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Research Progress on Thermal Stability of Polarization
Performance in Bismuth Sodium Titanate-Based

Lead-Free Ceramics

REN Pengrong, WANG Jiale
(School of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China)

Abstract. Bi, ;Na, ;TiO,( BNT) is a lead-free piezoelectric material with A-site complex perovskite structure. It exhibits
high Curie temperature, large electric field induced strain, special relaxor properties and large thickness mode electrome-
chanical coupling factors. Specifically, it shows stable mechanical quality factor with the variance of temperature and vibra-
tion velocity in comparison with Pb(Zr, Ti) O,(PZT). Thus, BNT based ceramics are expected to be applied in actuators,
filters, ultrasonic transducers and other fields. However, they still have some problems, for example, low depolarization
temperature ( T,) making the operational temperature range of devices narrow, which limits the practical application of BNT-
based materials. Therefore, the research of lead-free piezoelectric ceramics with high T, has great prospects in future. This
article has reviewed depolarization behavior of BNT-based ceramic materials and three methods of increasing T, elemental
doping, composites with the second phase and quenching heat treatment, introduced the latest research progress of these
methods and their mechanisms, and finally put forward several problems to be solved urgently. This review may provide a
reference for further improvement of T, of BNT and other lead-free piezoelectric ceramics.
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Fig. 1 Phase diagram of BNT-BT ceramics'?
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Fig. 2 Illustration of key stages in the depolarization mechanism
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Fig. 3 Relationship between depolarization temperature (T, ) and pie-

zoelectric constant (dy;) of different type materials
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Table 1  The effect of doping on the depolarization temperature of BNT-

based ceramics

Ceramics gzrii:ri ( pdéi;) T,/C Ref.

Bi, sNaj sTiO; 91 185  [2]

0. 94Bi,, sNag 5 Ti0;-0. 06BaTiO, 125 107 [3]

0. 8Bi, sNa, sTi05-0. 2Bi, sK, sTiO4 157 174 [12]
Big,5Nay, 45Lip oo TiO; Li 199 [26]

(Big g7Lag g3) .5 Nag s TiO3 La 220 [27]

Biy sNag 5(Tig 975¢,03) O3 Se 220 [27]
(Big,sNag 5) .04 Bag g6 ( Tig 09 Nbg 0 ) O3 Nb 130 [28]
(Big,5Nag 5) 5.94Bag, o6( Tip.09Mng ;) O3 Mn 150 [28]
(Big, sNag 5) g 94Bag o6( Tig g9 Feg 1) O3 Fe 130 [28]
(Big, sNag 5) o.04Bag, 06( Tig 09 Cig 1) O3 Cu 135 [28]
(Big,o355mg, 015 ) . 5( Nag §Kp.2) 6.5TiO;  Sm 190 60 [29]

0. 925BNT-0. 065BT-

0.01Bi(Zn, sCe; 5) 04 Zn/Ce 190 48

4.2 £4

2015 4F Zhang 250" 5 1K BNT-6BT 1A% M 2 S 4k
Zn0O #HATHE 4, Mg T 0.94Bi, (Na, ,TiO,-0. 06BaTiO, :
xZn0 (BNT-6BT : xZn0) 3-0 BRI A W%, Wi kI ZnO
REfE TN BNT-6BT RYIRMALATH, X x=0.3 B, Bk
AR, X ZEEN Zn0 & & J5 51 £ BNT-6BT 1 i
b, R ZnO RS R A 0T 2 48 Fi ey ke MR 2 A
e iR Ak, TR R TR AR AR B, E R AR
EGRIHKR (B 4) .

W E A Zn0 #2155 BNT R &R ALIRE, XN
BNT J P e i et AL TR I i 8 S B, 2435 [B1 4% BNT
A A VE MR ERERIT T 2 Mo, g T
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Fig. 4  Schematics of depolarization in BNT-6BT ceramics and sup-
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pressed depolarization in BNT-6BT :Zn0O compnsite:31
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BEA In0 5, H T IR Zn0 M) HE MK Z 5T ( coeffi-
cient of thermal expansion, CTE)AN[E]FTF=4: 09 R 151 E
TBREMELENELE, H THREEHRKREARAF,
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7N o Zhang ST 3 o B 3% Bt e B 4 R 38 7R T BNT-
6BT : 0.3Zn0 A MEHYIBALHLIE, Zn® #5443t BNT-
OBT it H, 7 A T R B BIOK 90k Wl Tt o7 o 4
TEM &), 25 MR AR ALAT AU R S T,
SERS BT S IR B, IR W] — A BTE AR X
AR AN 1 X5 ZnO JFURLJE Bl % 240 K W5 77 A= 5T HL 800
11 BNT-6BT fih H 1 B oK B L 23 9% Zn0 [ KR Ak 7™
AL TR EE (1B 6) .
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5 BNT-6BT :xZn0O (3-0) B AAHRIEEMILHLEL . (a) BT ZnO FURIAT BNT-6BT A9 IK 22 BOR VL L i 7= A2 7 J13%, (b)
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Fig. 5

A5y e

Mechanism of thermal depolarization in (3-0)-type BNT-6BT :xZn0O composites; (a) A stress field occurs due to the mismatch of

the thermal expansion coefficients of a ZnO sphere and the BNT-6BT matrix: Here a is the particle radius, r is the distance of a point

to the center of the sphere, oy is the stress at the particle-matrix interface, o, and o, are the radial and the tangential component of

the stress field in the matrix, respectively, o, is the critical transformation stress and r, the critical radius of transformation, (b)

stress induces a ferroelectric long range order within r, leading to a growth process in the stress field, the remaining material is in the

nonergodic relaxor state; (c¢) electric poling leads to a polarized composite, (d) the polarized composite when the temperature in-

creases to T, (e) with increasing temperature, the local polarization switching in the vicinity of the ZnO sphere causes stepwise de-

polarization, (f) further heating leads to the ultimate depolarization due to the ferroelectric-relaxor transition

[34]
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Zn0 J& TP S, B S WA R rE, ATl ALO, AT LUK BNT-BKT FJ%HY T, 1 116 C (x=0) &5 &2
AR, HE, KREHMEAYIFAREFHEEEST 227 C(x=0.15), FFH x=0. 15 BFESERIER T (210 C)
A, I, BEEER ZnO ZAMWILM AL 5 BNT b % AT DURRRRRE 1 R i R4 (d,,>60 pC/N) (B 7), JF4E
R SRR EE W RS 7,7 Wu S EME S T BNTEMBES Zn0, ALO, HAMY)E T, T
El 190 °C

K6 BNBT6 : 0.3Zn0 EAMEAEA TEM BER . [ 6a [EEIE{X (energy dispersive spectroscopy, EDS) 43745 H 7R T AN [F] X 35 1)
FEEUIR, (a)25C, (b)150°C, (¢)170°C, (d)190 °C, (e)210C , (£)220 °C, (g)240 CHIZE[ 110] 7 [ ZnO J& [ BN-
BT6 ficki BEIE S I IR f, & 6a Fil 6g 14 B ki IX HLF-H7 4 ( selected area electron diffraction, SAED) B, &l 6a Hitr

B GBIV 1721 ooo | A 45 35
Fig. 6 In-situ TEM observation of the diffused thermal depolarization in the BNBT6 : 0. 3ZnO composite: the composition is verified with EDS
analysis, bright field images of the domain morphology in a [110] aligned BNBT6 grain around a ZnO particle at (a) 25 °C, (b) 150 °C,
(c) 170 °C, (d) 190 C, (e) 210 °C, (f) 220 C, and (g) 240 °C, the SAED patterns are displayed as insets in Fig. 6a and Fig. 6g,

the 1/2{ 000} superlattice spot is highlighted with the bright circle in Fig. 6al3%!
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7 HeAbAY BNT-BKT :xAl,0,(x=0~0. 15) B AFETE 1, 10 & 100 kHz MR (a) , HALAY BNT-BKT :xAl,05(x=0~0. 15)
WY 1) .y, BRI ROZE TR (b) . BNT-BKT txAL 0y (v=0~0. 15) B fL 3 15t o s b Bty s i 245 o) )
Fig. 7 Temperature-dependent dielectric constant (&,) and loss tangent (tan 8) of poled BNT-BKT :xAl,0;(x=0~0.15) composites
(1, 10, 100 kHz) (a), the relatively retained dy; of poled BNT-BKT :xAL 04(x=0~0. 15) as a function of annealing temperatures
(b), polarization and current density against electric field for BNT-BKT :xA1,0,(x=0~0.15) (¢)
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Fig. 8 Relationship between the depolarization temperature (T;) and quenching temperature and rhombohedral distortion (90-a) of

ordinary furnace (OF)-cooled and quenched(q) BNT ceramics
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Fig. 9 Rhombohedral distortion (90-a) of OF- BNLT and q-BNLT

with different Li content®)
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toelectron spectroscopy, XPS) Fl HE, i #% HLHR (electron
paramagnetic resonance, EPR) {IE 32V K J5 B4 BE i A7 78 1Y)
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XPS spectrums of O1s
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spectroscopy, XPS) Kl (a) K Ti*" ) b, F % £ 4R ( electron
paramagnetic resonance, EPR)i#(b) (8]

Fig. 10 XPS spectra of BNT-6BT with different depolarization temperature ;

0 1s (a) and EPR of Ti** in BNT-6BT with different depolariza-

tion temperature (measured at 113 K) (b) (381 ¢ QS: quenching,
ASB00-2: annealing in O, at 800 C for 2h, NS: cooling in furnace)

USRS, IF XK i TR U TR K
Ja, T, i LMRE BN EKATAIREE
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Temperature dependent ds; in BNT-xBT ceramics ( FC de-
notes a furnace-cooled sample, and Q1100 denotes a sample

quenched at 1100 °C) (391
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Fig. 12 T, and FWHM of different heat-treated BNT-6BT. FWHM is cal-
culated based on {200}, peak'®’. UQ: unquenching, AQ:
air quenching, LNQ: liquid nitrogen quenching, LNQ +OA;
liquid nitrogen quenching with following annealing in 0,, LNQ+

NA: liquid nitrogen quenching with following annealing in N,

Nagata 25" 38 i [7] 25 40 5 X SFRATHIE9E T Lit 48
Z&1Y BNT BT R B S AR S5 49 X 434 PRI ( pair dis-
tribution function, PDF) fi7 5 & 3% i 5% o ¥ JCRE & v Vi
(L] Bi 5 J8 L ELAG TE P 454, K B i )
WHAFEH; I B A0 Lit#82% BNT(BNLT8) F
b BT Na™ W< 111> 05 [ 9 FE 5 0. 9048 nm, Mk
JEPE B IR 2 1,386 nm( 8] 13) , X—WFoTE B T
VRIS L6 BNT F % (045 84k

OF [2] Quench [b]

M Bi
Na
- Li
Ti
__J¢)
(1)

13 fdi T AL B 7 5 45 44 43 B (visualization for electronic and

structural analysis, VESTA) # {4 3K 15 (9 41 ¥ ( OF ) FI¥EE .k
(Quench) & Li*4#82% BNT( BNLTS) K 5 1 5 fy i1 141

Fig. 13 Schematic illustration of structure of OF and quenched Li*

doped BNT obtained by using the program VESTA!*!!
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Fig. 14 Photographs of furnace cooled BNT and BNT quenched in three

different medias: water, silicone oil and airl#?
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Fig. 15 SEM images of BNT-6BT ceramics: (a) unquenched, (b) air quenched, (¢, d) liquid nitrogen quenched, (e, f) liquid

nitrogen quenching followed by oxygen annealing, (g, h) liquid nitrogen quenching followed by nitrogen annealing. The inset

of Fig. 15e is the enlarged SEM image of the labeled region
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Fig. 16

within different time derived from the full thermal glradient[43
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