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Abstract: Due to the high melting point, extremely low thermal conductivity (~ 1.0 W-m™"k™"),
high thermal expansion coefficients (TECs, ~ 11.0 x 107° K™"), outstanding high-temperature phase
stability and excellent mechanical properties, rare earth tantalates (RETaO,, RE;TaO;, RETa;09, RE
= rare earth) ceramics are widely studied as materials for promising thermal barrier coatings (TBCs),
and it is believed that their application temperature is as high as 1600°C. This paper summarized the
research progress of crystal structure, microstructure, thermal conductivity, TECs, mechanical
properties, and the influence of alloying effects on the thermo-mechanical properties of weberite
RE;Ta0; and defect-perovskite RETa;09 ceramics. The future development trends of these materials
also discussed.
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Figure 1 Increase of working temperature of gas turbines and aircraft engines by different methods
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Figure 2 TBC systems in combustion chamber of aircraft engines !"*>"
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Young’s modulus / GPa

kerit / W-K:'m"™”

Debye temperature / K

Table 1 Thermophysical properties of some TBC materials

Fo 1 AR AR B g RO 5

[12, 13, 33-48]

Compounds Thermal conductivity / W-m ™K ™! TECs / 10°K™)
7YSZ 2.3 (700°C) 10.7 (20°C ~ 1000°C)
RE,Zr,0; 1.5~1.6 (800°C) 9.0 ~ 11.6 (1000°C)
InFeO3(Zn0),, 1.8~10.0 —
RE,Sn,0; 1.8 ~ 5.8 (25°C ~ 1000°C) 8.3~9.3(30°C ~1000°C)
RE933(S104)602 0.8 ~2.2 (25°C ~ 1000°C) 10.4 (1000°C)
La,Ce,0; 0.6 (1000°C) 12.3 (300°C ~ 1200°C)
Nd,Ce, 04 1.5 (700°C) 11.6 (100°C ~ 1200°C)
BaZrO; 3.4 (1000°C) 8.1 (20°C ~ 1000°C)
SmZrO; 2.1 (1000°C) —
Y3ALO12 3.0 (1000°C) 9.10
LaMgAl; 0y 1.7 (1000°C) 10.1 (20 ~ 1200°C)
LaPO, 1.8 (700°C) 10.5 (1000°C)
RE;Si,07 1.0 ~ 5.2 (25°C ~ 900°C) 6.0~9.0
RE,SiOs 1.1 ~1.6 (1000°C) 6.9 ~ 8.8 (1200°C)
Mullite 3.3 (1127°C) 5.3 (20°C ~ 1000°C)
BagRE,ALO5 1.0 (800°C) 11.8~13.6
Ba,REAIO; 0.9 ~2.2 (25°C ~ 1000°C) 11.8 ~ 12.0 (1300°C)
RENbLO, 1.3 ~3.5(25°C ~900°C) 10.2 ~ 11.7 (1200°C)
RETaO, 1.5 ~ 3.5 (25°C ~ 900°C) 10.0 ~ 11.0 (1200°C)
RE;Ta0; 1.2 ~2.1(25°C ~900°C) 6.0 ~11.0 (1200°C)
RE;NbO, 1.0 ~ 1.7 (25°C ~ 900°C) 6.0 ~11.0 (1200°C)
RETa;0, 1.4 ~2.7 (100°C ~ 900°C) 4.0 ~10.2 (1000°C)
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Figure 3 Comparison of (a) Young’s moduli, (b)

theoretical minimum thermal conductivity and (c)

Debye temperature for some TBC materials

Materials: (1) 7YSZ; (2) 8YSZ; (3) La,Zr,07; (4)

La,Sn,07; (5) La,Ce,O7; (6) YTaO,; (7) EuNDbOy; (8)

La3TaO7; (9) La3NbO7; (10) TmTa3O9; (1 1) sti207;
(12) Y,Si0s; (13) BaZrOs; (14) YbsAlLOo; (15)

GdPOy; (16) YDAIOs; (17) Y4Si,07Ny; (18)
BaéDy2A14Ol5, (19) BaszAIO5, (20) InFeZnO4

[12,12,33-48]
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Figure 5 Crystal structure of rare earth tantalates RE;TaO; ceramics
(a) Space group Cmcm; (b) Space group C222; (c) Space group Ccmm; (d) Space group Fm-3m
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Figure 6 Crystal structure of rare earth tantalates RETa;Oq ceramics: (a) 3D crystal structure; (b) plane ab;
(b) plane ac; (d) plane be %
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(a) La,Ta0, (b) Nd;TaO; (¢) Sm,Ta0;
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Figure 7 Microstructure of rare earth tantalates RE;TaO; (RE = La, Nd, Sm, Eu, Gd, Dy) ceramics (521
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Figure 8 HRTEM test results of rare earth tantalates RE;TaO; (RE = La, Sm) ceramics: (a) HRTEM of La;TaO7;
(b) diffraction pattern of La;TaO- along [101]; (c¢) Diffraction pattern of La;TaO; along [201]; (d) HRTEM of
Sm;TaO-; (e) Diffraction pattern of Sm;TaO; along [112]; (f) Diffraction pattern of Sm;TaO- along [172]
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Figure 9 Microstructure of rare earth tantalates RETa;09 (RE = Ce, Nd, Sm, Eu, Gd, Dy, Er) ceramics!*®!
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Table 2 Mean acoustic velocity (Vy), Young’s moduli (), bulk moduli (B), shear moduli (G), Vickers hardness
(Hy), Griineisen parameter (y), Poisson's ratio (v), Debye temperature (7p) and theoretical minimum thermal
conductivity (k,,;,) of rare earth tantalates RE;TaO, (RE = La, Nd, Sm, Eu, Gd, Dy) ceramics (521

RE La Nd Sm Eu Gd Dy
Vm/ m-s™! 2925 3261 3304 3486 3481 3711
E/GPa 131 147 212 234 258 239
B/ GPa 99.7 92.5 153.1 171.5 192.8 183.2
G/ GPa 51.1 59.8 83.5 92.4 101.0 93.0
Hy / GPa 5.1 52 10.8 10.5 10.6 10.8
v 0.27 0.23 0.27 0.27 0.27 0.28
y 1.53 1.49 1.53 1.61 1.64 1.66
o/ K 351 399 406 444 436 466
kmin/W-K_l-m_1 0.88 1.04 1.00 1.15 1.15 1.18
300 12
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Figure 10 (a) Elastic moduli and (b) Vickers hardness of rare earth tantalates RE;TaO;
(RE = La, Nd, Sm, Eu, Gd, Dy)
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(a) specific heat; (b) thermal diffusivity; (c) thermal conductivity; (d) thermal conductivity of dense sample
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(a) Young’s moduli; (b) Debye temperature; (c) thermal conductivity
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Figure 18 Illustrations of crystal structures: (a) crystal structure without point defect; (b) cation is substituted by
other cation with shorter ionic radius; (c) cation is substituted by other cation with longer ionic radius; (d) doping
cation exists as interstitial ion; (e) existence of cation or anion vacancy; (e) alloying effects
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E 19 TiOy/ZrO, & & 2 i 4 vk 4 i A 2 RE;TaO, [8 & /1 % I &2 ; (a) TiO,—SmyTaO; Hy & 3 ;
(b) TiO,—Sm;TaO, By # M & ; (c) ZrO,~EusTaO, i % i ; (d) ZrO,~EusTaO, #4415 & ;
(e) ZrO,~Dy;TaO; iy = 3 ; (f) ZtO,—Dy;TaO; By # 1t &
Figure 19 Influence of TiO,/ZrO, alloying effects on the mechanical properties of RE;TaO; ceramics:
(a) acoustic velocity of TiO,-Sm;TaOy; (b) elastic moduli of TiO,-Sm;Ta05; (c) acoustic velocity of
ZrO,-Eu;3TaO7; (d) elastic moduli of ZrO,-Eu;TaO5; (e) acoustic velocity of ZrO,-Dy;TaO-;
(f) elastic moduli of ZrO,-Dy;Ta0;
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I R A PR AR A SR AR e i ) AR 4k, DRI RT %0 TiO,—SmsTaO, 7724 M i i A8 Ak 5 2 i
rm s . B AE S BRI R SR . TiO,—SmsTaO, B TR fE . 753 K H A S 4 BARBUE 51
Tk 3.

# 3 Xmol% TiO, & & SmTaO, [ &8 FH F & (V). HREE (E). AEE (B). HEE(G).
BAEREL (). BRL (). BREE (Th). & TS EEK (D) FAELRRARE () Y
Table 3 Mean acoustic velocity (Vy), Young’s moduli (E), bulk moduli (B), shear moduli (G), Griineisen
parameter (y), Poisson's ratio (v), Debye temperature (7p), phonon scattering coefficient ('), and theoretical
minimum thermal conductivity (ky;,) of X mol% TiO, alloying Sm;TaO; 471

Var E G B To

X mol% Fain

/ms'  /GPa /GPa /GPa 7K I wk i
0 3304 197 81 114 021 133 408 0 1.05
3 3333 208 83 143 025 153 413 0.06 1.09
6 3428 235 93 161 025 153 425 0.4 111
9 3436 237 94 166 026 156 426 022 112
12 3504 239 94 182 028 166 436 031 1.16

£ Zr0,-Dy;TaO; M1 ZrO,~EusTaO, A, TP EEE TS TR RS —MEE T — 4
Wi 1B 7 R TP AR A, s e R AR, BERIEARRSF A RMB 5 BA L
6 M2 209 55 B 5 R /B, R ZrO,—Dy;TaO; il ZrO,—EusTaO, 75 3 J S M A Bl 5 ZrO, &5 i
g K/, HEARSES T3 4 A0 5.

#& 4 X mol% ZrO, & & EusTaO, A B W FHFHE (V). WEKEE (E). hk#EE (B). FWEE(G).
BAREZRFH (). ERL ). BFRE (To) PMEBRRADSE (ky,) Y
Table 4 Mean acoustic velocity (Vy), Young’s moduli (E), bulk moduli (B), shear moduli (G), Griineisen
parameter (y), Poisson's ratio (v), Debye temperature (7p), and theoretical minimum thermal conductivity (ki)
of X mol% ZrO, alloying Eu;TaO; (141

V) E G B T kmin
Xmol%s "0/ Gpa  /GPa  /GPa v YK WK

0 348 228 90 197 027 159 434 1.09

3 3526 241 95 194 027 161 438 112

6 3365 224 89 173 027 158 419 1.08

9 3490 234 92 190 027 161 435 111

12 3487 225 89 189 026 155 434 1.10

s 3357 204 81 175 026 157  4l6 1.04

% 5 X mol% ZrO, & & Dy;TaO; [ £ #FHF ik (V). W KEE (E). hEE (B). HEE(G).
A (). BREZREEK () PEFRED)
Table 5 Mean acoustic velocity (Vy), Young’s moduli (), bulk moduli (B), shear moduli (G), Poisson's ratio (v),
Griineisen parameter (y), and Debye temperature (7p) of X mol% ZrO, alloying Dy;TaO, ©**

X mol% Vy/ mes™ E/GPa G/GPa B/GPa y v T/ K
0 3711 239 93 183 028  1.67 465
2 3635 220 87 159 027  1.60 455
4 3669 229 90 167 027 1.6l 459
6 3633 230 93 150 024 148 455
8 3465 211 83 158 028  1.64 435
10 3403 191 46 129 025 152 427
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B 20 TiO»/ZrO, & 4 AR % vk 4% i A RE;TaO, [ & #4145 8 B9 227 ; (a) TiO,—SmsTaO B #4 fiK i
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Figure 20 Influence of TiO,/ZrO, alloying effects on the thermal expansion performance of RE;TaO; ceramics:
(a) thermal expansion rate of TiO,-Sm3;TaO5; (b) TEC of TiO,-Sm;Ta0O7; (c) thermal expansion rate of
Z10,-Eu3Ta07; (d) TEC of ZrO,-Eu;TaO5; (e) thermal expansion rate of ZrO,-Dy;TaO7; (f) TEC of
ZrOz—DygTaO7
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Figure 21 Influence of TiO,/ZrO, alloying effects on thermal conductivity of RE;TaO; ceramics; (a) Thermal
diffusivity of TiO,-Sm;TaO-; (b) Thermal conductivity of TiO,-Sm;Ta0O7; (¢) Thermal diffusivity of
Z1r0,-Eu;3Ta07; (d) Thermal conductivity of ZrO,-Eu;TaO7; (e)Thermal diffusivity of ZrO,-Dy;TaO5;
(f) Thermal conductivity of ZrO,-Dy;TaO,
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Figure 22 Phonon scattering diagram in crystal A B IR E R, XEHT Sm™ 5
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Figure 23 Influence of TiO,/ZrO, alloying effects on mechanical properties of RE;TaO; ceramics and compared
with other TBC materials: (a) Young’s moduli; (b) TECs; (d) thermal conductivity
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Figure 24 Comprehensive properties comparison among rare earth tantalates RE;TaO;, RETa;04 and TiO,/ZrO,
alloying RE;TaO; ceramics, including sintering temperature (7/ °C), thermal conductivity (k/ W.K'.m™),
thermal expansion coefficients (/ 107° K™"), Vickers hardness (Hy / GPa), fracture toughness (Kc / MPa.m'?),
Young’s moduli (£ / GPa), mean acoustic velocity (¥ / km.s™") and Debye temperature (7p / 10* K)
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