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Abstract

First-principles calculations of lattice thermal conductivities and thermody-
namic properties of Zr,C and Zr,CO were performed using the quasi-harmonic
approximation. Oxygen in the lattice gives Zr,CO higher bonding strength than
Zr,C. Thus, the mechanical properties of Zr,C are enhanced when the vacan-
cies in its crystal structure are filled with oxygen. Among the critical parameters
that determine the lattice thermal conductivity, Zr,C has significantly higher
Griineisen parameters, thus Zr,C has lower lattice thermal conductivity than
Zr,CO. In addition, Zr,CO has a higher heat capacity and thermal expansion
coefficient than Zr,C at most temperatures. These results indicate that the addi-
tion of oxygen has increased the stiffness and thermal conductivity of zirconium
carbide that contains a large fraction of carbon vacancies due to the filling of
vacancies in the Zr,C lattice and the formation of Zr-O bonds.
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1 | INTRODUCTION

The reliability of tri-structural isotropic (TRISO) fuel
particles is crucial for the performance of future very
high-temperature reactors (VHTR) for nuclear power
generation.1 Currently, SiC is the material of choice in
TRISO fuel particles. However, swelling of SiC under irra-
diation is a limitation for its application. ZrC is a can-
didate to replace SiC in TRISO fuel particles due to its
high melting point, high thermal conductivity at very high
temperatures, and low neutron absorption cross-sections.’
It has come to light that ZrC, especially ZrC, contain-
ing significant fractions of carbon vacancies, is chemi-
cally and mechanically stable under irradiation and when
exposed to fission products.** In addition, using ZrC
in TRISO particles could increase the gas exit tempera-
ture of VHTRs, and increase the thermal efficiency as a
result.” The thermal stability of ZrC, can also enhance the
accident-tolerance of nuclear fuels.® Along with nuclear

applications, ZrC-W cermets have shown promise as rocket
motor components.”® Understanding of thermal, mechan-
ical, and thermodynamic properties of ZrC, is important
for all these applications.

The Zr-C phase diagram produced from experimental
data indicates that the carbon stoichiometry of rock salt
structured ZrC, ranges from x = 0.63 to 0.98 at 1800°C.’
First-principles simulations of ZrC, using mixing enthalpy
calculations has predicted that the carbon contents could
be as low as x = 0.5, wherein an ordered Zr,C phase
could form.! In addition, oxygen can dissolve into car-
bon vacancies in the ZrC, lattice to form single-phase zir-
conium oxycarbide.!! By dissolving oxygen into ZrC,, car-
bon contents as low as x = 0.45 have been predicted to
retain the stable rock salt structure with the composition
of ZrC, 450, 55.'> However, these two ordered compounds
are not readily synthesized and, as a result, experimen-
tal determination of their properties is difficult. The pres-
ence of ordered Zr,C and Zr,CO phases may influence
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the properties of ZrC,, but few experimental studies have
focused on the properties of these ordered phases and how
their presence impact the performance of ZrC, ceramics.
Hence, theoretical predictions of the properties of these
two ordered phases are needed.

First-principles calculations have been widely used to
predict materials properties. High-throughput materials
screening methods are able to identify candidate compo-
sitions with desirable properties without time-consuming
trial-and-error experimental studies.*' Such methods
are especially valuable for investigating the properties of
ultra-high-temperature ceramics due to the difficulties in
testing materials under extreme conditions.!” For example,
atomistic simulations were used to predict the thermal
conductivities of ZrC, ceramics with carbon stoichiome-
tries ranging from x = 0.9 to 1."® The thermal conductivities
were predicted to increase with increasing temperature as
had been observed in experimental studies. Furthermore,
the contribution of phonon transport to the total thermal
conductivity was negligible at elevated temperatures
where the total thermal conductivity was dominated by
the electron contribution. The thermal conductivities of
ZrC, ceramics were also investigated for compositions
with ordered carbon vacancies.”” The electron contribu-
tion to total thermal conductivity was calculated using
the Wiedemann-Franz law while the Debye-Slack model
was used to predict the phonon contribution. In general,
the thermal conductivity of ZrC, decreases as the concen-
tration of carbon vacancies increases. Also, the thermal
conductivity increases with increasing temperature. The
thermal conductivity of ZrC over a wide temperature
range was predicted using a single-mode relaxation
time approximation to calculate the phonon thermal
conductivity, and a semi-classical method was employed
to calculate the electron thermal conductivity.”’ The total
thermal conductivity was predicted to be affected by
grain size, that is, larger grain size favored higher thermal
conductivity.

Although the thermal conductivities of ZrC, were inves-
tigated previously, a deeper understanding of the mechan-
ical, thermal, and thermodynamic properties of Zr,C and
Zr,CO is still needed. Since single-phase Zr,C and Zr,CO
ceramics have not been experimentally prepared to date.
Hence, experimental determination of their properties
is difficult, which makes theoretical prediction of their
mechanical, thermal, and thermodynamic properties nec-
essary. The purpose of the present paper is to determine
the mechanical, thermal, and thermodynamic properties
of Zr,C and Zr,CO using first-principles calculations and
provide basic mechanical, thermal, and thermodynamical
data for both compositional control and property tuning of
ZrC,.
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FIGURE 1 Crystal structures of (A) Zr,C and (B) Zr,CO

2 | CALCULATION METHODS

2.1 | First-principles calculations and
lattice thermal conductivity

The space group for both Zr,C and Zr,CO is Fd3m. The
crystal structures of Zr,C and Zr,CO, which are shown
in Figure 1, were built based on Rietveld refinement of
X-ray diffraction patterns.?’ First-principles calculations
were employed to optimize the crystal structures and to
calculate the second-order elastic constants. Phonon cal-
culations were conducted with the finite displacement
method. Once phonon frequencies over the first Brillouin
zone are known, the energy of the phonon system (E)
can be obtained from the canonical distribution in statisti-
cal mechanics using the harmonic approximation. Lattice
thermal conductivities were predicted using the Debye-
Callaway model as reported in our previous papers.’>%

2.2 | Helmholtz free energy, heat
capacity, and coefficient of thermal
expansion

Thermodynamic calculations were performed using the
quasi-harmonic approximation. Helmholtz free energies
F(V, T) were calculated at zero pressure using Equa-
tion (1):%

F(V,T) = Eyot + E,p + kT [ F(w)In [1 — exp (—Z—?)] dw
@

where E, is the total energy at 0 K, E,, is the zero point
vibrational energy, k is the Boltzmann constant,F(w) is the
phonon density of states, & is the reduced Planck’s con-
stant, and T is temperature. The values of E,; and E,,were
determined using first-principles calculations.

Heat capacity at constant pressure was calculated using
Equation (2):

Cp=C, +a2BVT )
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where B is the bulk modulus, V' is the equilibrium vol-
ume of the crystal structures, and «, is the volume thermal
expansion coefficient determined from the Helmholtz free
energy ( a, = 0lnV /9T ) with C, calculated using Equa-
tion (3):

c, =P 4 el 3)
where Cf,)h is the phonon heat capacity given by:
(hCU . )zeha’jq/kBT

Cph — kBZ J4 - (4)
J»q (k T) ( hqu/kBT_l)

The phonons are summed over branch index j and wave
vector q. Cf,’l is the electron heat capacity at different tem-
peratures given by:

cyl=yT )
where
1
y = 37°N(ERK ©)

and N(Ep) is the electron density of states at the Fermi
level.

The phonon properties change with the volume since
the interatomic potential is an asymmetric function of
interatomic spacing (and therefore volume). The volume
dependence of the phonon properties was obtained by cal-
culating the phonon dispersions for Zr,C and Zr,CO at
13 different volumes to obtain the thermodynamic param-
eters. The lattice constants of the Zr,C primitive cells
ranged from 6.5778 to 7.0395 A while the lattice constants
for Zr,CO primitive cells ranged from 6.5795 to 6.6242 A.
The Vinet equation of state’> was employed to fit the free
energies and equilibrium volumes at different tempera-
tures. Bulk modulus (B) and equilibrium volumes (V) were
obtained by fitting the outputs.

3 | RESULTS AND DISCUSSION

3.1 | Lattice parameters and mechanical
properties

The calculated lattice parameters of Zr,C and Zr,CO are
listed in Table 1. Compared to the lattice parameter of Zr,C
(9.441 A), the lattice parameter of Zr,CO is lower (9.336 A)
due to the presence of oxygen atoms in the Zr,CO lat-
tice instead of the vacancies in Zr,C. In the crystal struc-
ture of Zr,C, the average distance between neighboring
Zr atoms along the crystallographic axes is 4.714 A, which
is larger than that of Zr,CO (4.671 A). The reduction has
been explained by the formation of Zr-O bonds, which

American Ceramic Society

TABLE 1 Lattice parameters (a) (A), second-order elastic
constants (¢;;, Cqs, €12) (GPa), shear modulus G (GPa), bulk modulus
B (GPa), elastic modulus E (GPa), Poisson’s ratio v, and
microhardness Hy, (GPa) of Zr,C, and Zr,CO from the present study
and, for comparison, ZrC from a previous study.”? Values in

parentheses are first principle predictions for Zr,C from a previous

study®
Composition ZrC* Zr,C Zr,CO
Lattice constanta (A)  4.706  9.411, (9.369)%* 9.336
cn 452 203 373
Cay 155 99 98
e 107 91 111
G 162 82, (71)* 1m
B 222 128, (137)% 198
E 391 203 281
v 0.21 0.24 0.26
Hy 24.2 12.6, (8.4),°% (10.8)**  13.0

increases the average bond strength in the lattice and,
therefore, decreases the distance between neighboring Zr
atoms.’®?” The reduction in lattice parameter, increase in
bond strength, and increase in the number of bonds when
oxygen is inserted into vacancies in the Zr,C lattice should
enhance the elastic moduli of Zr,CO compared to Zr,C.

The calculated elastic constants and Poisson’s ratio for
both compounds are listed in Table 1 with values from
other reports®>?® included for comparison. The elastic con-
stants are a direct reflection of bond strength. Two of
the second-order elastic constants, ¢;; and c;,, increase
as oxygen atoms are inserted into Zr,C to form Zr,CO
(e1 =203 GPafor Zr,C and 373 GPa for Zr,CO, ¢;; = 91 GPa
for Zr,C and 111 GPa for Zr,CO). Even though ¢4 of Zr,CO
(98 GPa) is slightly lower than that of Zr,C (99 GPa), the
shear modulus, bulk modulus, elastic modulus, and micro-
hardness of Zr,CO all increase as oxygen is added to the
lattice. For example, E increases from 203 GPa for Zr,C
to 281 GPa for Zr,CO, while hardness increases from 12.6
to 13.0 GPa. Compared to pure ZrC with all of the car-
bon sites occupied by carbon atoms, only one second-
order elastic constant, c;,, of Zr,CO is larger than that of
ZrC (c;, = 107 GPa for ZrC and 111 GPa for Zr,CO). The
other two second-order elastic constants and all the other
mechanical properties of bulk polycrystalline Zr,CO are
lower than ZrC. A similar decrease in hardness and elastic
constants has been observed experimentally when oxygen
replaces carbon in the ZrC lattice.?

3.2 |
states

Phonon dispersion and density of

Phonon dispersion curves along high-symmetry directions
in the Brillouin zone and the phonon density of states of
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FIGURE 2

Zr,C and Zr,CO are shown in Figure 2. The colored lines
in the dispersion curves are the acoustic phonon branches,
which include two transverse (TAl, TA2) and one lon-
gitudinal (LA) branches. The black lines are the optical
phonon branches. From the phonon dispersion curves,
no obvious gap is present between the acoustic phonon
and low-lying frequency optical phonon branches. The
slopes of the high-frequency optical phonons are relatively
flat compared to the acoustic phonons, which indicates
that the contributions of high-frequency optical phonons
to the lattice thermal conductivities can be ignored. The
lack of an obvious gap between the acoustic and optical
phonon branches is an indication of interactions between
them. The low-frequency optical phonon branches overlap

0.00 0.62 0.64 0.66 0.68 O.LIO
Projected Density of States (1/THz)
(B)

Phonon dispersions and density of states for (A) Zr,C and (B) Zr,CO

with the longitudinal acoustic phonon branch for Zr,C as
shown in Figure 2A, which indicates that acoustic phonons
are scattered by moderate-frequency optical phonons. The
projected density of states of Zr,C illustrates that low-
frequency phonon branches are mostly related to Zr atoms,
while high-frequency phonon branches are primarily asso-
ciated with C atoms. The higher frequency of phonon
branches of C atoms indicates that Zr-C bonds are stronger
than Zr-Zr bonds. Phonon dispersion and the projected
density of states of Zr,CO are shown in Figure 2B. Low-
frequency optical phonon branches scatter the acoustic
phonon branches in Zr,CO as well since they overlap.
Phonon frequencies of O atoms are between Zr and C
atoms as shown in the projected density of states in the
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FIGURE 3 Group velocities for (A) Zr,C and (B) Zr,CO
TABLE 2 The group velocities, Debye temperatures, and Griineisen parameters for ZrC*, Zr,C, Zr,CO and compared with a thermally
insulating material Gd,Zr,0,%
v v v 6 6 6
Unit TA1 TA2 LA TA1 TA2 LA J4VN YTA2 71a
W (km/s) (K) N/A
Zrc* 4.2 42 8.0 340.5 340.5 467.0 18 L5 17
Zr,C 4.1 4.1 5.8 167.5 172.7 220.1 10.0 9.1 4.3
Zr,CO 4.1 4.1 4.8 167.1 168.2 192.9 21 1.5 2.8
Gd,Zr,0,% 3.06 3.06 5.63 137 137 252 7.19 11.57 2.75

figure, which indicates that Zr-O bonds are weaker than
Zr-C bonds.

Lattice thermal conductivity in any specific direction at
low temperature is proportional to the square of group
velocity, that is, k(@) = Cg(w)V4(w)*7(w).” Thus, calcu-
lating the group velocities of Zr,C and Zr,CO (Figure 3)
provides insight into thermal conducting behavior. The
group velocities along the [100] direction of Zr,C are vra;
=Uray =41kms™, v, = 5.8 km s}; while those of Zr,CO
are upa; = Upaz, = 4.1km s, vy, = 4.8 km s™! (Table 2).
The difference between group velocities of Zr,CO and Zr,C
is small, indicating that any differences in their lattice
thermal conductivities will be indicated by the Griineisen
parameters.

The Debye temperatures of the acoustic transverse and
longitudinal phonon branches were calculated using the
relationship 6; = hwyay/kg, Where % is the reduced
Planck constant, w,,,, represents the maximum frequency
of the phonon branches at the boundary of the Brillouin
zone, and kg is the Boltzmann constant.>’ The Debye tem-
perature is a factor that affects the partial thermal con-
ductivity of each branch. For Zr,C, the Debye temperature
does not change significantly as oxygen atoms are intro-
duced into the crystal structure. For example, 81,7 slightly
decreases from 167.5 K for Zr,C to 167.1 K for Zr,CO while

O1a, decreases from 172.7t0168.2 K and 61 5 decreases from
220.1 to 192.9 K. Based on this analysis, those parameters
are not the factors that have a significant effect on differ-
ences in the lattice thermal conductivity for Zr,CO com-
pared to Zr,C.

Griineisen parameters are affected by the relationship
between the change in phonon frequency with the change
in volume of the crystal structure® in addition to being a
factor that can be used to calculate the relaxation times of
normal and Umklapp scattering processes. The Griineisen
parameters of Zr,C, especially for the transverse acous-
tic phonon branches (yra; and yra,), are significantly
higher than those of Zr,CO. The parameter values of
Z1,C (y1ta1 = 10.0, y1a2 = 9.1, ypa = 4.3) are higher than
those for materials that are typically considered to be
good thermal conductors.>” Thus, a material with a low
lattice thermal conductivity, Gd,Zr,0,,*> was used to
compare with the data in the present study ( yta; = 7.19,
yra2 = 11.57, ypao = 2.75) based on the similarly high
values of Griineisen parameters. Both Gd,Zr,0,; and
Zr,C have large concentrations of vacancies neighboring
Zr atoms, giving rise to highly asymmetric and anhar-
monic interatomic potentials. At high temperatures, the
anharmonic terms in the potentials enhance Umklapp
scattering, which, in turn, reduces the lattice thermal
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FIGURE 4 Lattice thermal conductivities of (A) Zr,C and (B) Zr,CO (Kyy: isotope effect; Ky, : isotope and grain boundary effects; Ky:

isotope, grain boundary, Umklapp, and normal processes effects)

conductivity. The Griineisen parameters of Zr,CO are
lower than Zr,C due to the more symmetric interatomic
potential of Zr in a O-Zr-C chain compared to Zr in Zr,C
that has a chain of vacancy-Zr-C. However, the electronic
contribution can dominate the thermal conductivity at
elevated temperatures. Thus, Zr,C may not necessarily
have a lower total thermal conductivity than Zr,CO,
but its lattice thermal conductivity is lower. The effects
of electron-carbon vacancy scattering, electron-oxygen
scattering, and the electron-phonon interaction would
need to be analyzed to provide additional insight into the
electron contribution to the total thermal conductivity.

3.3 | Lattice thermal conductivity

Figure 4 shows the temperature-dependent lattice ther-
mal conductivities of Zr,C and Zr,CO that were calcu-
lated using a combination of first-principles calculations
and the Debye-Callaway model. The effects of Zr iso-
topes, grain boundaries, and Umklapp and normal pro-
cesses were considered in these calculations as detailed in
our previous studies.”>?* The lattice thermal conductivi-
ties for both ordered compounds at elevated temperatures
are significantly lower than those at room temperature due
to phonon scattering.?” The lattice thermal conductivity of
Zr,C increases with the insertion of O atoms into the crys-
tal structure to form Zr,CO. The room temperature lat-
tice thermal conductivity (xy) of Zr,C is 1.76 W m™! K,
which increases to 5.85 W m™ K™! for Zr,CO. The increased
lattice thermal conductivity agrees with the expectations
based on the group velocities and Griineisen parameters
discussed above.

Compared to ZrC, the intrinsic lattice thermal conduc-
tivity of ZrC, decreases as the number of carbon vacan-
cies in the lattice increases. Zr,CO also has a lower lattice
thermal conductivity than ZrC.?* Therefore, replacing car-
bon atoms with oxygen atoms decreases the thermal con-
ductivity of ZrC,. This is expected as O atoms represent
larger mass defects than carbon isotopes do. Comparing
the key parameters for lattice thermal conductivity of ZrC
and Zr,CO (Table 2), the Debye temperature decreases sig-
nificantly when oxygen replaces carbon atoms in the lat-
tice because replacing carbon with oxygen decreases the
frequency of the lattice vibrations.**

3.4 | Thermodynamic properties

Heat capacity (Cp) is a fundamental thermodynamic prop-
erty and one of the factors that affects thermal conductivity
(x) of materials based on the relationship k = DpCp, where
D is thermal diffusivity and p is the density. The heat
capacities of Zr,C and Zr,CO were not calculated in
previous studies. For the present study, calculation of the
heat capacity of ZrC is used to validate the methods used to
predict heat capacities for Zr,C and ZrCO. The black line
in Figure 5A is the heat capacity of ZrC calculated by the
current method, which fits well with the previous results
calculated using quasi-harmonic Debye, Debye-Slater,
and Debye-Griineisen models.*>*° Heat capacities of
Zr,C and Zr,CO at constant pressure are also shown in
Figure 5B. When the contributions from phonons and
electrons are considered, the heat capacities for both Zr,C
and Zr,CO increase as temperature increases. Zr,CO has a
higher heat capacity than Zr,C over the entire temperature
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FIGURE 5

range. This is expected as Zr,CO has more atoms and,
therefore, on a molar basis will have 33% more degrees of
freedom. For the parameters that affect heat capacity at
constant pressure (Cp), Zr,CO has higher electron (CZ)
and phonon heat capacities (Cgh) and thus has higher heat
capacity at constant volume (C, ). That is another indica-
tion that Zr,CO has a higher thermal conductivity than
Zr,C.

Thermal expansion coefficients of ZrC, Zr,C, and Zr,CO
as function of temperature are shown in Figure 6. The
volume thermal expansion coefficient of ZrC calculated
using the methods in the current study is compared
with values from simulations using the quasi-harmonic
approximation,®® as well as with experimental values®’ as
shown in Figure 6A. Values from the theoretical studies
are higher than the experimental values because the sim-
ulations do not consider defects, flaws, or impurities. The
linear thermal expansion of ZrC (8.84 x 107° K™) is lower
than Zr,C (8.90 x 10° K™) and Zr,CO (10.06 x 107 K™1).
The linear thermal expansion coefficient of Zr,C is lower
than Zr,CO across most of the temperature range. For
example, at 292 K, thermal expansion coefficient of Zr,C is
6.49 X 107 K1, and Zr,CO is 7.34 x 10° K™!. The thermal
expansion coefficient of Zr,C increases less as a function of
temperature than Zr,CO and reaches a plateau value above
600 K. However, the thermal expansion value of Zr,CO
does not reach a plateau as temperature increases. Below
200 K, the thermal expansion coefficient increases rapidly
as temperature increases, then tend to slow between 200
and 800 K. Above 800 K, the rate of increase in the ther-
mal expansion coefficient rises again. The increasing rate
of thermal expansion coefficient at high temperature indi-

T ¥ T ¥ T ) T
800 1000 1200 1400

The heat capacities of (A) ZrC and (B) Zr,C and Zr,CO

g T 4 T 4 T T T X T Y T ¥ T
0 200 400 600 800 1000 1200 1400
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cates that Zr,CO is less thermally stable than ZrC or
Zr,C.

4 | CONCLUSION

The elastic, thermal, and thermodynamic properties of
ordered Zr,C and Zr,CO were studied theoretically. The
bond strength of Zr,C increased as oxygen atoms occu-
pied the carbon vacancy sites, which was manifested as
a decrease in the lattice parameter as oxygen substituted
into carbon vacancy sites. Second-order elastic constants
and mechanical properties were calculated to assess the
intrinsic lattice thermal conductivity. Zr,CO possessed
higher values of hardness and elastic constants than Zr,C.
Phonon dispersions at different volumes were calculated
for both compositions. Phonon density of states were
analyzed to interpret the bonding strength. Lattice ther-
mal conductivities of Zr,C and Zr,CO were calculated
using a combination of first-principles calculations and the
Debye-Callaway model. Group velocity, Debye tempera-
ture, and Griineisen parameter were also analyzed. Zr,CO
had higher lattice thermal conductivity than Zr,C due to
the lower Griineisen parameters which is crucial to deter-
mine the lattice thermal conductivity. Thermal expansion
coefficients and heat capacities were also calculated for
both crystal structures. The thermal expansion coefficient
of Zr,CO was larger than Zr,C when the temperature was
higher than 110 K. However, the thermal expansion coef-
ficient of Zr,CO varied across the entire range of tempera-
tures investigated, indicating its instability at high temper-
atures. The heat capacity of Zr,CO was higher than Zr,C,
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compared to quasi-harmonic approximation predictions*® and
experimental values.?’ (B) Volumetric and linear coefficients of
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which was one reason that Zr,CO had a higher lattice ther-
mal conductivity than Zr,C.
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