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21 11
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PIEZOELECTRIC
(POLARIZED UNDER STRESS)

10
PYROELECTRIC
(SPONTANEOUSLY POLARIZED)

SUBGROUP
FERROELECTRIC
(SPONTANEOUSLY POLARIZED,
REVERSIBLE POLARI

Figure 1. Classification of crystals showing the classes with piezoelectric,

ferroelectric, pyroelectric effect
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st ¥32 Aosd Ak F g7 WM yEe] A (+) WFOz, 7 Fop

HH y=F F(-) WFoR F50] An. Adadels stk (dijk) = A7

A71M, ojk= ARl ZHR SolH, ok HAL i, j, k= 1ARelA 3ARA7HA €]

e 7HAH, A7y fGAxA A= 3718 & vEbdTh Ed getda el ST
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1A A WA (strain(8 1)) 7 A7HE AA B9 BANA 4 2-1] e 2L 37
o HYRL ol 4 2-4% el 5 k.

-

A YA

374’]/]' Q%L;f_ﬁ_ﬂ’oﬂj‘i SR 7o /E}-Z,:% 7]'X]tq, %_?],15 ZJI_Z}_[COUI
omb/Newton] # [Meter/volt] & Fo3It}. 8-S Yepd7] Qs dexdL 19 2
(a) oAl YFERA wpsl o] AA F2AF O

Aol oaf F=ZH dAAMTYS 6mm cylindrical polar symmetry (=6mm cylindrica

fol

| symmetry) o2 HFH}

Table 1. Dielectric, piezoelectric and elastic matrices for cylindrical polar

symmetry omm group.

K11 0 0
0 K11 0
0 0 K33
0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0
sll sl2 s13 0 0 0
sl2 sll s13 0 0 0
s13 s13 s33 0 0 0
0 0 0 s44 0 0
0 0 0 0 s44 2(s11-s12)

L= K, E\+ d; Ty

L,= K, E;+ d,; T,

15



Dy= K Eq+ dq (0 T+ T+ dqy Ty

5,=sE T +sE T,+sE T+ dy E,

=88 T +s8, T+ 8T+ dyy E5 . (2-5)
G.=5E( T, + TO+sE T.+ d, E
3 13 1 2 7 43 13 L
'ﬁ'd=5£1Td+d15 E,
&,=3E8 T,+ d,, F
5 a1 4 g 15 £
—_ B
Sy=s54 Ty
comm Ao F4, +d W gAddHdS H19 2. VA SHHFEE A

27N (K11, K33), &84 370 (ds1, dis, dsz) 2 &4 570 (s11, S12, S13, S33, Saa)
T 107] o], o]E o]&3sle] comm AATY 4 AEYg A2 24 2-33} o]
At A 2—-5°4 A5 3709 2 AU E T (piezoelectric direct effect), T

A& % (piezoelectric converse effect) S UERH 2oz HIEA

=

f
4y g

il

(@)}
=
1o
1>
flo
12
jincs

2,
of\
ko
ok
1
1S
o
(7
4
30
i)

(a) asymmetry

(b) symmetry
Figure 2. Piezoelectricity relation and charge symmetry in a crystal
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2—2 =Yy =5y}

2—2—1. Domains

AHE-= (spontaneous polarization) @A A 3+ ®gFo R QFo]o] w4
() ol &3 Fol=el vt WaFoz o] mAa () olsel oaf @912 Yol dipole
FAs Nkt [18]. oA olXsle olReEs A WIOE o]FA7|7] 2l
FEstA #gst [17]. 740z JI4ge d9Axe L EUEFS A=,
o]7& domain ©°lgtx  FEtrk g3 o]#3t  domain & AAIE%E (curie
temperature) 7kA] W7t EE 7FdEe Ftel AW, LSt ApEA<Ql =
dodoltt [18, 20].

T4 (crysta) = 18 3 ¥ o] A¥PAOSF 47 (perpendicular; 90° ) Ex &3

(anti—parallel; 180" )= wld® th+2 22 domain &= o]FolA Qlth. "k
single ferroelectric axis ©]™, ©@x] <3 (anti—paralle; 180" ) domain Y+o|

A A W B2 ferroelectric axes 8] £A+= domain & O% H33E v X2 o]ojzit}

180° Domains 90° Domains

Figure 3. Orientations of 180° and 90° domains

o]9} 2 domain < AlzH Y Avl (polished) ¥ 1L §}§.L Aol 217} (chemically
etched) ¥ XA B3 4 Q). Jaffe et al. (1971) & ZFFAA BaTiO; Alzte oA
uld Ao ® FHE FY (herringbone pattern) 2 domain 7+FE #EEF O,
Hooton ¥ Merz (1955)+ 138 4 A48} o] d|”¥ & FY (herringbone pattern) 2
domain orientations & ¥&3at3th 180° domain 7% AWsIe] Ax=EH AE7}F
=4e 2 Hdde W 39 AR AFeldA HARE s Sl dAEH [20]

17



o] domain T-F¥ grain £ A4 zero net polarization A3} ZEA ¥ H B=

As) i g Ev AAekE ofF AA vkt 90°
MEh AAEE Bobel Hawe] S FAHH, 44 WP sl Aol Fesh

domain %+ grains W]

Figure 4. 180° and 90° domains forming herringbone pattern, image reproduced

from Hooton and Merz (1955)

2—2—-2. 733 &3 (Ferroelectric effect)
oA o® g domain & 7 E ARAEL +d A (d) AFHow
10 pC/N & YeRIATH[19]. o83t AE= tdAREN &4 Q. e} 8t

And
b
o

o
i,

AQAzmyE  “FFAA (ferroelectrics)” & &4 gon, ‘B’ & BR=+=
Ao mkgko] owber = AwE = 4 Qo [17, 20].

A 7o 93

ANA e A%

flo
MW
5[y
i J
ol
do
2
2
=
X
4
B
r g
(i
ok
-
¥o,
iy
(S
=
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2—2—3. = a3 (Poling effect)

T AgA, dddez & DC AAe A AMepdel <QZbEH, 344
(coercive field) Rt} Att AA= AHF4 S % domain switching & o]t 3}7]
el T 2ZoA 7FET oW Ry wEW ZFHEdo] AtEA s A=
(curie temperature) HIZE ofd] X oA EFAgsh= 22 At = stot [19]
& AFelA s 258 MAsky] A8l Aete s dAIR % (curie temperature) ol A]

Wztsh= wtel AAIE AN 7= A ool el BauEr|E itk [20]. FE3H
A& (room temperature) oA EZA g7} 7FsskA g a0 g o9 e AL ¢
T AAZE a7EH flelA A Al 7EA e Be HES Q7bE A o R
domain & FHEA7]= 7] &4 Q1 472> 2}

2—3 ZFAA

2—3—1. ZF5AA) o]8ZFA (The ferroelectric hysteresis loop)

A Agel wRe] AAE AVFsE W, AAE M WEor E=0] A

o a8l 9Eko R AAE AUbsk s o, vhdE o = A5 9 depole ©] A Hol
#1229 5 = AARIEY wE 5% WHIE UEhdle o]l"HaA  (hysteresis

loop)= W= Zolvh.  AAZE  QZbEel  weEl HExe 4o WEem
& @E) =Y domain 0] A WS web A wF@E) =7 AlFeE, A7)
AAZE Al wheb A\ del S7kskAl ol =] S7kskAl dok. 12a ¢

ol ol FUHEAl Gk SHAlYl Zeetedl, o] #AINS EZIHES (saturation
polarization; P,)olgtal F-Et}t, 11 $of A7} AAE HH3] F9 zero 7H] &A= W,
ol (07 o] HA Y AEUFO 2¥ domains o XA W (Elr) A3

ol E=Fo]l okgE dolglAl He=dl, olF F™FE=  (remnant polarization;

pyolgtal Y2k 3k AA WFE g o R A7skle uwl, domains & W FORE

AujEE (Bl =7 A|REe RN, & E=5F  (net polarization)o] ‘07 o] H+&
AAzke T2stA doh olE A (coercive field; EJ)eal FErh t©l Yozt
ApsE (=" )OO RO ¥E3}E (saturation polarization; Po)E =AsHA EHw, A=
AA 7kt g (47, =)ol w22 B adUF UEhA R e
WS ZEITE oleg AAQRIZE W ( +7 =7 )o] XdEE F]bel] oA

(hysteresis loop) Wl A Aef E5wako] 180° Hgho] ot}



6

Figure 5. The ferroelectric hysteresis loop (reproduced from Askeland (1996))

2—3-2. A7 A% F7A A2 HYTT

2% 253 (poling) el FA S 24e &8 &+ adE 74

O
@
=
ay
2.
(@)
A2
D
@
=
3
o))
=]
=
1o
o
-z
)
~
o,
=2
=
ot
g
S|y
e
D0
&
(E
ofl
o
(=
£
N
=
ol
do
)
2
i
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o
l
=i
(03
°
2
M
—_&4
>

W

T,
1o
K-
s
N

-
iy,
X,
-
N
)
N,
)
N
o
-
i
ol
o
rlr
o
o
o
l
—d
by
Ho
l

sl 764 29 (ferroelectric domains)©] A EHA] vtolxich oju, Al 59

)
>,

A = e 002 AEY. AR £ A 180° A4 E wjdstes F&

1o
A

o AFA 93 180° ool whFAC] FEHEs A= widshs AR

s
2

(ferroelastic domains) &% JFEHC HAAE= Eof Zxs= B 9 X5HE okxlo

2 JFe o (29 12 Fx). AR A7FE 7te, oz AR s BIE
ol &9 &=44 (poling field; E,)#hil == Floll o|29A A7]1g WFo= Jdst

7] AlAgie ofmy, e Zelo] Al Ak AAF ®do] fRET A& 7]
Ao #= S7HN7IE Al Thsdt e FrF EoleuA £ B AFHE ol 2
b a9 JHelE AV1EE AANE Aude £9E T AVE AL diEE
ol Ad¥ dHE #As=d, olwe = ¥ AeWds AFILS  (remanent
polarization; Pem) % FHFW¥3 (remanent strain; Sew)©l2F F231, o] ZHgF 7] e
ol Al HEL AMNAoR ddadE THEHD F v =
TR gol A1 F45 A5l 253 AR ¥ %] Wil B e hS5A
= UEhdth 2531 ol Folle, F, B o] A7l Zhelixl o] fell= el A
ARSI O A SR I STR L i o

& el w2 ko] wWetth w=e WEe wby) diAE FHE

oo ANEE FFASHA P o

w5

o
Jo
kit
i,
9,
2,

(coercive field; E)olgta F2+= A7) o|ate] 7o) HQos7] wjief] = 42 WHEY
44 o]8 (hysteresis) & HAth 7|4 o 712 FET H AAZ AMEEHE dF
olo]E]+= UHFeE Alo]Z (unipolar cycle) ol F& 7] wjFol, N30l 8o A}

%‘6% Eﬂ—(%]‘% _\/_’:3] ﬁq]tﬁﬁ (Smax)ﬂ' ;ﬂ'%%‘% (Srem)'/] X}O] %)\_OE —,‘0171(_]]:]' T’q_



: Pt 3
Prem 44 -

oy

5% =
~ o pj E

-E. z 1 E,

O =
ferroelectric

domains - ferroelastic
' domains

By
|

Figure 6. Polarization and strain hysteresis loops of typical ferroelectric ceramics,
obtained during a bipolar poling cycle. Microscopic origin in terms of domain wall
motion is schematically illustrated [21].

2—3-3. A5AA F (Ferroelectric classifications)

(diffuse phase transition)©] YWEerHTh €38 /4] (relaxor ferroelectrics)%
AP 3k (diffuse phase transition) @ F3kof] wizkst fd5A4S vebd [23].
Relaxors & APACRE & L& I ol o o= o) AujE + = Has
shute] A g4 Ql site & 7HEI T [24]

1996 d Safari & Tx22<Q Aol AFAAS] AERE st 1) corner
sharing oxygen octahedra, 2) compounds containing hydrogen bonded radicals, 3)
organic polymers, 18]3 4) ceramic polymer composites. sharing oxygen
octahedra F#2 ¥ Z3XA7}0|E (perovskite) type, B8l HE*(tungsten bronze)

type, H|AFEA  2Abo]E (bismuth oxide) ZATZ 28 gF YLH|9E
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e o] E (lithium niobate tantalite) 3stE= AFFE & 4 Q. E Ao =
Z I A0 E (perovskite) T3 BiyeNayeTiOz— BiyeK,.TiOs—based Alghe]e
A

WS Fa Ao Ak

T OSs xR EFJEe] I o, O F 7Hg @] A9t IYHI Qe

FHAIPOJE  Fxolth, HEHAJOIE FXE FAs= Hx wide
CaTiOs ol AL A= d. BaTiOs, PbTiOs, PbZri—,Ti,0s, Pb(MgisNbys)Os,
Pb(Mg/3Tags) 03, KNbO3, K,Na;-NbO3;, KTaNb,_,03 53 & tjiio]

(BHA) ATFNES 1 2GS FE5n AznATE AP TEE G4 Bk

eB PA OO0
(@)

Figure 7. Perovskite structure of unit cell

A Ak I 8 9 (a)ek #o] 3ot ABOs; ® RFE= dEBEATIOIE
T2 AR Bow, ABO; & dHZHATOE A Aty A ool
(A, B At Fol& (O =) o vz wdel 71lste] A718=27F 33t
g AW A4 "M Eebd, A Agle PbY, Ba®t 5 ovlwd o]&ubAo] A
(~1.2 A), A7} &L Folo] 7t mAgel fIAstd, B A= Ti'Y, Zr'' &

o] 2Hkgo] 1 (~0.6 A) YA} & Jole sz YA, 07 20]& (~14A)2
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Al f1AE S, B AEE 6 M Fol@g BAER s ZHA A Agsta,
A A 12 79 o]kt SolER EYRI FERE 7}733} [20, 28, 29]. 14
2-8 o (b))} Zo] HEZEATFIOE F2E TAAES] BEA} AMZ AdE FH=
FAE, FAog EAE AR B o] mAE, A oL AN, S0l
A7 ZF W] Tl YA e [27]

A 2B TP E A, ARl Olé}oﬂA Zkzy el A el f1Ask= B
o] o] F4 fAeA "ol J7- F52 RUEES FAsto] AHd 54 wAyE

F

7} L%‘c‘?}ﬂl k]

)
o)
)= Ad o] = =
tetragonal, orthorhombic, rhombohedral 7%2] ZfHdA 07 Holst= Aol dALS

Helth [26-28].

H
o
LN

Al

= 7
(e}
E = jij_;iﬂoﬂ o1 7}3k [q] =A7] ok Alolo| wHFAFIF sET A7 A7
S7tgas A7 D)+ S7keke 2 (D& #AE 2tet
D = ¢E = g,KE [C/m?
£ = &KE (C/m (2-3)

oy F+ 27} AV, K+ FAAFo|t A7]H S AA oal FA7] -2

A7)l Wl s Yehia, AT A3l dd Adres 548 F

gl Aekel kg vhehd, ol BAf] S4olch
D

0/4
gf &V/d (2—4)
= K-V = CV
C=akgy=a (2-5)
Coe Ko
ota (2-6)
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..... 2-7)
K:E: e/,
Co 77 ... (2—-8)

A7IM A= FA719 B, de T, G Aed A718%, Co fdA9 1718,
V = =37 ggte] ¢ertd Agtoltt a#ERE K = AFy FAA Aol FHE9
ARl v, e F2¥ dste] wloth. oW Q17 HAgto] wRHoIER 24 (2-10)&
o537 #Zo] & 4 it

Figure 8. Schematic of equivalent circuit

(a) circuit of capaciatance (b) circuit of dielectric loss (c¢) dielectric loss angle

2—5. &3 EA

2-5-1. 2§ B

A e Wi AAE A7ksbd VA Eo]

o17]  (Eid) H=d, 1
AZF7b A iazte] @Ay 9

Az QAL AN B Fagel A9
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[a
[

radial vibration mode)

a% 10 9 (@eolA el 2ol F7 (ool vlgte] AF (o] 156 = ol & d+d
A= oW, Slde] A5E EXsy FAWNTFOE 5 (poling) & HoF F
AFASE JI7FHE Wl A7 A7I7F Weke AW es v £ @ WP
FAWE HAF EZ (thickness vibration mode) & AZst7] AU d > 15¢ o]B=
FAQ] WshE vl waste] AMNA FAlEY S Fadl dy B AR
73-F-oltt.

2) Aerd 2% BT (shear vibration mode)

a9 10 o (elAet 2ol z F wEFer FSAdstan e A5 =S

=
(pyroelectric charge)”7} WAst= 2z HozXRE EHgd] Wozx 2xwH3lo] st

FE= wAD 7 e M2 A 7FEEAN Y AFE ThsAl

29 10 9 (o)olA st ol z = Wko g EIAEsta, z Wl AFS =X3 3
AA(EDE 7t BaEdo =z JF (S 95 F Uy, 9o 7z F Wgo=

Al
A e AFSH (TS 7std z "HelA dsk (Dy)7F s o] JAgRE+=
ordE Aol b 7 ExAQl HAEFogwAM dA A3 AA (piezoelectric ignitor
o E5E FA 07F W7y AFE (@ e AH]E
o} 2 H] o] Zojof st UL JpAol TE AEREE )
A e wSekA Eobd AW s (ky, k)W E5HF

RE (kg) 7t S UrEPé - ST

AN
&
E 2
1o

o

S X (transverse vibration mode)

ARFE Res 19 10 9 (@S 2ol dyy a9E 583 IdgREEA S50

(x/y)? 9] ko] Fr 10 o]dQl Afell Yehvb= REolth, e FrEet vlwshd
A A A A perovskite AAFEZANA FHQAA7F ‘07 o] ofd A

0
AsHAT (dy) & dar, dsz, dis ©ITh dyz*0 A A9 +70F] AsRE, d5+0
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g, &

L —
R

F4-5)

oo =t}
of wet o] 7HA REZF yebg F UARE VIR A 0 R dyy, dis, dis

AA] et whebA

o]

2 e

aie =

el

oy

oy
;Lmo

2717 W] 48

5 # T4 ZE 2= (laterally—clamped thickness vibration mode)

2ol

a8 10 9 (e) gk o]

SFal

2—5—2. 4AEA F7}

20

7l ozl A
o] 9]e]] A7]F= (polarization; P) &

873 Al

4

32

A7tk 79

o1

H Ao
R — =

Eia=ibd

o] Re]

CieR=le

o

WL, AAR o]lgH

340]
shul

o aga

ARG

b ARl

3 7h5 of of

Al eha] el A

o o] ¥l &

=
T

Jerg gt

1) A7171AA & A4 (electro—mechanical coupling factor, k)

qA e dd mER

oy gk 71AA

A7171 A2 EA

7}

FELACE

as

A7 AR GA 2

oA 2

o
;onﬂ

;OH

1

|

o]
A7 27F 71AA

37k,

NAA e =7}

s

=

C =
T,

Ak =

d o
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(a) Thin disc radial mode
dz= 20t > 15t

(b) Shear mode z
z 24y =z 40%

{c) Lengi tudimal mode
t=5d = 2d
z z (5x.5y) > (2x.2y)

(d) Transverse mode
x/8)* and (x/y)*= 10

(e) Laterally - clamped theckness mode

d = 10t

" clamped "

f  poling direction <——  normal vibration direction
< electroded

A— shear vibration direction

Figure 9. Piezoelectric vibration modes

2) 7174

)
e

A A9 (mechanical quality factor, Q)
FAA T s FHAAFAAST  (dielectric quality factor, Q)<

A
ZIAAFEAA% (mechanical quality factor, QuE T3tz 2otk FAAELA
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Q. © T= ZHAM F4E& yekd u A8 FdEA (dielectric loss, tand) 2
AgiA FXFag olete] FapolA FriEn @ Amel BAeHe TS W
WY (strain) ol $174 AA (dpol A7IEZ olo &% v &4 (WHEd) <=
B compliance (s)2} 3y &3] BAaF 52 YERE '=5'—js"7F HE=d, o]y
ZIAA 4 tand = 1/Qn = s"/s' Z AHH, 152 7IAAFAAT Qun < ©19]
Az Foxinh dwtHow Aty A LiA A ZIAAFAAFE 10 ~ 1,000 9
Helola, 42 100,000 o9 =2 #he 7H a8y xss o] &3 W] Ato
&% ol 7IAAEFAATIE e dhe THAoF &40 A4S maAQl AxE A
T Ak wEbA FHZol FAAFE 9T 9] olgdde S0l HYE 3

Al o] g, hdAle 3 nRAE 533 A SEAAY] i T 4F

A77F A3y Aok [13].

s sl

=
3 F WEow RS UH (T3) 3—‘?*101%1 ‘:‘“36}% stk (Dy) 9] Hmoln, gow
&
=

Q4% AAT 3-%el RS W (B) FAA 3-Fow WHL (S el
Aol 187 olv] &4 4T 4 9l Piezo—dy meter S o] §31o] Ewix
WEAT (horder) ol 719 78 4% k. AA orre] A7at @7 A5L
o] 54718 ol ol gata Yk

2—6. Fa4A M2 (Lead—free piezoelectric ceramic)

2—6—1. T4 &A A9 e

HE FAA A Mgy A= Bi 7]HF 3 Nb 7]HF B Algbe] o] ATty g3

APE 3 gl 53] BiNa,K)TiOs, (K, Na)NbO; A= HAZHEATPIE F2E 7 &
FA Aoz dA W At AP ok F EA BT PZTAS fAHI
}7 o] (morphotropic phase boundary: MPB) @& 7411 Q1o o] JAdor &2
A SA8ES BolFa vk 53] KNNA hdAzby e A #gel Li, B &g el Tas
A gkato] A EAS WAl Li 3 Ta A&l WHstel wel orthorhombic
Aol A tetragonal A2 A 3Slo] dojrpy FAlo] FESE MPB 999E HAFE

KNNA e  #3 dAF3E & d AsAFE  7FAE Soft  KNNA T

29



NNAAZFAAGTE 7FA+= Hard KNNAZ Yy, FHITols dES o=z @
AT7F X

S 5

R

Ttk 53] Soft KNNA o] #3st Ao A Y. Saito [31]+ &< A4

4 HsHAIG7F 400 pC/N o]e] @ R sk 3, Hard KNNA o 3t

H

2L

e

Aol M. Matsubara [32]F K;54Cu;3Tan0005 A7Fste] 71 A& #=2 A7 1300
o9 S KisiAth A2l WA TxE M= (BiieNayy) TiOs (BNT) £}
BB (BiyKye) TiOs (BKT) = 78 Ao2A & od 540l w&skARE 19994
Sasaki & [30]°] 9l&l BKTE 18~22% 1183t FAAE Fdstar td 5o
FdAs dsA WA BNT Al digh A7F 2 szt o] By A4 o]d<l
1961d  Smolenski % [10] BNT7F AF29|A perovskite TF& 7+
ARAaAds Has Y BNTE 200 ~ 320 °C d9od oM Fugow

GRolE ek @3y AR Aol 540 °C FelM A e Ao

ﬂllﬂl
o
Ey)

BKT+ 1957 Popper s° A< AT [33], 1 o] 320 °C H9
S5 JHAE AHAAdel g Ak [34]. v 9] Bi Al kA A&
PG dys7b 300 pC/N= oba @A o= A& 7HA L
A AAZE A 2099 Az FA g AAE NSy fa ol e thzbEql
w88 BNT AlY, KNN A9 4 (Ba,Ca)TiO3—Ba(Zr, T 03 (BCT-BZT) A [35] %9
ek Al A AR R QoFkd £ Qlth B8, ol § 1 o= AAHIET]EY
PZTAZE 7F0 ttAlitksgtell= wA A EskAwk, dF 53td S8 A=
PZTAE tAEd Fwst 7teAds Hlts d2 F7% U 4 gty 53] BNT
AL FAgHA F 54 24 A9 w21 F FHLS 275 AFdoHE Y
S&o] 7= AdRige] Rauxi gl vpolth,
H

H] = 2006 7€ oA Had falEde dst 34141 RoHS (Restrictions

1o

of A el M= Al AFRE = wel AT
FAAoR A o9 2o THE S ARFoIARE, A AtdE =4 e

N ool wheh AAl= gfAlel EE Aotk [21].

on the use of Hazardous Substances

2-6-2. 2% & A&, H7 8 1%

dRAte A~ A5G 9 AdAds FEATIE R eR O71A (matrix) of] vl =



o & AT HUbshs N @7 dNE TE daE A= ol
of et A
$ A5 Mno NEEAT LAEHS FEEHAR 1
S o1 Fe Mne H7bekgle v SiAlel BAHE Ao deA 9.

A g7 = B A=A BaTiOsoll A Badl 945 Ca, Sr, Pb& TiE Zr, Sno =
Agstd G470 Curie 257F Wshey, o5 vkt kAt el A83t Mg,
Nb, Cr, La, Fe 5& A& L= Hrbsto] et 548 vepis f4.90d Algbe 27t

A ek, £ ABO; T2 AHAA ABUAE DEA BEHRA Az as

ABO; T"&2EA] #3 perovskite 7725 AR OFE2> 34EAS A FelA 1
o] Hu FHEAS A WA F k.

Perovskite 7 Fd3l= I AARE A5 S ddd ddF= A4 drh L4y
© &2 ABO39 #4& 7FXl perovskite 7% Aoz MYsIEY] A= v
ol F 7HA =& RESEoF gk

A, <Fol=e wREAFol AdE R el A Stojol Frh. ol WEAHE
perovskite 739 © AR} A7) e} AAE = &2 A (tolerance factor, t)E AT
T At

R,+ R,
T VZ (Rt Ry

o]7]4 RA, RB % RO 717} A-site, B—site % 4t4 o]9] wbAo|t}h, Hl2H A7)
o|E Zfo] HstE7] Al FE Ak t7F 0.88 <t < 1.09 o W ele] EASoF shrt.
A, ol Fol& Atole] AF o] Adfof Frh. FHAmHAIIOE FRE o]FL
A2 o] AdrS =4, Halliyal 5 o271t A3t A== Hutst

tf
= 2 g2A i A7 =4} (electronegativity difference, 4X)=S %2l ).

i
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1714 XA-09 XB-0+ ZZt A-site ol A4 T8]3l B-site o3 AbAa
Atolo] M7IEAEAbe] olth t7F 318 W9 del 3l W gX7F 2 s HFE T
HAFMOlE G320 QbgAdo] ot [20-21] AAE FAsk: doled) thE ol
o] HEHATtlE Fxo] 1gE w o]Fe] AT F Qe A At AAA
(normal sites) 3 A&F7F 242 (interstitial sites) = FE@ T} o] w] Ax+ =gl <l
Fol2# Fole| o3 FAHER H b o]o] o] AuE A AA ] Aol
ol XA Hrh. 2R HIHAE Fo7ks ol&E2 ARl fXg o] Aol A%
v Zlo] dnpAoln ojuf A2yl zolzk qlow Hak FA e s A Ad
S AT wEkA 7 gFol9] X Fo] shEsky] i H7E ol AR o]

o) o] &%, oleud, AA7A Asteo] AAs] Aok gk YASHL WAL

it

i)

O

W O 2= 4 o9 X &o|ut HI) 245 A o] E3F perovskite T3 %%
ol Aoy, Ax ¥4 AR Bo asFolu o] WS thA] ol AR} o]

29 olgrtel ola the3t Lol AR EHE F Ytk

rlr
9
rfo
1o
A,

1) 57} o]& %3 (isovalent ion doping) @ 71& ABO;7%S TAIS Q)
A7EEel FAZE o] 27FE THAE fAaEo] Aghd Afolvh. o] g X[ gk Y]<lstod
AAAGE WAHA ko HAY|H 542 A WHIkeA e Ao
ek flellA At deAQl HelA b3S perovskite TF8
wel oM el Fds, AVI7AAG AT 2 S7F @ Curie &%)

S bR A Hrt o] B Y947 Ca, Sr, Ba 59| 9t} [22]

il
S
and
2
9

lo
ot
oX
2
T
2

&

3 dY 5

2) 9AE =3 (acceptor doping) : 7]¥€ ABO;TZ%E FAISta Q& o] A7t
of vl w& o]27tE MK = HAE HUbolth A 3o o3 WAEH= fa Ak
A714 T3S wE5sh7] st AbA ¥as WAL 1 Ay fA4S W v A g

AT o

H
oft

b 5ol K, Na, Fe, Sc, Al 3l Mg s°] St ol &4

hardner2}a gt} [23—-24]

&
kr
v

%3 (donor doping) : 7]& ABO; 725 T3l S+ o] 29 Ax[rlgref H]

= ol27HE 7= A4l H7FE B ol e A& o HAE= FE A

%
"
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3 Aelol 8 (vacancy)& BYAPOEH A3k WAL Sk o] }E 54 Wsl
2 GAASY T2 A%l F7h A7 ARAFY 7 ol glow, olg #ul
3 @ A2 RuHQth =Y = A2+ Li Bi, Nb, Ta, Sb 2 W 9]

glom o]5& EA softenergt FEt} [24—-25]

Gerthesen[26] Sl W& softener A4S YEl+= donor E7F A Q¢ A 3s=
g, 7 Ye FFo] WAHEOEMN domain walle] ©]Fo] go]ste] vl (internal

friction)©] S7FskaL o]Zlo] EAT7E S Qudl HaE et Stk oo Rl

oy

acceptor F7He2 domain walle 22 A7|HA domain wall motion®] 23t &A1&
AaAZIga g Qg ARAAY 4 oA tand m=(0.30 7 0.45) .tan 6
e(tand m=71A1%4 &4, tande=771% E)oldb= A7 Hrezon, a8
Bl goelM e £42 domain walle] g&o] 7p¢ & Aoz A Qv gt
#2 domain wallZ} &3 E4 ] st H7EAS By s 2 7HA 7197 AlA
o Sl

1. Volume effect : o]W/d o] AxpAslto] At = P (spontaneous polarization) & W

2} wjd o 2 M domain walls Y 3HA| 71T},

2. Domain wall effect : x4 3] domain wallZ H4Fslo] domain walls 117 Al 71t}
3. Grain boundary layer effect : YAANA EAE2 P9 charged defect® A3 zf

€9 % domain wall2 <Fd 3] 71t}

Table 2. Properties of Bi—based piezoelectrics

SmaX/EmaX ;:1—']—7-
A= A = Z4 m (© , .
1 27 3 R O s e
Tokyo Univ. of ) )
2008 ) (1-x(Bio;sNao.s) TiO3-xNaNbO3 - - 259 36
Science
2008 Tokyo. Univ. of (1-x) (BiosNags) TiO3— 3 3 539 37
Science xBa (Al12Sbi/2) O3
Technische Univ. (BiosNags) TiO3—BaTiOs—
2009 - 2320 560 38
Darmstadt (Ko.sNao.5) NbO3
2010 Univ. of Ulsan Bioﬁ (Naongo‘zz) 0‘5Ti(1—X)ZrX03 246 1606 614 39
2010 Univ. of Ulsan Bio.s Nao.82Ko.18) 0.5Ti(1-x) NbyxO3 280 2093 641 40
2010| Technische Univ. BNT-BKT-KNN - - 575 41

33




Darmstadt

(1-x—y)BiosNaopsTiO3—x

2011 Univ. of Ulsan ) ) ) 242 1500 443 42
B10‘5K0‘5T103—yL1TaO§;
B10‘5N30‘5T103_
2011 KERI ) ) ) - - 725 14
Bio.s (Nao.75Ko.25) 0.5 Ti03—BiAlO3
) (Bio.sNao.41-xKo.09Lix) (Tii-
2011 Univ. of Ulsan - - 727 43
yTay)Os
0.9 (Bio.sNao.s) 0.94Bao.os TiO3—
2012| Liaocheng Univ. 0.07Bio.5 (Nap.g2Ko.18) 0.5Ti03— 237 | 4000 217 44
0.03BiAlO3
National Institute of 0.95[(NagsBios) TiOs] -
2012 ) ) ) 248 1080 77 45
Materials Physics 0.05[BaTiO3]
0.9775 (Nap.5Bio.5)0.94Bao.os TiOs~
2013| Liaocheng Univ. POTOTMBEROO T 050 | 1687 | 204 | 46
0.0225BiAl03
Hefei Univ. of 0.94 (Ko5Bio.5) TiO3—
2013 o ) 320 | 4500 126 47
Technology 0.06Bi (Nip.5Tio.5) O3
Technische Univ. ) ) .
2014 0.75Bip5NapsTi0O3—0.25SrTiO3 - - 600 33
Darmstadt
2014 Univ. of Ulsan BNKT—-BNKLTT - - 761 22
Changwon National |0.96[{Bio.s (Naos4Ko.16) 0.5+ 0.99La
2015 g . . 0 0.84K0.16)0 . _ _ 760 35
Univ. 0.0l (Tlo‘gngool)OS] —0.04SFT103
0.7[0.91Bi1/2Na1/2TiO3—
Huazhong Univ. 0.06BaTiOs—
2015 ) ] 824 81
China 0.03AgNb03]/0.3[0.93Bi12Nai/2
Ti03-0.07BaTiOs3]
Liaocheng Univ. | (Bi12Na1/2)0.935Ba0.065Ti0.0s (Fe
2016 .g 1/2INa1/2)0.93 0.06 0.98 1/2 960 5500 344 89
China Nb1/2) 0.0203
2016 Univ. of Ulsan La doped (BiosNag.41Ko.09) TiOs3 857 72
Towa stare Univ.
2016 BNT-2.5Nb - - 1400 83
USA
2017 Xi'an Jiaot.ong Univ. 0.94Bios (N.aO‘SK.O‘Z) 05T103— _ _ 916 45
Chma 0.06Sro‘gBlo‘1T10‘8Zr0‘202‘95
2017/ ~ Shangdong SrBisTisOms - - ~ 103
University
Beijing Center for
2017 Physical and (CaBi) 1-x (LiMn) xBisNbTi5024 - 143 - 104
Chemical Analysis
Tongji University 0.2Ko Bio s TiOs) —xSrTiOs 462 105
2017 onya Stgte (1-x) (O..8B1045N?1045T103— 916 106
University 0.2Bip5K05Ti0O3) —
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xSr0.8Bio.1Ti0.821r0.202.95

Huazhong University

O.76Bio‘5Nao‘5TiO§;— 0‘24SFT103

2018 i
of Science and Modified—AgNbO3 700 1 107
Technology
. . . [Bio.s (Nao.g2—xKo.1sLix) 0.5] (1—
2018
Sichuan University ) Sty (Tir—, Taz) O 883 108
2018 Chang\yon National 0.96 (Bio.sNao.84Ko.16TiO3) - 735 109
University 0.04SrTiO3
2018| University of Ulsan | (1—x)Bi12Na12TiO3—xSrTiO3 620 | 110
Table 3. Properties of alkali niobate piezoelectrics
Fd 2 A5
o
A% A7) 2 x4 T. v I a
o Er (DC/N D RS
() )
2005 Jozef Stefan (KosNaos)1 2yAggNbOs | — | 500 | 95 - 48
Institute
2006 |  Lokyo Univ. of KN+MnCO3 420 86 | 050 | 49
Science
2007 Penn. State Univ KNN-LS 368 | 1350 | 265 0.20 50
(1-
2008 Korea Univ. x) (Ko.48Nao.4sLio.04) NbO | 400 - 206 0.39 51
3 —xBaTiO3
2009 State Univ. of NJ KNN-LT-LS - 650 260 0.48 52
1-
2010 Sichuan Univ. x) (Ko.475Nao.a7s5Lioos) N | 340 | 1432 | 280 0.49 53
b0.95Sbo.05) 03— xBiScO3
Univ. of Sci. and (Nao.535K0.480) 0.942L10.058
2010 Technol. Beijing ] (Nb1-4Sby) O3 350 945 298 0.34 o4
Hefei Univ. of (Nao.52Ko.442-x) (Nbo.g52-
2010 Technol. «Sbo.os) O3—xLiTa03 316 | 1780 ) 321 0.52 o9
Guilin Univ. of (1-x) (Ko.sNapsNbOs—
9011 , , , 315 | 1600 | 305 | 0.54 | 56
Electronic Technol. 0.05LiSb0O3—xBiScO3
Nanjing Univ. of (Ko.4425Nap.52L10.0375) Nbo
2012 | Aeronautics and | s7Tao0sSboo7)03+0.01 | 258 | 1304 | 241 | 0.437 | 57
Astronautics CuO
(1-
9012 Shaa.nXi No.rmal x) [ (Ko.458Nao 542) 0.96L10. 345 | 1116 | 261 0.58 53
Univ., China 04) (NbossTap.15) O~
xBiFeO3
Guilin Univ. of 0.996 (Ko.475Nao.475L10.05
9012 uilin mvl 0 0.475Nap.475L10.0 345 | 5200 | 253 0.59 59
Electronic ) (Nbo.95Sbo.05) O3~
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Technology 0.004Bi(Nig.5Tio.5) O3
(Kos1N Lio.02) (Nb 1050
9012 KERI 0.51Nap.47L10.02 0.8 om/ 60
Tan2)03—0.04CaZrO3 v
(Ko.49Nao51) 0.98Li0.02 (Nb
Jingdezh 77Ta0.18Sbo.os) O3+0.5
2013 ingdezhen 0777 A018R00TVITEOM o5 11010 | 345 | 0.445 | 61
Ceramic Institute | ol%BaZrOs+1wt%BaO—
CuO—B203—MnO3
. X 0.9K0.5Nap.sNbO3—
China Univ.of )
2013 . 0.04LiTaO3~ 300 | 1033 | 233 | 0.328 62
Geosciences
x0.06NaSbO3
0.98 (Ko.474Nag.474Li0.052)
Meijo Univ. -
2014 euo by 320 | 1556 | 272 | - 85
Japen (Nbo.948Sbo.052) O3—
0.02Bip.5Li0.5Ti03
) ] 0.95 (Nao.5Ko.5) NbO3—
Sichuan Univ. ] .
2014 , 0.05(Bio.sKos) ZrosTioz | 323 - 260 | 0.38 | 86
China
O3
Anhui Univ. Ko.5Nag.sNbo.g1Sbo.osSno.
2015 mhut Lty POTAOSTROMIER00SNO 19 | 1286 | 288 | 0.48 | 87
China 0303
. . (0.97)Ko.5Nao.sNbo.96Sbo.04
Sichuan Univ.
2016 Chi 03—0.01SrZrO3— 244 - 470 0.51 88
na 0.03Bi0.5NaosHfO3
Shanghai Institute (Ko.45Nag.55) 0.96L10.04Nb
2016 of Ceramics, O3 432 - 689 - 89
China Single crystal
2017 Chengdu Univ. (Ko.45Naos5) 0.96L10.04Nbo.ossSb 370 1689 365 0.503 90
China 0.03503
9017 Southwe.st Univ. 0.995(K0‘5Nao‘5)?‘95L10‘05 e 3 182 | 0.375 | 91
China NbO3z— 0.005BiAlO3
0-95 (Kop.5Nag.5) NbO3—
Xian University of
2018 0-05Ba (ZroosTiogs) 03— | 295 | 1300 | 82 0.52 111
technology : o
xCe02/yCuO
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Figure 10. Polarization and strain hysteresis loop predicted by Landau— Ginzburg—

Devonshire model at a temperature slightly above Ty [21]
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2-8. AYHB S s Fd 2714A Ay

BNT-BT A|A®E 1991 Takenaka & [6]¢] 93] Hiu® iz FA b A/AH
o7 F /A ZwRE oE AF/AE B2 A7 Ay ok A WA o
BNTel 6~7 mol%el BTE & o FAH= ZHoz o4y
(morphotropic phase boundary; MPB) 2] AAsra A 2 EA st Holx, F+
A o= WALl =4 BNTOA tizk 85BNT—15BT o2& W2 =4 9
ool A 2o TG Aol thE Ak offolth dA 7 7FA] olgre] thgh =
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Figure 11.(a)Electric—field—induced bipolar strain of selected compositions in
BNT-BT—KNN system, manifesting the appearance of giant strain. (b)
Temperature—dependent dielectric permittivity of poled 94BNT—-6BT with three
representative strain behaviors below, near, and above the depolarization
temperature (Tp) [63].
341y o] fFREE o] A ABRE 21 234 (ergodic relaxor; ER) 2t
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2—9. Fd¢A Azt E32A (Lead—free piezoelectric ceramic composites)

A7 AR o] TALALAE 3-4 kV/mm olakel AAASA ] kol A4
Bgl olelgol ek Azel: oldw EAYL A/ A FAGAARYAE B

a7 st o) 2 FER WoET Q) o

M
ifo
o
N
)
N
rlr
oy
Jo
[,
2
ﬂllﬂl
v
flo

e, FA&0] =& AHAA ARG 52 WRAAE 7HA Ha o)yt &
W7 FEx el drelE w5 Hol ARA AA £V WP Ee] FE AIHE HAF3
ot Alekzh, Choi sol A7 %tcore—shell F+£2 o] Fo]x (K,Na) (Nb,Ta) O3 Alehe] 2
o4 3.5 kVel A@ANA 1030 pm/VE wi-% > normalized strain (dss) #t= X
ol A7daE v FvlEt [81]. o] dAelM= (KNa) (Nb,Ta)Oz <Azt 2
7} relaxor core$} paraelectric shell®] core—shell %7} A @A &2 HES
of Zligtka gt olef st Lo AFoR & u, oz FAHA AR A
Ay 59AaAE 71E9] A8 PZTY AxACAM S iy 49l Aol¥ 545 wet

Fe & oot Tow A4 Az
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Figure 12. Schematic illustration summarizing the current understanding of relaxor
ferroelectrics (PE: paraelectric, ER: ergodic relaxor, NR: nonergodic relaxor, FE:

ferroelectric) [21]

(a) Non-polar-to-ferroelectric phase transition

t{a]afefr]]4]4 ] = NEDD N
t[ATATA A AT A 2 N1 AU AT
NERRRREE é t NF[A
A AR = 1 A Ltlr
NERRRDRE —7 [/ '::),’féy 3
AT AT A AR QAL 1A
AR RDAE 2= 4 N LA
T A E 1 ' TR E
Initial state Under field Initial state Under field

(b) Non-polar-to-ferroelectric phase transition
+ Ferroelectric domain reorientation

Figure 13. Schematics of the polarization process in (a) polycrystalline materials
showing electric field—induced phase trainsition and (b) polycrystalline materinals
consisting of ferroelectric large grains and non—ferroelectric small grains showing
electric field—induced phase trainsition [14,15].

Table 4, Properties of lead—free piezocermic composites

Smmax! Emax| 3L
ole od 7 37‘:]_. }_}\—] ., max/ L=max -
d 5 o omV) | 2l
Shanghai
2011 ) NyoBagTo3=7BT 1500 700 82
Jiaotong
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University
2012 KERI 94BNKT-6BT—-BNT 1421 520 15
KIMS,KERI, 0.96
2012 (Ko 51Nag 47Li0.02) (NbgsTag2) O3—0.04C - 1030 81
Uuou
aZI”O:g
(0.94—x)Bi;,0Na, 5 TiO5—
2013 TUD SRR R = 680 | 83
O.O6BaT103_XK()_5Na()_5NbO:g
2016 Uuou BNKT-3LF/BNKT — 460 84
2017 Uuou BNKT—-2LF/BNKT — 680 85
Bips Nag 78Ko.22) 0.5 Ti03—
9017 UOU 0. . 0.78 oz‘z 0 3 B 560 113
Bi (Mgo.sTlo.s) O3
9018 Si‘chua‘n [Bio.s (Nao_sz—X‘Ko.leiX) 05l (1— B 233 114
University ) Sr,(Ti;-,Ta,) O3
Hangzhou . . .
X X 0.92 (Bll/gNal/g) TlO:g—0.06BaTIO:g—0.02
2018 Dianzi o 550 115
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2—10. ZAEALAY ) ©E HAIYEAN W3}

FAgdAdAgt A2z A9 HEAaAE 749 T Groh o] 7% BNT-7
AN = IAATHA LA FAdAAGY HFLAQA 2AETIN S
7= A & 7 o, oy 7|E ARG AHdA HAA {7 W Eo] FH
A5 HoFUT[83]

T3 Koruza S°] A3 core—shell 7+F5 7= BNT-A FAGHdA =] <
AF4dzE AHEd AU or ZAAEAIANS TS sdd 2AAIAH
stHet: A= core—shell TF7F Y=

AAF7IREEE A vdE2vs Ae Buskiv[107] we2pd =24E5ddd 94
AAF7IM G Sl PZTS AdAANA yvehds 1RESAS o2t 2 F Us

wrhe Fed d4n e,
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Figure 14. (a)High—angle annular dark—field image of calcined powder partike with

a core—shell structure. (b)Composite EDX map(red : Sr—Ka, green : Na— Ke,

blue : Bi—La). (c) Sr—Kea, (d) Na— Kea, (e) Bi—-La.

03 Calcination at 850 °C Calcination at 1000 °C Calcination at 1150 °C
X 0.2+
% —2h
= 0.1 —s5h {1 /4
0 —10h |
—2h ;
g 1 2 0 48 1 2 ¢ %0 1 & & 4
E (kV/mm) E (kV/mm) E (kVimm)

Figure 15. Unipolar strain response of the BNT-—ST samples, processed

different conditions (measured at 1Hz).
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3. A¥dH

3-1. Algky] AJHE AF

3-1-1. 48829 34
B Ao AlgH A8 E 2 High Purity AFS 99 % o449 1+ E ¥2=E Bi
NaZCO:g, KgCOg, TiOg, BaZCO:g, CaZCO:g, ZI”OZ, SI”OZ 0]U5|, 100 T 01]/‘1 24 /\]Z_]'%O

B o
=

Azxste]

0.01Ba0.3Cag2ZrO, (BNKTI 8- IBCZ)

ol H s WA A Y. FHAE BNST100x (x = 0.20, 0.22, 0.24, 0.25, 0.26, 0.28, 0.30)=
sk WS ol gate] Aty

0e B d Ay AW ALTHEE 19 16 o YERigith

A Z+sle] H - BNST25 7} EH A

i

AEai AReAR

Table 5. Specification of starting powders

FTus] AAsG o, 1 £ AYS 1 5o YERATH
o]ZHE FHAZ BNSTI00x(x = 0.26, 0.28, 0.30)2+3}3
I+ 4| 0.99Bio s(Nag.7sK0.22)0.5Ti03-0.01Ba0 §Cag 2Zr0, (BNKT22-1BCZ), 0.99Bio 5(Nao 2Ko.18)0.sTiO3-

G AA (relaxor) AlEFe] Ao

Raw materials Company Purity (%)
Bis0s3 High Purity 99.9
NazCO3 High Purity 99.9
KoCO3 High Purity 99.99
TiOs High Purity 99.9
Ba2CO3 High Purity 99.9
Ca2C03 High Purity 99.9
7ZrO2 High Purity 99.9
SrO2 High Purity 99.9
3-1-2. & 4 A=z
Bl a8 A5, 5o A7), 98 FAE T8 AFE ®wgel wet g
o, & Ao "HEzE Ay Eed 79 Zr0; & (3 mm@, 5 mmo)=
ARgeRd o, At Sl Re oeEs ARt 252 SR 380 rpm ol
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Figure 14. Experimental procedure

24 AN ZF For et 29SS AR &Y= dAxR7|oA 24 A7 AZREA
298 oA 3 HEE Hle 2 JeS 7 17 of Jehgion, 4 (3-2)%
xd & A

m(D/2)w? = m(D/2)(2nf)* = n’mg, n <1 (3-1)
N = 60f = w««««««««ﬁogﬂvs
= OO =0 G (3-2)
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i)
P
Ty
i
o,
o

=z

m(D/20) w?e] g9AE mge FHol1, = 0.6670.75, N2 &
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Figure 17. Schematic of ball mill process
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Figure 18. Firing cycle for the bulk type piezoelectric ceramics
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ATz AR Ao WeEs 457 98 RIGAKU (Japan)AFS] RAD-3C &
o] g-3to] BAETE Cu KeA (A1=1.5406A)S AFE3Fo] scan step ©] 0.2° /mo]iL
counting time < 5 %%l step scan = &3l A7 20° T80° AleleA FHEFAT
ATz AWEds AAstyl fall X-Ad 3AE Bkl ANAAde b #
et 260 7F 407 ~50° W91l (20009 ¥ (002)HE] = o] &sto] AxPET(a,
c)E 2 (8-6)= ol&sto] FaFaith
1 R+ k2 12
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Al RS BEsk] Ss AdE AlHEe EWS Polishing sto] A AEEE
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(JSM—-820)°0. % #zsdom, A2AAS HH#UA F7]+= line intersect method =
o] g-3slo] -3kt

3-3. Azl fHA5A
AlAS HHAE () impedance analyzer (HP4194A)¢ RLC meter (PM

6303) 2 o] &3slo] AFe W 2% W3l (30 T~500 C)o WE AHdE&=FS 1 kHz oA
A o5 2 (3-7el & Fadew, 18 19 o #3348 SHS 9% An| g
A

g A ... (3=7)
oA7IN C= AAEHEH (), t = 57 (m), A= A=A (m?H), o= AFY
(8.854 X107 *F/m) & v}tep T},

Jo
)
o

3—4. P-E o834

E
E o]8g 342 Sawyer—Tower 3|Z(1% 20)
WFAL] V 7F AR(CYY Feol FAS d=ol Qrbetal @ AR A
Tt a8 x Foll R = Y ARl THeliA = 712 A7l Bl # g
2 Ao s 27 20 ¢ #Zo] JiHdE Sawyer—Tower 3|Z2F A4 Azt
AbEER o, EEfolg AR wHA7IH(60Hz) S Q7bete] @ ARAFE(TDS-210
Tektronix) & RS—232C Alo| &= AFE 9} Addste] SH33t.

3—5. AAQA7} = W& (Electric field induced strain)
AAN7E 5 HEE (strain) < linear variable differential transducer (LVDT,
Mitutoyo, No 271634, Japan)= °©|&3lo] 54313t 543 sl7198ko] Ag paste &

A& 12mm, 77 1mm 9] disk A|¥ &FHef Screen printing 3 2% 33T}
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Figure 19. Schematic of HP4194 A impedance analyzer for dielectric constant
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—

Figure 15. Sawyer—Tower circuit diagram for measurement of P—FE hysteresis

loop

110V 60Hz|

Figure 21. Diagram of improved Sawyer—Tower circuit
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/=
o ©

0.300 mHz

Scale:0-10kV
LVDT : Linear Variable Differential Transducer
d® (V) =8, Erne

Figure 22. Block diagram of strain measurement setup

Q17Fsk A WE 3~6kV/mm ©]9, function generator (Agilent, 33250A) 2}
high voltage ac power supply (Trek, 610E)E& ©]&3} 300 mHz ¢ frequency =
triangular shape < ©]&3}%] unipolar 9} bipolar & HAAE <I7}skch AJHS
test sk &<F ot (arc) WS A sHrlflste] AY EA flour—inert (FC-30,
3M, St.paul, MN) o] &3] F7|A stalvh. 7i=FAl AARIZE 5 W& (strain) =74
AR E 19 22 o YERAIT
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Fetadtt. olE skl ztzk dAE wida AEAY Ad, 9 "1 AAS
FE SAe S5t vael dia] FAsith & ATelA A A4z $FE
A4S ol YERY. AFd2%° ¢ Leell03], Hongll104]¢] Ceramic
International o X113t &£dS Frasto] 1175°C oA A4 s X3kt

a4 ¢ (1-x)BiyeNay 2 TiO3—xSrTiOs; (BNST100x, x = 0.26, 0.28, 0.30)

Aok 24 1 0.99Biy2 (Nag7sKoze) 12 Ti03—0.01 (BagsCapsZ2rO3) (BNKT22—-1BCZ),
0.99Bi;/2 (Nag g2Ko.18) 1/2Ti03—0.01 (BagsCapsZ2r0O3) (BNKT18—1BCZ)

4—-1-1. 5§ W3}

A 274 FRQ BNST100x AlzkdA (x=0.26, 0

TR BNKT22-1BCZ, BNKT18—-1BCZ Azty A9 %% W3lE 19 23 o
itk B A3E 98 BE AHS 1175 TollA 2 Azkest 2dsgon, =43
I ok 2A M BF 15.0%~15.3%2 ¥ FEHFES 49
2 Z

=
% 1175C7F BNT A 5 bd Algpa]Ad] AAd2E=2 4

& A9 BNST26, BNST28, BNST30 3 #ok A9l BNKT22—-1BCZ,
BNKT18-1BCZ ¢ <= Fd54 9 &4E& 29 24 o yepdddeh ol 24
BNST26, BNST28, BNST30 Alztelel #4d& () 22 1314, 1326,
1317 olgler, Aok %Al BNKT22-1BCZ, BNKT18-1BCZ + Zz+ 1210
2 1173 ©o& ofde] ®id wkeh FARSIIY [84]. FAEA (tan M Ee
oA wlwd dAst oz yeigton, ZAWge| wE W ZA 4skth

ARkt o® FHES YARE (T, otdlelA grain size 7} Eolwel wet Ay 2=
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[85], o]} @2 AP ZE 538 RE $HA7FY grain size #ol+= IAA & Fo=x
=™, FE $H3HS] grain size GA] & #fol7F YA &S Ao = oiect, oyt
RE % FE 3R 779 grain size & zfo|7F & Ao 7 oAt
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Figure 23. Linear shirankage of matrix and seed materials
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Figure 24. Dielectric constant( ¢ ,) and dielectric loss(tan ¢ ) of various
piezoelectric ceramics for matrix and seed materials
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4—-1-3. AAF7|HEEA

w2 Al SR ALY RS A SH e Al whE bipolar S—F loop & 1% 25,
26 o YJERAtE BNST100x Algte) A~ 9] bipolar S—E loop & ©]&e] Bid Fo7
AtHE A= bipolar S—FE loop & YWl ew [37-40, 42-43, 97-101]
BNKT18-1BCZ ¥ BNKT22-1BCZ A&t A= AYPZQ1 FE 9 vu|RYS 4=
UER AT [41, 84-90]. ©vt AARIZE % WHE Ol (Sna/Emad) "WE 24
FHTOA = BNST28 Algtu2eoA] 7hd 52 7h& 43101, Seed &4 SR =
BNKT18—-1BCZ Algts A7} BNKT22—-1BCZ Algte] 2o w8 -3 FE 9 4%
e Sl
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Figure 25. Bipolar S—E curve for (a) BNST26, (b) BNST28 and (c) BNST30

ceramics as matrix materials
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Figure 26. Bipolar S—FE curves for (a) BNKT18—-1BCZ and (b) BNKT22—-1BCZ

ceramics as seed materials
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4-2—-1-1. &=& 93}
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Figure27. Linear shirankage values of BNST28/BNKT18—-1BCZ and BNST28

/BNKT22—-1BCZ ceramic composites as a function of seed content
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Figure28. Dielectric  constatn (&) of BNST28/BNKT18-1BCZ and
BNST28/BNKT22—-1BCZ ceramic composites as a function of Seed content
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Figure 29. Unipolar S—E curve for BNST28/BNKT22—-1BCZ ceramic composites
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Figure 30. Unipolar S—E curve for BNST28/BNKT18-1BCZ ceramic composites
as a function of BNKT18—1BCZ content and applied electric field, (a) f =0, (b) f =
10, (¢) £ =20, (d) f =30, () f =100
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w2 gty ZetaAe] 55 WalE a9 31 o YEITh 1175 CTollA 2 A7kEgt
rAdstglom, 14.9~15.8% WY 55 A4as 4o

(]
<

[y
=)}
———

—*—5—— »

[y
N
———

— BNST26/BNKT18-1BCZ
—@— BNST28/BNKT18-1BCZ
—@— BNST30/BNKT18-1BCZ

e
—

Linear shirinkage (%)
Ny

1 s 1 s 1 s 1 s / L
7/

0 10 20 30 100 110

Seed content

Figure 31. Shrinkage of BNST26/BNKT18—1BCZ, BNST28/BNKT18—-1BCZ and
BNST30/BNKT18—-1BCZ ceramic composites as a function of seed content
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BNST26, BNST28 % BNST30 Algt]AE 7|&o] Hi¥ relaxor oA & 4 Sl
FAFY S (pseudocubic)de &Y (111) peak = &3 = SQ%la, +F
BNST18—1BCZ Algtel A= A A (tetragonal) $F 5HA| (rhombohedral) 2] 4
=Y MPB f9d= &Q1d & A=, oF 407 ¢F 467 3@ ztelA &
9] A= A (rthombohedral) @ (111)/(111)A =} FA A (tetragonal) 2
(002)/(200) We= Zzt vepdrk [30]. wld A<l BNST26, BNST28 ¥
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F/delld BNKTI8-1BCZ x4 F=&Fo]  sojdel weh FAIEAE
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Figure. 32. X—ray diffraction patterns of BNST26/BNKT18—-1BCZ ceramic
composites as a function of BNKT18—-1BCZ content, (a) f = Owt.%, (b) f = 10wt. %,
(c) f=20wt.%, (d) f=30wt.%
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Figure. 33. X—ray diffraction patterns of BNST28/BNKT18—-1BCZ ceramic
composites as a function of BNKT18—-1BCZ content, (a) f = Owt.%, (b) f = 10wt. %,
(c) f=20wt.%, (d) f=30wt.%
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Figure. 34. X—ray diffraction patterns of BNST30/BNKT18—-1BCZ ceramic
composites as a function of BNKT18—-1BCZ content, (a) f = Owt.%, (b) f = 10wt. %,
(c) f=20wt.%, (d) f=30wt.%
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4-2-2-3. WA TZ B

1175 Tl 2 AzF %ok 243 BNST26/BNKT18—-1BCZ, BNST28/BNKT18—
1BCZ % BNST30/BNKT18—-1BCZ Algtd]l E3AxAe stdws FE-SEM o=
W AaE a9 35-37 o udEhgIth. FE-SEM o= #adt v &<l
BNST26, BNST28 % BNST30 x4 7}7] t}& BNKT18—-1BCZ 49 &%= 71
Al AS aA g2 gatty #eEch ol v x4l BNST26,
BNST28 % BNST30 ¥ A stxA¢l BNKT18—1BCZ & +A4¥E 49 Ao|7t A%
7] wWEow WAt ok AokxAde] dhEFo]l Frhdel wit grain size 7F A
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Figure 35. Surface micrographs of BNST26/BNKT18—-1BCZ ceramic composites as
a function of BNKT18—1BCZ content (a) f = 0 wt.%, (b) f = 10 wt.%, (c) f = 20
wt.%, (d) f = 30 wt.%, and (e) f = 100 wt.%
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Figure 36. Surface micrographs of BNST28/BNKT18—-1BCZ ceramic composites as
a function of BNKT18—1BCZ content (a) f = 0 wt.%, (b) f = 10 wt.%, (c) f = 20
wt.%, (d) f = 30 wt.%, and (e) f = 100 wt.%

Figure 37. Surface micrographs of BNST30/BNKT18—-1BCZ ceramic composites as
a function of BNKT18—1BCZ content (a) f = 0 wt.%, (b) f = 10 wt.%, (c) f = 20
wt.%, (d) f = 30 wt.%, and (e) f = 100 wt.%
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4—-2—-2-5. AW} F& HIE

BNST26/BNKT18—1BCZ Aletu] EHgaAe] 2t Ao & bipolar S—F loop &
I3 39 o et BNST26 9 bipolar S—F loop + ©o]de] Hu¥E FAA
AU A&l bipolar S—E loop & WERe™ [37-40, 42-43, 97-101],
BNKT18-1BCZ AleteA~e AP0 FE o yulRek 742 Uehigleh [41, 84—
90]. BNKT18-1BCZ Aletelx9] &aFo] 10%7F H#k 4kV/mm o QAN 714
Fo AARVINE S48 dEhde Zls #9l @ 4 allew, BNKT18-1BCZ
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Figure 39. Bipolar S—F curve of BNST26/BNKT18—-1BCZ ceramic composites as a

function of BNKT18—-1BCZ content and applied electric field, (a) f = 0 wt.%, (b)
10 wt. %, (¢) 20wt.%, (d) 30wt.% (e) 100wt.%

BNST28/BNKT18—1BCZ At H3tAiAle] 2+ x/de] W& bipolar S—F loop &
I8 40 o e BNST28 9 bipolar S—F loop + ©o]de] Hu¥E FAA
AtHY A5 bipolar S—FE loop & YWerSlew [37-40, 42-43, 97-101],
BNKT18—-1BCZ Algtul A= AP # <l FE o YUH| RS Fds YEIY [41, 84—
90]. BNKT18—-1BCZ Mzt 2] gheko] 20%°1A4 3 kV/mm 2] AAstelA 7HE =2
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Algpel 29 gtgko] 30% % F7eel wet AAR7IHE 54%e] a9 Fidhe ¥
Sl
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Figure 40. Bipolar S—FE curve BNST28/BNKT18—-1BCZ ceramic composites as a
function of BNKT18—-1BCZ content and applied electric field, f =(a) Owt.%, (b)
10wt. %, (c) 20wt.%, (d) 30wt.%, (e) 100wt.%

BNST30/BNKT18—1BCZ At H3tAAle] 2+ x/de] W& bipolar S—F loop &
I8 41 o JeERAQTE. BNST30 9 bipolar S—F loop + ©o]de] Ry FAA
AtHY A5 bipolar S—FE loop & YWerlew [37-40, 42-43, 97-101],
BNKT18—1BCZ Algtul A= AP # <l FE o WH| RS Fds YERSIY [41, 84—
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Figure 41. Bipolar S—E curve of BNST30/BNKT18—-1BCZ ceramic composites as
a function of BNKT18—-1BCZ contetnt and applied electric field, f = (a) Owt.%, (b)
10wt.%, (c) 20wt.% (d) 30wt.% (e) 100wt.%
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BNKT18—-1BCZ AgtelA~el ghgfo] Z7hge] wel BNST30/BNKT18-1BCZ
A HAAY] AAF7] 1Y 5%l S7keke A4S UERN e BNKT18-
1BCZ 7} 30% & W 4 kV/mm 2 AASlA 714 &2 AAR7IHE 5470

JEhGE Ze 2]l @ 5 gl

4—2-2-6 29k
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A v WSt wE B3] 544 ®stE B s ActaAlE
BNKT18—-1BCZ = 143t wd &A1& BNST26, BNST28 % BNST30 o=
HEAZl F AAEY, Fd 2 gd EA diE A8t 1 Ay w Al &AL
BNST28 XA elA 3 kV/mm AN 7Hd 5 AARZIHIED #s 82 A=
ol & 4 At 4 kV/mm WA S = BNST28 e #okz/d7t 10% 7kt
A9 AAGF7IHE 7H(620 pm/V) I BNST30 wjdeo] #oko] 30% ZH7bet 419
AAF7IHE 30625 pm/V) o] FARSE 7S ASTh

4-3. AAAFA ]l ¢ A -~ 5FL2A

2 AFNME & AZAAA AHsidxel wWALA TR T B =2
AAF7I1FaE 7FA = BNST28 At Ao HotAaA SR T ZAFd540]
% BNKT18—-1BCZ & H7Fst Mty H34aA49 AdEA, nATZx, 4 2 oA

S0 ofal 2Ashgict.

BNKT18—-1BCZ &% wWste]l w& Aty 53249 55 WstE 19 42 °f
eI 1175 CTellA 2 AlZksst Adsiglon, Jd7kd BNKT18—1BCZ & &%
EAEE 0%, 10%, 20%, 30% 183 100%% H7lste] #Aze AH =558 727
=439t FHE BgAA9 +FES BNST28 3 BNKT18—-1BCZ 9 F%E<!
15.1%, 15.2%29 & zkol7F YeEbA] 942 15.1%~15.4% ©|Ue] FHE#S 85 F
ASdLE ol E A= F A7V EFHE AF o] WHEA g AL gu|shH,

Z3tof 23t A 39 EAE WHIR] Uet7] wjFolgty Azt
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Figure. 44. X-ray diffraction patterns of BNST28/BNKT18—-1BCZ ceramic
composites as a function of BNKT18—-1BCZ content, (a) f = Owt.%, (b) f = 10wt. %,
(c) f=20wt.%, (d) f=30wt.%
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Figure 45. Surface micrographs of BNST28/BNKT18—-1BCZ ceramic composites as
a function of BNKT18—1BCZ content (a) f = 0 wt.%, (b) f = 10 wt.%, (c) f = 20
wt.%, (d) f = 30 wt.%, and (e) f = 100 wt.%
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Figure 46. Dielectric constant (&) and dielectric loss(tan & ) of
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Figure 47. P—E hysteresis curves of BNST28/BNKT18—-1BCZ ceramic composites
as a function of BNKT18—1BCZ content and applied electric field, f = (a) Owt.%,
(b) 10wt.%, (c) 20wt.%, (d) 30wt.%, (e) 100wt.%
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Figure 48. P, and E. values of BNST28/BNKT18—1BCZ ceramic composites as a
function of BNKT18—1BCZ content and applied electric field
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4—3—7—2. Unipolar H¥& =4
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Figure 49. Bipolar S—FE curves of BNST28/BNKT18—-1BCZ ceramic composites as
a function of BNKT18—1BCZ content and applied electric field, f = 0 (a) Owt.%,
(b) 10wt.%, (c) 20wt.%, (d) 30wt.%, (e) 100wt.%
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Figure 50. Bipolar S—FE curves of BNST28/BNKT18—-1BCZ ceramic composites as

a function of BNKT18—1BCZ content and applied electric field, f = 0 (a) Owt.%,
(b) 10wt.%, (c) 20wt.%, (d) 30wt.%, (e) 100wt.%
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Figure 51. Spa/Emax values of BNST28/BNKT18—-1BCZ ceramic composites as a
function of BNKT18—1BCZ content and applied electric field
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Abstract

Improvement in the electric field induced strain properties of
Bi—based relaxor ferroelectrics via ceramic—ceramic composite

processing

Bi—based lead—free piezoelectric ceramics attract much attention because of
their giant strain at high electric field, which is believed to be originated from
electric field—induced phase transformation between relaxor (RE) and ferroelectric
(FE) state. However, such an electric field—induced phase transition results in
large hysteresis and poor low field strain properties. To overcome such problems,
RE/FE composites are recently studied in a wide range of compositions. According
to previous works, Bi;sNa;»TiOs; (BNT) modified with SrTiOs (ST) is promising
due to its low S—F hysteresis with large strain. This work attempted to increase
electric field—induced strain (EFIS) properties of BNT—=ST(BNST) ceramics by
mixing Bil/g (Na()_ggK()_lg) 1/2TiOg—Ba1/2Ca1/ZZrOg Ceramics, and Bi()_5Na()_5TiO:g_
xSrTiOs equally two—component composites has been conducted. Composite
comprised of 70 wt% BNST28 and 30 wt% BNKT18—1BCZ showed the giant strain
( Spax/Emax ) of 721 pm/V, and 681 pm/V under an electric field of 3 kV/mm and 4
kV/mm, respectively. The giant strains of 950 pm/V at 2 kV/mm and 820 pm/V at 3
kV/mm were obtained in Bi()_5Na()_5TiO(g_ZZSFTiO(g - Bi()_5Na()_5TiO(g_ZSSFTiO(g
(ST22+28) composites.
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