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Low thermal conductivity is important for thermal barrier coatings, thermoelectrics, and other applications in
industry and materials science. Accurate calculation of their thermal conductivity κ at high temperatures remains
challenging: methods such as the Boltzmann transport equation (BTE) usually underestimate the actual value.
Here we used the effective harmonic method and homogeneous nonequilibrium molecular dynamics simulations
with machine-learning potentials to calculate the thermal conductivity of candidate materials at temperatures up
to 1500 K. The results obtained for La2Zr2O7, ZrSiO4, and BaZrO3 are in perfect agreement with the experiment
at all temperatures. We used renormalized second- and third-order interatomic force constants and phonons at
high temperatures to calculate the thermal conductivity using the BTE and confirmed these results with molecular
dynamics simulations. Investigating the relationship of thermal conductivity with the elastic properties, Debye
temperature, and the speed of sound, we proposed threshold values for future high-throughput screening for low-
κ materials. Using the molecular dynamics method at high temperatures, we calculated the volumetric thermal
expansion coefficient and selected ten candidate materials for thermal barrier coatings at high temperatures.
Besides thermal barrier coating materials, this approach can be applied to multiple classes of materials where
thermal conductivity is important.
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I. INTRODUCTION

With the development of technology and science, gas tur-
bines became extensively used in industry and transport. The
working temperatures of stationary and aviation gas turbines
are usually very high (up to 1500 K and higher), neces-
sitating the use of thermal barrier coating (TBC) ceramics
to protect turbine blades/vanes from hot gases and an ox-
idative atmosphere. TBCs must have high melting points,
low thermal conductivity, a relatively high thermal expansion
coefficient (TEC), thermal shock resistance during thermal
cycling, high phase, thermal and chemical stability under
oxidizing conditions, and strong adhesion to the substrate
[1–3]. Currently, the most widely used materials for TBCs
are yttria-stabilized zirconia (YSZ) and rare earth-doped ce-
ria (RE-doped ceria). YSZ is a ceramic material composed
of zirconia (ZrO2) with 6–8 wt.% yttria (Y2O3). Its low
thermal conductivity (∼2 W/(m.K) at 1273 K), a high lin-
ear TEC (11 × 10−6 K−1 at 293–1273 K), good thermal
shock resistance, and excellent chemical stability could make
it an ideal choice for TBCs [1]. However, phase transi-
tion at 1150◦C–1200 ◦C and high oxygen diffusion limit
the number of thermal cycles and operating temperature
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at 1200 ◦C for YSZ. Thus increasing the working gas tem-
perature to 1300 ◦C and higher for the next generation of
gas turbines requires the development of new materials for
TBCs. Many candidates have been investigated and tested,
mainly among refractory oxides based on Al2O3, TiO2,
ZrO2, HfO2, Ta2O5, rare earth, and alkali earth oxides, such
as fluorites (Ce, Ln)O2-x, pyrochlores A3+

2 B4+
2 O7, garnets

Ln3Al5O12, perovskites A2+B4+O3 and LnAlO3, magneto-
plumbites (CaAl12O19, LaMgAl11O19), monazites LnPO4 etc
[1–5]. Pyrochlores Ln2Zr2O7 and (Ln, Ln′)2Zr2O7 (Ln, Ln′ =
La, Nd, Sm, Gd, Yb) with relatively low oxygen diffusion,
thermal conductivity of 1.1–1.7 W/(m K) and higher ther-
mal stability than YSZ are considered to be among the most
promising. Magnetoplumbites and perovskites also have a
wider operating temperature range and lower thermal conduc-
tivity compared to YSZ. Nevertheless, materials that would
surpass YSZ in all respects have not yet been found.

Thermal conductivity, a key property of TBC materials, is
highly dependent on temperature, the size of the system, its
impurities, and dislocations. However, it can be challenging to
measure thermal conductivity for numerous materials. There-
fore effective screening strategies are needed for choosing
new stable materials with low thermal conductivity at high
temperatures. Recently, considerable efforts have been made
to predict such materials [2,6,7].

Machine learning (ML) and artificial intelligence (AI)
can be used for high-throughput screening to select suitable
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candidates among the materials for thermal applications. For
example, Seko et al. showed that by using selected features
that have the highest correlation with the thermal conductivity,
including atomic number, atomic mass, atomic radius, ioniza-
tion energy, unit cell volume, atomic density, and vibrational
density of state (DOS), the thermal conductivity of materials
can be predicted with high accuracy [8]. In a high-throughput
screening study, Chi et al. investigated 63 properties and se-
lected 29 of them that have the greatest effect on the prediction
of the thermal conductivity of inorganic materials [9]. Babaei
et al. developed a machine learning potential (MLP) for sil-
icon with vacancies to predict its thermal conductivity [10].
However, due to the lack of experimental data for thermal
conductivity of materials in wide temperature ranges, it is dif-
ficult to train and evaluate directly machine learning models
for screening thermal conductivity of materials. So, in this
paper, we decided to utilize MLPs to accelerate calculation
of the thermal conductivity of materials.

In this paper, we used MLPs to calculate the thermal
conductivity, thermal expansion, and elastic constants of re-
fractory oxides with fairly symmetric and complex structures,
some of which are already used as TBC materials, whereas
others may be considered as possible candidates for TBC
applications.

The initial criteria for selecting promising phases were
crystal chemical considerations that directly follow from the
main requirements for materials for TBCs: high thermal
stability, TEC, mechanical strength, and low thermal conduc-
tivity, which significantly limit the possible composition and
structure of such a material. In terms of chemical bonding,
high temperature stability and strength are associated with
strong (covalent) bonds, while the other two properties are
determined by weaker ionic bonds. These contradictory re-
quirements can be satisfied by choosing complex oxides with
alternating strong and weak chemical bonds (or hard and
soft structural units) [3]. This means a combination in the
structure of fairly small and valence-stable highly charged
B cations (Al3+, Zr4+, Nb5+, etc.), usually octahedrally co-
ordinated, with large A cations (alkaline earth or rare earth
ions) with higher coordination. It is desirable to bind the
polyhedra of small cations into an extended spatial construc-
tion, which ensures the strength and thermal stability of the
structure. Therefore, from the point of view of increasing the
strength of the structure and isotropy of the TEC, preventing
cracks in TBCs, flexible highly symmetrical framework struc-
tures with minimal cleavage and evenly distributed strong
bonds are preferable, such as cubic structures of perovskite
ABO3, pyrochlore A2B2O7, garnet A3B2C3O12, as well as some
hexagonal, tetragonal and other phases, some of which we are
considered in this paper.

II. METHODS

In recent decades, several computational methods have
developed for calculating thermal conductivity of crystal and
amorphous materials. For example, there are several methods
based on molecular dynamics (MD) simulations, including
nonequilibrium molecular dynamics (NEMD) [11–13], the

Green-Kubo method [14,15], homogeneous nonequilibrium
molecular dynamics (HNEMD) method [16,17]. For crys-
talline materials, the Boltzmann transport equation (BTE)
[18–20], and for mesoscale structures and interfaces between
systems the nonequilibrium Green’s function (NEGF) method
[21] is utilized.

Normally, the methods used for solving the Boltzmann
transport equation and calculating the thermal conductivity in
TBC materials are based on simplified approaches, such as the
Clark model [22], Callaway model [23,24], or Slack model
[25]. Most of these methods find thermal conductivity κ ∝
T −1, while experiments on many TBC materials have shown
that at high temperatures, their thermal conductivity is weakly
dependent on temperature [26–28], which is expected more
of amorphous materials than crystals. Several new theoretical
studies have been conducted to unify the propagative and
diffusive mechanisms of thermal conductivity in amorphous
and crystalline materials to explain this behavior [29–32].

In this study, we applied two approaches to calculate ther-
mal conductivity of materials: solving the BTE using the
temperature-dependent interatomic force constants (TDIFCs)
in the effective harmonic model (EHM) [33,34], and ho-
mogeneous nonequilibrium molecular dynamics simulations
[16,17]. The best approach to achieve high accuracy in MD
simulation or calculating the second- and third-order inter-
atomic force constants (IFCs) [35,36] which are required in
BTE, is using density functional theory (DFT). This approach
has high accuracy but is computationally expensive. An ideal
strategy is to use MLPs in molecular dynamics simulations
and calculation of the IFCs [37–41]. The accuracy is compa-
rable to DFT, whereas the computational cost is much lower.
To calculate the IFCs, thermal expansion (using MD simu-
lations), and elastic constants, we used the moment tensor
potential (MTP) [42–45] as implemented in MLIP package
[46]. In the HNEMD method, we used a new neuroevolution
potential (NEP) [47–49], which is implemented in the GPUMP

package [50].

A. Machine learning potentials

We need ML potentials that would enable us to reli-
ably perform simulations at temperatures between 100 and
approximately 2000 K. To achieve this, first, we used the
D-optimality-based active learning method [43,44] to train the
moment tensor potentials.

At the first step of active learning, we generated ini-
tial training sets by selecting 100 trajectories from short
AIMD calculations at room temperature. We used AIMD
as implemented in the VASP code [51] with projector-
augmented wave (PAW) potentials [52] and the Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation
exchange–correlation functional [53]. All AIMD calculations
were performed on different supercells and k-point grids [54]
using the NPT ensemble [55,56]. The corresponding values
for each material are provided in Ref. [57] (see Table SI).
Plane waves up to an energy cutoff of 600 eV were used as
a basis set to represent the Kohn–Sham wave functions. The
time step was 2 fs, and the total simulation time for AIMD
was 6 ps.
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After preparing the initial training set, we proceeded to
the initial training of the moment tensor potential with a
cutoff radius of 6 Å. Using the obtained initial potential,
we performed classical molecular dynamics simulations with
the NPT ensemble gradually from zero to 2000 K for 10 ps
and then a simulation at fixed T = 2000 K for 5 ps. Dur-
ing this simulation, we selected new configurations using the
active learning method and added them to the training set
after running them with DFT and retraining the potential. We
continued these steps until no new configurations were se-
lected. To perform classical molecular dynamics calculations,
we used the large-scale atomic/molecular massively parallel
simulator (LAMMPS) package [58] with the MLIP code.

The same training sets were employed to train the
neuroevolution potentials. For some materials having high
symmetry and stability at higher temperatures, NEP2-type
potentials with a cutoff radius of 6 Å were used [48], whereas
other materials were simulated using NEP3-type potentials
with a cutoff radius of 8 Å [49]. One of the reasons for us-
ing the NEPs in calculating the thermal conductivity through
molecular dynamics simulations was the much higher compu-
tational speed of these potentials compared to the MTP. NEPs
enable us to perform simulations at large system sizes (about
30 000 atoms in the simulation box) and very long simulation
times (about 3 ns), which are required to reach a converged
value of thermal conductivity using MD.

The validation of the trained machine learning potentials
was performed using 100 randomly selected configurations
that were generated during molecular dynamics simulations
(not included in the training sets). The average errors in the
energies, forces, and stresses, and the number of configura-
tions in the active training set for each potential are provided
in Ref. [57] (Table SI).

To validate the MLIPs capabilities in computing lattice dy-
namics of materials, we relaxed the unit cells using the BFGS
optimization method and the moment tensor potentials, and
then calculated the phonon dispersion curves using PHONOPY

package [59] interfaced with MLIP code. Tests for four mate-
rials show that the phonon dispersion curves calculated using
DFT are accurately reproduced using the MTPs (Fig. 1).

B. Thermal conductivity

Calculating thermal conductivity of TBC materials poses a
significant challenge. TBC materials are insulators and their
thermal conductivity is predominantly due to phonons (lattice
thermal conductivity). In this study, we first calculate lattice
thermal conductivity using the phonon gas model by solving
the BTE [18,20], and then investigate the limitations of this
approach and ways to overcome them for complex anhar-
monic materials at high temperatures.

We used an iterative self-consistent algorithm [20] as im-
plemented in the SHENGBTE package [36] for solving the BTE.
In the calculations, we considered third-order interatomic
force constants up to the fourth nearest neighbor in a supercell
[35]. The size of supercells for each structure is presented in
Ref. [57] Table SII.

As a second approach, we used specialized thermostats
in the homogeneous nonequilibrium molecular dynamics ap-
proach [16,17,60] as implemented in the GPUMD package [50].

FIG. 1. Phonon dispersion curves along high-symmetry direc-
tions of the first Brillouin zone calculated using DFT (solid red lines)
and the MTP potentials (dashed black lines).

In the HNEMD method, a slightly nonequilibrium state is
created by adding a small external driving force Fe for the
atoms in the simulation box. The heat current generated by
this external force is proportional to the thermal conductivity
of the system. If the external force is small enough to keep the
system in the linear response mode, the relationship between
the thermal conductivity and the heat current produced by the
external force is [60]

〈J(t )〉ne

TV
= κ (t )Fe. (1)

If the external force is applied in only one direction, the
average value of the thermal conductivity is obtained by in-
tegrating the heat flow over the simulation time:

κ (t ) = 1

t

∫ t

0
dt ′ 〈J (t ′)〉ne

TV Fe
. (2)

C. Comparison of methods for computing thermal conductivity

To analyze our theoretical methods for thermal conductiv-
ity, we compare different computational methods and related
physics. Specifically, we focus on La2Zr2O7, Mg3Al2(SiO4)3,
ZrSiO4, and BaZrO3, and compare results of different meth-
ods with experimental data. These materials have been
well-studied theoretically and experimentally with reliable
results.

Lanthanum zirconate, La2Zr2O7 has a cubic pyrochlore-
type structure. This material has gained significant attention
for TBC applications [61–63] due to its low thermal con-
ductivity, high temperature stability, and chemical inertness.
However, accurate prediction of the thermal conductivity of
La2Zr2O7 remains a challenge due to the complexity of its
lattice dynamics and the anharmonic nature of its atomic
vibrations [64]. Another good test case is strongly anharmonic
pyrope Mg3Al2(SiO4)3 [65–67].

Zirconium silicate (ZrSiO4) has two known phases stable
at different pressures. The low-pressure phase, known as zir-
con, has a tetragonal body-centered structure with 12 atoms
in the unit cell. The crystal structure of zircon comprises an
arrangement of SiO4 tetrahedra and ZrO8 dodecahedra.
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FIG. 2. Calculated thermal conductivity using the BTE (har-
monic approximation), EHM (temperature-dependent IFCs), and
HNEMD approaches for La2Zr2O7, Mg3Al2(SiO4)3-pyrope, ZrSiO4,
and BaZrO3. The experimental thermal conductivity data for
La2Zr2O7 are the best measurements for bulk crystal from Ref. [26].
The experimental thermal conductivity data for ZrSiO4 are from
Ref. [71]. For BaZrO3 the theoretical BTE + SCP calculations from
Ref. [72] and experimental results are from Refs. [61,69,70].

Barium zirconate (BaZrO3) has a simple perovskite struc-
ture and was intensely studied due to its promising properties
such as high thermal stability and melting point, as well as its
dielectric and ferroelectric properties [68]. Recently, BaZrO3

was explored as a candidate for TBC [61,69,70].
The calculated values of thermal conductivity κ obtained

by solving BTE using zero temperature IFCs for all the
cases are very close to the available experimental data at
low temperatures. (see Fig. 2) As temperature increases, the
BTE estimates of κ (T ) become significantly lower than the
experimental values. (The details of solving BTE with zero
temperature IFCs are available in Ref. [57].) To uncover the
cause of this discrepancy, we compared the phonon scatter-
ing rate (1/τ ) with their frequency at high temperatures. At
T = 1500 K, the phonon scattering rate calculated using the
conventional BTE method is significantly higher than their
frequency (see Fig. SI). It is strange for the scattering rate
to exceed the phonon frequency as this indicates that the
phonons are decaying before they can even exist, i.e., phonons
are not well-defined in this case. This peculiar behavior is also
observed in Mg3Al2(SiO4)3 at T = 1500 K (see Fig. SI).

Several recent attempts have been made to explain this
behavior by considering both the particlelike behavior (ki-
netic regime in crystals) and the propagation behavior of
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FIG. 3. (a) Phonon dispersion curves of BaZrO3 calculated using
TDIFCs at various temperatures. (b) Comparison of phonon frequen-
cies at the R point (0.5 0.5 2.5) with experimental inelastic neutron
scattering from Ref. [76] as a function of temperature. The error bars
are estimated based on experimental spectral measurements.

phonons (in glasslike materials) [29,32,73]. Additionally,
Wigner transport equation, which offers a unified approach to
the coexistence of both particlelike and wavelike mechanisms,
has been employed [31,64].

To overcome this problem we decided to use TDIFCs in
effective harmonic model [33,34,74] to solve the BTE. To
use it, we need to construct a force constants model [74] at
each target temperature for each of the materials. For this
purpose, we performed molecular dynamics simulations in
the canonical ensemble at each temperature in a supercell for
250 ps (the equilibrium lattice constant for each temperature
was calculated using the MD simulation in the NPT ensemble
for 60 ps). After 40 ps passed for the simulation to reach
equilibrium, we selected random snapshots of the molecular
dynamics trajectory for training, by least-squares fitting the
temperature-dependent interatomic force constants (TDIFCs)
[34] in the potential energy surface in the ionic displacements
u using the HIPHIVE code [74]:

V = V0 + �α
i uα

i + 1
2�

αβ
i j uα

i uβ
j + 1

3!�
αβγ

i jk uα
i uβ

j uγ

k + . . . (3)

The cutoff values for the second- and third-order interactions
were up to 8.0 and 5.0 Å, respectively.

After obtaining the second- and third-order temperature-
dependent interatomic force constants using the EHM, we
calculated the phonon thermal conductivity using SHENGBTE

package (see Fig. 2). Thermal conductivities of La2Zr2O7

and ZrSiO4 obtained using the TDIFCs are in close agree-
ment with experiment. As shown in Fig. 2, the temperature
dependence of thermal conductivity κ (T ) obtained using the
TDIFCs significantly differs from that obtained using the
zero-temperature IFCs.

The phonon dispersion curves of La2Zr2O7 and
Mg3Al2(SiO4)3 calculated at 1500 K using the EHM
and at 0 K in the harmonic approximation [Figs. SII(b)
and SII(d)] show hardening of soft phonons with increasing
temperature and shifting toward higher frequencies in both
materials. The effect of this hardening is also present in the
phonon density of states (PDOS) with increasing temperature
[Figs. SII(a) and SII(c)]. The phonon dispersion of BaZrO3 at
different temperatures, obtained using TDIFCs, is presented
in Fig. 3(a). A softening in the frequency of the out-of-phase
rotation optical mode of oxygen octahedra at the R-point
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is observed as the temperature reduction from T = 300 to
50 K. To validate our findings, we compared our theoretical
results with corresponding experimental measurements of
the phonon spectra function obtained via inelastic neutron
scattering (INS) for La2Zr2O7 [75] (see Fig. SIII) and BaZrO3

[76] (see Fig. 3) at different temperatures.
The renormalization of phonon frequencies with temper-

ature convinces us to confidently employ TDIFCs in all our
future calculations of thermal conductivity for strongly anhar-
monic materials. In other words, using alternative methods to
solve the BTE for these types of materials will not be valid
unless those methods incorporate TDIFCs. Here we do not
try to use any other approaches, such as the Winger mecha-
nism [64], due to the good agreement between the Boltzmann
transport equation, experimental measurements, and HNEMD
simulations (which will be discussed below).

The scattering rates of renormalized phonons (Fig. SI)
calculated using the TDIFCs are lower than their frequencies,
in contrast to the zero-temperature IFCs, indicating normal
phonon behavior, rendering phonons well-defined quasiparti-
cles here.

The scattering rate depends on two main parameters,
three-phonon scattering phase space [77] and strength of an-
harmonicity. Our calculation of the three-phonon scattering
phase space indicates that the hardening effect reduces the
scattering channels for low-frequency phonons (see Ref. [57],
Figs. SIV and SV).

Quantitatively measuring anharmonicity in solids is a chal-
lenging task as it depends on the thermal expansion of the
lattice and the thermal shift of phonon frequencies. Recently,
a methodology to calculate the degree of anharmonicity in
materials was proposed by Knoop et al. [78].

To calculated the degree of anharmonicity, we performed
MD simulations at several temperatures using machine learn-
ing potentials and calculated harmonic forces using two
TDIFCs and zero-temperature IFCs. We performed MD
simulations using machine learning potentials at various tem-
peratures and calculated harmonic forces using two TDIFCs
and zero-temperature IFCs to determine the degree of an-
harmonicity. The obtained results for both La2Zr2O7 and
Mg3Al2(SiO4)3 are presented in Fig. SVI.

In the next step, we ran the MD simulation and used the
HNEMD method to calculate thermal conductivity. The NEP3
potential was trained on the same training sets obtained from
active learning of the moment tensor potential. The size of
simulation box and number of atoms are in Table I. To select
the proper value of the external driving force Fe, we ran
several simulations at 300 K with external forces ranging from
10−5 to 10−4 Å−1, finally choosing the value of 5 × 10−5 Å−1.
At each temperature, we performed 15 individual simulations
and obtained the κ value by averaging the results of each
simulation. All the HNEMD simulations were performed for
3 ns in the Nose–Hoover chain thermostat [16,17] to achieve
the convergence of the κ value. The results obtained using the
EHM and HNEMD, by contrast, show that these methods can
be used to calculate the κ values with high accuracy because
molecular dynamics takes all anharmonic effects into account.

For Mg3Al2(SiO4)3, the HNEMD-obtained values are
higher than those calculated using the EHM, a behavior
different from that of La2Zr2O7. As a classical method,

molecular dynamics simulation ignores nuclear quantum ef-
fects. At temperatures lower than the Debye temperature �D,
molecular dynamics will overestimates κ . The Debye temper-
ature of Mg3Al2(SiO4)3 is about 802 K, and the κ values
obtained using the HNEMD and EHM at T > 1000 K are
close to each other. At temperatures above �D, HNEMD
yields the most accurate results.

For BaZrO3, we compared our results with some ex-
perimental measurements [61,69,70] and one theoretical
calculation [72] based of self-consistent phonon theory (SCP)
in Fig. 2(d). There is a discrepancy between experimental
values and obtained values of thermal conductivity using
zero temperature IFCs. The thermal conductivity values are
in agreement with two measurements by Yamanaka et al.
[70] and Liu et al. [69] only at low temperatures (below
T = 500 K), and as temperature increases, theory underes-
timates thermal conductivity. The thermal conductivity values
obtained with TDIFCs are, by contrast, significantly higher
than those obtained using zero temperature IFCs, particularly
at high temperatures (T > 1000 K), and exhibit weak agree-
ment with only one experiment conducted by Vassen et al.
[61] at high temperature.

There is also a discrepancy between HNEMD results and
experimental measurements. Notably, the values obtained us-
ing HNEMD agree with the experimental measurements by
Vassen et al. [61] at low temperatures. If we compare our
results with other theoretical calculations by Zheng et al. [72],
which are based on the self-consistent phonon theory, which
includes both three- and four-phonon scatterings, we observe
a close agreement with our HNEMD results.

The experimental thermal conductivity of BaZrO3 at high
temperatures exhibits a weak temperature dependence that
none of the theoretical methods we considered can adequately
describe. The temperature dependence obtained using the
HNEMD method(κ ∝ T −0.88) is in good agreement with the
SCP method (κ ∝ T −0.75) by Zheng et al. [72]. However, our
calculation based on TDIFCs yields a different temperature
dependence of thermal conductivity (κ ∝ T −0.64). These dis-
crepancies may be attributed to other mechanisms of thermal
conductivity, such as electronic thermal conductivity, convec-
tion with proton [79], oxygen ionic mobility, and thermal
radiation, which were not accounted for here.

III. RESULTS AND DISCUSSION

A. Thermal conductivity

Previous section focused on exploring different theoretical
approaches for calculating thermal conductivity, along with
comparative analyses of experimental measurements for se-
lected compounds. In this section, we extend our investigation
by applying the EHM and HNMED techniques to determine
thermal conductivities of both commonly used TBC materials
and new materials. Furthermore, we provide a comparison
between the theoretically derived thermal conductivities and
existing experimental data for some compounds.

Currently, the most widely used material for TBCs is yttria-
stabilized zirconia. We calculated the thermal conductivity
of 8% YSZ using HNEMD. For this purpose, we employed
the NEP4 potential and a supercell of dimensions 8 × 8 × 8
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TABLE I. Thermal conductivity and thermal expansion coefficient (TEC) of the compounds calculated using the EHM and HNEMD
methods. Compounds are sorted by the thermal conductivity value at T = 1500 K. Materials marked with * have anisotropic thermal
conductivity.

Thermal conductivity κ , W/(m K) Volumetric MD simulation box

300 K 1000 K 1500 K TEC × 10−5 K−1 N

Compounds (structure) EHM HNEMD EHM HNEMD EHM HNEMD 1000 K 1500 K Supercell atoms

MgAl2O4 (spinel) 29.21 26.29 ± 0.60 10.59 6.75 ± 0.34 7.99 4.58 ± 0.21 3.47 3.92 8 × 8 × 8 28672
ZrSiO4* (zircon) 15.50 16.35 ± 0.46 6.30 4.60 ± 0.14 4.98 2.93 ± 0.16 2.05 2.27 10 × 10 × 10 24000
CaAl12O19*
(magnetoplumbite)

4.98 ± 0.22 3.55 ± 0.15 2.80 ± 0.15 3.48 3.76 12 × 12 × 3 27648

CaZrAl9BO18* (painite) 3.79 5.87 ± 0.19 1.69 3.08 ± 0.13 1.27 2.50 ± 0.12 3.28 3.66 8 × 8 × 8 30720
Ca3Al2(SiO4)3 (garnet) 6.52 6.93 ± 0.11 2.69 3.12 ± 0.11 1.91 2.19 ± 0.11 3.39 3.56 6 × 6 × 6 34560
Mg3Al2(SiO4)3 (garnet) 2.47 3.99 ± 0.08 1.76 2.85 ± 0.05 1.69 2.17 ± 0.08 3.71 3.82 6 × 6 × 6 34560
CaYAlO4* (layered
perovskite)

4.80 ± 0.14 2.42 ± 0.11 2.03 ± 0.10 4.24 5.10 20 × 20 × 6 33600

Y3Al5O12 (garnet) 4.89 5.58 ± 0.22 1.90 2.38 ± 0.10 1.44 2.02 ± 0.08 3.42 3.70 5 × 5 × 5 20000
CaZrTi2O7* (zirconolite) 3.18 ± 0.13 1.98 ± 0.13 1.77 ± 0.16 3.71 4.41 10 × 10 × 8 26400
Ca2Al2SiO7* (melilite) 3.63 3.87 ± 0.08 2.25 2.00 ± 0.07 1.66 1.77 ± 0.08 3.39 3.56 9 × 9 × 12 23328
BaZrO3 (perovskite) 8.00 7.21 ± 0.15 3.53 2.55 ± 0.10 2.79 1.76 ± 0.10 3.18 3.59 18 × 18 × 18 29160
SrZrO3 (distorted perovskite) 2.93 ± 0.17 1.87 ± 0.09 1.64 ± 0.10 4.10 3.48 18 × 18 × 18 29160
CaYAl3O7* (melilite) 1.95 ± 0.11 1.65 ± 0.06 1.61 ± 0.06 3.34 3.38 10 × 10 × 14 33600
SrLa2Al2O7* (layered
perovskite)

7.98 ± 0.35 2.74 ± 0.09 1.56 ± 0.17 4.57 5.26 16 × 16 × 3 18432

Sr2Al2SiO7* (gehlenite type) 4.46 3.93 ± 0.22 2.09 1.61 ± 0.10 1.47 1.56 ± 0.07 3.15 3.25 9 × 9 × 12 23328
CaLaAl3O7* (gehlenite type) 3.20 2.47 ± 0.12 2.01 1.63 ± 0.05 1.64 1.46 ± 0.16 3.15 3.25 9 × 9 × 12 23328
Sr2CrNbO6 (double
perovskite)

6.19 ± 0.26 2.13 ± 0.19 1.46 ± 0.11 3.92 4.61 8 × 8 × 8 20480

Y3NbO7* (fluorite) 1.61 ± 0.10 1.26 ± 0.12 1.41 ± 0.12 4.62 5.29 8 × 4 × 12 16896
Ca2YZr2(AlO4)3* (garnet) 3.05 3.56 ± 0.19 1.37 1.66 ± 0.15 1.13 1.41 ± 0.05 3.39 3.66 5 × 5 × 5 20000
CaTa4O11* (calciotantite) 2.82 ± 0.13 1.69 ± 0.10 1.38 ± 0.07 2.08 2.37 12 × 12 × 6 27648
La2Zr2O7 (pyrochlore) 2.10 2.24 ± 0.16 1.45 1.47 ± 0.11 1.39 1.36 ± 0.10 3.55 3.57 6 × 6 × 6 19008
Ba2YNbO6 (double
perovskite)

4.14 ± 0.17 1.76 ± 0.08 1.36 ± 0.07 3.58 3.85 8 × 8 × 8 20480

Ca3TaAl3Si2O14* (langasite) 2.04 ± 0.15 1.55 ± 0.12 1.32 ± 0.15 3.32 3.78 8 × 8 × 14 20608
Ba2YTaO6 (double
perovskite)

4.59 ± 0.13 1.99 ± 0.11 1.32 ± 0.08 3.21 3.50 8 × 8 × 8 20480

Y4Al2O9* (cuspidine) 2.86 2.40 ± 0.09 1.45 1.55 ± 0.06 1.27 1.30 ± 0.08 3.02 3.30 8 × 8 × 8 30720
BaNd2Ti3O10* (layered
perovskite)

2.10 ± 0.15 1.27 ± 0.15 1.26 ± 0.10 4.04 4.84 16 × 8 × 2 16384

Ba3Ta6(Si2O13)2* (belkovite) 3.65 ± 0.13 1.63 ± 0.09 1.25 ± 0.08 2.02 2.16 4 × 8 × 8 19968
BaLa2Ti3O10* (perovskite) 2.30 ± 0.11 1.51 ± 0.10 1.24 ± 0.12 4.51 5.21 16 × 8 × 2 16384
Y3TaO7* (distorted weberite) 2.34 ± 0.10 1.37 ± 0.08 1.18 ± 0.09 4.47 4.58 8 × 4 × 12 16896
Ba3Nb6(Si2O13)2*
(belkovite)

2.39 ± 0.15 1.37 ± 0.12 1.14 ± 0.08 2.47 2.75 4 × 8 × 8 19968

BaLaMgNbO6 (double
perovskite)

2.24 ± 0.10 1.34 ± 0.11 1.14 ± 0.09 4.81 5.40 8 × 8 × 8 20480

Ca3ZrSi2O9* (cuspidine) 2.49 2.07 ± 0.16 1.48 1.14 ± 0.08 1.30 1.12 ± 0.11 3.55 4.04 10 × 8 × 8 38400
Ba6Ti2Nb8O30* (tetragonal
tungsten bronze)

1.92 ± 0.11 1.25 ± 0.11 1.12 ± 0.10 3.76 5.43 5 × 5 × 16 18400

Sr3LaTa3O12* (layered
perovskite)

2.41 ± 0.13 1.17 ± 0.11 1.10 ± 0.10 4.59 4.87 6 × 10 × 2 13680

BaLaMgTaO6 (double
perovskite)

2.28 ± 0.11 1.22 ± 0.12 1.11 ± 0.10 4.64 5.16 8 × 8 × 8 20480

Y4Ca(SiO4)3O* (apatite) 2.03 ± 0.10 1.28 ± 0.10 1.04 ± 0.05 3.52 4.02 8 × 8 × 10 26880
Ba3LaTa3O12* (layered
perovskite)

2.19 ± 0.17 1.19 ± 0.09 0.84 ± 0.09 3.09 3.10 6 × 10 × 2 13680

8% YSZ (distorted fluorite) 2.24 ± 0.13 1.64 ± 0.08 - - 4.06 5.02 8 × 8 × 8 40448
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FIG. 4. (a) Comparison between the thermal conductivity of 8%
YSZ obtained using HNEMD and experimental data from Ref. [80].
The experimental data correspond to 8% YSZ single-crystal and
polycrystal samples, as well as 3% YSZ polycrystal samples. (b) The
temperature-dependent volumetric thermal expansion coefficient of
8% YSZ, obtained through molecular dynamics simulations em-
ploying two machine learning potentials: MTP and NEP. The peak
observed at 1400 K corresponds to a phase transition.

containing 40448 atoms. The driving force for the simulations
was set to 5 × 10−5 Å−1. The HNEMD results, along with the
comparison to experimental data via Schlichting et al. [80] for
8% YSZ single-crystal and polycrystal samples, as well as 3%
YSZ polycrystal samples, are presented in the Fig. 4(a).

The HNEMD thermal conductivity for 8% YSZ in two sep-
arate sections for temperatures T < 1250 and > 1250 K are
presented in Fig. 4(a). The temperature dependence of thermal
conductivity at temperatures less than 1250 K for both single-
crystal and polycrystalline samples is nearly zero, and the
temperature dependence obtained from HNEMD is also very
small (κ ∝ T −0.21). We found that phonons are the dominant
heat carriers at temperatures below 1200 K, and due to the
strongly anharmonic interatomic potential and the complex
structure of 8% YSZ, the dependence of thermal conductivity
on temperature is also very small. However, with increasing
temperature and with phase transition in YSZ around 1400 K,
due to diffusion of oxygen atoms [81], the convective heat
transport becomes significant, and the thermal conductivity
sharply increase.

Using the EHM, we calculated the thermal conductivity
at high temperatures for other candidate materials for TBC
(Fig. 5, Table I). The results obtained using the TDIFCs show
the temperature dependence of the thermal conductivity κ ∝
T −α , where α � 1 and is specific for each compound. Overall,
materials having a low thermal conductivity at room tem-
perature show small temperature dependence of κ at higher
temperatures.

Using the HNEMD approach and machine-learning neu-
roevolution potentials, we calculated the thermal conductivity
of all candidate TBC materials at 300, 1000, and 1500 K,
see Fig. 6 and Table I. To compare these theoretical results
with experimental measurements, we have tabulated them in
Table II and represented them graphically in Fig. 7. An impor-
tant observation from Fig. 7 is that our theoretical approach
(HNEMD) tends to overestimate the thermal conductivity at
low temperatures, while underestimating it at high temper-
atures. This discrepancy can be attributed to the classical
nature of the MD simulation employed, which leads to an

FIG. 5. Thermal conductivity of some materials calculated using
the effective harmonic method and machine-learning moment tensor
potential. The compounds are sorted by the value of thermal con-
ductivity at T = 1500 K. (Materials marked with * have anisotropic
thermal conductivity.)

overestimation of heat capacity at low temperatures and, con-
sequently, higher thermal conductivity within that temperature
range. At high temperatures, there could be multiple thermal
conductance mechanisms or heat carriers, whereas we have
only considered the phononic heat transport in our analysis.
Additionally, overestimation of thermal expansion in MD sim-
ulations may lead to underestimation of thermal conductivity
of high temperatures which will be further discussed below.

By taking into account the predictive errors in thermal
conductivity using both EHM and HNEMD with machine
learning potentials, it can be asserted that our approach in
structurally complex and strongly anharmonic systems is
faster than AIMD, and more accurate than classical poten-
tials. Integrating this methodology with other techniques, such
as measuring the degree of anharmonicity, holds potential
for significant advancements in high-throughput screening of
thermal conductivity of materials.

B. Thermal expansion coefficient

Low thermal conductivity is not the only requirement for
TBC materials. The thermal expansion coefficient of a TBC
material must be as close as possible to the substrate to ensure
the stability of the coating.

To calculate the thermal expansion coefficient, we used
the MD simulation with ML potentials, using the LAMMPS

package. The quasiharmonic approximation (QHA) is an-
other way to calculate the TEC which it is very accurate
below the Debye temperature because it takes into account the
quantum statistics of phonons, but becomes less accurate at
high temperatures where higher-order anharmonic effects (the
so-called intrinsic anharmonic effects, which are neglected
within the QHA) become important. On the other hand, MD
simulations fully include anharmonicity and are more accu-
rate than QHA at high temperatures. The calculated values of
the volumetric TEC using MD at T = 1000 and 1500 K are
presented in Table I.

Comparing the calculated thermal expansion values with
MD using machine learning potentials and the experimentally
measured values at different temperatures provides valuable
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FIG. 6. Thermal conductivity of the materials calculated using the HNEMD and machine-learning neuroevolution potential. The com-
pounds are sorted by the value of thermal conductivity at T = 1500 K. Materials marked with * have anisotropic thermal conductivity.

insights into the accuracy of the theoretical approach em-
ployed. As clearly shown in Fig. 8, the predicted thermal
expansion values using MD are higher than the experimentally
measured values. This is typical of the GGA approximation of
DFT - and our machine learning interatomic potentials were
trained on GGA data.

C. Elastic constants and mechanical properties

Mechanical properties, such as strength, and hardness are
important for TBC materials because they affect the coating’s
ability to withstand the thermal and mechanical stresses that
it experiences in service. The TBC must be able to withstand
the thermal gradients and thermal cycling that occur during
operation, as well as any mechanical loads that may be ap-
plied. If a TBC does not have adequate mechanical properties,
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FIG. 7. Correlation between theoretical calculated thermal con-
ductivity using HNEMD and available experimental data on the some
TBC materials at different temperatures T = 300 to 1473 K. (The
references of experimental data are available in Table II.)

it may crack or fail prematurely, which can lead to component
failure. Additionally, good mechanical properties are impor-
tant for TBCs in order to maintain good adhesion between the
TBC and the substrate, and to prevent spallation.

In the homogeneous deformation of a crystal, the relation-
ship between strain and stress can be written as [117]

σi j = Ci jklεkl (4)

where σi j and εkl are the stress and strain tensors, respectively,
and Ci jkl is the elastic stiffness tensor. For easier calcula-
tion, the stress-strain relationship can be expressed using the
strain energy density function U through the work conjugate
relation [118]:

σi j = ∂U

∂εi j
. (5)
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FIG. 8. Correlation between the linear thermal expansion cal-
culated using MD and experimental data at different temperatures
from T = 300 to 1473 K. (The references of experimental data are
available in Table II.)
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TABLE II. Comparison of the calculated thermal conductivity and thermal expansion coefficient of compounds with available experimental
data. Materials marked with * have anisotropic thermal conductivity. For our theoretical data, the temperatures are the same as for experimental
data.

Thermal conductivity κ , W/(m K) Linear TEC × 10−6 K−1

This work This work
Compound (structure) Experiment HNEMD Experiment MD

MgAl2O4 (spinel) [82–84] 6.15 (955 K) 6.75 ± 0.34 9.82 (1003 K) 11.59
ZrSiO4* (zircon) [71,85] 5.97 (1000 K) 4.60 ± 0.14 4.2-5.8 (up to 1773 K) 5.18-8.06
CaAl12O19* ∼4 (1573 K) 2.80 ± 0.15 7.3 (a) 6.8
(magnetoplumbite) [86,87] 11.8 (c)
Ca3Al2(SiO4)3 (garnet) [88,89] 5.1-5.6 (300 K) 6.93 ± 0.11 9 (1400 K) 11.75
Mg3Al2(SiO4)3 (garnet) [88,89] 3.18 (300 K) 3.99 ± 0.08 10 (1400 K) 12.55
CaYAlO4* (layered perovskite) [90–92] 3.57 (a) (300 K) 5.42 ± 0.16 8-11 (a) (up to 1200 K) 6

3.15 (c) (300 K) 3.55 ± 0.11 11-15 (c) (up to 1200 K) 24
Y3Al5O12 (garnet) [93,94] 3.2 (1000 K) 2.38 ± 0.10 8.33 (600 K) 10.9

13.13 (a) (1000 K) 14.70 (a)
CaZrTi2O7* (zirconolite) [95,96]a 2.09 (300 K) 3.18 ± 0.13 10.55 (b) (1000 K) 11.03 (b)

11.51 (c) (1000 K) 11.32 (c)
Ca2Al2SiO7* (melilite) [97,98] 2.9 (300 K) 3.87 ± 0.08 8.45 (a) (500 K) 8.70 (a)

13.04 (c) (500 K) 13.78 (c)
BaZrO3 (perovskite type) [69,70] 2.82 (1000 K) 2.55 ± 0.10 7.84 (1473 K) 11.77
SrZrO3 (distorted perovskite) [99]a 2.4 (1473 K) 1.64 ± 0.10 10.8 (1373 K) 12.16
CaYAl3O7* (melilite) [100] 1.82 (a) (300 K) 2.18 ± 0.13 6.63 (a) 8.55 (a)

1.37 (c) (300 K) 1.48 ± 0.08 28.52 (c) 11.21 (c)
SrLa2Al2O7* (layered perovskite) [101,102] 3.3 (1000 K) 2.74 ± 0.09 8.5 (a) (1273 K), theory 13.8 (a)

11.3 (c) (1273 K), theory 18.7 (c)
Sr2Al2SiO7* (melilite) [97] 4.3 (300 K) 3.93 ± 0.22 –
Y3NbO7* (fluorite type) [103,104] ∼1.5 (1273 K) 1.26 ± 0.12 10.35 (325-1023 K) ∼13.4
La2Zr2O7 (pyrochlore type) [26,61] 1.51 ± 0.14 (1000 K) 1.47 ± 0.11 9.1 (1273 K) 11.75
Ba2YNbO6 (double perovskite) [105] – 8.36 (400-1000 K) 11.22
Ca3TaAl3Si2O14* (langasite type) [106] – ∼8.51 (a) (300-1473 K) ∼10.6 (a)

∼9.15 (c) (300-1473 K) ∼12.2 (c)
Ba2YTaO6 (double perovskite) [107] – 6.6 (300 K) 9.41
Y4Al2O9* (cuspidine) [108,109]a 2.08 (1000 K) 1.55 ± 0.06 7.37-8.91 (300-1473 K) 9.07-10.97
BaNd2Ti3O10* (layered perovskite) [110,111] 2.0-2.4 (1173 K) 1.27 ± 0.15 ∼9.4-12.1 (473-1473 K) ∼12-16.24
BaLa2Ti3O10* (layered perovskite) [112] 1.60-1.71 (1023 K) 1.51 ± 0.10 ∼9.5-12.1 (293-1473 K) ∼12.42-17.22
Ca3ZrSi2O9* (baghdadite) [113] – 7.04-8.71 (473-1473 K, film) 10.82-13.36
Ba6Ti2Nb8O30* 1.7 ± 0.2 (300 K) 1.92 ± 0.11 –
(tetragonal tungsten bronze) [114]
Y4Ca(SiO4)3O* (apatite) [115] 1.7 (300 K)b 2.03±+0.10 7.1 (a) (300 K)b 11.06 (a)

5.7 (c) (300 K)b 10.10 (c)
8% YSZ (distorted fuorite type) [80,116] 2.0 (1000 K) 1.64 ± 0.08 10.7 (293-1273 K) ∼13

aThere are phase transitions.
bRefer to the crystal composition (Y2.28Er1.5Tm0.15Ho0.1)Ca(SiO4)3O.

From Eq. 4, it follows that

Ci jkl = ∂σi j

∂εkl
. (6)

We employed the Voigt-Reuss-Hill [119–121] averaging
scheme to obtain the effective elastic moduli. The speed
of sound (elastic waves) in crystals can be calculated us-
ing the bulk modulus K , shear modulus G, and mass

density ρ:

vl =
√

3K + 4G

3ρ
, vt =

√
G

ρ
, (7)

vm =
[

1

3

(
2

v3
t

+ 1

v3
l

)]−1/3

(8)

where vl, vt , and vm are the longitudinal, transverse, and
average speeds of sound, respectively.

At temperatures below Debye temperature (�D), acoustic
phonons play a particularly important role in determining the
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TABLE III. Comparison of the elastic constants Ci j , bulk modu-
lus K , and shear modulus G calculated using the DFT and MTP and
measured in the experiment.

Elastic properties, GPa

Compounds Method C11 C12 C44 K G

DFT 265.07 104.36 85.25 157.93 83.89
La2Zr2O7 MTP 264.37 104.42 85.12 157.74 83.03

Exp. [122] 157.00

DFT 318.22 71.73 74.98 153.90 91.60
SrZrO3 MTP 307.50 75.15 71.76 152.60 87.12

Exp. [123] 150.00

DFT 271.73 102.26 82.09 158.75 83.14
Mg3Al2(SiO4)3 MTP 284.13 101.60 92.87 162.44 92.22

Exp. [124] 171.40 93

heat capacity and thermal conductivity. To calculate �D, we
used the expression

�D = h

kB

(
3q

4π

Nρ

M

)1/3

vm, (9)

where vm is the average speed of sound, kB is the Boltzmann
constant, N is the Avogadro number, h is the Planck constant,
q is the total number of atoms in the cell, M is the molecular
weight, and ρ is the density.

To calculate the elastic constants from the strain-energy
relationship, we utilized the elastic_vasp package [125,126]
interfaced with VASP and MLIP. We used MTP potentials to
determine the elastic constants and compared our findings to
DFT and experimental data for three compounds in Table III.
Close agreement with experiment is observed for both the
DFT- and MTP-obtained values of the bulk modulus K .

We investigated the relationship of the thermal conduc-
tivity with such properties as Young’s modulus, Debye
temperature, and speed of sound (Fig. 9). Materials with ther-
mal conductivity below 2 W/(m K) at temperatures above
1000 K have Young’s modulus smaller than 250 GPa and
the Debye temperature under 600 K. These values can be
used as a threshold for choosing materials with low thermal
conductivity for future high-throughput studies.

IV. SOME PRACTICAL ASPECTS

Based on our calculations of the key physical properties
(thermal conductivity, thermal expansion, and elastic con-
stants) of compex oxides selected in this work, we can draw
practical conclusions about them as possible candidates for
TBCs. Within the temperature range of 1000 to 1500 K, we
have set a threshold for thermal conductivity of 2 W/(m K)
and a range of (3.0–5.0) × 10−5 K−1 for volumetric TEC
in our materials selection process for TBC applications. By
applying these criteria, we have chosen 23 compounds (high-
lighted by the blue rectangle in Fig. 10). Among these com-
pounds, some are already used as TBCs, while others, such
as Sr3LaTa3O12, Ba3LaTa3O12, Ba6Ti2Nb8O30, Ba2YNbO6,
Ba2YTaO6, BaLaMgNbO6, BaLaMgTaO6, Y4Ca(SiO4)3O,
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FIG. 9. Thermal conductivity of candidate materials plotted
against [(a) and (b)] Young’s modulus, [(c) and (d)] Debye tempera-
ture, and [(e) and (f)] sound velocity at T = 300, 1000, and 1500 K.

Ca2YZr2(AlO4)3, and CaLaAl3O7, have not been previously
studied experimentally or theoretically as TBCs.

The materials used in TBCs should possess not only low
thermal conductivity but also mechanical stability under harsh
conditions and high temperatures, enduring various stresses
caused by thermal cycling. The coating must be able to toler-
ate the expansion and contraction of the underlying substrate
without cracking or delaminating. When evaluating materi-
als for TBCs, parameters such as quasiductility should be
considered. This can be done using Pugh’s ratio defined
as the ratio of the shear modulus to the bulk modulus
(G/K ratio), and serving as a good measure of quasiductil-
ity [127,128]. An appropriate threshold for selecting suitable
materials for TBCs is Pugh’s ratio less than 0.57. The
bulk and shear moduli for the selected materials in the
previous section are presented in Table IV. All chosen ma-
terials have Pugh’s ratio below 0.57 and are suitable for use
in TBCs.

Besides the above physical properties, chemical and other
aspects should be taken into account to choose suitable
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FIG. 10. Calculated thermal conductivity and the thermal expansion coefficient of candidate materials at T = 1000 K. The experimental
data for 8% YSZ are from Ref. [80].

modern candidates for TBC materials. Some previously pro-
posed materials (phosphates, silicates, zirconates, complex
oxides of iron, cerium, and others) have serious drawbacks
associated with the component volatility, insufficient ther-
mal stability, interaction with Al2O3, calcium-magnesium
aluminosilicates (CMAS), the oxidation state instability, etc.
Equally significant problems can be oxygen diffusion in the
fluorite and pyrochlore type phases, displacive phase transi-
tions in perovskites and other compounds, and the anisotropy
of layered oxides. The easiest way to reduce the thermal
conductivity of TBC materials, suppress undesirable phase
transitions, and smoothly control the properties is isomor-
phous cation substitutions in the structure. Note also that
some of our selected candidates for TBCs, Sr3LaTa3O12,
Ba3LaTa3O12, and CaLaAl3O7, possess layered structures,
and therefore exhibit anisotropy, which can cause cracking
at thermocycling. This concern can also be reduced in solid
solutions.

TABLE IV. Thermal conductivity (T = 1000 K), volumetric
thermal expansion (T = 1000 K), bulk modulus K , shear modulus
G, and Pugh’s ratio of selected materials for TBCs application.

κ TEC K G Pugh’s
Compounds W/(m K) 10−5 K−1 (GPa) (GPa) Ratio

Sr3LaTa3O12 1.17 ± 0.11 4.59 132.49 64.75 0.489
Ba3LaTa3O12 1.19 ± 0.09 3.09 122.72 69.54 0.567
Ba6Ti2Nb8O30 1.25 ± 0.11 3.76 113.65 52.31 0.460
Ba2YNbO6 1.76 ± 0.08 3.58 136.37 73.19 0.537
Ba2YTaO6 1.99 ± 0.11 3.21 133.99 76.06 0.568
BaLaMgNbO6 1.34 ± 0.11 4.81 167.49 80.97 0.483
BaLaMgTaO6 122 ± 0.12 4.64 136.47 35.49 0.260
Y4Ca(SiO4)3O 1.28 ± 0.10 3.52 109.12 47.50 0.435
Ca2YZr2(AlO4)3 1.66 ± 0.15 3.39 139.94 70.35 0.503
CaLaAl3O7 1.65 ± 0.06 3.34 124.16 57.87 0.466

V. CONCLUSIONS

We have presented a broad study of thermal conductivity
of candidate materials for thermal barrier coatings at high
temperatures. We employed various computational methods,
including the Boltzmann transport equation (BTE), effective
harmonic method (EHM), and homogeneous nonequilibrium
molecular dynamics (HNEMD) simulations with machine
learning potentials (MTP and NEP), to calculate the ther-
mal conductivity of these materials at high temperatures
up to 1500 K. Using renormalized phonons, we found
that the temperature dependence of thermal conductivity of
complex and strongly anharmonic materials at high temper-
atures is different from the commonly assumed κ ∝ T −1

relationship, and phonon lifetimes are much longer than es-
timated using BTE with zero-temperature interatomic force
constants (IFCs). Our methodology was validated with ex-
perimental data for La2Zr2O7, ZrSiO4, and BaZrO3 and
we obtained the thermal conductivity of all candidate ma-
terials for TBCs using HNEMD. Additionally, we found a
correlation between thermal conductivity and elastic prop-
erties, specifically Young’s modulus, which can be used
to select new candidate materials for TBCs. Finally, using
molecular dynamics simulations, we calculated the thermal
expansion coefficient and identified ten promising candidate
materials for thermal barrier coatings at high temperatures:
Sr3LaTa3O12, Ba3LaTa3O12, Ba6Ti2Nb8O30, Ba2YNbO6,
Ba2YTaO6, BaLaMgNbO6, BaLaMgTaO6, Y4Ca(SiO4)3O,
Ca2YZr2(AlO4)3, and CaLaAl3O7.
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