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A B S T R A C T

Using a combination of advanced theoretical calculations with experimental measurements, the phase stability, 
thermal and mechanical properties of double perovskite Ba2YNbO6 (BYNO) were investigated to evaluate its 
potential as a top coat material for thermal barrier coatings (TBCs). Theoretical calculations using large-scale 
molecular dynamics simulations with machine learning interatomic potentials, revealed that BYNO possesses 
a promising combination of low thermal conductivity and thermal expansion coefficient (TEC). Experimentally, 
BYNO powder was prepared by stepwise solid-state reactions at 1100− 1500 ◦C, followed by spark plasma sin
tering (SPS) at 1700 ◦C. The measured elastic moduli, Vickers nanohardness, linear TEC, and thermal conduc
tivity are in good agreement with our calculations. Both molecular dynamics (MD) simulations and differential 
scanning calorimetry (DSC) confirmed a tetragonal to cubic phase transition Fm3m → I4/m in BYNO near − 10 ◦C. 
However, the measured low-temperature dependence of the lattice parameter and TEC of BYNO showed no 
deviations that could be caused by minor changes in the structure and unit cell volume during the transition. At 
1000◦С, BYNO exhibits an experimental thermal conductivity of ~1.9 W/(m⋅K) and a linear TEC of ~9.6 × 10− 6 

K− 1, which are slightly lower than those of commonly used yttria-stabilized zirconia (YSZ). Combined with its 
satisfactory mechanical properties—a Young's modulus of 217 ± 15 GPa and a Vickers hardness of 7.18 ± 0.96 
GPa—these characteristics suggest that BYNO may be a potential candidate material for TBC applications.

1. Introduction

Thermal barrier coatings (TBCs) are widely used to protect the hot- 
section metal components in aircraft engines and gas turbines, 
improving their operating efficiency. A typical TBC system consists of an 
oxidation-resistant bond coat alloy and a thermally insulating, 
corrosion-resistant ceramic top coat. The current standard material for 
the top coat is yttria-stabilized zirconia (YSZ), which is ZrO2 doped with 
6–8 wt% Y2O3. YSZ exhibits a relatively low thermal conductivity (~2 
W/(m⋅K) at 1000 ◦C) and a sufficiently high linear thermal expansion 

coefficient (TEC) (11 × 10− 6 K− 1) [1,2]. The major drawbacks of YSZ are 
its phase instability above 1200 ◦C, sintering, and high oxygen diffusion, 
which limit the operating temperatures and number of thermal cycles 
[3,4]. Therefore, there is a need to search for more advanced TBC ma
terials with high thermal, phase, chemical and mechanical stability, low 
thermal conductivity, moderate TEC matching that of turbine blade 
alloy, and low oxygen diffusion at operating temperatures [1–4]. In the 
last two decades, many refractory oxides such as fluorites (Ce, RE)O2-x, 
HfO2–Y2O3, pyrochlores RE2Zr2O7, garnets RE3Al5O12, Y3AlxFe5–xO12, 
monazite-type REPO4, magnetoplumbites CaAl12O19, LaMgAl11O19, 
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fergusonite-type RETaO4, RENbO4, etc. have been studied as potential 
successors to YSZ for TBC applications [1–5].

Perovskites ABO3 have also been considered among the most 
promising oxides for TBC applications due to their high melting points, 
low Young's moduli, low sintering rates [2] and rich opportunities for 
modifying their structure, composition and properties through isomor
phic substitutions at the A and/or B sites. Early investigations of pe
rovskites as TBC candidates focused on materials such as SrZrO3, SrZrO3: 
Ln3+ (Ln = Yb, Gd), BaZrO3 and Ba(Mg1/3Ta2/3)O3 [6,7]. Other studied 
perovskite-like oxides for TBCs were CaZrO3, La(Al1/4Mg1/2Ta1/4)O3, 
BaLa2Ti3O10, LnAlO3 (Ln = Y, Yb), Ln2SrAl2O7 (Ln = La, Nd, Sm, Eu, Gd, 
Dy [1,2,4,5], SrHfO3:Ln3+ (Ln = Y, Yb) [8], SrCeO3 [9], Ba(Sr1/3Ta2/3) 
O3 [10], LnTa3O9 (Ln = La, Nd, Gd, Yb) [11]. However, the most 
promising perovskites turned out to have such drawbacks as displacive 
phase transitions (SrZrO3), relatively high thermal conductivity and low 
TEC (BaZrO3), low fracture toughness (Ba(Mg1/3Ta2/3)O3), as well as 
ionic conductivity of oxygen-deficient materials, poor chemical 
compatibility with thermally grown oxides and the formation of sec
ondary phases for complex perovskites like Ba(Mg1/3Ta2/3)O3 and La 
(Al1/4Mg1/2Ta1/4)O3 [10,12].

Double perovskites A2B'B''O6 represent potential alternatives to 
simple (ABO3) and layered perovskites (Ba(Mg1/3Ta2/3)O3, Ln2SrAl2O7, 
BaLa2Ti3O10, etc.) as materials for TBCs. Most double perovskites have 
the rock-salt type cation ordering with the 2 × 2 × 2 superstructure 
relative to a simple perovskite [13]. The flexibility of double perov
skites, with a wide variety of combinations of different cations in the A, 
B′, and B″ sites, determinate their attractive semiconducting, metallic, 
dielectric, magnetic, luminescent, ferroelectric, thermoelectric, and 
other properties.

Our attention was drawn to one of the representatives of this huge 
family of compounds, the thermally stable double perovskite Ba2YNbO6 
(BYNO), which was proposed as a host for phosphors doped with Mn4+

or Ln3+ [14,15], and as a substrate material for the epitaxial growth of 
high-quality YBa2Cu3O7 superconducting films [16–18]. The electrical 
properties of BYNO ceramics were studied in Refs. [16,19] but there is 
no available data on the application of BYNO as a top coat material for 
TBCs, and data on its basic thermophysical and mechanical properties 
are also lacking.

This study addresses this critical gap in knowledge by providing a 
proper exploration of the thermophysical and mechanical properties of 
BYNO relevant to TBC application. To evaluate BYNO potential as a 
next-generation TBC material, we used a combination of advanced 
theoretical calculations with experimental measurements. For theoret
ical predictions of BYNO properties, we calculated its thermal conduc
tivity and TEC as a function of temperature and showed that they are 
suitable for TBCs. We then prepared BYNO ceramics and single crystals 
and investigated the crystal structure, TEC, thermal conductivity, Young's 

modulus, and nanohardness of BYNO ceramic. The results of this study 
support a positive assessment of BYNO as a promising TBC material.

2. Materials and methods

2.1. Computational methodology

To calculate thermal conductivity of BYNO, we employed two 
theoretical approaches. The first was the homogeneous non-equilibrium 
molecular dynamics (HNEMD) method [20,21], implemented in the 
GPUMD package [22,23]. The second approach involved solving the 
Boltzmann transport equation (BTE) [24–27] using an effective har
monic model (EHM) [28,29], as implemented in the Hipive [30] and 
ShengBTE [31] packages.

In the HNEMD method, a slightly non-equilibrium state is created by 
adding a small external driving force Fe for the atoms in the simulation 
box [32]. This driving force induces a non-equilibrium heat current 
〈J〉ne, which is linearly related to Fe: 

〈Jμ(t)〉ne

TV
=
∑

ν
κμν(t)Fν

e , (1) 

where, κμν is the thermal conductivity tensor, T is temperature, and V is 
volume of the system. To maintain temperature control, we used the 
Nose-Hoover chain (NHC) thermostat [24,33]. Due to large fluctuations 
of thermal conductivity during molecular dynamics simulations we used 
the cumulative average thermal conductivity as function of simulation 
time κ(t): 

κ(t)=
1
t

∫t

0

〈Jμ(s)〉ne

TVFν
e

ds (2) 

Finally, we applied quantum corrections to thermal conductivity at 
all temperatures.

TECs were calculated from T = − 263 ◦C up to 1827 ◦C (10–2100 K) 
using classical molecular dynamics (MD) and path-integral MD (PIMD) 
[34–37]. Due to nuclear quantum effects (NQEs) occurring below the 
Debye temperature, it is essential to use PIMD. Above the Debye tem
perature, however, MD simulations are sufficiently accurate for pre
dicting lattice parameters and TEC at high temperatures [38,39].

To calculate elastic properties, we employed the Voigt-Reuss-Hill 
[40–42] averaging scheme and machine learning potential (MTP) [43] 
to obtain the effective elastic moduli. To calculate the Vickers hardness, 

we used Chen's model 

(

HV = 2*
(

G3

B2

)0.585

− 3

)

[44].

Details for theoretical approaches, including potential validation, 
simulation parameters, and convergence tests, are provided in Appendix 
A.

2.2. Sample preparation and characterization

Commercial BaCO3, Y2O3 and Nb2O5 (Reachem Co., Russia, purity 
>99.9%) were used as starting materials. The powders were ground in a 
ball mill and pre-calcined at 800 ◦C for 3 h to remove residual moisture. 
BYNO powder was prepared by annealing the mixture of 4BaCO3 +

Y2O3 + Nb2O5 at 1100 ◦C for 4 h, 1300 ◦C for 4 h, 1500 ◦C for 4 h with 
two intermittent regrindings. The sintered BYNO powder was then 
fractionated and the 20–60 μm fraction was placed into a 12.7 mm 
diameter graphite die and underwent spark plasma sintering (SPS) using 
an SPS10-4 system (GT Advanced Technologies, USA). The SPS process 
was performed at 1700 ◦C for 10 min in a vacuum (1 Pa) under a 
pressure of 60 MPa, soaking time was 10 min, a heating rate of 100 ◦C/ 
min and natural cooling. The bulk material was polished with a grinding 
and polishing machine Forcipol 1V (Metkon, Turkey). The density of the 
bulk BYNO samples (ρ) was measured by the Archimede's method in 
distilled water.

Small BYNO crystals for structure determination were grown in a Pt 
crucible by spontaneous crystallization from the molten mixture of 
BaCO3, Y2O3, Nb2O5 and B2O3, which was soaked at 1450 ◦C for 3 h and 
then cooled at a rate of 6 ◦C/h to 1000 ◦C, followed by switching off the 
furnace.

Powder X-ray diffraction (PXRD) of the sintered BYNO powder and 
grown crystals was performed on a Tongda TD3700 diffractometer 
(CuKα radiation, the 2θ range of 5− 70◦) at room temperature. The 
crystal structure of BYNO was refined by the Rietveld method [45] using 
the GSAS-II program [46]; and the results are given in Table S1. The 
thermal behavior of BYNO was studied by low- and high-temperature 
powder X-ray diffraction in a vacuum in the range of − 196 to 1300 ◦C 
using a Tongda TD3700 diffractometer with a thermal chamber (CuKα 
radiation, 2θ range of 15◦ to 70◦ with a step of 0.0191◦, cooling and 
heating rates of 100 oC/min, isothermal holding for 10 min at each 
temperature). An external Si standard was used to control the 2θ 
correction. The unit-cell parameters were refined by the Le Bail method 
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[47] with the GSAS-II program [46]. The temperature dependence of the 
unit cell parameters of BYNO was approximated by a quadratic 
polynomial.

Single-crystal XRD data for structure determination were collected at 
room temperature with a Bruker D8 Venture diffractometer (MoKα ra
diation, ω- and φ-scans with 0.5◦ wide frames, Photon III 14 CPAD de
tector). Data reduction was performed using the APEX 3 suite [48]. The 
crystal structure was solved with ShelXT [49] and refined by the 
full-matrix least-squares method on F2 with anisotropic atomic 
displacement parameters using the ShelXL [50] programs, assisted by 
the Olex2 GUI [51]. The details of the data collection and refinement are 
listed in Table S1.

High-temperature thermal analysis of a small BYNO sample was 
performed using a specially designed high-temperature microscope 
[52]. The sample was heated in a helium atmosphere using a tungsten 
coil at a rate of 100 ◦C/min to 2000 ◦C, and the temperature was 
controlled with a W-Re thermocouple and a photodiode.

Raman spectra of BYNO ceramics from regions with a cross-section of 
around 1 μm were recorded on a LabRAM Horiba single-stage spec
trometer with a CCD Symphony (Jobin Yvon) detector with 2048 hori
zontal pixels. The laser power (514 nm line of an Ar+ laser) at the sample 
was typically less than 0.1 mW. The spectral resolution was 3.0 cm− 1. 
The micromorphology of the samples was studied by scanning electron 
microscopy (SEM) using Jeol JSM 6700F (Japan) and Hitachi TM 3000 
(Japan) devices.

The Vickers nanohardness and Young's modulus of the bulk BYNO 
were measured with a Nanoscan-4D + tester (Nauchspetspribor, 
Russia). One hundred indentations were made with the indenter at a 
load of 250 mN on a rectangular 10 × 10 grid with a step of 50 μm. The 
Oliver-Pharr method [53] was used for processing the experimental 
data.

A sample of ∅ 12.230 × 1.235 mm was used to measure the thermal 
diffusivity (α) on a DLF-1200 laser flash analyzer (TA Instruments, USA) 
at 303− 1073 K in a high-purity nitrogen atmosphere. To reduce energy 
losses due to the reflection of laser radiation, the sample was coated with 
a thin layer of graphite (GRAPHITE 200 spray, Cramolin, Germany). 
Specific heat capacity (Cp) was measured in the range of − 143 to 547 ◦C 
on NETZSCH 204 F1 Phoenix differential scanning calorimeter using an 
80.36 mg BYNO sample and a 37.60 mg synthetic sapphire (Al2O3) 
reference at a heating rate of 10 ◦C/min in an open aluminum crucible in 
an argon flow.

To extrapolate the heat capacity data to the high-temperature region, 
the theoretical high-temperature limit was taken into account [54]: 

Cp(T) = 3R + α2
V ⋅VT/βT, where αV = 1

V

(
δV
δT

)

P 
is the volumetric TEC, βT =

− 1
V

(
δV
δP

)

T 
is the compressibility coefficient, V is the molar volume at 

absolute temperature T. For the approximation and extrapolation of Cp 
to the high-temperature range, we also used the following equation [55,
56]: 

Cp = a + bT + cT2 + d
/
T0.5 + eT2 (1a) 

Thermal conductivity κ of the bulk BYNO sample was calculated 
from the equation: 

κ = α⋅ρ⋅Cp, (2a) 

where κ, thermal diffusivity α, density ρ and Cp are expressed in W/m⋅K, 
m2/s, kg/m3, and J/kg⋅K, respectively.

3. Results and discussion

3.1. XRD, Raman spectrum, micromorphology and mechanical properties

The PXRD pattern of BYNO powder (Fig. 1) sintered at 1373− 1773 K 
exhibited sharp, well-defined peaks, indicating high crystallinity and no 

detectable secondary phases, which confirmed the successful synthesis 
of a single-phase Ba2YNbO6 (ICDD PDF-2 00-024-1042) with the double 
perovskite structure. The Rietveld refinement of the PXRD data, along 
with single-crystal X-ray diffraction analysis, confirmed that the crystal 
structure of BYNO is cubic. Detailed structural parameters derived from 
both single-crystal and Rietveld refinements are presented in Tables S1 
and S2 (see Supporting Information). The values obtained are in good 
agreement with each other and with previously published data [57,58], 
validating the accuracy of our structural determinations. The 
single-crystal structure data (CIF) for Ba2YNbO6 were deposited at the 
CCDC with No. 2455110, https://www.ccdc.cam.ac.uk/structures/

The Raman spectrum of the BYNO powder (Fig. 2) further corrobo
rated the formation of the desired structure, displaying characteristic 
vibrational modes consistent with the literature data for Ba2YNbO6 [15,
59]. The spectrum contains the vibrational modes T2g(1), T2g(3) and A1g 
characteristic of Ba2YNbO6. The observed peak at ~806 cm− 1 (A1g) is 
the result of symmetric stretching vibrations of the NbO6 octahedron. 
The T2g(2) peak at 375 cm− 1 corresponds to O− Nb− O bending vibra
tions, and the T2g(1) at 102 cm− 1 is the result of the translational motion 
of Ba2+ cations [15,59].

The ceramic samples of BYNO obtained by the SPS method were 
high-density, nearly pore-free ceramic plates without visible pores and 

Fig. 1. PXRD pattern of the sintered sample and structure of 
Ba2YNbO6 (BYNO).

Fig. 2. Raman spectrum of sintered BYNO sample.
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cracks (Fig. 3), with a relative density of 98–99% of the theoretical 
value. The geometric parameters of a typical sample are given in 
Table 1.

Fig. 4 shows the results of measuring the Young's modulus E and 
Vickers nanohardness HV of BYNO ceramic samples compacted by the 
SPS method. According to these data, BYNO ceramic in layers up to 50 
nm thick has E = 217 ± 15 GPa and average nanohardness HV = 7.18 ±
0.96 GPa. Our calculated values E = 186 GPa and HV = 8.97 GPa are in 
reasonable agreement with the experimental ones. Both of the me
chanical characteristics measured for BYNO ceramic are comparable 
with those of YSZ coatings (E = 210 GPa and HV = 13–14 GPa) [2,4]. For 
comparison, a close structural analogue of BYNO, BaZrO3 has E =
181–243 GPa and HV = 4.95–11.1 GPa [2,6,60].

As a result of our calculations using MTP potential for the tensor of 
elastic constants and elastic moduli of BYNO, we determined the bulk 
(B) and shear (G) moduli of BYNO are 136 GPa and 73 GPa, respectively. 
This yields to the Pugh's ratio of G/B = 0.537, which reflects the duc
tile–brittle distinction of the material and indicates the appropriate 
damage tolerance of BYNO ceramic for TBC applications. Comparing our 
findings in mechanical properties with another theoretical study [61] is 
shown in Table 5.

3.2. Thermophysical properties of BYNO

The melting point of BYNO has not been reported in the literature, so 
we attempted to determine it using a high-temperature microscope. 
However, the sample did not melt even at 2273 K, demonstrating 
remarkable thermal stability of BYNO.

The HT-PXRD study in the range of 0–1300 ◦C (Fig. S5) allowed us to 
determine the cubic unit cell parameter and TEC for BYNO as a function 
of temperature (Fig. 5). The data obtained revealed a monotonic in
crease in the lattice parameter from 8.4341(7) Å at room temperature to 
8.5323(6) Å at 1300 ◦C (Fig. 5, a), indicating a positive TEC of BYNO. 
Our theoretical simulation (PIMD) predicts a lattice parameter of 8.44 Å 
at room temperature, which is in excellent agreement with our experi
mental results. P.W. Barnes et al. [62] also reported a measured lattice 
parameter of 8.44 Å, closely aligning with both our experimental and 
theoretical findings. In contrast, another theoretical study by A. Li et al., 
utilizing DFT, predicted a lattice parameter of 8.685 Å, which is higher 
than the experimental values [61]. We believe this discrepancy may be 
due to the use of the PBE functional in their calculations. The temper
ature dependence of the lattice parameter was accurately described by 
the following quadratic equation: 

a(T)=8.4322 + 6.440 × 10–5T + 8.989 × 10–9T2 (T in ◦C). (3) 

The TEC values calculated from the temperature dependence of the 
unit cell parameter can be described by the following linear function: 

TEC(T)=7.6445 × 10–6 + 1.9692 × 10–9T (T in ◦C). (4) 

The linear TEC of BYNO is (7.6− 10.2) × 10− 6 K− 1 at 0–1300 ◦C (9.6 
× 10− 6 K− 1 at 1000 ◦C), which agrees well with preliminary data (8.72 
× 10− 6 K− 1) [63], comparable with other perovskites (Table 2), higher 
than that for La2Zr2O7 (9.1 × 10− 6 K− 1 at 30–1000 ◦C) [5], and lower 
than that for YSZ (about 10.7− 11.5 × 10− 6 K− 1 at 30–1200 ◦C) [2,5]. 
Our analysis indicates that the Nb-O bond, as expected, is stronger than 
the Y-O and Ba-O bonds. The changes in the Y-O and Ba-O bonds with 
temperature are nearly twice as large as those of the Nb-O bond 
(Fig. S6), which determines their major contribution to the TEC of 
BYNO. The monotonic thermal expansion of BYNO, without any abrupt 
changes or phase transitions, indicates that the BYNO cubic structure is 
retained across the investigated temperature range.

Fig. 5 and Table 3 show a comparison of the calculated and experi
mental values for the temperature dependence of the lattice parameter 
and TEC for BYNO. It is noteworthy that both computational approaches 
correctly describe the functional dependence, and the differences be
tween the calculated and experimental values are small.

Fig. 6 and Table 4 show the temperature dependence of the molar 
heat capacity of BYNO in the range of 0− 1200 ◦C. The obtained values 
were used to calculate the thermal conductivity in the same temperature 
range.

The results of our thermal conductivity calculations are presented in 
Table 3 and Fig. 7. Fig. S3 and S4 display the running conductivity data, 
while Fig. 7 compares the thermal conductivity obtained from two 
calculation methods with experimental measurements as a function of 
temperature. Additionally, Fig. S7 contrasts the thermal conductivity 
calculated using classical HNEMD with that obtained from quantum- 
corrected HNEMD methods.

The thermal conductivity calculated at 1500 K (1227 ◦C), which 
closely corresponds to the operating conditions of TBC, is 1.35 W/(m⋅K) 
using the HNEMD method and 1.56 W/(m⋅K) using the BTE-EHM 
approach. In comparison, the experimental value is approximately 1.7 
W/(m⋅K) (about 1.9 W/(m⋅K) at 1000 ◦C). As illustrated in Fig. 7, the 
value obtained from the BTE-EHM model aligns closely with our 
experimental measurements.

To further contextualize our findings, we compared our BTE results 
with a theoretical study by A. Li et al. [61], who employed the Clarke 
model [64] to estimate the minimum thermal conductivity of BYNO. A. 
Li et al. predicted thermal conductivity values of 2.5 W/(m⋅K) at 300 K 

Fig. 3. Micrographs of a fractured BYNO sample. The insert shows the particle size distribution.

Table 1 
Geometrical parameters and densities of BYNO samples sintered with SPS 
method.

h, mm d, mm m, g ρgeom, g/cm3 ρhydr, g/cm3

1.235 12.230 0.866 5.96909 6.08585
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and 1.3 W/(m⋅K) at 500 K, both of which are lower than our BTE results 
(see Table 3). The reason for this discrepancy lies in the simplicity of the 
Clarke model, which cannot fully account for the anharmonicity of the 
system at high temperatures. Like other conventional BTE models, it 
tends to underestimate thermal conductivity for highly anharmonic 
materials, an issue we addressed in our previous study [38].

Our measured thermal conductivity for BYNO is significantly lower 
than that of most perovskites studied (as shown in Table 2) and is even 
slightly lower than that of YSZ (approximately 2 W/(m⋅K) at 1000 ◦C) 
[1,2].

It is worth noting that, due to MD simulations using an 8 × 8 × 8 
supercell and a cooling rate of 625 K/ns, we observed a phase transition 

Fig. 4. Young's modulus and nanohardness (GPa) of bulk BYNO sample.

Table 2 
Thermophysical and mechanical properties of BYNO compared with some perovskite-type TBC materials and YSZ [2,5].

Material Melting point, ◦C TEC, 10− 6 K− 1 Thermal conductivity κ, W/(mK) Young's modulus E, GPa Hardness 
HV, GPa

Ba2YNbO6 (BYNO) > 2000 7.6¡10.2 (0–1300 ◦C) ~1.9 (1000 ◦C) 217 ± 15 7.18 ± 0.96
BaZrO3 2690 7.9 (30− 1000 ◦C) 3.42 (1000 ◦C) 181 ± 11 11.1 ± 1.9
Ba(Mg1/3Ta2/3)O3 3100 9.5− 11.1 (200− 1000 ◦C) 2.60 (1200 ◦C) 186 ± 2 12 ± 2
SrZrO3 2650 8.75− 10.9 (200− 1000 ◦C) 2.08-2.30 (1200 ◦C) 170 ± 4 13 ± 1
Sr(Zr0.9Gd0.1)O2.95 — 9.2− 10.6 (200− 1000 ◦C) 1.85 (1200 ◦C) 150 ± 5 9.2 ± 0.9
YSZ 2680 10.7− 11.5 (30− 1000 ◦C) 2.12− 2.20 (1000 ◦C) 210 ± 10 13 ± 1

Table 3 
Calculated TEC (PIMD) and thermal conductivity of BYNO at different temperatures.

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

HNEMD BTE (EHM)

1000 K 1500 K 300 K 1000 K 1500 K 300 K 1000 K 1500 K
9.47 10.54 3.83 ± 0.15 1.73 ± 0.08 1.35 ± 0.07 4.03 1.95 1.56

a Measured TEC values are 9.08 × 10− 6 K− 1 at 1000 K and 10.06 × 10− 6 K− 1 at 1500 K.

Table 4 
Molar heat capacity Cp, J/(mol⋅K) of Ba2YNbO6 (M = 552.46 g/mol) at different temperatures.

300 K 500 K 700 K 900 K 1100 K 1300 K 1500 K

204.9 ± 4.1 228.4 ± 4.6 238.3 ± 4.8 243.9 ± 4.9 247.3 ± 4.9 248.5 ± 5.0 250.5 ± 5.0

Table 5 
Structural parameters a (Å), elastic modulus B, G and E (GPa), Hardness Hv 
(GPa), and Pugh's ratio.

Compound Experiment Theory

This work Ref [62] This work Ref [61]

a (T = 27 ◦C) 8.43 8.44 8.45 8.68 (T = − 273 ◦C)
B 136 138
G 73 80
E 217 186 202
Hv 7.18 8.97 ​
G/B 0.537 0.58
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from the tetragonal to the cubic phase at − 20◦С for classical MD and 
− 53◦С for PIMD (see Fig. S8). Indeed, DSC experiments revealed a 
thermal anomaly within the range from − 23 to 7◦С, characterized by a 
distinct peak at − 10.6 ± 2.0◦С (refer to Fig. S9). The presence of this 
anomaly is indicative of a structural rearrangement within BYNO lattice, 
corresponding to a displacive phase transition.

These results are in good agreement with the experimental data on 
the second-order phase transition Fm3m → I4/m in BYNO at − 13◦С [65]. 
However, our low-temperature PXRD data showed no deviations from 
the linear dependence of TEC for BYNO at these temperatures. This 
observation can be explained by the minor changes in the structure and 
unit cell volume of BYNO during this transition.

4. Conclusions

Based on a combination of detailed simulations of thermal conduc
tivity, thermal expansion, and mechanical properties with experimental 
measurements, we studied double perovskite Ba2YNbO6 (BYNO) to 
evaluate its applicability as a potential material for TBCs. The bulk 
BYNO ceramics, prepared by spark plasma sintering (SPS) at 1700 ◦C, 
was investigated in terms of its microstructure, thermal, and mechanical 

properties. BYNO has higher thermal stability (a high melting point and 
no phase transitions up to 2000 ◦C) and lower thermal conductivity 
(~1.9 W/(m⋅K) at 1000 ◦C) compared with YSZ (~2.1 W/(m⋅K) at 
1000 ◦C) [2,5]. At the same time, we confirmed a minor structural 
rearrangement (second-order phase transition) near − 10 ◦C. The TEC of 
BYNO is moderate (about 9.6 × 10− 6 K− 1 at 1000 ◦C), and close to 
La2Zr2O7 and the perovskite-type TBC materials, but lower than for YSZ 
(Table 2). The mechanical properties of BYNO (Young's modulus 217 ±
15 GPa, Vickers hardness 7.18 ± 0.96 GPa) are comparable to those of 
YSZ. According to our MTP calculations, the bulk and shear moduli of 
BYNO are 136 GPa and 73 GPa, respectively, resulting in a Pugh's ratio 
G/B = 0.537, which is also a favorable value for TBC materials. Our 
results strongly suggest BYNO as a potential thermal barrier coating 
material, provided it will display good adhesion and high chemical 
stability in real operating conditions. Furthermore, the functional 
properties of BYNO could be improved by cation doping, forming solid 
solutions with other perovskites, increasing the porosity of BYNO 
coatings, or using advanced deposition techniques for microstructure 

Fig. 5. a) Lattice constant of BYNO as a function of temperature. (b) Thermal expansion coefficient as a function of temperature.

Fig. 6. Molar heat capacity of bulk BYNO ceramic in the range of 0− 1200 ◦C.

Fig. 7. Comparison of experimental and theoretical thermal conductivity of 
BYNO, as determined by the BTE-EHM and HNEMD methods.
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Appendix A 

All DFT calculations were performed using PBEsol [66] functional 
with plane-wave basis set with 520 eV energy cutoff, and PAW [67] 
method, implemented in the VASP code [68]. To constract training set 
we used a supercell consisting of 40 atoms and we used 2 × 2 × 2 
Γ-centered Monkhorst-Pack mesh of k points Integration over the Bril
louin zone.

For performing simulations first we trained 18th level MTP-type [43] 
MLIP using active learning approach [69] and MLIP-2 package [70]. The 
final training set consists of 1177 configurations; root mean square er
rors (RMSE) for energy per atom and forces are 2.1 meV and 78.8 meV/Å 
compared to the DFT data. MTP potential was used for elastic constants 
calculations.

For the HNEMD and TEC calculations we used neuroevolution po
tential (NEP) [71], which was trained using the same dataset, as the 
MTP; RMSE for energy per atom and forces in case of NEP are 1.7 meV 
and 74.0 meV/Å. The parameter Fe in formula (1) has the dimension of 
inverse length and is chosen sufficiently small (in this work it was set to 
5 × 10− 5 Å− 1), to ensure the system remains in the linear response 
regime. To perform MD simulation we constructed 8 × 8 × 8 supercell 

contain 20480 atoms.
For constructing temperature-dependent interatomic force constants 

(TDIFCs), we performed MD simulations in the canonical ensemble for 
each temperature in a supercell for 250 ps (each equilibrium lattice 
constant was calculated using the MD simulation in the NPT ensemble 
for 60 ps) and chose 400 configurations which each of them contains 
320 atoms.

To construct second and third order interatomic force constants 
(IFCs) we used 4 × 4 × 4 supercell of primitive cell. After testing 
convergence of thermal conductivity value at room temperature we 
chose dense 10 × 10 × 10 grid of q points in Brillouin zone for the self- 
consistent solutions of BTE.
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