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The structural stabilities and crystal evolution behaviors of the hyper stoichiometric compound ZrC, (carbon rich;
C/Zr > 1.0) are studied under ambient and high pressure conditions using first-principles calculations in combination with
the particle-swarm optimization algorithm. Six viable structures of ZrC, in P2y /c, Cmmm, Cmc21, P4, /nmc, Immm and
P6/mmm symmetries are identified. These structures are dynamically stable as their phonon spectra have no imaginary
modes at zero pressure or at the selected high-pressure points. Among them, the P2 /c phase represents the ground state
structure, whereas P21 /c, P4, /nmc, Immm and P6/mmm phases are part of the phase transition series. The phase order and
critical pressures of the phase transition are determined to be approximately 300 GPa according to the equation of states
and enthalpy. Furthermore, the mechanical and electronic properties are investigated. The P2 /c and Cmc2; phases display
a semi-metal nature, whereas the P4, /nmc, Immm, P6/mmm and Cmmm phases exhibit a metallic nature. Moreover,
the present study reveals considerable information regarding the structural, mechanical and electronic properties of ZrC,,
thereby providing key insights into its material properties and evaluating its behavior in practical applications.

Keywords: crystal structure, phase transition, mechanical property, electronic band, first-principles calculation
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1. Introduction

Transition metal carbides (TMCs), which comprise an
interesting mixture of ionic, covalent and metallic bonding,
have attracted considerable attention. These materials have
been utilized in machining tools, the hard-coating indus-
try, and aerospace applications owing to their extreme hard-
ness, good thermal shock resistance, good chemical stabil-
ity, high temperature mechanical strength, and high melting
temperature.!'™* As a TMC, zirconium carbide (ZrC) demon-
strates potential for the application as a coating material for
tri-isotropic (TRISO) nuclear fuel owing to its corrosion re-
sistance against fission products, good thermal stability, bet-
ter fission product retention capability, and neutron irradia-
tion resistance.[>® Therefore, it can be used as an alterna-
tive to or supplemented with the currently used silicon carbide
(SiC).1>01

Generally, ZrC exhibits cubic symmetry in the form of
the B1 structure (space group: Fm3m). Additionally, the Zr—
C system appears to exhibit some amount, and often a large

1O pecause the stoichiometric

amount, of non-stoichiometry,
ZrC is represented in a narrow range, where even slight vari-
ations in processing parameters, such as temperature, reactant

mass flow, or fluidizing gas flow rate, could result in either
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hypo- or hyper-stoichiometric compositions.!''! With the de-
velopment of advanced computational methodologies, many
non-stoichiometric compounds have been identified and pro-
vided new insights into the phase equilibria of this system.

12715 have investigated the stabil-

Recently, several studies!
ity of the hypo-stoichiometric Zr—C system (carbon deficient;
C/Zr < 1.0) using order-parameter functional (OPF), cluster
expansion (CE) and evolutionary algorithm (EA) methods. Al-
though their conclusions are varying in degree, it is found that
Zr7Cq (R3), Zr4C3 (C2/c), Zr;C, (Fddd) and Zr,C (Fd3m)
are stable hypo-stoichiometric phases of zirconium carbides.
Moreover, the Zr—C system forms hyper-stoichiometric com-
pounds (carbon rich; C/Zr > 1.0).18) Storms er al.!'!l have
reported that the material has both ZrC and C phases in
the hyper-stoichiometric range. Vasudevamurthy et al.[®!
have fabricated the carbon-rich sample, which has a hyper-
stoichiometric composition of C/Zr ~ 1.4. Are there any per-
fect hyper-stoichiometric Zr—C compounds such as Zr,C3 and
ZrC,? It is crucial to understand the microstructure of these
materials, which is expected to have significant effects on the
material properties. However, the research on these compo-
nents is scarce.

Understanding the structural information and stability of
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various stoichiometric components of the Zr—C system is es-
sential for the safe operation of a TRISO fuel in a nuclear re-
actor. In this study, we focus on the hyper-stoichiometric com-
pound ZrC,, which is less studied. First, the crystal structures
of ZrC, under ambient and high-pressure conditions are deter-
mined by performing an extensive structure search using first-
principles calculations in combination with the particle-swarm
optimization (PSO) algorithm.“é] Then, the thermodynamical
and dynamical stabilities are investigated. The phase order and
critical pressures with the pressure increasing are determined.
Finally, the mechanical and electronic properties are studied
comprehensively.

2. Theoretical methods

In this study, all calculations were performed within the
density-functional-theory (DFT) framework with the projec-
tor augmented wave (PAW) scheme!'78] using the Vienna ab
initio simulation package (VASP).[1%20] To solve the Kohn—
Sham equations, the exchange-correlation functional with the
generalized gradient approximation (GGA) of the Perdew—
Burke—Ernzerhof (PBE) scheme?'! was adopted. The ki-
netic energy cutoff was set to 800 eV. The structural predi-
cations of the global free energy minimization of ZrC, were
performed using the CALYPSO code!??! based on the PSO
methodology,!'®! which has been proved to be effective in pre-
dicting the structure of various materials.[>>->°! The ionic po-
sition, volume and shape of the structure cell were allowed to
vary in their structural relaxations. The Brillouin-zone (BZ)
of P2y /c, P4, /nmc, Immm, P6/mmm, Cmc2, and Cmmm was
sampled by k-point meshes of dimensions 6 x 12 x 6, 8 X 8 x
12,12x12%x 12,16 x 16 x 16,20 x4 x 8 and 12 x 12 x 16, re-
spectively, generated via the Monkhorst—Pack scheme!*°! for
the primitive cell of ZrC,. The forces on each ion convergence
standard and the total energy convergence threshold were set
to 0.001 eV/A and 107 eV/atom, respectively.

The phonon dispersions were calculated using a super-
cell approach!®!l as implemented in the PHONOPY code!*?!
to evaluate the dynamical stability of the crystal structures of
various phases of ZrC,. The principle of constructing super-
cells is based on the fact that the interaction force between two
adjacent atoms moving with a small displacement in the cell is
negligible. Therefore, the lattice constants a, b, and c in three
directions of the constructed supercell were generally not less
than 10 A for each phase of ZrC,. The BZ integration was
performed using a 2 x 2 x 2 k-point mesh. The symmetry non-
equivalent zirconium atoms and carbon atoms were displaced
from their equilibrium positions by the amplitude of 0.02 A to
construct the system dynamical matrix D(k). The forces in-
duced by the small displacements were calculated within the
VASP code.

3. Results and discussions

3.1. Thermodynamically stable phases and structural
properties

To obtain the possible phases of ZrC, under ambient and
high pressure conditions, we determined its lower enthalpy
structures based on the PSO methodology!!®! in combination
with the VASP package!!-?%! with system sizes ranging from 1
to 8 chemical formula units (f.u.) per simulation cell at 0, 50,
100, 150 and 200 GPa. Further analysis of the enthalpy and
stability leads to six possible stable or metastable structures up
to 300 GPa, as illustrated in Fig. 1, namely, the P2, /¢, Cmmm,
Cmc2y, P4, /nmc, Immm and P6/mmm phases. The calculated
total energy per chemical f.u. versus the volume relations of
the selected phases and the obtained results fitted by the third-
order Birch-Murnaghan equation are plotted in Fig. 2. The
enthalpies per chemical f.u. versus pressure are indicated in
the inset of Fig. 2.

From Fig. 2, we can observe that the monoclinic P2;/c
structure is the most stable phase below 5.8 GPa, indicating
that this phase is the ground state of ZrC,. The structure
adopts the P2;/c symmetry and contains eight ZrC, f.u. per
unit cell. One-dimensional armchair carbon chains along the
a and b axes are observed in P2, /c, as illustrated in Fig. 1(a).
The tetragonal P4, /nmc structure is the most stable phase over
the pressure range of 5.8-76.5 GPa, containing eight ZrC, f.u.
per unit cell. In this phase, the carbon atoms form a saddle-
shaped eight-membered ring, as illustrated in Figs. 1(d) and
1(d’). The other orthorhombic Immm structure is the most
stable phase over the pressure range of 76.5-253.6 GPa, con-
taining four ZrC, f.u. per unit cell. One-dimensional car-
bon graphene-like ribbons are observed in Immm, as depicted
in Figs. 1(e) and 1(e’). Above 253.6 GPa, P6/mmm phase
with an MgB,-type structure is the most stable phase, con-
taining one ZrC, f.u. per unit cell. The crystal structure of
P6/mmm is layered with alternative planes of pure zirconium
atoms and pure carbon atoms. The carbon atoms form 2D
graphene sheets, as depicted in Figs. 1(f) and 1(f*). Accord-
ing to the investigations of the total energy and enthalpy, the
phase order and critical pressure of ZrC, due to the pressure

. 5.8 GPa 76.5 GPa
increase can be expressed as P2| /c =—— P4, /nmc ————

Immm 22857, pg /mmm. Interestingly, the enthalpies of the

Cmc2y, Cmmm, P4, /nmc and Immm phases are significantly
close to each other at approximately 75 GPa, although the
Cmc2| and Cmmm phases are not in the phase transition se-
quence, as depicted in the inset of Fig. 2. Additionally, the
Cmc2; and Cmmm phases are dynamically stable at 75 GPa
according to the phonon dispersion curves (see Figs. 4(e) and
4(f)). This indicates that Cmc2; and Cmmm are the metastable
states of ZrC,, and the Cmc2,, Cmmm, P4, /nmc and Immm
phases may coexist and form a mixed phase at approximately
75 GPa.
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(b) Cmmm

Fig. 1. Predicted crystal structures of ZrC, for (a) P2;/c, (b) Cmmm, (c) Cmc2y, (d), (d°) P4o/nmc, (e), (¢’) Immm and (f), (f") P6/mmm
phases. The green and brown balls represent the zirconium and carbon atoms, respectively.
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Fig. 2. Total energy versus volume results for the P2, /c, P4, /nmc,
Cmc2y, Cmmm, Immm and P4/mmm phases of ZrC,. The inset de-
picts the calculated enthalpies versus pressure for the P2, /c, P4, /nmc,
Cmc2;, Cmmm, Immm and P4/mmm phases. The enthalpy of the
Cmmm phase is chosen as zero reference.

The formation energy was calculated to investigate the
thermodynamic stability of ZrC,. The hcp-Zr and graphite
were used to calculate the energy of pure elements. The for-

mation energies of Zr,C, were calculated by using the follow-
ing equation:

AHtormation (ercy)
= [H(Zr,Cy) —xH (Zr) = yH(C)] /(x + ). (1

The calculated formation energy of the P2;/c phase of ZrC,
was —0.092 eV/atom. The negative formation energy of
the P2;/c phase of ZrC, indicates that it is thermodynam-
ically stable at ambient pressure and can be synthesized by
experiment. Furthermore, we determined the formation en-
ergy of fcc ZrC, an experimentally synthesized material, to be
—0.821 eV/atom. The formation energy of the P2; /¢ phase of
ZrC, was higher than that of fcc ZrC, but lower than zero, indi-
cating that the P2 /c phase is a metastable structure under am-
bient conditions. According to further enthalpy calculations,
we obtained that the P4, /nmc phase of ZrC, is on the forma-
tion enthalpies covex hull for the stable phases of Zr—C system
at 50 GPa, as shown in Fig. S1 in the Supporting Information,
indicating that the ZrC, may be synthesized experimentally
under high pressure.

Table 1. Calculated lattice parameters of P2, /c, P42 /nmc, Immm, P6/mmm, Cmc2, and Cmmm phases of ZrC, under ambient conditions.

Pressure ao (A) bo (A) co (A) a () B® r®)

P2y /c 0 GPa 4.744 4.430 12.730 90.00 86.29 90.00
P4, /nme 0 GPa 6.965 6.965 5.180 90.00 90.00 90.00
Immm 0 GPa 2.703 7.106 6.046 90.00 90.00 90.00
P6/mmm 0 GPa 3.208 3.208 3.311 90.00 90.00 120.00
Cmc2y 0 GPa 2.735 13.551 6.627 90.00 90.00 90.00
Cmmm 0 GPa 2.207 6.988 3.116 90.00 90.00 90.00
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3.2. Dynamical stabilities

The phonon dispersion of a crystal is one of the funda-
mental subjects when considering the phase dynamical stabil-
ity of a crystalline material. The dynamical instability of a
crystal is associated with soft phonon modes that have imag-
inary frequencies.!*}! To investigate the dynamical stabilities
of the predicted phases, the phonon dispersion curves un-
der ambient conditions were calculated and are depicted in
Fig. 3. The phonon spectra reveal that the P2 /c, P4, /nmc and
Cmc2 phases of ZrC; exhibit no imaginary frequencies, indi-
cating that these three phases are dynamically stable under am-
bient conditions. However, the longitudinal acoustic branch
of the Cmmm phase exhibits a small imaginary frequency at
the high-symmetry point ¥ (0.5, 0.5, 0.0) in BZ, as depicted
in Fig. 3(d). The Immm phase exhibits some imaginary fre-
quency, located between the high-symmetry points I" (0, 0, 0)

and X (0.5, —0.5, 0.5), as depicted in Fig. 3(e). The P6/mmm
phase exhibits significant imaginary frequency throughout BZ,
as illustrated in Fig. 3(e), indicating that the phase is unstable
under ambient conditions. Fortunately, further calculations
reveal that the phonons of the Cmmm, Immm and P6/mmm
phases have no imaginary frequencies at the selected high-
pressure points corresponding to the structural phase transi-
tions, as depicted in Figs. 4(d)—4(f). These results indicate that
the Cmmm, Immm and P6/mmm phases are dynamically sta-
ble at the phase transition pressure. Additionally, the phonon
dispersions of the phases P2;/c and P4, /nmc, which are part
of the phase transition sequence, exhibit no imaginary modes.
The absence of phonon imaginary modes in the entire pres-
sure range in this study demonstrates that the pressure-induced
phase transitions of ZrC, are all driven by the energetics (i.e.,
the relative enthalpy change).
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Fig. 3. Phonon dispersion curves for (a) P2; /c, (b) P4>/nmc, (¢) Cmc21, (d) Cmmm, () Immm and (f) P6/mmm phases of ZrC, under ambient

conditions.

3.3. Mechanical properties

Elastic constants can provide information regarding the
mechanical properties and stabilities of solids. To investi-
gate the mechanical stabilities of the phases, we derived
the second-order elastic constants (C;;) from the strain-
stress relationship®* for the phases of ZrC,, as listed in
Table 2. The mechanical stability of any crystal requires

the strain energy to be positive, implying that the entire set

of elastic constants C;; must satisfy the Born-Huang stabil-
ity criteria.[33-3¢] In this work, the P2, /c is a monoclinic
phase, in which the independent elastic stiffness tensor re-
duces to 13 components, namely, Ci1, C, C33, Cy4, Css,
C66» Clz, C13, C23, C15, C25, C35 and C46. The corresponding
mechanical stability criteria are given by Ci; > 0, Cy > 0,
C33>0,C44>0,Cs5 > 0,Ce6 >0, [C11 +Cr2+C33+2(Cra+
Ci3 +C23)] > 0, (C33Cs5 — C35) > 0, (CauCo6 — C3g) > 0,
(Cap + C33 —2C23) > 0, [C22(C33Cs5 — C35) + 2C23Ca5C3s5 —
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C3Css — C35C33] > 0, {2[C15Cas5(C33C12 — Ci13Ca3) +
C15C35(CnCri3 — C12Ca3) + CpsC35(Ci11Coz — CiaCis)] —
[C5(CC33 — C53) + C35(C1iCsz — Cy) + Gi5(CiiCa —
C3)] +Cssg} > 0. Here, g = C11CC33 — C11C3; — CnCly —
C33C%, + 2C12C13C23.373) The P4y /nmce is a tetragonal
phase, in which the independent elastic stiffness tensor re-
duces to six components of Cy1, C33, Caa, Ces, C12 and Cj3.
The corresponding mechanical stability criteria are given
by Ci1 >0, C33 >0, Cyy >0, Cg6 > 0, (C]l *C12) > 0,
(C114+C33—2C13) > 0, [2(C11 4+ C12) + C33 +4Cy3] > 0.57381
The Immm, Cmc2; and Cmmm are orthorhombic phases,
in which the independent elastic stiffness tensor reduces

Ci3 and Cr3. The corresponding mechanical stability cri-
teria are obtained by Ci; > 0, Cxp > 0, C33 > 0, Cy4 > 0,
Css >0, Ce6 >0, [C11 +Cr2+C33+2(Ci12+Ci3+Ca3)] > 0,
(C11 +Cx—2C12) >0, (C11 +C33 —2C13) > 0, (Coo +C33 —
2C53) > 0.7381 The P6 /mmm is a hexagonal phase, in which
the independent elastic stiffness tensor reduces to five com-

ponents: Cpy, C33, Caa, Ci2, and C13. The corresponding

mechanical stability criteria are given by C44 > 0, C11 > |C12
(C11 +2C12)C33 > 2C3,. 137381 The elastic constants C;; for the

phases of ZrC, satisfy their respective mechanical stability

s

criteria at zero and selected pressures, thus confirming their

to nine components:
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Fig. 4. Phonon dispersion curves for (a) P2 /c, (b) P4, /nmc, (c) Immm, (d) P6/mmm, (¢) Cmc2; and (f) Cmmm phases of ZrC; at 5.8, 76.5,
76.5,253.6, 75 and 75 GPa, respectively.

Table 2. Calculated elastic constants C;; for P2y /c, P42 /nmc, Cmc2y, Cmmm, Immm and P6/mmm phases of ZrC (in units of GPa).

Pressure Ci Cn C33 Cyy Css Ce6 Cr2 Ci3 C3 Cis G Gs  Cg
P2y /c 0 GPa 394.4 205.5 286.2 75.8 86.2 150.0 238.7 135.9 53.4 219 104 360 -23
P4, /nmc 0 GPa 445.0 293.9 155.6 149.1 118.8 1374
Immm 76.5 GPa 792.3 1072.2 814.5 3526 298.0 281.7 3102 2584 250.6
P6/mmm  253.6 GPa  1116.3 14394 6834 2423 631.8 7303
Cmc2y 75 GPa 1070.1 679.1 678.3 279.7 3023 2355 241.5 2472 368.9
Cmmm 75 GPa 663.5 1265.2 673.4 308.6 3499 268.1 278.1 399.2 198.0

Modulus is a fundamental parameter for characterizing
the mechanical properties of materials. In terms of the Voigt—
Reuss—Hill approximations,?°~*!1 the bulk modulus B, shear

modulus G, Young’s modulus E, Possion’s ratio v, Pugh’s

ratio (B/G) and log-Euclidean anisotropy index (AL) of the
phases of ZrC, are calculated based on the elastic constants,
as listed in Table 3. For comparison, the previous reported
elastic constants[*>#3] of ZrC are listed in Table 3. From Ta-
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ble 3, we can determine that the ZrC, — P2 /c phase is eas-
ier to be compressed than the ZrC-Fm3m phase under hydro-
static pressure, because the bulk modulus B of the former
(153.8 GPa) is smaller than that of the latter (223 GPal*?).
The high pressure phase P4, /nmc of ZrC, exhibits approxi-
mately the same resistance to compression as the ZrC-Fm3m
phase, as the bulk modulus B of the two phases are approxi-

Table 3. Calculated bulk modulus B (GPa), shear modulus G (GPa)
log-Euclidean anisotropy index (AY) for ZrC, and ZrC.

mately the same. Other high pressure phases of ZrC, exhibit
high B. However, we cannot indicate that these phases are
difficult to be compressed because the data are calculated at
nonequilibrium volume. Overall, the stiffness of ZrC, is lower
than that of ZrC, because the B, G and E of the P2;/c and
P4, /nmc phases for ZrC, are lower than those of ZrC-F m3m
at zero pressure.

, Young’s modulus E (GPa), Possion’s ratio v, Pugh’s ratio (B/G) and

Material Phase Pressure B G E v B/G Al

ZrCy P2y /c 0 GPa 153.8 73.2 189.5 0.295 2.101 1.348
P4, /nmc 0 GPa 215.8 141.9 349.2 0.231 1.521 0.095
Immm 76.5 GPa 475.2 307.9 759.6 0.234 1.543 0.042
P6/mmm 253.6 GPa 861.4 382.6 999.8 0.307 2.251 0.524
Cmc2, 75 GPa 456.7 257.0 649.2 0.263 L1777 0.195
Cmmm 75 GPa 475.5 274.2 690.0 0.242 1.734 0.431

ZrC Fm3m 0 GPa 223 170% 4072 0.18" 1.312¢ 0.012¢

aRef. [42]; PRef. [43]; “computed with the values of elastic constants from Ref. [42]; dcomputed with the values of elastic constants from Ref. [43].

Poisson’s ratio v is a measure of a material tending to ex-
pand in directions perpendicular to the direction of compres-
sion, which usually ranges from —1 to 0.5. The larger the
value of Poisson’s ratio, the better the plasticity of the mate-
rial. For example, most steels when utilized within their design
limits (before yield) exhibit values of approximately 0.3, and
rubber exhibits a Poisson’s ratio of approximately 0.5. The

193] demonstrat-

ZrC-Fm3m exhibits a Poisson’s ratio of 0.18,
ing slight lateral expansion when compressed. The P2;/c and
P6/mmm phases of ZrC; exhibit approximately the same plas-
ticity with steel, as their Poisson ratios are close to 0.3. Con-
versely, Poisson’s ratio can further indicate the bonding type of
a material, i.e., the value of v for ionic and metallic materials
is 0.25-0.33, and the covalent materials have smaller values
of v.1#41 As presented in Table 3, the values of the phases of
ZrC, are between 0.231 and 0.307, indicating that the com-
pounds are expected to be ionic crystals.

Pugh’s ratio (B/G) is often applied to evaluate the plastic
behavior of a material, with 1.75 being the critical value.*]
A material will be ductile if B/G > 1.75, otherwise, it will
be brittle.[*®! As presented in Table 3, the calculated B/G’s
of P2y /c and P6/mmm are 2.101 and 2.251, respectively, in-
dicating that both of them are ductile in nature. Conversely,
the P4,/nmc and Immm are slightly brittle in nature as their
B/G’s are 1.521 and 1.543 (< 1.75), respectively. The other
two phases of Cmc2; and Cmmm are between ductile and brit-
tle because their B/G’s are approximately 1.75. However, the
B/G of ZrC-Fm3m is 1.312, which is lower than that of all the
phases of ZrC,, suggesting that high content of carbon may
lead to more ductile nature of Zr—C compounds.

The log-Euclidean anisotropic index A" proposed by
Christopher M. Kube provides an absolute measure of

anisotropy in crystalline materials, which is valid for all the
crystallite symmetries. Furthermore, it is generally used to de-
scribe the anisotropy of material.[*”) It is calculated as

O

where BY and BR are the Voigt and Reuss bulk moduli, and

GV and GR are the Voigt and Reuss shear moduli, respec-
tively. If AL = 0, it refers to a locally isotropic single crys-
tal, and a larger A" implies a more pronounced anisotropic.
From Table 3, we observe that the A of ZrC-Fm3m is 0.012,
which is significantly close to zero, indicating that it is almost
isotropic. For ZrC,, the P2;/c phase exhibits the highest de-
gree of anisotropy, as its A" equals 1.348, which is far away
from zero. The P6/mmm, Cmc2; and Cmmm phases exhibit
weaker anisotropy, and the P4, /nmc and Immm phases exhibit
an almost isotropic nature.

3.4. Electronic and bonding properties

To investigate the electronic properties of ZrC,, we calcu-
late the electronic band structures of the phases at the selected
pressure, as depicted in Fig. 5. The Fermi level is set at
zero. From the figure, we can observe that the ground state
phase P2;/c and the metastable phase Cmc2; exhibit a semi-
metal nature because they have an indirect negative band gap.
Specifically, the conduction band minima lie lower than the
valence band maxima. For the P2;/c phase, the conduction
band minima is approximately —0.144 eV, located between
points B and D, and the valence band maxima is approxi-
mately 0.109 eV, located between points E and C, as depicted
in Fig. 5(a). We further calculate the electronic band struc-
ture for P2 /c phase using HSE06 hybrid functional, and the
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Fig. 6. Electronic density of states (DOS) for (a) P2, /c, (b) P4, /nmc, (c) Immm, (d) P6/mmm, (¢) Cmc2; and (f) Cmmm phases of ZrC, under
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negative band gap for this phase at PBE level does not change
to a positive band gap at HSE level, as shown in Fig. S2 in
the Supporting Information. The semi-metallic nature of the
P2 /c phase is unlikely to be affected since the steep band
crossing near the Fermi energy is insensitive to the choice of
the functional used, and calculations using more accurate hy-
brid functionals do not open a band gap in this system. There-
fore, we infer that the PBE functional can be expected to return
accurate results for the electronic band structure calculations
of semi-metal materials. For the Cmc2; phase, the conduction
band minima is approximately —1.002 eV, located between
points S and X, and the valence band maxima is approximately
0.127 eV, located between points I and Z, as illustrated in
Fig. 5(e). The P4, /nmc, Immm, P6/mmm and Cmmm phases
exhibit metallic nature with the band crossing Fermi level. For
the further investigation of the elemental contributions to the
electronic structure of these phases, the projected density of
states (PDOS) were calculated as depicted in Fig. 6. From
the figures of DOS, we can observe that all the phases exhibit
semi-metal or metallic nature because of their finite DOS at
the Fermi level. The PDOSs are observed to be similar and
suggest that the bands close to the Fermi level are mainly the
Zr-d states of all the phases.

ﬂ f\.?v/m < Io
(d) P6/mmm

Fig. 7. Charge density distribution of the selected plane for (a) P2;/c, (b)
P4, /nmc, (¢) Immm, (d) P6/mmm, (¢) Cmc2; and (f) Cmmm phases of ZrC,
under 0, 0, 76.5, 253.6, 75 and 75 GPa, respectively. The selected planes are
shown in Fig. S3 of the Supporting Information. The contour interval is 0.1
electrons/Bohr?.

(f) Cmmm

To explore the bonding character of ZrC,, we calculate
the charge density distribution of the phases at the selected
pressure, as shown in Fig. 7. It is well known that the near
spherical distribution of electron density indicates an ionic
character, and the electron density along the bond indicates
a covalent character.[*8] Our results demonstrate that the var-
ious phases of ZrC, have the similar charge density distribu-
tion, that is to say, the charge density is centered around Zr
atoms and there is a small amount of charge density between
Zr and C atoms, while a large amount of density is distributed
along the C—C bond. It is indicated that the bond between the
Zr and C has more ionic character, while the C—C bond has co-
valent character. Interestingly, the charge density distribution
demonstrates that all of the phases have a stable and localized

lone-pair (non-bonding state) at the external corner of the car-
bon chains or ribbons except the P6/mmm phase.

4. Conclusion

In this work, we have conducted a systematic study of
the hyper stoichiometric compound ZrC, using first-principles
calculations in combination with the particle-swarm optimiza-
tion algorithm. We have determined the stable structures,
phase stabilities, phase order and critical pressures due to the
pressure increase for the fundamental understanding and prac-
tical applications of the Zr—C compounds in the TRISO fuel
system. Six possible stable or metastable structures are iden-
tified, namely, P2;/c, Cmmm, Cmc2, P4, /nmc, Immm and
P6/mmm phases. According to the calculated total energy
and enthalpy of these phases, we find that the P2;/c phase
is the ground state structure of ZrC,, whereas the phase or-

. 5.8 GPa . 765GP
der and critical pressures are P2;/c P4y /nmc 23
253.6 GPa

Immm =~ — " P6/mmm with pressure increasing. Although
the Cmc2; and Cmmm phases are not contained in the phase
transition sequence, their enthalpies are significantly close to
those of the P4,/nmc and Immm phases at approximately
75 GPa.
Cmmm, P4, /nmc and Immm may coexist and form a mixed

This demonstrates that the four phases Cmc2y,

phase at approximately 75 GPa.

The phonon dispersion curves of P2y /c, P4, /nmc and
Cmc2; exhibit no imaginary modes in the entire BZ at zero
pressure, and all the predicted phases exhibit no imaginary
frequencies at the selected high-pressure points. These re-
sults indicate that all the predicted phases of ZrC, are dy-
namically stable at zero pressure or at the phase transition
pressure. The calculated elastic constants C;; reveal that the
phases of ZrC, are mechanically stable at zero or at selected
pressures because their C;; satisfy the Born-Huang mechani-
cal stability criteria. Furthermore, the bulk modulus B, shear
modulus G, Young’s modulus E, Possion’s ratio v, Pugh’s ra-
tio (B/G) and log-Euclidean anisotropy index (A") are inves-
tigated based on the Voigt—Reuss—Hill approximations. The
results indicate that the ground state ZrC, P2, /c phase is eas-
ier to be compressed than the ZrC-Fm3m phase under hydro-
static pressure. However, the high pressure phase P4, /nmc of
ZrC, demonstrates approximately the same resistance to com-
pression as the ZrC-Fm3m phase. Comparing Pugh’s ratios
(B/G) of ZrC, and ZrC, we can realize that the high content
of carbon may lead to the more ductile nature of the Zr—C com-
pounds, because the B/G of ZrC-Fm3m is lower than those of
all the phases of ZrC;. The log-Euclidean anisotropic index
AL reveals that the P2;/c phase exhibits the highest degree
of anisotropy; the P6/mmm, Cmc2, and Cmmm phases ex-
hibit weaker anisotropy; and the P4, /nmc and Immm phases
demonstrate almost isotropic nature. The calculated electronic
band structures of ZrC, demonstrate that the ground state
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phase P2;/c and the metastable phase Cmc2; exhibit semi-
metal nature and the phases P4, /nmc, Immm, P6/mmm and
Cmmm exhibit metallic nature.

In summary, the results reported here provide a compre-
hensive description of the structural stabilities, and mechanical
and electronic properties of ZrC, over a wide range of pres-
sure. This information is crucial for understanding the struc-
tural evolution under high pressure and evaluating the behavior
of Zr—C compounds in the application of the clad material for
the TRISO fuel. The theoretical predictions about the crys-
tal structures, the phase transitions and the physical properties
of ZrC, under ambient and high pressure conditions call for
further experimental investigation and exploration.
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