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Fig.1 Evolution of aero-engine operating temperature over time
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Table 1 Thermal physical properties of part TBCs compounds and 7YSZ
=t/ PR (W-m K" PURZAK R E/(10°K )
La,Zr,0, 1.56 (800°C )" 9.10 (30~1000°C )"
Nd,Zr,0, i:gg E ;8822 ;[;: 10.60 ( 100~1200°C )"
Sm,Zr,0, 1.50 (700°C )1 10.80"
Gd,Zr,0, 1.60 (700°C )" 11.60%4
Dy,Zr,0, 1.34 (800°C )™ 10.80 (1000 )™
Er,Zr,0, 1.49 (800°C )™ 10.70 (1000°C )
Yb,Zr,0, 1.58 (800°C )" 10.40 (1000 )2¥
La,Ce,0, 0.60 (1000°C , 67% )" 12.30 (300~1200°C )™
Nd,Ce,0, 1.57 (700%C , 92.7% )" 11.57 (100~1200%C )™
BaFErAlO; 1.10 (1000°C )" 11.80 (1200°C )"
LaPO, 1.80 (700°C )™ 10.50 (1000 )™
RE,SiO; 1.10~1.60 ( 1000°C )" 6.94~8.84 (1200°C )"
LaMgAl,,0,, 1.70 ( 1000°C )" 10.10 (20~1000°C )"
7YSZ 2.30 (7YSZ, 700 )" 10.70 (8YSZ, 20~1000%C )"

20194E 5562 5530 - piAr RIS EIA 21



S S
HEIE‘ COVER STORY

(1.8W/(m'K), 700°C ), LA K B iF- (%)
fe2ERe e (AT SR PUR S i
PSR, SR1fT, LaPO,
XA L A B SRA , B )N
) Al A% 15 2 T BOM RS £ 1 KR
R, o DR PR A 7 A S o A
T A B tksh, Wan %5 7
WFFE B ELAT 1/6 48025 10 Yk FEE R R R
£k Ba,REAIO, ( RE=Dy,Er,Yb ) K}y
FLA b sy 0 A A, LR R A
RCLAW/(m-K) ). 34 Bk R 508
(11.8x 10°~12.0 x 10°K ™", 1300°C ),
{H Ba,REAIO; 7E 25 S H 25 55 W i 1)
R E BRI T AR S IR TR 2
fdi FH. Tian %8 2908 58 7 808 Ptk
B9 L REFREh (RE,SIO;), i F %
AT YSZ (1.10~1.60W/(m-K),
1000 °C. ), &K 17 # ik 22 B0 HL AR
(6.94x10°~8.84 x 10°K ", 1200°C ) .
Friedrich % PV R 3L T WEEs A 454040
AW LaMgAl,, 0, MIEEMSRKTE
Rl 7E 0.8~2.6W/(m-K) Z N, H 3 H.
R 47 1) e il R M S bbe gk g .
Padture®™ #1 Zhou %5 BV Xh A M A 45
¥ Y,AlFe, O, (x=0, 0.7, 1.4, 5.0)
R A AT THRTY L5 —
FUFME 0 TE B A S A e ok S22 1
MW TI

BRI ERERE
FRMEXHER

R EME A Y S YSZ
PARH E 3 B — e R, an e #A
JiK F B ARG R R R
PEo SR, BT X S e R IR 2
BRI A — B, LR A1
g5 YSZ tH2E e, Ju HUE YSZ By
HA WS mEPE, Hik, HATie
WA —FE R 52 2 BUT YSZ
BA AT AR F T — Rk CET
KL A A T A S R
P VR 2, TG TR N T R R
2000 °C 148 = 3 GA T 1) 26 4% ol 1
MRS SRR I, ER
ik, WF % BEWS 1 1600 °C K& E £l FH

22 WisshEEEA - 2019455625 55310

PR 1 J2 A 2R B0 24 [ B A
AT 2 L R 45 T 40 1 E R Bk
LR B R0 E A Tlb i FH #4752
AHF R T T AR R 40
TR h 5 15 1E 2400 °C, K 58 i FH I 32
ALK F] 1800 °C B2, 250 F Uy 4
ek S50, 2 A ZR B e TR Ak g
FE RN HAT B AW B,
& HATERHEW T YSZ TR
JER R FERG TR ER RS T —
PP B PR 2 A R T R

1 RETaO,

I ¢ T RETaO, M5 3 %
LA 7, SEAR L R e
PERE b 2FFa e MBS e 1, Hobk
Iz N TE X SRS R 58 TR
DK My K gt Bon e i, B R
FUL) B 5 | R AT 0 X SR
1o B RCR A BREE P R
A OV I 2 — R SR MY LA M
R Y TaO, HYHLF-4518 A HL pR AL BT
R WIS ST T 2R
A BTV S 3 v L T AR S R 9 T
YTaO,: Gd, Eu {R R IR T HOEEL
KIIERE; Tsunekawa 45 B ffi F 7
XL 4& T ¥ RETaO, ( RE=NA,
Ho, Er ) X #4145 1) S
AT T ST, 1K F RETaO, 734

B Vi 2 T (A AE 9 TR Bl 10 AR A
% L % . Shian % B2 5@ 1 #F 5%
RIL, PR YTaO, HA BARM AT
i TR YSZ ) —
>, [AlBF Y TaO, fift F i BE oI DL is 3
1600 °C., At T H BELE 1200 °C F
M YSZ A E R, AT
55 H Shian 45 P I8 45 i, 430
ik #( 1426 +7)C B, YTaO, ¥ 25
KA T A2 M A B9 748, (H AR
T YSZ fE:KE A B AR B AR b i A
AL AR, YTaO, AR JLF %A
AR 2Z, JE— R AR AR, 5 L[] s
YTaO, () SEM fll HRTEM & -
R Y B E— 2L B0 UE T % AR
A5 i B R SRR AE (8] 2%), Feng
6 BN ) 4 — Yk R FE X Y TaO, 1Y
T-M MHAE L FE A T3, S5 R B
TERAR IR E I, Y TaO, DI BARMHIE R,
FOCAELE, IR T 2] 1430°CHT,
Y TaO, 25 & A DEA AR 21 10 J5 AH
() 2 728 b R (8 42 30 U 50 A R I
JE(1426 +7)°C ). B FERBRARAS &
— PP AR AHAR T G Y TaO, {4
TR T (10 A8 Ak i 2 i (1] 38,
JUT- A FAS AR 2E  UEA T Y TaO,
FEA Y SZ —FE AR AR R FR 22 7
ARG A S . BR T S

E2 YTaO,H k34 B 45 SEMFAITHRTEM E
Fig.2 SEM and HRTEM images of ferroelastic domain in YTaO,



COVER STORY iﬂ‘ﬁiﬁ

B A, Wang 25 B s 3k [ AH S
eI A5 2 80 1 HeR RETa0,
(RE=Y, Nd, Eu, Dy, Gd, Er, Yb, Lu)
W s, Ik e B E RE AL fE
AT T HEA 5T . R 42 )
PIFE i, RETaO, R R IR B H
i Y T o T R AR P A e, i R Pl
A T B ) T v A LR fRT R PR 3
TR, XTSI o A R
I, [RVBE T A R i A I R I T
Y SZ T 38, I Ho Bl A IR 9 T
R X AL A i & BH S, DRI 3K A i
W1 RETaO, A U YSZ jli ki
PR 2 08 T

2 RE,TaO,

J:F C.G.Levi 5 D.R.Clarke #
BRI, # L BHBR ER PR T RETaO,
Z A, % WM i A5 RE;TaO, #l
RETa;0, P A R b Al e,
i RE;TaO, (A R LB VF 2511
PERE, G HETE SGAE b Ll A
PERE M s s i 32 R VR T I
A B (9 [ A 4544 : RE,TaO, & fifg
) 4 A DU f 4 Bk 3 A e
T (RE) #l 1 D HAMEF(Ta) B,
MNP AE T — AN s B
T2 A R — PP RERR 9 S G e
i b 25 4 i I TR IR RS A T AR
RE,TaO, 4/ V-3 B RV,
AT B T R A T
., RE;TaO, B B L5 F BRI B
B AR AR S PR R ) 1Y

% &% RE,TaO, P& HA m i
N FH 0 52 42 450, ¥ % RE;TaO, K
1 7 2 P R R A B M K AR
S PR 2 N — AN . BR
#k " %t RE,TaO, (RE=La, Nd, Sm,
Eu, Gd, Dy ) #4758, & BLFI &
HR 0 £ (0 BUE HUIR RESTaO, W
B HA AR T R(1L1~2.1W/
(m°K), 25~900C ), ik T& 58 iy #4
RV 2R R YSZ B G 1 ) H
PRI T 5 PR T T
B # (& 5%), %F RE,TaO,
(RE=La, Nd ) Fij & 145 27 =y i

T(=600°C) fr i BLA R ETHES
B, ARGUE I BLGR AT U A T ] B
AR RAON  IEAh, T Al RS

ASJA], RE,TaO, ( RE=La, Nd ) g%
Gt — B /N F RE,TaOo,
(RE=Sm, Eu, Gd, Dy )., #%{k &,

360
l
340 - I
= M-YTa0, |
= ® T-YTaO, |
E 320} ;
° ’
g 300 - !
= |
o |
~ 20} !

M| T
|
260 + I
14300 —_|
0 400 800 1200 1600 2000
Temperature/ “C

E3 HR4EFEAHEYTao, R AR MR E NI

Fig.3 Variations of cell volumes with temperature for monoclinic and tetragonal YTaO, crysta

35 - Single crystal

3.0

2.5

Polycrystal

Thermal conductivity/(W-m'-K-")

—»— YTaO, (exp.by this work)
—<4— YTaO, (exp.by Limarga)

—&— La,Zr,0, (exp.by Zhang )
1 1 1 1

—8— 7YSZ (exp.by Limarga)
—m— 7YSZ (exe.by Feng)

—w— 8YSZ (exp.by Meng)
—&— 8YSZ (exp.by Zhang)

1.0

100 200 300 400

4.0

3.5

3.0

2.5

2.0

Thermal conductivity/(W-m™"-K-")

—— 7YSZP2

—e— 8YSZP
151

—&— NdTaO,
—O— EuTaO4
—a— GdTaO,

500 600 700 800
Temperature/C

(a)YTaO, TR IR CR

-O YdTaO,
=/ LuTaO,
—9—ErTa0,

1 1 1 1
100 200 300 400

1 1 1 ]
500 600 700 800

Temperature/ “C

(b)RETaO, (RE=Nd, Eu, Gd, Yd, Lu, Er, Dy ) 4 5:5 5 (10 - &

El4 RETaOASEERERXR
Fig.4 RETaO, thermal conductivity as a function of temperature

20194E 55625 55300 - RIS EEAR 23



LI ¥
iﬂ‘ﬁi@‘ COVER STORY

22
—&— La;TaO, —&— Eu;TaO;,
5.;: —4— Nd;TaO, —8— Gd;TaO;
Té —&— Sm;TaO; —@— Dy;TaO,
= 1.8
=
=
3]
=1
]
<
1S)
o
= l4F
g
=
F
10 L L L L L L L 1
0 100 200 300 400 500 600 700 800 900
Temperature/°C
(a) gz
0.80
—o- La;TaO,
—4— Nd;TaO,
EE —— Sm;TaO,
g 064 —&— EuTa0,
Q
& —o— Gd,TaO,
=
g —a— Dy, TaO,
=
2 048 |
=}
<
[Ty
032 L L L L L L L . )
0 100 200 300 400 500 600 700 800 900
Temperature/ C
(b) A1 Hhfe
12 -
¥
S
5 9
b
2
j:=
g & .
s Gag¥ ey
S * <"
§ | ‘4 ® La,TaO,
a
5 3L < 4 Nd;TaO, ® Gd;TaO,
= 4
g < & Sm;TaO, @ Dy;TaO,
o
= < #® Eu;TaO,
0 L Il Il Il J
200 400 600 800 1000 1200
Temperature/°C.
(c) Pk R AL

Es

#% 1 $8EEERE,;TaO, ( RE=La, Nd, Sm, Eu, Gd, Dy ) [& 8RR

Fig.5 Thermophysical prosperities of RE;TaO, (RE=La, Nd, Sm, Eu, Gd, Dy)

RE,TaO, P& #H K1) & A E
P, B& SmyTaO, K AHAZ 1 H BE 17 g
KBRS A1 A 2 A A K 22 BBt I

24 WissHEEEA - 2019455625 5531

FrEr s, Hie RAEHE F 8YSZ
(10.6x 10°K ", 1200°C ). tn&l 6 fr
R RE,TaO, (RE=La, Nd, Sm, Eu,

Gd, Dy ) B 5L A5 g Rt ZR B
B AR 5 A R R S 2 ) T
A Cemm [%) RE;TaO, ( RE=Sm, Eu,
Gd, Dy ) Fij % Lt 23 [6] B 8 Cmem
) RE,TaO, (RE=La, Nd ) [ & HA
AR ) B e R A AR S A AR E I, AT
HA S OB FAE R, R,
2L X Hefk RE,TaO, (RE=La, Nd,
Sm, Eu, Gd, Dy ) P % B MERE R
HLPERE ) RGE ST, 7T LA A LIk
T YSZ TR B A ik &
ORI AT Ay o RS 1, B UE B T L
HA WA — AR 2000 1 .

3 RETa,0,

i + 402 £ RETa,0, M % B A
B — Ak gAY, RHA X4
i KT 2000, fhIRSE I 5 2%, d bk
MRAERBR IR 2 A e A ek 2 — 1 (H
TEMZ T, % T RETa,0, BT 3
SEPAEREME DT 1T, OC T ILAE R R 2
7 [ B BF 5T 880, Chen 25 U9 5@ 1
[ AF 7 B2 ) 25 B — AH ) RETa,0,
(RE=Ce, Nd, Sm, Eu, Gd, Dy, Er ) /4
B YR, W g5k 1 7
TR B SR KN A RSN
20um, fb FHIE B, HAUE AR 3R
FL, i e S AL A R 5 Z S L
Sy, BRI A RN TR, K
81! 2PN T RETa,0, ME BRI,
HIT AWM BARME A5 1.3W/(m-K)
(1900°C ), Ji [KI 2 75 7] LAgE & 2+ 1)
F AR S5 KL (CIE X FR TaOg /\ T A4 Y A7
T, 5K B AR 43 F 5T 4 )| Al A% ik
(R I BH S 2507 ) ARl B
AR Y, A5 ik RETaO, fl
RE,TaO, {A & A[E M &, RETa,0, M
BT R AT AR A R T
X L IE & BT R R R B Y
Wi A% TaO, /\ I 42 F 55 1k B A 57 FH
BTSN RE. BR T AR
338 RETa,0, P % 75 2 ik A
SR T T ) 2 B A LB B
ANTE A AR N I VR 2 b e B
B 5E, B AR RETa,0, M % i ik &
FAE 1000 °C B 7] 35 #1)(4.09~10.2)



A Y
COVER STORY HEIE‘

2.8

2.4

2.0

1.6

Thermal conductivity/(W-m"-K")

x 10°K™", % F %h 45

300 12 -
Dy Gd g, , G Sm
o~ ®*Sm D ¢ o
£ 10 | Y Eu
S
9 200F 4 ~ . g
% LN . ~ o Nd ©)
g > \f \La % 8+
g ~ ® E ,.g
.8 s
glOO- 3‘1\.* 2\:5 T 6
5| -~ L
<< g B a I;a
Nd
0 L L L L Il 4 L L L L ]
1.00 1.04 1.08 1.12 1.16 1.20 1.00 1.04 1.08 1.12 1.16 1.20
RE* radius/A RE?* radius/A
(a) Hiik 25 (b) i g

El6 #1$BEERE,TaO, (RE=La, Nd, Sm, Eu, Gd, Dy)FEM 1 # MR
Fig.6 Mechanical properties of RE;TaO, (RE=La, Nd, Sm, Eu, Gd, Dy) ceramics

(d)EuTa;0,

B7 %t

~o—CeTa;0y ——GdTa;0,
——NdTa;0y ——DyTa;0y
——SmTa;0y ——ErTa;0,
——EuTa;0,

100 200 300 400 500 600 700 800 900

Temperature/C

(a)#Afps

(e )GdTa3Og

(f)DyTa,0,

(g ) ErTa;0,

£RETa,0, ( RE=Ce, Nd, Sm, Eu, Gd, Dy, Er ) F& i B
Fig.7 Microstructure of RETa;0, (RE= Ce, Nd, Sm, Eu, Gd, Dy, Er) ceramics

N
o0

[—e—CeTa;0y —v— GdTa;0,
—e—NdTa;0y —*—DyTa;0,
| ——SmTa;0y —o— ErTa;O
——EuTa;0,

NG
~

1.6}

Thermal conductivity/(W-m™"-K-")

ol v v v

0 100 200 300 400 500 600 700 800 900

Temperature/°C
(b) SRR

TECs/(10-%K-")

201
ISt M
[ —1 =
10 m -
5te - W sesses: e aniiseny
¢ SmTa;0,
. 12]
OF* ool **ﬁglgecgaﬁn ¢ EuTa;0,
* f 22 - GdTa,0
* ¥ 4 La,Zr,0,11 309
-5 Figk o CeTay0, * DyTa;0,
*NdTa3O ° ErTa30g
_100 100 200300400500 600 700 800 900 1000
Temperature/°C
(c) PUhk R AL

E8 #% T 4EFEEERETa,0, (RE=Ce, Nd, Sm, Eu, Gd, Dy, Er) B&EHHFMER
Fig.8 Thermal properties of RETa;0, (RE=Ce, Nd, Sm, Eu, Gd, Dy, Er) ceramics

JZH $& i T

YSZ B2 T g &%
BEEM RS G S 3R R,
T3 V4% J2 A SR, DT AR K BR S v

2Rl 754, HIK, RETa,0, %
1) 4 QRS B2 B 29 0 9.0GPa, W 24 )
L1 1.0~1.5MPa-m"?, —F¥{ET
8YSZ ( 14GPa, 2.48MPa-m'"* )" &3

B hFrERE R 2 . NIL, S5 A Bk ok
T RETa,0, P& 75 HIEIK R4
DL L2 Re e, AT F1 RETay0,
W Y X T 1 AN Tl A AR TR 2 I A5

20194F 5628 53 00] - DAt E A 25



LI ¥
iﬂ‘ﬁi@‘ COVER STORY

s L 4HREE RETa0, .RE;Ta0, .
RETa,0, iX 3 Fli{A F i % (1) $ R
PERE S HLM R RE B 7 X T &R
GEVTie, 3 25 A X E 43 B AT AL,
B T RETa;0, B % b F H Bl i &
T 1 T = RS R IR A
JiK 22 B0 % 3 25 1) ) 24 M B T K RE
il K A T 2 MR R, At
AN R B BT R B — A AR T
Z0T .

Xt e i L B R £ RETaO,.
RE,TaO, WM& R g # A ipEgE , H
PO 5 5 I K 2R B 22 A48 K, L
A Y, H R, b s R S5
RETaO, M, THA S YSZ k%
FARL R S B R, AT RS T
Mo e T, LAk B (4 TR B T
DA SCER > i 24 11 R i, A3 0 % 24
SRR 2w T, IR IR E Y
i . UL, 8RBk, M 8
fRERY 3 FlR R, RETaO, B
PEBE R AL, 2 — AR 2 M
BT B4

HLEERIRMMERR

B T il 25 2l A O R IR R
A, XoF His - BH R ER AL A T el
5%, 2B LA LR B AL P BE
R - H R ER TS BT )
Z—, Clarke 28 ™ m 2 3L H 3 (IR #A

0 40
M-YT

(YTa0,)
(a)100°C

AR BRI TS R T &
FEFERP R O, T LA A 4
b B LR B e ST B AR S A
ISP E ) SRAS BB, DT I8 5]
Ko s U IR R A B Y.
TEB IR T BB N % 5 R
mn R B T B AR R 2 MR
FRRENE T Mo, TR
R BT 28 s IR K R 5, X
VR F 45 A RN S ke B
PIRTRL, - 1T B 24 S5 T B AR S A
S5 RER N IR SE A T, PRI
T R AR i i M oY A
A e b B ArE Ry T,
HATEUS T 53 k.
1 HIEERIMNEESLHE

X s A B R R VE AT ek, H R
IR LR ZrO, &4k
X, X RN Zr 5 Ta, Y HFIOCER
LR MR PR R ik, H ZrO,
)45 ¥ X5 Y TaO, AL, M1 7T LA
FIH ZrO, B 44 K 2 5 YTaO, 1t
B, Shian™! #1 Gurak 2 ¥ 43 5]
X} ZrO,~Y,0,-Ta,05 F %5 I = JUHH
& Fl Y TaO,~ZrO, B W G AR - k4T
TR, A R R 20, & it
BTN K ZrO, & 4 AR RN IR PR,
M T HFHZE () A5 AT I 2 T B
P B T AR LI 164,
ST H 43 BIAE 100 °C A1 1000°CF A =

0 6 70 80 9 i B 10 20

JUAHE SR (& 9) P i8] LgR
FNIGRBEIR L ()T A ZrO, 4%
S R 2 B AR A, X —
5B IR 45 R — 3.

# 710, 2% RETaO, At &AL
# K F RETaO, K F# b £
UEBH, FLif S ifF— 25 3% T RE,TaO,
() #4255 ML K P fE. Chen
i“;{‘:F 9 Ei*g]}{%‘ Zr0, % ik Eu,TaO, [;/@
B BAR), W5 & B T 2"
B A B B Ta™ A Eu® B (A
109), 1 5 A% 1 BB 5 g Ut
B 2 18] 9 2 4 R T T G 22
S A S R Zro, AR
R AR (1.37W/(m-K), 900 °C ). ZrO,
AN ES T EuyTaO, %)
AR EE, TG R T HAARE Ik R
$(10.7x 10°K", 1100 °C ), # Pk 5
HALA TR, BEAh, Wu 5 B
1 AR A T BUE B Bk Zro,-
Dy;TaO,, iff 7 & K 48 25 v 5| L 11
Ak faf 15 4 gy, FLI T A R BT e
IR, oo A0 P 42230 I S AR ) B
KGR I H 710, 4B 4l
Dy, TaO, P & i ik R Ei A, vl
i5(9.7~11) x 10°K ", [AlAf iR HA B
T AR
2 RIS

TE PR 2 AR B R,
ARt - gk —EHRHE

40 s0 60 70 80 80

M-YT
(YTaO, )

(b)1000°C

E9 ZrO,-Y,0,-Ta,0, = T8 E7E100°CFI1000C TR S &
Fig.9 Thermal conductivities of ternary phase diagram of Zr0O,-Y,0,-Ta,0; at 100°C and 1000°C

26 WissHEEEA - 2019455625 55310



COVER STORY i;‘l‘ ﬁiﬁ

KA ) PR BB 4% 52 &7 Ren
4= U A58 T LaCuAl, 0, LaZrO—
LaCuAl,, 0, PA X La,Zr,0,-LaAlO,
1A W 7E 200~1200 °C 22 6] 2 1
B Pk fE; Stathopoulous 28 B %
P, 5 YSZ M, Ln,SrALO, Efkd)
HAG BRI RFIHE Ik 250 Yang
25 B 3t La,AlTaO, HEATHESE, HOF-

¥ 5 30 BOR B ik 2 5053 5k
1.71W/(m'K) F1 82x 10°K ™", i T
AP BT 5L REE TR
FRETIN 2SS, d@id A B8
ZeAT ARG | AP, PUBLIE AR A ds
AT 7 1, B Rs  H, - fk
& EE et B Y. AR — et
FENATEXA T 1] F AT THRFE: Wu

Zr* substitutes Ta**

Zr*" substitutes Eu®*

(a) 2z BF IRl UL Bu™™ Fl Ta™ #F

Interstitial cation

4 DY LB AT B 118 2% DyTaO,
AT AR AR I R R, AR AT AR
(i M 1% (82~135GPa ), & ML
WPERER AT, (A1 Dy, ,)TaO, F&
(U PR IS R A BT R,
H 1200°C7F I ik R ECAE( 6~10 )
x 10°K™ FSE I 15), S5 4h,
X HLA R4 BIZE R Y RE,A1TaO,

J Vi
' Eu’*
‘ -Eu’*
. B
@

® O

(b) 7E ZrO,—Eu,TaO, ¥ 2 x 2 x 1 @i i -8R & K

(I-Eu™ Fl 1-Ta™ 53R B Eu® 1 Ta™ B F)

E10 ZrO,-Eu,TaO, ;=

Fig.10 Schematic drawings of ZrO,—Eu,;TaO, ceramics

1.2
—&—DyTaO,
—0—(Aly2Dy005) TaO,
1.0+ —A—(Al0sDy095)TaO,

=¥ (Aly0sDy0.94)TaO,

o
)

Thermal diffusivity/(mm?*s™)
<o
o

0.4 M 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900

Temperature/ °C
(a) Py B
1.6 -
—==DyTaO,
14+ —®=(Aly0:Dy0.95)TaO,
—A—(Aly04Dy0.06)TaOy4
1.2 =¥=(Alp0sDyo.94) TaOy4

1.0+

0.8 +

0.6 |

Phonon mean free path/nm

0.4 n I I I I I I I )
100 200 300 400 500 600 700 800 900
Temperature/°C
(d)FHT-FE

400 600 800 1000 1200
Temperature/°C

(b) PR

200

—a— DyTaO,

—o— (Al 2Dyo.5)TaO4
—4— (Al 04Dy0.96)TaO,4
=¥ (AlposDyo.04) TaO,

TEC/(x10-K™")

600 800 1000

Temperature/°C.
(e) Bzl F4k

200 400

11 A4 KDY Ta0 B E M HE R

1200

—_ 2.8

9 3.5 ~8— DyTaO; =@ (Aly:Dy0s)Ta0, n ® DyTa0,

= e (AlyuDyos) TaO; == (AloDyo0:) TaO; 2.7 N @ (Aly0:Dyo05)TaO,

p X —§—8YSZ ——La,71:0; : :

£ 30 . 2.6 \ A (Aly0sDyoe6)TaO,

5 2.5+ T 25 N ¥ (AlpeDyo04)TaO,

z EC \

% 2.0 = 24 » v
S - \ /
-g 1.5 _—.—km,,,(Clarlce mode} 23 N /
S e Kyin(Cahill model)

= I—de— k.,..(Slark model) 224 \ /

g 1.0 N7

15} 2.1

=

F

0 0.01 0.02 0.03 0.04 0.05 0.06
(Al,Dy,_,) TaO, composition

()i

Interstitial ions

75

’
Substitutional ions

(F) P TRl

Fig.11 Thermal properties of (Al Dy, ,)TaO, ceramics as a function of temperature

20194F 5628 553 00] - BiAtilliEE AR 27



LI ¥
iﬂ‘ﬁi@‘ COVER STORY

(RE=Gd,Yb) Yk i 17 T B 5%,
KI5 Gd,AlTa0, ML, Yb,AITaO,
)5 R AR, 32 T SRy LA X 4R
G T T T Yb,A1Ta0, A3k
Mk R BCE S W& L 4, B &
B2 ) A M2 R R
i B,
3 HIsEEREMERKE

BT UL EFTEEIM LR A 4
A5 24 2 A, 38 ] DL 4
N E N I R VA O (0 T
ok b A7 ek b, Wu 45 B 5E R
(Y,..Dy,) TaO, Wi % i W 24 B P L L
YSZ ML, G T 2800 15 Bkt
PE X IR A 5 3BT 1), I %k
LI 235 ) IR B ) P LB R AT T
AR 12,1350 [6] B, 38 48 H
T (Y, .Dy,)TaO, Yotk B A L # S
F(1.7~2.0W/(m-K), 900°C ). /& #4
Ik 2 3 ((10~11) x 10°K "), B
B 11 v T AH B T S T Y 3R )
FRPE BB, Luo 25 PSR i T
Sm(Nb, ,Ta,)O, HLApr kg3
fE: 4 x=1 i}, SmTaO, F%E HA i
RIHAGR(1.33W/(m°K), 900C ) ;
1E x=0 I, SmNbO, Fi % i #U ik
FBOE B AR R 0 e RAE(11.7 x
10°K ™", 1200°C ). 1Lk, BRI ™ wF
58 T BUE YUk (La, Eu,),Ta0, (x=
0.0.2.0.4.0.5.0.6.0.8.1.0) Fg %,
GREHMTFRETFMNERES
b I e B s B P 2 BT S 5
1) A5 A0 75 - B A5 24 x=0.4 B}
(La,_Eu,);TaO, P iy 358 ffIk
( 1.OW/(m'K), 500°C ), Hif 45 7%
BB RUE S S A% A PP, T
BRI R 5L

FEF Al AR AR L BH R £ 09 JE b
g, B3CREs T 3 Akt k. X 3
Ty v 3 2o R SR 5 | B
R P T U R S SR Y A
Aa 5B T B T
59 BB 1 2 ) B TR AR AR
TR 2 5, B2 LT 5 Z A
], e F B RS T 5 L uRE

28 Wiss G A - 2019455625 5531

. . |Ferroelastic domain
> B ~ 3 ; A
\. RSN ¢
3¢ N Snm
N —

E12 (Y. Dy )TaOMENE A PHESBERR
Fig.12 HRTEM images of (Y_Dy,)TaO, ceramic

7
=7
7 7 <
ol g /
ISONEUL
2 =2
\ )~
N
High temperature Decrease in temperature At room temperature
Two monoclinic phases Two tetragonal phases
L
Twin j
boundary
.......... » rrrnnnnnns
RS
00° < q Z> 95.5
Tetragonal Monoclinic

E13 Wi BEFERRMOASEHERINE SXERTT
Fig.13 Comparisons of thermal conductivity calculation model of double rare earth
tantalate with the experimental one



COVER STORY iﬂ‘ﬁiﬁ

X 5 T Y 22 S, KA SNk BE,
AL S A e, 5 B S R X
T Al R 4 AR, [ B IR b A RE
5 E R R K R o H .
1, A I 0 s L R AR B Al A
AT TR 0 A S 3 M0 B g Y AU i
FA, AT LR A A A R A PR
REFIBLAR L AE -

Zig

ZE LT R A AH R HAT WA
B R T HLBE RS T s T R R
(YSZ &R BHE i R T %
FHFHG B BT, 1000°C
G RARE 1.1~1.3W/ (m-K ), #
e YSZ Z50 R 50% 5 AH A JE
[ J2 T A B A o (R BE, A
B R A A A IR &l L B Ay
RN 7, SR 5% A4 AH [ B i )2 R
FEAEE YSZ il #5 30%, 5 A B¢
I A6 BE AT 35 300~500°C, HET
L R N e o N o =
i A Pl g w1 T S ) Ak
WAL T 27 4k 52 & A RE, AT A 28H
1R R, R 2 52 w7 AR
FH AR =5 T 3L 77 2 1 B AP 4
PRAE T, 3 75 F 1= 4H 2 £ 1 £
RIS F] 1600°C, Wk T YSZ
IR AR S HAELE 1200 °C LAF {8
() B . DL A, i - BH R k2l
MR e B, HAR S 1 A
e R T Y Ta J5 TR RS IR
s, 5 YSZ VEN A 7 i G AL
GBI, 6 AR R —
Pl B FAE R I 48 2 A, AR B 1
B 5 5 3 AT P YSZ 4R A5
B3 0 JT 4y 2 —, RE W A AU BH 1k
TGO ZHE K, KRR K MFE R )2
1) A 0 77 i, R e B AW T
B — AR IR 2 AR, A
T — U E T S5 E &
7 B

38 o X By A B R R ) ek bk, I
45 ¥ RN PE R E— 25 15 B Ak, i
T - R ER AR S IR LR 2 AR

K. 18 s R KO TR
(HVOF ). 488 Wik - Y3 <M
UL PS-PVD) FlH ¥ 5 — 4
SAITAH B (EB-PVD ) 24 R T
BOf A - B R 5 i 2 5
HVR 2 WA e RE 2 R LA R
AR R EE ), B R
TAEE & JF 3 A 7 — & 1Y L
Ro AL KRB TAEE 3L [H
BN Z R, Fe AR ERAE Tl Ak R
FA 22 i 1k foe , A 3R R H GE
LS K sh AL 2 AR A )
TR

(11 XEE . ek sh il
HORBY R[], Se ikl 5B A
1998(4): 7-10.

LIU Jiafu. Development of manufacturing
technology for gas turbine engines[J]. Advanced
Manufacturing and Material Application
Technology, 1998(4): 7-10.

[2] CARON P, KHAN T. Evolution
of Ni-based superalloys for single crystal gas
turbine blade applications[J]. Aerospace Science
and Technology, 1999, 3(8): 513-523.

[31] LEYENS C, SCHULZ U,
FRITSCHER K, et al. Contemporary materials
issues for advanced EB-PVD thermal barrier
coating systems[J]. Zeitschriftfiir Metallkunde,
2001, 92(7): 762-772.

[4] PADTURE N P, GELL M, JORDAN
E H. Thermal barrier coatings for gas-
turbine engine applications[J]. Science, 2002,
296(5566): 280-284.

[5] CLARKE DR, LEVI C G. Materials
design for the next generation thermal barrier
coatings[J]. Annual Review of Materials
Research, 2003, 33: 383-417.

[6] CLARKE D R, PHILLPOT S R.
Thermal barrier coating materials[J]. Materials
Today, 2005, 8(6): 22-29.

[7] CLARKE D R, OECHSNER M,
PADTURE N P. Thermal-barrier coatings for
more efficient gas-turbine engines[J]. MRS

Bulletin, 2012, 37(10): 891-898.

[8] CLARKE D R. Materials selection
guidelines for low thermal conductivity thermal
barrier coatings[J]. Surface and Coatings
Technology, 2003, 163—164: 67-74.

[91 FERGUS J W. Zirconia and
pyrochlore oxides for thermal barrier coatings
in gas turbine engines[J]. Metallurgical and
Materials Transactions E, 2014, 1(2): 118-131.

[10] LIGR, XIEH, YANG G J, etal. A
comprehensive sintering mechanism for TBCs—
Part II: multiscale multipoint interconnection—
enhanced initial kinetics[J]. Journal of the
American Ceramic Society, 2017, 100(9):
4240-4251.

[11] CHEVALIER J, GREMILLARD L,
VIRKAR AV, et al. The tetragonal-monoclinic
transformation in zirconia: lessons learned
and future trends[J]. Journal of the American
Ceramic Society, 2009, 92(9): 1901-1920.

[12] LUGHI V, TOLPYGO V K,
CLARKE D R. Microstructural aspects of
the sintering of thermal barrier coatings[J].
Materials Science and Engineering: A, 2004,
368(1/2): 212-221.

[13] CAO X Q, VASSEN R, STOEVER
D. Ceramic materials for thermal barrier
coatings[J]. Journal of the European Ceramic
Society, 2004, 24(1): 1-10.

[14] CHEN L, YANG G J. Epitaxial
growth and cracking of highly tough 7YSZ
splats by thermal spray technology[J]. Journal of
Advanced Ceramics, 2018, 7(1): 17-29.

[15] LIGR, XIEH, YANG G J, etal. A
comprehensive sintering mechanism for TBCs—
Part I: an overall evolution with two-stage
kinetics[J]. Journal of the American Ceramic
Society, 2017, 100(5): 2176-2189.

[16] MUTASIM Z, BRENTNALL
W. Thermal barrier coatings for industrial gas
turbine applications: An industrial note[J].
Journal of Thermal Spray Technology, 1997,
6(1): 105-108.

[17] SUN LL, GUO H B, PENG H, et
al. Phase stability and thermal conductivity of
ytterbia and yttria co-doped zirconia[J]. Progress
in Natural Science: Materials International,
2013, 23(4): 440-445.

[18] VASSEN R, CAO X Q, TIETZ F,

20194E 55624 55300 - RS EEA 29



LI ¥
iﬂ‘ﬁiﬁ COVER STORY

et al. Zirconates as new materials for thermal
barrier coatings[J]. Journal of the American
Ceramic Society, 2000, 83(8): 2023-2028.

[19] ZHU D M, MILLER R A. Low
conductivity and sintering-resistant thermal
barrier coatings: US6812176[P]. 2004—11-02.

[20] LEHMANN H, PITZER D,
PRACHT G, et al. Thermal conductivity and
thermal expansion coefficients of the lanthanum
rare-earth-element zirconate system[J]. Journal
of the American Ceramic Society, 2003, 86(8):
1338-1344.

[21] . BRI 2R T2
PRV B S B M]. JEat : Bl R
i, 2016.

FENG Jing. Calculation and design of
mechanical and thermal properties of ceramic
thermal barrier coating materials[M]. Beijing:
Science Press, 2016.

[22] CAO X Q, VASSEN R, FISCHER
W, et al. Lanthanum-cerium oxide as a thermal
barrier-coating material for high-temperature
applications[J]. Advanced Materials, 2003,
15(17): 1438-1442.

[23] MA W, GONG S K, XU H B, et al.
On improving the phase stability and thermal
expansion coefficients of lanthanum cerium
oxide solid solutions[J]. Scripta Materialia,
2006, 54(8): 1505-1508.

[24] WRsk, AR, AL M R
P e AR 2 WP HE S [T ], TP R e
2017, 36(12): 938-949.

CHEN Lin, WANG Jun, FENG Jing.
Research progress of rare earth tantalate
ceramics as thermal barrier coatings[J].
Materials China, 2017, 36(12): 938-949.

[25] PERRIERE L, BREGIROUX D,
NAITALI B, et al. Microstructural dependence
of the thermal and mechanical properties of
monazite LnPO, (Ln=La to Gd)[J]. Journal of
the European Ceramic Society, 2007, 27(10):
3207-3213.

[26] DU A B, WAN C L, QUZ X, et al.
Thermal conductivity of monazite-type REPO,
(RE=La, Ce, Nd, Sm, Eu, Gd)[J]. Journal of
the American Ceramic Society, 2009, 92(11):
2687-2692.

[277 WANCL, QU Z X, HEY, et al.

30 BiAHEREA - 2019455625 55310

Ultralow thermal conductivity in highly anion-
defective aluminates[J]. Physical Review
Letters, 2008, 101(8): 085901.

[28] TIAN Z L, ZHENG LY, WANG
J M, et al. Theoretical and experimental
determination of the major thermo-mechanical
properties of RE,SiO; (RE= Tb, Dy, Ho, Er, Tm,
Yb, Lu, and Y) for environmental and thermal
barrier coating applications[J]. Journal of the
European Ceramic Society, 2016, 36(1): 189—
202.

[29] FRIEDRICH C, GADOW R,
SCHIRMER T. Lanthanum hexaaluminate—a
new material for atmospheric plasma spraying
of advanced thermal barrier coatings[J].
Journal of Spraying Technology, 2001, 10(4):
592-598.

[30] PADTURE N P, KLEMENS P G.
Low thermal conductivity in garnets[J]. Journal
of the American Ceramic Society, 1997, 80(4):
1018-1020.

[31] ZHOUY C, XIANG HM, FENG Z
H. Theoretical investigation on mechanical and
thermal properties of a promising thermal barrier
material: Yb;AL,O,[J]. Journal of Materials
Science & Technology, 2014, 30(7): 631-638.

[32] LIMARGA A M, SHIAN S,
LECKIE R M, et al. Thermal conductivity of
single-and multi-phase compositions in the
Zr0,~Y,0,-Ta,05 system[J]. Journal of the
European Ceramic Society, 2014, 34(12): 3085—
3094.

[33] SHIAN S, SARIN P, GURAK M,
et al. The tetragonal-monoclinic, ferroelastic
transformation in yttrium tantalate and effect of
zirconia alloying[J]. Acta Materialia, 2014, 69:
196-202.

[34] FENG J, SHIAN S, XIAO B, et
al. First-principles calculations of the high-
temperature phase transformation in yttrium
tantalate[J]. Physical Review B, 2014, 90(9):
094102.

[35] VOLOSHYNA O, BOIARYNTSEVA
I, SPASSKY D, et al. Luminescence properties
of the yttrium and gadolinium tantalo-niobates
[J]. Solid State Phenomena, 2015, 230: 172-177.

[36] 1A%, X, WAL, 45 . M7 B A
M HL Y TaO4 R T-45 4 FDE 2 R 5 4 BE 1

FEI]. e | 2008, 30(4): 18-23.

XIANG Dong, LIU Bo, GU Mu, et al.
Theoretical investigation on electionic structures
and optical prosperities of M’ and M type
YTaO4[J]. Optical Instruments, 2008, 30(4):
18-23.

[37] 2 1%, B, AR AR SR
YTaO,: Gd, Eu i FGEUE G g i 1% %
1. DB E2240 L 1999, 15(9): 794-798.

LI Bo, GU Zhennan, LIN Jianhua, et al.
Energy transfer in the luminescence process
of YTaO,: Gd, Eu[J]. Acta Physico—Chimica
Sinica, 1999, 15(9): 794-798.

[38] TSUNEKAWA S, YAMAUCHI H,
SASAKI K, et al. Paramagnetic anisotropies in
RTaO4 (R= Nd, Ho and Er) crystals[J]. Journal
of Alloys and Compounds, 1996, 245(1-8):
89-93.

[39] WANG J, ZHOU Y, CHONG X Y,
et al. Microstructure and thermal properties of a
promising thermal coating: YTaO,[J]. Ceramics
International, 2016, 42(12): 13876—13881.

[40] WANG J, ZHOU Y, FENG J. et
al. Microstructure and thermal properties of
RETaO, (RE=Nd, Eu, Gd, Dy, Er, Yb, Lu) as
promising thermal barrier coating materials[J].
Scripta Materialia, 2017, 126: 24-28.

[41] ABE R, HIGASHI M, ZOU Z, et
al. Photocatalytic water splitting into H, and
0, over R;Ta0; and R;NbO, (R=Y, Yb, Gd,
La): effect of crystal structure on photocatalytic
activity[J]. The Journal of Physical Chemistry B,
2004, 108(3): 811-814.

[42] WAKESHIMA M, HINATSU Y.
Magnetic properties and structural transitions
of orthorhombic fluorite-related compounds
Ln;MO, (Ln= rare earths, M= transition metals)
[J]. Journal of Solid State Chemistry, 2010,
183(11): 2681-2688.

[43] ZHAO M, PAN W, WAN C L, et
al. Defect engineering in development of low
thermal conductivity materials: a review[J].
Journal of the European Ceramic Society, 2017,
37(1): 1-13.

[44] FR¥k. 1 8HR $ RETa0, fl
RE;TaO, [ & i) il £ 5 P K I 24k B ok
5E[D]. EEHH : RRBEE T K2, 2018.

CHEN Lin. Preparation with thermal and



COVER STORY iﬂ‘ﬁiﬁ

mechanical properties of rare earth tantalate
RETa;0; and RE;TaO; ceramics[D]. Kunming:
Kunming University of Science and Technology,
2018.

[45] EBISU S, MORITA H, NAGATA S.
Influence of cubic crystal field on the magnetic
susceptibility of defect-perovskite RTa;0, (R=
rare earth)[J]. Journal of Physics and Chemistry
of Solids, 2000, 61(1): 45-65.

[46] CHEN L, JIANG Y H, CHONG X
Y, et al. Synthesis and thermophysical properties
of RETa;0, (RE= Ce, Nd, Sm, Eu, Gd, Dy, Er)
as promising thermal barrier coatings[J]. Journal
of the American Ceramic Society, 2018, 101(3):
1266-1278.

[47] CALLAWAY J, BAEYER H C.
Effect of point imperfection on lattice thermal
conductivity[J]. Physics Review, 1960, 120(4):
1149-1154.

[48] GURAK M, FLAMANT Q,
LAVERSENNE L, et al. On the yttrium
tantalate—zirconia phase diagram[J]. Journal
of the European Ceramic Society, 2018, 38(9):
3317-3324.

[49] CHEN L, SONG P, FENG

J. Influence of ZrO, alloying effect on the
thermophysical properties of fluorite-type
Eu,TaO, ceramics[J]. Scripta Materialia, 2018,
152: 117-121.

[50] WU P, HU M Y, CHONG X Y, et
al. The glass-like thermal conductivity in ZrO,—
Dy;TaO, ceramic for promising thermal barrier
coating application[J]. Applied Physics Letters,
2018, 112(13): 131903.

[51] REN C, HE 'Y D, WANG D R.
Cyclic oxidation behavior and thermal barrier
effect of YSZ—(AL,O,/YAG) double-layer TBCs
prepared by the composite sol-gel method[J].
Surface and Coatings Technology, 2011, 206(6):
1461-1468.

[52] STATHOPOULOS V, SADYKOV
V, PAVLOVA S, et al. Design of functionally
graded multilayer thermal barrier coatings for
gas turbine application[J]. Surface and Coatings
Technology, 2016, 295: 20-28.

[53] YANG M, L1, LIAO Q 7J, et al.
The interlaminar shear strength and tribological
properties of PA6 composites filled with
graphene oxide-treated carbon fiber[J]. Surface

and Interface Analysis, 2017, 49(8): 755-758.

[54] WU P, CHONG X Y, FENG J.
Effect of AI'" doping on mechanical and thermal
properties of DyTaO, as promising thermal
barrier coating application[J]. Journal of the
American Ceramic Society, 2018, 101(5): 1818—
1823.

[55] CHEN X G, ZHANG H S, LIU Y
X, et al. Thermal properties of RE,AlTaO, (RE
= Gd and Yb) oxides[J]. Ceramics International,
2018, 44(9): 10762-10765.

[56] WU P, HU M Y, CHEN L, et al.
Investigation on microstructures and thermo-
physical properties of ferroelastic (Y, Dy,)TaO,
ceramics[J]. Materialia, 2018, 4: 478-486.

[57] LUO YY, CHEN L, WU P, et
al. Synthesis and thermophysics properties
of ferroelastic SmNb, \TayO, ceramics[J].
Ceramics International, 2018, 44(12): 13999—
14006.

BIRAEE: bk, 8 LA S, 41
TR FEAAALE, RUIRLT R
P RSN, WEFE 5 ) A AR B
TP G B 2 AR T A4S, E—mail
jingfeng@kmust.edu.cn,

Research and Application of Rare Earth Tantalate Ceramics for

Thermal Barrier Coatings

ZONG Ruofei, WU Fushuo, FENG Jing
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[ABSTRACT]

Thermal barrier coatings (TBCs) is the key technology for the hypersonic aircraft and the aero-engine. At

present, yttria stalized zirconia (YSZ) is widely used as the thermal barrier coatings ceramic top-coatings. However, it can-

not use for the next generation of engine in the future, owing to the volume difference caused by T-M phase transformation

of ZrO,. Obviously, it is imperative to find a kind of more advanced TBCs. The experiments have shown that the rare earth

tantalate prepared by the solid-state reaction has more excellent thermophysical and mechanical properties, such as lower
thermal conductivity (1.1-1.3W/(m-K), 1000°C ), higher temperature gradient (300-500°C ) and better fracture toughness.

Besides, the rare earth tantalate is transmitted at a much lower rate than YSZ through O° anions, which can effectively pre-

vent the growth of thermal growth oxides (TGO). Considering the above advantages, the rare earth tantalate would be the

great potential TBCs in the next generation of gas turbine.

Keywords: Thermal barrier coatings; Yttria stalized zirconia (YSZ); Thermal conductivity; Thermal expansion; Rare earth

tantalate; Ferroelastic toughening
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