under high temperature and high pressure. The results show that the B1 structure of ZrC is energetically more favorable with
lower heat of formation than the B2 structure, and that mechanical instability and positive heat of formation induce the inexistence of
the B2 structure at normal pressure. It is also found that the B1 structure would transform to the B2 structure under high pressure
below the critical point of V/V=0.570. In addition, various thermodynamic and elastic properties of ZrC are obtained within the
temperature range of 0—3000 K and the pressure range of 0—100 GPa. The calculated results not only are discussed and understood in
terms of electronic structures, but also agree well with corresponding experimental data in the literature.
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1 Introduction

During the past years, zirconium carbide (ZrC) has
attracted considerable research interests due to its
extremely high melting point (3540 °C), superior Vickers
hardness (27 GPa), high boiling point (5100 °C),
excellent wear and corrosion resistance, high mechanical
properties, good thermal and electrical conductivity, and
low evaporation, etc [1—12]. The unusual combination of
these superior physical and chemical properties of ZrC
makes it attractive to be used as cutting tools, wear-
resistant coatings, and electrodes, etc [5]. In addition,
ZrC has been regarded as hard constituents of metal
composites in high-temperature structural
applications and nuclear reactors, as well as potential
applications in information storage technology, high
power industry, and opto-electronic devices [5].

It is well known that the ground state of ZrC at
room temperature is a rock-salt cubic structure named
B1 [6,8]. Regarding various properties of the ZrC phase
with the Bl structure, the experimental and calculated
investigations in the literature are primarily focused on
thermal expansion and heat capacity of ZrC, as well as
mechanical properties and phase transitions from B1 to
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B2 (body-centered cubic ordered structure) [1-9,13,14].
Nevertheless, it should be pointed out that the
experimental temperature-dependent thermodynamic and
mechanical properties of ZrC have been obtained within
a limited and dispersive temperature range (e.g., 500—
2500 °C [2], 5-350 K [3], 0-300 K [6], 0—1600 K [7]),
and that the values of high pressure to induce the B1-B2
phase transition from various theoretical methods were
quite different from each other [1-8,13,14].

By means of highly accurate calculations based on
density function theory [15,16], the present study is,
therefore, dedicated to have a systematic investigation of
various properties of ZrC. First principles calculation is
used to derive the ground-state properties of ZrC with B1
and B2 structures, as well as the phase transitions from
Bl to B2. In addition, first principles calculation is
combined with the quasi-harmonic approximation and
thermal electronic  excitation, to discover the
temperature- and pressure-dependent thermodynamic
and mechanical properties of ZrC. The derived results
are compared extensively with experimental or
theoretical evidence in the reference, and the mechanism
is discussed in terms of electronic structures, which
could deepen the understanding of various properties of
ZrC.
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2 Theoretical methods

The present first principles calculation is based on
the well-established Vienna ab initio simulation package
(VASP) within the density functional theory [17]. The
calculation is conducted in a plane-wave basis with the
projector-augmented wave (PAW) method [18]. The
exchange and correlation items are described by
generalized gradient approximation (GGA) [19], and the
cutoff energy is 450 eV for plane wave basis. For & space
integration, the temperature smearing method of
METHFESSEL and PAXTON [20] is used for dynamical
calculation and the modified tetrahedron method by
BLOCHL et al [21] is performed for static calculation.

Accordingly, a unit cell of two atoms (1 Zr and 1 C)
is selected for both B1 and B2 structures of ZrC. Gamma
centered & grid is adopted for all the calculations: in
relaxation calculations for Bl and B2 structures,
11x11x11 and 13%13%13 are used, respectively, while
17x17x17 and 19x19x19 are used in static calculations.
The energy criteria are 0.01 and 0.1 meV for electronic
and ionic relaxations, respectively, and 0.001 meV for
the calculation of DOS and elastic constants.

3 Results and discussion

3.1 Ground-state properties

The ground-state properties of ZrC with Bl and B2
structures at 0 K are calculated by means of first
principles calculation. Accordingly, the derived lattice
constants (a) of B1 and B2 structures are shown in Table
1. It can be seen that the lattice constant of the Bl
structure from this calculation is 4.726 A, which matches
well with the experimental values of 4.68 and 4.698 A in
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the literature [9]. Moreover, the present lattice constant
(2.945 A) of the B2 structure is also consistent with the
corresponding data (2.924 or 3.020 A) from other
calculations [14,23].

Figure 1 displays the calculated total energies of
ZrC with Bl and B2 structures as a function of atomic
volume. One can observe clearly from this figure that the
lowest total energy of the Bl structure corresponding to
the equilibrium lattice constant is much smaller than that
of the B2 structure. Such a comparison suggests that the
B1 structure should be energetically more stable than the
B2 structure, which is in good agreement with the
observed Bl structure, instead of B2, from experimental
studies [1,4]. Interestingly, the two curves of total
energies in Fig. 1 have an intersection on the left side of
the figure, implying that a phase transition from B1 to 52
would probably happen under high pressure, which will
be discussed in Section 3.2.

To investigate the thermodynamic stability of Bl
and B2 structures, the heat of formation (AHy) of ZrC is
calculated according to the following formula [24]:

AH=E7.—E7;—Ec ( 1 )

where Ezc, Ez and Ec are total energies of ZrC, pure
HCP a-Zr, and C (diamond), respectively. Consequently,
the derived AH; values are listed in Table 1. It can be
seen from Table 1 that the calculated AH; of the Bl
structure from the present study is —172.78 kJ/mol,
which is compatible with the corresponding value of
—185 kJ/mol from experimental observations [24]. Such
a large and negative value of AH; indicates the very
highly stable nature of the B1 structure. In addition, one
can discern from Table 1 that the B2 structure possesses a
positive AH; value of 64.79 kJ/mol, which seems much
higher than that of B1 structure.

Table 1 Calculated lattice constant (a), heat of formation (AHj), elastic constants (Cyj, Cia, Ca4), bulk modulus (B), shear modulus

(G), elastic modulus (£), and isobaric heat capacities (c,) of ZrC with B1 and B2 structures

Bl structure B2 structure
Property
This work Cal. Exp. This work Cal.
alA 4726 4.72% 4.695° 4.68°, 4.698° 2.945 2.924¢,3.020°
AH{ (kJ-mol ™) -172.78 -182.9° -185° 64.79 -
C\//GPa 441.40 445.60° 470.00° 95.58 90.68¢
C1»/GPa 95.10 103.50° 100.00° 219.19 244.92¢
C44/GPa 140.50 137.80° 160.00° -262.38 -227.86"
B/GPa 216.00 217.70° 208.708 205.22 247.594 191¢
G/GPa 151.29 150.30° 162.30" -148.57 -147.92¢
E/GPa 364.83 406.60° 386.60" —611.90 —594.42¢
G/B 0.70 0.691° 0.735" -0.724 -0.763¢
¢,/ (Imol K™ 39.72 (300K) - 38.041 - -

% Ref. [22], ultrasoft pseudopotential with VASP; °: Ref. [9], ultrasoft pseudopotential with CASTEP; °: Ref. [14], ultrasoft pseudopotential with WIEN2K; N

Ref. [23]; ©: Ref. [24]; " Ref. [25]; & Ref. [13]; " Ref. [26]; \: Ref. [3]
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Fig. 1 Total energies of ZrC with B1 and B2 structures

We turn to derive the ground-state mechanical
properties of ZrC at 0 K. The elastic constants (Cy;, Cia,
and Cyy) of ZrC are calculated through the strain—energy
approach, and the elastic moduli (B, G, and E) are
derived by means of the Voigt—Reuss—Hill’s
approximation [27]. As a result, the obtained values of

Ci1, Cia, Cu, B, G, E, and G/B are summarized in Table 1.

It can be seen clearly that the calculated elastic constants
and elastic moduli of the Bl and B2 structures from the
present work are in good agreement with corresponding
experimental and calculated data in Refs. [22,25,26].

It is of interest to compare the mechanical stability
of the Bl and B2 structures. According to the strain
energy theory and born stability criterion [28—30], the
strain energy and the matrix of elastic constants of a
mechanically stable phase should be positive. By
following these guidelines, Bl structure possesses
mechanical stability, while the B2 structure is unstable,
which is in good agreement with the well-known fact
that the B2 structure of ZrC has not been experimentally
found so far under normal conditions [1,4]. Considering
that the B2 structure has a positive AH; of 64.79 kJ/mol
as related before, it is the mechanical instability and
positive heat of formation which bring about the
inexistence of the B2 structure at normal pressure.

Furthermore, the G/B values of ZrC with B1 and B2
structures are listed in Table 1. It should be pointed out
that the G/B ratio has been generally chosen as a primary
index to indicate the brittle/ductile behaviors of various
materials [31]. One can observe from Table 1 that the
calculated G/B value (0.70) of the Bl structure agrees
well with the corresponding value from experimental
studies [26]. In addition, the derived G/B of the Bl
structure seems much bigger than the critical point of
0.57, suggesting that ZrC should be very brittle, which is
in excellent agreement with
observations in the Ref. [26].

similar experimental

3.2 High-pressure phase transition

It is well known that high pressure would alter the
atomic arrangement and electronic structures, and
therefore has a significant effect on materials behaviors
such as mechanical properties, superconductivity, and
phase transition. During the past years, the phase
transition of ZrC from B1 to B2 under high pressure has
been investigated by various theoretical groups [8,13,14,
22,28,32—34]. Nevertheless, the calculated values of
critical pressure to trigger the phase transition are quite
different from each other, i.e., 289 and 295 GPa from the
ultra-soft pseudopotential in the Quantum ESPRESSO
and CASTEP codes, respectively [8,13], 313.2 or
303.5 GPa via the FP-LAPW method in WIEN2K [14],
98 or 99 GPa by means of the empirical atomic
potentials [28,34], 372 GPa by a three-body force
potential model [32], and 525 GPa from plane-wave
pseudopotentials implemented in SIESTA [22]. The
differences of these critical pressures would be probably
attributed to different theoretical methods. In the present
work, another theoretical means of PAW-GGA is thus
selected to further discover the high-pressure phase
transition of ZrC, and it is of interest to compare the
current results with those calculated values in the
Refs. [8,14,22].

Accordingly, the Bl and B2 structures of ZrC are
chosen to discover the phase transition under hydrostatic
pressure. The total energies of each structure are
calculated as a variation of the scale of the volume (V/Vy)
which changes from 2.0 to 0.3 with an interval of 0.04,
and V} are actual and the equilibrium volumes of the unit
cell. The obtained total energies of Bl and B2 structures
are then fitted, respectively, by means of the Vinet’s
equation of state (EOS) [27] to derive various values of
pressure referring to a series of the scales of the
volume [35].

The energy differences (AFE) between Bl and B2
structures of ZrC are displayed in Fig. 2 as a function of
the scale of volume (V/V,). One can discern from this
figure that the AE curve intersects with the line of zero at
the value of V/V,=0.570, and the derived value of critical
pressure is 357.624 GPa, which would be considered as
the critical point corresponding to the high-pressure
phase transition. It should be pointed out that the
calculated critical pressure of B1—B2 phase transition
from the present PAW-GGA method is constant with
the pressure range of 200—550 GPa mentioned above
[8,13,14,22,28,32-34].

It is of interest to investigate the effect of pressure
on electronic structure of ZrC. Accordingly, Fig. 3 shows
the comparison of total densities of states (DOSs) of ZrC
with the B2 structure at the V/V;values of 1.0 and 0.45.
One could observe from Fig. 3 that the electronic
structure of the B2 phase at V/V,=0.45 becomes more
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delocalized with a larger range of bandwidth and its DOS
peaks have much lower height than that at V/Vy=1. In
addition, the DOS value at the Fermi level of the B2
phase under high pressure (V/V;=0.45) is about 0.50
states/(eV-atom), which seems much smaller than the
value of 1.35 state/(eV '-atom ") for the B2 structure at
normal condition (V/Vy=1). All the above features of
densities of states suggest that high pressure should have
an important effect to change the electronic structure and
therefore stabilize the B2 structure.

AE/(eV-atom™)

6 08 10 12 14 16 1.8 20
VIV,

0.4

Fig. 2 Energy difference (AE) between B1 and B2 structures of
ZrC as function of scale of volume (V/V})

[
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Fig. 3 Total densities of states of ZrC with B2 structure at

V/V0=10 and V/V0=045

Total density of states/(state-eV™'+atom™")

3.3 Thermodynamic properties

The quasi-harmonic Debye model and thermal
electronic excitation are combined in the present study to
derive thermodynamic properties of ZrC with the stable
B1 structure, as this method has been successfully
applied to various thermodynamic calculations [36]. The
Helmholtz free energy F(V,T) of ZrC is calculated
according the following equation [36]:

F( Vs T):EO( V)+th( Va T)+Fel( VsT) (2)
where Ey(V) is the static total energy at 0 K, and Fyu(V,T)
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and F(V,T) are vibrational and electronic contributions
of free energy, respectively.

With the obtained volume-dependent Helmholtz
free energy F(V, T), the temperature-dependent volume
at ambient pressure, V(7T)y, is fitted by means of the
following equation [27]:

F(V,T)=F(V,T), +

4BV, T,V (T)y 2BV, T)V(T)y
[B'(V,T)y -1 [B'(V,T),~1T

1/3
3[B'(V.T),-1] [;/((TT))J —1|+2¢
0

/3
exp ?[B’(V,T)o—l] (%j -1 3)
0

where B(V,T), and B'(V,T), refer to bulk modulus and
pressure derivative of bulk modulus, respectively. The

coefficient of thermal expansion (CTE), a(7), is
calculated as follows [36]:
1 ov(T)
a(T) = : “4)
VT, or

The total isochoric heat capacity, ¢y, and the
isobaric heat capacity, c,, are then derived [34]. It should
be noted that ¢y is calculated through the addition of the
terms of electronic excitation ¢ and phonon vibration
cl", which could be obtained by means of the
quasi-harmonic Debye model [37]. Accordingly, the
calculated ¢, I, ¢, and ¢, of ZrC with the Bl
structure are shown in Fig. 4 as a function of
temperature.

70

g0©®
o 60) . 0938 o0
M Semterr
_T; S0F----- T e X 2 S e e e o e
g
= 40
E\ ------ cy & ¢y, exp. [3]
2 30+ ¢y 0 ¢ exp. [33]
s 20l £ ————e ey o c,,exp. [38]
i == ¢ 0 ¢, exp. [39]
o 10k % Cp,, exp. [39]

0500 1000 1500 2000 2500 3000
Temperature/K

Fig. 4 Temperature-dependent electronic heat capacity ¢

vibrational isochoric heat capacity c}jh s

el
V’

total isochoric heat

capacity cy, and isobaric heat capacity ¢, of ZrC with Bl
structure (The black dash line indicates the Dulong and Petit
limit at high temperature)
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It can be observed clearly from Fig. 4 that the
present heat capacities of the Bl structure of ZrC
agree well with experimental observations in Refs.
[3,33,38,39]. For instance, the derived ¢, value of Bl
ZrC at 300 K is 39.72 J/(mol "-K™"), which is in good
agreement with the corresponding experimental value of
38.04 J/(mol "-K™") [3]. These nice agreements indicate
that the present theoretical model would be relevant to
reveal thermodynamic properties of ZrC. Interestingly,
one could also discern that the curves of th , ¢y, and ¢,
exhibit a considerable increase below the temperature of
450 K, and that the ¢, value at a certain temperature is
generally larger than that of ¢,. It can be also seen clearly
from Fig. 4 that the c,lf/’h value approaches the Dulong
and Petit limit (about 50 J/(mol “K™") at high
temperature, which is consistent with
observations in Ref. [40].

Furthermore, Fig. 5 displays the coefficients of
thermal expansion (CTE, a) as a function of temperature.
It can be clearly seen from Fig. 5 that the calculated
values from the present work are consistent with
corresponding data from experimental observations by
other groups [33]. One could also discern from Fig. 5
that CTE of the B1 structure increases dramatically as a
function of temperature below 500 K, and a nearly linear
and gradual rise of CTE is followed with the increase of
temperature. In addition, at a certain temperature, CTE
decreases with the increase of pressure.

similar

— 0GPa © Exp.[32]

30t— = 10GPa / Exp.[32] A
---+50GPa A

256+ - 100 GPa A -
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L i aem==
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10 I / .....................
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Sg-r
s
0 500 1000 1500 2000 2500 3000
Temperature/K

Fig. 5 Coefficients of thermal expansion (o) with B1 structure
as function of temperature

3.4 Mechanical properties

The temperature dependent elastic constants of ZrC
with the Bl structure are obtained by means of the
method in Ref. [36], and the principal procedure is
described as follows. Firstly, the volume dependent
elastic constants Cj(V) are derived, according to the
universal-linear-independent  coupling-strain (ULICS)
method [41], at a volume range from V7V, of 0.75 to 1.25
with an interval of 0.025. Secondly, the bulk modulus,

B(V), is calculated as a function of volume by means of
Eq. (3) in Section 3.3.

Thirdly, the bulk modulus, B(7), and elastic
constants, Cy(7), are obtained as a function of
temperature through replacing /(7)o in the forms of B(V)
and Cy(V). It should be pointed out that the values of
V(T)o have been calculated by means of Eq. (3) in
Section 3.3. Fourthly, the obtained elastic constants are
then applied to deriving the temperature-dependent shear
modulus (G) and elastic modulus (E) of polycrystalline
ZrC through the Voigt—Reuss—Hill’s approximations.

Consequently, the obtained elastic constants of ZrC
with the Bl structure are displayed in Fig. 6(a) as a
function of temperature. It can be observed from this
figure that the calculated C,4 values from this work
match well with the corresponding values from
experiments [6], while the present values of C;; and C},
seem a little smaller than the corresponding experimental
data within the low temperature range [6]. One can also
notice obviously from Fig. 6(a) that the elastic constants
at a certain temperature have an ascending sequence of
C1,—Cyy—C) within the entire temperature range, and
that each elastic constant descends almost linearly as a
function of the temperature.

500 1400
R (@) (®)
450 ¢ 0 g” 41200
400 0 0
& aCy 0 41000 &
(\2 350r ocy, 0 ° S
§ 300 F ZgIZ Oo 41800 :g
= 44 %
8 250 © Cyp,exp. [6] ° | g
2 Crpexp. [6] || o° gt &
22001 % Cyyexp.[6] [} =
o) 1400 =
150 Wwwmmmwmwen H
281200
100%}99auEEEAM
50 1 1 L 1 L L 0
0 1000 2000 3000 20 40 60 80 100
Temperature/K Pressure/GPa

Fig. 6 Temperature-dependent (a) and pressure-dependent (b)
elastic constant of ZrC with Bl structure ((a) and (b) are at
normal pressure and 0 K, respectively)

Moreover, the temperature-dependent moduli of the
B1 structure of ZrC are summarized in Fig. 7(a). It can
be deduced clearly that each curve of B, G, and E
exhibits a nearly linear decrease with the increase of
temperature. One could also find out that the calculated
values of B, G, and E are consistent with experimental
evidence in Ref. [6]. Interestingly, one could see from
Fig. 6(b) and Fig. 7(b) that all the elastic constants and
elastic moduli increase almost linearly with the increase
of pressure.

It is of importance to understand the temperature-
and pressure-dependent mechanical properties in terms
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Fig. 7 Temperature-dependent (a) and pressure-dependent (b)
bulk modulus (B), shear modulus (G), and elastic modulus (E)
of polycrystalline ZrC with Bl structure ((a) and (b) are at
normal pressure and 0 K, respectively)

of electronic structures [42,43]. As a typical example,
Fig. 8 shows the comparison of charge density plots of
the B1 structure of ZrC at three volumes of the unit cell,
ViVy=1.0, 1.1, and 0.9. It can be discerned clearly from
Fig. 8 that the charge densities between Zr and C atoms
at the equilibrium volume (V/Vy=1.0) are lower and
higher than the corresponding values when ZrC is under
compression (V/V=0.9) and expansion (V/Vi=1.1),
respectively, indicating that the chemical bonding of ZrC

would become weaker and stronger as a result of the
increase of temperature and pressure, and vice versa. The
above changes of charge densities due to volume
variation would therefore bring about a fair
understanding to the increase of mechanical properties of
ZrC with the decrease of temperature or the increase of
pressure as displayed in Figs. 6 and 7.

4 Conclusions

1) Ab initio calculation was used to derive the
ground-state properties and phase transition of ZrC with
B1 and B2 structures. In addition, the quasi-harmonic
Debye model and thermal electronic excitation were
combined with ab initio calculation to obtain various
thermodynamic and mechanical properties of ZrC as a
function of temperature and pressure.

2) It is revealed that Bl structures are
thermodynamically stable with large and negative AH;
values, while the B2 structure could not be fabricated
under normal conditions due to its positive AH; and
mechanical unstableness.

3) Calculation also shows that the B1—B2 phase
transition could be triggered below the critical volume of
VIVy=0.570 with the high pressure of 357.624 GPa, and
that the large differences of critical pressure in the
literature would be attributed to different theoretical
methods.

Charge density

6.8000
0.6620
0.5480
0.4536
0.3754
0.3108
0.2572
0.2129

0.1763
. 0.1459

Fig. 8 Charge density plots of B1 structure of ZrC at different conditions: (a) V/V=0.9; (b) V/V=1.0; (c) VIVy=1.1
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4) Moreover, the ¢, and CTE values of ZrC increase
with the increase of temperature, CTE values decrease
with the increase of pressure. The elastic constants (Cyy,
C1y, and Cyy) and elastic moduli (B, G, and E) of ZrC
increase with the increase of pressure and decrease with
the increase of temperature.
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