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Fig. 1. Outline of this review.
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Fig. 2. (a) Six possible sintering mechanisms; (b) schematic
view of the powder evolution at different stages during sin-
tering; the black curve corresponds to the variation of relat-

ive density.
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Table 1.  Ceramic powders prepared by using dif-
ferent approaches.
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Table 2. Grain size variation among BT, PZT, and KNN ceramics prepared by using different sintering techniques.
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Fig. 5. Grain size effect can be different among BT ceramics with virous phase structure and by different preparation method:

(a) Grain size dependence of dg3 of BT ceramics prepared by using different sintering method !

; (b) ds3 and d3s of Ba(Tig.96500,04)

03, (BaggsCag15)(Zro.1 Tig) O3 ceramics with different average grain sizes!'1%120],

4 BHRBEEETER
Rt 3 pE

PZT J& B A MK 251 1Y —JC Bk, @i
PRSI Zo/Ti L, o ARSI I A DUy
FHFNZE Ty A LA ) E R BUAR A (MPB), MG 24
M4 v R L PR RE. VRS b S U 0 R L B B A
B B AESRBIGEE N PZT A kL R ST 3800 T
J& T RKEMFGE. 5 BaTiO; A H&Z, 1% PZT

Mg K Z 4 7E MPB AL, R I 7E BaTiO;
TR A — SIS T ARVIR ME B T PZT 1Y
R RST BN AR FE . AR/ NI R [ PZT A R
Y AN e A ) E e I =

R R~ X I R I BE RS2

TERIR SR TR, PZT BE % He B Wi B 8 A
oA R ROT T S i, BIZEAH o b
FE i rh B2 5 AR A5 v Fe H e iy BLISLISEL )
Weston 25 BUSE 7 PZT F&E 8 A Fe &K
INT AR RGE , (BB AP R DL HL R & R AL ()
Bifl i R RSE B /0N T 3 T R AR FE La B4 1Y
PZT "1, Okazaki Fll Nagatal'3? i i #2 i #h e 4h
A4 YL RIS [E) 21 5 M AR RS T 14 pm A9 Pl
%ﬁénn, & IURE S R A AL sm B (P,) . TR HLHY

B (dyy) F K, AR OSSR TH 5. Martirena
Fl Burfoot!?! 38 # #2 fil AU B 45 (L, 76 Nb 42
Z=0) PZT v 338 7RI 45 e, BIREE Mk R

M AR By R

4.1

o (1.8—4.6 pm) MYBGIR, JF HL 0 Ly 228 HT 1S i

SR, BRI 22 99 s, s FEL i o ) e
B I A HRRAE K fb R R i rp R A5 (98- 1361 5] 4
Kawamura 45 133 F1 Ichinose %5 134 & $7E SR R
SPE T (3 pm) 19 PZT BgEE, H dyy F &, iA504
{; Kim 25 039 %805k RS A 12 pm 5 kiR
o 5—10 pm (4 PZT % HAT A 25 00 HL e B
Zhang Fl Rajl'* £ 27 RS F 0.5—1.5 pm Y
WK ffoRE PZT B & & BT 3 i T K A R
(315 pm) A i (% HL I 1 5 7E— B 58 R ik &
B ok RSF R ad 10 pm L 2= B R, R PERE
23 E FEAR 03T BRb 2 A, f AT — 5 e b
A 2k B B r W RO 5 ok RS % A
K, I PERR I AR A6 5 FaLE RS B B AT 4
PR . AERAIE, 5/NROT FL i 808 e HL TG
PEREGINAURIE], SCAk [51, 106, 138] 78 PMN-PT
A T R IR R A F I ROST AT DA 0 s Y R r
T 24Pk, SE 14 1R 2 e FB AR fig
R b R X PZT B & R FLPERE RS2, LUR N
AR LML AT 2R

I,

42 ZTEHRBRFTHRESERERSANRT

RRL
“z3 [B] HL, faf £ 81 7 (space-charge layer model)
R RAERFSY BaTiO, M & &A1 7o rhgl it i 199,
Okazaki Fll Nagatal'*2 Bzt RIS | AT PZT B &
R RO RN I F5E b, WA 6 (c) Bz, Okazaki

217704-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 21 (2020) 217704

(a)

1150, s i

1150 °C~ 100 pm

%200 oy X8000 i+

Al
o o
(=R =]

i
x
N
=
)
S
Piezoelectric
coefficient/pC-N—1

1200 1250
Temperature/C

1]

pyy Sl L,
-

L irrss”. — L >,
f—b A==t

777 Y7 /P77

B 6 (a) o 42 i Be 45 W AT ok ROT AN R B9 PZT B g 1415 (b)) dgy R dy B8 25 112 B 78 A6 14115 () o IR 2580 1 9 <25 [

15

Fig. 6. (a) Grain size evolution in PZT ceramics as a function of sintering temperaturell; (b) piezoelectric coefficients of PZT

ceramics measured as a function of sintering temperaturel'*!l; (c) illustration of the “space-charge model” [132],
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Fig. 7. (a) ds3, d31, dy, and P, of PZT ceramics measured as a function of grain size®); (b) c/a ratio measured as a function of grain

sizel®l; (c) PFM amplitude images of PZT samples with average grain sizes of 3.9 pm and 10.4 pm['"; (d) stronger local coercive

voltages can be obtained at the grain boundary in the fine grain['*’; (e) bipolar strain and P, of PZT ceramics measured as a func-

tion of grain size after de-aging10l.
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Fig. 8. (a) Variation of domain size as a function of grain size in KNN-2Sr ceramics; an increased amount of conductive domain wall
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is observed as the grain size decreases!'™; (b) evolution of ferroelectric and piezoelectric properties as a function of grain size in

KNN-based ceramics!!™,
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Fig. 9. (a) Abnormal grain growth in sintered KNN ceramics caused by the formation of the liquid phase at high temperaturel!;
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(b) abnormal grain growth in sintered ceramics can be suppressed by controlling sintering atmospherel'™; (c) irregular grain growth

observed in calcined KNN-based ceramic powder!7!,

217704-13


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W) 3B =% R Acta Phys. Sin.

Vol. 69, No. 21 (2020) 217704

® 55 ! =
—0.48 ym ' 40 aEy/ (et + aEp)
| O—4.27 pm i x
| | <
1+ i 5 g 30
S N = E
g M Z 20
O gl ] =
O =
=, 15
= L ¢ E/kV-mm~! © 10k
R i 4 08 = |
—1t b =
-1 5 0
50 pm | PR 3;@@%% £
LA 2 =
—af R —10
| 1 | 1 |

Grain size/pm

Coarse-grained ceramics

© . . . . . . 1200 — : : ; . .
0.25 4 . 4
1100 .
0.20 4 1
~ 1000 E
g
X 0.15 . o4&
> Increasing grain size 2 900- i
E SE
& 0.10 1 4 2 8004 ]
——5.0 pm tle
0.05 - —64pm 1 7004 —a—E=2kV/mm
—8.1 pm —.—E=3kV/mm
——13.0 pm —A— Mean(Smax/Emax)max
0 T T T T 600 T T T T T T
0 0.5 1.0 1.5 2.0 3.0 3.5 2 4 6 8 10 12 14
E/kV-mm~! Average grain size/pm
T T T T 2‘4 T T T T T T
1200 :
— (Smax/ Emax) max
] ; ( / ) 2.9 ——Lo
7 1000+ -
= ] ] ~ 2.0 .
& I
2 8004 R g
3 ] | g 1.8 i
d :
3 600 b < 1.6 4
7 ] — 6.4 pm i B _
g . Z
w400 8.1 pm 1 aREwe ¢ X g
—— 10.5 pm 1
] —— 13.0 pm ] 1.2- i
200+ @& BNT-ST25 1 :
I . . ; . . 1.0+ : ; ; ; ;
0.5 1.0 1.5 2.0 2.5 3.0 3.5 2 4 6 8 10 12 14
E/kV.mm~! Average grain size/pm
B 10 (a) F N dbe 4 7 2 4 40 ok BNT B 2 191 (b) BNT 3 2 o ol ST 087 A9 4 BB Y 1961 () BNT 2 Fig %% 9

L P B B R R B8 AR Ak 197
Fig. 10. (a) Fine-grained BNT-based ceramics prepared by flash sintering!'”l; (b) a qualitative model of the grain size effect in BNT-
based ceramics!!*?; (c) variation of piezoelectric properties of BNT-based ceramics as a function of grain sizel'"].
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Abstract

Piezoelectric ceramics is a versatile functional material that can realize interconversion between electrical

energy and mechanical energy. As the electrical properties of piezoelectric ceramics are extremely sensitive to

the grain size variation, the investigation of grain size effect has attracted much attention. In this paper, the

recent research progress of the grain size effect on perovskite piezoelectric ceramics, including barium titanate
(BT), lead zirconate titanate (PZT), potassium sodium niobate (KNN), and sodium bismuth titanate (BNT), is

comprehensively reviewed. We especially focus on topics including feasible ways of fabricating piezoelectric

ceramics with the desired grain sizes, the influence of the grain size effect on piezoelectric properties, and the

corresponding physical mechanisms. This review would be beneficial to understanding the influence of the grain

size effect on piezoelectric properties. The review concludes with the prediction of the further investigation on

the grain size effect.
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