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Abstract: Thermal/environmental barrier coatings (T/EBCs) are used to protect hot-section superalloys and/or ceramic
matrix composite components from hot corrosion and oxidation; however, the majority of T/EBCs exhibit extremely high
thermal and ionic conductivities. Here, we obtain a novel rare-earth tantalate with excellent oxygen and thermal insulation
via a high-entropy strategy. The high-entropy component (8RE,;)TaO, (RE = rare earth), which is designed by large size
disorder and mass disorder, has been reassembled into a stabilized monoclinic structure. (8RE;)TaO, had 30.0%—-31.1%
and 59.2%—67.5% lower intrinsic thermal conductivity than single-RE RETaO, and 8(Y,0;—ZrO,) 8YSZ at 1200 °C,
respectively, and exhibited lower intrinsic thermal conductivity across the entire temperature range of 100-1200 °C. This is
the result of strong scattering by the phonon—phonon, grain boundary, domain boundary, dislocation, and vacancy defects.
The ionic conductivity of (8RE,;)TaO, is 3712-29,667 times lower than that of 8YSZ at 900 °C, benefiting from the strong
Ta-0O bonding strength, low concentration of mobile oxygen vacancies and severe lattice distortions that impede carrier
transport. Moreover, (8RE;;5)TaO, had superior high-temperature stability and excellent mechanical properties. Analysis of
above results demonstrates that (8RE,5)TaO, is a promising candidate for T/EBCs.

Keywords: thermal/environmental barrier coatings (T/EBCs); rare-earth tantalate; high entropy; thermal conductivity; ionic

conductivity

1 Introduction

Thermal/environmental barrier coatings (T/EBCs) are widely used
in aircraft engines and power-generation gas turbines to protect
hot-section superalloys and/or ceramic matrix composite
components from hot corrosion and oxidation [1-3]. There are
four primary constituents in a T/EBC system: (i) the ceramic top
coat (TC); (ii) a bond coat (BC) between the substrate and the TC,
where the compositions of BC in typical TBCs and EBCs are
generally MCrAlY (M = Ni, Co) and Si, respectively; (iii) a
thermally grown oxide (TGO), predominantly alumina in TBCs
and silica in EBCs, which forms between the TC and the BC;
(iv) the superalloy substrate or ceramic matrix composite [4,5].
The TC provides oxidation and thermal protection for BC and
substrate, and the BC can reduce the oxidation rate of metallic
substrate and enhance the adherence between the substrate and
top coat. TGO is a reaction product of BC oxidation by molecular
forms of O, and H,O or ionic forms of O* and OH" anions [6,7].
The TGO overgrowth led to stresses and thermal mismatch
stresses; eventually, cracking was found within the TGO and along
the interfaces, which caused spallation and even failure of
T/EBCs [8-10].

To address this issue, researchers have discovered that
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multilayer structural coating materials exhibit better anti-
oxidation and thermal insulation properties than single-layer
coatings [11,12]. However, the introduction of different materials
will exacerbate the thermal mismatch problem and slightly
improves the oxygen barrier properties. Additionally, researchers
have endeavored to reduce the oxidation rate of the matrix
through utilization of dense coatings, which impedes only the
transport of O, and H,0 molecules via the pores in the coating,
and the oxidation rate of matrix is still considerably high because
of the high ionic conductivity of these coating materials [8,13,14].
Therefore, it is desirable to restrict the rate of O* and OH"
diffusion in dense structural coatings, and it is important to use
the ionic conductivity as an indicator of the rate of carrier
migration in the material to prolong the service life of T/EBCs.
Y,05-ZrO, (YSZ) is a common T/EBC material used in turbine
blades [15,16]. However, YSZ cannot provide sufficient protection
for substrate materials because of its high ionic conductivity [17],
thermal conductivity [18], and sintering rate [19,20]; thus, many
researchers have focused on new-generation T/EBC materials,
such as RE,Si,0, (RE = rare earth) [8], RE,SiOs [21], RE;NbO,
[22], RE,Zr,0; [23], RE,Ce,0O, [24], and RETaO, [25].

Rare earth tantalates (RETaO,, RE;TaO,, and RETa;0,) are
considered novel E/TBCs because of their high melting point,
ferroelastic ductility, moderate thermal expansion coefficient, low
thermal/ionic conductivity, and high hardness (Table 1) [25-32].
However, the thermal conductivity of single rare earth tantalates is
still high, and the ionic conductivity still needs to be reduced
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further [510]. To further improve the thermal insulating
properties of rare-earth tantalates, in our previous work [31], five-
component high-entropy (Y,,sDy,sSm;;sYb,sEr,;5)TaO, exhibited
a low thermal conductivity (1.21 W-m™K™) (Table 1). To improve
the thermal and oxygen barrier properties to a greater extent, here,
we improve the crystal disorder of rare-earth tantalates by
increasing the configurational entropy, which is responsible for
enhancing the phonon and carrier scattering to reduce the
thermal conductivity and oxygen ionic conductivity. Thus, high-
entropy rare-earth tantalates ((8RE,,3)TaO,) were designed and
reassembled into a stabilized monoclinic structure to further
decrease their thermal and jonic conductivity; moreover, even
with high density, (8RE,5)TaO, has low thermal conductivity and
ensures high thermal insulation performance.

2 Experimental

2.1 Material design

The thermal conductivity is dominated by the phonon scattering
coefficient (I'), which is calculated on the basis of the ionic radius
and atomic weights as Eq. (1) [33]:

rzﬁF(mQ“Y+(MU;m)1 (1)

where f; represents the content of the lattice defect; r;,; and 7,
indicate the i-th-species ionic radius and the average ionic radius
at the atomic site, respectively; M;, and M, indicate the i-th-
species mass and the average mass at the atomic site, respectively.
The size disorder and mass fluctuation as descriptors can predict
the reduced thermal conductivity in high-entropy ceramics [34].
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where x;, m;, and ; is the atomic fraction, mass, and radius of the i-
th component, respectively. High-entropy rare earth tantalates
with large size disorder and mass disorder were obtained via
calculations of different combinations. In addition, only one
element change for each sample was used to obtain the effect of
the element on its performance. For example, (Y,3Dys
LuysYb,sEr;sSmysNdy sGdy /) TaO, (BHEC-1), (YysDyyjsLutysYby g
Eryjs-SmysNd;sHo 5)TaO,  (8HEC-2), and  (YsDysluys
YD, sEr,sSm,;sNd; ,sTm, 5)TaO, (8HEC-3) are abbreviated as
(8RE,;5)Ta0,. The effective RE* ionic radius (r, nm) [35] and
relative atomic mass are listed in Table 2; the size disorder &, (%)
and mass disorder g,, (%) related to the thermal conductivity are
listed in Table 3.

2.2 Density functional theory calculations

Density functional theory (DFT) calculations were carried out
employing the projected augmented wave (PAW) method as
implemented in the Vienna ab initio simulation package (VASP).
The electron exchange-correlation functional was given by
Perdew-Burke-Ernzerhof (PBE) within the generalized gradient
approximation (GGA). Equations (4) and (5) were used to
determine the Gibbs free energy (G) [37]:

Table1 Thermophysical properties of rare earth tantalates (RETaO,, RE;TaO;, and RETa;0y), including Young’s modulus (E, GPa), Griineisen parameter (y),
Poisson’s ratio (&), Debye temperature (6, K), hardness (H, GPa), thermal conductivity (x, W-m™K™), thermal expansion coefficient (TEC, 10 K'), and oxygen ionic

conductivity (o, 10° S-cm™)

Sample E y & oo H K TECs o Ref.
YTaO, 138 2.13 0.35 354 5.1 1.74 9.6 7.7 [26,27] and this work
NdTaO, 178 1.77 0.30 386 6.3 1.67 10.2 14.8 [25-27] and this work
SmTaO, 171 1.80 0.30 373 — 1.35 10.2 13.9 [25-27] and this work
GdTaO, 154 2.22 0.36 347 6.0 1.59 8.8 19.1 [25-27] and this work
DyTaO, 135 1.97 0.33 352 52 1.82 9.9 — [25-27] and this work
ErTaO, 128 1.98 0.33 345 6.2 1.92 10.7 15.2 [25-27] and this work
Y;TaO, 240 1.71 0.29 447 — 1.31 9.2 — [27]
Nd;TaO, 148 1.43 0.23 399 39 1.24 9.3 39 [27,29]
Sm;Ta0, 212 1.59 0.27 406 — 4.50 6.1 — [27]
Gd,;Ta0O, 248 1.64 0.27 433 9.2 1.48 10.5 7.1 [27,29]
Dy;TaO, 250 1.66 0.28 466 10.2 1.61 10.2 5.6 [27,29]
NdTa;0, 190 1.47 0.24 392 9.1 1.96 5.7 — [27,29]
SmTa;0, 185 1.51 0.25 402 9.2 1.58 5.7 — [27,29]
GdTa;04 192 1.61 0.24 400 9.3 1.40 35 — [27,29]
DyTa;0, 190 1.60 0.26 423 8.8 1.56 9.9 — [27,29]
ErTa;0, 194 1.62 0.27 411 9.2 1.55 6.3 — [27,29]
(Y,5Dyy/sSm,5Yb, 5Ery ) TaO, 117 1.83 0.33 326 42 121 9.01 — [31]
Table2 Effective RE™ ionic radius (r, nm) [35] and relative atomic mass (11, g)
RE Y Nd Sm Gd Dy Ho Er Tm Yb Lu
r 0.1019 0.1109 0.1079 0.1053 0.1027 0.1015 0.1004 0.0994 0.0985 0.0977
m 88.906 144.24 150.36 157.25 162.50 164.93 167.26 166.93 173.05 174.97
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Table3 Size disorder 6, (%) and mass disorder g, (%) related to thermal

conductivity

Sample Zn (%) 6, (%) Ref.
8HEC-1 2901  4.168  This work
8HEC-2 2.933 4136  This work
8HEC-3 2.950 4272 This work
(Nd,;,Sm,4Eu,,,Gd,;) TaO, 0.094  1.928 [36]
(Y1sDy15Smy 5 YbysEry5) TaO, 4273  3.083 [31]
(Nd,/6Sm,,cEu,,Gd,,Dy, Ho,)TaO,  0.212  2.974 [36]
F(V,T) = E(V) + Fa.(V, T) + F(V, T) (4)
G=F(V,T)+ PV (5)

where F(V, T) represents the Helmholtz free energy; E(V) refers
to the static energy at 0 K; P represents the atmospheric pressure.
The Debye model (Egs. (6) and (7)) was utilized to determine the
vibrational contribution to the Gibbs free energy (G = F) when

P=0[38,39]:
OF

H=F+TS (7)

where H and S correspond to the entropy and enthalpy,
respectively.

2.3 Material synthesis

The rare earth oxide powders RE,O; (RE =Y, Dy, Lu, Yb, Er, Sm,
Nd, Gd, Tm, and Ho) and tantalum oxide powders Ta,O; were
supplied by Shanghai Aladdin Bio-Chem Technology Co., Ltd.,
China. The raw materials were weighed according to the
stoichiometric ratio and milled using a ZrO, ball with anhydrous
ethanol as the medium at 300 r-min™ for 10 h. The mixed powder
was dried at 80 °C for 10 h and then sieved with a 500-mesh sieve.
Subsequently, the mixed powder was placed into a graphite die
(with an inner diameter of 15 mm), which was covered with thick
graphite wool for thermal insulation. The die was placed on a
spark plasma sintering (SPS) apparatus (SPS-632LX, Fuji
Electronic Industrial Co., Ltd, Japan), and the sintering
parameters are as follows: the axial pressure is 70 MPa; the
maximum temperature is 1500 °C; the holding time at the highest
temperature was 15 min; the heating ramp rate is 50 °C-min™. The
samples were heat-treated to increase their density and eliminate
the graphite component that migrated into the interior of the
samples.

24 Microstructure characterization

An X-ray diffractometer (XRD; MiniFlex-600, Rigaku, Japan) and
Fullprof software were used for Rietveld refinement of the crystal
structure of samples. A powder high-temperature X-ray
diffractometer (Panalytical, Empyrean, the Netherlands) was
employed to investigate the high-temperature phase transitions of
samples. The structure information was investigated by an X-ray
photoelectron spectroscope (XPS; Thermo ESCALAB 250-type,
Thermo Fisher Scientific, Waltham, USA) using standard
monochromatic Al Ka radiation (1486.6 V). The microstructures
and ferroelastic domain structures of samples were observed by a
scanning electron microscope (SEM; JSM-7001 F, JEOL, Japan)
and a high-angle annual dark field-scanning transmission electron
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microscope (HAADF-STEM; ARM 200F, JEM, Japan). To reduce
the scanning noise and sample drift during acquisition, atomic-
resolution STEM and HAADF images were obtained by averaging
a consecutive series of drift-corrected images. By carefully tuning
the STEM machine, the size of the parallel probe used for
nanobeam electron diffraction analysis was approximately 10 nm.
The convergence angle was 0.18 mrad. In addition, the samples
for TEM characterization were prepared by standard mechanical
grinding and polished to a thickness of approximately 40 pm. Ar-
ion thinning was performed via a precision ion milling system
(model 691, Gatan Co., Ltd., Pleasanton, USA) with a gun voltage
of 1.5-3.5 kV and a milling angle of 8°. After the sample was
perforated, a voltage of 0.5 kV was used to optimize the thin area
of the sample. The samples were further milled at a voltage of
0.1 kV to remove the damaged surface layer.

25 Thermo-mechanical property measurements

The thermal diffusivity («) measurements were conducted in
flowing argon gas with a laser flash instrument (LFA-427,
NETZSCH, Germany) from room temperature to 1200 °C, and
the thermal conductivity () was calculated by Eq. (8) [40]:

K = ac,p (8)

The specific heat capacity ¢, was calculated as the sum of the
atomic heat capacities of the constituent oxides [41]. The density p
was measured by the Archimedes method. The pores in the
sample affect the thermal conductivity test; therefore, the actual
thermal conductivity of the material was corrected as Eq. (9):

ko = k(1 —4¢/3) 9)

where & is the actual thermal conductivity; ¢ is the porosity of the
sample (¢ = 1 — p/p,, where pj is the theoretical density of the
sample obtained by Rietveld refinement of the crystal structure).
The thermal expansion rates and thermal expansion coefficients
(TECs) of the samples were measured using a thermomechanical
analyzer (TMA-402 F3, NETZSCH, Germany).

Electrochemical impedance spectroscopy (EIS) was performed
with an electrochemical workstation (SP-300, Bio-Logic, France)
from 600 to 900 °C in a static ambient atmosphere over a
frequency range of 0.01 Hz-2 MHz. At each test temperature
(AT = 50 °C), the samples were held for 30 min to achieve thermal
equilibrium. Silver paste was printed on both surfaces of the
ceramics and then sintered at 850 °C for 15 min as electrodes for
EIS measurements. ZsimpWin software was employed to simulate
the impedance spectra data. The electrical conductivities (o) were
calculated by Eq. (10):

o=L/(R-S) (10)

where L is the sample thickness; S is the sample surface area; R is
the total resistance. The activation energy was obtained by the
Arrhenius law (Eq. (11)) [42]:

0 = (00/T)exp(~E. / (ks ) (11)

where g, is the pre-exponential factor; E, is the activation energy;
kg is the Boltzmann constant; T is the thermodynamic
temperature. The elastic properties were measured with a UMS
Advanced Untrasonic Modulus measurement system (UMS-100,
TECLAB, France) at room temperature. The Vickers hardness
(Hy) was measured using the Vicker’s indentation method
(Buehler, Omnimet MHT, USA).
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3 Results

3.1 Structural characterization

To predict the formation of a single-phase structure in high-
entropy ceramics (HECs), density functional theory (DFT) was
employed to calculate the Gibbs free energy, which is the
determining factor in the phase stability of HECs; a higher
entropy supports a lower Gibbs free energy and thus phase
stability [43,44]. As shown in Fig. 1(a), (8RE,s)Ta0, has a
negative Gibbs free energy in the range of 300-2000 K, and the
results demonstrate that (8RE,;;4)TaO, ceramics with a single-
phase structure can be fabricated by a high-temperature solid-
phase approach. However, the XRD results shown in Fig. 1(b)
indicate the presence of a small amount of RETa;0, in
Y,/sDyysLuy g Yby sEr; gSmy sNd, sHo, ) TaO,  (8HEC-2)  and
Y,/sDyysLuy g Ybys-EryjgSmy sNd, s Tmy ) TaO, - (8HEC-3), which
may be the result of inhomogeneous ball milling. Figure 1(c)
shows that the decreased average rare earth ion radius RE*
(rpes+ = 0.1032 for 8HEC-1, rge+ = 0.1027 for 8HEC-2 and
e+ = 0.1024 for 8HEC-3) causes the XRD main peak (from
8HEC-1, to 8HEC-2, 8HEC-3) shift towards a higher diffraction
angle. The in-situ XRD results shown in Fig. 1(d) demonstrate
that the crystal structure (Y;Dy;sLu,5YbygErsSm;gNd,
Tm, ;) TaO, (8HEC-3) belongs to the m-phase at temperatures
below 1500 °C, which is inconsistent with the conclusions
reported by Qu et al. [45], who reported that (Gd,_,Y,)TaO, had a
phase transition temperature of monoclinic (m) and tetragonal
phase (t) from 1450 to 1500 °C, suggesting that the high-entropy
8HEC-3 has no phase transition and excellent phase stability
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below 1500 °C. Additionally, the XRD peak intensities at 26 =
39.5° and 45.9° notably increase from 1400 to 1500 °C, suggesting
a greater degree of crystallinity with increasing temperature. As
shown in Figs. 1(e)-1(g), XRD refinement using Fullprof software
was used to determine the distortion degree of (8RE,,4)Ta0O,, and
the crystal structure of HoTaO, (ICSD-79499) was used as the
basis for refinement. The low goodness of fitting (GOF) of
1.32%-2.45% demonstrates the high accuracy of refined results,
indicating that the (8RE;s)TaO, solid solution maintains a
monoclinic structure similar to that of HoTaO, (C2/c, No. 15).
These findings indicate that the experimental XRD patterns agree
well with the calculated data and Bragg positions.

Table 4 lists the lattice constants (a, b, and ¢), volume (V), and
theoretical density (p.;) obtained from Rietveld refinements.
Table 5 lists the actual bond lengths of single-RE RETaO, [26] and
(8RE,5)Ta0,. There are three Ta-O and four RE-O bonds in
(8RE,;)Ta0, since the TaO, and REO; polyhedrons are
symmetric, while Chen et al. [26] reported only two Ta-O bond
lengths in single-RE RETaO, since there were two sets of Ta-O
with the same bond length. The bond length variation leads to
distortion of TaO, and REO; polyhedrons, and the distortion
degree of (8RE,5)TaO, can be determined by Eq. (12) [46]:

Ad — lzn d(RE/Ta-0O), — d(RE/Ta-O)
hée—i=1 d(RE/Ta-0O)
where d(RE/Ta-O); and d(RE/Ta-O) represent the bond
lengths of RE-O or Ta-O for the i-th O atom and their average

bond length, respectively. Table 5 shows that the distortion degree
Ad of TaO, is significantly higher than that of REO; in
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Fig.1 Structure of high-entropy rare-earth tantalates ((8RE,,5)TaO,): (a) mixed Gibbs free energy; (b) XRD patterns at 10° < 26 < 70°% (c) XRD patterns at 27.5° < 26 <
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Table4 Lattice constants (, b, ¢ A), B (°), volume (V, A% and theoretical density (p,, grem™) of (8RE, ;5) TaO, obtained from Rietveld refinements

Parameter a b c B \%4 Peal
8HEC-1 535735 10.9885 5.06565 95.5509 296.813 8.890
8HEC-2 5.34960 10.9738 5.06290 95.5446 295.830 8.941
8HEC-3 5.34578 10.9694 5.06001 95.5342 295336 8.967
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(8RE,;4)Ta0, ceramics, and the total distortion degree Ad,, in
(8RE,;5)Ta0, ceramics is higher than that in single-RE RETaO,
ceramics, indicating that the high entropy effect induces severe
lattice distortion. Moreover, the Ad. of (8RE,,5)TaO, ceramics is
also greater than that of (Y,;;Dy,sSm,;sYb,/;sEr,;s)TaO, ceramics
[31], suggesting that the increase in conformational entropy
contributes to the increase in lattice distortion. Comparing Figs. 1(e)
and 1(f), the RETa;0, peak intensity of (Y, 5Dy, sLu, s Yb, sErsSmy g
Nd,sHo,5)-TaO, (8HEC-2) at 23° is significantly higher than that
of (YysDyysluygYbysErys-Sm,Nd,;Gdy5)TaO, (8HEC-1) and
(Y,/sDyysLuys~YbysEr; sSm, sNd, s Tm, ) TaO,  (8HEC-3),
suggesting that 8HEC-2 has a higher RETa;0, content, which
may lead to the higher lattice distortion in 8HEC-2.

The XPS survey spectra in Fig. 2(a) show the presence of Ta, O,
and RE elements in (8RE, 4)TaO,. Figure 2(b) shows the XPS high-
resolution spectra of the Ta 4f region, the Ta 4f peak appears as a
doublet due to the spin-orbit splitting with a value of 1.87 eV for
(YysDyysluysYD,sEr s5m, gNd, 5Gd, ) TaO, (8HEC-1), 1.89 eV
for (YysDyysluysYbysErysSmygNdysHoy5) TaO, (8HEC-2), and
1.85 eV for (Y,,3DyysLuysYb,sEr; sSm;sNd, ;s Tm, 5) TaO, (8HEC-
3). The spin-orbit splitting component of the fitting spectra has a

2055

ratio of 3 : 4, revealing only one chemical state of Ta™, which is in
good agreement with Refs. [47,48]. To analyze the oxygen
vacancies in connection with the thermal and ionic conductivity
of (8RE,s)TaO, ceramics, XPS was used to identify their oxygen
vacancies. Figure 2(c) and Table S1 in the Electronic
Supplementary Material (ESM) display the binding energies of
O 1Is at 530.01-530.05 and 532.81-532.87 €V, corresponding to
the peaks of lattice oxygen (Oy,) and physically adsorbed oxygen
(O,gs)> respectively [49], and the peak of O Is at intermediate
binding energies (531.41-531.73 eV) is typically attributed to
oxygen vacancies (V ), which is consistent with Refs. [50-52].

3.2 Microstructure and ferroelastic domain structures

Figures 3(a)-3(g) show SEM images of (Y sDyyslus
YD, sErysSm; sNd;,g-Tm,; ) TaO, (8HEC-3) at different heat
treatment temperatures, and the results reveal that the grain size
and relative density increase as the heat treatment temperature
increases. The nanograin sizes in Figs. 3(a) and 3(b) are too small
to be counted because of the low heat treatment temperature.
Figure 3(h) shows that the average grain size increases from
0.15 um at 1200 °C to 9.62 um at 1600 °C, and the porosity

Table5 Bond length (Ta—O and RE-O) and distortion degree (Ad, %) of (8RE,5)TaO,, single-RE RETaO, [26], and (Y, sDy,sSm,sYb, sEr;;s) TaO, [31]

Sample Bond Bond length (I, A) 1 Ad (%) Ad,y (%)
Ta-O 1.82918 1.97271 2.36377 — 2.0552 1.2082
8HEC-1 1.2467
RE-O 2.32057 2.33318 2.3914 2.43637 2.3704 0.0385
Ta-O 1.80923 1.95007 2.54339 — 2.1009 2.2930
S8HEC-2 2.7861
RE-O 2.06216 2.3999 2.43151 2.47842 2.3430 0.4931
Ta-O 1.81683 1.97555 2.36982 — 2.0541 1.2810
8HEC-3 1.3104
RE-O 2.31721 2.38862 2.38821 2.43091 2.3812 0.0294
(Y, Dy, S Yb, .Er, ) TaO Ta-O 1.8519 1.9361 2.3240 — 2.0373 1.0183 10700
m rys)Ta .
s s s s T RE-O 22927 23295 23538 2.4382 23536 0.0517
Ta-O 2.0646 1.9377 — — 2.0011 0.1005
YTaO, 0.1332
Y-O 2.3352 2.3049 2.2688 2.2245 2.2833 0.0327
Ta-O 1.9773 1.7866 — — 1.8819 0.2566
NdTa0, 03192
Nd-O 2.5722 2.5099 2.4568 2.4046 2.4858 0.0626
Ta-O 2.0052 1.9281 — — 1.9666 0.0384
SmTaO, 0.3884
Sm-0O 2.5355 2.4919 2.3088 2.1859 2.3805 0.3500
Ta-O 1.9130 1.8256 — — 1.8693 0.0546
GdTa0, 0.2224
Gd-O 2.5283 2.5089 2.3457 2.3009 2.4209 0.1678
Ta-O 1.9400 1.8173 — — 1.9249 0.1066
DyTaO, 0.2694
Dy-O 2.4257 2.4172 2.3361 2.1902 2.3423 0.1628
Ta-O 1.9326 1.9317 — — 1.9321 0
HoTaO, 0.1250
Ho-O 2.3881 2.3626 2.3660 2.3157 2.3581 0.1250
Ta-O 2.0074 1.8425 — — 1.9249 0.1834
ErTaO, 0.3600
Er-O 2.5443 2.4575 2.3935 2.2659 2.4153 0.1766
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Fig.2 XPS survey and high-resolution spectra of (8RE, 5) TaO, in an Ar+C atmosphere: (a) XPS survey spectra; (b) Ta 4f; (c) O L s.
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Fig.3 SEM images and average grain size of 8HEC-3 at various heat treatment temperatures.

increases from 93% at 1000 °C to 97.5% at 1600 °C. To achieve
more dense samples, (Y,sDyysLu,5Yb, sEr; sSm, gNd,sGd, 5)TaO,
(8HEC-1), (Y,sDyysLuy s YDy sEr 5-Smy Ny sHo, 1) TaO, (SHEC-
2), and (YysDyy/sLuysYbyg-ErysSmysNd, s Tm, 5)TaO, (8HEC-3)
were heat-treated at 1600 °C for 5 h.

Figures 4(a)-4(c) show the SEM images of (8RE,;)TaO,
ceramics after heat treatment at 1600 °C for 5 h. The distribution
of grains with various shapes at the grain boundaries of
(Y,,sDyysLuysYb, 5Er ,6Sm, sNd, sHo, ) TaO, (8HEC-2) may be a
result of melt overflow from the grain boundaries during grain
growth, which contributes to the improvement in ceramic density.
In addition, the three samples have a similar average grain size
(AGS) of 10.06 um for (Y,;Dy,sLu,5Yb,,gErsSm,,¢Nd,sGd, )
TaO, (8HEC-1), 11.31 um for (Y,;sDyysLuysYb,,eEr,sSm,sNd, e
Ho,,5)TaO, (8HEC-2), and 9.62 pum for (Y,sDy,sLu,,sYDb,sEr s

vt £ 2w
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Sm, 4Nd, s Tm, 5)TaO, (8HEC-3). Therefore, the effects of grain
size on the thermal conductivity and oxygen ion conductivity can
be considered similar for all three samples. The enlarged SEM
images in Figs. 4(d)-4(f) show that diverse grains have parallel
fringe structures in different directions, which are considered
ferroelastic domain structures [53,54]. The domain structure
results from the volume difference created by the reversible
secondary phase transiton T <— M, where the high-
temperature tetragonal (T) phase only exists in a high-
temperature environment, the monoclinic phase (M) can be
retained at room temperature [55], and the temperature of the
secondary phase transition (T <— M) is approximately
1426+7 °C [56,57]. The EDS results in Fig. 5 indicate that the
composition of (8RE,;)TaO, ceramics is uniformly distributed
without significant segregation or aggregation.
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Superior thermal and oxygen barrier properties of high-entropy ferroelastic rare earth tantalate (8RE, ) TaO, 2057

(b)

=
¥ 17

Relative frequency
=

sHEC-2 (¢€)
11.31 pm

Relative frequency

o 10 15 20 25 30 %% "5 10 15 20 25 30

Equivalent diameter (um) Equivalent diameter (pum)
5 pm 5 pm

@a SHEC-1 [(&) SHEC-2 (f) SHEC-3
1 | pm 1 | pm 1 | pm

Fig.4 Microstructure and grain size distribution of (8RE, ) TaO,: (a—c) SEM images and grain size distribution; (d—f) magnified SEM images with a domain structure.

3.3 Thermal properties

The selection of T/EBC materials that match the thermal
expansion coefficients (TECs) of the bonded coating is another
important indicator of long service life [58]. The thermal
expansion coefficients (TECs) of multicomponent high-entropy
rare-earth tantalate (8RE;;5)TaO, were investigated to further
verify its viability as a T/EBC material. As shown in Fig. 6(a), the
TECs of 8HEC-1 and 8HEC-2 are comparable and lower than
that of 8HEC-3 (11.5x10° K'@1200 °C). The thermal expansion
coefficient of ionic crystals can be associated with the ionic bond
strength I, [59], which is closely related to the electronegativity
difference x, — x based on Eq. (13) [60,61].

https://doi.org/10.26599/JAC.2024.9221000

Fig.5 EDS elemental maps of (8RE, ) TaO,: (a) SHEC-1; (b) 8HEC-2; (c) 8HEC-3.

Lpy=1—e"7" (13)

where x is the average electronegativity and the subscripts A and B
are cations and anions, respectively. Equation (13) shows that a
high thermal expansion coefficient always corresponds to a low
value of xa —xs. For (Y,DysluysYb,sErysSm;sNd,sGdyjs)
TaO, (8HEC-1), (Yy;Dy;sluysYbysEry-SmysNd,sHo,5)TaO,
(8HEC-2), and (Y,5DyysluyYbysEr,sSm;sNd, s Tm; ) TaO,
(8HEC-3) ceramics, RE* and Ta* occupy A sites, and only O*
occupies B sites in A, B, ion crystals. The average electrical
negativities of RE* and Ta* at A sites are 1.3475 for 8HEC-1,
1.349375 for 8HEC-2, and 1.350625 for 8HEC-3; the electrical
negativities of O* are 3.44; and the ionic bond I,_p values are
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0.6653 for 8HEC-1, 0.6647 for 8HEC-2, and 0.6642 for 8HEC-3.
Therefore, 8HEC-3 has a higher thermal expansion coefficient
because of its low ionic bond strength.

As shown in Fig. 6(b), the experimental thermal diffusivities
(dexp) Of single-RE RETaO, and (8RE,;;)TaO, decrease as the
temperature rises due to the gradual increase in phonon
scattering. However, the experimental thermal diffusivity
unexpectedly increases as the temperature increases further
because of enhanced radiative transfer [62,63]. Compared with
single-RE  RETaO,, (8RE,5)Ta0, exhibits much lower
experimental thermal diffusivity. Figure 6(c) shows that the
experimental thermal conductivity (k.,) of (8RE,5)TaO, is lower
than those of 8YSZ, (Y,;sDy,;s55SmysYb,sEr,;5)TaO, [31], and most
single-RE tantalates, indicating that high-entropy ceramics
(8RE,5)TaO, with high conformational entropy have excellent
thermal insulation for the thermal protection of substrate.

3.4 Oxygen barrier properties

The typical AC impedance plots of single-RE RETaO,,
(8RE,5)Ta0,, and 8YSZ ceramics at 650-900 °C are shown in

Figs. S1 and S2 in the ESM. As shown in Fig. 7, the oxygen ion
conductivities of single-RE RETaO,, (8RE;)TaO, and 8YSZ
increase with increasing temperature. At high temperatures, the
number of carriers from the valence band excitation to the
conduction band increases, and the deviation of atoms from the
ideal position leads to an increase in oxygen vacancy
concentration; that is, more carriers participate in conduction;
thus, the resistivity decreases, and the conductivity increases. As is
evident from Fig. 7 and Table S2 in the ESM, the oxygen ion
conductivities (o) of 8YSZ, single-RE RETaO, and (8RE, 4)Ta0O,
in descending order is o(8YSZ) > o(HoTaO,) > o(TmTaO,) >
0(GdTaO,) > o(YbTaO,) > o(ErTa0,) > o(NdTaO,) > 6(SmTaO,) >
o(LuTaOy) > o(YTaO,) > o(YysDyysLuysYbysEr;sSmysNd, e
Hoy5)TaO, (8HEC-2) > o(Y,sDyysLuy5YbysEr s5my sNd; 6Gdy5)
TaO, (8HEC-1) > o(Y,sDy,sLuy5YbysEr;5m, sNd, s Tmy ) TaO,
(8HEC-3). Compared with that of 8YSZ, the oxygen ion
conductivity of (8RE)TaO, decreases by 3-5 orders of
magnitude in the range from 600 to 900 °C, and the oxygen ion
conductivity of 8(RE,5)Ta0, is further decreased by the high
entropy effect compared with that of single-RE RETaO,.
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Fig.6 Thermal properties of rare earth tantalates: (a) thermal expansion coefficients; (b) experimental thermal diffusivity; and (c) experimental thermal conductivity.
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3.5 Mechanical properties

The ultrasonic pulser method was employed to measure the elastic
properties of (8RE,;4)TaO, Through the transverse acoustic
velocity (v) and longitudinal acoustic velocity (v), the average
acoustic velocity (v,), Poisson’s ratio (&), Young’s modulus (E),
bulk modulus (B), and shear modulus (G) are calculated by
Egs. (14)-(20) [64]:

TR I

A
G= z(ziia) (17)
B—p (uf _ gu) (18)
V= % (21j3ao> (19)
6 — %(%) o (20)

where h, kg, N, V, y, and 6, are PlanK’s constant, the Boltzmann
constant, the number of atoms in a unit cell, the volume of the
unit cell, the Griineisen parameter, and the Debye temperature,
respectively. As shown in Table 6, compared with five-component
(Yy5Dy55my5Yb, sEry ) TaO, [31],
(YysDyjsLuysYb, gEry5-Smy sNd, sGd, jg) TaO, (8HEC-1),
(YysDyysLuysYb, sErys5m, sNd, sHo, ) TaO,  (8HEC-2),  and
(YysDyysLuysYby gErysSm, Nd, sTmy ) TaO,  (8HEC-3)  have
lower Young’s moduli. In addition, the ratio of the bulk modulus
to the shear modulus (G/B) can be used to evaluate the ductility of
a material; brittle materials have a G/B ratio below 0.57; otherwise,
they are ductile materials [65]. The G/B ratios of SHEC-1, 8HEC-2,
8HEC-3, and (Y,;sDy,;sSm,;sYb,sEr;5)TaO, [31] are 0.55, 0.54,

0.51, and 0.38, respectively, indicating that these high-entropy rare-
earth tantalates are brittle materials. Hardness is an important
descriptor of the resistance of thermal barrier coating materials to
permanent localized deformation [66]. The hardnesses tested by
the indentation method in Fig. 8 are 5.9 GPa for 8HEC-1, 6.3 GPa
for 8HEC-2, and 5.1 GPa for 8HEC-3 when the load is 9.8 N,
which exceed that of (Y,;sDy;;s5m,;sYb,sEr;5)TaO, (4.2 GPa) [31]
but is inferior to that of 8YSZ (13-14.2 GPa) [67]. Additionally,
there is a significant amount of crack propagation rather than
radial cracks within the three samples, so the fracture toughness
cannot be calculated. The crack propagation around the
indentation apex efficiently alleviates the stress concentration and
diminishes the fracture energy, hence increasing the toughness.

4 Discussion

41 Domain switching and oxygen vacancy formation
mechanisms

The ferroelastic domain structures are shown in Fig. 9. The needle-
like structures are domain structures in Fig. 9(a), and the average
widths of the domain region and needle-like domain walls are
95.4 and 21.2 nm, respectively. Figure S3 in the ESM shows that
the mean free path of phonons at 100-1200 °C is 0.38-1.04 nm,
and the width of the domain wall is closer to the mean free path of
phonons. The atomic configurations depicted in Fig. 9(b) can be
divided into two monoclinic phase variants, i.e., M, phase and M,
phase, with the main difference between the two being the
distance between the atomic planes. For the M, variant along
[001] zone axis, the distance between adjacent Ta atomic columns
(drary) is 0337 nm, and the distance between the adjacent Ta
atomic column and the Y atomic column (dp, y) is 0.273 nm.
However, for the M, variant, dp, 1, and dp,y are 0.289 and
0.305 nm, respectively, indicating that the distances between
adjacent atomic columns on both sides of the domain boundary
are different. The SAED pattern in Fig. 9(c) further proves that the
domain structure is formed by changing the distance between
atomic planes. The needle-like domain structures prove that the
variant could switch from one to another. Wang et al. [53]
reported that the domain walls formed near the atomic deflection
at the [212] zone axis, and the SAED patterns at areas M; and M,
needed to be rotated at a certain angle to overlap completely,
indicating that there are different domain configurations along

Table6 Mean acoustic velocity (v,,, m-s™), Young’s modulus (E, GPa), bulk modulus (B, GPa), shear modulus (G, GPa), Griineisen parameter (y), Poisson’s ratio (&),

and Debye temperature (6p, K)

Sample Vin E B G y I3 oy
8HEC-1 1981 60 44 24 1.60 0.27 257
8HEC-2 2232 89 68 35 1.66 0.28 287
8HEC-3 2242 91 69 35 1.65 0.28 290
(Y,,sDy1,s8m, s Yby sEry5) TaO, [31] 2531 117 117 44 2.00 0.33 326

Crack £ :
propagation 10 pm

Fig. 8 Indentation of (8RE,5)TaO,: (a) SHEC-1; (b) 8HEC-2; (c) SHEC-3.
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different zone axes. In addition, introducing dislocations at grain
boundaries has the potential to decrease the thermal conductivity
and ionic conductivity. Kim et al. [68] reported that the dense
dislocation arrays within grain boundaries had a limited impact
on the scattering of charge carriers; however, these dislocation
arrays exhibited a remarkable ability to scatter phonons, resulting
in a significant reduction in thermal conductivity. Figure 9(a)
shows the dislocation lines of (Y,;DyysLu5YbygEr;sSmy,
Nd, sTm,;5)TaO, (8HEC-3); the dislocation arrays may cause
complex strain distributions and target mid-frequency phonon
scattering, leading to a significant reduction in the lattice thermal
conductivity [68].

Oxygen vacancies are formed because Ta,O; has a greater
saturated vapor pressure than RE,O; [69-71]; some Ta,O;
volatilizes prior to reacting with RE,O; at high temperatures,
which reflects the inverse relationship between vapor pressure and
rate of volatilization. Furthermore, we demonstrate that Ta,Os

(a)

Dislocation” :

— : . I

volatilizes at a greater rate than RE,O; via high-temperature
experiments, as shown in Table S3 in the ESM. In parallel, the
mass of bulk material (8RE,;5)TaO, decreases after calcination at
1700 °C for 5 h, indicating that the volatilization of raw materials
results in a deviation of (8RE,;)Ta0, composition from the
stoichiometric ratio. Figure 10 shows that each tantalum atom
occupies its own lattice site, but rare earth atoms fill both the rare
earth atom lattice and the tantalum atom lattice site, leading to the
formation of oxygen vacancies based on Krdger-Vink notation

(Eq. 1)) [72]:
RE,O; 2% REY + REy, 4 304 + Vi (21)

where the symbol REgp; denotes RE* ions occupying the RE*
cation site with a neutral charge. Similarly, REy, represents RE*
ions occupying the Ta* cation site with a doubly negative charge.
The symbol O/ indicates an oxygen vacancy with a doubly
positive charge.

Fig.9 STEM-HAADF image of 8HEC-3: (a) dislocation and ferroelastic domain structures; (b) magnified STEM-HAADF image of the red rectangular box in (a);

(c) SAED patterns corresponding to (b).
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Fig. 10 STEM-EDS analysis of 8HEC-3: (a) HAADF image along [001] zone axis; (b) schematic diagram of atomic structure oriented along [001] zone axis.
(c-1) Intensity maps correspond to Y, Dy, Lu, Yb, Er, Sm, Nd, Tm, Ta, and O atoms, respectively.
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4.2 Mechanism of ultra-low thermal conductivity

Figure 11(a) shows that the reciprocal of experimental thermal
diffusivity (e.,) no longer follows a linear relationship and
instead steadily decreases at temperatures above 500 °C, indicating
that (8RE,;5)TaO, has a high thermal-radiation conductivity. The
intrinsic thermal diffusivity in the absence of thermal radiation
effects was calculated using Eq. (22) [73]:

bn'/*C C
- <TD ) T+ (D— §>

where I(w,T) denotes the phonon mean free path; T is the absolute
temperature; # denotes the number of atoms in the primitive cell;
C and D denote proportionality constants; b is approximately
equal to 2; and 6y, is the Debye temperature. The reciprocal of
intrinsic thermal diffusivity (o) is fitted in Fig. 11(a). For
example, the fitting equation is as  follows:
o = 0.00282T + 0.87278 for (Y,sDyysLuysYbygEr;s~Smys

int
Nd,4Gd,9)TaO, (8HEC-1), a;' = 0.00204T +1.08698 for
(8HEC-2), and

(Y,sDyjsLuysYb, 5-ErySm, N, sHo, i) TaO,

o = 0.00203T +0.97134  for (Y,sDyys-LuysYbysEr;Smy
Nd,sTm,5)TaO, (8HEC-3). Furthermore, Fig. S4 in the ESM
shows the intrinsic thermal diffusion («,) calculated by above
linear fitting equation, and the intrinsic thermal conductivity ()
was determined by o,. As shown in Fig. 11(b), compared with
8YSZ, the x;, of (8RE,;)Ta0, is reduced by 59.2%-67.5% at
1200 °C, even close to the Cahill model’s limited thermal
conductivity at high temperature, which can be represented using
Eq. (23)[74]:

1 1

& Tw,T) (22)

ks (20 + 1)

2.48 (23)

Kcahill =
where kg denotes the Boltzmann constant. According to Fig. 11(c),
the (8RE,;)TaO, ceramics exhibit a lower «;, across the entire
temperature range of 100-1200 °C than single-RE RETaO,, YSZ,
and (Y,;sDyysSmy;sYb,sEr;5)TaO, [31] materials. Moreover,
compared with that of single-RE RETaO,, the «;; of (8RE,,5)TaO,

2061

decreases by 19.2%-33.6% at 100 °C and 30.0%-31.1% at 1200 °C,
indicating that the thermal conductivity of single-RE RETaOj is
reduced by the high-entropy method. There is no fluctuation in
size or mass in single-RE RETaO,, but (8RE5)TaO, has high size
disorder (4.136%-4.272%) and mass disorder (2.901%-2.950%),
which is greater than that of most high-entropy four-, five- and six-
component rare-earth materials, as shown in Table 3 [31,36].
Furthermore, the distortion degree (Ad,, %) of (8RE,;)TaO,
(1.2467%-2.7861%) is higher than those of single-RE RETaO,
(0.1332%-0.3884%) and (Y,sDy,sSm,sYb,sEr,5)Ta0, (1.0700%)
[31], as shown in Table 5, and the results indicate that the lattice
distortion is improved by the conformational entropy.

The phonon scattering mechanism of (8RE, ;) TaO, is analyzed
by the Debye-Callaway model based on Eq. (24) [75]:

kB kBT } Op/T x4e"
(%) [ o

T 2m o,

where x = iiw/kyT; h and w correspond to the Plank constant
and phonon angular frequency, respectively. The total phonon
relaxation time (7, ) is a reciprocal sum of Umklapp processes
(t5"), point defects (7;p), grain boundaries (7g;), domain
boundaries (77 ), dislocation strains (75 ), and dislocation cores
(tpe). The relaxation time for phonon scattering calculated
according to the Debye model is shown in Fig. 12(a), and the
parameters are listed in Table 7. First, the relaxation time
associated with Umklapp phonon-phonon scattering 7y is
calculated from Eq. (25) [68,76]:

Ki (24)

d(x)

2 V' ye’T
(6m2)”*  Mu,
where V is the average atomic volume; T is the temperature; M is
the average atomic mass. Phonon-phonon scattering (7 cow®) is
typically the major scattering effect at temperatures above 6,
Second, Egs. (26) and (27) can be used to predict grain boundary
and domain boundary scattering in polycrystalline materials with
a grain size of dgp and domain width of dpg [76,77]:

I

(25)

(a) +3f —®—8HEC-I by exp (€)  [intrinsic thermal conductivity=8—YTa0, @1461 W-m K at 1200 °C
4.0 —&— 8HEC-2 by exp 4.0 | ' —o—YbTaO, @1.376 W-m "K' at 1200 °C
o~ —*—8HEC-3 by exp \ —A—ErTaO; @1.645 W m-K™* at 1200 °C
1 - B a \
£ \4’ =—y=—NdTaO0, @1.451 W-m"-K™ at 1200 °C
£ 301 35He \ W\ —o—TmTa0, @1.656 W-mr'-K-* at 1200 °C
LE’ 251 | |2 '\\ —4—HoTa0, @1.415 W-m"-K™" at 1200 °C
et g ; ~Noe | = —p—GdTa0, @1.339 W-m K ' at 1200 °C
. e SHEC-1 by fitting 'TM 3.0 H —A—8YSZ  (@2.839 W-m -K'at 1200 °C
1L.5F - SHEC-2 by fitting e I\
ol - 8HEC-3 by fitting ‘E -
; i i i i i : e
200 400 600 800 1000 1200 E o &
(b) Temperature (°C) =
e
-
3.5F Intrinsic thermal conductivity 2 20 k-
3.0 \ , 8YSZ
:“ = - - d
L 250 —e—8HEC-1 || BN
—e—8HEC2 & ||8 L5 3
g 20f i |l E
-3 | = TR [y
é s W) e F=C=(Y,sDy;s8m,;sYb, sEr, ) Ta0, i
: ! BECCN SHEC-2 1.0 @1.212 W-m "K' at 1200 °C :
2 10w SHEC-3 * [—e—8HEC-1 @0.923 W-m K" at 1200 °C — 10
e SR R it ek Bt 2 Ba B | —a—8HEC-2 @1.089 W-m K at 1200 °C
0.5 Ultimate thermal —4—8HEC-3 @1.159 W-m "K' at 1200 °C
cm}ductiv}ity (Calhi] mo(liel) . . 0.5 L 1 1 I 1 1
200 400 600 800 1000 1200 ’ ce T R T
Temperature (°C) Temperature (°C)
Fig. 11 Thermal properties of rare earth tantalates: (a) reciprocal of thermal diffusivity; (b, ¢) intrinsic thermal diffusivity.
o (R EEELL: i
https:/idoi.org/10.26599/JAC.2024.9221000 Vl’ff oz Dt | So‘pen


https://doi.org/10.26599/JAC.2024.9221000

2062

(a)2.sf

2.0t
Fa
|
Jst
=
= 1ot
Ile

0.5}

0.0

00 02 04 06 08 10

alawy,
(b) 121
GB U

_ 1042
i
Y s DB _ PD
i —— U+GB
E 6 —— U+GB+DB
Z D —— U+GB+DB+PD
Z ] ——— U+GB+DB+PD+D

2 4

0 i 1 i L " 1 i 1

00 02 04 06 08 1.0

/lwy,

J. Wang, Y. Zeng, X. Chong, et al.

- -
3} -~ -U+GB
! - —- - U+GB+DB
- -+ - U+GB+DB+PD
- - - U+GB+DB+PD+D
—*— SHEC-3

K, (W-m™ K™

600 800 1000 1200
Temperature (°C)

200 400

Fig. 12 Thermal transport properties of SHEC-3 with various phonon scattering processes as described by the Debye-Callaway model: (a) dependence of phonon
relaxation times on angular frequency; (b) spectral lattice thermal conductivity, including Umklapp scattering (U), grain boundary scattering (GB), domain boundary
scattering (DB), point defect scattering (PD), and dislocation scattering (D); (c) fitted lattice thermal conductivity.

Table7 Key parameters of SHEC-3 for Debye-Callaway modeling

Parameter Note Value
Op Acoustic mode Debye temperature 290K
; Average atomic volume 5.37x107 m’
1T4 Average atomic mass 1.10x10* kg
y Griineisen parameter 1.65
das Grain size 9.62 um
dpg Domain boundary width 20.2 nm
A Domain boundary fitting parameter 0.1
r Point defect scattering parameter 0.37
Np Dislocation density 1.16x10"* cm™
Bp Magnitude of Burger’s vector 5.1 nm
13 Poisson’s ratio 0.28
vy Longitudinal sound velocity 3638 m-s™
v, Transverse sound velocity 2012 m-s™
Uy Average speed of sound 2242 m-s
D Mass density 8967 kg-m™
o= - (26)
GB
Toj = A (27)
DB

Grain boundary and domain boundary scattering (75300w°,
Tps00w’) is more effective at targeting low-frequency phonons
than Umklapp scattering [78]. As shown in Figs. 4 and 9, domain
boundaries within the grains increase the number of boundaries
and contribute to reducing the thermal conductivity at low
temperatures. Third, the following simplified dislocations are used

{ % 4 2 it
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to calculate the dislocation contribution to the relaxation time
(Egs. (28) and (29)) [76]:

_ Vw0
Tpe = Np 02 (28)
L oexBNae ) Ly L (=2 (z)“
TDS—O.6><BDNDyw{2+24(1_£) 1+2 ”
(29)

where Np, denotes the dislocation density; By is the magnitude of
the Burgers vector of the dislocation; 7pc denotes that the
dislocation core plays a dominant role; while 7ps is the dislocation-
induced strain field that plays a key role. Figure 9(a) shows the
dislocation lines of 8HEC-3, and the occurrence of periodic
dislocations resulting from low-energy grain boundaries
introduces a novel mechanism that affects low- to mid-frequency
phonons, leading to a significant reduction in the lattice thermal
conductivity [68]. This mechanism is dependent on both 7 cow’
and 7, cow', which lies between the dependency for point defects
and boundary scattering [68,76]. Finally, the phenomenon of
scattering caused by point defects is a result of both mass and
strain variations within the lattice structure. Here, Eq. (30)
represents the point defect contribution to the relaxation time
[68,79]:

Vo'
41 vy

—1

Tpp = (30)

The XPS data in Fig. 2(c) demonstrate the existence of oxygen
vacancies in (8RE,;5)Ta0, High-frequency phonon scattering
(Tppoow) is the primary target of point defects. The utilization of
point defect scattering has proven to be effective in the application
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of thermal barrier coatings, such as yttria stabilized zirconia
(YSZ) [80].

As shown in Fig. 12(b), the predominant scattering effect is
typically Umklapp phonon-phonon scattering. The second factor
is the greater contribution of point defects to phonon scattering.
Grain and domain scatterings are mainly for low-frequency
phonon scattering, but the number of domain boundaries greatly
exceeds that of grain boundaries, resulting in a greater
contribution to phonon scattering than that of the grain
boundaries. Dislocations mainly scatter low-frequency phonons,
indicating that the dislocation-induced strain field plays a key role
rather than the dislocation core. Furthermore, the lattice thermal
conductivity x; of (Y,5Dy,sLu,,sYbysEr;sSm; s~ Nd,sTm, ;) TaO,
(8HEC-3) under various types of phonon scattering was
calculated using the Debye-Callaway model, as shown in Fig. 12(c).
The predicted x; curve approximately matches the intrinsic
thermal conductivity of 8HEC-3, suggesting that the large
contribution of multiscale lattice defects increases phonon
scattering and decreases the thermal conductivity.

4.3 Mechanism of ultra-low oxygen ion conductivity

Owing to the significant impact of porosity on the ionic
conductivities of sintered samples, the ionic conductivities of

Temperature (°C)

samples were normalized by following the effective medium
theory (Eq. (31) [81,82]:

0 = 071 +9/2
l1-¢

where ¢ denotes the ionic conductivity of porous samples; o is
the jonic conductivity of fully dense samples; and ¢ is the porosity.
The corrected results are plotted in Figs. 13(a) and 13(b).
Furthermore, Table 8 shows that the ionic conductivities of single-
RE RETaO, and (8RE,5)TaO, are much lower than those of other
T/EBCs, including RE;NDO, [22], RE,Zr,0; [23], RE,Zr;0,, [13],
and RE,Ce,0, [24], indicating that rare earth tantalate has better
oxygen barrier performance.

As shown in Fig. 13(c), the ionic conductivity of single-RE
RETaO, and (8RE,;5)Ta0O, is 851-29,667 times less than that of
8YSZ at 900 °C. The essential reason for the low ionic
conductivity of tantalates is that they have high bond strength.
The bonding strength is negatively correlated with the bond
length and is primarily responsible for determining the stability of
the crystal structure and the ability of oxygen to escape. The
average bond length of RE-O is much longer than that of Ta-O
in Table 5, indicating that Ta-O dominates the bonding strength
in (8RE5)TaO, Meanwhile, Fig. 13(d) shows that the average

(31)
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Fig. 13 Ionic conductivity: (a) single-RE RETaO, (b) (8RE,3)TaO, and 8YSZ; (c) ionic conductivity ratio of 8YSZ to single-RE RETaO, and (8RE,3)TaO,; and
(d) comparison of bond lengths of Ta-O and Zr-O.

Table8 Logarithmic oxygen ion conductivity log(o (S-cm™)) of various TBCs at different temperatures

Sample 600 °C 650 °C 700°C 750 °C 800 °C 850 °C 900 °C
(5RE,,),Ce,0; [24] -3.25 2,90 ~2.59 -2.30 — — -

Nd,Zr,0, [23] ~1.45 -1.32 -1.21 -111 -1.03 -0.96 -0.87
Dy;Nb,0, [22] -2.39 —221 -2.04 — - — -
7,Gd,0,, [13] -4.12 -3.78 -3.42 — - — —

8YSZ -2.85 -2.56 -2.29 -2.10 -1.84 -1.65 146

8HEC-1 — - -6.60 -6.29 -5.96 -5.68 -5.46

8HEC-2 -6.37 -6.00 -5.68 -5.40 -5.24 -5.19 -5.03

8HEC-3 — — -6.99 -6.66 -6.50 -6.07 -5.93
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bond lengths of Ta-O in (8RE, ) Ta0, are all lower than those of
Zr-O in 8YSZ, indicating that (8RE,;)TaO, has a stronger
bonding strength and that the oxygen atoms or oxygen vacancies
centered on the Ta atoms do not easily escape to become carriers;
therefore, (8RE,;5)TaO, has a lower ionic conductivity than 8YSZ.
Additionally, the distorted lattice increases the probability of
carrier collisions with multicomponent cations and thereby
reduces the carrier migration rate, leading to a lower ionic
conductivity for high-entropy (8RE, 5)TaO,.

The ionic conductivity is also inversely proportional to
activation energy, according to Eq. (11). The larger the activation
energy, the larger the energy required for oxygen ion migration,
and the lower the ionic conductivity under the same conditions.
Figure 14 shows the Arrhenius plot and activation energy of single-
RE RETaO,, (8RE,4)Ta0,, and 8YSZ. (8RE5)TaO, and single-RE
RETaO, have similar activation energies, which are higher than
those of 8YSZ except SmTaO, and HoTaO,; this may be the result
of different phase structures with various oxygen transport
barriers.

There is also significant variation in the oxygen ion
conductivity among the three high-entropy samples for the
following reasons. Oxygen vacancies act as carriers for hopping of

(@)

Temperature (°C)
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oxygen ions, and the oxygen ion conductivity is proportional to
the oxygen vacancy concentration based on Eq. (32) [83]:

o=euVs (32)

where y is the mobility and e is the effective charge. However,
when the oxygen vacancy concentration exceeds the threshold,
dopant-vacancy binding and vacancy-vacancy interactions in
samples may lead to a decrease in the concentration of mobile
oxygen vacancies; that is, many oxygen vacancies form clusters
that hinder the migration of oxygen ions, leading to a decrease in
oxygen ion conductivity [84,85]. As shown in Fig. 15, the oxygen
ion conductivity decreases with increasing oxygen vacancy
concentration because the aggregation of oxygen vacancies in the
eight-component rare earth tantalate results in the formation of
oxygen vacancy clusters that impede the migration of oxygen ions.

5 Conclusions

In this study, the high-entropy component (8RE,;)Ta0O,
determined by size disorder (4.136%-4.272%) and mass disorder
(2.901%-2.950%) was successfully synthesized via spark plasma
sintering. As shown in Fig. 16, the eight-component rare-earth

(b)

Temperature (°C)

2900 850 800 750 700 650 600 900 850 800 750 700 650 600
o ' © @ Y (1.00eV) & o ' o
— @ Gd(l.14eV) 8YSZ (0.98 eV)
— @ Sm(0.65ev)|  2f
EX -4} —~Q @ Ho (0.75 eV) o
o o % 0
\E y |§ _ I
o -6} B 8HEC-1 (1.56 eV)
= €4 o
5 e Tmassew 5 SHEC-2 (0.99 eV)
E _8lo Yb(1.21eV) E -6
@ Lu (1.05eV) it
@ Er(1.26 eV) =8
@ Nd (1.01eV) . . . . 8HEC-3 (1.32eV) . . _
0.84 0.90 0.96 1.02 1.08 1.14 0.85 0.90 095 1.00 1.05 1.10 1.15
1000/7 (K™) 1000/ (K™)
Fig. 14 Arrhenius plot and activation energies: (a) single-RE RETaO,; (b) (8RE,5)TaO, and 8YSZ.
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Fig. 16 Thermomechanical properties of rare earth tantalates, including oxygen
ionic conductivity o (10 S:cm™), thermal conductivity x (W-m™K"), Young’s
modulus E (GPa), thermal expansion coefficient TECs (10 K™), and hardness H
(GPa).
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tantalate  (8RE,;5)TaO, exhibits superior thermodynamic
properties compared with the single-RE RETaO, and (Y,;sDyys
Sm,sYb,sEr;5)TaO; among them, 8HEC-3 possesses an
extremely low oxygen-ionic conductivity (1.17x10° S-cm™@
900 °C), thermal conductivity (1.15 W-m™"-K'@1200 °C), Young’s
modulus (69 GPa), a high coefficient of thermal expansion
(11.5x10° K'@1200 °C), and hardness (5.1 GPa). In addition,
Umklapp processes, grain boundaries, domain boundaries,
dislocations, vacancy defects and (8RE,4)TaO, enhance phonon
scattering, leading to low thermal conductivity. Moreover,
compared with 8YSZ, the low ionic conductivity of (8RE, 4)TaO,
benefits from the strong Ta-O bonding strength, large number of
oxygen vacancy clusters, and severe lattice distortions that impede
carrier transport.
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