21
211
(spontaneous polarization)
(symmetry element)®
RY. 21
RY.
(centro symmetry) 1 (Non-Centro
symmetry) 21 il 20
423 20 10
(pyroglectric)
CRYSTALS (32 Classes)
Y
('EN'I'R()S\',\‘:,\Ili’l'R\ NON (.'I-ZN'I'R():\'MME'I'R\'
(11 Classes) (21 Classes)
A
A A

NON PIEZOELECTRIC PIEZOELECTRIC
(20 Classes)

(1 Classes)

A

PYROELECTRIC
(10 Classes)

SUBGROUP
FERROELECTRIC

21



(hysteresis loop)

(polarization, P) (electric
field, E) 2.2
: E.
B
.3 P,
-P
2.2
P E
(non -linear P-E hysteresis loap)
(polarization)
(saturation  polarization, P9
1 (remanant polarization. Pr)

(coercive field. Ec)
-Ps



»
1

¥ty A

P
22
2.1.2
.. 1880

, 1
(quartz) (zinchlende) (tourmaline)
1881 (piezoelectricity or
pressure electricity)
(polarization®

(perovskite)  ABO, 23 24

(x - ray diffraction, XRD)



23

24

(perovskite) ( ABQ))

PZT
X-ray diffraction (XRD) [24]

[21]



(direct piezoelectric ~effect)
(compressive  stress)
(tensile stress)

(converse piezoelectric effect)

( ultrasonic motor)
25

@) (b) 122]

25 (a)
25 ()
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(mechanical stress, + )
(dielectric  displacement, D )

(E) (mechanical strain, )
) AT 1E s, (1)
2 SET 4 0E  wovsovrsssssssssssssssssmsssssssssssssssssnnns 2
d (piezoelectric coefficient charge)

(mechanical compliance)

(dielectric constant permittivity)
T (stress)
(Strain)

102m/V

26



POLING

CDG AXIS

-

1 4
gﬂﬁ 2.6 LAPINANIIVOINAN [22]
(open circuit electric field, g) '
i d
= g ()
K (relative dielectric constant)
b (Permittivity) 8.854 x 10 RF/m

(piezoelectric  coupling
factor, k )



10

k'l=[rafc-37 6
v (6)
k ™ (7)
Vv
k1
( =2
s = ®)
\"0.395/r+ 0.547(u~ f1)J
fr
/
(mechanical  quality  factor, (9 )
(equivalent  series
circuit)
9
/.
' 9
y 2N-CZ (1;-11) K
VAl



2.3

21

(piezoelectric materials)

(soft piezoelectric materials)

N |]

(hard piezoelectric materials)

21

300
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PZT

(dopant)
k Qm
Nb 5 Fe8Mn+3Zn 2
231 (harium titanate) BaTiO)j
(curie
temperature, T¢) 120
PZT 03 PZT 0.65
PZT PZT
&
]
@
Q.50 @ oondinn@ Inniion
2T
(Ba)
09 (Ti4)

(octahedral site)
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130

(cubic)
130
232 (Pb(Zr,Ti)Oj, PZT)
(PZT)
(solid  solution)
(Pbzr0,) (PbTiO)
(TidH Vs 28
B
B
PbZrQ, : PbTio, 0.52 : 0.48
PZT ' 29
(morphotropic phase boundary :MPB)
6 8

14



14



15

S00(— - -— T - —
= Cubic ,/_
400} =
O i i
<
S 300f Tetragonal -
s L
g " Rhombohedral - ]
€ 200 (high-temperature ol
— form)
a 8l
100} ) &
Oﬁ/ L/Rhombohedral \Morphotropac
Orthorhombie |V (low-temperature phase boundary ]
form) N
TSRS ) 2 1 1 L L 1 1 1
1 0.8 0.6 04 0.2 0
PbZrO y " PbTiO,
29 3]
233 (Pb(Mn,..Nb: 3( ,-PTiO;-

Phz10, PMAN -PZT)
Pb(Mn, jNo: 30j-PbTiO}-PZr0, (PMN-PZT)
Pb(Mn L0,
Pb(zr,Ti)0, (PZT)
o1

2.10-2.12
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0.59
/.\\\
I / \\‘\ ’.
0.58 |- L
/
’
0.57 + /
x“
0.56 | . L=
///
055} o
" S| i X A 1 S 1 L
1050 1100_ 1?50 1200 1250 1300
Sintering Temp. / °c
2.10 kK1  pumoN - pzT 1| [24]
T I i 1
1500 + (b) 1
’ J 0 41.2
1400 |-
| o)
_ 1300} © 0
Q = J08
-
1200 o
1100 |-
O giig—9 o———j: 404
1000 " 1 A 1 " 1 A 1

1050 1100 1150 1200 1250 1300
Sintering Temp. /°C

2.11 Q1 13 PMnN - PZT
[24]
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2

Polarazation / (uClcm’)
° 3

—— 1280°C
-- 1220°C
1180°C
AOF A g 1 e 1150°c| |
<--+1120°C 4
[ - 1070°C
6000 3000 . . 0 3000 6000
Electric field / (V/mm)
2.12 PMnN - PZT
[24]
PMAN - PZT
(high power application)
1
Pb(Mn, Nb:/,)0,-PbTi0,-PbZr0, (PMAN-PZT) 2.2
2.2 PMnN - PZT [1-9]
Q) 1000 - 1700
{k ) 0.50-055
(K) 600 - 1200
' d ) 230-280 pCIN
PMnN - PZT

2.3

iy



2.3

2.3

Ca0 - Fe0,

NiO
Ce0
NiO - WO

2.4
24.1

PMnN - PZ

columbite

columbite
Mixed oxide
Mixed oxide
Mixed oxide
Mixed oxide

(mixed - oxide MO)

800 - 900

)

0.57
0.6
0.54
0.56
0.9
05

(wet milling)

24 - 48

18

PMnN - PZT

Qm
1950

2150
1455
1632
1792.55
1866

[1-9]



880

242

(cold pressing)
(tape casting)

(slip casting)

(conventional sintering)

243

(poling process)

2.13

850

(roll compaction)

19



2.5

2.13 [23]

(frequency control devices)

(surface acoustic)

(transducer)

(sensor)

(actuator)

20



2.6

lin }
«* 3 1

(high voltage generators)

(ultrasonic motor)

90

(transformer)

(polarization direction)

(resonance frequency)

w

1250

(PbO)

[15]

B ABO, B
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(vacancy defect)

(diffusion rate)

2
3 (sol - gel)
(hot-pressing)
2.7
2.1.1 (Zn0O)
( 1900
)
850
2.14
1975° !. T T
1100 g
1000 .ZnO+Liq. 3
900
e 861+2°
PbO ss + ZnO
800 l L I
PbO 40 60 80

Mol. % ZnO

2.4 | 125]



(ionic  radius)

Zn 2 (0.74 A°) B 4
ABO,  Zr4(0.74 A°), Nb" (0.69 a")
B
PzT B 4

(vacancy defect)

2.7.2 (Li,0)
(Li-,0)
2.01 1700
, (lepidolite)
(petalite) (spodumene) (amblygonite)

10

24

23



24
PZT Li,0 - Bi,0, - CdO
PNS -PZT VA
PNN - PZT LiBiO,
PZT LiBiO, - Cu0
PNN - PZT Zn0
PNN - PZT Zn0 - Cu0
PZT Zn0 - Li,CO,
2.8 (sintering)
(sintering)
1 (initial stage)
2 (intermediate stage)
3 (final stage)

24

[10-18]

960
975..
800
900
950
900
1100

(neck)

(surface energy)

2.15



’ \ neck growtk
(a) '

(b)

Sinter body C
y space

(C) (d) isolated pores
2.15 (a) (b) ()
(d) [26]
2.8.1 (liquid phase sintering)

(liquid phase sintering)

(diffusion)

3

1 (liquid formation)

2 (panicle rearrangement)

3 (solution reprecipitation)



2.16

2.16

2.8.2

26

(a) (b)
Liquid phase sintering (a)
Solid state sintering (b) [26]
(solid state sintering )
, (diffusion)
(surface diffusion)
(neck)
(lattice diffusion)

(vapor transportation)

(boundary diffusion)



211

2.17

25

Solid state sintering [27]

21



28

2.5
2.8.3
1 Greendensity  green density 1
(pore)
2 (uniformity of green microstructure)
3 (panicle shape)
4 (particle size and particle size distribution)

(packing density)

5 (atmosphere effect)



(impurity)

(vacancy defect)

29



29
Xiaoxing Wang [10]
PZT CdCO,, LiX03,VD5 Bi,0,
2.5
Li,0-Bi,0,-CdO
960
1250
2.9 PZT
(W %) Yokr K
(°c)
1250 68 2550
Cdco, 1.0 1150 62 2000
CdCo, 2.5 1100 63 2260
Cdco, 5.0 980 58 2250
LiXO0, 0.1 1150 69 2250
Li,CO, 0.3 1100 68 2570
Bi,0, 1.0 1150 58 1850
Bi,0, 3.0 1100 46 1600
Vd5 0.5 1150 A 1400
V,05 2.0 1250 24 900
Moo-Chin Wang [11] VA5

Pb(Ni 1, Sb:,)0,- Pb(Zr.Ti)0, (PNS - PZT)
VD5 0.8 % PO 3%

% tan G

1.65
1.65
175
1.85
2.20
1.80
2.00
2.10
1.60
1.45

PbO

30
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975 Qu . 218
VD5
(mechanical quality factor® ) 1100
1200
000 | [P 4
—|—S25°C
—&—S50°C
800 | ——975°C
€ 600
o
400 }
200
" Z
0.2 0.4 0.6 a8 1.0
V.05 content
2.18 v,0, Oy PNS-PZT
Moo-Chin Wang [11]
TaKaShi Hayashi [12]
Pb(Ni¥Nh23)0 3- Ph(Zr,Ti)03(PZT) LiBiO, 1%
800 102
x.x Wang [13]
PZT LiBiO, 1%  CuO 0.6%
800

900 2.19
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62

2t
50 1 L 1

2.19 £ , PZT
x.x Wang [13]
Tontrakoon [14] PZT
PhO 2% LiCO, Bi,0,
LiCO, Bi:0, 3%
970
Yuan Chu [15] BiFeQj Ba(Cu05 050, (BF - 0 )
Pb(NiLNb: )0, - Pb(Zr,Ti)0 1(PZT) BF1% BC %
930

Kwanghyun Chung [16]

Pb(Col2W w)0,-Pb(MnLNb:,)0,-Ph(Zr04Ti0%)0, Cu0
Cu0
980
Cu0 0.3%

78agem kK QL o050 1967
220 221



1
24(X) I
20004
1600+
o7}
{
o! 12004 '/_,/,I/ T S|
.{;’ [ oome Ot Cu0
800 ’/', b 0,3 t% Cud
.,, : ol 0, 8wW 1% CuOY
ol L LT % (WO
i e LOWE% CueQ
0

L4 L T - T v LS -
900 050 1000 1050 1100 1150 1200
Sintering temp.|°C|

gﬂﬁ 2.20 N5 WLAAIM O YBIFUIIU Pb(Co, W, 2)0‘-Pb(Mn, Ssz_})O;Pb(‘/.r““Ti”\_‘)O.\‘ﬁ‘
1 [16]
055
0504 gt SR S
‘ Ay =P o
045 x/ X
0401 '/ /
] "/ - 0wt Cu
035 e G et
i o A SWT% CuO
030_‘ = Coewee % CuQ
] ‘/ [ LOW% CuO
UV < VAR TV VTV VI T VAR F VANV
Sintering temp.pc]
2.2 k Pb(Co,2 ,,2) 3Pb(Mn,Nb2,)0,-Pb(Zr04Ti(5)0.
[16]
Woo Ahn [17]
Pb(Ni 1,Nb230, - Pb(Zr,Ti)0, (PNN - PZT) Zn0
Zn0 3%

950
i 1LA K 525 pCIN, 0.53 3400
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Woo Anh [18]
Pb(Ni INb2303 - PZT Cuo Zn0
PNN - PZT 950
Zn0 1 950 Cu0 1%
Zn0 3% 900
Cu0
Seung-Be OmSeo [19]
Pb(Zr04mi053)0 3Ph(ZnlBND23)0 3 (PZN - PZT)
PZT PZN ) PZN 40 %
880
i : (k) 06
(33 460 pCIN 222 - 2.23
Woo Ahn [20]
Ph(ZrTi)03 Pb(ZnINb:3)0,-Pb(NillANb23)0 3 Mn02 CuO,
A1,0, MnO:, CuO, A1,0, 0.5%, 0.%, 0.3%
920
2.24
_. 600 1
<
B, Sintered at 1200°C
3 500 ApeNe Porsssunz &
' P e
3 H:'-——'—I/ Lh
£ 400- Sintered at 880°C
3
2
E 300
3
b
a
200 T T T - T v
45 46 47 48 49
Concentration of Zrin PZT [at %]
2.22 Zr  PZT 3 PZT

Seung-BcOmSeo [19]



0.7

) =
Sintered at 1200°C -~

5 7 ,_,——:.%i
0.6 j/.
| — Sintered at 880°C

Electromechanicai Coupling Factor, k,

1 2 S O e et S SRt

45 46 47 48 49
Concentration of Zr in PZT [at %]
223 Zr  PIT k1l PZT
Seung-BeOmSeo [19]
o4 &
xﬂ. i \.
0.3 \
~m | 1200
3 1000M_
= iy - 600
O 300- T
o < ey
%2004 — .
T 00l » - 800
AR Y ;
- 600
! o
* 3
\ __ 400
T T T T T \: 200
0.1 0.2 0.3 0.4 0.5
y
2.24 Pb(ZrTi)03 Pb(ZnL,NbZR(
Pb(Ni,Nb23)o, MnO: 0.5%,Cu0 0.2% AlD 3z

920 [20]
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