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Abstract

Project Code: TRG5680095

Project Title: Influent of Tantalum dopant on electrical fatigue behavior of lead-free

ferroelectric ceramic (K0_50Nao_46Li0‘04)(N b(olge_x)Sbo_o4TaX)03

Investigator : Asst. Prof. Soodkhet Pojprapai
School of Ceramic Engineering Institute of Engineering

Suranaree University of Technology

E-mail Address: soodkhet@g.sut.ac.th
Project Period: 2 years
Keywords: KNN-LST, Lead-free ferroelectric, Electrical fatigue, Domain orientation

The purpose of this research is to study the effect of tantalum (Ta®*) dopant on the
electrical properties, domain switching behavior and electrical fatigue behavior of potassium
sodium niobate doped with lithium, antimony and tantalum (Kgs0Nag6lio04)(ND (0 96-x)
SbgosTa,)O; : KNN-LST, where x = 0.00 to 0.12 mol. KNN-LST samples were synthesized by
solid-state reaction method. After synthesizing, the phase analysis was conducted by using x-
ray diffraction. The samples then were poled at 2.5 kV/mm and subjected to electrical fatigue
test at £ 2.5 kV/mm and 50 Hz. The fatigue test was conducted up to 10° cycles. The change
of domain orientation was analyzed by using x-rays diffraction (XRD) before and after fatigue

testing. Furthermore, the change of microstructure was investigated by scanning electron



microscope (SEM). During the test, ferroelectric and dielectric properties of the samples were
measured to detect the degradation of sample properties.

The results showed that the phase was changed from orthorhombic
to tetragonal and the piezoelectric constant increased with the amount of Ta>* dopant. The
fatigue degradation could be caused by two reasons: 1) the domain wall pinning effect and 2)
the damage on the electrode surfaces and the region near electrode interfaces. It was also
found that all compositions of KNN-LST were degraded after being subjected to 10° loading

cycles while KNN-LST at x = 0.08 is less degraded.
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151 whladniwavasnissoununiay (Ta®) lugsiwsnin KNN-LST fAifide
guUG walodiannin

152 dhlangdnssuanuainislnvinaesssiesdn KNN-LST iSaununisy
(Ta®™) nasansinnnuainslnvi

153 mmmﬁwmmjﬁ%ﬂﬂﬂs:qﬂm‘lﬁﬂ”uﬂwsﬁﬂwﬁaﬂqmﬂ%mumaoqﬂﬂmi

e o

lanNnIadnNENA a@"}ju@mﬁuadﬁﬂs:n 2
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NOBHUASNUNIBLBNFIINIIIBINIG

2.1 VNI
c?l’ 1 =3 =) U ‘ﬂ‘» a ™ a d'
luuniinanfinged lassesrsdiugiu nalnnisiialuan lsigu nssauilfou
Aavadlauunilsdiannsn mmém”ru;nadmiﬁﬂmﬁuﬂf’lwﬁa@fmSImﬁLﬁﬂﬂ'%ﬂﬂaa@
) @ D Aa [ ' ' Aaa [ I
mm:mu’mmmmmﬂun@uﬂumm:mLﬂumuwaw VT PZT 350158 ILATIEH
81313200 KNN uazlaaturafinisduatidaiNalsutlaonlasigdns wasnsiduiine

UsuRaung@nssunsiniin nw"l,ﬂﬁam’mLﬂuﬁmm:ﬁunummﬁm

22  ngsjuaszlaealasessne
‘s [~ Aa A & Aa [~3
224 fingwanadulndladianninluwassuds
sutd@anudulwdladidnningndunulud a.a. 1880 law Jacques uaz

Pierre Curie ﬁaﬂ"l,d’ﬁ'm'ﬁ“nmaaﬁﬂmwamaunoﬂ@ﬁﬁ@iamm%”nﬂs:aﬂwmmaa

U
=

NAN LT NISUIAY (tourmaline) LLiLfTEJ’mkm’lu (quartz) Tnuwe (topaz) ‘ﬁ’l@]’]ﬂ
N8 (cane sugar) Waz@lnda (Rochelle salt) %oﬂs:ﬁg@?’dﬂdnLLﬂiN"'uﬁ'mmwTu F9l15un
ﬂi'mg;]msaiﬁiﬁ"uwuf':’jﬁ“piezo" F9ananmenin danamanedt “mina” iieRansan
d’mm:mumsma’mmma@ﬂuﬂ%ﬁg‘ﬂ'u FUUAAINANIAURRIDNVUIUMINTT “FULR
1w 81w 818 na3n (piezoelectricity)” miﬂizqﬂ@?‘nwﬁwuﬂimﬁlﬁﬂm%nVL@TLﬁm‘fu
Ta® European scientific community 1 25 fdaun Gn1snaassuinuiaifiedn uazldd
M3uLislaTda39NaN (Crystal classes) @19 § aanidu 32 naa le,i_iaaamﬂumjw'aﬂ
auENTE fait

gﬂﬁ' 2.1 iy 20 ﬂéqiwﬁl,ﬁ@auﬂ'ﬁ'lwﬁisﬁﬁlﬁﬂ@%ﬂ N§uHAN 20 ngw
i Lﬂumiwﬁlmmﬁumm (asymmetry) 211 la31&15U52nay (Na,K)NbO; H1aT9a39
\lu Oxygen Octahedral figaslasiasnifia ABO,

gﬂ‘ﬁ' 2.21la9s319803U 52Ny (Na,K)NbO, Jlasa3n9tdu Perovskites
(ABO,) \Tuldginunuanslsenay PZT Lfiaﬁl,mmUuaﬂﬁimmm”u%ﬁdmm:ﬁwiai’a@‘
ﬁ):‘ﬁﬂﬁ@hiwmvl,iLeﬁ‘*ﬁ'umam”aqLﬂﬁiﬂuvlﬂLLan‘iﬂﬁLﬁ@ﬂszguuﬁuﬁwaaﬁ'a@ %ahﬁqm:ﬁ
Naﬁﬂﬁl,ﬁ@ﬂ’nmhaﬁ'ﬂsT'LWvﬁ'rsszﬁ?uﬁaﬁmma"ﬁwﬁwﬂaaa”aqa”w:a%mﬂuﬁaﬁa
ol



{ Symmetry Point groups

32

21

Noncentrosymmetric

11
Centrosysmmetric
(Non-piezoelectric)

4

20
Piezoelectric
Polarization under

10
Pyroelectric
Spontaneously

Subgroup
Ferroelectric
Spontaneously polariazed

stress polariazed Polariaztion reversible
's
Tungsten Oxygen Layer
Bronze Octrahedral ‘%/goligge Structure
PbNb,O, ABO, 2N Bi4Ti,0,,
Ceramic l
Perovskites
1 1 1 1 1 1
BaTiO3 J [ PZT ] \ PLZT ] \ PT ‘ [ PMN l {(Na,K)Nbo3

a ot o 6 1 ' a Aa a '
E‘LI‘Y] 2.1 ﬂ’J'WSJﬁ?J‘W%‘E’Ua\‘iﬂ’]iLL‘]J\‘]ﬂaq&leWE]I‘ITE]Lﬂﬂ@]iﬂLLazﬂ’sgﬂJ

HWAN 32 N (Heartling, 1999)

B-site (Nb) ___

<«—— Assite (Na, K)

—— Oxygen-site

;;ﬂ“?'i 2.2 1a598319813U52nau (Na,K)NbO, Alassaaidu Perovskites (ABO,)
(Rédel et al., 2009)




a A ® a A ® a a
222 dsngmsabindladianninlwdslsdisaninmanan

Usngmaotlndladiann3annadsingnisninisasy (direct piezoelectric
& o 5 . . a é/ = A
effect) LLﬂ:ﬂS'}ﬂgﬂ’]SmNuﬂau (converse piezoelectric effect) usatiadnlalunann

A a =3 A 6 . . .

lafianuananasnulunan lunsdives ﬂi’mgmimmamo (direct piezoelectric effect)
AiAMNINI3AITBIA128997 (polarization) Muluninfliauanas azgniniisidasany
LWUITNLIINIINA (mechanical stress) LAatTuussan W wratrslundn lunig
nauf UnngnInkiunay(converse piezoelectric effect) tilandngninfieainnnnisld
o o Y Aa a A . . P2 & Edq/
gun lWwrazildiianiuieIuaiing (mechanical strain) G9nvgaslsngnisoid

v

811300 T LI IRUNIIAMNFNNUT LAA I

D=¢ E+dT (ﬂﬁﬂgmifﬁmama) (2.1

S =sT +dE (UnngnIninsRunay) (2.2)
Tagfi D @a enmsusanisledidnnsn (Dielectric displacement)

T Q8 ANULAL (Stress)

E do swwlnh

S @8 ANULAILA (Strain)

d de drsudszEninmelnalodidinnin

s fa eMIBaNaN (Compliance) %dLﬂudmﬂﬁwaemﬂhua@ﬁa

& 8 fEnweau

o A s qqf ™ a (A =S d'l ai o va
lageranwsnidudmoniuanidusyansaiiuanisiaulafignivualid
' ~ ' ~ T =< ' o A o A ~ ' A A )
AeaN LT NIl & naneds AanwanaddiaqLilausdulaaii nannda 13 lal
ﬁLLsaLﬁumﬂszﬁﬁ@iai’a@qvlwﬁimﬁl,ﬁﬂw%ﬂﬁfmad fnlunImuay sFaznanund dniTau
mmaﬁﬁ@yﬁa@haumﬁfumﬁ LL@iLﬁaamﬂauﬂamﬂmﬂﬂwSI%SLSﬂﬁﬂmaﬁaqﬁazﬁ
1 :&1 P A d' [ A “ = va U s o o A > % Ai
mmuagﬂﬂ‘ﬂﬂmd‘nlﬁLLidmaau’m"lWWW WlaimslaaaarnugaiduwaiasiNavuan

a s Ao a % A
Y]ﬂ“/ﬂx‘i‘lix‘i&l@l’lLﬂ“ll‘izl!‘ﬂﬂ“n’]d@dgﬂﬂ 2.3



polarization
F N 3

U7 2.3 fiemsvaanssnnizyieedaq Iwalo8iannin (Henderson, 2004)

MLaiAUAAN1IRuazdana 2 62 13U dgs dgy dis LABANATEIUINTZY
2 a A . & o A A A a @ ' o a o A
fafan1InInsniein nh wiefianieiiialwan lsioti SIuaaUAITad Ao
fiarnazadusinizyh n3Ui 2.3 anduifians 3 awuwiunu Z gnifanldidufiang
Alalunisifialwanlsiosu Aan1svesszuruNiiaussiias (shear planes) LR A
U A g L5 o % Qs 1 1
¢ 4, 5 LAz 6 TIAIAINNL1, 2 LT 3 ANE1AL A8 T%
L dl =) ; a dl o ~
das Uxslnan lsiwsu Midaduluianis 3 Wausenanserinuuiiane 3
= { =) g =) 4 o =
day waadlwan lsiay Miiaduluianis 3 Wausinszvnluiianis 1
L dl a é’ a d'l v = o
dis waadlwan lsisy Miieduluianis 1 Wansaududannszrinlu
NANIY 2
a e 6 a A & a A '
anuaNWRIBaIlIngMwdladiannin swnsadswdusunisadng
Neleasanns 2.3-2.4

-yt ludgwa Twwna aulinudag
D, =d,T, WnngmIniniia) (2.3)
Al A P’ o 1 @
- madlifusadenanszindadag

S, =dE, (UngmItinsnunay) (2.4)

Taafd d VaIRNNITAINEIIT ﬁ]:ﬁmagﬂwﬁaa %1072 C/N lunydhuas

Unngmaniass uazddaglugae x10™ mv dmitlunidivesdnngnisnideunay
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WausasliiiulanngnisoinigasadsTalan ausaRa s laannan
284PbTiO; Alassaaiduinnszlnia (tetragonal) tdunanfn lddanuanuiasiu
= A = v A A &2 &2 a o A A &
NAN asannnuAn ldanuanunashnaniifianuaiuialunsiaisesfnanisue st
muluninlassssumddindilasatguda (spontaneous polarization, Pg) lasds1aainns
m:@;’umnamwvlwm RIDUTINTERINNABUBNKNEN m”agﬂﬁ 2.4 (a) luwdangnivol

. . . ] P o a a < 2 oA | v
N139933 (direct piezoelectric effect) Naﬂﬁ]:uﬂ’liﬁ]mimwﬂmammUluwamwaaQmsﬂ,@

a U = % ai d;l’ = % > o 1

u39na (AaaNuLAwluNEn) au3UN 2.4 lunsydiitlasauvas lniniflsnaguarannduns
NA9BINAN FIBNAN9398 LoBaULINLAZAL bailrinn @T’mm@;ﬁﬁﬂﬂg&n’mﬁ@ﬂ’ﬁﬁ'@ﬁm
A < =2 i i A A A = o
firn1etrnelundn (polarization, P) @1uuwinny C Taduunuil B1INFAVOINAN 11
AINLIAANULALUTIAY (tensile stress) ﬁ'uwﬁﬂ"laaaumadaan%mngnwé’n"l,ﬂmml,ﬂu

a n'l [ = o = d'l o '
AAN19N ALY Jarinlv lasawsadinmideutadawaanldlnaandiuniinalsve

{ ° [ o A X o {
i uazlungaazildenlnanlsitumolundniinde AP diuaaslugin 2.4 (b)

(@ (b)

GO0

3U7 2.4 mwlansianinmmazlniafldauinas 289 PbTIO, Nganpiisant
aUnNiAT (a) MIIATHIIVBINT Py wmuz Ll Tusaidunszyi

(b) P, + AP vausnfiussaunseyin

Iuﬂitﬁmadﬂﬁﬂgmirﬁﬁuﬂﬁh (converse piezoelectric effect) ARE R 1R
swwhanmenenunndnindlasssieldsuanas Wamisrilwifamaiouwsma
3139 wiatinanuiaw a9t drldawinldwiannnewenuinin PoTIO, 710
Tassaadwmnyzlntalosawpes Tit* aztadowauuwinan1svesgwniwi uaziia
ﬂﬂﬁLﬂﬁﬂumuﬁﬂgﬂiwamaawﬁﬂ @”agﬂﬁ 2.5
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strain AC

3U7 2.5 mulanaianinimnazlnia Aldauunas va9 POTIO; Nigannfidinia
aannded (a) ollaumasvae ldfawalnvhannonszd (o) pllaad
AaA a a . 1Y ¥
yaueAinTia aue3ea (strain, s) laamsliauuWnhanaouen

UINIEYIN

A & a
223 lawwnslsdiannsn (Ferroelectric domains)

lunmsdnsng@nssunslsdiinninzesizgquananazdnmlassashog
aLmad %I93TAUIANIA (Microscopic) U7 Iuﬂ’]ilfd’]uﬁl%\‘iﬂ’liﬁﬂﬂ’lallllvaﬁlE]\‘iQﬁm‘ﬁaﬁ
lasiunsaluszalunnia (macroscopic properties) innudiamLlwasngwin \Wasanny

a 6 ni a = o L 6 o A 1 =3 a a Aa &
Aoadiaiuazyiiamadlasudanuduiusiunazdina ldfaud@iwalodidnn

a 1 =3 tﬂl A& a tﬂl:) 1 a A =1 [ A a 3 v
In 1gu lunAndasaunslsBidnninfdiniigungiiad aziinsdaisusfianiszesdaca

(>3 =3 al 1 a [ . A a = A

dnasneluninlassyinmdlundazgiaiaad (unit cel) AuTananauIUsznay|d
MunsaaLsed lluAaniadeinuinwinen 1Sunin lawwu (domain) “38813n8712

Y a nid o a o 04 t:i a J a [l
ladrusnaninisiaSosalvaslnar lsiwruiiiaduiaslas 535818 (Py) 8819
giLaNe Sanin lawwuW$lsdiann3n (ferroelectric domains) 2aUTa8GaVBILARE ALY
MIPIA1A197WLT8NIN W19 1A LN (domain wall) (Damjanovic, 1998) LA 5IIN T
wi1 suraveslaiwuazgnitnadiowasaulWWiaiia (electrostatic energy) 184
JTUY WWNTIENAIN NIz u TN wazbiidos aanseaSusndasesldlufianig
WWeoanu avnulatuudinlngdedaisosarlauazfanis auvnardsnunuaidn

& . = 2 4 P a A Y o

awd agvlafianuninidelranafiiiosdawmdsy Weldawnldwun guwnzlawu
NINNATIALTHIAIAINAANIIVaIauIN I WA NIMIFQUARAN (polycrystalline)

[ A uq: 1 =S nﬂl A'l 1 o o v v
Jlunun1IIaseadsaanldiinudnians Wesnlawuudazinsugninalisay

loawutantns Twsnzindnidaoalaldgninaienld (Art & Hennings, 1985) wananit
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=) s = 1 a &/ > =1 = > = > 1
lawmwissdudas smusnfeduldluizgwruin innziinsdaSosduuuguses

' ' { o b o P '
NaNlndaztnIw i I asundas laanawin Wy drluwniainiwid latuwuinnin

A a 1 dq/ 1 Qs > = Qs

Wity lagunslatwninaifazuand19nuaiuigninvadnan (crystal phase) a93
A % ' 1 % v v A v a 2
7 2.6 (a) A0E19LT% IpAINNIZlnka n1sTaissaaiullaufianisvasunn C &9
r=} > r=} > d‘d > 1 = = 1 Qs
1 wislatuugasdszinn Aa wudlawundnanainnwiuuldawiwnn 158031 Wik
TaLun 180° (180° domain wall) ke HIILALNULARZEUNIALTHILUL 90° 158NN WIS
lawun 90° (90° domain wall) 433171 2.6 (b)

\\ £~ \~Z (b)
NI AN
AN AN
\A st \ —Z 180° boundary
“\ — K\ P
7 —,
‘\\
N
90° boundary

3U7 2.6 (a) mulanaialawwnnizlnianilsdidnnin 289 PbTIO; intkslaiun 180°
waz 90° lawldansazans HF waz HCI luns etching ¥ lA R @I nLnL
INIUUCONN 2012) (b) MWNauaad Hikalatun 180° uaz 90° ludaquwslsd

[~ a
EANYIN

lunsdiigniasenludases (rombohedral) n13aat3ssadnldunuidn

mmawmuimaaﬁ”ﬁa AIThI gmzmnimuuﬁa@ﬁmzﬁwu 70.5° WAz 110° 138N
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NIt laLu 70.5° Wibalatuw 110° audIay mmn%wawmwﬁfahLuuagjﬁ 10 w1l
1 { é’ Qs =Y a Q€
way udazilfouudasiuivamnnduazanuuIgnizedndn JUuuUNIINBAINT 8
lawusaningldanianansvas G. Art (Arlt, 1990)
= U A r=| Qs (-3 a
AN B UAIFOUSDDI LALN mamsnmm‘maﬂQqu‘lma@;LWﬂsa
= a o A o A ' o “ A o
wwnnInausndsunsasasusludlalagnslvzuin W wWanIaa e waINLIINIINg
dl Q = Q dl o ¥ a 1
nmudisuudainisdaiiosdivaslawniignnazdanauwia lwianaisuenisends
msiapufianisvaslainuinslsdiannin (ferroelectric domain switching) luameNn1g
WasuudaIn1330589a 103 laiuun g IEianaNuduaINUIINIING 138091 M3

Wasuhansvaslawmnslsdaadn (ferroelastic domain switching)

{ a A & a
224 nsulaswnaniszaslatuwnslsaannan (Ferroelectric domain
switching)
fwiudaquslaaiannin wndnd 1dnuwsasswnlWwiduinniaen
o o ' o Y . . A o [N o & '
pa9aviagisoniauwn lnviau (coercive field : Ec) Serhldiiamyiaiiosdivadud
a ¢ Aa a A & A o PN ¥ A
azpflarad NawsTum@lnddnas lasosdrainfianiszesauwianlnny danns
o A > <& ] a qu/o 1 A a . . .
IaTeaevastn luudazy iaimadiin ldgnmaasuiianisveslaiumu (domain switching)
waznistafannvasnislawnluudazinsunioluizg 939 2.7 wasannasin
gurntWd1ean lawwuariuluwg dvaziSusarlufianitslnafasfianng
o & o o A o A A o A a
aunlWW aszurunsihidunisinldlawnisasaraufianisndesn1sdasen

a

n3rwIun13id1 MawResiada (poling process) %aIAINNITZUIUNTIRUAITRGINILIE

e

Wansnazlaud@lndladidannsn (macroscopic piezoelectricity) L%Uﬂﬂ'aqm 8%

71 “piezoelectric ceramics”
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(a)

[ A

37 2.7 (@) n3liaww W unavhldiiansdaisostnveudazgfiaimad Ndaw
sysum@lndlAiduanufianisvasan i (b) vasinvadlatuuzuie
\an (microscopic piezoelectricity) ﬂmﬂﬂmummﬂmy’ (macroscopic

piezoelectricity) el iag lwdlaBidnnIniomiin

lapdn@udy wodnsumInaudlvasiaqineilBiinninimiing nuld
gn b waasldiiulalasraulnan lsissudainasda (polarization hysteresis loop)
%38 dielectric hysteresis 1% NNINANTINANNFUWUBTIZAI9A WA LsiTn
(polarization) Auawa WAl 1l ds3un 2.8 urasliiAwrnulna lsifudaina’
fx annzlugauafvesizqunilsBidnninfildfinsdudasdinununldauilni
1l uSnafawuliWidan 9 uisas 0-1) FadulagdszamaadnisIases
o et o % ' 4 a % X ° ¥
lawwu Augwnindy Sadimalesduuugy Waiuawalwdu (aneiay 1-2) vy
A o A A & A a g . A o v a P
Wanissaifeslatwnwnuindu nusnmilawndiwlngiTosarlnaidesfianisaas
M dl a &/ r:’l’ ~ A o Y o a dl a
auruIWWA nszuunsiiiaduil Aden s ldiAan1nidfsuiianiives
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A . . . A A ¥ X o ' oA A a A
laLun %38 domain switching LlatANaw N W Tudnatsdaitasnuinnusiimhlaiun
\iaN1370N @7 (saturation) has laluunInuaazialsesallufianiivas

o A a 1 o o 6 1 v
X WY (BRNB1e 2) NUSIMABURINBLATEDS AMUFNAUTIZAINY Fwd WA e

Qs > =) v A e v = > ¥
M3901589022 09 Lot duuu B as TIFINALANNANILLEY 227 ANUFUNUTALEA
v & dl o vV a Qs r=| =3 ] Dg T dl U
Iidunmaniiorildiifansdadosarlawnlildiuegniunsfoundadlasiasisves
latun(Zheludev kazane 1971) Mndnauny Wathawulnwieen nssasaaalaiun
fazaaadatnd lsnaunganssumisaisodait il laidwlUaududn Gunsae 2-1-0) 7
s iWwhanasniagud mytaised ldldaaasniogududaaaiuuuidadu Sunan
TuE R UIRINANFANNLIANAI (remnant polarization, P,) (Ba18La2 3) N3N bWNNT
Jaspidlawuansuniagudlanu azdasliaumalun (E) lufirassdruiufiaves
awn IWWSudY (nanpaed) ai3Un 2.8 urasliiduindadnmaldauna i lufiaass
10 Aawn AW sy - Eonisiasosaalatunidfswudadadasnisias e
¥ =) v AI &/ ] Q = 1

suwrn v lufiaa st udnuaziInanuBae 4 Msialsidalalunanadating
MamdunaldanndunmWaguain dauadldisgud uazdalosdalawulufianig

v A s ;2 ¥ ¥ A . A
Inatassfiavasawin nn (wunoee 5) Watwuaw W dudnesrsdattasnuinn
USIT U RN1590L58907latuunInuatiani1sdu e (saturation)
(BUELAY 5-5) BNATI WO ANTINIUFIUANIBLAY 5-6 =T INUFIURNIDLAY 2-3 1l

¥ a v =3 6 o A Ana ai

s W firasstruaeasiiagud uaz 2aulnanlsitudsaineifa uvisauinanoay 2

NN RUNYLRY 5-6-2

P (uc/cm?)

Electric field
(V/cm)
200

&

r
-6000

El ?
/
ol

dl o~ aan v = o A [
gﬂw 2.8 ﬂ’]WLLﬁ@d’N’)%IWﬂ’]VL‘iL‘lTTWEIﬁW]El'i‘ﬁa GBI ms%msmmi@mu

NITUIUNIIIVLINGDN %ﬂ'ﬁﬂi"ﬁ'@ L%‘Elx‘i gl ‘Havl,‘ﬂ 78 &lg}ﬂﬂiﬁ LG ﬂumw
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wanannlnanlsissudainaita (polarization hysteresis loop) N3
p.i 1 . [ v v & = a d' a
wWasuawIazding (strain) vasimgaziauliiduiangdnssunindisuiianisves
1AL (domain switching) M lazuinlwwy Gansasiduuuuisiwainuasoadained
Ba (stain hysteresis)n3a31H 178 (butterfly hysteresis loop) asuaadluidf 2.0 uaad
% o ¢ a s “ [ A& a A 1A > <K 1
anuFuRuszasnnaassanuawn i ludaquisldidnnind liiimsdudasiuuny
dl v ¥ v a a Qs a L 1 Q/ v Qs
Alauwwlwwield vTmmanse 0 Aanienidaisssdndununguazinannu
a o = & a a
naa AduaIoaluiagindugudnizuiunisidisuudasfiavaes
. . . a2 & ! ¥ o H @ P
laLun (domain switching) Azt 38wl dawa Iwnwdn ldnrunsa 1 awn s uandns
a1 E; lawudrwainniissdluienmadsidvawa i manoee 1-1-2) angd
A cql’ a 6 % A ;{Q/ ~ A (3 %
71 2.0 dugtupvraspfiamadinnizlnia  awidiaeinnidadieen dwdunauiain
A P = v A A
Astasufiauedlatuw a13t3unlad1 nisdasuudadnriniasea
(switching strain) wa49 nMTAsuficaiaauysol anwozdunidudinanoiag 2
a : a . . A
ATl uutasdeldvesarruiaSoalassay (macroscopic strain) %38
1 . . . =) &’ a 1
138N piezoelectric strain LN@VWUILITU 2-2’ L‘W3’1:3:&133:%’;’1&@@ﬂuﬁﬂa’]d‘ﬂiz@
n' J 1 ni a > (2 ¥ s o ¥ a
Wnan Tuszwinsnezaenvduaimelaswn i wasaniswswnisananueisa
Iwdlwdidn n3n (piezoelectric strain)aznua'ly AnN18Law 3 waz TR uwU a9
a A o A a A o A \ a
anuaTuaazgnintisrihanmadisuudaifianeslauiidinanioaganuaioe
NRABLaY 3 BTN ANULATIAANANY (remnant strain) N13LURsMLLaIDBIANULATHE
a A« a ' dl M a v ] dl a
Twdlodiannsn lusznirensddsuauinnwiswisaasureliidrladinanusinm
wanplae 3 1dngdf 2.9 fsnnzandanudaydensihluldinuediann innziag
a ¥ a v v dl o v =4 g
gu1InuaaInganssans W ndwigdadulunisliin o ldanuaisaluisg
Wasnudas 13w wgdnssuiwdladidnnin) §1nsvanvrulnddes g
fawin Wnlidn ldddaasedruanisuusn lawwesidfouienauen wssSeaandu
wuuguanas W lugnisgyFsaud@ lwaladiinnInuuuiunal (converse piezoelectric
effect) (ANBLAY 3-4) NANBLEY 4 7N WG ININlalwazaaTarinisesalle an
= U v 6 A 1 1 A >
adutaToaazanasdilndgudiSondianiazlaidlnanlsiadunag
M . . . ! v ¥ AI J 3 >
1WA (electric depolarization) wazilain1sliaun iAW ANIREnn1TIALSBIGAADY
a 3 = oq: a = L ¥ L oq: =l a A« a QI 3 =
Viadudnass Iuianmadoinuawaini asnuwanuaioa lwdladiann3niwadudn
& A o < A 4 o A X '
A9 (MNBLAY 4-5) 3=DN@28NATIN NN 181a 5 uazilaguiulnnAuduatng

@aLitad piezoelectric strain L TUAIFIURNILLAY 5-5'
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Strain (%o)
r 3

Electric field (V/cm)

3UN 2.0 ansuiduluuugUiiFe (butterfly hysteresis) URAIANNTNWUE

YAIAMULASUANLRWIN LA

a A o @ A ~ v & A ~ a

WWLANEWID JUN 2.8 uazgUfl 2.0 urasliiiuumdalunsdilawnios
= =) v ¥ 4 o Y A qq/, & &/ 4 5 =)
AIANNANIIaIN TR EwIY INWILNa v It Aegn IwTIn WA ude nInauniea kil
yadudNnuneay 2 adndlsfanlunsdimduiageie 9 envlaldidulugduuun

auyitﬁl,ﬂmﬁumammm mezl,ﬁumﬁ@L’%'mé'ﬂufaqwqwﬁﬂ

225 lassasvuazaninvasarsusenaulnunadaalofaalwlaiua

(K,,Na,NbO,)

Rodel LAZAMHE (2009) Vl,ﬁmmawﬁ’agaLﬁimﬁ'umsﬂi:ﬂaﬂw WNFLTaN
lmdaonlulaiua (K,,Na,NbOs: KNN) 1331du ansazansaasudevadlwunadonlule
LUG(potassium niobate, KNbOj) %38 KN waz lodonlulaiua (sodium niobate, NaNbO;)
#38 NN ﬁaﬂﬁimm%uﬂu aoslsvenda ﬁqmwgﬁﬁaa KN L&AISIALINNAAAEIENY
Auuuisennnua (barium titanate) w32 BT Lwiqm%n“ﬁl,ﬂﬁiuui'gmﬂ (phase transition
temperature) ﬂjadnﬂ{‘gn’lﬂﬁlzgdﬂ’j’] BT (Shirane, 1954) 319101333 613\‘1 1k ¢l
531N NN aneiwindua1iWlsBidnnin (Matthias uaz Remeika, 1951) woilu
audnasein NN uaasautaduuendindlsaiannsn (antiferroslectric) Gﬁaﬂgaﬁuﬁa
@NUILINWNIIITBVS Wood (1951) f1nIusulavasa1vdsznay KNN u%qwﬁiﬂmﬁ

AN 2.1
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KN Laz NN (Rodel et al., 2009)

Tc(°C) g, Ko, (1Wasidud)  dg (PC/N)
KNN 400 230-275 23-40 80-160
KN 416-434 >1000 15 57
NN 480 20-200 - -

8§137U32nay KN L‘ﬁiﬁﬁﬂﬂ%ﬁiﬂﬁ(ﬁﬁwﬂaﬂ’mLLEN (optical properties) ilaa
wuniraudamsTstidnninitesanuandawalng wezia3onldornnin KNN aaviu
813U3rnay KNN ﬁogn’tﬁmmaulﬂumiﬁﬂwﬁﬁum”'nﬁ'wLﬁm wananni
W7 Egerton WazDillon (1959) 189Nl jiaui@vad KNN gL ENL @
wWilsBinnSnlaenisdsusamainues KN i 47.5 iasidud n1sUsudandiniidus
@iai’gmﬂmaamsmmmgvl,d’mﬂgﬂﬁi 2.10 anduldindadanamilaon ipaavasans
AaziannlUday G9n13Ususanawrsnuassastdulaseaing perovskites ABO,

o

(Egerton uaz Dillon, 1959) @93Lf 2.2 AINANNNUAIT 6L

1500°

L Liquid - —1200°
12001 Tique +Sold . qroo”
[

e ™ Selid

L] T

2. soo- Fe

a" -l'-'__'__-.__‘__—-—-____

= 400

w© F- i

s | Ty I F

o 3090 i Te

o 1
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Lok}
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=]
1

5 B
He
8
=<f
|

g 1 1 1
20 30 40 50 €0

KNbO 4 Mol 2% NMalMbO, (note change of scale at 90%)

NaNbO,

gﬂ‘ﬁ' 2.10 LquQﬁfgmﬂmaaswu KNbO; tiaz NaNbO, (Jeffe, 1971)
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v v v n:i 1 ~ Yo a A« a 1 A 1
nndayatidunnduwinldit Jaquislsdidnninidusiunislungy
walaBiannin nilanvuciiamanizlaadu drandagriiadu 9 annadianuaunim
lunsiasusfiamesesiimeluninlassysumadisaaiasaguda (spontaneous
. . =2 o % v Aa a 6 Aa A
polarization, Po)asanansniinldszyndldaulududidnniafindannany a1 iny
Insrient guninilunaniiiaed Tagnaulwalodidnninsdulngnldlunulaguiuld
{139z (lead) WWuasadsznaunan a3asnatdunudassnmeuaziiwiaaay auiitas
A a A @ A 2 A .
ANINNTELVIRMINGAUIENINVRILEY WIaTaqinAafis Gsannwylay (European Union
, EV) ldfimiaiedarinuanifitadn RoHs dmiuaiuguiianaamsfiidusuamoluiag
fa & A o & . @ AY A & a < = A ' A
aUnIniBidnniefindanunguiag wdladiinnindasassazmidadunaianlnain

o [ [ = d' 1 = o @ 1
§at @]65'1UQZLE]U@]ﬂﬁ]ZﬂﬂTﬁﬂ\‘ll%ﬁ’]TE}@]avlﬂ

2.3 n&jui’aq1w5fm8Lgnﬂ%nﬂaaﬂmsmﬁ:a

awn1welsy (European Union, EU) lafinssetaimuanidain RoHs Gedaun
31N Restriction of the use of certain Hazardous Substances in electrical and electronic
equipment W8 WEEE tiad131n Waste Electrical and Electronic Equipment f19TuLdn
Y1AINITAITIANIIATZUIUAITHAG NISAITANINVBILES NI +TLARVBILAY
suannsafing 13lud o.q. 200650 muaitladnisimualtegnsasissuazunsnaisann
ifumﬂavﬁm‘wqkﬂ"l,ﬂmwﬂi:mﬂﬁ'ﬂaﬂ Twdidszinalng dsudidszmalnedslaled
iaﬁmumﬁﬁw”amﬂﬁfﬂLL@i;‘QjTiJi:ﬂaumﬂuﬂi:mﬂﬁvlﬁ'uNammmﬁaamﬂwﬁmfm
g9nanlliidn9tssineainaa 1A aTa i1 M RoHs 18 3nnsluauinnanuen
gaswnssudianniefiddulngilaniunauleizgfiduiasdefsurasey aansld
8139z auﬁu"l@'fﬁmu’iaﬁ'umﬂmﬂﬁiauﬁai:mwmﬂ%’gua:mﬂLaﬂ"}juﬁuﬂiﬁaq"ﬁﬁ@
TnaindUszansninifisuivinniedaninsfiadulaslasaanaisazia asasiinlaan

° a v A @ A a v A a & A
mmmﬂmmmnaﬂu%mUfl‘nmu @\‘131]1’] 2.11 NLL%’JI%&I‘Y]LW&]QG‘IJ%L?E]U 9



20

200 - 200
B Alkali-niobium-based
Bismuth-alkali-based
2 507 | NEEE owmer 1
S
=
S 100 - 100
=
a
50 - 50
0 By By v 0
) Q) )
\‘3‘? o = \"-‘é’ -9%“ <
Year

A o a v ni R N al A& a 0/' ci yX-%
U 2.11 mmmwmuminymmﬂmaqvlwaimaLaﬂmﬂﬂaa@msmﬂ’mvlmums
ARunaIuad a.e. 1950 DaLdauNyAIN8 A.¢. 2008 (Rodel et al., 2009)

i'a@;"l,wéﬂéﬁﬁLﬁﬂﬂ%ﬂﬂaa@mimﬁ‘ﬁﬁmmmLLﬂaaamﬂu 3 nRunAN Ao

(1) o8, la-bulawdon (Alkali-niobium-based) %% KNbO; (KN), NaNbOs;
(NN) uazK,,Na,NbO, (KNN)

2) Ta¥z-8anla (Bismuth-alkali-based) 134 Na,,Bi,TiO5 (NBT),
K,.Bi,TiOs (KBT)

(3) A% 9 1w BaTiO, (BT), BaFeOs (BF), BCuy, W,0; (BCUW),
BMg,..Ti,O5 (BMT)

ﬁnrmmmmﬁ?ﬁ'ﬂLﬁmﬁ'ui'a@;"lwﬁimaﬁﬂw?ﬂﬂaa@mmzﬁ"ﬁﬁ' Zhang W&z Shrout
(2007) Vl,ﬁmumu‘*ﬁagal,ﬁal,ﬂ%'wLﬁ&luauuyﬁmaﬁaq PZT LLazﬂzimﬂaammimf‘ﬁ (93U
i 2.12) annldatstalawiniag PZT ﬁ@hamwﬂauvla’élﬁﬂw%ﬂﬁqmﬂgﬁﬁaa gandn
ﬂéjuﬂaa@mm:ﬁﬁlﬁauﬁwm W 9ngy KNN-based AT, 88721319 300 °C -
400 °C ﬁ@hamwzlau"laﬁﬁﬂﬂ%ﬂﬁqmﬂgﬁﬁaﬂ@Umﬁﬂlﬂﬁtﬁmﬁufa@; PZT yaulufieen

é’uﬂs:ﬁw%ﬁlﬂaﬁﬂﬂ%ﬂﬁqmvm“ﬁ@i”aﬂ @Ta;;ﬂﬁ 2.13
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10000 .
- PZT materials
[=] Lead free material
=. 8000
E
=
‘E eooof
[t
=
E 4000 - Teaxtured
@ KMMN (LF4)
[ ]
2000 - KNN based
BT based nBT passd— - i .
100 200 300 400 500
Curie Temperature (®C)

gﬂﬁ 2.12 @hamwan"l@é‘l,ﬁﬂﬂ%ﬂﬁqmﬁnuﬁﬁaﬂ@Uw\iﬁfumaoqmﬁgﬁﬁmaa PZT

Lazi@qiaaasnIazAa (Zhang waz Shrout, 2007)

1000 - m] Lead free material

] PZT materials I

800 - L]

s00

Textured _™

400 - KNM (LF4]

200

Piezoelectric Coefficient ()C/N)

BT a sed

100

500
Curie Tempeaerature (=C)

gﬂﬁ 2.13 ﬁﬂé’uﬂs:ﬁw%ﬁlm§L§ﬂﬂ§ﬂﬁqmﬁgﬁﬁaaimmw\iﬁfumaaqmﬁnﬁg%maa PZT W&

U

fﬁ@gﬂaa@mimﬁ'ﬁ (Zhang W&z Shrout, 2007)

ANNNAINITIIAU IRLAUN i'a@;mﬁ@ﬂaa@mimﬁﬁ‘*ﬁﬁ@ﬁﬂmﬂaﬁa
K1xNa,NbO3 (KNN) snsauiananinizquasasiaciinguds o Waidignizuiwng
wﬁm’%almmq@m%mm wananUszanTmwlumsltanuuatidasdnsdanuidune

v Qq/, v a v A = a s 1 qu/
LL&Z@%‘YJ%‘DE}Gﬁ’ﬁ@l\‘i(ﬂ%ﬂ’]iwﬂ@]@nEl "]N?JT]UE*]ZLBEI@]@]\‘]@IE]VL‘]J%

a [~ a
2.4 éfun%mswammzmwm“wv

M3AN®Ieg KNN aaudd a.a. 2004 uazdinsfinsuazwannauifdainizas o

udaﬂaqﬂ'u @911 Rodel azame laafurafizns KNN 1491 f9usd®ns KNN 2895
o

5]

v 1

viianaasnin PZT %%amﬂum:gamﬁ'ﬁ LL@imﬂﬁ'ﬁ@;%?aLL;TLL@iluqmm%miwmmﬁm

RQ

[
a

aa o VA A . o A o )
ﬂuﬁqi@]zﬂ'}uu‘luuwa(ﬂ@]aﬁ']\‘]ﬂ']ﬂ @\‘]E'ﬂ‘ﬂ 2.14 (ﬂ’ﬁm‘]LLa(ﬂ\‘]‘j:(ﬂ‘UﬂﬂﬂLLR:S&@U@’J’]&JLﬂu
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) 1 4 ~a ~ A
WB2095196149 9 taNsananuduiyaesa1sdsznay Ko NaNbO; (KNN) T4

FUATIZRNINETAIGWRAENAD InunaiGan (K) lodsy (Na) wazlulaidos (Nb) laid
anuduis Snnanandununiindanagluizaudn <500 aaaaianigdailaniu asiu

Tagriialasnsniaziiziafiiaulafigalusmziife K Na,NbO; (KNN) draauf@d

1
a v @ a

andimguasamsaziinguan 9 anuduRsidrannidununindand Jamanzun

o = Ao A a o a a A X o o aa
ﬂ’]juﬂw'—]ﬂﬂhﬂjﬁlﬂLWﬂ@aﬂa@ﬂ’]f“a@]l%uﬂszaﬂﬁﬂqw HIUW m@uma‘lﬂﬂﬂaﬂﬁU’Juﬂ’li

Lﬁwﬂizﬁﬂfmwlﬁﬁ‘ua”a@ﬂ@UﬂmﬁumslﬁaL?Tﬁ'lﬂluiﬂﬁa%ﬁa Ivaziduaasvintana b

1 2 3 a4 5 6 7 8 9 i 10 11 12 13 14 15 16 17 18
la i Villa
1 N 2\
g |H [1E] : i Illla | IVa | Va | Vla : Vlla |He ™.
2 Y : : | : Py i S s
2 A i g | i RN T s ™. B 10,
L Li N]Be ™. - e i B “Je N o \JF O\ Ne>
3 | 12 : 13 1.\\ - |}~\ h\ T
oy |Na (M llle - Ivb . Vb | Vib : Vilb Vil Ie b [Al Nsi - |P s JCI S JAr
. N -. g
4 1% 20 21 22 23 |24 2% 26 rid 28 29 e n Erd 33 \ 24 \_ !S\\ » \
ity [K Ca “JSc N|Ti Vv Cr Mn™JFe N|Co ™ JNi Cu ™ JZn Ga “\JGe “JAs " |Se " |Br " |Kr ™.
W 38 39 40 a1 42 a3 ™ 42 46 " 47 ) &0 = 51 52 5\]\ s
o) |Rb ™ |Sr Y Zr Nb “JMo ™, ]Te “JRu “JRh N|Pd " JAg NCd “JIn Sn “WSb“\]Te “Jl ™. [Xe ™.
6 £ L) o tr T3 T4 ™ TS ” 8 o ?‘;\. () &1 L= By 52 s!\\ ss\\
= |Cs ~/Ba Y]La Hf Ta W Re Os \JIr Pt - JAu - |Hg ~]Tl Pb ~/Bi Po “JAt Rn -
et ~ ™, ., . ., ™
7 57\\ L L LN S 1 c\*\ 108 1083, ||¢.\\ 11\1\\ ‘\‘\ T I T "}\ \\ \\
@ |Fr JRa . JAc . |Rf . |Db™|Sg ~.[Bh . [Hs ~|Mt ~|Ds " |Rg “|uub™ Uut “JUugq™|Uup ™ Uuh™JUus ™ JUue

Lanthanoide [== %il= = O+ o =l = = 69\4\5\4:0\47\\4
Ce |Pr Nd “Pm~NSm~NEu NGd NTbh WDy N|Ho NEr Tm¥b NLu
™

Actinoide 50 1 52 53 B 55 L AN L e 1}\ 1ot :}3\ e
Th NPa “Ju NNp\Pu™JAm~em Bk - ef |Es |Fmmd™No ™ [Lr ™

Cost < 5008/kg| |> 500; <1000$/kg >1000$/kg
Toxicity not toxic slightly toxic toxic

A o o ¢ ' a a A
E‘IJ‘YI 2.14 ﬂ’]ﬁ&]ﬁuwuﬁitﬁ'ﬂ(ﬁ’]ﬂﬁLLﬂziz@]Uﬂ')’]&lLﬂ%WHﬁl?Jx‘]ﬁ’]@l‘ﬂ%’]ﬁ‘lﬂﬁ]
(Rédel et al., 2009)

25  WaaINIILANE1IIa (dopant) 1T lUlulassas19nas KNN

1ufl 2009 Rodel uazamz ldszylunsnunyitomsnauiag wdladidnnin
ﬂaa@mimﬁ'ﬁLﬁmﬁ'mﬁﬂ%'aﬂgaauu”ﬁmaa KNN se58matad 13 lasrin luuarezuys
sanidu 2 ngu nduuInfenisweneudiudpaud@lasmaeIsuaslildasdlsznay
vmLﬂﬁlﬁrﬁﬂﬂ5u'§nmﬁﬁ5’gmwnaoag’i:v\dwaaﬂmawﬁﬂ (orthorhombic) WRZLNNTZ
1n 13 (tetragonal) 9158037 polymorphic phase boundary (PPB) Laz1312 wALRan1g
wWasuudasipgninaneailssauda (orthorhombic) Tidwnnizlnia (tetragonal) 4
138131 morphotropic phase boundaries (MPB) ﬁamnﬁ'aulﬁ'ﬁmnﬂﬁﬂui'gmmm

a a § a v v a v v { é
aaslsvauialiiduinnazlnia (O-T) Ngmwpdidlndgmunniivasliuiniigads
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i3undn (PPT) 8nngudanianersiadivdsawgdnssunisiiniinues KNN Iiduly
ashaﬂn@uamwgmi Lﬁ@ﬂ%’ﬁﬂgaawﬂ'@asmmwmmzﬁm % @AIN bwd ladLany
3N (piezoelectric constants) n3e ﬁ’lﬂdﬁLLNﬁﬂ’m (coupling constants) in13dnun
A o a A o & o @ @ A A A ' Y
Nuisslusdandszauaiindnsas snsunsUsuidfouniaainuandlens
283 KNN LT®h n1ItANUIc&NnTnIn msﬂ%’mﬂﬁﬂmmug J77n1a (phase
i o ki @ a & v o \
diagram) Ustandansiwhldmunnifaduldlulassisizgetaedios anusuim
wakausndivdselddiasasdunenaiu anudauw nianinszduainaisuan
- “ V] oA @ A o A A Aa @
uana Nk Rodel wazAnzddldiminunsdayainonumadumadendanudulydld
lunisdnldagludunisdne 9 naolulassashawesenalng (perovskite) a931
{ A { v, o o .
1 2.15 GIugasbsansiandanuduwllldadnsuduniiesaon A B Las oxygen i

JERRES ne
ATIENILWaTanalng
1 2 3 i 4 5 6 T 8 9 10 1 12 13 14 15 16 17 18
la Villa
1 1 2
paH lla | llla i IVa: Va | Vla : Vlla [He
2 3 4 5 6 T 8 £l 0
o |Li Be B c N o F Ne
3 n 12 13 14 15 168 17 18
mNa~Nmg~] llle § Ivb : Vb | Vib : Viib Vil lb i llb |AI \Si P s Cl1_\JAr
4 19 20 21 22 23 24 25 26 Fod 28 29 Bl M X2 33 34 3% 3B
K Ca “\JSc T \4 Cr “JMn™JFe “|Co “Ni Cu NZn N\ [Ga “\|Ge “\JAs “.[Se “|Br “JKr
5 37 38 i 40 M £rd 43 44 45 45 47 8 49 50 £l 52 53 54
o) |[RbUSr Y Zr “JNb\JMo\|Tec “|Ru “|Rh“|Pd™|Ag“N]Cd\JIn Sn “JSb \|Te “\JI Xe
6 55 56 5T 72 T3 T4 TS5 78 v T8 T8 &0 \62 B3 B4 &5 a8
™ |Cs “]|Ba “JLa “JHf “|Ta ~|W Re “.|Os “[JIr Pt . JAu“]|Hg T Pb “]Bi Po *. At |Rn
T b = ! 1o ! [T ! ! 1 " 112 13 14 118 116 7
@ |Fr “JRa“JAc “JRf “|Db™|Sg “Bh ™ |Hs Mt *|Ds “Rg “Juub™ Juut “Juug™JUup™JUuh™Juus™Uuo
Lanthanoide |** S8 50 61 63 54 55 &5 67 58 ) 0 71
Ce “JPr “\JNd “Pm\|Sm\]|Eu Gd \|Tb “|Dy \JHo “JEr \Tm“{Yb
Actinoide 9 El Erd 3 54 95 96 £l £ o9 1 10 1o 1
Pa U Np “JPu AN Cm* Bk ~|Cf “|Es “JFm™|Md™]No “JLr

A-Site Cation

B-Site Cation

Oxygen Site

3U7 2.15 sadenfanadulylddmivduniisezasu A B uaz oxygen
Tulassgnanasenalng (Rédel et al., 2009)
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1 : 2 3 : 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
la_ Villa
salH \lla 5 llla  IVa @ Va | Vla Vlla|He
2 3 4 . 5 & Ll 8 L] "0
oy |Li Be B c N o F Ne
3m 12 : 13 14 15 16 7 8
p|Na M ik i Ivb | Vb | VIb : Vlib | P VI Ib i llb [A) Si P S Cl ™ JAr
Fk .332" '1521 2 23 24 25 = 27 i 2 30 3 2 33 34 ES £
K Ca ~.|Sc |Ti v Cr S{Mn\|Fe “|Co {|Ni Cu “JZn \|Ga “|Ge “|As . |Se ~|Br “|Kr
.24 .B81~3.29.3.97| 340264283427 .23

5 ETd aa 3 4 4 42 43 £l 45 %5 &T 45 49 S0 51 52 =3 54
oy |Rb JSr Y Zr Nb *.JMo*.|Te “JRu “JRh™|Pd “JAg “[Cd .|In Sn ~JSb “|Te “JI Xe

43 5.406.07 73 .28~B. 6.12
6 55 56 5T T T3 T4 75 TE L T8 Ta &0 81 [~ a3 B4 &5 86
1 |Cs ~JBa ~]JLa “JHf |Ta “|W *|Re “|0s ™ [Ir Pt ™ JAu ™~ JHg T Pb ™. |Bi Po > JAt “JRn
7 il as &8 ! n 1 10 1 1 " " 1nz 113 114 (115 116
@ |Fr ~JRa “\JAc »JRf Db ~JSg ~Bh “|Hs ~ Mt ~]Ds |Rg “Juub™JUut “JUugq ™ |Uup™]Uuh

6.19~5.34*.5.01 4.74-483-4.37-429-4.07~3.97~3.81-3.83-3.584-3 64
Lanthancide & 58 =l B1 rd B3 G4 &5 ] BT &5 L) To kel
Ce “|Pr “JNd “|Pm“/Sm"“|Eu ~|Gd “|Tb “|Dy “|Ho “~|Er “~|Tm"]Yb “]Lu
4.92 4.4
molde 90 " 92 93 Lo 95 96 T % a9 10 0 10 1
Pa U Np “JPu “~JAm*/Cm* Bk ~]Cf “[Es “|Fm™]|Md™]No ~|Lr

>5 >3; <5 ‘ <3

gﬂﬁ' 2.16 anudulnnlaadulugduuy cation luniiae A® (Rodel et al., 2009)

gﬂﬁ' 2.16 anudulnnluadulugduuy cation Tunian A®* lusnuzeandiadu
Anadulunnelulasiairs perovskite 11u3suMALITIRUNTENEINNSENE TS B
ﬂ%’uﬂgoauﬁ'ﬁi@ml,ﬂamwg(ﬂﬂi:mﬁmaamnﬁuﬁ'sﬁ

2.5.1 n’maam'm%mﬁaﬂ%'nLﬂﬁlﬂu’i'gmﬂ (Phase diagram)

TR uantalW WAL Tana (electromechanical) aunsn v lalagniy
miiinlassaaliduas wiomunsnasunlasldausandinasflsznaums
@l Twen9lUaniéin 181 morphotopic phase boundaries (MPB) W& polymorphic phase
transition (PPT) s‘fidd’;ulmyjmiﬂ%'uauu”ﬁmadmiﬂizﬂa‘u KNN inazi@uainas (Li) woua
luil (sb) uazunumaw (Ta) it lluszoy sansnudsgduuumaduasidaaunuiss

v
v A

A
Neiu laasht
a A a A .
o maMIANEITIBRNBY (Li)
Hollenstein wazame (2007) taasuls1331nsldanunitanisunng
=] o v a a \ & A
vdszianiianuiududasnisainuisfissvesgmungiilunisdugalse 1
a é a v a 1 . °q: 1 4 [}
amennil 140 °C TanaamzITuATzRINIT KNN-Li hulaifianauadios tiasandsng
aaunndnadsuipniaaneeilssenaldiduninszlndalndgmnndves 9ldld

=4

makan1TawwWad (resonance technique) NA XU RN LU @VaI KNN-LiNdn19L@a
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g19i9a Li v lulasesss 3-7 luatdasidud Ngmannil 20-140 °C Tuszninanslet

ANNTAULAZNITLIUAY WUIIRITLA Li mmmﬂ%’uﬂgmuﬂ'ﬁ"[wSImSLﬁﬂw%ﬂﬁ
A v [ X [ i PN o ' { a .

qm%nﬂu%aﬂvﬁgwu% wazNE9gmnnd 140 °C @l0H19NLANRIILE0 Li7 1ua
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= = =

6§ & 6 A A [ A ~ & v A
wWasidud dudauizfosuiniga S9aaiFauvaIanIwNIIIIA0AIKBETIFA
Wie9 10 1Wasidud

a A LA A A A a o A o ..

mMIduaTide Li thsssialdoldenuissnaisnuizeanasd biinas
5108 Wang L8z Feng (2010) Lee et al., (2010) Higashide et al., (2007) Kakimoto et al.,
(2005, 2007, 2010) UazGou et al., (2004) 1udn

a =S al a
o HamMILANRITIIanauGlLS Sb

Su uazame (2010) ladnsin1sidy sb it luluszuulaslenas
FAUATIZAULY MIHIENIAZAIENGMANTUAZANAFY (hydrothermal) WUTIWIENIN L
P o ) a @ A a X o o
flevsashaduanazlniia (hexagonal) uaziinadasygusataypnmiaiiiadu lvdlnan

. da X o A ¥ N
s runiiadniesausITusdiivINnIna e luxanane e

e WAMIGURITIDUNUNIAY Ta
Zhou wazADAe (2009) TAFILATIEN KosNagsNb,. Ta0s A383THN
fINZANBNUNNAUAZAINAEI (hydrothermal) WUIT Ko sNag sNbo 7 Tag 305 141
210 pCIN
Matasubara W8 <@ & ¢ (2005) Uscau Al 8 &1t5alun1sii

In& MPB uaadauy@ bWB LaBidnn3n dss

UeANTAIN KuazQ, fvaatfion 9nn1sFILATIZN (K, sNa, s)NbO, (KNN) tL&8"
tin cuottrldgareluntsdsuwgdnssanisiwidare waaydld
wadalil (1) (K, Na, o) (KNN)NbO, L dnanasasnzwindasdisznaudininues
azaawluduniia B losau (AB) S18Uszininnlunisaineipnia K,CuNb,O,,daiua
slumiﬂ%'uﬂgaﬂ'mﬁ@ﬂﬁﬁ’%msmﬁamnmwﬁﬂ (sinterability) LAZNIIAANIIVAVINNGAT
\inwadLnan (anti deliquescence) luwiwsndn KNN (2) ﬁﬁﬂu%]%yUQMﬂWWL%Gﬂa Q) WAzAN
é’mﬂixﬁwﬁm@jmu (K,) ifuagjﬁué’mﬁmuizmw A/B wudﬁmﬂyﬁ]ﬁsqmmm%aﬂa Y
1 1400 7 0.5 I&Jmﬂaﬁ%uﬁ%aﬁdnﬁugﬁru WaNINNREINUBNIINTUNUADV DS
azaad Ta luduniivadazaan Nb FNNINAARADIRT T, adan la pownndaiaandan
9N 29 400°C 1 w29 170°C 1iaUSumansiie Ta thudn @T\‘igﬂﬁ 2.17 LAUINT I

A A & & o o L% o [ A
817198 Ta LANUULL rﬂzm‘l:vaﬂﬂwmvl,il,mumma%a@mmgﬂ‘n 2.18
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(KN)go7Ngolg.1 (KN)ggsN

%

5000 [~ ( KI\ )0_97‘1\-0'
(KN)g97No.6To.4

3000 -

Dielectric constant

0 100 200 300 400 500
Temperature (°C)

gﬂﬁ' 2.17 mm'ﬁvl,@SLﬁﬂw'%ﬂLﬁaqmﬁgﬁmﬁmvlﬂﬁ 1000 kHz (Matasubara et al., 2005)

30

P(uC/cm?)

KN)aoNaoT 20
(R NJg97-N09 1 0.1
(KN)g97N08To.2

(KN )9.97N0.6T0.4

30 60
E field (kV/cm)

—60

-30

U7 2.18 Amlwan lstrsudainasganilsuimansida CuO 0.4 luatlasidud 7 50 Hz

(Matasubara et al., 2005)

o WANIANRITLRBANOY (L) LA WNUNIAN (Ta)
Guo LAzt (2005) beadursituavasnisiay aien W luluunn
Todoy waz Inunadon ludunisazaay A uasiduunumay luduniiezaan B 14
NSEUIBNITLASUNEI5La Y Solid state reaction 8157 La @ 8 (1-x)(Nag sKq s)NbO—
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xLiTa0; azfigninaaslsvaniiaiie x<5 lustadidud wazidfowigniaiduiaase
1n1ia 1l x>6 luatasidud 1w x<8 luatlasidud Kali,NbsOs aztdulasiasradn
% [ 6 s 3 dl 6 & 6
WNNIEINHANIFLAULRDUS (tetragonal tungsten bronze) @3RN x=5-6 Tuatlasidud oz
ﬁ'flﬁwl,@'fmiﬁaglu MPB Miduaaslssania wazinnizlnia ngufduiifioy 4 Tua
WafiFud WUIIFEN TNEBNFNNNT (relative permittivity) 8£11/5za1m4 400-450 @93
1 2.19 LAZNAINMINATOUNWLINATLAY LiTaO,; (x<7 luatasidud) sz lilaansing
A= a < Ao A A akf
loaiann3ndaaaansaznINTUszansAwaTn

6000 -
5000;
4000;
W 3000:
2000:

1000+

0_

0 100 260 360 460 560 600
Temperature (°C)

U7 2.19 usasnNNANRUTANAINlABLENNTNTaI KNN 1T0fLfiBw (Guo et al., 2005)

Saito wazame (2006) laaduiel3in &5 KNN sulrdrasn lwdlodian
nInfidgndrlunguanazia a9guUf 2.20 3nuITBRIGAN B (Ko sNags)»Lix(Nb;.

'
a

,Ta,)0; ﬁﬁmwwmuuuga wuiraslddneflwsladidannsn 189 dg3=230 pm/N 1A
wiosgs wazmunsawamiiduuuugaiWindlodiannin (soft piezoelectric) Lot e
nagauiiATMzRaILLAI8d Xray difffactometer wuinfi MPB szwinsigninaailssauia
wazinnszlniia lasfiduaiiouySunoe x < 0.05 @Tagﬂ“?f 2.21 ﬁwaslﬁqmﬁgﬁﬂ%lﬁmfuvlﬂ
9 500 °C T meAnsiduunumau inaligunniiaIaand @&l 6.10 °C @ St
209 Ta ey 7L 3luaofidud uas Ta2 luaidasiSud ﬁﬁé’&lﬂszﬁﬂﬁna@;
AU K=1256 LasA1AITNEan Bwd818@n (elastic compliance) 3z g4n 11
817 KNN u’%qwﬁ%mmimaaa Y. Saito lAnTIUINMTEY Ais Las unuMaw

mmsnﬂ%’uﬂgdawu”@mavlwﬁisﬁﬁl,ﬁnﬁﬂvlﬁasmmausl,ﬁ]fﬁma@ﬂﬁaaﬁUﬂﬂiﬂ@aaoiuﬁaa

faun
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b 600
PZT .
500 -PZTS/ family
-LF4T
| LF3T
— 400 PZT4 ® mPZT2
M
& 300 o
= “Thi PZT1
= @,0 :This study o =
o 200 | e o
BaTiO; (Bi,Na,K)TiO,
| K.Na)NbO
100 Conventional ( ) s
lead-free family
0 1 1 1 1
0 100 200 300 400 500
Curie temperature (°C)

5Ufl 2.20 WSsuiinusaeiladiannin (d,,) 7 25 °C (Saito & Takao, 2006)

020 3ee §40 538 504 533
{a) Dielectric constant
0.15 751 S 521 581 544
g
-t
s
§ 0.10 857 a872 624 558 508 BOS 726
I
o
-5 657 834 762 745 625
[ 864
864 1014 959 849 868
0.05 1048 1031 MPB
409 938 1204 1106 1165
| T 1256
364 616 BED e 1478 16562
|
0.00 429 442 852 1187 —— 1837~ 3130 —— 3514
0 0.1 0.2 0.3 0.4 05 06
Ta content, v

Eﬂ‘ﬁl 2.21 W3suigy morphotropic phase boundary (MPB) wazdraefiladiannsn
(Saito & Takao, 2006)

(Hollenstein et al., 2005) 1 a5u183 101560 8188 (KgsyzNags.

12, LixNDO3) UAZ UNWNEH (Ko 5502,Nag 502,LixNDs,, Ta,05) 17 I lwanstsznan KNN il

ATZUIUNISLASENAIuAT pressureless solid state sintering la o' lai ld @158

[
addA

. . . P AI 1 w a a a v ;:?
Waaw (sintering aids) °msfl,umsl,wwmm%mLLuu%%auum"LwaMaLﬁﬂmﬂl%gwu 5%
Lﬁufsﬁﬁmmmw‘”@um"l,ﬂ;jmswﬁmm”uqmammm wud1 a1'lwdlodidnnsnuag
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& A 6 &

817U3znay KNN Muéiy Li 4 luatdasidud Ta 10 luatdasidud 461 K=53 iasidud
L dg=160 pmV LasNLdy Li 3luatdasidudununiay 20 luatdasidud 4
A1 K=46 1Ua35LTud,ds=190 pm/V @9a719190 2.2 8nNJg @hmﬁ"l@ﬁl,ﬁﬂﬂ?ﬂmaoﬂﬁjuﬁ@u
a A ¢ & & ) ¢ & & oA A A a o o
Sy 4 luaasidud unumaw 10 luaesidud azganindafisunanzdsinuas

{ = o % Ao Y
gﬂﬁ 2.22 FIFAAANDINUNITINUIFLGa 15

ANINN 2.2 WANIINARILLIBUNUIZHININILAY Li ez Ta (Hollenstein et al., 2005)

Li (%) ] 6 6.5 7 4 3 Pz26
Ta lF:E-J wew “we N e 10 20
el [gf‘cnﬁ) 4.36 436 438 4.38 4.46 4.8 7.7
p (%) 97 97 s o7 94 96
T (7C) 445 450 450 460 380 310 330
25l 8g 440 500 680 as0 60 920 1300
loss (-) 0.022 0026 018 0.084 0.03 0.024 0.003
dzz (pC/N) 150 160 250 240 160 190 290
dz) (pC/N) a6 53 61 T4 63 78 —130
k(=) 0.53 049 0.37 0.51 0.52 0.46 047
ko () 0.46 045 0.44 0.45 0.47 0.46 0.57
6000 . T T v T r T T
I - KNN - 5% Li
- 5000 | KNN - 6% Li T i
£ KNN - 7% Li
& 4000} ;
E
3000 8
s \CE
> o, .
E 2000 1 3% Li, 20% Tg
&
1000 ; .
KNN - 4% Li, 10% Ta
100 200 300 400 500 100 200 300 400 500
Temperature [°C]

U7 2.22 M WEBNFNWNT (Relative permittivity) 289 KNN Miduansida Li uaz

Ta (Hollenstein et al., 2005)

o  HWANNILANRITLAD Li Az Sb
Zang WA ALY (2006) LARILASIZA 1T KNNIasdinas
WiN BN waz wandludl (NagsKosi,LiSb,Nb.,Os) lEnTzuIunITiasauaslae
A32UIUNNT conventional mixed oxide NaUad ALY ez wawdluil Mautnludesie
ca' i A« a a A & =) “ a a &/ L n:i 1 a Qs
wingud@ ladidnnin ndladidanninlWwuging fd1gedu a301997 2.3 wwdeany

IMWVBI Yang wazatue 2006
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@397 2.3 uaadaNLaNg INW10981s KNN Midussidaludiunmens g
(Zang et al., 2006)

Compositions e (gfcm™) 'z (PCIIND T (7)) oy =feg tan &
x=0.048 4.27 265 398 0.51 1244 0.021
x=0.050 4.26 283 392 0.50 1288 0019
x=0.052 4.28 286 385 0.51 1372 0019
x=0.054 4.28 269 304 0.47 1296 0018
x=0.056 4.32 272 387 0.49 1339 0017

Yang WazAne (2006-2007) L@ RILATILHENT KNN-LS tiWaaSunsunavad

NILAN ANsuLazLawdluh 1wSuus1IlaslinIzuI1NIT conventional mixed oxide Wi

1 0.06<x < 0.10 luatasidud 1gn1af laazit1lng MPB uazaInuan13Iadansme
6€a d'd % = s ' AI % uq// (% & a (% [

suysoiildundnisialesdiednaduda (Uanonigasdu) Sadanwmzadunuin

Twanlsistwasinasds a43U"N 2.24 va3iEgngu PZT LaZAAIN LABLANNINNG a93

71 2.23 NAAINA1IR1T KNN-LS mmmw‘”@umLLa:ﬁwvlﬂajmiﬂizqﬂ@‘lﬂmm CRIRIER)

TERCONRICS (transducers) ¢ia't

40
30

— 20"

Polarization (uClem
5 o o
|- |

-204

&
o
1

-40

v T . T . v T v
-30 -20 -10 (o] 10 20 30
(a) Electrical Field(kV/cm)

A v A Aa a o ay A
E‘I_I‘Y] 2.23 LLﬁ@]G’N’]%IWﬂ’]vLﬁL‘ﬁﬁuEIﬁW]ﬂﬁ‘]ﬁﬁwaﬂ'ﬁlﬁmLL‘YI%V]']&?JLLE‘]ZLLE]%@]IN%
(Yang tazate 2006)
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7000+

—m— x=0.00

6000
5000+
4000

3000+

Dielectric constant

2000

1000

¥ Y T ¥ T ¥ T ¥ T
o 100 200 300 400 500
Temperature (°C)

U7 2.24 ugAIANMUFNRUTIZAI Arasn laBLannInuazgnn il a4 (1-x)KNN-xLS
7192100 10 kHz (Yang Wasatwe 2006)

e  WAMIGNENTEa Li Ta uaz Sb
Zuo uazamk (2009) laAn¥1IpnInTaIsIIUsznay KNN lagnisi@
815138 Li Ta waz Sb wuin PPT vasansiasnllifioUSunmvesansidotiudusnns
goaafadnuUaFNYTzaANT I SIGﬁSLﬁﬂﬂ%ﬂﬁgaﬁo 400 pCIN A 603167 U

284 Sb WAz LiTaO, 1 0.09 uaz0.03 luailasidudaiuday asnmwglf 2.25

400

360

320

dgg (DC!f N:'

280 1

240

0.03

¥(Sh)

31N 2.25 avlaznay NKNS-LT,;, iad3anmauad Sb (y) uaz LiTaO; (x) Nxoandss
AUAT das ﬁm%’umu?nmﬁﬁfgmﬂmaaagszmwaaﬁﬁiauﬁmmz
wnszlnia (PPT) (Zuo et al., 2009)

Yang hazame (2007) b @nu1a15Usenay KNN laan i@ w

813438 Li Tauaz Sb uStmiidu MPB sastisfataendnisdfswigmaanasslsien
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= L= = =3 =) =) &
fealidummszlnia waziminszlnialdidwigniaisudafe (pseudocubic phase)

=S v A a A A v & A o 1 a
aAnuaun It asnidasdIunmaItaa Ta wuinn 0.2 I&lﬂ LLES(@NI%L%%&M‘]J@]@NT’]Q’TJ an

a A

3 % (% A a Aa & a v J 1 dl al A &
UKHEE Qe T EATERT @ lw a‘[sﬁamﬂmﬂ‘lmﬂwu TaulanizaaIn wad laatannInden

ot a Qf 1 1 e { A
g9fl9 252 pC/NuazadNUIzANTUIIgAIL (k) 6N 0.42 AagUfl 2.26 NauTGAINGA
susndn lWindud Ing IndladidnnSnuuuuifasbe (superthin buzzer disks) @951

u

:
A
N 2.27
260 ] Jo.as
240 A - "x\.\ * ‘333 40.40
220+ P /f Y —al— ke d40.35
g 200 / A a £
= e Jo.30 _=
2, 180/ ; e =
= * Wiy
<% 1e0] . N, (8=
140 x 40.20
120] - * Jloas
1800 ] H10.11
1600 | - O 0.10
] -l tan 5 m Jo.09
1400 - 0.08
_ 1200 /:" a5 w
w ] ] =
1000 ] e 19.06 S
1 - - Jo.0s
809 rEaa ] = Jo0.0a
600 - - - - lo.03
400 . 0.02
0.0 0.1 0.2 0.3 0.4
Composition (x)

ni L= a A& a 1 A& a ni a s 0 1
317 2.26 FuUd lndlodiinninuazan ladidanninfidn Ta lusanaindns 9
(Yang et al., 2007)

3U7 227 &lwslnBlodidnnInuuninsfiee (Yang et al., 2007)
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Rubio-marcos Lazame (2007) baans1a15Usenay KNN lagnsidy

AA o

813130 Li Ta wae Sb 1UTuuiiausening KNN NU8ad1%adalssnauo dd1unhs
8z@ad B L% (non-stiochiomatric: NS) uaz KNN Nflgaaiuasnilsznauind (stiochio-

matric: S) WU3IKNN Nida9d1sznavvasdiuniiozaon B LARTaa WAL thadgne

a s

3N a93Y

u

a @ X N a & A &
TQGL‘V\@’J‘Y]T')Ulﬁmuq@TaGLﬂiulﬂﬂJTu LL@@\‘]@NU@ILLUU?LLﬂﬂLsﬁaiLWﬂiaLaﬂﬂ

Aadao

H Qq/’ Q 1 { =) ~ =) 1 A 1
71 2.28 Ennsdaddrnan lndladidn nInfiAgedia 252 pC/N F4g9nd1 KNN Nddasw

asnsznaudn@
6 -
5 n
o 4 T
=
.
w
2 o
1 e
0 . : ; ;
0 100 200 300 400
Temperature (°C)

--2h S (b)
—--38h S
-=-2h NS

Dielectric loss (%)
&

0 100 200 300 400
Temperature (°C)

U7 2.28 auiidladidnnin (a) Mesfladidnnin (b) Ansgadsladidnnin
g Q =Y { { =) {
WU URN N19774A 1 MHz 289t AnNIKGin 1125°C
(a1 2 109 ey 8 Talad
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2.5.2 nMsiaad1sRaadsutlaannganIsunStNIETbN
(Sintering behavior)
1 ‘&’ et a =S v

nguiiduniswenowdsudyswgdnssanisnaaiinues KNN liiduly

asi’mﬂﬂal,l,a:augstﬁ LﬁaﬂfuﬂEGauu°ﬁasmmww:lm:m LV fnaan lwdladiannsn
. . A ' a 1 . A A9 v A 3
(piezoelectric constants) #38 A1AINULINEAIU (coupling constants) s an b asuin 1
8nfaCu0, ZnO, MnO, SnO,, WO, Sc,0,, CeO, haz AgO tNatralunisidulavasd
NI ANNIHIRNUITHNUANAILAZ IR AT
a A
e WAMIANETITD Mn
. =3 A A ad
Inagaki LLazathe (2010) ﬂg}ﬂwam@m NKN 138 Mn laa 3% slow-

cooling flux N8@3132UIBAIINTBUIIN 1.251 daulN (A28819 A) Waz 0.251°C dig
W (20819 B) wazaigaulatiaislaiumnslsdiannin lagnsasinaainuiasea

A A A ! 2 A a o
mululawn Saflenunguiamnnaddswda wodwinidulaludannszuisany
Fouved 1.251°C dourfiugasliiiulainu 90° lnvmsnnannlaludasinisidu
2849 0.251°C Aa P17l LFAILALNY 60°LAT 90° LALU% AINNULANGIIRFTDAARDIND

= & a a

ANtaseavedlawwnaisly $9 s1n1sadiaszdlasimafiasiniusidnlnsaln
i (Raman spectrosocopy) laggatinallalunazaas 9 aswainlawwn 90° ldidn
latuw 60° uazlugisnisiduaridudiudragaznalfiiaainuaioaniolud

A & ' v Y ' o H
LAY JINA LA WA ST A AR aENININ a3 2.29

[Sampie B |
Nucleation 3« il
Cubic Nuclei combine
(Paraelectric phase)l - | 3
fo e g r
90° domain formation => H
tatatel | B i
@ = i ‘ i = E ‘ 1
R >—
g Tetragonal _,//i/ A ,,/,;//’
g R g o
D A N o
- ? N\ -~
To-t =
60° domain formation
Orthorhombic
v

gﬂﬁ 2.29 LRAINIIINOIYDI LALUWLAZNANIITALITLIAIVDIT)

aulu (Inagaki et al,. 2010)
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e  WANILAURITLID La uaz Fe
Kakimoto WAz mhe (2003) Useaua11ud&1L59lun1I89LAIIEARNT
dl = 1 v a A . . v a
(Kixlay) NU @370 AR BILYB W g3 @18773 pressure-less sintering W 38 § LG &
813138 Lay,0; Uas Fe,0; Hafl taAaa nuntatdfsuszuulasiasisainaasissaudaiiu
wmnszlnia

o HWAMILANRITLAB Bi Sc

Skidmore LazAtHE (2010) AFILATIZN 813 KNN 138 RLisy Wnunmay
Jain way aLAULA N WUz lABaT&EIU c/a 289 tNNTInda aAad A28ANT
LA N BiScOst T 1 1 U (1-x) [(Nag sKo sNDOs3)o es—(LiTa0s)o o7]X [BiSCOs] 1 @ &
USULURE® 0<x<0.05 WazdInudnin 7 0.02<x<0.05 ¥inlw e n9 W X-ray diffraction L4
wuuIgmadlIdaen anNINa28IIWIANIRLETNIIUREWIAIALAAIUN x>0.015 L1

a & a > X i A a . A X '

g13lanuiduiiataganuwuindu(inhomogeneity) LiaUIunmuad BiScO; LNNU LA

SINA RANAIN INA LrBLANNSNIZAAR

v
o o

uaﬂmm’m%”ﬂﬁﬂmamuumﬁﬁﬂﬁmmmnwauuauumawaﬂmi
Aak
WuanderssurialdauianislWinaduniinisiduiies 1 wie 2 viia
(Feng & Or, 2009; Lin et al., 2009; Rubio-Marcos et al., 2007)
e WANILANETLT8 BiLa uas Fe
Zhang (2011) ldasUnaniimanadanstsznay (1-x) KNN-xBLF 1341
Astdua1side BLF 11 U lulaseadanyUSunns 0.005<x<0.040 lua Wu3NnYUSum
813138 BLFIna 0.01 lua axduuSiaiinuseumaipniasenitesslssudauasinnge
Inia (MPB) uazfiuSnmiasanidiadidantdlndladianningsga idunannannis
\@Na13198 BLF
= = bd v ot w
aalwunadonlodonlulawa (KNN) Siasdaansdindyaautanis
¥ en <& A o v A o a
W wazsui@lutnaownmaniniin Gedulngdnld Sifisn UNUNIAY waz LA

Tuit WwanTe mﬂmﬁamawﬁaHamuﬁaﬁ'ﬂﬁmﬂﬁ@?mﬁaﬁ 2.4
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179N 2.4 HamMITIUTINTaYaUITBNddaIN IwaloBIanYSN (ds) §9097 100 PCIN

gounnd asfdsznaumaiad (lua)
dss (PC/IN)| LN 4 81984

) Li Na K Nb | Ta Sb O (81 9

310 1090 |0.04 | 0481048 | 09 |0.04 |0.06| 3 - Lin 2009

300 1125 |0.04 |0.38| 052 |0.86| 0.1 |0.04| 3 - Rubio 2007
1080-

252 1220 | 0.04 | 0.44 | 0.52 | 0.94 | 0.02 | 0.04 3 - |Shiratori 2004
1080-

252 1220 | 0.04 1052|044 |10.76| 0.2 |0.04| 3 - Yang 2007

230 1125 |1 0.04 | 0.38 | 0.52 | 0.86 | 0.1 | 0.04 | 2.97 - Rubio 2010
900-

230 1325 | 0.03 |0.485|0.485| 0.8 | 0.2 - 3 - Saito 2006

210 1000 - 05|05 |07 |03 - 3 - Zhou 2009

200 1125 |1 0.04 | 0.44 | 0.54 | 0.86 | 0.1 | 0.04 3 - Lin 2009

o

17190 2.5 HamITUNNTayawIdpfddnnan Inalodiannin (ds) ganh
100 pC/N (618)

guunnd aaddsznaumaad (lua)
dsz (PC/N)| LN 4 81984

) Li Na K Nb Ta Sb O |au9g

200 1125 | 0.04 | 0.38|0.54 |0.86| 0.1 | 0.04 | 297 - Lin 2009

Skidmore 201

200 1100 | 0.07 |0.465|0.465| 0.93 | 0.07 - 3 |BiSc 0

171 1100 | 0.06 | 0.47 | 0.47 | 0.94 - 0.06 3 - Yang 2006
1050-

155 1120 |0.025| 0.5 |0.475| 0.95 - 0.05 3 - Wu 2008
1100-

144 1150 - 10.495/0.495| 0.99 - - 3 BLF | Zhang 2011
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ININWITBNTUFRDNNTIAR ziAw lainarnlnnjaziiuwianisfns

1 i

A dld A& a A« a 1 a v n:iﬁ a
navadaIdenddesuianslsdianninuazladidnnin wanuidwidnsngdnssuainy
ﬁﬁmovl,ww’lﬂ'aﬁagﬁaﬂ Tag a8 WL AAIINAITRARITAIAINNEINIT bNIT
suAsuiansvalawnnslsdiann3n (ferroletric domain switchability) RIAE1ALEAS

v & K a A ¥ caAA a a a
I%L%uﬂdﬂitﬁ‘ﬂﬁﬂ’lw LLaza’]Elqﬂ’]ﬂ?jd’]%ﬂ.lad@‘ﬂﬂTMYma’]%ﬂiZﬂaﬂﬂlad')ﬁ@lL‘V\Iﬂ‘iﬂtﬂﬂ“ﬂiﬂ

26  waanssnanaa el uaz anasansalunsduilasuiienisuas
Tatam (Electrical fatigue behavior and domain switchability)

fa@;vl,w51%5L§ﬂﬂ§ﬂLﬁalfdﬁu1ﬂL%aﬂ 9 n1oldlnaanieluva azwudng
Uz ANTNTNAARY mﬂmiﬁﬂmwmﬂﬂzﬁﬁ'mﬁaﬁiﬁﬂﬁmﬂummmluﬂﬁv‘hmumaaﬁhq
aaaatuLAnLiiesunananu (fatigue) muluiag aoinanudmeIWwn3lsaEnn
5n SswnsfsnsgaiFeanwinanlsatuandefimunsaasuianaldluizgaw
$rwanseuvaIn s Asufiauuugesds (3a@ns, 2006) @”agﬂﬁ 2.30 NTTUIUNIIANDL
swsndounsvagretasldiduusin Wadnauauldlndesionisanasednisasa
luasadaly uazoiaqiansdewlimusadeunauldezssualigafoanmlna'ls
LITUANA19 b aEi19n177 G'fiomnmnaauiﬂsaa%“ﬂaﬁ;anwaﬁ):wusamwm%”nLLa:mm
Lﬁmmﬂuuﬁuﬁ’ﬁaq

Taquaazrialzinnfdniuanunandeni uispfiisanuainuainie Wi
28983U32nay KNN SsiasunifaSouiiivuivassfiiodu 9 Tunguans wslsdidn
n3nn1sansrnna§ N9 W WA luauisea i wuniwinazdnsrgninau s lu
Wan (PZT) s’fiﬂuﬂwﬁ]@ﬁummmagﬂﬂavl,ﬂmmﬁﬂmavlmhvlﬁ 5 13zn1I%an (SAANT
, 2006) @9 (1) MILARvaITRAKED (2) ﬂﬁiﬁ@ﬁ‘i’wawﬁﬂ@L&Jﬂmmmunwiaaﬁ{umju
NUUTIMRI (3) NMIYNATI(pinned) yosnmsiasnfianmslnanlsitulasanuunnses
FaU501a3 (4) midwnsiAalniveslawuiisatouealufinassd uin i a3l

P = a & A . &
N 2.31 bag(5) 'ﬂTHJLaﬂ‘ﬁ’]ﬂ‘ﬂa\‘]aLaﬂI‘ﬂi(ﬂ'ﬁiﬂiaU@aﬂﬂN

P, (UC em’)

3 4 5 6 E 4 8

Log (97147214501))
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U7 2.30 anwanusmluddu (PZT) 1i Pt idudalwwh (Damjanovic et al., 1998)

80

60

40
20

o]

)
o

Polarization (uClem’)

o
o

&
)

Number of cycles (log scale)

U7 2.31 mufiaanusnsinwhesiduus PZT A8 SrRuO; Wudd nwhduang

wazdl Ptidudd Wwdhuun fianadidns 9 (Pintiie et al., 2006)

o . Ao A, A A o Y ) ¥ Ao X
G20 87199NWATENHIWUINLN LT DINLNIINARDLANNE NI PN Taadh
Pojprapai kazamhe (2009) la¥innsdnsnavesaudnidenisifulavadsas
wANILazNUausasuanNaNNANNRINI AN eluendn PZT wudn wadnssy
Au8 N IW N9 PZT JausuWnTatd19uInAuauan 1T luszninenyly
aw ez 2.32lauuneludzgandfvufianisuaziaisoslnisen 9 dawvan
o v U QI a v g QI J
wan azrinlwsasuansernivaanld n1adulavedsasuanIHIcINTIUAINNIT
= A ~ & = o o ~ o A
WRsuNAUaIlaLunNNINTY LATRINITOLAW A HIITALRBANIINAFaUNYIdAIN
S ooaid y > % L& P o o
@1 @93 2.33 Fanelaamu TWWI AU RAIRAINRIAVDINITLAR WAV DINIEI LALII
Tao5370T16 Al AN ILazANNLATHARZRN 819NN AntAaLuTasnandn

AINFILAIFING LAEN LW LSLrTwuadLssin PZT aaad
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0.5 +

o +-—%‘+—+f:kf?—;?

decreasing
frequency

® P 10Hz

© P 10Hz
0.0 A 4P S50Hz
2 <P SOH7
* P 1000z
* P 100H,

Normalized Polarization,P

10 e R *g*’_— D?:%F"‘%i%;’ il | |

decreasing
frequency

T T T
o 10 100 1000 10000

Cyeles

gﬂﬁ 2.32 e Iwan ISl TwaIA LU LFUNNT maai’aqwmwﬁn PZT fiaud 10, 50

Lae 100 Hz (Pojprapai et al., 2009)

100 um

100 um

-
100 um

(10 Hz) i B (50 Hz) (100 Hz)

before fatigue after fatigue IE fatigue et fatigue  [pefore fatigue after fatigue

U7 2.33 mwannaasantiaiuuulfuaizeasniin PZT feuuaznaInagauaaa
uEaINsANlavaITaLAN3Y NANA (a) 10, (b) 50 WA (c) 100 Hz

(Pojprapai et al., 2009)

v

Mihara LAty (1998) vl,cﬂa%mﬂﬁawamaammsﬁma"l%l%lwaﬁa@ JUAAN

(7
o o

a v e L A v
ﬂ’WS"IJ’]@]E]E]ﬂ‘IiL’i]%l%Iﬂ?G&TN annNg UGLﬂ%NﬂM’]%’]ﬂﬂ’]i@ﬁd@l’)Tﬂd N%GI@]L&J%TG@VL@%’V]T]’]?

o A P a A 1 o o A A& a o @
IAFIAIN ABLAANTA NEWIN IWHRY mmmﬁ]:goLﬂuwaslvsmﬂm"l@aLanmﬂmm']m@;

y
Al nwidn 9

Zhang WRZA DS (2008) bAWUINNTLE CaTiO; (CT) lasnstdn 1211y
lu KNN&13u150 15U polymorphic phase transition (PPT) 1A a @ a 481 §1n7n
aann iy ﬁ]:ﬂ%'mﬂﬁﬂulﬁaWEf:LﬁauLﬁuﬁai:@iaqmwgﬁ (50-200 °C) W8z W5 AnITH
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v { v L { 4 L 1 v & 1 U {
AMNFINTIAY a93UN 2.34 uaziilaTaddy laiszune 200 pCN Fafiadnidudnf

89 AIUUNNILANENT CaTiO, (CT) Fumunzdwitdrtuiiuazdudasusaailvm

A4

60 40 20 0 20 40
Electric Field (kV/cm)

9
N
s
8

Polarization (C/m’)
o
o

5
N

KNN-LS
Cycles: 1-10,000
0.4

1 1 1 1 1 1
-60 -40 -20 (o] 20 40 60
Electric Field (kV/cm)

3UN 2.34 MafunuaIves polarization Txina¥Fa ¥as KNN-LS Liladnwiusey

. s oy
m3lAawn I WANYn (Zhang et al., 2008)

2.7 GRS

9

nnTayateduiind1an LRAI LA LﬁuﬁaLLmIﬁu’Lumsﬂ%’Uﬂgdauu"'ﬁma"l%l%lﬂ@sl

v

MILGuaTia Aney wawdludt unwniay 1 ldle &1vUsznay KNN Bwsansavinle
1 Aa o ai 1 1 1A a A = A a = v v u ni L
wawisannanandwlnginadusuiaios 1 wie 2 a8a JlAaRTAN INWNNLS
A e A ~ o A A & A a & o ' Ao A o A & PN a
LianniasununiTtausTaand 3 Tha annaadlinuitenltasiiand 3 Thauazi
= a (% ¥ a A & a [ [ 3 Aa v gd
AMIANBINGANITTUN AN N AN InEladiannInae adnuauiapida

1 v =

Jarhu Anwwgdnssaneanusnisinwadlnadledidnnin uazBninazasununmau

Aa wa o o oA Y o o A, v a .
Afdaanuan19tWwn auttasvranidudaranannvinliiiaanurnuiniunisln
Fuaw IwunaiGon lmdoylulaiwe ey waudlud wasununian (KosoNa sslioos)
(Nb(0.96-x)Sbo .04 Tax)O3



UNN 3

A5ANUWINWIVY

3.1 VNI

Aa o g. v K a [ d' a v ¥
nwispigaindnsngdnsauluniduifoufianmezeslawunsldaumainm
waz ANA I tW N vedasUseneulnunsifonloidonlulaiua NiAy
817150 Li* uae Sb™ atndaz 0.04 lua usatdnaiside Ta® ludSurmdns 9azle
#3U3EnauNigaIn1ataliae (Ko soNagaskioor)(ND osxSboos Ta,)03 MILANAITIAD Ta™
{ Y 2 { o . . 1 o Y o
Wunsunuil No* dae'loau F98dszafnirinnu (isovalent doping) 34lsid1duda sy
suqadszylndudfionsdnaliifianadfoundasniolulassaiieled (Gusakova et al.,
2010; Mgbemere et al., 2011)
= a =} 1 =) =
PNNIANEINATBINTLANEITIE069 9 Iuasdsznaulwunadoulodonly
laweavasnniaslwadafiwaen sulngidunsdnwianiznavasnisifuasiiany
w“ a ¥ & 1 a
FNUAN19 LW A1 (Juanetal, 2011; Zang etal., 2006) T I W U 31A1TLA
. - Yo ad 4 ¥ A K
g3138 Li uaz Sb> aansndiudysauddnelndli@au Snnimudusnaida Ta* s
@ \ o A a A & A o & A A v @ [y
1l azdisdiudraanindlodidnninligituuazangmnndaia lhdnlng
qm‘ﬁﬁﬁﬁad (Lin et al., 2009; Rubio-Marcos et al., 2007; Wang et al., 2011; Zuo et al.,
2009) wanamnantanie s didnsnisdfvundaslassaiisaaniadionisly
v A« ) , ) A & A o Y
NAaIBLANATDUUVUFINIIA (SEM) $20NUNIIIA TNt fuuudsigniaaie
WMARANNTLASURVRITITENS (XRD) lun1sabuianavednisiduansidend 3 via ue
nanuangsldansatuelanangdnssuanuiieuvaddseinianauitasnnannnsls
N
Tusnudspitladnunavesmsiduaside Lif Sb® uaz Ta® whldluansdseney
TwunsGonlodenlulaiue Adang@nssnanuaimalww (electrical fatigue) lagnns
Taa W uswnuaiag19s1wInIauNIN g (Damjanovic, 1998; Zhang et al., 2008)
oA . ¥ A a & o o e A
wuladwausauaw W Alwnundwazrin lnan Isiasuanas wanoslidnavasnis
wWhsuulailaseane uaznannagauausang inwnwnsauama Wi o
wa o & A @ a & A o @ P X v A& €
Aadvdadanlinsiiensimadfsuudasipmadisimaiioninfuiuusasssfiand
(XRD) s'auﬁ'umiﬁﬂmm'nﬂﬁsluLLiJaﬂmaa%”Nﬁ;anm@T’aﬂmﬂfﬂﬁadaLﬁﬂmauuuudad
d' = nﬂl A : (23 1 a v
n131a (SEM) 1N adnu navaIn1Tidfouutadiladuiiualag19iianlnua1nng
W1 dsznaununisiadininladianninuazaain lwd lodidanninisnuinsey

' A = = a4 a X ' =
A 9 IWNBAN NI TLURYBUURININATBITHINNNIINA R awﬂnnauimmmmw
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lodenlulowalusuisohidusnside Lif uaz Sb™ adndaz 0.04 lua uaLdw
a ' % { % Y Aa . . A
m3ida Ta* ludSunaedn 9 d3913197 3.1920nFa1erid183F Solid-state reaction G4

TUNWIUAI TNuaztduaazasuylwiite 3.2

aN797 3.1 FATEIUHANVINIANUNUMAN (Ta*") lapT Solid-state reaction

. 4 Uunow Li* [USunow Sb* |UFanm Ta™
FAINILAA Taga
" (mole) (mole) (mole)
(Ko.52Nag 48)NbO3 KNN - - -
(Ko.s0Nag 46Li0.04)(NDg 96S00.04)O3 x=0.00 0.04 0.04 -
x=0.04 0.04 0.04 0.04
(Ko.s0Nag 46Lio.04)(NDg 92500 04 T0.04) O3
x=0.08 0.04 0.04 0.08
(Ko.s0Nag 46Li0.04)(NDg 85Sbo 04 T0.08)O3
x=0.12 0.04 0.04 0.12
(Ko.s0Nag 46Lio.04)(NDo 84Sbg 04 T0.12) O3

ANT19N 3.2 USanmr1Iadawn it iunistasauatdsznavulnunsidoalaaay lulawuan

W@uasiiaunumay (Ta®) 1uu 20 38 1agiT Solid-state reaction

133104 20 NIW

S GR]

u Li,CO; | Na,CO; | K,CO, Nb,Os Sb,05 Ta,0s

KNN - 2.619 3.699 13.682 - -
x=0.00 0.152 2.507 3.553 13.122 0.665 -
x=0.04 0.149 2.463 3.490 12.352 0.654 0.893
x=0.08 0.147 2.419 3.429 11.608 0.642 1.754
x=0.12 0.144 2.378 3.370 10.890 0.631 2.586




| @‘hmmﬂ%u’lmua:m?wa’ﬁé’aﬁu@nwgmmuwau J

-

UAKFUETAIGUNGUazRaY A Tuwraualuanwas 1luian 24 T2lus ]

ee

[ Laudfmwaumiﬁaﬁumjwa @ay B uadialduiian 24 Tl }

-

[ NIBIUUNKIRITAANANANUA laasluiininas ]

-

Sh.
©

au'lalaninas Nan

e
2D

180 °C ]

Q.

Wkaa37 ba i liausas (calcine)
Naoannd 850 °C 1wian 6 Talus

-

v A &

rsgsllarageuignamsmaiamiaeIuusessamans

-

&

NRNHIRNINUINA ilateanagaas (PVA) anududul 1asidud

-

ﬁWLﬁuLLﬂihbaI@l PHIUAZINTINIDIVUIA 120 LU

-

3 U Qs ~ v [} a =)
Juzdenanssaida WUULAIHDY Laumuguﬁnmo 10 URRLNAT
§9 1.5-1.7 A3 ABLII00 130 MPa

.

2aTwINUa8LINAA Cold Isostatic Pressing (CIP) @18U338@ 250 MPa ]

(

N (sintering) gl 1130 °C iuaan 4 T2l ]

a & o & v aa . .
31]“/1 3.1 BHBNNLRAIYUG D UNITRILAIICHRITALAT Solid-state reaction
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3.2 NISLASUNAIDLNILATEITLAN

gaasnzrasinunadonlaidoylulaiuan 13a Lif Sb® way Ta® a2y
aa . . Ad A ¥ o | ' A < o |
35 solid state reaction 13T lERadsuNInaY lanfiansasduaglugdunuvas
g15Usznaveantoalaun AioNaIsuBLe (Li,COs) (99 tUastud Merck) larldiey
ANSUBLWA (Na,COs) (99.9 LU astFuad Merck) INuNaLBoua1sUaLLe (K,COs)

6 & 6 = 6 6 & 6 . . a
(99 1Wasitud Merck) lulaifanaanlad(Nb,0s) (99.9 1asidud Sigma-Aldrich) wané
luflaanlaad (Sb0s)(99.995:1U 8 515 % @ Sigma-Aldrich) b N % N 1 & &

& ¢ & & . . a & o & kg
aan bua (Ta,0s) (99.99 1Wasidud Sigma-Aldrich) lasluuaaunsgaansradda lUh

1) 819LATNVIALAFT @Twﬂﬁlﬁumséﬁﬁumugm KNN @1861319
71 3.2 U3wm 20 n3u luasazansianiues (ethanol) (95 iwasidud) lasldgnuaiwas

A € A Y

laanflosuazgnuaegiith vaduia 12 Talus

2) wansdsznaulnunsidonlodoslulawasanldvue f19vanusza1evIa
UARIUAZANUAGILENTAZAUIENIUEN URILATIIANTD 1 an 1 a39 Lﬁalﬁﬁagﬂummz

Aa A A A o A

MauasINFIladusiiaau 9 deuige

3) evhanuazaiariauanszanua withzaaldainliuis daugnuasiig
auukalulanaufigunnd 100-120°C

4) TegasdrunanaugaInlddininliauainns.2 diselestiandog
nefond dunts lasunaulunguaniasdusasduniazaan A ldur Li,CO; Na,COs
uaz K,CO, uazansazanstamuas wiauvsgnuaasidlumeaua lviizesinnslu ads
woe 1 8% 4 V9IVIAUA

5) Jashmaualdusiu tlanun1sirlna asgui 3.2 vaiduna 24 $alas

6) LANRIBNFTURITAIA W nanazao B @A Nb,O5 Sb,05 WazTa,05 mugmﬁ
ladruwmliannanen 3.2

7) Jarhwiaualdiu iNanunss na Nsuussuadaiduig 24 Talus

o

)

8) inuaznIausnaINFuazisanangnualsliluiinines dizUi 3.3 (a)
) dldduldmazasieniuesumeiasaunaungmngil 180°C lasdaduuu
A

9
fninasinedasiunsdudeunazidatedniondmivszuisainia aigui 3.3 (b)
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I AVARLT ‘?‘:j

1 iy A
| yavw LSS =

317 3.3 (a) nsaomsﬂs:nauﬁé’aLﬂﬁzﬁaaﬂmng}nm (b) Mmidulaznsazarsienuea
UWLATBIAWKNEN (stirrer) Ngamadl 180 °C
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10) haIdaazildenay Ngmngil 200 °C e ldanIazaisaninaauas

AMNTWNLRAA Liwan 12 T2lu9 @"'agﬂﬁ 3.4
o o & ) ' [ A o A & o
11) shamdianifovudmuadeslfiduniaziBoadizUn 3.5 Tuaauaisyi
] =3 U 1 v Q 6 J =\ 1 é’

2819320157 LLa:@laﬂﬂ%msaqLﬂﬂ:ﬁgﬂmﬂmu LTI BN MWL RLT SN I G an T
onaanarildasvindfisenaandiadu (oxidation) autlfowdusnsn lddasniyle
(Winter, 1993-2012)

12) IRIFNTUITIIUNITULLHT (alumina crucible) a93U7 3.6 @Al
3au (calcine) l¥ifiad JATengunni 850°C iluiian 6 $1lud (Liang et al., 2011) 6931
737

U7 3.4 AULRIENINRILATIZH b6 bbb @ aL famwnnd 200 °C 1iluiaan 12 139
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®

A2

ey

s ]

U7 3.5 (a) avdnainatauuiinaunwduiau (b) mivadesliidung

3UN 3.6 WITIFIATIZRLTIIUMTULLHN (alumina crucible) FATULHNA

AT (calcine) WRZLNIKTAN (sintering)
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gaungi (°C)

y N
6 52139
500 |-----=-----=--

o Y : :
oM /1 :

Y : : o o

AN3oU ; L \oarmsIiiud
5°C/mi i i

2.83 8.83 a1 (32 T39)

T
=

307 3.7 Imawliainuian (calcine) ignnnil 850°C iiluiaan 6 Talag

Tuussennielné

1 9amgi (0
4 57734
D] , :
samsinnuden / | '\ sas1ms 1eu
5°C/min i . 5°C/min

2 ¥4 !

500 f~==== : : | |
5°C/fnin i i i

1.67 3.67 5.77 9.77 a1 (5 1u9)

'
=

gﬂ‘ﬁ 3.8 IBMIKNIN (sintering) Ngannil 1130°C 1ilulam 4 Falaslu

U338NaUné
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Aa & 6

13) shwimnsllanaseuigmadoinafiemadsnwesisiing (XRD) dan
L3849 X-ray diffractometer (Bruker 3% Phaser DII) maaguﬁm%aﬁa’m HIAIRATUAY
waluladumInsssinaluladgud

14) W 'luanlnd hlawaanasasd (PVA) anudutut wasidud (USum PVA
0.0024 n5u danslwunadon Tndswlulowadiduaniond 1 n5u) anliduile
LR ALWAT DI UNEY LLa”'smvl,ﬂaulmmauﬁqm%gﬂmﬁu 60°C

15) :nTa 11 Auduldalan ¢ (granule) HWAZUNTI 120 LY Lmﬁugﬂﬁwmi
saufadusudaoting (dry pressing) WULILATEITY FimINa508n982 0.65 N3N LA
guﬁﬂma 10 UaALNAT §9 1.5-1.7 Tafluas foasassnlansade (Carver) 130 MPa
hasmatannuITaaslugaend @”@31J“7'1' 3.9 (a-b) @@mmﬂmmluqamaaanlﬁmmﬁa
ﬂaaﬁ'uqummﬁadmmmé]”@] ggﬂ‘ﬁ' 3.10 (a) mig@mmﬂaaﬂmﬂqaﬁaym'%iaa
gaIMIA (b) a13daat9lugILNg

16) wasgaa e lasFaunielugaeny 2 T4

17) ﬁﬁqami@”’sashaﬁ'g@mmﬂaEmLLé’ﬂfﬂumzn%’ﬂdaﬂuméamﬁagﬂﬁ 3.11 lag
1°ﬁ’m%05mﬁ’1rﬁmnﬁﬂ“r1’1& (cold isostatic press CIP) (Avure Technologies
3% LCIP22260) 250 MPa. WJuaan 15 win gﬂﬁ' 3.11(b)

18) wa¥ limnitn (sintering) ﬁqm%gﬁ 1130°C laold aamnsliainusau
(heating rate) 5 °C W LNWLLﬁﬁqm%QﬁLmNﬁﬂ (soaking time) Wulaan 4 °ﬁ;’3<[m 153+

AN UL (cooling rate) 5 °Clw

(a) (b)

U7 3.9 (a) pepvdmILreRuaIdaing (b) milassdmainilugeang
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= v 2 @ '
Elh’l 3.10 (a) ﬂ’liﬂ(ﬂ?J’]ﬂ’]ﬂﬂﬂﬂ'ﬂﬂﬂq\‘i@]’ﬁF_ILﬂiﬂ\‘iqt'yfy’m’lﬂ (b) ﬁ’]i@l’)ﬂﬂ’]xﬂ%q\‘iﬂ’]\‘l

ﬂé'ogmmmﬁ

W ] ! J"
.
0 4 x

e

9 C

=
)

w/
V' S

3U7 3.11 (a) peansenatsluaznitldasluiaias (b) inJasdaiiunnfians (CIP)
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3.3 NISLASUNTWITIWAIBLWEIRILNITNINNINAFDU

PYALAITINAITWINWAIDENT NIRDIAU

O

=S A dln uq: v v a .
LﬂaﬂﬂaLﬂﬂIﬂiﬂﬂNQﬂdﬁadﬂ’lu(ﬂ'}Elﬂ’]’?lln‘i% (Silver plate)

2%

gl (poling) 71 £2.5 KV daanuwmd 1 Sadiuas

U

Qs v dl .
AIIIRBUIPNIAGILLAIDY X-ray diffractometer

(MAUNARDL)

O

mnaau‘[maa“fw@anmﬁa Uﬂﬁaaﬁ;awﬁﬂﬁﬁlﬁﬂmau
(MauNaRaL)

U

aruuanglwalaaiannin

|

lagdadaanladidnnin (€)
draan iwdladiannin (d,,)
a aA =) dq,
19udsneitauaziauidndize

U

nagauauaIN 9 W Trauwnlany £ 2.5 kv
AOANNAUT 1 RALNAT NAND 50 Hz 3117w 1,000 50U

&

LAZLINUFIWINILINAI1,000,000 JaU

, 7000, 90000, 100000, 300000, 500000, 700000, 900000

@RVUA ™ 39UN 1000, 3000, 5000, 7500, 10000, 30000,

o
o
3
= = 8 {
S AIFUIPNAGILLATEI X-ray diffractometer
O (3 Qo
o © =) (MRINaARaL)

O

mwaauimaaﬁaﬁ;amﬂ@ﬁ ﬂﬂ@Taaﬁ;ammﬁSLﬁﬂmau
(MRINAFAL)

d' 094/ o a a o
E'ﬂ‘YI 3.12 IWHNBNTNLRANDUADUNITANLBUITWIY
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3.3.1  NMSYATWINNAIDEI
PN TUITWA DI NITARIVINNIFDS URZHINAA LS ULURILFNaN

. g A % @ A A a e o a 4
(grinding) (\Navasnuanuaanandswiinaannanylladnaus sessn FUwdon uay
AUNIBIDU 9 AI8LAIBITAET (Buehler, Phoenix Beta) ldanunui 1 dadiwas las
l¥nTza14nI18Luas 800 1000 ez 1200 ATNRIAU @T@gﬂﬁ 3.13 lagiidualnaa

A o &< o o L. a v o 9 @ Y & v
A AIINUBVANW (polishing) NIRWIAAATUDIN AILYNILATBNINYLLDT 2000 ANNUAIE

HI8gduT U4 0.021ulastuas unNENRAe

AOUVAR YAIUANAY
- o .
;—’ ~ \ <+

-

Eﬂﬁ 3.13 TUINWAIBENIN D UTABREHRIVARIRYN

> 10 Naawas

MUAIRIININY il \\

<— iU 1 Jaaag

USNUHIVANY (polishing)

dmisuasnaeulassaineganin

P o iy o \ od A = @
Eﬂ‘ﬂ 3.14 aNWUSVAITUITUAIDLNNLA T ULRIILRD
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3.3.2 N3z lWAA (Electroding)

PNTUITUADENNTA AN wazRId TR Sy s gNaLa inaw
RLBNARITADH1IG1802F Lo NIN1L1I% (Silver paste) UBHIRKITUITUAIDE
19 2 awiNarinidudn lWnn (electrode) asTuIua108d wazltasdlanrinanuazana
a v v : Q 1 = Qq// > dl Qq: v v dl a )
A1 wINITWITUAIBE9BNATI aagUn 3.14 mnuuaulmqum%gw 200°C BULT
1920 w7 iwalwn1aSwi w2 TWWA LA IR AN AU RIR NN IR IA T TUITUA2 8 L1IN
VL@T%é'amﬂaumauaan%ﬁﬁﬁmﬁw%mmﬁm’waaﬂI@ﬂl%ﬂwauwﬁﬂgﬁﬁ'a%mm
ADLNIIUFZDG LLaz‘*ﬂ“@ﬁa@”ﬁwﬁwﬁaauﬁlﬁﬂiﬂmﬁﬁamﬁ'aag’ﬁwmzmwmwﬁﬂﬂ%ﬁ
Aawiin lwike9i97 NN el a9 nwn1Ia a7

3.3.3  m3whe222WHn (Poling)

o Aq/ Q/ 1 dl U A« v dl o ¥ v dl 1

WBUIN UG8 1NNIG88LEN INTana2 lniain IwWdauLaIasane
I W U390 Ug9 (Matsusada, AU-30"40) 693U 3.15lapazsinfusunaiadisldluga

U

muquqm%gﬁd’agﬂﬁ 3.16 urinlagrainadmiunvinga lagfuuusasurinazedaidn
AUGILIN FIwERE9zd 0TI U e sF 1N %ammlumiqﬁazlf:m”w'ﬁﬁiﬂuﬁ’]
wihddudanasiasanndenuiduamusmsiwmwnzluossmnitoringa Inwdesls
LLio@”u"LW%ﬁigammfuﬂ{uqmwnﬂﬁ"l,ﬂﬁ' 200°C AAWINBUTITHINAINTEULEATILATIIY
dradr9lanldusaanlann 2.5 kv doarnunun 1 Saswwas odsuussanlnnnldanw
FaamTsuIan 30 wift thelwiAemssasssdvas Ina lsissumeludunuiadiely
sluﬁﬂmaﬁslﬂ&ﬁmﬁ'uﬁﬂmwammw"LWﬂwmnﬁq@ HaAsuIaNaInaNI5Iaa
w39 WA LLa:ﬂs:LLaVLV\IVq\TWaaﬁlﬁﬁui’aqmua"m"’u wirdagaairuquamnnd sa
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3.4  MIRIANMARBIUL (bulk density)

wasndaasunTwIuaregslidauru 1 dafwasudinunaansiany
wnuneiTuasensaias (Archimedes) TagmuaawmInianuvrwmuis Sasde i

1) ﬁ']%umm“]";asimﬁsué’tyé’nmiﬁmﬁuaa @”ogﬂﬁ 3.17(a) 3Nt ld dulu
@Tﬁgﬂ“ﬁ' 3.17 (b) uaan 3 Talug esduinldvinuTuw e saseaIARdw tia
asuan 3 Talus udsesliidudanslwin Wwnan 24 $alus

2) shasmaislusanuunsiwaasluin Tdiminuiusasluin Wee)

3) sissaregsasnanninuilinzaneiissiatinfifioanudrtsinein e
Wwiwmindudadesin (W)

4) shansaradnsllaanuseain udUdeslidudn ansiuin e T
WU (Wo)

5) shdfileanda 2-4 luwidnaanunuwin (Bulk density) Tassaagnslaan

UMM 3.1

(WD pl)
Ws—Wss)

bulk density (g/cm3) = (3.1)

Ao RwNUKY (NIN: g)

Ws A inunduaialsw (n3u: g)
A v v
A

8 fhndnuuiuaes i (NS4 g)

P1 @8 daNIRILUBYIIN (=1 glom®)
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= ol
(a) i b) . L.\.._
r — AN

nwe

A & o \ A a > & v & o ' A :
U7 3.17 (a) Tuaudradafidoudyanwal (b) Midudunumanuialdoma

3.5  N1LATIZHLATIESIUAENITATINFDUIHANA
Sansiastnunadoalmdonlulowa Mdusnseds 9 lasldinadianis
LAWY BITIFENT 16288190 ULHI (powder) LAZLUULAS QUL TIZR A28
1A389  X-ray diffractometer §1w3UNTAlAT=RlATIa9 15AIue 20 7 20°-70° 14
scan step ¥NNU 0.02°6a step W&z scan speed L¥iNNU 0.2 Su17ida step Ly Rotation
WAy 15 Saudaulfl divergence slit 1Yinfiu 1 LAz antiscattering slit tH1AY 1 lunn
dat19 udrlElsunsy Diffrac™ EVA lumsdiemz dmsumadienzinaddouiy
AR 15UAIUG 20 71 31°-33° 44°-47° waz 50°-53°14 scan step LYINNU 0.01° ¢ia step LA
scanspeed LY 1N U 025U 1% 6o stepl@a® Rotationtvi 1A U 1558 U 6 8
%17 divergence slit LY¥ 1AL 11L& ¢ antiscattering slit L1 1AL 1 1%“(! EEDERE
Ta83LA W e 8 I ILUURIRHI W TN AT WIUED FUNBAIDEITDULAZAEI

NARAUAMNAINII WA

36 ayndaulasainegania
mﬁmm:ﬂmoa%“ﬂafgamﬂiﬂﬂl‘*ﬁﬂﬁaoﬁ;amiﬁﬁaﬁﬂmammudaamm (848
: & A A a & a a o a o
JEOL 3% JSM 6010LV) m4 gudiniasdainumansuazinalulad amInmssgus a9

gﬂﬁ 3.18 WNa M i ndwazaSuaanEme lassavasansUsznavlwunai o s el
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wlawaduaisfedis 9 uazldafuroninufountasvesantanislnnagu
Hasunanan L FsnsuuR A 09T WA 8 89 T 15 IWTU F88UANTY B9ay
fanWUS AN a T T AT HIEY RouLasnaInagauanNatlaslidasany
321w

A v fa & '
El]“ﬂ 3.18 ﬂﬂﬂd?ﬂ'ﬂiiﬂ%ﬂLaﬂ@liﬂ%LLﬂJﬂJﬁﬁlﬂﬂi’]@

3.7 erehanieanielnd

A wa A A & a o A A & A | A A A &
fasuanalndladiannin lagladaanladlannin (€) arndnlwdladian
a a 6 a aA a d? 1 v o dll o qzny
N30 (dss) AANzHuTanesdauazrndniidonenliauninw iNevinlhTunn
#28819LAAAINNR NI PN (electrical fatigue) LUSsURBUALURAIIAFUIN IWW A%
Funumatrafiannudn meoldawaluw £2.5 kv Ainud 50 Hz adua 1,000
fi9 1,000,000 8L



58

i
= a A

3.71  ansiniamaidanazwilniige
sansadautuaawmnasadeai
1. Isi%umuéﬁasiwaﬂuéwussqﬁw”u%ﬁiﬂu @T@gﬂﬁ 3.19-31
7 3.20 sewn9BLlanInsans 2

3013 lay

a

2. Yauaud M NuUB I wa1a19 annIzNIlaaNan

was lay

q

)

A dnlElun1snasey 10 Hz 20 Hz 40 Hz waz 50 Hz AWd1AL figany
s illunmsnasaude 3.5 kv denanunw 1 dasuas ﬁqmmgﬁ A8

3. tufimeuismeidaianuiian 9

4. Uanaww vl iU uawaregnsaunseris lagmu lWwnidasnis
Tagarvasswn W nlglunsnagay 1.0 KV 2.0 KV 2.5 kV £2.8 kV £3.0 KV uay +
10 kKVABANAKT 1 TaRLNAT ANR1A ﬁ'qmﬂgﬁﬁaa ANud 50 Hz

5. tufimandanasdanawinlnviieng g

6. Id%ummﬁamaaammaauiﬂmjauamuﬂWﬂﬁﬁlﬁuﬂﬁiwmauﬁa
£2.5 kV @AWW 1 JaAluas Awh 50 Hz ﬁ'qmﬂgﬁﬁaa

7. Tuiinaandmnesds fiswinsauaiud 1,000-1,000,000 sa1

8. duwansawinlnw uazlwanlsodufianizlnaadns 9 nslinn

9. 9INVD 6 L%iamiamwmauLiﬂﬁ'ﬂ@@m’sm‘“@mmwmmm:meﬁ a93
#1319 (@) Henageulsindndife LL@Taﬂ'uﬁmTaga‘ﬁ'ﬁ’]uauiaué‘zuwi 1,000-
1,000,000 32U
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31N 3.20 (a) TANAROUINIUTINITE UAzIIUINALED (b) ANHULIDURAINATZNIN

mMInagay NIl uans n&ax398 Smart material and intelligent system
umanmasinaluladgswni
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1 { a & a
3.7.2  N1IAIANAIN LADLANNIN (Dielectric constant)

MmN laBlannin ¢, vasduinudiadng ldnmriadianag

mam”uﬁuﬂizqmaa%mm@ﬁmﬂ%iad LCR Meter (GW INSTEK LCR-821) @slun133@aen
nuazdngussawlnwa 1v ﬁ'ﬁ'a@; wazldaa1ud 1 kHz 10 kHz 50 kHz 100 kHz 7
qmﬂgﬁﬁama:ﬁqmﬂnﬂﬁ@m 9 TeS AT UINUA28E19AINAT aUNAROLAINNEINT
WA 32AFI19NINAFOLUAZHAIINNNIINATILATLIIUIN INTHWTNUEIWI AN AT

ladiannsnlaananusgunns

cd
Dielectric constant (&) = —— (3.2)
€0A

lagfi C e  eenugzesdaiudszy (Wia: F)
d A ANUAMILIETABLENNIN (LNAT: m)

g fo  ammpaamiladiinninuasgyamadidi 8.854 x10™ (Wh3a/
\Wa3: F/m)

A Aa  AuNMINaAvaIUNLIABIENNIN (@1T19WAT: m?)

*’7 .8
N '

gﬂﬁ 3.21 mifaadalnyaasutane lWwiraIg1Iea8n

9
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3.7.3  mamaasf indledidnn3n (d,,)
NNIATIARDUAY d33mao°§umuﬁhama Tagihduwasfin KNN fivh
Tausulsonialy 24 Talus Shaniadn dy, dhoie3es dy, Meter (International Ltd.,
APC-S5865) é’ogﬂ‘ﬁ' 322 LA TATWINUAIDHNIAILATOUNARELAITNAINAS
T TR IININARULAZRAIINNNIINARALATUIUIL

(©))
W R -

31N 3.22 10389 d,; Meter a3t Judnsiansuiamiin

VAINeaumnalula fgyun3
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a 3
HANIINAQDILASNTIIILAINSHHA

41  uni
luuniidugrnvasnanimassd N133LAAIPNIA N1ILATZALATIFIS
3an19a uazwganyiunduasuiianiizeslawuiiasainanudimisiiu nns
LTAURANW LAZNATINITLANRNTIRaunuMaY lulain KNN-LST Alinannnisnagay
mMfiaanue NUSIMENTIEauNUNIaN@1d 9 fia 0.00, 0.04, 0.08, uaz 0.12 lua LAwy
AU KNN naun'lni 225 kv damalrunun 1 §afiuas @a18d 50 Hz lagg1unsa
a £ =1 1 = a A 1 a v 1
Aenzdldannisfnsizldinsvenauiaineida drlwarlaaduasdrs ) 61
g N W Wauag (Ey) va9udmneifamdfsuudad bl annuanisnaaasnuiniiie
a ) X o a Y A A a o a A 4
UIunmvesununmangiiudannisiiaanudiaziaiaaadiiiafisuiudTunmaun
A a U ¥ Y U
nagay Fnmafiaanuamisinvhidenudulyldanang 2 deznisfe waanms
> & =) k3 v =
A39289K%9ILaLNY (Domain pinning effect) Taa1u15nALAT A Lalasldinafianns
UL BVBITIRLAND (XRD) LU UIABUENTA20 819N abULAZRAINARALAINNE 8N
a A a & A Y ' Y
Urznsfaifiannanudsmsusiididniniadiisvanldannaudislasiaiisgania
laglEndasgansratdidnateusfiadesnna (SEM) landnuazBuadadalud

4.2 ‘nﬂaaumqmwgﬁmeﬁn‘ﬁmmzau

NRIIINNIIRILATIEHR1TA288190283 T Solid state reaction LRIR1FITAID 1IN
AezRIgNa fumafansagunsessIFiand (XRD) lagnisansaaadnend
p9flIznauniadasiuuInagouas KNN g15628819tm318n9 1l 1é
§13158 Ta® (x=0.00) uae s13e0gaanfiduasie Ta® 0.12 Tus (x=0.12) Lo
ATIAFOUNANIIRIATZHEIINNIandisdanunsnT Ui 20=20-70° WudiaIaaagg
wenuailasssoduuuuiwasanalng (perovskite) 79 3 qmﬁgﬁmwﬁﬂ@ﬁgﬂ
A 41 uazwuinnadigniaulanidasy (second phase) A KyLi,NbsOys (JCPDS no. 34-
0122) s'fiaLﬁui'g;]mﬂﬁLﬁ@mna’]imgaéTuﬁﬁIw UWNRLTEUATUBLUA (K,COZ) NNALAKYN
UfAsennuasatiisuaisuaiue (Na,Cos) uazlularianaanlod(Nb,0s) tiardn
asdsznanduan luanseaatig KNN wuigmaudandaauldatataiaunnamngiiun
NN é’agﬂﬁl 4.1 (a-1 WAz b-4) gseradraanini lifusnnie Ta® wuﬁqm%QﬁLwﬂ
NN 1200 °C @T&gﬂﬁ 4.1(a-2) ey g13eagandniauasise Ta® 0.12 Tua wufl

aqm%gﬁmwﬁn 1130°C waz 1200°C @T\agﬂﬁ 4.1(a-3) tlanansalasiasrsannniw
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onBirdaWuWINTUN 20=45-45° Laz 26=55-58° 3N JUN 4.1(b) Wui1 KNN LT u
lassasananuuueasilssenta (orthorhombic) 49317 4.1(b-4) a13dat gL ANT Lal
WWurTida Ta% wazans@ragnatsniniduansida Ta% 0.12 lua tulassasrendn
wuvaailsrendafgmnnil 1200 °C uaziilassaiandnuuueaslssendanauny
lassaiandnuuniaaszlnuas (tetragonal) Iamnnd 1130 °C @93UN 4.1(b-5 uaz b-
A v Ao A A ad ° o a o A '
6) adulanwsivndasmaiiesanfigmngiitaansaildmafaipgnieanan wis ot
1 Q/ Qq// o v Q Q v A 1
sniwipmaniaas mlidenumansalunisiaitssdiveslawnlags Gaazndiis

a v v a 6 A [
INYURSLD EJ@]FL‘HM'NJBﬂ’]TJ Lﬂi’]zﬂﬂﬁiLﬂﬂﬂ%LLﬂﬂ\‘]'}Qﬂﬁﬂ

) =
@ kN * KiLiNbsOis (1) . @ g o JAN0

1200 °C

_(3o1y°
<2120
(121)°

1130 °C

§

1130 °C Ortho
a9 o
88 5
~N
1000°C s
AN
— ~1(5) 1200°C 20°¢
=) S 3 e il
© ® 57 g + A8 Ortho
~ ~ 2/ \/T g8
8 A 8/ N
1130°C - o
2 > S\MMW MJ AL
] = g 8 & AR Ortho
c 2 g8 e 87 ¢ o
= 0] 1000 °C 1000 °C J Tetra
c -
- X=0.12 =
- (3) (6)
1200°C 1200°C
1200°C M”-/g:\s.v S Ortho
A= N O
S8 g 83§
e\ J\  13cc A
M \W / :;\\ 1130 °C Ortho
e g ]+

Tetra

1000 °C

(002)*
(200)
8
o
S
(102)
(210)

Tetra

20 30 40 50 60  70|| 44 45 46 4755 56

o
~
o
&

3N 4.1 nandisdanunsntuuassnidiaingie Ta* (a) 20=20-70°

(b) N7 XRD 8tn9aziBaa 20=44-47° Laz 20=55-58°
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s
- i Ay
w8 RA_Ns el

(c) x=0.12

e

gﬂﬁ' 4.2 awaneg SEM 289817 (a) KNN (b) x= 0.00 (c) x=0.12 o x AadSanms

f19138 Ta* ﬁqmwnﬂﬁl,mwﬁﬂ 1000 °C
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gﬂﬁ 4.3 nweng SEM 289813028819 (a) KNN (b) x= 0.00 (c) x=0.12 1ila x Aat/Sunm
{13138 Ta* ﬁqmﬁgﬁmwﬁﬂ 1130 °C
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gﬂﬁ 44 Wiy SEM 1a9n36madnd (a) KNN (b) x= 0.00 (c) x=0.12 1ila x faUSunm
{13138 Ta* ﬁqmﬁgﬁmwﬁﬂ 1200 °C
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NN3UA 4.2 Namidwmwimoaéﬁa@hﬂﬂﬁaaqaﬂﬁﬂﬁfﬁLﬁﬂmamwummm

(SEM) Lag@13 N 4.1 §13@10819N9 3 ﬁmwﬁnluqm%nﬂﬁ 1000 °C uaadlwiinlaaeng
Fatauiinsid Jasedslisuysol ldifanisdediveswdn eRasmlugunnin

&/ ~ =S U 1 L= = v =y = Qs A 1
gwummsnwaomuwaﬂ%amaﬂj@Lw, Jum lin ldluAanadeanuissweainswleg)
J 4 =) J { U, Q 1 { a
muLﬁaqmvxgquu WA laAaa1TA2 88719 KNN ﬁmﬂuqmv\{]u 1130 °C-1200 °C 931
71 4.3(a) waz3UN 4.4(a) dinTuawiadszanm 8.83 uaz 12.91 lulasiuas awdau a3
dradragifinnldiduaaiia Ta* q3uUn 4.3() uaz U7 4.4(b) dinTuauia
Uz u1mh 559 Las 6.94 1lATNATATNRIOU FIURITA1DH1ILTINANNLA ¥
a3138 Ta® 0.12 lua 3u 4.3(b) uaz JU7 4.4(b) Minuvinasszan 2.62 uaz 2.85

o o A a 2 o A& A A a ~ @
Tulasues ausau Ngaunnd 1200 °C Teslvwmainswnianigailailouneunuas
ABENILTINANDW mmTaHaﬁﬁﬂﬁmmdﬁﬂmﬁwmm%‘a Li*, Sb® way Ta® fnalwawe
A v >
INTUANARI TIFDAARNBINUNANITNARBIVOI Yang L asa th 2 (Yang
etal, 2007) waziniInszansuuiasentdu 2aul1aldas19Tatan tadSum
A 5+ a_ & & X o . . A 5+ A
#3198 Ta”1Wadn Nattanadwwazanaauel (melting point) 289815138 Ta® N1g9
310 Uszu1mh 3016 °C tUatNuUNURITAW L% K ﬁqwaam‘ﬁﬁ 63.5 °C, Sb>" 9anay
Qs { ™3 H v & a aAana 1
@71 629 °C uaz Nb> Hyanasudan 2476 °C iludu Sanniaiiad jAsenszninanis
LNTAD azﬁmmé’uw"’uﬁn”quaaw""madmi mﬂmiﬁfuﬁﬁ;waamﬁgaﬂiwqmwgmm
a ; LU Y a e . .

Witn Mylavaainsuatvvziilamaieduldios wnzifaigniaaaamad (liquid phase)

1akas NI TaNEaLAZIINAIVINILNTUAA19LAA LA TED Uﬂ'ﬁﬁﬁﬁﬁﬁ'«g@mawﬁﬁaﬂ

nigmnpiiniin
AT 4.1 mm@miwuaamiéﬁazml,smwﬁﬂﬁqm%n“ﬁl,mwﬁn@m 9
YWIALNTI (Um)
a =3
anmniINin (°C)
KNN x=0.00 x=0.12
1000 <1.00 <1.00 <1.00
1130 8.83 £1.73 5.59 +1.82 2.62 £1.47
1200 12.91 £2.45 6.94 £1.98 2.85 £1.36

ANNanIINLaNFLIIANUWINTY Laz WY SEM ﬁﬂﬁm&n‘mﬂa%ﬂlﬁﬁaoﬁu’j']
ﬁqm%qmmwﬁﬂ 1130 °C WRNNZRNEIRTUNITIRIRITAIDENY AIBULND I UTUNANT
mmaaﬁﬁﬂﬁﬂ@ammwﬁﬂﬁqmﬂgﬁ 1100 °C W&% 1150 °C LW NLAIRIF1TA0 819

ﬁ'mm"l,ﬂw@aaumﬂ'ﬁmmv\mLLtLuvL@i”wa@”agﬂﬁ 4.5 NANNINARALAIAINNRWILIY 7
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qm%nﬂﬁmmﬁﬂ@iw 9 LLE]ZEﬂ‘ﬁI 46 wan1snasauaiasn lndlodidnnsnvesans
@28819 KNN-LST ﬁqmﬁqmmwﬁﬂ@m 9 wuiwﬁqm%gmmwﬁﬂ 1130 °C L KRaNERY
e%m%’umm”'sashmﬂmm”’sarj'ménﬁﬁﬂ stﬂ:ﬁ@hmm%mLLuuﬁvl,;i@‘%wuLﬁu"lﬂagj
559319 3.4-4.5 glem® uazA1aR InBloBLENNSN (dss) ﬁﬁauﬁwgoﬁgm:ﬁ'mﬂ%‘ﬂmﬁwﬁu

a § & v Q/ 1 v X
qm%guﬁu TINOANNDINUNANIINATOLN WA

5.0
1 A KNN 3
4.5 = x=0.00
] v x=0.04 g °
404 | e x=008 § T H
Né || & x=012 x §
B) i 4
S as . :
g |
< 3.0 1
M &
=
m 254 §
2.0
I T I T I T I T I
1000 1050 1100 1150 1200
Sintering Temperature (°C)

a

E‘Llﬁ 4.5 HAMINARAUATIAMURW LU BVDIRITA0E19 KNN-LST ﬁqnmnu

U

WWIRTNEN 9
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250
- A KNN b
200 4 m  x=0.00 §
v x=0.04 ¢}
] @ x=0.08 g 3
150 ¢ x=0.12 g =
= | Y
2 1001 § 2 ]
'Og T -
50 i
i T
0- =
T I T I T I T I T I T
950 1000 1050 1100 1150 1200 1250
Sintering Temperature (°C)

gﬂﬁ 4.6 HANINARAUAAIN IWB laBLaNNSNVaIgNIA288719 KNN-LST

NannAHninend 9

Lﬁa"l,@i”qmﬁQﬁLmNﬁﬂﬁmmxauﬁums@hashm@iazmwﬁaaml,sﬁﬁﬁﬂuﬁaﬁm”u

dalAanNITLINGN NarauaNaNIIWa lBlann3n ANuaziduaaddalui

43  wan1IadauaNtan1s i zass1saragenaNgIs9e Ta™ nawnadaay

AMNAINII AN

431 HAanNIINAFAUAIAMNKW LK (Bulk density)

%é’amﬂﬁvlﬁmaa‘umqm‘vsﬁﬁmwﬁmmmm%m%’uLL@ia:mw‘i‘aasmLLf,h

ﬁﬂmi@haﬂwaq@ﬁazwﬂ@aam%ﬂﬂLmﬁqmﬂgﬁ 1100 °C F1RTURIINIDL1ILTIN
30 KNNLAZR1Ia a8 any itdua19a Ta® qmvxﬂﬁ 1130 °C &1RIURIINDES
LEIIUNFITADENILTINANNLANRITLA D Ta®* 0.04, 0.08, Az 0.12 Tua 31nThwii1 1l
NARBUAIANNAW UL #2835015ATAR (Archimedes method) 1AHAIIAINNAU LIS
VBIRNIAIBININUABL U TT NI 4.05-4.25 glom® G937 4.7 anJURuaaaliiaudn
a A 5+ & & . e a &L 4 oA o A a a @
USUE 7120 Ta® tANY® ANANNAWILUWALAN YW TULAIN UYL USRI UAUENT
o ' A _da a Ao A 5+ v A& AdAa wn
fragTAnNInRaNa T liwTzaniia Ta® IwRIIAIRIN TN A LS

a 3 ana ' v a X .
Lamm‘smﬂgﬂsmizwmmil,mNﬁﬂlmugirﬁmmu (Rédel et al., 2009)
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4.30

4.25

4.20 :|:
4.15 I

4.10 -
I

4.05

Bulk density (g/cm’)

4.00

T T T T T T T
KNN x=0.00 x=0.04 x=0.08 x=0.12
Composition

gﬂﬁ 4.7 HANINARDUAIANAW UL (bulk density) VBIR1TG28819 KNN-LST

432 wansnasgaua1ay Il (Capacitance: C ) A
ladiann3n (Dielectric constant: €) uazAgaie

Tadidnnsn (Dielectric loss: Tan O)

mw”'mshaﬁzmwm:gﬂﬁﬁmwmamhmwmﬂmlﬂﬁ (Capacitance: C,) 7
ﬂmm"ﬁlt 10, 50, L8 ¥ 100 kHz W u’jwa'}m”aaaiwa@hﬂmwQVLWVﬁwgaq@ f
d10ua 1 kHz laggseradonauasiie Ta® 0.12 Imﬁ@hgaﬁq@ 272.91 pF 8941
A9 008 lua 207.61 pF dantfag1Th lildua 15150 Ta® 166.77 pF waz 0.04 lua
156.64 pF (s?:i’]‘ﬁij@ﬁa KNN 112.50 pF @”ogﬂﬁ 4.8mﬂ°ﬁa§af:wud'1ﬁmmﬁf: aIeTadnaf
laduaisida Ta5*ﬁmmmminlumuﬁuﬂi:ﬁ;"LWﬂﬁ"L@Tmﬂﬂdﬁaﬁﬁaazhaﬁlﬁu
a5 Ta% 0.04 lua aevmansaredefiliduaisise Tasmurziunisldaud
ANNA 1 kHz IINNINEITeIaNsRAENTIEe Ta® 0.04 Tua udnsiuAssiasninans
G019 Aua1TI50 Ta® 008 uaz 0.12 Tua taRarsmiAinl1ud 10, 50, 100
kHz wudwﬁwmmﬂﬂﬂwLﬁm‘fuvl,ﬂsluﬁﬂmdLﬁmﬁ'uﬂ%mm Ta® MAnTuudazanasia
AN ALA @”agﬂﬁ 4.8 Namiwmaauﬁmmmﬂw&waamm"’aazhd KNN-LST 7
Aaadieng G]LLa:mgtyL?mvlmSLﬁﬂﬂ’%ﬂmadmi@ﬁamaﬁ@umiﬁaLmumé'mza@auﬁa
USanme Ta® LRuTn @”ogﬂﬁ 4.9
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350
_ A KNN
--@-- x=0.00
300 L -y x=0.04
I § @+ x=0.08
2o | . @ x=0.12
E‘L\ ---------------- ’ .............................. ‘
S 1 @
OD-ZOO B m ................. Q
= e | T o)
— u
S0 ¥Fogo e
| B ooy
g 4
© 100 |-
L F/ T
............... l
50 T e l
! . ' : L : I ' I I I
Frequency (kHz)

3U7 4.8 nananaseudianug InwvasaIdIaL1s KNN-LST fidauidng 9
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A & =i [ o o ad = A A

LwaﬂﬂmmﬂﬂasJuLLﬂaa'ngﬂauuNammﬂqmwnuwmﬂaﬂu"lﬂ “I0AN
L d c§ =} a dl o v =Y ‘dl %]
um%umaqm%nﬂ&mmmmwﬂwga@;a:m@msmaﬂuagnm"lﬂmﬂ
a . = Y o 1 d' A & a o 1
\@N (Curie temperature: T¢) 39 ldvinnInasaudasnladiannsin (eﬂ‘[@m@mmmg

o = o ' [ 4 .. P2 o 4 &

w2895 ua1TA88190281AT0ILCR Meter (HP precision, 4284A) G9lun1siaaniiuas
FUTIAW AN 1V N5 wazlta1ud 1 kHz IﬁLLﬁaﬂié’aas}Nﬁagjnwmlum%mw%au

NUIRAIINTIN MINUUTNVIAIWI AIAAIN LABLANNSN LA AINATUTUN T

logfi C @ AAnuasnLiuLeey (Wa: F)
d @8 ANURWITEIEANTIABLANNSA (LWAT: m)
g fa anwzanmiladidnninvesgyanneaien 8.854 x10™ (Wada
LA F/m)

A fAa  AunwinaauauEwladiann3n (@NHNaT: md)

3x10° —

|- 2+ KNN 1 kHz /’

o ||~ = x=0.00
3x10° 1. .- x=0.04 .

|- e x=0.08 ’ Y 4
2x10° [~ ¢ x=0.12 73 /\f
K
- , .’
2x10° - * ¥
". "
AN

Dielectric constant

T I T I T I T I T I T I T I T I T I T |
50 100 150 200 250 300 350 400 450 500 550
Temperature

a

3U7 4.10 mamnageusafiladiinnin vasanIaaatng KNN-LST figannfidng o
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INNHANITINARBINUIN T, VOIFITA1DE198 gﬂmﬁw 280-330 °C la &5
@18879 KNN ﬁqm%nﬂﬁﬂ%gﬁ 326 °C e108197 LiLduansise Ta® lgnniiaiad
# 280 °C Lilo9anindnavay Lit'uas Sb ﬁmmsmmm@qm%nﬂﬁg%’lﬁamﬁmam
16 sonaaaInLNUITLVDY Zang et al., (2006) Yang et al., (2007) Mgbemere et al.,
(2009) W&z Muanghlua et al., (2011) fa8d19MLaNE1T150 Ta® 0.04, 0.08, 0.12 lua

qmwgﬁg%ﬁlﬂﬁlﬁﬂaﬁuagﬁ 308 °C, 310 °C waz 313 °CONNAIAL @9

a a

{ v 3 1 a { AI j o v = J v
3UN 4.10 LRAI AR BINYSu e Ta® ﬁmeumlﬁqm%nﬂugﬂwmumﬂﬂms
. { ' 2 o
(Hollenstein et al., 2005) wazwunTtUasuulaslugis 400-450 °C Fafianudnlylad
LNAIINAINNRANAIATBILATAIND IV INITNARaUTIANAIIAILAINY
mi,ms']:'vi’ 2710 8139178 AT.aDWIE mmwﬂnﬁ mﬂ"i"mﬂﬁﬂﬁ-fm}mam’ ALY
ANLNENFAT WRIINENAEL B9l HANIINAFAUAIAIN LBLANNINVAIRITA8ENI KNN-
LST Ngaunndeing 9 @93 4.11 wudnasdaaeng KNN, 0.00, 0.04,
0.08 uaz 0.12 lua ﬁqmﬁgﬁﬂ%ﬁammmum@”u A8 424 °C,410 °C, 353 °C, 342 °C LA
o @ =2 o o { ' 4
305 °C @MNEIAU FINLWI IR NLALINUNIINARINHIBNT LAz I WUNITI YR kL8
. e 4 A X .
14129 400-450 °C AINLALLAAUIBLE?
dll a 1 =4 A & a 1 ai a A o 1 n{ A
LLG&L&ISW%’]SM’WHQIQ_’ILﬁtlvl,@]amﬂ‘ﬂiﬂwu’ﬂ‘ﬂqm%ﬂuuﬂi(ﬂ’]EIEI’]GY]VLNL@I&I
A 5+ A 1 a a & a_ o A o a g =
813L9aTa wmmgtymm"lmal,aﬂmﬂmﬂq@ a93UN 4.12 Wan1snanadfianadaay
WuldlddfaanuAanaiauadniadia Lwa"m]"aga"l,&immmi:qLLmIﬁuﬁ‘*ﬁ'@Lw

J 1 a

o A & A & ¢ o A A P a
16 9619970 813713897, aSWIA mmwg‘[sau a93UN 4.13 wummgmumﬂvl,@al,anmr]

]
a

&I) g 1 { = QI g Qs
@1 uaziiNgIa0d19NLANRIIL9a Ta® 0.08 waz 0.12 lua AL RNFITUARIIN
P79 250 °C



74

5x10°

4x10°

Dielectric constants
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Temperature ("C)

a

3U7 4.11 drasnleaBiannInuedaIdiang KNN-LST figungiidng o

U

a

ﬁ]’]ﬂﬂﬂﬂ%’]ﬂﬁﬂﬁ-fﬁ@;mam{ AR INDNFRAS WWANLIAELTEI IR

Dielectric loss

I I
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

U 4.12 wami‘ﬂ@aaum%zyL?{ﬂ"l@SLﬁnﬁnmaaaﬂim”aama KNN-LST figanndeing o
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1.2x10° 4 [ KNN 1100 kHz

1.0x10°

8.0x10"
6.0x10" -

4.0x10" -

Dielectric loss

2.0x10" <

0.0

0 50 100 150 200 250 300 350 400 450 500 550
Temperature ("C)

a

3U7 4.13 gudvladiinninasmidietng KNN-LST Ngaanndeng

U
a o A

mnnm’imﬂﬁnﬁ-i’a@;mam{ ATRANFAIRAT WRIINENaELTealnal

43.3 nmagaumIamaidananisdaswuilasarawinldiliuay
A
AN
° v g o o . A o M oo < A
f1IUNIINaaadhdunITinaIarat19ngs lalavinta vinesa utNann
dl Qs U ¥ °’I £ = aA
AN NRUIZRUNLNINARLANUAINII WA Tagna ldusrnInagaulrndainasds
1IN aRaU lanaaa1AND LazRaLaAIEWIN NN It ISNGUNARDLAILNNTIN
13020819 N1TLANE1TLaa Ta® 0.12 Tua w1 lwaw ru'IWwn £3.5 kv ugtdauw
A1A2N3D 10, 20,30, 40, LAz 50 Hz Vlﬁwaﬂwagﬂﬁ 4.14 WUINNAIANUD 10 Hz 297ud60
Iwmvl,ilﬁn‘*ﬁ'ugaﬁq@ L8240 Hz d17gm LLa:r:%'am@;VLﬁd'] NA1AND 20 Hz Uaz 50 Hz 297%
A % v A % % uq// =3 = U d' 1 d'
e lwan lsirulnafasnuwadnuididanltaiaiun 50 Hz lunisnasautnizidudnn
ﬁﬂﬁ@iﬂwmvlsLeﬁf*ﬁ'uvl.&i@thﬁuvl,ﬂSnﬁ'aLflu,ﬂmuﬁmf’ﬁmm?dmuﬁmﬁamm:aﬁﬂnﬁ
SlannTaRnaNa ld ntuieingIanadNNANIaNR190 Ta®* 0.12 Tua lunagawuig
Tndainasdzuad Nnad18n 50 HzaaldanrulWWINdns Ao unlad

(7
o

AILG £1.0, £2.0, £2.5, 2.8, 3.0, LAz £3.5 kV vlﬁNﬂﬂ’liﬂ@ﬂﬂd@T@Eﬂﬁ 415 ULRASIALAY

A ¥ A X, @ = A o X % @ ' ) o &
’J’]El\‘]ﬂ’]ﬁu’vaWWWLW&l“ﬂuﬂ’]l%’)d’)u&m’]‘m&l@]’m’mmu ENLﬂ(ﬂv[,(ﬂﬁﬂﬂa’luﬂa’m@ﬂumﬂﬂﬂd
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gadaziiasniaan asnunauwinWuWi £3.5 kV LANNTERIUANTIENAREUAINAINI

ldn uddrog1salad1afings 9 Nldnaseuluided tiaanuanuieniele

1 [ A ¥ A v & a a 4

szndnnimasauduiitasnianauin Wi lddugafuldiianisiusaad
@ ' =2 ) . ¥ A [ o '

(breakdown) luasdiadng sldnasaumdrauwialwvianansnlglanuynansdadng

i waUsngifiswaluvi £2.5 kv idudndasansnganazlflunmesasasas

WunamInagauluiitamInasauanuaIngwwa

w
o

N
o
|

[y
o
]

KR
o
|

Polarization (uC/cm?)
o

)
o
|

-40 -30 -20 -10 0 10 20 30 40
Electric field (kV/cm)

gﬂﬁ 4.14 NamMINaFaLNIREAINDITauaIaNIALNNTNNTANRITIED Ta® 0.12 Tua

melaawnlwn £3.5 kv NanTdaswLlasaun
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30 4
- ..o-—-"-'--'“--...
20 S i ?%}!ﬁa{vﬁvv"ﬁ.‘ »
< 10
o
O i
20
[
% | —=—1.0kV
N -10_| —
(_; - —a—25kV
. —<—2.8kV
- - — e 30 kV
” —<—35kV
T I T I T T . I | | | I I |
40 -30  -20  -10 0 i
Electric field (kV/cm)

gﬂﬁ 4.15 NAMINAFILI BTN NI TaVaIaNIAaLININITLANRITIED Ta® 0.12 lua

fa1ud 50 Hz meldawalwwndnndfuwudas

43.4 wamInagauaasiiinalsdisnn3n
(Piezoelectric charge constant, d,,)
Tosvldudasinalodiinniniivnoaudrvsdasniely 24 $alus el
Qmauﬂ'ﬁma"l,wSImSLﬁﬂﬁﬂﬁmmLaﬁmriauﬁﬂﬂi’a@h@hmﬁ"lwﬁimﬁl,ﬁﬂﬂ%ﬂ g
nagauitsadunInasauiiaAn¥In1IanasasanasRina laaLanNsn AsuaRasaNnT
vnaalasasausasauis 24 59109 ailuumnslunswamnwisofmagTasnung

WHONRNIW (aging) AINLIAN VBIRNTAIBENIAE 11
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300
1 =0.12
270 X
J Qo 3 § §§g§$ § § §§
240 —
. x=0.08
2104 2 ® g oF o
2 1 2055 5 $ 29
S 1807 x=0.04
B0 T TOYYYWYTYWW Y ¥ ¥y
120 i x=0.00
] i. .................
: KNN Y L .
NV T B B DDA 55 KA K
60 T T T T T T LR | T T rTTT '
1 10 100 1000
Time (min)

31N 4.16 HANINATALANANULTFONFNW (aging) AININT VBIFNTEE19 KNN-LST

narauBhrinlagnitinaraladnd lvinaanielaguialwna 2.5 kv

a

Nasrnd 200 °C 1181 20 w7 AnwwilUIad AN lwd ladannsn "L@Tm@”dgﬂ

U

q

A 1 o [l a A al a a g a A A a

7 4.16‘wm'1mimamaumm‘ﬂvlwaISﬁaLaﬂmﬂgamumuﬂsmmmsma‘nmmqvlﬂ 817
\ A ~

gred19NLtAdua1Ti3e Ta> 0121y A ﬁ@hga‘ﬁq@ 263 pC/N 0.08 Ly & &

@1 213 pC/N 0.04 Tua {61 159 pC/Nans lilduaTisa Ta® Sen 159 pC/N uaz KNN &

' '
' o A

4 - . 4 . ¥ &y oo L an -
A161Nga 89 pC/N 71 1 WNUINKAINNNTWHET7 NIBNITLNNT VD IAIAIN LW D
=) ~ =) a d v Qs a W
Traann3n WNAN1INNITLANAITE8 209 LiZ* Sb® uasTa® G98aanaadnuiiniay
28J Zuo et al.,(2009) Rubio-Marcos et al.,(2007) Yang etal., (2007) LWaNIITHINT
RARIALUNUNIAINHIBLIINLTIY 813028879 KNN 8136108971 aN13198 Ta®* 0.08 lua
1IN LGN Ta® 8139108 19NLANENTIEa Ta% 0.04 Lua uaz 0.121ua An13aaas
Aatdusouay 11.83, 11.00, 10.10, 7.13, ha Y 6.22 ATNRIAL AIA1IN1IN 4.2
2{:&’ v & 1 ci 5+ =} ol d' > uq: = v A (3 J £ ni
ﬁnﬂﬁ;@wﬂmﬁmm 0.12 luavas Ta wmm@mmﬂq@mumaauugm%Luamu‘n
#1310 Ta NUSHT B EINITDTIIRANIILRANRATNAINLIAIVAIRITAD LN
1o e titasanninduanada Ta% W ldlulaveasnsvaigsiasan KNN-LST vinlwany
= v [ 6 A . a J A (2 ¥ U A
FanWud TN LRIaN B T1TALE AN (hard ceramic) W NIUAada ldzuInIWWAN
J ) Y Aa L ) v a nl s 4
gd‘llui%ﬂ’]i‘ﬂﬂsl‘ﬂLﬂ(ﬂIW‘J’]vLiLGIHTu wazrinl¥29uAan138 A NITIRANRAIWNITH

& L. & oa Xy . -
U7 (depolarlzatlon)ﬂfﬂ:Ln(ﬂ“uuv[,(ﬂmﬂmﬁéﬁa‘fwmjﬁ&m (Henderson, 2004)
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ATNN 4.2 AMANULRONFNIN (aging) MULIAT VBIE1TAI0E19 KNN-LST

- 9 USanmmyaasszasauianmaluvia (308a)
FuUANM 9 I

KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12

A0 IWBlasBIanNmSN (dss) (PC/N) 11.83 | 11.00 | 10.10 | 7.83 | 6.22

44  wansnadavantansldfivasarsdredefianaisiie Ta® vamagay

ANA N9 N

NANIINARBIIIWINA bsisTudainaSda (polarization hysteresis loop) nele
sl £2.5 kv a2 wf 50 Hz @aue 1,000-1,000,000 saulasasinniadausd
InalaBianniniisiwiuseuds g asit enasiindladiinnin desfiladidnnsn e
gutdvladidnnin elwanlsadunsde uazdmmulivhauig fneazidoadsdelyi

444 HAVRIMIBNEITIoUNRMAN (Ta®) Aidaerwinanlsimsuiame
3B (polarization hysteresis loop)
813670879 KNN 8136208797 latfug1si5e Ta® uasg13a208719n 1A w50
Ta®" 0.04 0.08 az 0.12 Lua Qﬂmaaumﬂﬁaum"lw{% 2.5 kV A2WA 50 Hz e9ud
1,000-1,000,000 38U mﬂgﬂﬁ' 417 wanrsnagaululwalsiostuiaineSdanon
nagouaNaIM WA wuensaaegng KNN Sr9ufidentrawauidowSsuiisuny
f3e0819wan au ﬁammmiﬂwmvlil,sn"ﬁ'uvl,@ﬁfiaau'lwvlw&'lvlaigamﬂ inTaaas
paslnan b5 mtusI0152A 1299190 3,000-7,500 30U WA 50,00-70,000 youldwasszy
7 4.18 (a) donnfagseraden i uasise Ta® wazansaradanauise Tao u
USun o i ﬁa@TaﬂfamNVLWvﬁwﬁgﬁfuslumiﬁﬂﬁLﬁ@Iwm"l,sl,sn%'u WAz lA9I%
[Aann3auea madenan wnsiiaa (depolarization) (Henderson, 2004) 813@288197 bl
EuanIise Tas mssasswaslnanlstudeudrsadiiaue @T\‘]gﬂﬁ 418 (b) 8130208797
wuise Ta® 0.04 Tua §nsaaasueslnarlsisdusraisanTi951ma% 3,000-7,500 30U
LRITADY 9 AARIDHIIFILTND @”agﬂﬁ4.18 (c) g3arad1eNause Ta% 0.08 Tua &
a”ﬂummmuﬂﬁ'}ﬂgﬂluvlﬁﬁﬂumwumuﬁmuuﬂmﬂL’%'m%\'il,ﬂuwammnmsﬁmi
m”aazmgﬂﬁ'mgfmmﬁa fnsanasvaslna s aTusIas N8 wIn 5,000-10,000 y8U
LRIA0URaaEIITY 9 uazFa LA aé’ogﬂﬁl 418 (d) WATRITAI8E1IN LAY
158 Ta® 0.12 Tua 729979424 1,000-7,500 381 AN13808INEININUEIIIAL52
2981w 7,500-10,000 JOLUAZ S14I% 100,000-300,000 381
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LD LEAS LA AW AIDATINITAARIVAI LN LI TUUDIFITAI L ILTINAN

1 =) dl 1 L= v 1 ¥ v Qs = % U
@19 9 xR Tanfia lna lsiruasdne wazdrguwalnvhaudie aseazidoaluiite
0l

40
30 +
—~ 20 - ,_c":_’ >
Tt P e A e s
S w0f et BT
S L
= 0]
2 r
< -10 |- —a- 3
= L : .AA-AAA-A'AA-A_ :ﬁA_A_. = ;,-;'V:;S;O: y —— KNN
< 20 | el oo 0 e g —=—x=0.00
o I % n_1sx>0°°’°°'o—oo PR ——x=0.04
30 | o rmemeseewe o ad —e— x=0.08
a0l % oeo®®” —e—x=0.12
C L | L | L L | L | L |
-30 -20 -10 0 10 20 30
Electric field (k\v/cm)

JUN 4.17 Anlnan s Tudainasgs vaIr13620819 KNN-LST Aaunagalainusd

Ml meldauwnlnwh 2.5 kv aanud 50 Hz

Cycles
15 —29 000
—— 3,000
10 — 5,000
< ——— 7,500
E 5 —— 10,000
Q — 30,000
3.
= 0 —— 50,000
= —— 70,000
N 5 — 90,000
s — 100,000
£ -10 —— 300,000
500,000
-15 — 700,000
i ——— 900,000
-20 o L —— 1,000,000
-30 -20 -10 0 10 20 30
Electric field (kVv/cm)

(@) yulnan s sudanesgs 29813928819 KNN
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30 -20 -10 0 10
Electric field (kV/cm)

20
—— 1,000
15 - — 3,000
0L —— 5,000
< —— 7,500
E 5 —— 10,000
O —— 30,000
2 0 — 50,000
= :
S —— 70,000
8 S5r ——— 90,000
ERLE —— 100,000
S ———300,000
-15 | 500,000
—— 700,000
-20 - —— 900,000
P O —— 1,000,000
30 20 -10 0 10
Electric field (kV/cm)
() MWwlwan lsirsudsineiTe vaIa1I@8814 x = 0.00
20
—— 1,000
15 —3,000
10 —— 5,000
- —— 7,500
‘“% 5 ——10,000
3 ———30,000
= 0 ——50,000
5 — 70,000
3 ——90,000
< .10 ——— 100,000
S ——300,000
0 .15 500,000
—— 700,000
-20 —— 900,000
5 L —— 1,000,000

() 1ulnan s sudanesTa 2898130288149 x = 0.04
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30
25 [ ——1,000
20 | ——3,000
i —— 5,000
~ BT —— 7,500
E 10 |- —— 10,000
Q St —— 30,000
= of —— 50,000
S 5[ —— 70,000
S i —— 90,000
N ]
3 10 — 100,000
S5 r —— 300,000
-20 - 500,000
-25 —— 700,000
30 L ——— 900,000
_35 [ | 1 | 1 | 1 | 1 | L - 1,000,000
-30 -20 -10 0 10 20 30
Electric field (kV/cm)
(d) mlwan lserTudsnaita vaIaIal8t19 x = 0.08
40
- — 1,000
30 - —— 3,000
i —— 5,000
o~ 0T — 7500
E 10 | ——10,000
Qe L —— 30,000
=z O —— 50,000
2 i —— 70,000
g-10F 90,000
3 i —— 100,000
© 20 i —— 300,000
30 | 500,000
I —— 700,000
-40 |- —— 900,000
S o —— 1,000,000
30 20 -10 10 20 30

Electric field (kV/cm)

(e) wulnan lsiwsudamnesTa vasansaate x= 0.12

;Jﬂ“?'i 4.18 vulnan lsituimnasas nmeldamulnnn £2.5 kv aanud 50 Hz




83

442 enlwalsiasuwaing (Remnant polarization, P) wazarawia vl
CHERE (Coercive field, E )
ﬁnﬂgﬂﬁ 4.19 LRAIF 1WA ISLTTUAIANY (remnant polarization) T£#3N9
nInagauauaInis w1 uansendns g 1ledSuam Ta® Lﬁwi‘ful,l,azgﬂ
7 4.20 ugaIAn Ina lSITTUAIAILULFUNNE T2nIN9nIsnagauaNaIne IWvnf
FIBIBTOUANY 9 VaIR1TA20819 KNN-LST mngﬂﬁ 419 wuindedinanseu
RuTn 53610819 KNN wazansaaagnsfitdvansiie Ta® 0-0.12 Tua 7 1-5,000 sau &
drlnan lsirTuasfnsanasasnaTIaisaanisi Ta® 71 0.08 uaz 0.12 lagAamsanasdn
$ovaz 15.00, 15.26, 15.25, 12.13, uaz 3.73a w80y GolusreiiUSunmansiie Ta* 7
Rudnazdstrorraanmsaatsunmvasenlnalsiotuasdsldagnsunnidoisuiuas
Fratnam AN A LL@iLﬁaﬁ’lmmamﬁugaﬁa 50,000 58U ANLWA LILTTUAIAIAART 1
UsurmAlndldosnwdsaanrd uwiosass 5615 5482 57.90,
38.45, La 40.04 A1NE1AU LLasziaﬁﬁmmamﬁugaﬁuﬁa 1,000,000 Y8 U ®13
f28819 KNNUaza3a208197lauast5e Ta® 0.00-0.12 Tua SUSumvasdlnalsie
TuaIn1IaaaIAatdnsonas 94.53, 85.50, 84.65, 77.27, WA 82.73 Laad bHLAKINRIT
fregafiduasise TaoelRusSummsanasosa lna lsirtuaidsgonnsaanUKe
msnagaua1nifiladidannsnuazansi lndlodidnnsn Nidanasidasiuinsey
gur WA A UUINT % wazann1InagauaIua N W NI IR N AaIUd 1-
1,000,000 38U WU1E1300819N T N1 T8A89p09a0 Inan bl T uaafig @’%wﬁq@ﬁa 817

anad9NLANaITIEa Ta% 0.08 Tua a9a139N 4.3
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AN 4.3 MIUTDUHABUUSN NI 9AN IWAN bILDTUAIANS (+P,) T2WIN9NT

nagauaNi WA meldamnalinn £2.5 kv/imm anud 50 Hz

KNN x=0.00 x=0.04 x=0.08 x=0.12
Cycles |(%decrease| error | %decreas | error |%decreas| error |%decreas| error |%decreas| Error
e e e e
500 0.957 0.029 1.797 0.054 1.516 0.045 1.291 0.039 1.053 0.032
1000 1.919 0.058 3.595 0.108 3.033 0.091 2.581 0.077 2.106 0.063
5000 15.908 0.477 | 15.264 | 0.458 15.259 | 0.458 | 12.134 0.364 3.731 0.112
10000 50.520 1.516 | 68.613 | 2.058 | 52.296 1.569 | 35.544 1.066 31.542 0.946
50000 56.158 1.685 | 54.823 1.645 | 57.902 1.737 | 38.459 1.154 40.049 1.201
70000 76.055 | 2282 | 82850 | 2.486 | 85.937 | 2.578 | 42.767 1.283 47.955 1.439
100000 89.647 | 2.689 | 91.155 | 2.735 | 84.962 | 2.549 | 57.071 1.712 59.997 1.800
500000 97473 | 2924 | 77.248 | 2.317 | 73.739 | 2.212 | 67.283 2.018 74.238 2.227
700000 95.584 | 2.868 | 81.739 | 2.452 | 80.799 | 2.424 | 71.481 2.144 78.562 2.357
1000000 94530 | 2.836 | 85.509 | 2.565 | 84.657 | 2.540 | 77.276 2.318 82.737 2.482
20 + N E a  KNN
10 [ It I
< or 1 1 1 L % §E
E 1111 1 1 1 11111 1 1 1 11111 1 1 1 11 111
S 30 I g = x=0.00
O |
Q 20} g
- 10 | (1
& oL ¥ I I
C— L1 I 1 1 1 11111 I 1 1 1 11111 1 1 11 I 11 I
o 30 k2 ¥y ¥ v x—0.04
= L
5 ¢ s 3
5 10 ¥ ¥
S of i tim
S _I 111 I 1 1 11 1 111 I 1 1 11 1 11 II 1 1 11 1 11 II 1
§ ;‘8 -2 T g o x=0.08
e - k2
e 20 | - tz EE
o [ T 3
o~ 10 IE
60 C1 111 1 1 1 111 III 1 1 1 111 III 1 1 11 111
45 L 2 E K 3 ° x:0.12
30 [ 29 K3 3
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NINARIY BGIW R’IVLSL‘Iif%ﬂG@ﬁG Lﬁﬂﬂ'ﬂ’]ﬂﬂ?’mﬁ’]ﬂ’]x‘ﬂwwq FININAUIDE

@ naunsaan3fn (Logarithmic fatigue) @28 ldsunsas Origin lab Faidiaulaasd
P,y =P,-Aln (N+B) [@”@LLUadw’lﬁl’m (Brennan et al., 1993)] (4.2)
Wa  AB  #a dwinfieesuassunifianIenadnaimndn KNN-LST

N fa S1wdInsauasawd TWw
P, A8 lwan ISt ruaddn

ANT 1N 4.4 AINITIULADINITANAIVDI LNAT LILTTWAIAIUDIRITA8L19 KNN-LST

e Pq A B
RIIQIDYTN
+Pr 'Pr +Pr 'Pr +Pr 'Pr
KNN 19.66 -18.15 1.45 -1.33 -428.00 -353.83
x=0.00 18.94 -21.94 1.29 -1.51 -899.80 -891.95
x=0.04 23.58 -25.62 1.56 -1.75 -821.71 -844.88
x=0.08 31.63 -37.68 1.96 -2.40 -100.30 -171.46
x=0.12 46.45 -53.33 3.13 -3.60 762.19 -20.25
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NWINTDLENN 9 VOIFNTA8819 KNN-LST

audse Tannmisduimannsaani3Au (Logarithmic fatigue))
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2 Coercive field, 2E (kV/cm)

Cycles

gﬂﬁ 421 RN NI LA 9ITZHINIMINARALANNEINS INWBaI81IAR LN
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1 { Aa & a
443 WANIINAFOUAIAIN LADLANNIN (Dielectric constant)
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A KNN
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NI 4.5 URAIUTUI WM INITAARID a\‘]ﬂ"]ﬂx‘iﬁv[,@Lgﬂ‘ﬂ§ﬂ5$‘ﬁ?"]\‘1ﬂ’l?ﬂ@E‘TaUﬂ’J’I&IE‘T’W

i v suAuAeunagauANUEINE NN wInTaU6IS 9

NaND 100 kHz poanndvas

KNN x=0.00 x=0.04 x=0.08 x=0.12
Cycles |%decrease| error | %decreas | error |%decreas| error |%decreas| error |%decreas| error
e e e e
500 2.423 0.073 2.746 0.082 0.345 0.010 4.414 0.132 1.152 0.035
1000 9.079 0.272 4.389 0.132 4.756 0.143 8.496 0.255 0.589 0.018
5000 9.954 0.299 11.701 0.351 7.910 0.237 12.429 0.373 6.740 0.202
10000 14.768 0.443 | 21.671 0.650 10.550 0.316 19.148 0.574 11.087 0.333
50000 24.703 0.741 26.011 0.780 | 27.786 0.834 | 31.864 0.956 31.381 0.941
70000 26.648 0.799 | 28.492 0.855 | 29.218 0.877 | 34.315 1.029 34.042 1.021
100000 54.185 1.626 | 34.750 1.043 | 34.672 1.040 | 39.454 1.184 36.323 1.090
500000 59.078 1.772 | 35.288 1.059 | 39.068 1.172 | 40.790 1.224 38.414 1.152
700000 62.160 1.865 | 37.299 1.119 | 43.098 1.293 | 42.134 1.264 38.907 1.167
1000000 66.160 1.985 | 38.467 1.154 | 45.954 1.379 | 44.678 1.340 38.802 1.164
80
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S 60d | ¥--x=0.04 z A
[72] _ e
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= : ol 24
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L‘Y]mJﬂiJﬂﬂ%ﬂ@]ﬁ@ﬂﬂ’l’]&lﬂ’]ﬂ?ﬂ?\l?\h NATNWIVIAUANN ¢ NAINda 50 Hz
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N3N 4.6 USH1NIINIIRAAIVBIAIAIN LN L BLANNINIZHININIINAFAL AN
i lnvh suiuAewnagauausINe W Ndwiusaudns 9

KNN x=0.00 x=0.04 x=0.08 x=0.12

PMWIWIBY |%decrease| error | %decreas | error |%decreas| error |%decreas| error |%decreas| Error

e e e e
500 2.025 0.061 7171 0.215 4.313 0.129 1.684 0.051 1.536 0.046
1000 5.316 0.159 9.302 0.279 6.469 0.194 4.316 0.129 3.314 0.099
5000 18.987 | 0.570 | 20.736 | 0.622 | 10.916 | 0.327 | 14.526 0.436 9.297 0.279

10000 35.949 | 1.078 | 25.581 0.767 | 20.889 | 0.627 | 17.579 0.527 16.006 0.480

50000 41519 | 1.246 | 25.775 | 0.773 | 34.501 1.035 | 24.526 0.736 25.061 0.752

70000 50.633 | 1.519 | 30.426 | 0.913 | 37.466 | 1.124 | 26.316 0.789 29.669 0.890

100000 63.038 | 1.891 | 34.690 | 1.041 | 41.375 | 1.241 | 29.263 0.878 40.663 1.220

500000 69.367 | 2.081 38.953 | 1.169 | 46.496 | 1.395 | 44.000 1.320 45.271 1.358

700000 78.987 | 2.370 | 40.116 1.203 | 47.574 1.427 | 45.684 1.371 45.594 1.368

1000000 88.354 | 2.651 41.860 1.256 | 49.730 1.492 | 47.579 1.427 47.373 1.421
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& -, = Lo ‘ > : .... > % ‘
' ¢ e T ; v > - AR ]
3 ", 'A 5" ’.:. ‘)l“\ny‘ \:‘ 4 - ) . L A )
-7,4 y ¢ - -
* Pole direc ion.H (d) x=0.08 wommsss | 2o “} — ' . 19 pm

C’I 1 g =) a : Q ]
EIJ‘YI 4.45 AWANY SEM WRHNIUII WD UV BIDURITINIDENI KNN-LST
ﬂﬂv\‘iﬂ'ﬁ“ﬂﬂﬁﬂﬂﬂ??ﬂﬁ?ﬂ?ﬂleﬂ'] ‘ﬁﬁ’]ﬁi‘}”}]iﬂﬂ 2000 ¥
(a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12

Pole direction | | (e) x=0.12

gﬂ‘ﬁ' 4.46 MWENY SEM WWHIUSII MU0 LTI TUE1I018819 KNN-LST
WAINMINAFEUANNEMIINAN Afnaseny 2000 win
(a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (i8)
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#13618819 KNN-LST #asnInasauanuamaluni Amssaene
400 1711 (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12
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(b) AWENY SEM AWEITURIIAI8E19 x = 0.00 Ly

* Pole direction
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(c) MWENY SEM AuArTuasaiasing x = 0.04 Lua
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4001¥11 (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (¢i8)
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. & a & o
(d) 7Wa1y SEM WHNITHRITAIBELII x = 0.08 INE\]

4 . a4 v X oa A . &
31N 4.49 MWty SEM INUTaUUANTIUWARRILSI D UUAZEIUNIBITY
#13618819 KNN-LST #asnmInasauanusmsluni fisasens
400L¥n (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (i)
N " R

.......... HUHIASOULUANI I Pole direction

------

.....

__________

Feb 26, 2013

(e) MWENy SEM WuAITuaNIa1881d x = 0.12 1@
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gﬂﬁ' 4.50 MWENY SEM AWLTR8LANIIIUBABEI LS Ao ULAZEIUNA1STDIT
#13618819 KNN-LST #asnmInasauanuamslumwh fisasene
400 i1 (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (¢ia)

47  HANIINAABIT

PNNINAROUNYANTINAMNA NI NN 1289TUA8819 KNN-LST tilad uwin
% A o & & a v X & & o ' ]
ianaHWNVLwW’]LWN‘iﬂu'J%gGTH%H '*ﬂzl,ﬂ(ﬂi@ULL@ﬂiW?T%ﬂWUl%L%ﬂT%@?@EJ’N FIANRIIH]
1% A a X < a a @ A o
LL(ﬂﬂT]’J‘V]Lﬂ@]‘ﬂu%%LﬂuNﬂN’]’ﬂﬁﬂﬂ’]iLﬂ@U%Lﬂﬂ\‘i‘ﬂﬂﬂ’]\‘lﬂlad‘[@]L?J%ﬂaﬂﬂﬂvlllil’] A7)
1 ¥ Aa A d? Aq’ @ o @ d'. dl o) e
ﬂ@i%Lﬂ@]ﬂ’]?NLﬂﬁU@]ﬁ:ﬁNﬂ’]UI%L%@?%G'\%@N%’)TQY]N’]%NW LRSLNDUUHWNRNIINAND

% 2910¥1N1INAFTE LN ANTINAINANENATI LWN1TNARBI% ITNARDUAINNRINAY

T neldaunliwi£2.5 kv 1a08 50 Hz 1 BBLEDINBAITNARBID § T

2.000,000 581 WYaNNULWANIBINAT IS Twisinasds 1 1, 10° waz 2X10° 50U WAy
NN INAIUNRDIFLADSLALNTULNATLATIZHNTLU AU WL AN A LA HAINARALAINE
N9 b

NMINARBIAINET 1ulna latudmneiBa asgun 4.43 Swndnssunis
AARIVBIAN LNAN b TUAIA INALA L ILAZFBAARBINUNANIINARDI IURITEN 4.6 Al

K £ N dl = v a = Qs a
A I TTUAIAN 99013197 4.7 Tuwlinldlunian1aideinunanimaaadns1wui s

Watafl 4.42
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1
(9]
I

-10 - 1 cycles

Polarization (uC/cmz)
ja)

-15 b — — 1,000,000 cycles
L - - --2,000,000 cycles
_20 ) | ! | ! N | N | !
-30 -20 -10 0 10 20 30

Electric field (kV/cm)
(a)

gﬂﬁ' 451 2wlnan st wianesFaues KNN-LST meldauulnni £2.5 kv
AWA 50 Hz (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (&) x=0.12

[\
=]
I

x=0.00

—
9] =]
I I

1
(9]
I

210 b

Polarization (uC/cm’)
o

1 cycles
.15 L — — 1,000,000 cycles
L - - -- 2,000,000 cycles
220 . | . | . . | . | .

-30 -20 -10 0 10 20 30

Electric field (kV/cm)
(b
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[\
=]

- x=0.04

—
9}
I

—
(=)
I

v}
I

1
(9]
I

—
o
I

Polarization (uC/cm’)
o

L 1 cycles
215 — — 1,000,000 cycles
L - - -- 2,000,000 cycles
220 I T B P R R
-30 -20 -10 0 10 20 30
Electric field (kV/cm) .
©

gﬂﬁi 4,52 2mlnan st uiainesFaves KNN-LST meldzualnng £2.5 kv
a1WA 50 Hz (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (d®)

2 | x=0.08

—
(=)
I

210 b

Polarization (uC/cm’)
o

1 cycles
— — 1,000,000 cycles

- - -- 2,000,000 cycles
1 I 1 I 1 1 I 1 I 1

-30 -20 -10 0 10 20 30

Electric field (kV/cm) (d)
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Polarization (uC/cm’)

o [ x=0.12
20 +
10 +
0
210 b
20 b
L 1 cycles
30 - — — 1,000,000 cycles
L - - -- 2,000,000 cycles
_40 ! | ! | ! | ! | !
-30 -20 -10 0 10 20
Electric field (kV/cm)

30

gﬂﬁi 4,53 2mlnan it uisineSFaves KNN-LST meldzualnng £2.5 kv
a1WA 50 Hz (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (d®)

AN319N 4.7 enlwan L tuasanslunisnasadsn va9aIisznay KNN-LST

P. 71 10° 50U (uClc | P, i 2X10° au (UClc
dhatg | P, #1501 (uClom?) m?) m?)
+P, P, +P, P, +P, P,

KNN 10.38 -10.35 1.89 -1.89 0.71 -0.98
«=0.00 10.79 -10.39 2.24 -2.21 1.22 -1.19
«=0.04 11.89 -10.09 251 242 142 1.38
<=0.08 18.71 1817 4.71 452 3.49 -3.41
=012 24.85 -23.95 5.88 6.18 3.65 -3.66

fusuramImasew9ndniiia (butterfly loop) meldamnnwi 2.5 kv
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A210H50 mHz naunisnagauauane IWW e sTuA8819 KNN-LST 1ila x=0.00-
0.12 lua va9a13138 Ta® @Tagﬂﬁ' 4.44 wudwgﬂiﬁwaa’;muﬁﬂﬁl,gamamﬂmm”’saﬂw
laiguunas 6‘1?\1Lﬁmnﬂmiﬁéummﬁasm"léfgﬂﬁw%mu,ﬁ’; A1AUIATIAFIRAVBINIY
dndFediinduiosinmmaie Ta° Windu @uaadluanef 4.8) dadunaunan

= an ay _a & a daf A o @ o o A
ﬂqiuauu@]‘lwaIGﬁaLaﬂﬂiﬂﬂ@muéﬁﬂaa(ﬂﬂaa\'iﬂllNﬂﬂ’]iﬂ@aﬂﬂluﬁ’]maﬂm’]u&l’]

(a)
i —— KNN
8.0x10™
6.0x10" [~
9 40x10" [
J 3
2 E
= 2.0x10"
= L
2 0.0
-2.0x10™ [0 U
- L . 1 . . I . 1 .
-4.0x10 20 -10 0 10 20 30
Electric field (kV/em)

gﬂ‘ﬁ' 4.54 19 mdnfliaavas KNN-LST meldauwulnmh £2.5 kv aud 50 mHz
AounsnagounuaIne I (a) KNN (b) x=0.00 (c) x=0.04
(d) x=0.08 (&) x=0.12
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1.4x10° x=0.00

1.2x10°
1.0x10°
8.0x10"
6.0x10™
4.0x10™
2.0x10™

Strain (AL/L)

2.0x10™

4
-4.0x10 20 -10 0 10 20 30
Electric field (kV/cm)

x=0.04

1.5x10°
1.2x10°
9.0x10™

6.0x10™

Strain (AL/L)

3.0x10™

0.0

-3.0)(10_4 | 1 | 1 1 | 1 | 1
-20 -10 0 10 20 30

Electric field (kV/cm)

gﬂﬁ' 4.55 1uilndi&ev89 KNN-LST meldauwnlwwn £2.5 kv aanud 50 mHz
AounsnagouaNuaIm el (a) KNN (b) x=0.00 (c) x=0.04

(d) x=0.08 (e) x=0.12 (§d)
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3
5.0x10 B

4.0x10° |
3.0x10° |
2.0x10° [

1.0x10° [

Strain (AL/L)

-1.0x10° |
-30 -20 -10 0 10 20 30
Electric field (kV/cm)

] =0.12
6.0x10° x

5.0x10°
4.0x10”
3.0x10°

2.0x10°

Strain (AL/L)

1.0x10°

0.0 —

3
-LOx10T 50 0 10 0 10 20 30
Electric field (kV/cm)

gﬂﬁ' 4.56 292wIdnfiFav09 KNN-LST meldaualnmi £2.5 kv aud 50 mHz
Aaunanagauanuanig (a) KNN (b) x=0.00 (c) x=0.04

(d) x=0.08 (e) x=0.12 (8)
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137 4.8 A1ANULATDAFIFA (maximum strain) Va9a17UIzNAY KNN-LST

AAUMINAFALAMUAINII bHA

A8EN9 @i’]ﬂ’nmﬂ%’mgaq@ (maximum strain)
KNN 7.50X10™

%=0.00 1.30x10°°

x=0.04 1.50X10°

x=0.08 4.50x10°

x=0.12 6.00X10°

3
1.4x10° [ KNN
12x10° [
1.0x10° [
8.0x10™ | M

)
— .
2 6.0x10° }= { a
k= I
£ 4o0x10" [ M
= I
2.0x10" [ K\,M
0.0 [ =T
20 10_4 1 I 1 I 1 1 I 1 I 1
) 20 -10 0 10 20 30

Electric field (kV/cm)

gﬂﬁ' 4.57 2 mdnfiideva9 KNN-LST meldauulnmh £2.5 kv aud 50 mHz
WaINIIMAFaUANEINS I (a) KNN (b) x=0.00 (c) x=0.04
(d) x=0.08 (e) x=0.12
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x=0.00

6.0x10”

4.0x10”

2.0x10°

Strain (AL/L)

0.0 I{

s
-2.0x10° 3 20 -10 0 10 20 30
Electric field (kV/cm)

—~
-
~—~

-4
3.0x10 —0.04
2.0x10™ [
) i
—
N
= L
= 1.0x10™
7 i
0.0
1 I 1 I 1 1 I 1 I 1
-30 20 -10 0 10 20 30

Electric field (kV/cm)

gﬂﬁ' 4.58 11uilndi&ev89 KNN-LST meldauwnlwwn £2.5 kv aanuf 50 mHz
WaININAFoUANENS IR (a) KNN (b) x=0.00 (c) x=0.04

(d) x=0.08 (e) x=0.12 (8)
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(d
4
4.0x10 x=0.08
3.0x10™" [
= L
g 2.0x10
£ I
£ B
@ 1.0x10"
0.0
1 I 1 I 1 1 I 1 I 1
-30 -20 -10 0 10 20 30
Electric field (kV/cm)
|
3.0x10 x=0.12
2.0x10" [
3 _
—
~"
= 4 L
= 1.0x10™
2 I
0.0 =
1 I 1 I 1 1 I 1 I 1
-30 -20 -10 0 10 20 30
Electric field (kV/cm)

gﬂﬁ' 4.59 11uilndi&ev89 KNN-LST meldauwnlwwn £2.5 kv aud 50 mHz
WaININAFoUANENS IR (a) KNN (b) x=0.00 (c) x=0.04

(d) x=0.08 (e) x=0.12 (8)
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a‘hvi%“ummﬂﬁiwuﬂaomoﬁ’mmymwmaa%mmmmm@vlﬁﬁnﬂmsm%yuLﬁsm
MWREWLAZARINAFOUANNRINI NN G'fjawmammﬂ%nuuﬁvuﬁﬂunnﬁuﬁaasha a9
31J°7i4.45-4.47 FIMSUTHA0879 KNN, x = 0.00 L&z 0.04 3sWUTa8LANTIILT UIdH
\&n 9 ldanugwiu wazveuiniu nusmvaudn I lUEnaneduaaasne §usn
@18879 x = 0.08 W§z0.12 @Tﬂgﬂ‘ﬁ' 4.48-4.49 9=aNNFONBIARTEBULAN IR AU
athetalan sasuaniiadanwmsdusosdiint wazsn uadswnsosuanianwy
#aunin @a18819 KNN, x = 0.00 Laz 0.04 %aé’amqvlﬁd’] TRUUANINIAANIATNUTU I
330 Ta® ARudn
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Pole direction|.

v

A J @ Pole direction|"

s

KNN fifn&32818 200 i

A0

(2
a

a

a

ANUNWRIVUSI VAT URNT

)

U7 4.60 M

h))

(

v

v

WRINITNAFALAINRINI

)

b

naunagay (

a
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Rl L

* Pole direction|-"

gﬂﬁ 4.61 MWENINWAILSIWVAUTUINTAIDE19 x=0.00 NHNFIVENE 200 19N

(a) fOUNAFaY (b) HAININARALANNEINS TN
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* Pole direction|"

gﬂﬁ 4.62 MWENINWAILSI WV UTURNIADL19 x=0.04 NFNRIVENE 200 L¥iN

(a) NauNA&aL (b) ARINTNARBLANNAINTI PHA
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g

* Pole direction

v
08317

™

.9

>~ B

P o -

3 * Pole direction m‘,‘ g

gﬂﬁ 4.63 MWENUNWAILSIWVAUTUINTAIDE19 x=0.08 NHNFIVENE 200 19N

(a) AAUNARAL (b) HRINTNARALAMNAINTI LI
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‘u
8 ‘ g ;
P ¢ g ¢ e
o ]
>
v A
’ 398311 i .
i i

QT TN Y

@ Pole direction _ ’ -
. ! 3

gﬂﬁ 4.64 MWENINWAILSI WV UTUINIADL19 x=0.12 NFNRIVENE 200 L¥iN

(a) Naunagay (b) ARINIINARALANNAINI bTN
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4.8 a3

L]

INNANITNAFAILAZANTIAITIER mmsna;ﬂNamsLﬁawamwmaamiﬂi:ﬂau
KNN-LST (Ko 5oNag 46Lio 04)(ND(o.66./Sbo.04T2,)03 NtAAIIMNNIINARAUNITLAAAIINEIAN
mItdasuwtnmeluwanIenadng tia x=0.00, 0.04, 0.08 Az 0.12 NIWINIWNT £2.5 kV
#aANRUY 1 FaRLNAT A210D 50 Hz 1aada13197 4.9-4.11 Llaag1a13naLa I beain

=2 a A A ' @ o ' ¥ o a
MIANENIWIAVBIIBTRINDITR alwan lsirtuadds anawa lWWiaua1svas9Ing
{ { v ¥ { =) g v {
snasganidasuudadtl arrusinistwwntfadwdainudwlylanazunain

A a =1 % A a 2

fing 2 daznnsae (1) LAAINNAITASIVINII LALUNTID1IFINITDILATIZR LA NNAT D

a g Q a a A & & U
WMARAMIRNLUVBITIRENT (2) LAnNANUTEERIBURAIBLENINTaTInTmaula
mﬂmwmUIﬂioaﬁ”waﬁ;anﬁﬂI@Ul"ﬁnﬁaaﬁ;amiﬂﬁ&ﬁﬂmammudaamm IINWANIT

i oA a A 5+ A4 a X o a v a a
NAFAUNWUINLNaUSUIIEN T80 Ta® MANTHIAIINITANAINAIETAIaARd tasLila
a A 5+ & =) a Aa v v a a

USanaeansida Ta qwumimamaawudI@]quLﬂ@"l@uam (Aaen) lawuanansaasu
=) =) ¥ Y, &/ 1 v 1 %
AeldaruneasgwinlWn laaunasnalwaaiinisaaasvasa lwat lsirtuin1saaa
o & @ a A a X a & A a A a £ °
Wae LARHINUAMNIRLWINAATWLWAILAz 1 TwHe LTad9NaNNLeILaN A% ¥i0
IWAaTa3 115070 uLANTAIN WA FINAAATLABIANNINAARY LikaIaNLAATEI919
81@ uazNanuang 9 Aunsnidnlulusesinemu uazgsnuinn 0.08 lua wiwdulSunom
Mnanzauige WL SoUAEUNUAINAT WA LILTTWAIA IR AINIINAFALAITNRINI
TWnWN @3e19797 4.10 Lﬁaamnﬁﬁmmmiamdﬁayﬁq@LﬁaLﬁﬂuﬁ'umiéﬁazi’m KNN-
LST 8w

AN 4.9 a@ﬂwamilﬁmﬁlﬁa Ta® 1w KNN-LST Nildaguiiansilaswialas

DATFEIUNITIALILIAIVDS §13020819
Laww (A/A,) KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12
Aauvin 3.408 | 3.208 | 3.139 | 1.891 1.245
AaunasauAINNE 6.713 | 4373 | 4250 | 3.220 | 2.991
ARINARDLANNE 2662 | 2919 | 2908 | 2.085 | 1.692

¢ Pole density NaunagaLnNUa"
(m.rd)

1.488 1.147 1.118 1.30 1.558

¢ Pole density HRINARALIANIE
(m.rd)

0.842 | 0.937 0.929 1.066 1.213
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AN 4.10 a;ﬂwamilﬁmmiﬁa Ta® 1 KNN-LST Nddagusianid wnwinawniy

nagauaNNiIN WA
- y ]300 douly
{NTAN9 b9 _
KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12 naie
dasnlnaladiann
- 81.2 104.6 150.4 191.6 249 -
3N (ds3) (PC/N)
A
| 4088 | 4191 | 4119 | 4161 | 4.207 o
WU (0) (glcm’) aNsANGH
qmﬁﬁg’jﬂ%‘ (To) (C) 424 410 353 342 305 1V 1 kHz
ANV
o ! 52.83 121.52 136.75 175.31 230.65
TWsh (Cr) (pF) 1V
fasfiladiainn 100 kHz
R 855.46 | 1089.26 | 1322.03 | 1659.6 | 1987.73
3N (&)
fnlwan Lt sun I
) 10.34 13.30 15.77 18.53 22.70
(+Pr) (uC/em®)
dnlwan Lt sn g
y ) -9.79 -15.15 -17.05 -21.75 -27.80
a3 (-P,) (uC/cm?) 1+2.5kV/mm
g lWhau 50 Hz
. 12.75 14.86 13.49 13.63 14.00
a4 (+Ec) (kV/em)
s Wauans (-
-14.83 -20.26 -18.04 -19.29 -18.92
Ec) (kV/cm)

RUNULAG NNMINAFOUN +2.5 kV/mm 50 Hz

A A a
LATAIRNILAY (-) LEAINTTLUREULUIINAARS

A A a4 a &
LATBIRNNBUIN (+) LEAINITLUR I ULURINLANNY
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AN 4.11 a;ﬂwamilﬁmmiﬁa Ta® 1 KNN-LST Nadagusiania ninasnis

nagauanuansindi (1,000,000 o)

USunanaddouidasgntana lna (Sasay)

gutiamalnsh

KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12
A0 IWBlasBIanNTSN (dss) (PC/N) -88.35 | -41.86 | -49.73 | -47.58 | -47.37
drnafiladidnnsn €)1V

-66.16 | -38.46 | -45.95 | -44.67 | -38.80
100 kHz
alwanlsiotuasdns (+P,) (uClem?) | -94.53 | -85.50 | -84.65 | -77.27 | -82.73
A lwanlsistuasdng (-P,) (uClem?) | -94.57 | -87.54 | -85.47 | -80.77 | -85.24
s IWwauans (+Eq) (kviem) +38.16* | -1.94 | -3.08 | -1.78 | -0.26
s IWauans (-Eg) (kviem) +32.09* | -7.79 | -7.15 | -8.11 | -0.62

RUNULAG NNMINAFOUN +2.5 kV/mm 50 Hz

A A =
LATDIRUNERD (-) LRI TLURULURINAARS

A A A a &
LATAIRNBLAN (+) LRAINILURDULUIINLNUUK

alaunTna latiasann kiugassutaslyatannin




UNN 5

[ %]
atgﬂ BAZUD LA LLE

5.1 GRS

9

%

a dwd 1 v =S o a A & a [ 1 o 4
nuITpiiasdudnsiizgiwdlodiinnindasasisaziingudanilay
Twunatdon latdoululolya KsNagesNbO, (KNN)la s n13Lé
A a A o+ a = 5+ a o ' A a =
813130 (dopant) Alfisw (Li*) wawdludh (Sb™) NeaTa1wadf USu1m 0.04 lua e
U3l gaaut@nialin uaziuununian (Ta®) Nanaaauednd 9 x=0.00, 0.04, 0.08,
o H = g
waz 0.12lwa 1d1ldluszvuasdszneufdaiasnzidudigainisiad
A8 (Ko.50Nao 4sLio 04)(ND(0.069SD0.04Ta,)05 (KNN-LST) ANdiLaT12#a183T solid state
. o 9 { a Y ' & (% a
reaction (Wl uTaunigmnnd 850 °C (uiaan 6 Talus HiunszuIwmMIlugdanis
DAULULURY (dry pressing) A8UII0A 130 MPa nRusad18I5n158aLiInunn
fidN19 (CIP) §18U3380 250 MPawazinIWEnigmwd 1130 °C 1 128N
4 39 LI AN IINAVRINTLANF TR UNUMaN (Ta®) NKadangfinIIuaNNE
¥ d'l = a o ni a d'l v
NN waztadnsingAnssunissuidasufianiseslaiunitasanauainig
TAd1vesg1sInunaGon lodeon Tulaiue NiGuansiiods 9 n1ald
o o { { & o = a v
gun lnn £ 2.5 kV 178 1,000 — 1,000,000 58U NAND 50 Hz Tam I A 1uiae
Aa a 6 o ' o I 1 [ 6 Y g
Anenfinusainanduiagswaaiaguad lassaninagyldaidalld
1. M INagaUANNINe INNIwas KNN-LST fidw
813138 Ta® USunm 0.00, 0.04, 0.08, ez 0.12 lua Nauiu lWwW1 £2.5 kV danqy
Wil 1 UadLuas a2100 50 Hz 1971%2% 1,000,000 38U gnnives wudnoa
4 & o Aa A X a
WWauanInNIiTAaatasasaNdSNNmanTide Ta® tWudn a1t waannannIsLaa
oﬂ: o Y a 1 1 =) Ql g v & o v a
33anu M ldiiesesinseandauindunnslulasigis Selnaviliiian1saseved
v =3 { { o ou: v é et 1 v s
latuu i 1ufAan 4N ma 1919717 SINaaINaNIITaAARBINL KN A
AsAuuuLadu84A1 pole density La=ANAIN IWBLTBLANNTA NANITNARBUFINITD
afupwndnyinanudmslwniladn aunanisifaanudmisluwiiu 4 2 deznis
A
Ao
1.1 AANHANTATIVINIIlaLY (Domain pinning effect) (Park et al.,
1997 ; Brennan et al., 1998) uaz A11XM§1INN1InNaTIvaslaiunazaInalilaium
1 1 dll ni v d'l = % a d’d A ) 1 a &
vwdmldaunsneiauilditasnngneisdosusfiuniileg wis tesiseandiau 44
Usngnsoiiisanitnanisaisvaslown danavilwlunanlssdn wia lawwnelu T
usafsufienmsldmaianaasamn ini Sssunsaasiasenldannmiiensy
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I3 €

g o = = o ' o o o
NILREIUUTIRLANG énwzmuvlmnﬂmm’mgwaos:m‘u (002) (200) #13LlATIEI9
wnIzlnuea waz (102) da (201) #1usulasiasnseasissende Mufsunlduazdn

. dl 1 v v ¥ 095 1 Aa a 1 dl a a
pole density NaA&I FINAMAFNLANI A NId1adladiannInuaza1asn ndladiann
Fnaaad lapantan liwnazudsduuuuradunud wIusauaua luwh

1.2 IAenanulFsnIsunAlBianInsauaznelua1Iaaa1y KNN-LST

(Shieh et al., 2006; Westram et al., 2009) L alatuu'ldgru1snidfouiia laniuw
o = A A o a =< @ v A o ¥ A A
TILALINFINITLUR DM Az AANITASIVaINI latuwtan 1T tlas1winsan IWWAALA N

& A e @ . & a o
PINU% ANANULASUARZRNNN S IUTURIIAI 08719 3NBWITISNLANTIBan T AT uLRD
YAULNTH LAUTDLULANI LA DLITALABNINVB LA A T UENTA8 LN AIULRLALY
unRA8anInIasIna s lWnINanasantur1Ia0190A 18089 TN LSl TuNLA

¥ [ ] KX A (% 1 U a &’ Aq,

NI IWWIaInaIndiddraassanlldrs arnsasuaninfiadwnieluiusis
@288719 KNN-LST 2zdsnalwnialuduarsaiadnaiagedingenie uasuaiuds g 4

g (-] v { a =1 =) =) 1 1 =) ~ a o Q
INIU Flnarasn ladianninlusnsainiddianas lagailadidanninazulsiuasiny
1 L A 1 o v Q 1 v A =) v
flwan st TuddasgInarin i lwan lstr Tl a 18089678 F991nNITILATIERLATIRTS
‘momﬂmwriaml,azﬁé'dﬂ’]imaaummﬁﬁmﬂﬂﬂﬂmﬂsl%ﬂﬁaaﬁgamiﬂﬁﬁL§ﬂmau°ﬁﬁ@1
§29n310 aIgeuNvavuazneluiuasdratsnIadgad uazduduiisniia
LRUMI T AAUWNWAIFEN T8 819KNN-LST NtAaauaInig bWnnle

PNNANITANBIAINAINFINITNOTUNLAINAVINTLANRITLIAD Ta® Nide

W AnITNAMNA NI NN la3nsiduasiie Ta% aw1Iag8aanI T AaAINNEINNS
IWn laasanmadussida Ta% W ldlwlassgssvasansissndn KNN-LST vinlw

A o 'Y & A . A X A o % o
sdanwu lduuaaIansamzasalin (hard ceramic) WRNInAadaslTmun Tnwn
{ J o vV A L= o v =Y QI -5 4
ﬁgwulumimlﬁLﬂ@IWiﬂvlimeu wazrinlwa9rwnan1I8uen nITLRaNFNINNTH

. . a & v ' a s 1
21 (depolarization) fazfadulasnninoaswiasdn (Henderson, 2004) LREZHUIWLIN

=)

7 0.08 lua ﬁfmﬁuﬂ%mmﬁmm:awﬁﬁg@ WatlSeusunuanna Ina It T Ia9
%a"'amimaaummﬁwmd"l,wmLﬁaaﬁnﬂﬁﬂ%mmﬂmﬁmﬁﬁﬂ%mmmia@adﬁaﬂﬁqmﬁa

a o &
LYIEJ'Uﬂ'LIfﬂ@]iFJ%
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2. PINNIANEINATAINITLANENTIR Ta®* 1i KNN-LST Liadiaizsiens
a 3 v A& € o ' P o ~ o
IMARANIIRLIUUVEITIFENT (XRD) a13aagvlumilidfswanipninaailsses
i (orthorhombic) lutdwnnszlnuas (tetragonal) laugn3aaad19 KNN 9zU8asi)n1a
aaslsseuda a1val08 19NN USNI M a15130 Ta® 0.00 lua 9=130L% % peak B84
H > > &/ { =)
32D (002) WA (200) NUEAINIIPAIAINNIZINUaS UazIZTALIBNINTY NUTV 0
813198 Ta® 0.04, 0.08, ua20.12 lua ANNAIAL ’1TA2aL1NTUSU a8 Ta®* 0.00-
=} dl Qs 1 1 = v U dl 1 A a =1 1 wa
0.12 Tua :UT@LsJumwﬁmﬂuags:mwaaa’sgmﬂmmuwﬂa’nm FIUSIMINAGo NI A
MW Wuhmmmﬂhﬂﬂ%’ﬂﬂgoauﬂ'ﬁmmﬁiwSIsﬁSLﬁﬂw%ﬂﬂﬂaﬁvL@fﬁLﬁﬂﬂ%ﬂ ANaw
¥ ' ') o & o o ' A a & A
QVLWWW LLa:memvl,wﬁﬂiﬂ%ggwuaa@ﬂaaaﬂummqwmuuuwmeu@nuﬂimm
{13130 Ta™ Adutn
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Currently, lead-free piezoelectric ceramics are being investigated to replace lead-
contained piezoelectric ceramics such as PZT. In this work, the effect of sintering
temperature on piezoelectric properties of (KosoNag.4sLio.04)(ND(o.96-x 0,04 Tay) O3 ce-
ramics, where x = 0, and 0.12, (KNN-LST) was studied. KNN-LST ceramics were
synthesized by the solid state method and sintered at different sintering temperatures
(1000-1200°C) for 4 hin a normal atmospheric pressure. It was found that there was
different optimum sintering temperatures for each composition. The samples sintered at
the optimum sintering temperatures exhibited relatively high density and piezoelectric
constant (ds3).

Keywords Lead-free piezoelectric; ferroelectric, KNN-LST ceramic; sintering
temperature

1. Introduction

Lead-contained piezoelectric ceramics such as lead zircronate titanate (PZT) are the most
widely used for transducer and actuator applications because they exhibit excellent piezo-
electric properties [1-2]. However, these ceramics are toxic to the body and the environment.
Therefore, many researchers is trying to development lead-free piezoelectric ceramics such
as BNT, NT, KNN and BT ceramics of which the piezoelectric properties are equivalent
to or better than such lead-based piezoelectric ceramics. One of the most interesting lead-
free piezoelectric ceramics is potassium sodium niobate (KosNgsNbO3) based ceramics.
It was reported that KysNgsNbO3 has a piezoelectric charge constant, di3, of 80-120
pC/N [4-7]. Recently, exceptionally high piezoelectric properties were reported in the
(K,Na)NbO3-LiTaO3-LiShO3 system by Y. Saito et al. [3]. They reported that such KNN
based ceramics, which is prepared by a complex processing method, exhibit dsz values over
400 pC/N. Moreover, high piezoelectric charge constant ds3 > 200 pC/N has been reported

Received December 9, 2012; in final form August 25, 2013.
*Corresponding author. E-mail: soodkhet@sut.ac.th

[298]/114



Downloaded by [Suranaree University of Technology], [soodkhet pojprapai] at 18:35 08 December 2013

Sintering Temperature of Lead-free KNN-LST Ceramics [299]/115

for modified Kg5NgsNbO3 with lithium, antimony, tantalum, barium and titanium dopant
[4-12]. It was found that the substitution of such dopants at the A and B sites of the ABO3
perovskite structure can improve densification and piezoelectric properties of KNN based
ceramics [4-7]. In addition to the dopants, the fabrication process such as pressing/forming,
calcination, and sintering is one of the keywords to improve the piezoelectric properties of
the ceramics.

The aim of this work is to study the relationship between the microstructure, crystal
structure and the piezoelectric and dielectric properties as a function of the sintering tem-
perature for modified KNN piezoelectric ceramics of the (Na, K, Li)(Nb, Ta, Sb)O3 system.

2. Experimental

KNN-LST (KosoNagasLioos)(Nb.96-x)Sbo.osaTax)O3 (x = 0, 0.12) and KNN-N (Kgs
No.4sNbO3) were synthesized by solid state reaction. They were prepared from Nb,Os
(99.90%), Na,CO3 (99.90%), K,CO3 (99.00%), LiCO3 (98.50.%), Sh,05 (99.995%) and
Ta,Os5 (99.99%) respectively. To obtain the homogeneous powder particles, each oxide
powder was milled 24 hr in ethanol. Then the powder was dried in an oven at 180°C to
remove the ethanol. After drying, it was ground and sieved to obtain the finer particle. Each
oxide powder was mixed by using wet milling 24 hr in ethanol. This homogeneous powder
was put into a crucible and then calcined at 850°C for 6 h. After that, the powder was mixed
with PVA 5%wt. and sieved by using a 425 pm (120 mesh) sieve. The powder was formed
into disk shape with diameter of 12 mm and thickness of 1 mm by using a uniaxial hydraulic
pressing machine (CARVER) at 130 MPa and cold isostatic pressing machine (Avure Tech-
nologies Inc. LCIP22260) at 250 MPa. The samples, then, were sintered at 1000-1200°C
at normal atmospheric pressure for 4 h. with heating/cooling rate of 5°C/min. For electrical
properties measurement, the sintered KNN-N and KNN-LST samples were ground and
polished by using 1800-grit to 2000-grit sandpaper. The polished samples with a diameter
of 10 mm and thickness of 1 mm were coated by gold electrodes using a sputtering ma-
chine (JEOL-JFC-1100E). The samples sintered at 1130°C were poled along the thickness
direction at 200°C in a silicon oil bath under a DC electric field of 2.5 kV/mm for 30 min
while those sintered at 1000 and 1200°C were poled at 2.0 kV/mm. It is noted that the later
samples broke down when the poling field exceeded 2.0 k\V/mm.

Crystal structures of the sintered sample were characterized by X-ray diffraction tech-
nique (XRD) (BLUKER AXS-D5005). The microstructure of the sintered samples was
observed by a scanning electron microscope (SEM) (JEOL-5800). The bulk density was
measured by Archimedes method at room temperature. The piezoelectric constant; ds3 was
measured at room temperature using a quasi-static method by a piezo-ds; meter (APC
product inc. S5865). The room temperature dielectric constant was carried out at 100 kHz
using an LCR meter (GW INSTEK LCR-821).

3. Result and Discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of (a) KNN-N, (b) KNN-LS and (c)
KNN-LST12 ceramics which are sintered at 1000°C, 1130°C and 1200°C.. All XRD pattern
indicated that the samples show perovskite structure. The second phase K3Li;NbsO;5 was
observed around 26~26-30° and was indexed by using the JCPDS pattern (034-0122) [5].

Figure 2 shows the XRD patterns in the ranges of 44° to 47° and 55° to 58°.
All XRD patterns obtained from KNN-N represent orthorhombic phase as shown in
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Figure 1. XRD patterns of (a) KNN-N, (b) KNN-LS and (c) KNN-LST12 ceramics with varying
sintering temperature. (Color figure available online.)

Fig. 2(a—b). XRD of KNN-LS sintered at 1000 and 1130°C exhibits mixture of orthorhom-
bic and tetragonal phase while those samples sintered at 1200°C shows orthorhombic phase
(see Fig. 2(c-d)). XRD patterns of KNN-LST12 sintered at 1000°C, 1130°C, and 1200°C
represents tetragonal, mixture of orthorhombic, and tetragonal phase, respectively (see
Fig. 2(e—f)). The orthorhombic and tetragonal phase was indexed by using the JCPDS
pattern 071-271 and 071-0945, respectively. It is noticed that the XRD patterns obtained
from the samples sintered at 1200°C exhibits broad peak which could be attributed to the
grain size effect which is evidenced by micrographs in Fig. 3.

Figure 3(a—c) shows the scanning electron micrographs of ceramics sintered at 1000°C.
From this figure, it can be seen that the chemical reaction may not be complete to form
a crystal structure. On the other hand, the microstructure of ceramics sintered at 1130°C
and 1200°C show more clear crystal structure compared to the samples sintered at 1000°C
(see Fig. 4(a—f)). KNN-N sintered at 1130°C has fine grains (~5 um) while the ceramic
sintered at 1200°C has coarse grains (~15 pm). This can be a result of grain growth due
to an increasing of sintering temperature. The KNN-LS sintered at 1130°C has fine grains
(~5 um) (see Fig. 4(c)) while the ceramic sintered at 1200°C has coarse grains (~7um)
(see Fig. 4(d)). KNN-LST12 sintered at 1130°C has fine grains (~1-3 um) (see Fig. 4(e))
while the ceramic sintered at 1200°C has coarse grains (~5-6 um) (see Fig. 4(f)). The
smallest grain size was found in the sintered KNN-LST12 samples when compared with
other composition. This indicates that the addition of Li, Sb and Ta are affected on the
grain size of KNN ceramics [13]. Not only that, a bimodal distribution was clearly found
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Figure2. XRD patterns of (a-b) KNN-N, (c—d) KNN-LS and (e—f) KNN-LST12 ceramics showing
a phase transition for 26 = 44-47° and 55-58°. (Color figure available online.)

continuously with increasing Ta content. It is probably due to the larger ionic radius Ta®*
substitute into Nb°* site, leading to the distortion of crystal structure [14].

Figure 5(a) shows the bulk densities of KNN-N, KNN-LS and KNN-LST12 as a
function of sintering temperature. The density of all samples increase with increasing
sintering temperature up to 1130°C, and then decrease further temperature higher. The
maximum density of KNN-N, KNN-LS and KNN-LST12 were 3.72 g/cm?, 4.28 g/cm?®
and 4.41 g/cm?, respectively for sintered ceramics at 1130°C. From this result, it was also
found that the density of all sintered KNN-LST12 samples were higher than KNN-N and
KNN-LS samples. This clarifies that the Ta doping and sintering temperature can improve
the density of samples.

Figure3. Scanning electron micrographs of (a) KNN-N, (b) KNN-LS and (c) KNN-LST12 ceramics
sintered at 1000°C.
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Figure 4. Scanning electron micrographs of (a, b) KNN-N, (c, d) KNN-LS and (c, f) KNN-LST12
ceramics sintered at 1130°C and 1200°C, respectively.

Figure 5(b) shows the piezoelectric charge constant (dss) of all sintered samples as a
function of sintering temperature. KNN-N ceramics show a maximum dsz of ~83 pC/N
for sintered 1130°C sample, while KNN-LS and KNN-LST12 ceramics show ~133 and
~192 pC/N, respectively as the same sintering temperature. The ds3 value is related to the
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Figure5. (a) Bulk densities, (b) ds3 of KNN-N, KNN-LS and KNN-LST12 as a function of sintering
temperature. (Color figure available online.)
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Figure 6. (a) Room temperature dielectric constant (e,) and (b) dielectric loss (tans) of KNN-N,
KNN-LS and KNN-LST12 as a function of sintering temperature. (Color figure available online.)

bulk density as shown in Fig. 5(a-b), which maximum value of those found at 1130°C.
However, the sintering temperature increases to 1200°C, dsz value of all compositions
decreased. The same tends was found in the room temperature dielectric constant (&) (see
Fig. 6). A maximum value of the dielectric constant (s,) ~1019 with the lowest dielectric
loss (tand) ~0.038 was found for KNN-LST12 ceramics sintered at 1130°C. Therefore, the
12% Ta doped and sintered at 1130°C sample was selected as optimum composition.

4. Conclusion

In this work, all ceramic samples were produced by solid-state reaction method. The opti-
mum sintering temperature for prepare the KNN-N, KNN-LS and KNN-LST12 ceramics
is 1130°C for 4 h. The crystal structure of ceramic samples was perovskite structure with
different symmetry. KNN-N samples only represent orthorhombic phase while KNN-LS
and KNN-LST12 ceramics represent the mixture of orthorhombic and tetragonal phase.
The density of all ceramics increases with increasing sintering temperature and Ta content.
The KNN-LST12 was found to be the best of all samples due to it showed maximum piezo-
electric constant d33 (~192 pC/N) and dielectric constant (~1019) with low dielectric
loss (~0.038). This result indicates that the optimum sintering temperature and Ta addition
develops the dielectric and piezoelectric properties of KNN-based ceramics.
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Abstract Ferroelectric and ferroelastic domains can be
reoriented during the application of electric field through
domain wall motion. This study develops a method to
quantify the domain reorientation in perovskite ferroelec-
trics with orthorhombic crystal lattices. In situ, high-energy
X-ray diffraction was utilized to obtain intensity ratios that
are necessary for the calculation. Domain reorientation in
orthorhombic Li-doped NajsKgsNbO;5 is then quantified
using this method. The preference of domain orientations is
explained by considering the angle between spontaneous
polarization of the respective domains and the applied
electric field direction. The extent of domain reorientation
increases as the Li substitution increases which addition-
ally correlates to increased piezoelectric coefficient ds; and
field-induced strain. Increased domain wall motion is fur-
ther proposed to originate due to the increased composi-
tional proximity to the morphotropic phase boundary, a
proposed universal behavior in ferroelectric compositions-
containing phase boundaries.
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Introduction

Ferroelectrics are used in many applications and devices
ranging from ferroelectric memories to high-strain actua-
tors [1, 2]. In situ measurements of domain wall motion in
ferroelectric materials have been provided by electro-optic
imaging microscopy, X-ray microdiffraction, and X-ray
diffraction from polycrystalline materials [3—7]. One ben-
efit of X-ray diffraction is that intensities can be used to
quantify the degree of preferred domain orientation and is
thus able to measure changes in non-180° domain volume
fractions during and after applied fields [4, 8—10]. Methods
have been developed for transforming intensities of ferro-
elastic degenerate peaks into domain volume fractions in
tetragonal and rhombohedral perovskites [4, 8—10]. Though
domain wall motion in orthorhombic perovskite materials
(i.e., space group Amm?2) has been described qualitatively,
however, quantitative relationships between intensities and
domain volume fractions have not yet been developed for
these materials [11]. Materials that exhibit this space
group, such as NagsK(sNbO; (NKN), have been rigor-
ously investigated in a resurgence of research on lead-free
materials and quantitative methods to describe domain wall
motion are needed [12, 13].

The piezoelectric properties of Na,K;_,NbO3 are max-
imum at approximately y = 0.5 [14]. In 2004, Saito et al.
[15] highlighted the abilities of NKN solid solutions to
achieve high-piezoelectric properties relative to lead-based
ferroelectrics. The properties of unmodified NKN typically
include a piezoelectric coefficient, ds;, of approximately
160 pC/N and a planar coupling coefficient, k,, of 0.45
[14]. By doping with a certain amount of Li, the struc-
ture can be transformed from orthorhombic to tetragonal
at room temperature, and the piezoelectric properties
are enhanced near the morphotropic phase boundary
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(MPB) [16]. The MPB of (1—x)(Nag sKg 5)NbO3;—xLiNbO3
(100xLNKN) occurs between x = 0.05—0.07 [17]. The
phase diagram of LNKN has been reported by Klein et al.
[18].

This study develops a method to quantify the domain
wall motion for orthorhombic ferroelectrics and applies the
method to LNKN with compositions x = 0.03—0.05. Due
to the proximity of these compositions to the MPB, a sig-
nificant amount of domain wall motion is expected. The
amount of domain wall motion as a function of Li content
supports a hypothesis that Li enhances properties of NKN
such as ds3 through an increase in domain wall motion.
This suggests that domain wall motion strongly affects the
electromechanical behavior of LNKN.

Experiment

LNKN samples were prepared by a conventional mixed
oxide method. The starting substances were powders of
Nb,Os (Sigma-Aldrich Co. 999 % purity), Na,COs;
(Sigma-Aldrich Co. 99.9 % purity), K,CO3 (Merck, 99 %
purity), and LiCO5; (Merck, 98.5 % purity). The powders
were mixed with zirconia ball-milling media in ethanol for
24 h. The mixture was dried at 180 °C for 2 h. The dried
mixture was ground and sieved to reduce the mixture
particle size and screen the rough particles. The powder
was calcined at 850 °C for 24 h. To prepare the green
body, the powder was mixed with polyvinyl alcohol 5 vol%
aqueous solution as an organic binder. After mixing, the
rough particles of powder were screened again by using a
120 mesh sieve. Then, the fine powder was formed into a
disk by using a uniaxial hydraulic pressing machine at
130 MPa and cold isostatic pressing machine at 250 MPa.
The samples were sintered at 1190 °C with the heating rate
of 5 °C/min in air for 2 h. The sintered LNKN specimens
were successively polished using 800, 1200, 1800, and
2000 grit size SiC grinding papers. The samples were cut to
approximate dimensions of 1.21 x 1 x 0.8 mm®, and after
annealing at 600 °C for 4 h, they were gold sputtered and
coated with silver electrode on opposing parallel surfaces.
The density of all samples is more than 90 % of the the-
oretical density. The average grain size is about 1-2 pum.
The phase purity of samples is confirmed by X-ray
diffraction.

Diffraction patterns were measured during the applica-
tion of electric fields using high-energy X-rays at beamline
11-ID-C of the Advanced Photon Source, Argonne
National Laboratory. The X-ray beam had a wavelength of
0.10798 A and size of 0.5 x 0.5 mm. The diffraction
patterns were measured in forward scattering geometry
using a Perkin Elmer area detector at a distance of
approximately 2250 mm. The samples were subjected to an
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electric field amplitude of 2 kV/mm utilizing a triangular
bipolar waveform with a frequency of 0.125 Hz. The
amplitude of electric field was increased to 2.5 kV/mm for
a second cycle. The field amplitudes of both cycles are
above the coercive field of LNKN.

Results and discussion

The structure of 100xLNKN, where 0 < x < 5, can be
described by using an orthorhombic or pseudo-monoclinic
reference frame (the latter of which involves lattice
parameters ay; = cy). The equivalent plane indices for
certain reflections of these two reference frames are listed
in Table 1. The possible polarization axes in orthorhombic
perovskite materials are in the (110} \ directions, where M
indicates the pseudo-monoclinic cell, as shown in Fig. 1,
[19]. Recently, Ge et al. [20] have shown that SLNKN may
have a monoclinic structure which is different from the
pseudo-monoclinic structure that equally describes the
orthorhombic phase. The structure reported by Ge et al.
includes an additional lattice distortion of the perovskite
structure involving the expansion of lattice parameter ay;
and the contraction of lattice parameter cy; so that
apm # oM. Reference to the pseudo-monoclinic unit cell
(M) in this study hereafter refers to the former definition, in
which ap; = ¢pm. The quantification and analysis of the
degree of domain reorientation in monoclinic crystal
structures are complicated since the monoclinic unit cell
has an infinite number of possible polarization directions.
For simplicity, therefore, we develop equations in this
study for the orthorhombic case which may, in certain
instances, apply equally to pseudo-monoclinic unit cells.
To confirm the different levels of Li substitution, the lattice
parameters of relevant LNKN compositions with respect to
the orthorhombic reference frame are calculated from the
X-ray diffraction patterns and are shown in Table 2.

For orthorhombic LNKN, the spontaneous polarization
vector is parallel to the c-direction of the unit cell. The
diffracting planes reported in this study are approximately
perpendicular to the applied electric field. When the elec-
tric field is applied, the domains reorient such that the
domain orientations with polarization vectors most closely
parallel to the electric field are preferred relative to the

Table 1 Indices for {220}, reflections with respect to pseudo-
monoclinic and orthorhombic reference frame

Pseudo-monoclinic ~ Orthorhombic 26 (degrees) d-Spacing (A)

(202)m (004)0 4.36 1.42
(022)n (400)0 4.39 1.41
(220)m (222)0 4.41 1.40
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Fig. 1 Spontaneous polarization direction in orthorhombic LNKN
with respect to a pseudo-monoclinic cell and b orthorhombic unit cell

Table 2 Lattice parameters of LNKN with respect to orthorhombic
reference frame

Composition a (A) b (A) c (/OA)
3LNKN 5.644 3.945 5.679
4LNKN 5.644 3.942 5.680
SLNKN 5.640 3.941 5.679

other domain orientations. Domain reorientation is there-
fore expected to be measurable in the {hh0},, reflections
because they correspond to domains with polarization axes
parallel and perpendicular to the electric field direction.
However, for orthorhombic LNKN, the {110}, reflections
are only clearly split into two measurable peaks which are
insufficient to quantify the degree of domain reorientation
between three variants. The {220}, reflections, which are
parallel to the {110} reflections, split into three resolved
peaks because of larger peak splitting at higher 260 angles.
Thus, the {220}, reflections are used to quantify the
domain reorientation in this study.

The vertical sector of two-dimensional X-ray diffraction
patterns, which measures scattering vectors approximately
parallel to the electric field direction, was integrated
by Fit2d software using +7.5° azimuthal angles [3, 4].
Figure 2 shows the {220},; reflections with crystallo-
graphic poles parallel to the electric field direction during
the application of triangular bipolar waveform with
amplitude 2 kV/mm and time period 80 s on unpoled
3LNKN, 4LNKN, and SLNKN. The intensity change in the
{220}y reflections with applied electric field indicates the
changes in non-180° domain volume fractions. At an
electric field amplitude of approximately 1.5 kV/mm, the
intensity of the (202),, reflection increases while the
intensity of the (220)y; reflection decreases significantly.
The integrated intensity of individual {220}, reflections
was obtained by fitting the measured intensity profile to
three symmetric Gaussian functions with a constraint that
the (022)y reflection and the (220)y; reflection have the
same full width at half maximum. This constraint was

found to be necessary to enable reliable convergence of the
fit and is justified on the basis that microstructural and
instrumental broadening should not be significantly dif-
ferent for these diffraction peaks. Figure 3 shows repre-
sentative data measured at a field amplitude of 2 kV/mm,
including the measured intensity, the component Gaussian
profile fits, the overall fit, and the difference between the
measured and overall fit.

In 1957, Subbarao et al. [8] developed an equation to
quantify the reorientation of domains in tetragonal BaTiO3
under applied stress, and several authors have since quan-
tified the domain switching in tetragonal and rhombohedral
structures under applied electric field using similar for-
mulae [4, 9, 10]. However, quantification methods of
domain reorientation for orthorhombic perovskite materials
have not been developed. This study presents a quantifi-
cation method leading to a value called the fraction of
domain interchange, the detailed derivation of which can
be found in the supplementary material. The intensity from
domain orientations corresponding to any of the diffraction
peaks can change to other peaks during the application of
electric field. The intensity changes can be used to deter-
mine the fraction of domain interchange from peak i to
peak j (n;_;). For orthorhombic perovskite materials, n;_;
for the {220} reflections is defined as

—R; + Rj
ni_j = ; (1)
Ry + Roza + R

where i, j = 202, 022, or 220, i # j, and R; is the ratio of
integrated intensity during application of electric field to
integrated intensity of the peak i from the unpoled sample.
The fraction of domain interchange scales from —1 to 1,
and n;_; is equal to —n;_;. If the value of n;_; is positive,
the domains corresponding to peak i reorient to domains
corresponding to peak ;.

Using this method, Fig. 4 shows the fraction of domain
interchange for 3ALNKN, 4LNKN, and SLNKN during the
application of a triangular bipolar waveform of amplitude
2.5 kV/mm and time period 80 s. The fraction of domain
interchange is hysteretic because of the irreversible motion
of domain walls. From Flg 4, Np22-202 and N220-202 values
are positive while 75,0_g2> is negative. These results indi-
cate that the domains corresponding to the (022)y, reflection
reorient to the domains corresponding to the (202)y
reflection and the (220)y, reflection, while domains corre-
sponding to the (220)y; reflection reorient to the domains
corresponding to the (202)y reflection. These results agree
qualitatively with the diffraction patterns shown in Fig. 2,
which show that the intensity of (202),; increases and the
intensity of (022),; decreases after application of electric
field. After the electric field is applied, the domains can be
listed from the most to the least preferred orientation as
follows: (202), (220)n, and (022)y.
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Fig. 2 The {220}, reflections with crystallographic poles parallel to the electric field direction during the first application of triangular bipolar

waveform on unpoled a 3LNKN, b 4LNKN, and ¢ SLNKN samples
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Fig. 3 Measured intensity, Gaussian profile fits, the overall fit, and difference between the measured and overall fit of {220}, reflections of

3LNKN, 4LNKN, and 5LNKN at 2 kV/mm

The lattice parameters of orthorhombic NKN have
been reported as ao = 5.6395 A, bo = 3.9399 A, and
co=56725A and are nearly constant in the range
x = 0—0.05 [17, 21]. The lattice parameters of the corre-
sponding pseudo-monoclinic cell are ay; = cp = 4.000 A,
by = 3.940 A, and B = 90.34°. The possible polarization
axes are in the (110) y; directions of a pseudo-monoclinic
cell where the spontaneous polarization vector is parallel to
co as shown in Fig. 1. Figure 5 shows the spontaneous
polarization vectors for each plane of the {220}, reflec-
tions. In this study, the applied electric field is always
approximately perpendicular to the diffracting planes, but
the spontaneous polarization directions are different for
each domain. The spontaneous polarization vector and the
applied electric field are parallel in the domains corre-
sponding to the (202)y plane, perpendicular in the domains
corresponding to the (022)y plane, and at a 60.34° angle in
the domains corresponding to the (220); plane. After the
electric field is applied, the domains reorient to have
polarization vector as closely as possible to the electric
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field. This means that the domains corresponding to the
(202)y; reflection are the most preferred, the (220)y
reflection are the second most preferred, and the (002)y
reflection are the least preferred. The measured intensities
correspond to this expectation based on the angle between
the polarization direction and the applied electric field
direction.

Results from Lai et al. and Wang et al. [13, 22] showed
that ds3 and field-induced strain of LNKN increase as Li
content increases for x = 0—0.06. From Fig. 4, it can be
seen that the values of fraction of domain interchange (n;_;)
also increase as Li content increases. Thus, domain wall
motion can be considered as one of the possible mecha-
nisms, which enhances the field-induced strain of LNKN. It
should be noted that the domain wall motion during
application of low-frequency or static electric fields of
strong amplitude is strictly a distinctly different loading
scenario from domain wall motion during application of
cyclic, weak-electric field amplitudes such as those applied
during measurement of piezoelectric properties. However,
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a high degree of domain wall motion during application of
strong-electric fields is typically related to high mobility of
domain walls during subcoercive field application, e.g., as
observed in donor-modified lead zirconate titanate in which
a large contribution of domain wall displacement to field-
induced strain and piezoelectric coefficients is observed
[23]. Thus, the increase in domain wall motion observed
during application of high-electric fields in this study may
be correlated with an equivalent enhancement in domain
wall contributions to the piezoelectric coefficients. The
degree of domain wall motion during electrical poling has
also been previously correlated with enhanced piezoelec-
tric coefficients in other ferroelectric ceramic materials,
e.g., as has reported in orthorhombic-structured Aurivillius
phases [24]. In this study, the substantial increase of
domain wall motion seen with Li substitution may be

considered to be due to either a fundamental change in the
way in which the substituent (i.e., Li) interacts with domain
walls, or the movement of the composition closer to the
MPB. In considering the first possibility (substituents
interacting with domain walls), we note that Li substitution
in NKN is isovalent and it is not expected to generate other
point defects to compensate for charge. Thus, Li substitu-
tion is dissimilar to acceptor and donor doping which are
common approaches to modify domain wall mobility and
generate hard and soft ferroelectric behavior in Pb-based
perovskites. It is therefore unlikely that Li or any other
newly generated defect substantially affects the mobility or
pinning of domain walls. We therefore return to the pos-
sibility that Li substitution enhances domain wall motion
by changing the compositional proximity to the phase
boundary. In PbZr,Ti; O3 (PZT), it has been shown that
domain wall motion increases as the MPB is approached
[23]. Thus, the enhancement in domain reorientation that is
observed in LNKN with increasing Li concentration may
also be considered to be due to increased compositional
proximity to the phase boundary. This result provides
additional evidence for an emerging universality in
perovskite ferroelectric materials that domain wall motion
increases with increasing proximity to phase boundaries.

Conclusions

This study presents a method to quantify domain switching
in orthorhombic structured materials that lead to a value
called fraction of domain interchange. The method is
applied to several orthorhombic compositions of Li-
substituted NKN ferroelectric materials. The domains
corresponding to the (202)y, reflections were found to be
the most preferred during electric field application, the
domains corresponding to the (220),; reflections were
found to be the second most preferred, and the domains
corresponding to the (022)y; reflections were found to be
the least preferred. The preference of domain orientations
is explained by the angle between the spontaneous polari-
zation in each domain and the electric field direction. The
fraction of domain interchange increases as Li content
increases, which corresponds to higher ds3 and field-
induced strain. The fact that domain wall motion increases
significantly by Li substitution is attributed to the
increasing compositional proximity to the phase boundary
with increasing Li concentration.
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