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KNN-LST/LEAD-FREE FERROELECTRIC/ELECTRICAL FATIGUE/DOMAIN

ORIENTATION

The purpose of this research was to study the effect of tantalum (Ta>*) dopant
on the electrical properties and electrical fatigue behavior of potassium sodium
niobate doped with lithium, antimony and tantalum (KosoNaoaslio.0s)(ND(.96-x)
SbooaTax)Os : 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
were subjected to electrical fatigue test at + 2.5 kvV/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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wena1nU Inan 15t uBanes Be (polarization hysteresis loop) N1511/aeu
! . [ 9y Yy I XK a A a .
YU1A31514 (strain) VoI Tagaznoulifiudanganssumsnlasuiianiaveslamy (domain
@ I a
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A = c&’ . (2 A v o d =
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Strain (%o)
r 3
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k4
A

MINAN 2.1 MosNaulANUFIMYeIm1552noU KNN KN tag NN (Rédel et al., 2009)

T(°C) € K, (ofidud)  d, (pCN)
KNN 400 230-275 23-40 80-160
KN 416-434 >1000 15 57
NN 480 20-200 - -

' '
a13152noU KN 155130013 gN5 Uauian1aua (optical properties) 7l 1aAiA
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(Rodel et al., 2009)
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J a I o . 1
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aamsenianudyl) Iddmsudumisezaen A B uaz oxyegen lulnseadranesovlalng

1 2 3 4 5 6 7 8 9 10 11 | 12 13 14 15 16 7 | 18
la Villa
1 1 2
oo [H lla Illla | IVa : Va | Vla : Vlla |He
2 3 + 5 & T 8 9 10
w [Li Be B c N o F Ne
3 n 12 13 14 15 16 17 18
mNa Mg~ lllb § Ivb | Vb | Vib : Vb Vil Ib i llb |AI \]Si NP S Cl1_NJAr
4 19 20 21 2 23 24 25 26 2T 28 29 Bl M X2 33 34 3% 36
o |K Ca [ i \4 Cr “JMn*|Fe “]|Co “\|Ni Cu \Zn \[Ga “\|Ge “JAs “|Se “\|Br “JKr
5 37 38 ) 40 “ 2 43 E2) 45 46 4T 48 49 50 51 52 53 54
o) |[Rb \[Sr Y Zr “JNb\|Mo™[Te “|Ru “|Rh \|Pd “|Ag\|Cd“]In Sn \JSb | Te I Xe
6 55 56 5T 72 T3 T4 TS5 T8 T T8 T8 &0 \&2 83 B4 &5 88
™ |Cs “|Ba \JLa “JHf “|Ta “JW “|Re “|Os \[Jir Pt ~JAu™JHg \|T Pb “Bi Po > JAt “JRn
T e iy 1o ! [T ! ! " " 12 13 114 115 116 7
@)Fr ~JRa“JAc “\JRf Db ™]Sg “]Bh |Hs Mt *|Ds “\|Rg “JuUub™|Uut “JUug™[Uup™Uuh™JUus > Juus
Lanthanoide |** 58 5 61 63 64 55 &6 67 &8 69 0 Ll
Ce “JPr “JNd “|Pm™|Sm*]|Eu “Gd“]Tb Dy “Ho “Er “Tm™“|Yb
Actinoide E El Erd 3 B4 95 96 £l £ o9 1 10 1o 1
Pa U Np “JPu NAm“\Cm Bk ~Cf “\]Es “JFm™/Md™[No “JLr
A-Site Cation
B-Site Cation
Oxygen Site

3 o '

A A AA I Y o
507 2.15 arsventianuilu il ddmsudumisozaon A B uaz oxygen

Tulaseadranesona’lng (Rodel 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
saH Nlla 5 llla_ IVa: Va  Via Vlla|He
2 3 . : 5 & ul 8 £l 10
Ly |Li Be i ! ! B c N o F Ne
3" 12 13 i) 15 18 17 18
o [Na M lllb : Ivb i Vb | Vlb  Vllb F VI Ib i llb |Al Si P S Cl ™ JAr
4w '3320 '1521 2 23 24 25 = 27 £ 29 ED 3 2 33 4 35 ES
K Ca ~.|Sc \|Ti \4 Cr “|Mn N|Fe %|Co |Ni Cu N|Zn \|Ga \|Ge \|As “|Se |Br ™ |Kr

294.24-3.813.29>3. 3.40-2.6 83~4.27.5.23
5 37 38 ] 4 a1 £rd 43 £ 45 L &7 £ 49 S0 51 52 53 54
o [RbSJSr Y Zr Nb *|Mo™|Te “JRu “JRh™|Pd “|Ag “[Cd “]In Sn . JSb ™\ |Te “JI Xe

A438.400.6.07 ¥ 2 : £.12
6 55 56 5T o T3 T4 5 TE L T8 ™ k=) a1 = a3 B4 &5 BE
© |Cs ~|Ba “JLa “JHf ~|Ta “JW ™ |Re “|0Os“]JIr Pt “JAu ™ Hg Tl Pb ™. |Bi Po At ™ JRn
T il as i W 10 1 10 1 i b " 12 113 114 (115 116
|Fr Ra . JAc “|Rf Db *|Sg “/Bh “JHs Mt *|Ds “Rg “Juub™|Uut “Uug™|Uup™.|Uuh

5.1 .33~.5.01 4.74.4.83.4.374.294.073.97~3.813.83~.3.58.3.64
Lanthancide & 58 L) B1 a2 =] 64 &5 L &7 L L) To al
Ce “JPr “JNd “~|Pm™/Sm"|Eu “|Gd ™ |Tb ~|Dy “[Ho “JEr ~|Tm“|Y¥b “JLu
4.92 4.45
molde 90 " £rd 3 Lo 55 96 97 £ " 101 Ll 1o 1
Pa U Np ~JPu “~JAm™Cm™]BK ~Cf “Es “JFm™|Md™>|No “JLr

51/ 2.16 armdu Tns Iswdulugiuuy cation Tuniing A’ (Rodel et al., 2009)

517 2.16 il Tws1 Isedulugauwy cation Tuniae A’ luanuzeondiadui

(%

a dy 9 . a A A 9 [ = a A A [
navuluneluTns 1519 perovskite NMUITBNMNBITDINUMIANMIMIIANETRDINDYT U4
wa ] 4 a [ dy
au1ia Taauiisnugailszasnueanisanaail
AN 4 v 4 v
251  mafwmsenedSunldsuinna (Phase diagram)
msuaua Il uFana (electromechanical) a1u159v1 18 Taen1smiieni
) y Y 1 4 1
T Tagaasaliiuns seausanlasunlasldamsasiaivessilsznoumanil liaall
INLAN LU morphotopic phase boundaries (MPB) (L @ ¢ polymorphic phase transition (PPT)
é | 1 3 A Y a Aa A . a2 IS
Faarulvamslivauifvesaslsznen KNN Wnagianamen (Li) woua Iuil (Sb) tay
[ Y
uNUMEN (Ta) 191 1l lusz oy awnsonsgluuums@uauanuisennu ldael
a A aA .
o HNAMIMUFITIDAUNYY (Li)
a 1 4
Hollenstein taz At (2007) 1dasu181331015 1991 un19an15unng

= o a

< Y = a v A A
‘UN‘]Jizm‘mjmmﬁ]uﬂu@l’eNmiﬂ31utﬁﬂﬂiﬂlﬂdqm‘Hauﬁlum’imwaiiﬂ NYUN YU 140 °C

QU

v Y X H
FINAUZIVIATZHITNI KNN-Li v lufianuades ilesnniisguugimanlasuignin

211n093 Isseuia liidummsz Inmialndaunaiines 39 1alFimalinn1 U9 (resonance

Q QU

technique) NAdBUANITAVDI KNN-Li nHn1stanaisive Littn 1dluTlaseadre 3-7 Tua
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Jd I d a 1 Y 9 I o 1 A .
BIGHE A NgUNHu 20-140 °C Gl,l‘ligﬁ’31\1ﬂTiiﬂﬂlTNS@HLLﬁSﬂTiLﬂH@YJ WUIH519® Li

a

o wa a ad A a9 Y 2 Y A a
aunsoliulyeaniia lwd Tadianninnguugidosligeuld nazNersgungil 140 °C

K U

' 9
(% 1A J v A

a A . J 3 = A 2 o A =
@108 NNANA13199 Li 7 Tuanlosisua dulnnuadssninige 390a3uaouuedanInnsi
S ¥y A ~ 3 @
PranagiiosNgaiied 10 1lodidua
a A oA a = = awv A Y [ I
MIPUAITI90 Li tiegartiaferdanuisevarsnunaoanaond luinezilu
Wang Il 8 ¢ Feng (2010) Lee et al., (2010) Higashide et al., (2007) Kakimoto et al., (2005, 2007,
I
2010) HazGou et al., (2004) 13 udn
a = a =
o HAMIANATIOUOUA 1T Sb
a @ 4
SuttazAne (2010) laanu1nsan sb it 1l luszuu Tagldmsdaunsizs

a [

HUU MIIETazA18Ng U RNaZAINANEY (hydrothermal) WUWIeT N 1a% Taseade
I o = 1 o A a é’ o Yy o A
Wuwanaz 1n1ia (hexagonal) tazlinanodygiuvesoymainayu i lai Tnar lsidun
a tg Aa A éj =R 2 Y
AAYUBINNTTTNHIANWINTUME TUHANDNAY
o WAMSANAITDOUNUNIAY Ta
Y o 4 9 ax
Zhou HazAME (2009) IATUATIZH K, Na, Nb, Ta O, AIT5IHIA 1502010
NguuliuazA1WAUga (hydrothermal) W11 K, Na, Nb, . Ta, ,0, 191108 MPB ueaqauiia
a adg a
Iwd Twdiannsn d,,=210 pC/N
o o A a a
Matasubara lagang (2005) Yszauanuduivlumsiulseansam k)
= = o o Yy a ) 1 o
HazQ, NYvALBIN NNMITUATIZH (K, Na, )NbO, (KNN) Laay CuO i laelumsis
a [ 4 A A o 0'9/
wgAnssumMaale waasllansae Tl (1) (K, Na, ) (KNN)NbO, s 1indndunsiziaul]
4 U a o ] v A a A 9 [
penszneudiunuvetezaonludiunis B loaou (A/B) dalitszd@niamlumsadiedy
é = (% a aAan 1 =< . e
719 K,CuNb,0, falra lumsdiuilzanmsinal §aserseninamsminiin (sinterability) t1ag
MIAANTIAVINNITNAVDINAD (anti deliquescence) 1HIET1UN KNN (2) Aifadenmunin
' Y
1ana (Q,) tarmdulszandusigaiu (K) Yuegiudasidiusening A/B wuhalede
a A ~ s d IR a1 A 2 2o 2 =
AUNINFING VA1 1400 1 0.5 TuanloSIFUAFINAUNNZIVY UBNINUTINVDANINTUNUA
Y9I0zADN Ta TUAIHMUIVDIDZADN Nb A 1N150anquUnYigs T,awula gavgligiana

U
' da{ v

[ I 1 d' =Y A a [ =1 (=Y A
210 ¥4 400°C 11 1%29 170°C U1 d15190 Ta NNV A951N 2.17 uai/suiaisiae Ta

U

A dy 3’, o F Y 9 [ ~
INUYHUY f‘ﬂ3‘1/]11?Tﬂﬂ1/‘la1113!ﬁ])"5uﬂ\1ﬂ1\1%$ﬁﬂﬁﬂﬂﬂgﬂ‘ﬂ 2.18
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Diclectric constant

g1 2.17 mnaii ladidnn3 nillegaingiin/aou l1# 1000 kHz (Matasubara et al., 2005)

PipuClem?2)

{KN)go7NpoTo1 20

s (KN g 07N0.8T0.2
(KN g.07N0.6T0.4

1 ]
30 60
E field (kViem)

—60

11 2.18 20w Tnan lssFuFamei FantSumarside Cuo 0.4 Tuanlesidud 1 50 Hz

(Matasubara et al., 2005)

a A a A . 4
o WaMIWUIITRBAUNYY (Li) ag tnuniay (Ta)

Guo azaae (2005) 1deTureiwaveanistan atney 911 luuny

o 1 a @ o [ Y
Taaew uaz Inunadey ludumiiozasy A tazauununay ludmviiozasy B 19



27

) . . Ay ga . =Y
ATZUIUMIATBNANT 1AY Solid state reaction 13N 19AD (1-x)(Na, K, JNbO,—xLiTaO, 3NIf
¢ a A s 3 = o < v A
MAo3 Issoniaie x<5 Inalosigud uazilasuigmatluaasy Inia e x>6 Tua
- A -4 . d Yy g v W

esidud daun x<8 Tuanlodtsua K,Li,Nb,O . aiilulassaiiailumnse Inlandauy

¢ v & A s o q Y ¥ A A
ADUCE (tetragonal tungsten bronze) AaUUN x=5-6 Tuanlo5idud azih1n ldamsneglu MPB 0
I J a @ I A a aa J 3 4 A
Wuees Issenia nazimnsz Inia nguitdudmon 4 Tuanlosidua wunaianingow
v o J ] @ A 1
AUNNT (relative permittivity) 08151194 400-450 9317 2.19 HAZHADINMINAADUNDIINT
a I 3 J o a a a a o {
1AW LiTa0, (x<7 Tuatosidud) vz ld ldars Ind Tedianninlaeaaisagnanil

Y
UszaANTNINavTY

T T T T T T T
0 100 200 300 400 500 600
Temperature (°C)

A v o d A ad a A a A
317 2.19 uaasnnuduius AL ladlanns nuod KNN eaiiien (Guo et al., 2005)

a g

Y v
Saito ttazAME (2006) 1d9T1U18'1991 @13 KNN 1uldaiaan luwd Tsdidn

A3

T
Auv A IS

A Ao [ 1 @ ~ Y= . =
nsniandlunguensazna Asgli 220 11T 1dRNET (K, Na, ), Li (Nb, Ta )0, il

Rl
v

1 [ 1 { a a g a
anuruiugs wuezTiana e Tadidannin Nige d,,=230 pm/N Tanuadesga uag
@ I J a ad a 4 a J
annsowann lmiuuuuses g Tudiannsn (soft piezoelectric) 19 tilonaaauIniizriale

4 J { ' @ J a Y !
1A X-ray diffractometer W113111 MPB 5213197 M1n005 Isseuiiatazimnys Inifa Tagh

a aa q o ~ = 9 aAa A X =< ~ a
wudenSina x < 0.05 aagiil 2.21 naldguugigsminan s 500 °c Tuvmzimsiay
= 1

o =) Y a A A a A a A .
unuman Yraliguvgigianad naeh 6.10°C e YSu1wved Tady 0 Li 3 Tua

d 1 o

s 3 o s a £ ' ' A Y
UJ’E)'H'L“I)'HG] ag Ta2 Tumﬂaimuﬁ A ﬂi%ﬁﬂ‘ﬁlli\iﬂﬂ"}‘ﬂ Kp= 1256 Hagn1nIugangy
'd
DATTAN (elaStiC Compliance) %%’g\?ﬂ’ﬂﬁﬁ KNN Uitjﬂ‘ﬁﬂ1ﬂﬂﬁ‘1/]ﬂﬁ’é)ﬁ Y. Saito ‘ﬂﬂﬁl‘ﬂﬂﬂ’ﬂ

a a A @ @ wa a ad a l 1
NI1TLAY ANYY LS LUNUNIAUY 'fmllWii‘lﬂi'ﬂﬂ?QﬁNUWﬂWQUlW@I“]ﬁ]Laﬂﬂiﬂvlﬁ’ﬂfl'lﬂu'lﬁucli]

FIaoandoINUMINAa0dlugI9a0IN
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b 600
PZT
500 | -PZTS/ family
.LF4T
L LF3T
— 400 PZT4 @ mPZT2
N
S 300 ot
. LF3
% @, 0 :This study o -PZT1
<5° 200 e o2
BaTiO; (Bi,Na,K)TiO4 L
- K,Na)NbO
100 Conventional ( ) s
lead-free family
0 1 1 1 1
0] 100 200 300 400 500
Curie temperature (°C)

1% 2.20 nfioufouainsi ladiannin (d,,) # 25 °C (Saito & Takao, 2006)

020 awe 540 530 504 533
(a) Dielectric constant
015 Sk 521 581 Sadd.
-
ey
s
'§ Q.10 857 872 624 556 598 505 726
|
[&-]
-5 637 B34 TE2 T45 G625
| a4
b4 1014 459 Ba0 868
0.05 1046 1031 MPFPB
408 238 1204 1108 1165
| T 1256 /
364 B16 B0 —— 147H 16862 K
|
0.00 429 442 652 1187 1837=~—3138 3514
0 0.1 0.2 0.3 0.4 0.5 0.6
Ta content, v

5141 2.21 1eufon morphotropic phase boundary (MPB) ttaga1nsii ladiannan

(Saito & Takao, 2006)

(Hollenstein et al., 2005) laoSurenmsian atfen (K, .,Na, . _,,Li NbO,)

9
Na Ta,0,) 19111/ Tuasilsgnew KNN Hulinszuiunms

wag UNUMAY (K, ,.Na, . ,,.LiNb,_,

~ Y an . . . 19 Yo 1 . . . '
INT8URNIYIT pressureless solid state sintering Taeliilgaerany (sintering aids) ¥eluns

A 1 A wa a ad A 9 2 aaf g axd ) 1 a
MNANUHEU NI AN Iwd Tedanns nldgeuu 3B uduishannsowaunlgmsnaa



[ 1 < J

1 a a g a { A 4
ITAUYATINNTIN WU f’n]’le‘JI%@Lﬁﬂ‘ﬂﬁﬂ"ﬂ@ﬂﬁTiﬂiSﬂﬂ‘U KNN 7iau Li 4 Tuadosidua

s d I -4 A a . -4
Ta 10 Twanlostdud a1 K=53 1o515ud, d,=160 pm/V azdy Li 3 luatlosidua

S 1

o 73 o 73 o o = a ¥ A
UNUNIAY 20 Illfl!ﬂ'é]ilﬁ]fu@ ua Kt=46 L‘]J’E’Ji!,“lfuﬁ,d33=l90 p/V AAITINN 2.2 DANN ANANN
a 4

a g a oA a a I 3 14 o J 2 A
lagrannsnveanguitduaiion 4 Twanodigud unumaw 10 Twan)osidud vzganinde

=1 d' = [ [ d' d'® 9 1Y ao 1 dy
L‘V]EJ‘]J‘V]ETﬂTJ&ﬂfJ’JﬂH@NETJVI 2.22 GﬁﬂﬁﬁlﬂﬂﬁﬁlﬂﬂiJﬂ'li\Tlu’Ji]fJG]E]]l‘lJu

A1519% 2.2 MansNAaeulSeuNeUTEHINNMISIAY Li uag Ta (Hollenstein et al., 2005)

Li (%) 5 6 6.5 7 4 3 Pz26
Ta l’:":-J - e - - P 10 20
p (g/cm®) 4.36 4.36 4.38 4.38 4.46 4.8 7.7
o (%) 97 97 cee 7 94 96
Te (°C) 445 450 450 460 380 310 330
g4/ 8y 440 500 G630 as50 560 Q20 1300
loss (<) 0.022 0.026 0.18 0.084 0.03 0.024 0.003
ds; (pC/NY 150 160 250 240 160 190 290
ds (pC/NY 56 53 61 74 63 78 —-120
ke (=) 0.53 0.49 0.37 0.51 0.52 0.46 0.47
kp (=) 0.46 0.45 0.44 0.45 0.47 0.46 0.57
6000 v . T T T T T T
I R KNN - 5% Li
- 5000 |- KNN - 8% Li T T
< KNN - 7% Li
£ 4000} 1
E
& 3000} -
© 5] KNN -
> or |
ﬁ 2000 __3 %o Ll, 20% TQ
k
1000 . \
KNN - 4% Li, 10% Ta
0 1 A A L 1 i A A
100 200 300 400 500 100 200 300 400 500
Temperature [°C]

517 2.22 e meeuFUNNT (Relative permittivity) Y99 KNN Miauaisiie Li uay

Ta (Hollenstein et al., 2005)

. Naﬂﬁlallﬁﬁ!,%@ Li ez Sb
Y o J = a aa
Zang LLazae (2006) ulﬂﬁﬁmﬁz‘l’iﬁﬁ KNN Iﬂﬂllﬂ”limll ANy L LU

aluil (Na, K, LiSb Nb, 0, l¥nszuaunisiaseuais 1agnszuIuUnIs conventional mixed

0.51-x

. Aa A a A A A 9 A [} A A adg a a ad a
oxide WAUDN ALNYY LA oUA 1N ‘i/lmlllﬁlﬂnl‘l]ﬂ’ﬂsl)"JElLWNﬁNUﬂ “1ﬂﬂmﬂ°ﬂiﬂ UlW@I“ﬂ@Lﬁﬂ‘ﬂiﬂ

Y v
TiuFana Tagediu aam3199 2.3 ISUREINUNUVDL Yang tazaaz 2006
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M15199 2.3 naasauianie Iihvesans KNN duensde lual5unaa1g 9 (Zang et al., 2006)

Compositions o (g.-"c:m'?) x5 (PCIIN) T (5C) kf, elfeg tan &
2=0.048 4. 27 265 308 0.51 1244 0.021
=00 050 A4 .26 2832 202 O 50 1288 LR B
a=0.052 4. 28 286 385 0.51 1372 o019
x=0.054 4.28 209 3S4 .47 12906 G.Ois
x=0.056 4.32 2T2 387 0.4 1339 0017

Yang azasiz (2006-2007) 147 0A31237a15 KNN-LS 105 U10Havadns

a a A a = ) Y . . . 1A
@y aeuuaztoud Ini msoua15 1aelenI2uIUNT conventional mixed oxide WU

Jd o

s 3 Ay v 9 Y] v Ao =
0.06<x<0.10 I?Jalﬂﬂil"]fu@] J;]ﬂ']ﬂﬂhlﬂfl]glelﬂqlﬂa MPB u,azmﬂwamimuaﬂumzﬁuyimu

v
1 = v A (% ' 2 (S

= g’/ 9 R Ao k) [ o
AIUNUNITIALTYIAIDYINDUAD (‘].Iﬁ”lfl'i/]\‘lﬁﬂ\iﬂTll) FAUANHUSANTY ‘]J'J\i’JUTWﬁ"IulﬁL‘ﬂfslfu

~ A A o ~ o 1 [ ~ ad A AA o A [ 1
JAIND I @Ng‘ﬂ‘ﬂ 2.24 9997899 NQN PZT Llﬁzﬂ"l‘ﬂ\‘l‘ﬂ"lﬂﬂlaﬂﬂiﬂ A A151N 2.23 waaINa

Y

@15 KNN-LS a1ansowauinazi Il gnisUszgnd 19luau dau)acus aqu Tl

(transducers) ool

40—
30
20 =

10

-104

Polarization (uClem’)

Ao
i

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

517 2.23 uaanre Inan lswsudames sanamsauunumauazoud il

(Yang ttazaae 2006)
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7000

{ —=—x=000
sooo] —e—x=0.02 -
4— x=0.04

5000+
40004

3000+

Dielectric constant

2000+

1000

. . . . y . . . r
o} 100 200 300 400 500
Temperature (°C)

{ o o J 1 { adg a Aa
5UN 2.24 LLﬁﬂQﬂ’JTNﬁ’NWHﬁSSW’JN mmﬁ"lmmﬂmﬂuazqmwgu VDI (1-x) KNN-xLS

U

NAD 10 kHz (Yang LlazAmg 2006)

e WAMIIANAIIIDO Li Ta L@ Sb
Y= [ a
Zuo lazame (2009) "lﬂﬁﬂyng]mﬂmmmiﬂizﬂau KNN Iagni1siaw
A . ' = & A4 A X o ¥ Y
#1319 Li Ta ag Sb Wi PPT vesansnlasu liilieiSuavesas@amuiudaniaeandos
v 1w a £ a ag A A =3 A o ! . =
ﬂ”UﬂTmJﬂi%ﬁﬂﬁulWGT%@LaﬂﬂiﬂﬂQQﬂd 400 pC/N NoAIIAIUYDY Sb LLag LiTaO, 11 0.09 Lag

J 3 J o w @ A
0.03 TyanlodiFudamuaian asnmgin 2.25

g1 225 M31lsznowy NKNS-LT,, ied5unaued Sb (y) uag LiTa0, (x) fideandod
o ! ) [ a2 { @ 1 1 14 a
UM d,, MHTUMVITNUNTINNAYe 903 HINN0035 I5T0NiiAtay

N3z Inia (PPT) (Zuo et al., 2009)
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Y= a A .
Yang ttazaae (2007) 1aan1a15152ney KNN Tagnisi@uansiae LiTa
a A d ] A ] A = [ o a I
uaz Sb Uiy MPB gosreaeynTimsldsuignineinees Isseuda lihilumnsy
o @ I @ a a . X Y
Tnia waztmnsz Inia ldifludgniafieudadia (pseudocubic phase) FIANHIAIBN 1S
= a A oA P wa o ' a 2o
wasuulasdSyraasiie Tanu219 0.2 Tua vaasldfiuauiiananald 9nNgaaIniso
@ wa a ad a 9 3 [ § a ad a 1
Y5vlgeantia lnd Tadianninldgeiu Tamwizarnsi Ind Tedanninlin1gans 252 pC/N
[ a £ [ S @ A A o 1 o o o
wazAdulssansus gl (k) 11 0.42 Aag1ln 2.26 nnauaaenaauIsai vty

o a ag 2 a . . (% {
ar Ina Ind Taddnn3 nuuuinaiay 18 (superthin buzzer disks) Aa31/7 2.27

260 - . 40.45
240 ] a0 * d.. loao
b3 , 4
220 i N oA r’.‘l‘ lo.a3s
200- g 3 -
% 180 = ; * ] 2200
- y, v

B * ]

—= 180 i 0.25
140 - {o.zo0
120 w - 1o.1s

] 0.11
18007 -, - Jo.10
1600_. == tan & - = 40.09
1400 - i o.08

_ 1200 / 1o.07 s
1000 | 0.06 2
g = > Jo.0s
800
_ -, 0.04
600 - - - - - 0.03
400 —— 0.02
0.0 0.1 0.z 0.3 0.4 %
Composition (x)

A v a ad a J ad A A a o J 1
g‘]J“VI 2.26 ﬁ'ﬂJ‘UﬁqW@Icﬁﬂlﬁﬂﬂiﬂuagﬂf’lﬂﬂmﬂ‘VIiﬂ“VIWﬁJ Ta luoasiaiuag 9

(Yang et al., 2007)

51 227 @ In w8 TaBi@nnInuuuLIRIAY (Yang et al., 2007)
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. Y= a
Rubio-marcos ttagaue (2007) hlﬂﬂﬂ]%l”lﬁ’]iﬂigﬂ@ﬂ KNN Iﬂ8ﬂ15W]3J
A . = ' Ao g o 1
®153190 Li Ta tkag Sb Llﬁﬂﬂlﬂﬂﬂﬁgﬁj']\i KNN ﬂuﬁﬂﬁju@\jﬂﬂﬁgﬂ@Uﬂl@Qﬂ’]Llﬁqugﬁ@N B

a 4 Y] [ o a ]
1A (non-stiochiomatric: NS) 1tag KNN Nudaa 1u03Alsznauilna (stiochiomatric: S) W31

[
S 1

{ J o 1 a (% U Z a o
KNN 1309A152nouvesdiuniozaoy B inUdaauuy INAIHNINVDILKAI “]i’JEJGl“rSTjGUuW’I

9 1
v v A ~

lds! va ~ J 4 aa a [ A =
Gllf)\uﬂ‘iuclﬁﬂlu"llu gaasauUanuystanyesiis 1satannsn ﬂ\igﬂ‘ﬂ 2.28 9NNNYINUNIAIN
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AA o 1

a ad a A = = ' J a
1w Tadian n3nliA1gada 252 pC/N F9g9na1 KNN filidadiuesdilszneuilnd

6 -
—hs @
5 ——8h S
—=—2h NS
. 41 —=—8h NS
=
23
w
. —
l -
0 T T T T
0 100 200 300 400
Temperature (°C)
T+
-=-2hS (b)
—_— 6 N e --8h S
=
ol -=-2h NS
a
=]
o 41
E
3 3-
=
O 2
l -
0 T T
0 100 200 300 400
Temperature (°C)

A ad a 1 A adg a J = ad a
E‘IJ‘VI 2.28 gy llﬂi’)mﬂ‘ﬂiﬂ (a) ﬂTﬂ\i‘Vlllﬂ’fJLaﬂTIiﬂ (b) ﬂWﬂTiqmﬂLﬁﬂqﬂﬂlaﬂﬂiﬂ

(%

2 a A = a A =
VUNUYUH YN NAIUD 1 MHz YBUFIIUNINININUND 1125°C

Flurnan 2 92 Tu uag 8 $2Tug

252 ms@nmnsivemelSun/auungAnssumswiniin (Sintering behavior)

Y
1 <)

nquiliflumsweieulfulgamgdnssumsenatinues KNN 1didluliledns

Q

a t4 4 @ va 1 ' 1 { a a g a
UnAvazauysel todSulgesauiiaedrannizioize sy arnad lnd Tadiannsin
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. . A ' A ' . A AqY a 9 a A
(piezoelectric constants) 30 AMANNLLITIAAIY (coupling constants) mseenlwasui lUdnne
[ Y
CuO, ZnO, MnO, Sn0,, WO, Sc,0,, CeO, taz AgO tios1elunisiauTaaueunsu 9nnedll
' Y
NUIENUANALazau laaall
e WAMIANAIIIID Mn
. =2 a A an .
Inagaki tagAME (2010) gnwaniAey NKN 139 Mn 1a873% slow-cooling
flux NOATITLUIIANNT DU 1.251 @ADL (710819 A) 1A 0.251°C AU (A2D8149 B)
Y J ad a [ =) 2 A
nazaslvaeu Insaas e lawus Isoannsn lasmsadunaanuaseanielu Tamy daa
dl 1 = d‘ a v 9 J =)
aungunnmslasumla wunweaniauIalueasnsssuienuTeUYed 1.251°C Ao
Y A 2 A o < ' A
paaa vy Tamu 90° luvaznwann Ialuons1n151euveg 0.251°C ADUIN LaAd LAy 60°
1 d’l Y [ =) = a 4
1ag 90° Tay ANULANANTADANADINUANIAT IR laun ey 49 @1u150ATIZH
a 1 1< Y 1 H
Taamataswuadn Insa 1n1l (Raman spectrosocopy) lagtiuguaa lamuazaoy 9 1wagu
I 1 < @ dy I v o w v Y a &
v Tamu 90° TdluTamu 60° nag lugremsiduaitiiluaudrnnazne lninanuesen

d' A 49! 1 Y L% 1 [ d‘
Mo lunwury mwaiwﬂﬂwaﬂsgwuaﬂmammwﬂ @NE‘IJVI 2.29

[Sampie &

MNucleation

Cubic Nuclei combine | -, R
(Paraeclectric phase}| | g — % =i

Te L=
90 domain formation

Tetragonal

Temperaure

TO’( .
607 domain formation

Orthorhombic

v 9
317 2.29 uAAINI39EIVB TALUIAZNANIIAG 8IAIVBIVINY 1Y (Inagaki et al,. 2010)

o WAMIANAITII0 La Hag Fe
o a3 @ d
Kakimoto tagaag (2003) Uszauanudisalumsdunsiznans (K, La)
A [} 9 Aax . . 9 a = A YA
NUANVHRUUUUGN ATYID pressure-less sintering WIDVIANTI5190 La,O, L1ag Fe,O, naf lane

{ 4 a I o
munsonlasuszuulassadeniness Issoudadlumnss Iniia
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o WAM3AVA151T0 Bi Sc
. Y v 4 A aa o
Skidmore azAME (2010) 1adUATIZH 915 KNN 190 arflon ununiay
Ui wag auawdon wui1azi 1¥ens1d1u co/a ¥09 103z Inia anas A2eNTIAN BiScO,
1111) (1-x) [(Na, K, ;NbO,), ,,—(LiTa0,), ,,x [BiScO,] Tagl5unlaeou 0<x<0.05 uazdanudn
oA o I ¥ . . I Y a a A = 2
1 1 0.02<x<0.05 M1 18 ns 1l X-ray diffraction Lﬂmmmgmﬂmmmam DNMNNAYDIVUIA

A o a X2 4 X | <3| X = @ 2
mﬁuuazmuﬂaauagmmnmu‘n x>0.015 L’L!’E'JE’Hillﬂ’JﬁJL‘l]uLufJ!ﬂEl’JﬂUNWﬂ"llu

=

. . A . A dﬁl [ [ Y a a g a
(inhomogeneity) 110131104 BiScO, tinvuunazaiwalimni lnd lagianninazana
H Y 1 H
uoNMNNUITENNA VUG nasnuIteNai DAy udToyaimAY
A g‘: a Y A Y d‘ddy 1 a =1 A a
msensmurialdauianWihadaduniimsi@uiiies 1 w50 2 ¥1ia (Feng & Or, 2009;
Lin et al., 2009; Rubio-Marcos et al., 2007)
o WAM3ANA1TI90 Bi La 1Az Fe
k4 Y
Zhang (2011) laaginamsnaaesd1slsznon (1-x) KNN-xBLF 1991n13
@590 BLF 11 11 luTassadefidSunm 0.005<x<0.040 Tua wulsuiaaisive BLF
I a ! [ ' J a A @
108 0.01 Twa szillunSnainuveuwaigninsznitess Issudauazinnse Iniia (MPB)
A a dy (J 1A o a adg a2 3 a A
uazusnutivsdsdodeliania na ladianningege Wunauanms@nensive BLF
a13 nunanFeu Tandey luTora (KNN) dansdoanisdiudlgeauiiani
9| wa g’J = = [ (Y] Y Aa A [ a a9y
T mazauiialuduaeumamniin dadaulvainld aion unumaw wag weud Tuil W
18 1NMITIVTWToYaITeNHIU IdaI15 199 2.4

[

~ Y a A ~ a ad a 1
A1319% 2.4 wams5usITeyauITenanen Ind Tadiannin (d,,) ganan 100 pO/N

d,, (pC/ QUK NN esntlsznoumanil (Tua) -
" GRNGR

N) (°C) Li | Na| K [ Nb | Ta | Sb | O |8Uq
310 1090 0.04 | 0.48 | 0.48 | 0.9 | 0.04 | 0.06 3 - Lin 2009
300 1125 [ 0.04 [ 038 [ 052|086 | 0.1 |004| 3 | - | Rubio2007
252 |1080-1220| 0.04 | 0.44 | 0.52 | 0.94 | 0.02 | 0.04 3 - Shiratori 2004
252 |1080-1220| 0.04 | 0.52 | 044 | 0.76 | 02 | 0.04 | 3 | - | Yang2007
230 1125 0.04 { 0.38 | 0.52 | 0.86 | 0.1 | 0.04 | 2.97 - Rubio 2010
230 | 900-1325 | 0.03 |0.485/0485| 0.8 | 02 | - | 3 | - | Saito 2006
210 1000 - 05 1] 05| 07 | 03 - 3 - Zhou 2009
200 1125 | 0.04 | 044 | 054 | 0.86 | 0.1 | 0.04| 3 | - Lin 2009
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[

A Y a A A a ad a 1 1
ATNN 2.5 AANITIIVTINVDYATUD EJVIﬂJﬂ1ﬂQTIUlW@IG]5®mﬂVISﬂ (d33) gan31 100 pC/N (919)

d,, (pC/ QUMUK penllsznoumanil (Tua) -
" 91994

N) (°C) Li | Na| K [ Nb | Ta | Sb | O |0uq
200 1125 0.04 { 0.38 | 0.54 | 0.86 | 0.1 | 0.04 | 2.97 - Lin 2009
200 1100 0.07 [0.465(0.465| 0.93 | 0.07 - 3 | BiSc | Skidmore 2010
171 1100 | 0.06 | 0.47 | 047 [ 094 | - |006| 3 | - | Yang2006
155 |1050-1120]0.025| 0.5 |0.475| 0.95 - 0.05 3 - Wu 2008
144 [1100-1150| - {0.495|0.495| 0.99 | - - | 3 |BLF| Zhang2011

'
A o

aw Yy 9 ] Y1 ' Y =K =2
MnnuItendnauemdedu azmiuldandiulnaazniudansAnyina
A A A 14 adg a ad a 1 Av AR a 9
Yosa1seNlnoauiams lsoanninuag ladiannin uanuITeNTNINGANTTUANNAINI
X I a a o 1 4 Y ao
TWihaaaadliiludsz@niam nazergms lsnuvesdlinesdetioaiioMounuauide

¥y A
ATUDU

2.6 wgAnssuANNIMIINTh (Electrical fatigue behavior)

[

a ag a d 4 J a A
Y Iwd lgorannsniile 1dau 15 oo  meld TvaaniaIilih agwunfidsz@nsam
1 1 Y
anag MnmsanyInuNTiteniaimldanuaunsalunsiiauvesiaganasiuma
4 o v & 4 aa a
1110919INANNA (fatigue) Ao ludae asiuanud e Iiuls 1s8iannsn Tanmetans
= % Y = = a Y @ 3
guideanmInar lswFuandniawnsandsuianaldlutagaiuiiuiusevvesns
~ a ] v a o ~ Y 9 [ ' 9
ndsufisuuaeta (Saans, 2006) A9319 230 nszuuMIAIEAINTDdoUNAVOE1NIDY
Y I 1 A o [ 9 [] a 9 1 <3 g’z Y] A o a
laduuedau Weihnduunlfluiaziiansdiasedisiaisiluaisda 1l uaziiio Taqiia
nmsa1au biaunsadoundu ldezawwaldgaudeaninInar lsssuandialledrenins
v 4
FainasdonInseaigannrznusosuaniazANUEeM G UHURY T

[ 1 a = a

aquaazriaIzlingAnTsuANNIANANNY UITeRmeInuANd NI I

A

asdszneu KNN SadfesnniilefSsuifsusuaissiiadu 4 lunqueats ol sdidnnsn
msaneadime i luaiseiduehuinefnmnanmauédluildy ez1) $alu
tagiiuamsoaginalnanudimallih’a s dszmsudn (Sadns, 2006) fie (1) msthaves
Fuitui ) msBasuvesmisTamulasanuunnseafisunguiuuinamis 3) magnass

(pinned) voams/asunama Ina sy Tasanuunnieuratsunias (@) msdiunsinae
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i v Y H
TvdveTaundaGoudr luiidaseduiium avgui 2.31 nazs) anudenisves

a g A (=4
ranInsavsososnailay

P, (Clem')

N
(o]

Log (91%3u581)

51l 2.30 anmanua Tuildy (pzr) 7T Pt idlud Wi (Damjanovic et al., 1998)

Polarization (uCfem’)

Number of cycles (log scale)

H H Y
g1 2.31 maaanud e luihvesilauuns ZT 7l srruo, Wl Trifhd e

wagd pesluv Iy Aaudang 9 (Pintilie et al., 2006)

@ ] Aav A A a 9 [ Y Y A v dy
Gl'ﬁf]EI'N\TIH'N]EJ‘V]N'lull'WlLﬂfJT’ll'éNﬂ‘]Jﬂ'liVlﬂﬁf)'Uﬂ'J']iJﬁWﬂ'l\ile\IV\h UANU

aaA a

Pojprapai tazam (2009) lavhnmsdnywavesnnudniinemsay Tnvessoonanin
= = v 9 a ! a Y
wagnaesesuaniainanudimia i areluwsilin PZT wua1 wgdnssuanudinig
o v o HP ' o v
Tfhwes PzT Tanuduiusedraniuanudnldluseniems aww lWdheegla 2.32
Tawumeluiggezilaeuiemuaziaizeslnison q daresesuan vz ldsesuaninenn
A a 9 dy A dy A a A d?
miveen 1) myauTavessesuandntaznnyumumsilasuiaves Tamuiunau uay

[

) o . - , .
sy ldegganunminadounisldanudd a3 2.33 Fan1eldauin i

U
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A o :g A A @ o a ' Y a Y Y
ﬂ'ﬂﬂJﬂ@nuﬂ'ﬂiJ‘Viuﬂ"lJ’ENﬂ1§Lﬂﬁ@u@lﬂlﬂﬂwuﬂiﬂmuiﬂEJ‘ﬁiﬁll‘]ﬂ@] i):ﬂ’e)“lmﬂﬂ“lwﬂmmmaz

A T a I 9 v ' Y Y1 Y
AIMUIATYATS TUDYINNIN %ummﬂuiammﬂinmﬂa1mmmwa°lwﬂﬂwm"lﬂcwumm

165100 PZT afad

P

0.5 =

decreasing
frequency

o 1 l0H: '
O P 10Hz v
0.0 4 A P S50Hz
&P, SOH
* 1P 1000z I
<P, 1007,

-0.5 -

-1.0 f—e— -@————@L%X:}F:%# '%7—;7'%'1'& |"_

”~ T T T
Q 10 100 1000 10000

Normalized Polarization, P
o

I,
B

e

4 decreasing
frequency

Cweles

~ 1 % 9 1 v d [ a ~ ~
gﬂﬂ 2.32 ﬂ’lTWﬁflﬁl%ﬂfUﬂ\‘lﬂW\ﬂlUUﬁﬁJWVlﬁ VOIITAQLEI NN PZT NAUD 10, 50

18 100 Hz (Pojprapai et al., 2009)

100 um
100 um |

(10 Hz) . I (50 Hz) (100 Hz)
after fatiguc guc RNaller fatigue  |hefore fatigue after fatigue

before fatigue

5141 2.33 nmanndesganssaniuuy 1Fuasveussiiin PZT noulaziaInaaoun N

U

uaraamsan Inueaseauani1l 101U (a) 10, (b) 50 1AL (c) 100 Hz

(Pojprapai et al., 2009)
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Mihara ttazasiz (1998) laesuiefanavesnnudmi lilihuesiag 1unaninmsvia

a 9 ~ g‘/ v <KX o Y] & 9 [ ~
pongaululaseade BnnsduilumanininmsaieiivesnisTamudag ldonmsfaninei

a g a y I 1 { a g a Z, Y {
lagannin Aauwldihge anudngguiunaldainsilagiannindininiagn
a1 IWihe o

Zhang tazaaly (2008) Tawua1ms 19 caTio, (€T) Tasmsiawn 1w 1ulu KNN anso

v H 9

15U polymorphic phase transition (PPT) l#anasud1inguugines sgalsunlasuliasi
A I a 1 Aa a Y Ay ] ~ A o

mouiludaszasgungil (50-200 °C) 1Az WHANTITNANUAINF A9 A931IN 2.34 nazilioian
9 é A [ U d' 1Y g’/ a . = o [ o

d,, I8szum 200 pO/N Fadeuduarigs AuiUMsIANAIS CaTio, (CT) Vunuzd 11T U2

vudwazamlaugadu v

0.4 g) 'X\/fl‘ l
cool —NFF

o

N
B
8

Polarization (C/m’)
[=]
o

KNN-LS
Cycles: 1-10,000

ol 1

i L 1 1 L 1

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

= = .. A Ao A o
qﬁj‘l]‘ﬂ 2.34 mslasundasves polarization FNOIHE VDI KNN-LS 1D 1UIUTOY

M3 ey I (Zhang et al., 2008)

27 asid

Q
=

nnteyateduiinann uaasldiiudwun Ty lumsdfulssauiane i Tag

a A A a a = o 9 3 o 1Y
NITIANTITIVD aLNYY LLE’)‘LIG]T?J‘L! UNUNIay LGU"I]'I,‘]JblL! ﬁﬁ‘ﬂi%ﬂ@‘u KNN uummiam"lﬂ

' Av a 1 ' = Aa A A A = 9 wa Y A w =
ummﬁfﬂfJ‘Vlﬂa”mJ”|ﬁ?1111/ii1;3Jﬂ1‘5L@]3JﬁWLﬁ]@LWEJQ 1 Y159 2 ¥UA ﬁ]ﬂiﬂﬁuﬂ@%’mhlwwnlﬂﬂﬁnlﬂﬂ

b

o A = [ a A g’/ a S ?zl; o 1 aw A 9 A 3’/ = =
UNNDNYIVUNUNITIANTITIIONG 3 BUA 'E]ﬂﬂ\iﬂ\‘lthW‘U’Ji]ﬂ‘VlalﬂfﬁWﬂi]’O‘VN 3 YUALASUNITANE

Y @ a o dyd [} Y

a 9 EY a a g a ‘911/ =
‘Wi]ﬁﬂiill‘i/l'l\?ﬂf]'lllﬁ'l‘VIWthW‘V\l'IGUEN]lW’t‘]I"HE]LﬁﬂT]ﬁﬂﬂ’JEJ AIUUITUIVYUIIYILUU ANH

q

a 9 EY a ad a a a v A A
nganssunaNuaIme ihves Ins ladiannsin uazeninavesunumauniaeauianig
9 4 I o ] y o a [ ay
T suitesnandutasendnninlminaanuvuiumelusuay Twuna@eon Ts@ou

A aa a = o .
TuTewwa ediion toud Tl uaguNUMEY (K, Na, ,Li o) (Nb o6 Sby 0. T2 )0,



UNA 3

ABAuHUNUIdY

3.1 Unin

Y
nudseilgaiuAnynganssuanudime lWihvesensisznen Tnunaiden Tandew

a

A .

TuTetua MAua15130 Li' az Sb* 88198z 0.04 Tua ududuarsise Ta* lulSuaeis 9
wldmslsznoudifigasmaniifio (K, Na, L, )(Nby o Sbo T2 )0, MIANAITITD Ta”
Slumsunuil Nb* §aeleou Faiiilsz ity (sovalent doping) 34 lisuiude s vanga
ﬂizfg1143J'miﬁmi1dqwa“lﬁ’gﬁﬂﬂmﬂ?;ﬂuuﬂaqma“luimqa%’n"lﬁ’(Gusakova etal., 2010;
Mgbemere et al., 2011)

= a A ~ a
NMIANHINAVDINTANETIIA4 9 Tuansdszney Tnunaden Taden luToia

v
Y] A A 1

Aaw [ a 1] A
woindvoluedanriuu drulvapilumsansuamzravesmsiauaisitonuauianig
14 (Juan et al., 2011; Zang et al., 2006) FIWUMSAVEITO Li* 1az Sb° amnsnliuilg

A g

Y Y v
auiiamaIih g8 anamsiduaisite Ta’ i 11 azselSuaaan Ind Tadidnnsn

=

Y
Tdgeunazanguugiigsias 1id11ndgunniifioq (Lin et al., 2009; Rubio-Marcos et al.,
2007; Wang et al., 2011; Zuo et al., 2009) Hona1naNan1a i wudrdafnyimsiasuuilas
ad 1 1 o a d
Tnssadeganiaaionis lgndesdianasounuudeIns1a (SEM) SN UNITIATIZHNT
A [ Y a dy v ad 4 a a
nasunlasigmadiemaiinnsiaenuuress dond (XRD) lunisesurenaveanisau
A Y A v 2 S v ] Aa YR a A a A o
1519094 3 ¥ila uanavuands lieveurelananganssuanudenvesansnnsu
A )
iHeananms ¥
Y
Tuanudseil lddnyinavesnstANaIside Li sb” uaz Ta' 1 1) luasdsenen
TnunaFou Tadon TuTora Allaenganssunua 1 Wi (electrical fatigue) Taon13 14
Y

a1 WAL F U UAI9E1991UIUTBUNIN 9 (Damjanovic, 1998; Zhang et al., 2008) WU
A o Y A A Lg o o 18 o (=
iWeswusevan lWihiminunvuszsitInar lsisFuanas uandelulinavesns
nlasuutlaalaseadre uazwamsnaaeuauiania Iihnsauseuaunu Inihea o

Un o 2 A Yy a ¢ A o v A 2 o ad o

Havedudenldmsnsizimsulasunlasigniademaiansimenunvesssmong

1 % { ad 1
(XRD) saunumsanyimsnlasunilaslassaiisganinarenisl¥ndosdianasoutundes

) v I3 Y
A519 (SEM) Wiefinyinavesmsilasuuilauiiosuanudisdranannudima i dszneu
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v
a

[ [ 1 ~ a d a 1 ~ Aa a d A o 1 A =
AUN15IAAIAN bABIaANTALALAIAIN IND TBIanNTNNIIUINITOVAIL ) LNBAAYINIG
= Aa 2 ' =~ ~ ao A
nasuulasinavuszninamanaass a1sdszneu Tnunaden Ts@ou TuTomwa luandseil
ANaN599 Li taz Sb™ 08198z 0.04 Tua uduavensiie Ta' TudSunad1e o daa1sah 3.1

[

JY ax . . 2 A [ = a v 9
WYNFAUAIIEHAIYID Solid-state reaction FINHHUITUA 1azoenIzesuIe luiiive 3.2

M3 3.1 gATAIUHTUVOINIAVUNUNIEGY (Ta”) TaAT Solid-state reaction

. . P Li' [ 15narsb™ | 5w Ta™
q%iﬂWﬂLﬂM ¥OUD

(mole) (mole) (mole)
(K, ,,Na, ,)NbO, KNN - - -
(K, Na, , Ly o, ) (Nb, 1S, 0,03 x=0.00 0.04 0.04 -
(K, Na, ,;Li, o JINb, ., Sb, ., Ta,, )0, | x=0.04 0.04 0.04 0.04
(K, Nay ,;Li, o, JINb, b, ,,Ta, )0, | x=0.08 0.04 0.04 0.08
(K, Nay ,;Li, o JINb, b, ., Ta, )O, | x=0.12 0.04 0.04 0.12

' Y v 1
13199 3.2 Ysinaensasdun 1 lumsessuansisznon Tnunea@ou Ts@en Tu Tora iy

A15IROUNUNIEY (T2 ) 314U 20 N5 TA8IT Solid-state reaction

1S 20 Ny
qas

Li,CO, Na,CO, K,CO, Nb,O, Sb,0, Ta,0,
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
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I lﬂi]ﬁ')umﬁi]ﬁﬁlﬁﬂqgllUﬂQNﬂg@@ﬂJ B Uﬂﬂ@lﬂuna1 24 615'3111\1 ’

-

1 = 4
NIDULYNHITITDINIINGNUA laasludinnes ’

-

=h.
(a0}

du'laemuoa Noumnil 180 °C ‘

e
=3}

Al

waesn 1a Tl l¥anudou (calcine)
d‘ a I~ @
Nguugl 850 °C 1lua1 6 ¥ Tug

1<

a

2 v gl I
UNAUANTITLAY UV UUDITIALDNY

ho!

wmeas lasavdeuignme

-

Daq

waruraansnu Inad lilaeanogoa

<
(PVA) ANuudul nlosisued

-

o & ]
1/”LTJLll!ﬂihlﬁTﬂﬂW”lu@zL!ﬂiﬂﬂﬁ@ﬂ"IJU”Iﬂ 120 149

-

dy kY [ ] ~ 9 1 o A a
ﬂlugﬂﬂﬂﬂﬂﬁﬂﬂlhﬂ LU TIY LT UNTUANINANN 10 WadIUAT

g U

g4 1.5-1.7 Aadwas @1e1330a 130 MPa

.

[ SA¥UNUAIUMATA Cold Isostatic Pressing (CIP) A1811598@ 250 MPa

.

<< . . = a < o
| INTNUD (smtermg) NngUNu 1130 °C Lﬂunm 4 “If’JTﬂJQ ‘

] 9
517 3.1 LLWLlﬂ1WLL?{¢N“1J1ME’JHﬂﬁﬁ\imi"lgﬁ’ﬁﬁ@ghﬂa% Solid-state reaction

G
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3.2 mMImsaNaIgauazasnil

(% J = A A,
dunsizdas Tnunendou Tanden TuTerah 190 Li' Sb™ nag Ta™ #2877 solid state
I A { Y ll 1 Y ll
reaction 113 ¥ ued1aunsvate Tasliasasdueglusdunuvesasisenovoonlag
Y 1aa ¢ . P4 a ¢
Tdun @rsunsveua (Li,co,) (99 1o31dua Merck) Tatfonn1suaiuna (Na,CO,) (99.9
J 3 4 J J 3 J J
WoFIHUA Merck) Tnundouniiveiua (K,CO,) (99 1lodidud Merck) luToiliouoon loa
J 3 14 a < 4
(Nb,0,) (99.9 110514 Ud Sigma-Aldrich) toud Iutioan'laq (Sb,0,) (99.995 11los1dud Sigma-
. o s - . a g
Aldrich) #N UM W0 0N 14A (Ta,0,) (99.99 105 1HUA Sigma-Aldrich) TaslvuaounIs
E4
dunsrziaaaelafil
Yy oa v a 3 v = =
1) A1UATENVIAVATIT AIINTANAITAIAUAINGAT KNN 910015199 3.2 Y5
[ <
20 n5u Tuarsazareieniuea (cthanol) (95 1losikud) Tasldgnuaiaes Insiiissuazgnua

a

' I o
RIGEAY ‘]Jﬂlfﬂuna’] 12 GIf'JIlN

£l

2) manslszaeu Inunamen Ts@en luTowasonivua d1991uazeIAvIAUA
Y 1
A13UAZQNUARIIAITAZAI0ONIUDA LAIVATITAIMT 1 BN 1 ATY 1o IRAIgNUALAz 1A
A A a A 9 ~
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QUMY (°C)
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34 MIMIANUHU MUY (bulk density)
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NEINVALAT IUTUIUAI0819 1 UANUN U T Hadtuasudniudasiziam
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Y 1
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=
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3. uiinudamessananudag 9
Y

) 3 1

4. Youmnu Wi Idsuruanudsdraaunszndldauulwihndssns lae

=1
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ADAMUH 1 Hadwes sy Nguigiives A2wd 50 Hz

= = aa A 9 1
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Y
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= =) S A d' o ?lll 1
7. uiinuBamessa NTIUIUTOUAIUA 1,000-1,000,000 5O
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H y 1 % 1 %
U 3.19 (a) 019 1a%UNUAID 1AL (b) FANTIVIAAMITVNBLAL AR

Can

d' = a2 A ) = ﬁy 3 1
g‘ﬂ‘ﬂ 3.20 (a) FANATDUINIUITANDIHE ez UL NALEe (b) ANHULIDUAAINATSHTINNIG

nageu N ﬁlﬂﬂﬂﬁ 9N ﬂ%jlﬂﬁfﬁ'ﬂ Smart material and intelligent system

umImeaoma luTaggsuis
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372 M3 Iadiann3n (Dielectric constant)

1 { ad a 2 o 1 [ @
ﬂﬁﬂWﬂ"lﬂ\i‘ﬁhlﬂﬂ!aﬂ‘Vliﬂ & VNTUIUAIDYN "lﬁs]}mﬂfﬂi’lﬂﬂ"lﬂ’ﬂllﬂﬂlﬂﬂﬂ’l

Y
1 v '

< 2 ! ' .
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vy 9
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v o g o o 1 { adg a v o
NAINNITNATDUATUIIUIU "l]1ﬂ‘Ll‘L!‘LﬂllTﬂTL!'Jﬂ!‘VHﬂTﬂ\iﬁ]lﬂﬂmﬂ‘Vliﬂ]lﬁ}inﬂﬂ'NiJﬁiJWHﬁ

C
Dielectric constant (£) = —— (3.2)
EoA
Taghi  C Ao manwguesduduilszy (whia: F)

adg a
ANUHUIVDIANT 1ADIAANI (AT : m)

o)
@

d

ad a 1 B @
& anmeeun1a ladianninvesgynnaliai 8.854 10" (Whsaiuas: F/m)

=3

dy Y o ] ad a 2
wuwwummmuwu"lﬂmaﬂmﬂ (M9 1WA m)

D) 2D
(]

(]

9
(Y

51 3.21 msAnasgUnsalfaauiiana llihvesansdiedis
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373 asmmasilwdladdonin (dy)
msasndeuat dyveaduaiudiedis Taghsuesiiin KNN firaud
Uaeoiia13 24 $1Tua Sariuniam dy, @281A309 dy Meter (International Ltd., APC-S5865)
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U
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a rd ' 1 U
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ﬁ]ulﬂu]lﬂ@ﬂTI\1L’]J‘Llﬂ?]"lllﬂ‘Vl(lSIN11!’1]5\1@13JTJ11!L561!LL§$Q‘]JﬂiS’E)Lﬁﬂ‘l/li’f)uﬂﬁﬂ?]llﬂ AMUUIWUN
(2 ' A a A 5+ =S A A = =
H1TAIVYWNNUNITIONUATL0 Ta™ 0.12 Ill'ﬁ hlﬂﬂﬂﬁﬂﬂ?ﬁﬂuaﬂlﬂ@i%ﬁﬂlﬂﬂ NAIND 50 Hz

meldauu I ainsnlasunlasdaug £1.0, £2.0, £2.5, 2.8, £3.0, 1ag £3.5 kv lanans

v
a

o A yad 1A 9 2 o qu ~ A o 2 o
naaoasgli 4.15 naasldmungsmaun i ltouinsesudanniiu dune
Y Y v
Tannarudarssiudianiaeaziagnieon asiunauy Wi £3.5 kv munzdmsums 19

Y 9 ' 9 @ Il | Aq ¥ ao & a
T]ﬂﬁ@ﬂﬂ:]'lllﬁ']‘ﬂ'l\ithW'] UAAYTITAIDYINUEIIUNDU ) V]iﬂf‘lﬂﬂﬁﬁ]ﬂiuﬁlﬂﬂu INANITUAINY
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1 H Y
dome'lasznimanaaeudwiosninnauw lihaldivgunuliifansiusaaiad
(breakdown) Tuasaaee1e e lanageummaun Iihiawnsaldlanunnarsdledrauss
- . o 0 A w 4 A v o
in walsingniauu i 2.5 kv iJuaindasadssiganez 19 lumsnaaesdesziiiuma

minaaovluiveminaasuannudimalnii

30

1 R e i U5 San i T
 AMMMUAAIEI

R
v

20

10

Polarization (uC/cm?)
5 o
|

)
o
]

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

JU7 4.14 HaNMINATOUINIUFAUNSIT TAVOIT1TAIBINNUMTIANAITA0 Ta' 0.12 Tua

meldauyTuih £3.5 kv Aimslasun)ainnud
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Polarization (uC/cm?)

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

= = a A o T Aa a A 5+
g‘iJ‘V] 4.15 HAEMINATOUINIUTAN DI FAVDIA1TAIDIWNUMTANE5I0 Ta™ 0.12 Tua

192199 50 Hz meldauny Ivihntnsalasuuilas

434  wamMINAaeUMIAIN INd1BIANNIN (Piezoelectric charge constant, d,,)
o a Aaad a { o g/} Qy ] 4
Taena ldudra15 Iwd Twdianns nnviivaudrazdeanald 24 s Tua e 14
wAa a ad Aa A ~ 1 o % 1 1 ~ a ad a
Auautian lnd TsdanninlnnuatesnouirldJasmainsi Ind lediannin msnaaeu
dynﬁ I A = [ ~ Aa a g a g’/ ] o o 2‘, <3
HutlumMInaaeUINoANYINTAAAIUDIAIAIN 1N TDIaNNTA AAANAINNITIIVNA5D
9 @ d‘

~ 9 = < A I ] Av A A
ITYVIDYIUDN 24 "]5')111\1 LW@LI]HL!L!'J‘V‘I’l\iﬁluﬂ']ﬁwgcuu'l\ﬂlr)i]ﬂﬂ!ﬂﬂ?ﬂlﬂ\?ﬂﬂﬂ’lilﬁﬂﬂﬁﬂ’lw

(aging) MUIAT VBIF15AI081970 11/
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300
270_' s x=0.12
| @ %3 330p
o S 3533
i 5 x=0.08
2104 2 e--wmap
2 50 - %@%@-m@@@
Q 180+ x=0.04
= b W - o T _ o
81504 Y YOY VHN I Y ¥ Y
120 T x=0.00
i EKNN """" i""i"i'lil-li%.--.--------.--
N Ty B B DDA DI 15 . K. K
60 TTTT] T T T T T UL T L '
1 10 ~ 100 1000
Time (min)

57 4.16 HANMINATOUAINNMTONANIN (aging) AINIAT VOIA15AI0819 KNN-LST

Y Y
msnaasuiiilagnisiaisarodialdiineldauny i 2.5 kv

a a

A I = R, o o A ad a Y o A
Ngangi 200 °C (Huat 20 wid vniui lldasasi Ing Tadiannsn Tdwadagai 4.16

U

[
A A

1 @ [] = d' a ad a lg a Y 1 d' a
WuNAIAI0eNMAN e TediannsngeumuiSuaasvenduas i msdredisiia
A15199 Ta™ 0.12 Twa UA1gaiiga 263 pC/N 0.08 Tua 11213 pC/N 0.04 Tua UA1 159 pC/N

d’ [ =Y A 5+ 80 1 :: d' d' = v
139 iAua5190 Ta™ A1 159 pC/N 1ag KNN Had1figa 89 pC/N i 1 Wifiusnuasninms

~ o Z/ g’a dy A zg U ~ a Aac a I a A 24+
M99 MM TNV UVD AN WD TyDiannsn (M UNauI1INMTIANAIT90 V04 Li
Sb™ 1azTa” FIa0ANaINUIUITEVDI Zuo et al.,(2009) Rubio-Marcos et al.,(2007) Yang et-
al., (2007) tiiefiorsanmsanauisusunaInmu lnudn esdieg1a KNN a1sal0819na
15190 Ta’ 0.08 Tua a3nlieua59e Ta ™ a13@10819NANA1319D Ta® 0.04 Tua uag 0.12
a I~ o w @ {
Tua Imsanasaaiiudosas 11.83, 11.00, 10.10, 7.13, Az 6.22 MNAIAY AIA1T19N 4.2
Al vz 1 A 5+ 5 A v ¥ 2 o a vy & 9 A A
1ngataIdiAuId 0.12 Tuaves Ta™ imsanasingassiudsduiiguldidesdunaisioe
5+ d' =3 dy 1 d’ o ] 9 9 d‘ a
Ta” MSUUTUIT0FI9aANTADNAANINANNIAIVOITITAIDE1 19 14 111999101 IAY
15199 T2’ 1 1 IuTassadeveaasiwsin KNN-LST i ldarstanimuun Tluueaaq
[ 14 a A 3 { 2 o a
ANBUZEISAYIINN (hard ceramic) tinTuABAD IFauw Wi dgarulumsihldinalnsls
o o a A o 4 ~ Y . . a3 a £ 1
U 1azin 199nAMIaNA MSEBNAMNMITU (depolarization)Naztnadu laennni

I'4 a
$o5Wi513n (Henderson, 2004)
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M13199 4.2 MANUTOUANN (aging) ANLIAT VOIAITAIOE19 KNN-LST

n . Psinamsanasvesautianie il Govas)
awiama i
KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12
Anafi Ind Tadianmnsn (d,,) (pC/N) 11.83 | 11.00 | 10.10 | 7.83 | 6.22

44  wamsnaasuandameInthvesasfedaANa15199 Ta™ naanaaay

% Y
anuamainih
o A A A . . . Y
nan1snaasddIu Inar lsiysudainessa (polarization hysteresis loop) nela
9 d' g‘; 1 ) [ 1 A a
g v £2.5 kv A998 50 Hz Agua 1,000-1,000,000 501 TA892111015IAAEULIA WD L
ad A Ao [ Y] dy 1 ~ a ad = 1 ~ adg a 1 = ad
DANNINNTIWIUTOVAN 9 A1l AR Ind Tadiannin Anei ladiannsn argadeladian
Y
n3n a1 Inan lswFunade uazaawy lihavédre Iseazideadane 11l
a A U 5+ d'd A\l v A A
44.1 waYRIMIANMIVOUNUMEAN (Ta") Rne 1 Iwanlstudamesda
(polarization hysteresis loop)
v 1 (Y 1 A 1A A 5+ (3 1 A a =
13729619 KNN @150206197 1aiauanside Ta  waza15a206190au190
1 Y
Ta' 0.040.08 uaz 0.12 Tua gnnagounieldauin il ©25kva21ud 50 HzAvuA
1,000-1,000,000 591 91031 4.17 vamsnaaeur9au Inan lsiwdudamessanounaao
9 9] 1 % 1 = d' 1 9 d‘ = [ % ]
ANA1N1 1WA wuesaee19 KNN huineudauauiioSoufeunua1saniedi
w5130 ou Aeamsa 1w Iwan lsiwdu laloauny lWih ldgeun TmsanasvesTnan lsidu
d A ) FY [V ~ [ A
5IA13 9B 1UIY 3,000-7,500 50U 1182 50,00-70,000 501U IANanIg1N 4.18 (a) ABNIADAS

1A

o ] A A 5+ (% 1 A a A 5+ a A A ,%‘ A 9 9
mamw"lummnsm Ta UATHITNIDYIINLIANLID Ta 114‘]J53J”Iﬂ!1/lLW3Jﬂll! ﬂ@m@\ﬂ,&]j
1 Y

avw IihigeuulumsinldifaTnar lswdu wazilduwnansouds msidouanin
IS 8’, . . (2 1 A 1 Aa A 5+
N34 (depolarization) (Henderson, 2004) a15d10819n lieuansde Ta  Msanasved Inal
% 1 9 o [ A (% ] A a A 5+ =
lsdunoudreminane aegli 4.18 (b) A15@deg19MALT0 Ta' 0.04 Tua imsanavey
Y <3 {1 o 1 1 N o {
Twan lsiausaas1Me95119U 3,000-7,500 50UUAIZADE | AAAIDENALNTUD Aa3LN
4.18 (c) M3AI0e19MANTD Ta’ 0.08 Tua Hanvauzaviuadeslluldduarmuaiud iy
= 2 I ~ o 1 o 3}1 Y A o 3 A
Uareiserailunamnnmsnaisaiedgnihvanug Imsaaasves nan lsissusiasan
F98 119U 5,000-10,000 50 ULAIADIAADEIITT 9 nazaANNdNoAIFUN 4.18 (d) LAz a3
o [ A a ' ° = { o <3
#10619N1AWD Ta’ 0.12 Tua ¥I9914IU 1,000-7,500 591 HN1TAAAINGININUAITIAT

N¥I91UIU 7,500-10,000 59ULLAE 91UIU 100,000-300,000 501
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4 < o o @ ' a
Lﬁ'ﬂl!ﬁﬂQjﬁ}!,ﬁu5\1@9'15']ﬂ']ﬁﬁﬂaﬁmﬂﬁiwa']]lil‘ﬂfﬂfum@ﬂﬁ"liﬁﬁaEﬂ\ﬂ“])’i?llﬂ

1 a A @ Y ! 9| Y o =2 v 9
A4 9 azNsaNa Iwan lssunanie vazmauin lWihavudie desreazidealuiive

da 'l

Polarization (pC/cmz)

lo—eo-
yv-v-v-vY
N

VI e e == PviraactaVaalcas A'-'.“—

L oo ® 'd)_ o0_0-00°
VY-V

-@0-&

o

—>— KNN

—=— x=0.00
——x=0.04
—o— x=0.08
—o—x=0.12

-10 0 10
Electric field (kV/cm)

20 30

5U7 4.17 2w Inan lsdudamessd voee3@10619 KNN-LST nounadounINa

ma T meldaunInih £2.5 kv a21u8 50 Hz

2.

Polarization (uC/cm’)

(B
(¢)]

(=Y
o

)]

o

1
al

-10

Cycles
Y 1,000

— 3,000
—5,000
— 7,500
—— 10,000
—— 30,000
— 50,000
—— 70,000
—— 90,000
— 100,000
— 300,000
500,000
—— 700,000
— 900,000
— 1,000,000

-10 0 10 20 30

Electric field (kV/cm)

(2) 10U Tna s FuFames e voIa13a10819 KNN



N
o

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

—1,000
15 ——3,000
10 — 5,000
«— —— 7,500
5 5 ——10,000
3] ——— 30,000
0 50,000
S . — 70,000
g - —— 90,000
5 10 ——100,000
S — 300,000
-15 500,000
— 700,000
-20 — 900,000
-25 Ly 1 L — 1,000,000
30 20 -10 0 10
Electric field (kV/cm)
(b) 272 Inan lsFuFame I Fa ¥oIa13a19819 x = 0.00
20
——1,000
15 ——3,000
10 — 5000
. —— 7,500
e 5 ——10,000
(&)
S —— 30,000
E —— 50,000
5 — 70,000
= —— 90,000
N
< .10 —— 100,000
< — 300,000
o .15 500,000
— 700,000
-20 — 900,000
95 [ — 1,000,000

(©) 1 Tna s FUFamMeI Ta 109a13AI19813 x = 0.04
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30
25 L —— 1,000
20 [ —— 3,000
- — 5,000
~Br —— 7,500
E 10 - ——10,000
S Sr ——30,000
= of ——50,000
S 5[ ——70,000
S r ———90,000
N 1
& 101 — 100,000
o -15r —— 300,000
-20 - 500,000
o5 [ — 700,000
-30 - ———900,000
Ll o P R N —— 1,000,000
-30 -20 -10 0 10 20 30
Electric field (kV/cm)
(d) 297 Inan s FuFamMo I Fa voIa1IA198149 x = 0.08
40
- —— 1,000
30 - 3000
I —— 5,000
~r —— 7,500
E 10 L ——10,000
et ——30,000
z 0 —— 50,000
2 - —— 70,000
§-10 - — 90,000
5 - ———100,000
S 20 B — 300,000
-30 |- 500,000
i —— 700,000
-40 | ——— 900,000
T R N R T B — 1,000,000
30 20 -10 0 10 20 30

Electric field (kv/cm)

51U 4.18 20 Twan lsiwdudemesga meldaum Indh £2.5 kv A2wd 50 Hz

(e) 1 Inan s FuFamoTFe voIaTA19619 x=0.12
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442  miwa1lss¥unsAe (Remnant polarization, P.) nazmainyvivh
aua1a (Coercive field, E)
9110307 4.19 ueasa1 Twar 151w 51uAIA19 (remnant polarization) 543119013
I ) ] Y 4
nageunua1In1e ihadiuausenais 9 edSum Ta™ iiudiunay s 4.20 naasal
o [ -4 1 { o [
Tnan lsFunsdawuuduing serninamsnageuanudima ihndmiuseuaia o veq
v 1 1 Y
A15020819 KNN-LST 910317 4.19 Wi ulos1uiusouiuay 415010819 KNN Hazais
o 1 A a A 5+ A A o Y ' 3
@A19819NIANAITI98 Ta® 0-0.12 Tua A 1-5,000 50U TA1 Ina1 lsFunin19anaded1a31a157
9 5+ A a I 9
andu Ta' 91 0.08 tag 0.12 Tagfansanauiluiesas 15.09, 15.26, 15.25, 12.13, uag 3.73
o v = ' dy 2 A 5+ a A dzl v 1 I '
aaay FalureatidSnaansne Ta™ MuvuzdirerszasmsandSuavesar Ina lsws
v Y Y A =1 o @ [ A A 1A o A =
Funene ldog 1 nieMeun ua15A10810s5 100U Ao IUIUTOVINLFIDT 50,000
1 o =Y { @ X A I
sou A1 Ina lssunidsanaslulSunanladifeduagnaiiudosas 56.15, 54.82, 57.90,
o w § A k1 o
38.45, 1Az 40.04 WA AU LaZtHoTIMIUTOUINNFIUUDI 1,000,000 50D A15A20819 KNN
Y] 1 A Aa A 5+ A A [ Y Y a
HazaIsAIBE1 I MANAITI0 T2 0.00-0.12 Twa T15uavesar Inar lssFunidiaanasna
3 v Y3 1 o T A a 2 5+
1Wusovaz 94.53, 85.50, 84.65, 77.27, 1AL 82.73 LEAS IHIHUA15A210819NANA15190 Ta
' ] ' o Y Yy o ' A ad a
HelifTinamsanasvesa Inalswfuniiegenndesnuransnaaeuanii ladiannsn
e 4

1 ~ a a4 a o Y A da!
!Lﬂ$ﬂ1ﬂ\1ﬂul°w91“]f@!,ﬁﬂﬂiﬂ ‘V]3Jﬂ’laﬂﬁ\ilﬂJ’ﬂﬂTLl'JUi'f]‘]Jﬁu’liJulV\IV‘hLWNNWﬂGUH HagINnNnNIg

Y H
(% 1

S
ﬂﬂﬁ@ﬂﬂ?ﬁlﬁﬁﬂ%ﬂi"ﬁ'j‘hﬂ\iﬂhﬂﬁﬁllﬁ 1-1,000,000 30U NUNTTAI0INNUNITAAIVDIA1 TN

o Y o A A 2 1 A a A 5+ v ~
6111’5!,‘3]5“1111‘?]\1?]1\‘1 ANGAND T1TIAIDYNNAUTIT Ta® 0.08 Tua A9R1319N 4.3

d' = 1 % 9 1
MINWN 4.3 fﬂi!‘]_r%EJ‘]J!“I/IfJ‘U‘]JQiil'lﬂ‘!ﬂ'lﬁﬁﬂaﬂﬂlﬂﬁﬂWIWﬁTULil%cﬁuﬂ\iﬂN (+P) 3¥¥19MINAa0Y

anua1n e i meldauu Wi £2.5 kv/mm a108 50 Hz

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

Cycles
%decrease | error | %decrease | error | %decrease | error |%decrease| error | %decrease | Error
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 2.282 82.850 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 97.473 2.924 77.248 2.317 73.739 2212 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 94.530 2.836 85.509 2.565 84.657 2.540 77.276 2.318 82.737 2.482
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20 - s % E 2  KNN
10 [ 7 1 I,
< O L L % L §§E
E 1111 1 1 11 1 111 1 1 11 1 111 1 1 11 1 111
S 20 Ty
o OF £ II 1 [
(Z" 0 _IIIII 1 1 1 IIIIII 1 1 11 1 111 1 1 1 Illlﬁ
_g 30 n K2 7 v x=0.04
g5 0r 5 3 4
&5 10F LA .
8- 0 _IIIII 1 1 IIIIIII 1 1 Illilﬁ 1 1 IIIIIII 1
5 ‘3‘8 S o x=0.08
S 2f S £
60 _IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 11 1 111
45 % T 3 ¢ x=0.12
30 :_ 29 K3 Iz%
0 IIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIII#
10° 10* 10° 10°
Cycles

319 4.19 A Twan l51wF1AIR19 (remnant polarization) 521 319MsNAdoUANUEIN TWTH

Ao ' A o4 A 2
NITUIUTIBDUAN lllf’]ﬂ%lnm Ta NMNWUUU

@ y A ) Y ° Y
ﬂTiaﬂa\1"11’E’NTW@WU]JL“D"KH‘FNﬂNLqu*mﬂﬂ’NllﬁWﬂNhlV‘h’h ﬁﬁﬂiﬂﬂWl&’Jmhlﬂ

v Y
NMNAUNTAONITNY (Logarithmic fatigue) 728 11/511A53 Origin lab Fadien laaail

P,=P,-Aln (N+B) [dau1)aa191n (Brennan et al., 1993)] (4.2)

U a

o AB o MIWINN03veIaumINa1saIoe1aws1in KNN-LST

b

k

[

19 il”lu’Jiﬁﬂﬂ“]J@QﬁUﬁJ“h/\l%}\h

=

o & Y
19 IWE’IT%?L%‘BH@N@H



AN 4.4 WI935 NMIanasved Tnar 5T uAIA 1909813920619 KNN-LST
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Cycles

oo P, A B
A1TAIVYN
+Pr -Pl' +Pr -Pl' +Pl’ -Pl'
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
2F T 1 1 5 KNN
1F [ SR
[ EEp
o O _I IIII 1 1 1 IIIIII 1 1 1 IIIIII 1 $ IEI%I‘I
A - oo T = x=0.00
.% ; N II """" IIIE ______ ] N -
N —
E 2 IIIII 1 1 IIIIIII 1 1 IIIIIII I_I IIIIIII
S ‘[ Y. 13 v x=0.04
s 1r II ----- I -Fo. I
= [ 1§+ 13g
g O _I IIII 1 1 111 IIII 1 1 11 Illg 1 1 111 IIII
8 ?r Terg o x=0.08
'C_—U 1 | EI""'-E.__E_EE ------ E
E oI Ttiwm
§ _I IIII 1 1 11 IIIII 1 1 11 IIIII 1 1 11 IIIII
N2k ¥ CELE ¢ x=0.12
1 | II--."'-I___E-Eﬁ---- z
B TTtsw
0_IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
10° 10° 10° 10°

{ 1 @ v v '
sUN 420 A Tna lsduasdauuudining senimsnadouanudinaluih

NIUIUTOUAN 9 VOIF15AI9819 KNN-LST

(Fuilse Tdnnmsmuisaun1sasnis Ny (Logarithmic fatigue))
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dmsumaasuudasvesaragun Iihavdeawsannsanldangd

=

v v v ] v Y
1421 IS IuTOUAIN 9 HazgUN 4.22 FINUI IIETIUIUTOUINLIY F15A19819 KNN Hag
A15AI0819NANAITII0 Ta' 0-0.12 Tua 71 1-5,000 58U Arau 1y Wihavudradinsanauiies
<3 Y A A o ] A a A 5+ Y = Y Y
1@nTe8 AN UAIN a3dIBE1NANEITI0 T nanvatiarawin lwihavudisanasly
YSuanlndifeanu Tasasaredai@uaisie Ta™ 0.12 Tua Imsaaasduiieeunues
@ 1 A A A 5+ 9 (% A @ 1 ~ [ A A ~
fvdaaNasve Ta™ areny luvaziansdiedia KNN 7 imenansideiinisnasuuila
A Iihavdades tazdanudninaisdisg1a KNN 1911491 10,000 70,000 500,000 tag
1 G Y 1 1 Y =)
1,000,000 501 TuuaasgiuunrauInar lsadudanessa ualzilsndieasuuusiuaiy

v 1 ) Y
puannuau Iih @ou x) (9317 4.182) iipsainannd@ondnin a gaiid1salegns 1

9
Y 1

A ad a ad a [] Y] 1 [
uaasantam§ 1sadnninuaz ladidnnin 39 lueunsotamauiy Idihaudeld aaium

auw Iihavdrevesansdreg 1 KNN 1929911491391 10,000 -1,000,000 581 349 Tiienusa
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426 9NN
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o 9 @ Y 1 a a g A A1 o 9 9 Jd o
i lddudwmuls uazarlnd Tav@nnsndiadwinaud Indgud szl
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=

a a Y, v 9 A A s 9 Y] Y s
Ns1wazidoaniuie 13 luiiden 4.6 van1siasigd Inssaieganinalrondosgansse
ad [

DIANATOULUVADINT 1A
o [} (% ] d‘ a =) 5+ d‘ ) A
(SEM) 8 HSUa13819819MANA15190 Ta' 0-0.04 Tua 1109 1UIUT VLN Y
Y v Y

U 1,000,000 5o Maun lihavdrauiniuninaeunsunadeunuainieluihlu
a I Y Y I 1 o ] g A Y 2 @
aniludosaz1.93 uag 3.08 naaalfnuINAITAI0g 19N ADILAAIA NI A INAIAgIN VT
@ ] 1A A A v 1 ) o @ v A a A 5+
#10819 KNN uaimaasuudaslunisaundosnin dmsuaisdiegai@uaisido Ta

1 ] a I
0.08-0.12 Tua mauu IWihavdnanasainasunsunaasuanudima Wihluaailudes

Y ] Y ] ]
az 1.78 uaz 0.26 mnmauy Wihaudeimiuvuiuvineanu lumsildinansalasu
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9 v
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50
- A KNN l
| m  x=0.00 l
€ 4 v x=0.04
L r @ x=0.08
54>_/ 40 - ¢® x=0.12
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KNN x=0.00 x=0.04 x=0.08 x=0.12
Cycles
%decrease | error | %decrease | error | %decrease | error |%decrease| error | %decrease error
500 2.423 0.073 2.746 0.082 0.345 0.010 4414 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 34315 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
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. KNN x=0.00 x=0.04 x=0.08 x=0.12
MUIUIDY
%decrease | error | %decrease | error | %decrease | error |%decrease| error | %decrease Error
500 2.025 0.061 7.171 0.215 4313 0.129 1.684 0.051 1.536 0.046
1000 5.316 0.159 9.302 0.279 6.469 0.194 4316 0.129 3314 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 41.519 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 45271 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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517 4.48 nMwa1e SEM AINU5081AN 1DUUNUAIUT DUV LIAZ A IUNA YD ITY
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(b) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (¢) x=0.12 (19)
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(c) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (&) x=0.12 (91®)
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Feb 26, 2013
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(e) MND1Y SEM WUNIFUTI1TAIDYN x =0.12 Tua
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51J% 4.50 NINOIY SEM NANUT08LANS MUUNUAIVS NIV VLS TIUNA VD ITY

U

13919819 KNN-LST iaamanadouanud e i asdsvens 400 mn

(d) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12 (9)
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51U 4.51 2w Iwan lsdudamesFaves KNN-LST meldau Iwdh 2.5 kv

A0 50 Hz (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (e) x=0.12
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511 4.52 20 Tna lsiwudames Faves KNN-LST meldaulnih 2.5 kv

ﬂ’Jma 50 Hz (a) KNN (b) x=0.00 (c) x=0.04 (d) x=0.08 (¢) x=0.12 (9®)
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L P 71 150U (uC/em’) | P, 10° 50U (uC/em’) | P, #1 2X10° 59U (uC/em’)
A8
+Pr _Pr +Pr —Pr +Pr _Pr

KNN 10.38 -10.35 1.89 -1.89 0.71 -0.98
x=0.00 10.79 -10.39 224 -2.21 1.22 -1.19
x=0.04 11.89 -10.09 2.51 -2.42 1.42 -1.38
<=0.08 18.71 -18.17 4.71 -4.52 3.49 341
x=0.12 24.85 -23.95 5.88 -6.18 3.65 -3.66
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(d)
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nouMInagounua 11 Wi (a) KNN (b) x=0.00 (c) x=0.04

(d) x=0.08 (¢) x=0.12 (A®)
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M1397 4.8 AMANWATIAGIFA (maximum strain) V9Ia1351/500U KNN-LST
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(d) x=0.08 (e) x=0.12
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wasmanaaeuaNud 1 Wih (@) KNN (b) x=0.00 (c) x=0.04

(d) x=0.08 (¢) x=0.12 (A®)
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48 aql

a J y
NHANTITNAQDILASNITIUATIEN ﬁ?il'liflﬁ?ﬂNﬁfﬂﬁLﬁ@ﬂﬁﬂWW%@ﬁﬁWiﬂigﬂﬂU

KNN-LST (K, (oNay 4o Liy o) (ND g o, Sby 0, T2 )0, TAADINNITNAGOUNITAAAIINE 1910

0.04 0.04

4 o .4 d y :
nasuvinielua1s@r9619 110 x=0.00, 0.04,0.08 az 0.12 Nerurn T 2.5 kv aonaw
a A A Y v A a s Y =

WU 1 admuas A2 50 Hz 19ada3 190 4.9-4.11 Tagamnsndmsizn lannmsanyiviig

a A A ' o ] ' Y Y ~ A A

Y919 FAMeI v A1 Iwar lsiduasdie aguinilihaudwvevrnusamesdan
] H A Y 2 4

nlaeundacly anudmeihnnevudianudulld1dnazmvinanna 2 dsemsde (1)

v 4
NAIINA1TAT I8N TAUEID 19 EITDUATIZH 1A INHATDUNATIANTIENUUYRITIE
4 a = Aa ad = Y ! Y
N (2) INAnnANUIFsMIeIUAIBEN Insadeas1aaey lavinmwaielnasedieganialag
Ia U 1 4 I
l¥ndesganssmisianasounnudoInsia MInwan1snado NI NS uIma1sive Ta'

A4 2 o a Y A A a A 5+ 2 = o
MANNUYUBDATINITINAAITNANIIZHATAN AN Iﬂﬂlﬂ@ﬂﬁﬂTmﬁTi!ﬁ]ﬂ Ta q@ﬂluﬂ’]ﬁ@]ﬁﬂﬂlﬂ\iﬂuﬂ
wa X

Tawunaldles (Aaen) Tamuainsalasunaldaunavesaun i 1davudana
P

o [ @ 13 o { A
das1mMsanadvent Inar lssulinisanadiios LANTINUANNTIMENDAVUUURAILAY
dy A =) A A g o Y a 9 A dy a 1 Y
meluiie tissananuaseainavy i linasosd 1vIososuanUBINUA danalrial
ad a 4 a 1 [ Aa [ H [ 1 g’;
ladianninanad (Hea91nna%eI3190 1A tazyanuad q unsnn 'l lugesinaiu uay
o v A Y g H { 4 L ! <.
danud 0.08 Tua duilulSuanmunzaviga WenSeufeununna Iwan lsidunsdie
(% 9y 9 [ d‘ d' = Y ~ d' =
asmanagouanudmiliih dwmsei 4.10 iesnniidSunamsaaasiesngaiiohou

AUA15AI0819 KNN-LST U 9|

=~ a A 5+ A VN = a
1T NN 4.9 ﬁ?ﬂﬂﬁﬂﬁmhf,’fﬁﬁ]@ Ta’ 11U KNN-LST Nlgoautiamalasunalamu

A1 IUNTIATHIAIVD 15729819
Tamu (A/A,) KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12
Aouiihn 3408 | 3208 | 3.139 | 1.891 1.245
AoUNAADUANNN 6.713 | 4373 | 4250 | 3220 | 2.991
NAIMNATO LA 2662 | 2919 | 2908 | 2.085 | 1.692
i1 Pole density AOUNATOUAINA (mrd) | 1488 | 1.147 | 1.118 1.30 1.558
i1 Pole density HaanARoUANNAT (mrd) | 0.842 | 0937 | 0929 | 1.066 | 1.213
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A1519% 4.10 agwamsAvasve Ta™ Tu KNN-LST hilasauiians ihneunsnaasu

anudmalnih
_ ) A13AI9819 ouly
awfanaInlih 3
KNN x=0.00 x=0.04 x=0.08 x=0.12 N30
maeilwe asidnn
- 81.2 104.6 150.4 191.6 249 -
30 (d,) (CN)
A
, . 4.088 | 4.191 4119 | 4161 | 4207 o
WY (0) (g/em) P15 ANAe
QN3 (T,) (C) 424 410 353 342 305 1V 1kHz
Ay i c,) pF) | 52.83 | 12152 | 13675 | 17531 | 230.65 Y
mneiiladidnm3n (€) | 85546 | 108926 | 1322.03 | 1659.6 | 1987.73 | 100 kHz
A IwanlsyFunadig
i 1034 | 13.30 15.77 1853 | 22.70
(+P) (uC/em’)
alwan lsrsuag
v 5 -9.79 -15.15 -17.05 -21.75 -27.80
AN (-P) (nC/em’) +2.5kV/mm
s ihay 50 Hz
v 12.75 14.86 13.49 13.63 14.00
an (+E.) (kV/em)
auu Twihavda -
-14.83 | -2026 | -18.04 | -1929 | -18.92
E.) (kV/em)

LRG| NAMINATOUN £2.5 kV/mm 50 Hz

A A <
IMTDIVNEAY () uaasmslasunilasnanas

A = A4 2
IATDINNIGUIN (+) uarasmsasuudasinmuau
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A a A 5+ A wa Y [
AMTNNN4.11 a;ﬂwamsmumm@ Ta 114! KNN-LST VI?J@]’EJﬁIJ“]JGWlN]lWW"IWﬁQﬂﬁ‘i/lﬂﬁ’f)‘ﬂ

Aua M1t (1,000,000 591)

Vinamsnlasulasanianialnih @evas)
aianaTulih

KNN | x=0.00 | x=0.04 | x=0.08 | x=0.12
masit nd Tadidnnsn (d,) (pC/N) -88.35 | -41.86 | -49.73 | -47.58 | -47.37
maaii ladidnnSn (€)M 1 V100kHz | -66.16 | -38.46 | -4595 | -44.67 | -38.80
A Twan lsiwFunenie (+P) (uC/em’) -94.53 | -85.50 | -84.65 | -77.27 | -82.73
A Twan lsdunafe (-P,) (uC/em’) -94.57 | -87.54 | -85.47 | -80.77 | -85.24
avwIihaude +EL) (kV/em) +38.16% | -1.94 | -3.08 | -1.78 | -0.26
aww Ivlihaudn (B (kviem) +32.09% | 779 | -7.15 | 811 | -0.62

HUELYIR NMINATOUN £2.5 kV/mm 50 Hz
A < <
MNIDINNEAU (-) uarasmsiasuuilasnanas
A a 44 2
INIDINNIYUIN (+) weraamsiasuudasnmiuau

1 @ 4 1 wa < a
*lyennsodaldiiosnn lunaasauiams 1seidnnsn
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Twunaneoy Tandey luToia K, ,Na, , NbO, (KNN) Tagn15iaua1ii3e (dopant) atiien (Li)

0.52 0.48
uoud Tuil (sb™) Noasrdrunsd USuiar 0.04 Tua tedSudgeautianie 1l nwazidu
% 5+ A o 1 1 9
UNUNIEY (Ta) NEATIFIUATL 9 x=0.00, 0.04, 0.08, uaz 0.12 Tua s 1 Tusz v
asseneuid iy ife (K, . Na,, Li JNb, . Sb, . Ta)O, (KNN-LST
13UTENDUNTUATITHVUNFATNIUAUAD (K, Nay 4 Liy o, JANb g o0, Sby 1, Ta )O, ( -LST)
o dY an . . 9 ) I~ A I o
gNd9AI12HA187T solid state reaction 11 1HA1NToUNUN YT 850 °C 1T ual 6 92 Tug
1 2 ad o Y . [ g’/ v
HIUNTZUIUNMTIUFUA8ITO AU VIR (dry pressing) 20115980 130 MPa 91N HUDARIY
A o [ a o - a I
ABNMIOAMINUNNAANIG (CIP) A20115389 250 MPa Lagtrniingaungdl 1130 °C 1iluinan
) A o = a A o 54, Aa ' a Y
4 %2 TU9 1o NINANBIHAVEINTIANEITROUNUMEN (Ta”) RiNAABNYANTTUANNAINI
1#h vaziiednymganssuanuane Ifhwesas Tnunaden Toden Tulowa Aaw
A £y 9 ° A ~ =
390019 9 Meldauy1uih £2.5 kv $149% 1,000 - 1,000,000 581 NANND 50 Hz 413
o A Av Aa a J v 1 0o < 1 Y] 4 Yo 1 dy
auiunuITeIneiinusainandusganaminglszass lasamnsoaglldaae il
1. amsnaaaunud i Iiihves KNN-LST duaiside Ta™ USuias 0.00,
d' 9| 1 a Aa d' d‘ o
0.04, 0.08, uaz 0.12 Twa Neuniih £2.5 kv doa1umun 1 Tadwas AN 50 Hz N1
1 9
1,000,000 591 & gaIniites wusasuTondnImmsiiiaatiosasn S uua1sie Ta'
A 49! I a A ?xja o Y Aa 1 1 a A d%l 9
MNAIY 1 urarIINMsANaTIe Y M ldinareaesndwivvueluInseadia
&~ o q ¥a - ) A A A o DY o Yy o
Fatwarm lminansas e Tawu auiananimiienin 13 Fanadinandeanasanuma
4 [ 1 ~ a aad a a
mM311/asuutlasueeni pole density azA1AIN INd 1sdtanN3n WAMINATBUAINITDBTUY
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Nl A39EMIMUIUGATAIUNEAN
gAIINTIVOIENTAIDE1 KNN-LST 19 (K, ;Nay 4oLi ) (N 065Dy 0, Ta)O;

» Fu@19819 KNN (K, ,Na, ,)NbO,

0.48
AUMINMIUAL : (0.52) K,CO,+ (0.48) Na,CO,+ Nb,0, = 2 (K, .,Na, , JNbO,+ CO, (nl.1)

» Fud10619 x = 0.00 (K, ,Na, L, ,,J(Nb, ,,Sb, ,,)O,

AUNITMUAY :
[0.52-0.5(y)] K,CO,+ [0.48-0.5(y)] Na,CO, + (y) Li,CO, + (1-z) Nb,0, + (z) Sb,0, =>

2 (K,

0.50

Na, ,,Li )(Nb, ,,Sb )O, + CO, (n1.2)

0.96

@uasde Lit taz sb” luifSunansnedsas 0.04 Tua
[0.52-0.5(0.04)] K,CO,+ [0.48-0.5(0.04)] Na,CO, + (0.04) Li,CO, + (1-0.04) Nb,0, +

(0.04) Sb,0, = 2 (K, ;Na, ,Li, ,,)(Nb, . Sb,,,)0, + CO, (n1.3)

» Fud0e1 x = 0.04 (K, Na, , Li, ., )J(Nb, ,,Sb, ., Ta, ,,)O;

0.92 0.04

AUITMUAY :
[0.52-0.5(0.04)] K,CO,+ [0.48-0.5(0.04)] Na,CO, + (0.04) Li,CO, + (1-0.04-x) Nb,O, +

(0.04) Sb,0, +(x) Ta,0, => 2(K,;Nay ,Li )(Nb,,Sb,Ta )O, + CO, (n1.4)

0.50 0.96

@uasde Lit waz sb” luifSunansnedieas 0.04 Tua taz Ta™ TuaSuia 0.04 Tua

[0.52-0.5(0.04)] K,CO,+ [0.48-0.5(0.04)] Na,CO, + (0.04) Li,CO, + (1-0.04-0.04) Nb,O, +

(0.04) Ta,0, => 2(K, ,Na, , Li, ,,J(Nb, ,,Sb, ., Ta, ,)O, + CO, (N1.5)
» Fud9819 x = 0.08 (K, Na, , Li

)(Nbo.xbe Tao.ox)os

0.04 0.04

1NAUNT (P1.4) @auan5199 Ta’ TudSuae 0.08 Tua
[0.52-0.5(0.04)] K,CO,+ [0.48-0.5(0.04)] Na,CO, + (0.04) Li,CO, + (1-0.04-0.08) Nb,O, +

(0.08) Ta,0, = 2(K, . Na, ,.Li, ,,(Nb, 4 Sb, ,,Ta, ;,)O; + CO, (N1.6)



> BUFI0819 x = 0.12 (K, Na, ,.Li, . J(Nb, ,Sb, . Ta, ,)O,

1NAUNT (P1.4) @uan599 Ta’ TudlSua 0.12 Tua
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[0.52-0.5(0.04)] K,CO4+ [0.48-0.5(0.04)] Na,CO, + (0.04) Li,CO, + (1-0.04-0.12) Nb,O, +

(0.12) Ta,0,=> 2(K, ;,Na, ,Li, ,,J(Nb, .,Sb, ,,Ta, ,)O,+ CO, (n1.7)

PMISMUIUGATAIUNTN

a39d L1 uammaimaQammﬁmuazmig’qﬁu
519 waluana asaady waluana
Na 22.9898 | K,CO, 138.2059
K 39.0983 | Na,CO, 105.9888
Nb 92.9064 | Li,CO, 73.8913
Ta 180.9480 | Nb,O, 265.8098
Li 6.9410 | Sb,05 323.4970
Sb 121.7500 | Ta,O, 441.8930

12.0111

0 15.9994

wraluana* = 91uauTua x uwa luana

A108190 178 luana* ¥99 K,CO,

9
daaauTua = wraluana* <+ wia luana*Navua

A10819 dadiulua ¥ed K,CO,

0.185 #

0.520x 138.206

71.867 n5u/lua #

138.206 = 1349.286

! Z/ ! [ 4
Ysmnai e = waaTwana* + wa Tuana*naug) x ISunaidesmsdunsigs

A
139

1Y ] { [} 4
= daauTua x USnandoamsduniney

#0819 AoaMIFunI YU 20 NTU (batch size 20 g)

Pinanld veq K,CO, =

= 3.699 TN #

0.185x 20




Q139N N 1.2 uaadmsmualSuaaIuNauaIsTnl0819 KNN
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wialuana | waluana* Wnails
uaulua ’ ’ dadiulua

5w/ lwa) | (5 ua) (NSW)
K,CO, 0.520 138.206 71.867 0.185 3.699
Na,CO, 0.480 105.989 50.875 0.131 2.619
Li,CO, 0.000 73.891 0.000 0.000 0.000
Nb,0, 1.000 265.810 265.810 0.684 13.682
Sb,0, 0.000 323.497 0.000 0.000 0.000
Ta,O; 0.000 441.893 0.000 0.000 0.000
37U 2.000 1349.286 388.552 1.000 20.000

A15197 1.3 HAAIM AN I EIHENE3A20813 x=0.00
wialuana | waluana* Wunails
DRITRITREVS! ’ ’ dadiulua

M5/ lwa) | (n5u/lua) (N5W)
K,CO, 0.500 138.2059 69.103 0.178 3.553
Na,CO, 0.460 105.9888 48.755 0.125 2.507
Li,CO, 0.040 73.8913 2.956 0.008 0.152
Nb,0, 0.960  265.8098 255.177 0.656 13.122
Sb,0, 0.040  323.4970 12.940 0.033 0.665
Ta,O, 0.000  441.8930 0.000 0.000 0.000
590 2.000 1349.286 388.931 1.000 20.000




AN N 1.4 LAAINIAMUIUYT U IUNANEITAI0E19 x=0.04
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wialuana | waluana* Wnails
uaulua ’ ) dadiulua

5w/ lwa) | (5 Tua) (NSW)
K,CO, 0.500 138.2059 69.103 0.175 3.490
Na,CO, 0.460 105.9888 48.755 0.123 2.463
Li,CO, 0.040 73.8913 2.956 0.007 0.149
Nb,0, 0920  265.8098 244.545 0.618 12.352
Sb,0, 0.040 323.4970 12.940 0.033 0.654
Ta,O; 0.040 441.8930 17.676 0.045 0.893
37U 2.000 1349.286 395.974 1.000 20.000

A15197 1.5 naaansiuININaEUHENE5A10813 x=0.08
wialuana | waluana* Wunails
DRITRITREVS! ’ ’ dadiulua

M5/ lwa) | (n5u/lua) (N5W)
K,CO, 0.500 138.2059 69.103 0.171 3.429
Na,CO, 0.460 105.9888 48.755 0.121 2.419
Li,CO, 0.040 73.8913 2.956 0.007 0.147
Nb,0, 0.880  265.8098 233.913 0.580 11.608
Sb,0, 0.040  323.4970 12.940 0.032 0.642
Ta,O, 0.080  441.8930 35.351 0.088 1.754
590 2.000 1349.286 403.017 1.000 20.000
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A1 19N N1.6 LAAINITAUIUYSTVUAIUNANEITAIDE1 x=0.12

wialuana | waluana* Wnails
uaulua ’ ) dadiulua

5w/ lwa) | (5 Tua) (NSW)
K,CO, 0.500 138.2059 69.103 0.169 3.370
Na,CO, 0.460 105.9888 48.755 0.119 2.378
Li,CO, 0.040 73.8913 2.956 0.007 0.144
Nb,0, 0.840  265.8098 223.280 0.545 10.890
Sb,0, 0.040 323.4970 12.940 0.032 0.631
Ta,O; 0.120 441.8930 53.027 0.129 2.586
37U 2.000 1349.286 410.061 1.000 20.000
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Cycles | d,;of KNN Cycles d,; of KNN Cycles d,; of KNN
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1000 74.8 50000 46.2 700000 16.6
3000 73.6 70000 39.0 900000 14.0
5000 64.0 90000 30.2 1000000 9.2
7500 55.8 100000 29.2




150

A28 1M IATUIN %ﬂﬂﬂ%ﬂ%ﬂ?ﬂ!‘ﬁaﬂaﬂﬂﬁﬂﬂﬂﬁ@ﬂ

# d33 Busunounadey — d3zndmaden
X 100

fosazilSunananaidinaaey = : —
a1 d 33 Fuauneunadel
79.0—9.2

- ——Xx 100
79.0

9y A v
SegaziSuunanaivaanadey = 88.35 #

A5 AI9EIIMIMHIMMANNHHIMHHYITIINA 15T Y (Pole density)
ANt Twan 515 (Pole density) 1lumdnavFaFinailily
maardadveslamn (nanlsasui vadrlununny ¢ ¥09 unit cell) AiiArvoaTHAT
Ysiuiteadn I luuu@eriuaun iiih manummiuga Tnar sssu et oni
multiple of a random distribution (m.r.d) Han¥ALLUVTIABIMNMIIAGadIAsRanan! Tawy

\ 4 a = o k) [ dy
UHaIN1391303 mmmmmmm"lﬂmﬂqmmma"lﬂu (Jones et al., 2005)

O

3
Pole density = (Ao% i 2(Azy )
A 2) A0

i Pole density = 0 m.r.d ¥U18DY IN139A5 89009 TAMULLLUFY (random orientation)

m.r.d

vy
Pole density =1 m.r.d H¥1884 IMsdniseaddvedTamuluianianasiniuuu
Y v ad J o . .
TAENOUYDITINONYITY (Prefered orientation)
Pole density =3 m.r.d %1899 Un139Ai389a2%09 Tawu lunanmefvuunuuug

) v ad & o
ASNDUVDIIINIDNLLTY

Y v

Tag  A,,uaz A, no Wudldnswiligaeonyy 20 =45.25 uaz 46 (§ sy
(% 1 dl 9 t:gl’
1371081990 15 UM snaaodil)
R R A ti‘ Aq ¥ o v Aa v A o
ASmazA,, Ao wunlansvlvesdnsdiedns NUMIIAEeIved Tamu

v 4
uuugy (Mieasareg i g lumanaaeil) lda Tnanls

v oA g J
&S ARV RISV, AT



151

[

a dy A [] X o = a v A @
NUIVYUADNYIN 20=45-47° nlglumsmuaumsidasunanienidnisesnives

[ o [ 1 dy d' 9 d' [
Taws Tagoden1samuIumIoas 1@ IuNun lans Mveaszuun 1 uag 2 1 20=45-47° a4

Y
aumsae 1yl
v 1 d‘ a A1
aasaumsasunalawy = —
2
9 1 v
Tag A fo Wudldnimnlivaeeniu 20 =450-45.75°
4 H [
A, Ao Wunldnsiniigaoeayu 20 = 46°-46.5°
2500 o x=0.12 @
| e 002 Fitting Curve :
----- 200 Fitting Curve
2000 - —— Fitting Curve
S 1500 -
< i
2
G 1000 |-
5
2 I
500
oL
| ! | ! | ! | ! | ! | ! |
440 445 450 455 460 465 470
20 (degree)

4o B 4
U n 2 Medamsminiuinldnglved peak (002) az (200) 1 20 = 45-47°

eaN

. v . .
910 Fiting curve A8 Lorentzian function



1500 e e
B ) S 102 Fitting Curve
IS SR Ittt 201 Fitting Curve
—-—-=- 210 Fitting Curve
_ 1000 |- — Fitting Curve
>
&
> L
‘3
S 500
=
0L
| L | | L | L | L | L |
50.0 50.5 51.0 515 52.0 52.5 53.0
20 (degree)
o o £ dow d'
g‘]JVl n 3 @red M IMNUNIANT U0 peak (002) taz (200) 11 20 = 50-53°

. v . .
910 Fiting curve A8 Lorentzian function

152



MANHIN U

UNANNIFINMINIAS UM SHBINI TSN IANE



154

UNANNIBINMINIAS UM SIHYUNI TZHINM AN

NINTINMIIATUMIANUNA
Chunmanus Uthaisar, Puripat Kantha, Rattikorn Yimnirun, Soodkhet Pojprapai (2012). Effect
of Sintering Temperature of Lead-free (K, Na, (Li, . J(Nb,,,  Sb,,, Ta)O;,

Ceramics on Piezoelectric Properties. Integrated Ferroelectrics. Vol.149: 114-120.

MIHUTHONANHIBINS

Fuanda giivans, gaue ﬂaauiw?;, Faun ensnd,  augie waww, qlaal 939y,
qWAI yaduauIny, qmwéf waiialse ln, wgAnssuanuamaiihveuwsiin
wodlsaEnnindnannaisazia (uona@e Taae lulawn, KNN-Li). 113
Uszgdnmsimnmansuazinaluladunalszmaing a3 36 (3nn 36). 2628
qanay 2553, nzamn, Uszma’ng [hiavedleTilames]

Chunmanus Uthaisar, Supattra Wongsaenmai and Soodkhet Pojprapai. Electrical Fatigue
Behavior of Lead-Free Ferroelectric (Potassium Sodium Niobate, KNN) Ceramic.
The 4th Suranaree University of Technology Graduate Conference (SUTGrad4). July
7-8, 2011, Nakhon Ratchasima, Thailand [ﬁnﬁuaﬁ}amﬁn]

Chunmanus Uthaisar, Puripat Kantha, Rattikorn Yimnirun, Soodkhet Pojprapai (2012). Effect
of Sintering Temperature of Lead-free (K Sb

O.SON30.46Li0.04)(Nb(0.96-x) 0.04Tax) 03

Ceramics on Piezoelectric Properties. The INAMM-Special International Workshop
and Symposium on Emerging Frontiers in Multiferroics and Electronic Metamaterials.

December 9-10, 2012. Pattaya, Thailand [t nauediali/anes]



155

Analysis methods for characterizing
ferroelectric/ferroelastic domain
reorientation in orthorhombic perovskite
materials and application to Li-doped
Nay 5K 5NbO3

Thanakorn Iamsasri, Goknur Tutuncu,
Chunmanus Uthaisar, Soodkhet
Pojprapai & Jacob L. Jones

Journal of Materials Science
Full Set - Includes *Journal of Materials
Science Letters'

Volume 48 - Issue 20 - October 2013
155N 0022-2461

o Journal of
Materials Science

Number 20

J Mater Sci (2013) 48:6905-6910
DOI 10.1007/510853-013-7495-2

@ Springer




156

Your article is protected by copyright and all
rights are held exclusively by Springer Science
+Business Media New York. This e-offprint is
for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication

and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer




157

J Mater Sci (2013} 48:6905-6910
DOI 10.1007/s10853-013-7495-2

Analysis methods for characterizing ferroelectric/ferroelastic
domain reorientation in orthorhombic perovskite materials
and application to Li-doped Nay 5K sNbO;

Thanakorn lamsasri * Goknur Tutuncu -
Chunmanus Uthaisar - Soodkhet Pojprapai -
Jacob L. Jones

Received: 4 April 2013/ Accepted: 31 May 2013/ Published online: 11 June 2013

© Springer Science+Business Media New York 2013

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 perovskile 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 Nap 5Ky sNbOs 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 d55 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 microdilfraction, 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 Amm2) 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 NagsKgsNbO; (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;_,NbOj 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, daz. of approximately
160 pC/N and a planar coupling coefficient, k,, of 045
[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 propertics
are enhanced near the morphotropic phase boundary
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(MPB) [16]. The MPB of (1—x)(Nag sKq 5)NbO3—xLiNbO,
(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 dyy through an increase n domain wall motion.
This suggests that domain wall motion strongly affects the
electromechanical behavior of LNKN.

Experiment

LNKN samples were prepared hy a conventional mixed
oxide method. The starting substances were powders of
Nb,Os  (Sigma-Aldrich Co. 999 % purity), Na,CO4
(Sigma-Aldrich Co. 99.9 % purity), K,CO4 (Merck, 99 %
purity), and LiCO4 (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%
aqueons 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 % 0.8 mm’, and after
anncaling 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 pm.
The phase purity of samples is confirmed by X-ray
diffraction.

Diffraction patterns were measured during the applica-
tion of electric fields vsing high-energy X-rays at beamline
LI-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 o an

@ Springer

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 100xL.NKN, where 00 < 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} y; 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 laftice parameter oy so that
ay 7 ¢y Reference to the pseudo-monoclinic unit cell
(M) in this study hereafter refers to the former definition, in
which ap = ey 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 spontancous polarization
vector is parallel to the e-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 applicd, 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 Tndices for {220}, reflections with respect o psendo-
monoclinic and orthorhombic reference frame

Pseudo monoclinic  Orthorhombic 26 (degrees) d Spacing (f\)
(202 {004}, 436 142
(022)y (400)g 439 141
(2200 {220 441 1.40
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Fig. 1 Spontaneous polarization direction in orthorhombic LNKN
with respect to a psendo-monoclinic cell and b orthorhombic unit cell

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

Composition a(A) b (A} ¢ (A}
3LNKN 5.644 3045 5.679
4LNKN 5.644 3942 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 2¢ angles.
Thus, the {220}y 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/imm 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
clectric field amplitude of approximately 1.5 kV/mm, the
intensity of the (202)y reflection increases while the
intensity of the (220}, 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),; reflection and the (220}, 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 BaTiO,
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 {raction of domain interchange from peak i to
peak j (n;_;). For orthorhombic perovskite materials, n;_;
for the {220}y reflections is defined as
_ RitR (1)
Ryn + Ry + R’

where 1, 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 j.

Using this method, Fig. 4 shows the fraction of domain
interchange for 3LNKN, 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 Fig. 4, ngaz 20z and naz9. 202 values
are positive while ny56_g; 1 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}, reflection, while domains corre-
sponding to the (220)y reflection reorient to the domains
corresponding to the {202} reflection. These results agree
qualitatively with the diffraction patterns shown in Fig. 2,
which show that the intensity of {202)y 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}, (2200, and {022).

micj
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The lattice parameters of orthorhombic NKN have
been reported as ao = 5.6395 A, bo = 3.9399 A, and
co=5.6725 A and are nearly constant in the range
x = 0-0.05 [17, 21]. The lattice parameters of the corre-
sponding psendo-monoclinic cell are an = ey = 4.000 A
by = 3.940 A, and § = 90.34°. The possible polarization
axes are in the (1 IO} w directions of a pseudo-monoclinic
cell where the spontaneous polarization vector is parallel to
¢y as shown in Fig. 1. Figure 5 shows the spontancous
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 spontancous 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 ) plane, perpendicular in the domains
comresponding to the (022)y; plane, and at a 60.34° angle in
the domains corresponding to the (220)y plane. After the
clectric field is applied, the domains reorient to have
polarization vector as closely as possible to the electric
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Fig. 3 Measured intensity, Ganssian profile fits, the overall fit, and difference between the measured and overall fit of {220}y, reflections of

field. This means that the domains corresponding to the
{202) reflection are the most preferred, the (2200
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 (r;_;)
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 stram of LNKEN. It
should be noted that the domain wall motion during
application of low-frequency or static electric ficlds of
strong amplitude is strictly a distinetly 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 Aurivilling
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.c., 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 doner doping which are
common approaches to modify domain wall mobility and
generate hard and soft ferroelectric behavior in Ph-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, ,05 (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)y; reflections were
found to be the second most preferred, and the domains
corresponding to the {022}, 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 dsy and field-
induced strain. The fact that domain wall motion increases
significantly by Li substwtion is attributed to the
increasing compositional proximity to the phase boundary
with increasing Li concentration.
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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 (Ko soNaoasLio oa (NBo 06905000 Ti )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 h in ¢ normal atmospheric pressure. It was found that there was
different optimum sintering temperatures for each composition. The samples sintered at
the optiruim sintering temperatures exhibited relatively high density and piezoelectric
constant (daz ).

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 tothe 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 (K sNp sINbO3) based ceramics.
It was reported that K sNysNbO; has a piezoelectric charge constant, ds;, of 80-120
pC/N [4-7]. Recently, exceptionally high piezoelectric properties were reported in the
(K, Na)NbO3-LiTaO:-LiSbO3 system by Y. Saito et al. [3]. They reported that such KNIN
based ceramics, which is prepared by a complex processing method, exhibit ds; values over
400 pC/N. Moreover, high piezoelectric charge constant #;; > 200 pC/N has been reported
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for modified Ky 5Ny sINbO3 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 ABOs
perovskite structure can improve densification and piezoelectric properties of KINN 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 KINN piezoelectric ceramics of the (Na, K, Li)(Nb, Ta, Sh)O; system.

2. Experimental

KNN-LST (Ko.s0NagasLioos)Nb@oex)SboosTax )0z (x = 0, 0.12) and KNN-N (Ko50
No.4sINbO3) were synthesized by solid state reaction. They were prepared from Nb,Os
(99.90%), NazCOs (99.90%), K,CO5 (99.00%), LiCOs (98.50.%), SbyOs (99.995%) and
Ta,Os (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 ethanel. 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 | 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 kV/mm.

Crystal structures of the sintered sample were characterized by X-ray diffraction tech-
nigue (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; dz; was
measured at room temperature using a quasi-static method by a piezo-daz meter (APC
product inc. S5863). 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) pafterns of (a) KNN-N, (b) KNN-LS and (c)
KINN-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 K3LiaNbs(}5 was
observed around 26~26-30° and wag indexed by using the JCPDS pattern (034-0122) [5].

Figure 2 shows the XRD patterns in the ranges of 44° to 47° and 535° to 38°.
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) ENN-LS and (c) KNN-L5T12 ceramics with varying
gintering temperature. {Color figure available online. )

Fig. 2{a-b) XEL 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 ENN-LST12 sintered at 1000°C, 1130°C, and 1200°C
represents tewagonal, mixtwre of orthorhombic, and tstragonal phase, respectively (see
Fig. 2(¢—f)). The orthorhembic and tetragonal phase was indexed by using the JCPDS
pattern 071 271 and 071 0935, respectively. [t 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 etfect which is evidenced by micrographs in Fiz. 3.

Figure 3(a—c) shows the scanning electron micrographs of cerarnics sintered at 1000°C.
From this fpure, il can be seen thdl the chisinical reaclion gy nol be cunplele Lo forn
a crystal structure. Cn the other hand, the microstmacture 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 gintered at 1130°C has fine grains (~3 temy while the ceramic
sintered at 1200°C has coarse grains (~15 pemy. This can be a result of grain growth due
to an increasing of sintering temperature. The KINN-LS sintered at 1130°C has fine zrains
(r~5 pm) (see Fig. 4ic)) while the ceramic sintered at 1200°C has coarse grains (~7 i)
(scc Fig. 4(d)). KNN-LST12 sintered at 1130°C hag finc grains (--1-3 pem) (scc Fig. 4(c))
while the ceramic sintered at 1200°C har coarse grains (~5 & pem) (see Fig. 1(f)). The
smallest grain size was found in the sintered KNN-LST12 samyples when compared with
other cormposition. This indicates that the addition of L1, Sb and 'la are attected on the
grain size of KINN ceramics [13]. Not only that, a bimodal distribution was clkarly found
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Figure 2. XRD patterns of (3-b) KNN-N, (c—d) ENN-L5 and (e-f) KNN-L5T12 ceramics showing
a phase transition for 26 = 44117 and 5358, {Celor figure available online. )

continuously with increasing ‘La content. 1t is probably due to the larger ionic radius 1a°t
substitute into Nb*+ site, leading ta the distortion of crystal structure [14].

Figure 5(a) shows the bulk densities of KNN-N, KNN-LS5 and KNN-LST12 as a
function of sintering temperaturs. The density of all samples increase with increasing
sintering temperature up to 1130°C, and then decrease further temperature higher. The
maximnm density of KNN-N, KNN-T.S and KNN-TST12 were 3.72 glon?’, 4.28 glen?’
and 4.41 gienr’, respectively for sintered ceramics at 1130°C. From this result, it was also
found that the density of all sintered KNN-L5T12 samples were higher than KINN-IN and
KNN-LS samplcs. This clarifics that the Ta doping and sintcring temperature can improve
the density of samples.

Fignre 3. Scanning electron micragraphs of () KNN-N, (b) KNN-T.5 and (c)KNNI.5T172 ceramics
sintered at 1000~ C.
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Figure 4. Scanning electron micrographs of (a, b) KNN-N, (¢, d) KNN-LS and (¢, f) KNN-LST12
ceramics sintered at 1130°C and 1200°C, respectively.

Figure 5(b) shows the piezoelectric charge constant (&;;) of all sintered samples as a
function of sintering temperature. KNN-N ceramics show a maximum o;; 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 ds; value is related to the

density ( g!cmﬁ

= N R e 0
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n | I T — | I —
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Figure 5. (2)Bulk densities, (b) 37 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 (s,) and (b) dielectric loss (fend) 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, ds; 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 (£,) ~1019 with the lowest dielectric
loss (fand) ~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-LSTI12 was found to be the best of all samples due to it showed maxinmm piezo-
clectric constant d33 (~192 pC/N) and dielectric constant (~1019) with low dielectric
loss (~0.038). This result indicates that the optinmmm sintering temperature and Ta addition
develops the dielectric and piezoelectric properties of KINN-based ceramics.
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