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M3190 3.8 Anaiiiis Tadilannsnveasinluszuy (1-)Na,, K, . Li, , )NbO, - x (Ag, .Li, JNbO,

a

iWeFumoingaivall 980 -1020 °C

QU

USana (Ag, JLi, JNDO, (mol%) d,, (pC/N)
0.5 182, -179
1.0 148, -147
1.5 186, -186
2.0 167, -166

3.6 NaMsANEIANIAIENeIUIZUY (1-x)(Na, , K, , Li, ,)NbO, - x AgSbO,

0.47

[ wa A adg a a o Y
ﬂ']ﬁ‘]Jﬁ‘]J‘]J?\‘]ﬁll‘]mLWﬂT“ﬁ@LﬁﬂVIﬁﬂ‘Uﬂ\‘]L‘*IfﬁT‘JJﬂiuiz‘U‘U NKN /NKLN ﬁmnamz‘nﬂﬂ%

A a [

UFuguuninsna polymorphic phase transition (PPT) Iddaslndifesnugmuugines niomuea

Y
Aa R

a a 1 4 a 4 A
PUBTHAAI 9 (additives) o liiaNuavsalumsFuwaesuazaviianialiihndyu an

[ t:' 9 1

=2 a A + 5+ a o wa A adg a
NITANEINIUIVYNNYIUDY WU Ag Uag Sb gooumsadsulysauiiniie ludanninves

q

A Aa I o v 9):49! = a A A +a 9 A
@310 NKN fueedilszneunanliavunazlgungiiganige Tash  Ag’ deeudiunui

a o 1 . 5+ Aa 9y A a o ] . v & = Y
uamm«ﬂumgmm A-site LlaZ Sb™ 999U !ﬂlTLLV]HVILLﬁ@M%iU@HLWHQ B-site [50 - 52] A9UU "l]\‘illﬂ

WMMses aua13820819 U5 20D (1-x)(Na, , K, ,,Li, )NbO, - x AgSbO, 118 x 1fi1 0.02, 0.04, 0.06

0.47770.477770.06

uaz 0.08 Tua aaeIswauoen lyauuunldmumll Tanhlumdueesuuunavdonsezgiivin

v o

gaumgil 1000 — 1040 °C iWunanu 2 ¥ Tus Idwansisodail

3.6.1 wamsfAn¥INgAnIIHM IR avesasieesluszuy

(1-x)(Na, K, ;;Li, , )NbO; - x AgShO,A3emAiA XRD

LﬁﬂﬁTﬁﬁﬁl’J@leNll1ﬁ1ﬂ1§3lﬂi1$ﬁﬁ’)ﬂ!%ﬂﬁﬂ XRD WU (Na, K, ,,Li

0.47770.47"770.06

NbO,

a s o q [~ Y A R 1 [

awnsainamsdesuaniluasazarovewdany Agsbo, 1dog198 Faaaa11 AgSbO, @5 OLNS

w1 TuTassadwues NKLN 18 Taoensaied1annauiie 0.02 < x < 0.08 udadlnseaianan 2
=

1 @ A . [ ! =2 J [ a A
HUY 9Y3IUNU AD orthorhombic LAY tetragonal muﬁ@ﬂugﬂm 3.39 Fuuanvuemsinaman

@09n151H99101AA polytrophic phase transition (PPT) Ngangiines aadgildlauiianig

1 Y
T ndau
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Intensity (a.u.)

20 25 30 35 40 45 50 55 60
20 (degrees)

51 3.39 fin XRD vouw311in (1-x)(Na, , K, ,,Li, . )NbO; - x AgSbO, tlaFuinas Ngmngil 1000 °C

3.6.2 HAMSANKIANTANINENNYDIAN3AI0E3UIZUY (1-X)(Na, K, ,,Li, , )NDO, -

x AgSbO,

dmsvamianamenn  IdimsaneiaanuruiuLazMIvaal nuNia

X ’
UUD

q U

o aan 4 [ { % 1 1 1
g vomvgiFumesaz s AgSbO, muﬁmalugﬂ‘ﬁ 3.40 G?\TWTJ'J'I A NUNUHNLUUUDN
i

310N Uz DU -x)(Na, K, ,, Li)  )NbO, - x AgSbO, Haunuuioum AgSbo, MuIULAZ T

P A ° A A 3 A a
93 NYUNYN 1000 - 1020 °C TAsliA1gaga Ap 4.58 £0.01 g/em’ 1BIAN AgSbO, 13110 8.0 mol%
VA A an < 3 ° = g’u dy A 3’1 Y ~
uaeriugurgNFumeiilu 1040 °C aAnunuiuiiaanas Netiitiesnnasasaugadelylu
Y

1 a a v @ < ' ' a T @ @ i
FENINNTZVIUMTFUADST a9 aziru 1 815190 AgSbO, dudiumsuuuAIv99eIAI0619
an 4 9}:7 1 [l % dy g | d' a é
uazaagunYiITwaes I ae taznuNMsuinAItziuegnuine Agsbo, Mauasll a9
APANROINUAINITHAAD FaliA1 ~ 10 — 13% Taga15AI08197AN AgSbO, SNt 8.0 mol% HAR)

a

nfiga 13% ioduaei ngainigil 1000 - 1020 °C

£

—a— 1000
3.7
—e— 1020
3.6 1 1040
3.5 T T T T
0.00 0.02 0.04 0.06 0.08 0.10
AgSbO, (mol)

510 3.40 ArwnurEIiIBYEUETIIN (1-X)(Na, K, ,,Li, o )NDO; - x AgSbO, 1iipFuines Ngm gl

0.47770.47770.06

1000 -1040 °C
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3.6.3 wamsanulassadegamavesasmIedaluszu (1-x)(Na, K, . Li, , )NbO; -

0.47770.47

x AgSbO,

gﬁaﬁmimﬂﬂ'Na%’ngamﬂmmmmﬁﬂ“lmwn (1-x)(Na, K, ,,Li, ,,JNbO, - x

0.47770.47
¢ﬂl a c’d‘ a I o
AgSbO, (x =0.02, 0.04, 0.06 ttag 0.08) LUDFUIADTINYMUWNN 980 — 1000 °C Wumar 2 % lug (gﬂ

U

9 v

~ ' a2 T A A 1 Ao Ao I
N3.41 -3.42) WU'JWH”I@"’II@QLﬂiuﬂJﬂ"I"IIu'ﬂQﬂﬂﬂﬁuTmﬂJ@ﬂﬁ’lﬁ!ﬂ'ﬂﬂﬂTﬂNufJﬁWﬂﬂJu Iﬂﬂﬂaﬂymglﬂu

1 a ' J 1 @ <3|
13 Tauun11n@ (secondary recrystallisation) U3 veunsudrulngrziianyaziiluginga

a a a 1 <] =] = A A
fnsutazivnalvguazianzluny Funsuvinalvagia ~ 1 - 5 um Tasiiome AgSbo, 11

a A A g A lg o g 2 Il =
ﬂmmmwusuummﬂmiumaﬂi]s“lwmﬂuuazﬁmmuammu uazﬂsmmgw;u%zaﬂammm

£4
@ (3 S

o dli a a 14 g = Y A A 49! 9
UYAINY uaﬂfu1ﬂumaqtuﬁQaflumimwumaiqqmuﬂmmmiummﬂuw%zmmumﬂ

H 1 Qy a 4 a ci
510 3.41 Mo SEM veadFuamissiin (1-x)(Na, , K, , Li, . )NbO, - x AgSbO, tiaFuinasn

U

NN 1000 °C
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51 3.42 7IME10 SEM Y03¥UM 5180 (1-x)(Na, K, ,,Li, , )NbO, - x AgSbO, tloFuinasi

gaungi 1020 °C

3.6.4 HaMsAnEIANTA Indtann3nvesasiiedaluszu (1-x)(Na, K, , Li, , )NbO, -

0.47770.47
x AgSbO,

= wa

9 o adg a 2 a .
dmSumsAnmianianeladannsnvesuaumsiin (1-x)(Na, K, ,,Li, , JNbO,

2 { J 1 [ aa 4
- x AgSbo, azidenrununimanunuiulndifesnu (yngungiisunesuengas) vgas

U

Qy A ] oA a Y o o = A ad a 1 =
e 2 ¥U !N@N']uﬂTiVl'lmeﬂIﬂﬁﬂllﬁﬂ u'liJTVl'lﬂTiﬁﬂ}J"lﬁiJ‘Uﬁhlﬂ@Lﬁﬂ‘l/lﬁﬂ Iﬂﬁll!fﬂiﬂ'lﬂ'ﬂuﬂllﬁz

Y
v v A

gl lanan15390a il

o o = A adg a =1 o = L A ad Aa A
ﬁWﬁi‘Uﬂ'ﬁﬁﬂ‘HTﬁllﬂﬁulﬂﬂlaﬂﬂiﬂlﬂEJ“]Jﬂ‘]Jﬂ'J'IiJﬂ WU'J'lﬂ']ﬂ\WlhlﬂﬂlﬁﬂVliﬂllﬂ'lﬁﬂﬁ\?

LY

A 4 A 2 o P~ adg a ' 4 = aa a X
LUBANTUDIWNUUYU u'ﬂﬂ’ﬂ’lﬂuﬂWﬂ\‘]‘ﬂllﬂﬂmﬂﬁiﬂLmZﬂHW‘lﬂm@iﬂTi’c;fﬂJ!ﬁﬂ“luhlﬂ@mﬂﬂﬁﬂ VHBYNY

u

[ a

= aa J { i a A a
31101 AgSbO, Hazguu)lFuAes awdaalugii 3.43 eFumeingungil 1000 °C 15510

U

P A

v A A a Ao ' P! <3
A muLum%1fmﬂimmuummmwumuquazumsummmaﬂ

v l
aAaA

wa aa a
L!ﬁﬂ\?ﬁllﬂﬁvlﬂ@mﬂﬂﬁﬂﬂ
<

a

q
1 1 d‘ a =)
Llag‘V‘I‘U’NﬂWﬂ\WIllﬂﬂmﬂ‘Vlﬁﬂil

v A X A = adg A A A =
AUNYUY Gluslliu$Vlﬂ1ﬂ15q‘ﬂtjlﬁﬂclullﬂﬂmﬂﬂﬁﬂllﬂ?ﬁﬂaﬁlﬂﬂﬂiiﬂm
A 2 1 Aaa o 1 A a = & A A ad
AngO3 INUUU TﬂﬂﬂTVWW]q@]WUiu’ﬁ’]ﬁﬁ?ﬂﬂTﬂﬂmﬂ AngO3 ‘]Jiiﬂm 0.08 mol “BQiJﬂ']ﬂ\WI]lﬂﬂmﬂ-
a 1 adg a [ o w
‘Vlﬁﬂllﬁgﬂ']ﬂ']ﬁqmlﬁﬂqﬂﬂlaﬂﬂiﬂ INNY ~1450 tag 0.02 MuaIAL

) o = wa adg a A2 o A A A 1 A
ﬁ?ﬁiﬂﬂ1iﬁﬂ]&l'Ii‘TﬂJiJGW]NVlﬂ’E]mﬂVIiﬂ VUNUYUNHY (NANUD 1 kHz) WU LD

-

) A ad a 4 2 = & < ~ A ~
"Uu'ﬂ'lﬂ\1ﬂqﬂﬂlaﬂﬁiﬂﬂglwumuﬂuﬂQﬂﬂﬂ Wu\icﬁ\ilﬂu%ﬂgQﬁﬂmﬂQWﬂ Iﬂﬂ!“]fi’lilﬂuﬁﬂ\TWﬂ

Q

QUNNNI

v
=S

S 1 A ag A X a .. a o A 2 A
ﬂ'lil,‘ﬂaﬂul,!,ﬂaﬂ"llflﬂﬂ?ﬂiﬂ]’lﬂﬁllﬂﬂﬂiﬂﬂm%ﬂmﬁﬂu transition 2 UNHN maﬂﬂugﬂm 3.44 HINA
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' = = i ' a A =
usnaziaventemslasunlaun@91n orthorhombic 11/q tetragonal (T,,,) azfinfido9zuoNd
H 9 Y v
m3ilasuntlauanin tetragonal lilg cubic (T,) Taonwuana 7, waz T YusgnuiSumasion
v Y
@uaall (15199 3.9) Ail
= Y A a A = ds@l 1 =l Y A @
7,, i Tdyaeaulemuasdelsuuiniy  Tagar 7, szimIndineany
gyl Hownigaiiomu Agsbo,USu1m 8.0 mol% Feaeandeanunsiiava orthorhombic

1 v A a9y A a <Y A
Iagtetragonal TINNUNYUNHUTDUNDIAUATISTAIY XRD (qil’lh/] 3.39)

U

= Y A a = g A W v Y A o 1
TC mmﬂunaﬂmmamn AngO3 “ﬁﬁlﬂuﬂWﬁﬂuauﬂ’l AngO3 L"Uﬂﬂu‘ﬂu‘nml,mm

VD9 A 112 B site Y04 1A59a319 perovskite Y89 NKLN H4e0AA04N1UIUITOYDI Wang LALANY

A a ' ' ~ ad EN ad A& X ° @ 1 =
[53] Lll’é)’é)m‘ﬁﬂnﬁﬂﬂﬂ T ﬂ1ﬂﬂ°l/]ul@€)mﬂ‘l/liﬂijﬂmﬂaﬁﬁ1uflmﬁgnmwnﬂlu ﬁ1ﬁiﬂﬂ1ﬂ15ﬁﬂllﬁ&lﬁlu

v
=S

|asiEnn3nnusl 19190 AgSbO, TS nafmuiuih aaadenalasidaniaduun Tyl

Y v

H Y Y
AIAANINYUNYUN EN 300 °C amﬂiﬂmmm@mwgnqﬁu ﬂ1ﬂ1i’ﬁﬂllﬁ81ul‘lﬂﬂmﬂ‘ﬂiﬂﬂ“’thleUu

1500

—=— 1000 J 0.40 —=— 1000
1400 4 —=— 1020 ./_ —e— 1020

1040 0.35 1040

1300
0.30
1200

- 0.25
1100
3 0.20
1000
.

0.15

0.10 ./ .
. ﬂ) 0.05 - "’U) \.

700 ' T T T 0.00 T T T T
0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08

AgSbO, content (mol) AgSbO, content (mol)

Dielectric constant
Dissipation factor

900

800

i.lﬁ 3.43 ﬂ"lﬂxi‘ﬂllﬂ@mﬂ‘ﬂﬁﬂ EGH ﬂ"lﬂﬁﬁiULfTEJT]Nllﬂ@LaﬂT]iﬂ V) T]ﬂ'ﬂllf] 1 kHz ¥99%5130

(1-x)(Na, K, ,,Li, , )NDO, - x AgSbO, Ngaunniigumns 980 - 1020 °C
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7000

5] —=—x=0.02 V)
6000 —e—x=0.04
x=0.06 |

+ 5000 4 44| —w—x=0.08 i
] -
3 5 ;
& 4000 S 34 r
o "tg |
L c L i
= o /
D 3000 - S J
1) © 2 - /
° 2 ;
° @ i
[a] n

2000 2

a ] Fd
1000 —/V/y
i = rm—
04
0

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

a

a ' A ad a 1 = adg = @ a a
ii]‘n 3.44 ﬂTﬂQTlllﬂ@Laﬂ‘Vliﬂ ) Llagﬂ”lﬂﬁf;’figlﬁﬂﬂNh]ﬂ@!ﬁﬂTWﬂ %) NIUNVYUHYUVDULFITINN

U

(1-x)(Na, K, ,,Li, , )NbO, - x AgSbO, [iipinaumeingainigil 1000 -1020 °C

0.47770.47770.06

d' 1 ~ ad a 1 = ad a a =
M1319N 3.9 ﬂWﬂ\i“l/lllﬂ@Lﬁﬂ‘VIiﬂlla$ﬂ1ﬂ1§Qﬂglﬁﬂqﬂﬂlaﬂﬂﬁﬂ uaxqmwgﬂumnﬂaamﬂﬁmm

w510 TUIZVY (1-x)(Na, . K, ,,Li, , JNbO, - x AgSbO,

U332 AgSbO, (mol%) T.(C) T,,(C)
2.0 380 82
4.0 346 40
6.0 322 44
8.0 280 30

3.6.5 wamsfAnanUAMl BN N3InUeIaN 3R I08191UIZUD (1-x)(Na, . K, ,,Li, , )NbO,

- X AgShO,

dmSuaniaiioTedianninvesss1iin (1-x)(Na, K, ,.Li,  )NbO, - x AgSbO,7l

a

1 a oA T a1 3 1o = { a 2
FIUMIINFUIR0S NguHal 1000 - 1040 °C WU d,, TAAuegnuliuim Agsbo, auasly a3

U

v v H y Y
waaaluasned 3.10 Tagas1inan AgSbo, USum 8.0 mol% Nf1 4, gaiga Ao 252 pC/N Nail
111099 1NAN e orthorhombic 118 tetragonal SINAUNYUHNNHBI ANUHU NGz TnTaads

U G

yamaniutazaiaueNINgA
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M3190 3.10 masfiie Tadidnnsnveasiinluszuy (1-x)(Na, , K, , Li, , )NbO, - x AgSbO,

0.47

Jaat AgSbO, (mol%) d,, (pC/N)
2.0 148, -157
4.0 207, -208
6.0 206, -210
8.0 252,-252

K, ,.Li

3.7 wamsAnEIa3i0eNalusz Iy (1-)(Na, , K, . Li, o

)NbO, - x CaTiO,

o wa A adg a a °
mylsuiyeauiiaiiie Tedanns nuourslinluszuy NKN / NKLN a1w150nszii i lag
y 9

o a a . .. 9}:, F) [ a 9 9
ﬂiuqmwgumimﬂ polymorphic phase transition (PPT) lemaﬂﬂmﬁwmqmwguﬁm NadaIwa

=

Y9 ¥ (J ' Ao X g Y o w 9 v & Y o
I ldasaregalinnuadessneguugiia suiludesinalumsldau [54 - 551 aniy 3ddm

K, ,sLiy ,)NDO, - x CaTiO, tHo x 3A1 0.005, 0.01, 0.015

MIIaNa13a08 19 TUIZUY (1-X)(Na, 1 K, 4o

4 o a X { v O
uaz 0.02 Twa elSvljesanuadesvesgungiiligeiu dretnaueonlaauuuinldiunall

]
a ~ a

° Aa Pl I @
Taoh lnFunesuuunaudonesgiivn Ngungil 960 — 1020 °C Wunamnu 2 ¥ lus 18

Q G

Y
v v

a =1
WNAN13IVYAIU

3.7.1 wamsanngAnssumsnamavesansiegaluszuy

(1-X)(N2 K, 46sLis o) NDO, - x CaTiO, @3ennaiin XRD

Lﬁi’)ﬁTﬁ”liﬁl’J@EJlNﬁﬂﬁ”lﬂﬁamﬁzﬁﬁjlﬂmﬂﬁﬂ XRD W‘]J’J'T(Na K, ,..Li

0.465770.465770.07

)NbO,
a S o <Y . 1" 9 9
gnsanansesuaniuaisazalgvevIny CaTlOJﬂEJﬁ"IiJ"IﬁﬂL!WSLGU']Hlﬂolujﬂﬁﬁﬁﬁ'NﬁUi’JQ

Y 1 AR o ' A a 9 = .
NKLN llﬂ@fﬂ\iﬂ PFIF1TNIDYNNUD 0.005 < x < 0.02 NIﬂﬁQﬁﬁ’NWﬁﬂLLUU orthorhombic 49

9
Aok

v 9 [
tetragonal 3317 AR IR andan1e I haYY tazdSunaunle tetragonal iNVULID

v Y ]
Y CaTioymnau aanaaalugili 3.45
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Intensity (a.u.)

M m M
1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60
20 (degree)

y A A a
K, 46sLi, o )NDO, - x CaTiO, 1o uinosNgungil

311 3.45 7iA XRD V0053130 (1-0)(Nay 16Ky 405

1000 °C (* =K,Li,Nb,,0,,)

3.7.2 HaMSANHANUANIIMEMNNVDIAIIAIDENIUFZ U

(1'X)(Nao.465K0.465Li0.07)Nb03 - x CaTiO,

9 [ A

dvsuauianiamenin lainsdnaa NN LA NMTHARD WU

2 1o an 4 { % J 1 [} a
ﬁuaﬂﬂuamwmmumamazﬂ%mm CaTiO, (qﬁjﬂ‘ﬁ 3.46) “TN‘WU’J"I AT NNV UIUUUUDIUYITTIUD

G Ll U

. A A P Ao ° A A XA
) NbO3 - X CaT103 LD ULNDINDUVIAUAT 980 °C NﬂT!WNﬂJu!N@ﬂ%NTm

(1-x)(Na, , K, .Li ) )

0.465770.4657-70.07

[

CaTiO, 1Ay TasliAgaga Ao 4.18 + 0.02 g/lem’ IWBIAY CaTio, U510 2.0 mol% Aoy

Aaa < 2 o oA A A . A 2 a
Qmﬂﬂm%ut@l@ilﬂu 1000-1020 °C ANUHUIUUUADAAINDIAY CaT103 lﬁﬂnlﬂ‘l!W?JsUu‘luﬂﬁﬂJTm

P
g A

Y 1 a a . 2 o 1 H
1.5 — 2.0 mol% netiitipsnnansasdugade I uszninnszuiumssuness Fasualog1eim
a 4 a 1 1 {
FUnos 1000 °C Hagiay CaTio, U511 1.0 mol% HAMNUHUIUUGINGA A0 4.30 £ 0.02 g/em’

% < ' ' a 1 (% % ] aa J °
«Tﬁﬂzmu"lﬁ”n ﬁ"l’i!%i’) CaTiO, mmsumiuuummmmsmafmuazaﬂqquumumaﬂﬁ’mm

=l

1 [} (% dy ,3 1o . d‘ a té 9 v 1 % té
LLE“I%W‘U’Nﬂ”IiLLHUWJU%%GUu@gﬂ‘ﬂ‘iﬁ%ﬂm CaTiO, TILGI‘JJﬁQUhJ PIXOANADINUAINITHANI BIUAT ~

a

@ 1 { a o A § A s
10 - 13% Taeensa10d19iian CaTio, YTl 1.0 mol% HAGININAGA 13% eTunasNgumgil

Y

1000 °C
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—s—980
—e— 1000
1020

T T T T
0.000 0.005 0.010 0.015 0.020 0.025
CaTiO,(mol)

H 1 1 a 4 A A a
51 3.46 MANUHUIUUVDUYTIUN (1-X)(Na, K, ,osLiy , )NDO, - x CaTiO JlloFuimosNgmugl

U

980-1020 °C

3.7.3 HamsANEINI9a31990M1AY09A1501308N3N USZUY (1-X)(Na , K, 4isLiy ) NDO, -

x CaTiO,

Wenasalassadganiaueussinluszuy (1-x)Na, K, ,Li,, )NbO, - x

a

CaTiO, (x = 0.005, 0.01, 0.015 LAz 0.02) WeFwAn3Nganail 980 — 1000 °C 1fluna 2 HaTus

U

@ [

v Y
(319 3.47 - 3.48) nuNVIAVELNTULMIUBEAUYT AR IITIeg 1 Tsd A Taeldnbus

v A o

WunsTaunu'litnd (secondary recrystallisation) jUsnveunsudmIngziisnvasiiuzing

u
0

= ~ = ' < [ A A . = = da! =
ﬁmaﬂmmzmuwﬂwmgmmaﬂﬂzﬂuﬂu Taaiiioe CaTlO;luﬂﬂﬂmﬂL UUYHVUIAUNTUIRAYIS

'd%l :) ds! d[ a1 2 ' IS
Mﬂumuuammmmmmm %QLﬂiU"UUW@i‘ViﬂJNﬂ1~ 2 — 5 um uazﬂ‘immgwgui}zaﬂmamm

9
o @ =\

] A a a 4 da! ° =\ Y A A dg!
Elffnﬂiy ‘L!E]ﬂinﬂumaqmwﬂ“ﬂumimwumaigwu (1000 °C )"Uummiummﬂuu‘ﬂ%mmm

9 = A Ay .
Y Iﬂﬂlﬂiuﬂ]u’]ﬂiﬂi‘gﬂﬂ’] ~ 8 —10 um WABAIY CaTiO, SIEFVRLY 1.5 mol%



o & "’ ¥ gl ‘
i e

10um

. . A A P
K, 465110 0)NDO, - x CaTiO, LUDFUADITN

0.465770.465

v Y
3UN 3.47 2018 SEM Y0935 10n (1-x)(Na

gUNYI 980 °C

. . A A P
K, 465110 0)NDO, - x CaTiO, LUDFUADITN

0.465770.465

' Y
3UN 3.48 2018 SEM Y0935 100 (1-x)(Na

Mg 1000 °C
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3.7.4 HamsAnEaNA IndidnN3nve s sieealuszuy (1-x)(Na, K, ,.Li, ,)NbO, -

0.46570.465

x CaTiO,

9 o A ad a 2 a
dmSumsAneiduianie ladanninvesduauesiin - (1-x)(Na,, K, .Li

0.465770. 07)

2 { 1 ] @ aa 4
NbO, - x CaTiO, dzidenyuauniimanuvnuuninlndifiesn (Mrgungidumeivenngas) 1

U

2 A 1 oA g 9 ) ) = A ad a 1 =
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40001 —¥—0.020
_ 20
e}
[}
3000 - 8
5 151
®
2
2000 | = 8 10
| _-' o
i 2F
1000 0.5 4
n)
0 T T T T T 0.0 T T T T T
0 100 200 300 400 500 0 100 200 300 400 500

Temperature (°C) Temperature (°C)

a ' A ad a ' = ag a = (% a a
i‘iJ‘VI 3.57 ﬂWﬂ\WlUlﬂ@Laﬂ‘ﬂﬁﬂ n) LLﬁ%ﬂWﬂWiQ’ﬂJﬂLﬁﬂ‘ﬂNllﬂ@mﬂ“nﬁﬂ ) NYUNUYUHHUVDAUFIIUN

(1-x)(Na, ;K 45sLi, ;)NDO,— x SITiO,

mM31an 3.12 garigi lumsn)deuave s inluszun (1-x)(Na, , K, ,.Li

JNbO,— x StTiO,

0.465770.46570.07

33094 SrTiO, (mol%) T.('C) T,,(C)
0.5 440 82
1.0 420 50
1.5 408 50
2.0 406 42
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3.8.5 wamsanaNUAnglsdtannInvesansaeenaluszuy

(1-x)(Na, K, ,¢sLi, o)NDO,— xSTTiO,

0.465

9 [ s

dmsvauiaiieTsdiann3nue w1l (1-x)(Na, K, Li . )NbO,~ x  SFTiO,

0.465
Y

' ! S 1 R "o 2 . d‘ a [ d‘ a d’ a .
UMM 4, IsauegnulSuia siTio, Manasly dwaasluaised 3.14 Tagsiinfidy SrTio,

1 v FZ )
Y5119 0.5 mol% 1A d, gafiga fio 180 pC/N NetitiloavnAaWld orthorhombic 118 tetragonal

swnunguvgines Anuvuuingaag Inseadugamaluwinuazmivauounige

H 1 { ~ ad a a
M3191 3.14 Mmaafiie Tsdannnueus 1NN 1T zUD (1-x)(Nay , K, 4oL, 1) NDO,—~ x SITIO,

U330 SrTiO, (mol%) d,, (pC/N)
0.5 180, -179
1.0 153, -155
1.5 133,-130
2.0 64, -62

3.9 wamsan¥asAeealuszuY (1-)(Na, , K, . Li

0.465770.07

INbO, - x AgTaO,

o wa A ag a a o Y
ﬂ15°]J3‘U‘]J§\‘lﬁiJ‘UﬁLWEJI“])'?JLaﬂﬂiﬂﬂlﬂﬂl“ﬁﬁ'mﬂiui%‘l]ﬂ NKN /NKLN ﬁ'liJTiﬂﬂﬁ%ﬂWllﬂiﬂﬂ

USuguHnINTIAaA polymorphic phase transition (PPT) IdmasIndifesnuguygines niomuea
] Y
AR

a a 1 .. A P! a 14 A 9
NFUAN 9 (additives) L‘W’E]Glﬁilﬂ’ﬂuﬁﬁﬂiﬂcluﬂTiG]S‘HLﬁ@illﬁ$ﬁhﬂﬁﬂ1@1ﬂﬂ1ﬂﬂﬂlu 1N

=

= a o a 9 1 + 54 a [ va A ac a
NITANEINIUIWYNINYIVDY WU Ag Hae Ta ﬂ@ﬂuﬁWNWiﬂﬂiUﬂ?ﬂﬁNﬂﬁLWEIIGI)'fJ!,ﬁﬂTﬁﬂ"Uf]\‘]

A Ax I 4 @ Qlddy = a A ~ + Aa 9 ~
LEIINANY NKN L“]JquﬂﬂiZﬂﬂﬂﬂaﬂiﬁﬂﬂluLLazmqmﬂﬂ“Nﬂiﬂ?ﬁ;f\‘i Iﬂﬂ‘ﬂ Ag 999U UNUN

v
Y

taanylud g A-site 1z Ta' DU ununuandis Ui B-site [58 - 61] aatiu 3914

K., 465Liq ) NDO, - x AgTaO, 1o x {1 0.005, 0.01, 0.015

0.465770.465770.07

G (% 1
MIATONATAI0619IUTZ U (1-x)(Na

uaz 0.02 Tua medsaauoon lyauuunldium 1l Tasih llmFwaesnuunaudlonsezgiiul f

[

a < o a dy
gautigil 1000 — 1040 °C 1Hurawu 2 521w Tdnanisiteasi
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3.9.1 wamsanuIngAnssumstamlavesansiedaluszy

(1-X)(Na, K, 4isLi, o) NDO, - X AgTa0, AImAiin XRD

0.465

4 o v ' o a 4 a 1 .

11 eIA296191INs IATIZHAIeNALA XRD WU (Na, K, ,cLiy 0 NDO,
a J v g 3 o Y 1 A= 1 '
awsamamsdesuaniluasaza1evedny AgTao, 1d08198 Faaad11 AgTa0, d115OLUNT
w1 TuTassadeues NKLN 16 Taoesaied1annaaide 0.0 < x < 0.02 udas Inssadananuyy
orthorhombic AuaaslugUf 3.58 nazinamladu (K Li,Nb, 0,) 595828 1Az U@ WHLeaia

2 da 4 4 o A4 A 4 e I R SR
mspenuuimavusz@on duungauioUSuim AgTao, iy Nl aw1nnvua

] 4 [ 1 J a

iduruguinawes Ag” Juuaannvuaues K uaz Na' dawalding geometrical distortion

YoIHAN NKLN lognunuiiunediunie Ag Tudmmii A - sites

2.0 mol% AgTa0,
M M JAN

1.5 mol% AgTao,

Intensity (a.u.)

1.0 mol% AgTao,

0.5 mol% AgTa0,

20 25 30 35 40 45 50 55 60
26 (degree)

511 3.58 fin XRD v045515n (1-x)(Na, K, ,.:Li,,)NbO, - x AgTa0, iloFuiani Nguvigil

_Y

1020 °C (* =K,Li,Nb,,0,,)

3.9.2 HaMIANHIANTAMIMENNUDIETADENI ULV

(1-x)(Na (K, 4sLi, ,)NbO, - x AgTaO,

0.465

9 [ v

dwsvamianemenn  IaimsAneiaanuruiuLasMInaal wuNiam

LY

2 aa J @ { < 1 ' 1
ﬁuag quWﬂumumemamﬁmm AgTaO, muﬁﬂﬂugﬂ‘ﬁ 3.59 ‘%\TW‘UTI A NUNUHNLUUUDN

U

a

50 TUTZUY (1-X)(Nay 45 Ky ues Lig1)NDO, - x AgTaO, HAtaaauio1/sunm AgTao, Muauiocy

0.465

a

s Ao o [ E a4 1 A A é’ a A
a5 NUUYUA (1000 °C) HAINUURAUNVULILBTNY AgTaO, INVAULALTUNDINYUHNN
o S 1 A 3 A a a 4
1020 - 1030 °C Taalagaga Ao 4.41 £0.01 g/em’ 1oAY AgTa0, UT1M 2.0 mol% (FUHBS 1020
° A A aa J I o 1A 2 dy A ¥ Y =
C) ualipiNguMlaua5u 1040 °C ANUUUILUULAIAAA NIVTDININATANUTITY

v
1 a a v ] 1 U a ' @
T lusznnanszuaumsdumesa aaiu azinlaan @159e AgTa0, dudsuMsuUUAIv0IES
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#0819 1UT2 VY NKLN #9a0andodnuamnsnadl aala ~ 11 — 13% 1aga1inied iy

a

AgTa0, 131141 1.5 - 2.0 mol% viasauniiga 13% tieFumasngangil 1020 °C

U

4.45
4.40 9 //—__
4.35 ] i
4.30 4 v.
= v/ \
S 4.25 —_—v
9 I\
2 4.204 "
a D .
8 4157
410 —a— 1000 °C
B —e—1020°C
4.05 1030 °C
—w— 1040 °C
400 T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

AgTaO, Content (mol%)

511 3.59 ArwNuHUILHUYRUBTIIN (1-X)(Na, K, 1isLi, ,)NDO, - x AgTaO, iloFumosi
UMY 1000 -1040 °C
3.9.3 HaM3ANKINIIE319901AVBIA301208NINUIZUY (1-X)(Na , K, 4osLiy ) NDO, -

x AgTaO,

WenasanIasaas199an1nveuss 1 usz DY (1-x)(Na, 4K, ,0:Li,,)NbO, - x
§y a oA a : I ]
AgT20, (x = 0.5 — 2.0 mol%) iileFuinesiigangd 1020 °C Fuiugamgififimanumumings
A ~ 1 o 1 a a s o . =
e (31N 3.60) WUNAIIAI0E1WAAINGANTIUNIFUINDI NV (well-sintered)  Hazl
1 [l { [l 1 @ o <
Tassadegamaiuiy TasiySinavesarsive hilinadevuiaveunsumnin insulianyuiu
1 a 1 ' 1 o 3
M3 Iauun131Un@ (secondary recrystallisation) jUs1vveunsudiulvgszianvuziiluging

a = = ] <3 % a 1 Y 1 1
fdmaemLLazmuwsaflwmuazLaﬂﬂz‘ﬂuﬂu Iﬂﬂ"lm"lﬂlﬂiuu‘ﬂ”l ~1-5pum mwa“lwummmwumuu
[

v o QJ

QLL!’E'J\‘HHﬂSJLﬂ‘iu"IJHWQmﬂG] LmSﬂGI’J’E]EJSWW’JNLﬂiuGUuW]GlMﬂJ 1/]111(?51/‘!51!’@@@\1@81'1\‘] HYan



J %)

f\ & o2
\,)A.“
\\

0.98 (Na, K, ,Li

0.465770.465770.07

n) AT (as-sintered surface)

3111 3.60 n1wa1e SEM VOB U1 (1-x)(Na

QUMY 1020 °C

0.465

10um

)NbO, —0.02 AgTaO,

) NAAAVIN (fracture surface)

K, 4sLiy ;)NDO, - X AgTaO, tiioFunasa

0.465

84



85

3.9.4 HaMsANKIANIA IndIanNINVe 9 3iI0eNalUsTUY (1-x)(Na, K, ;.Li, ,)NDO, -

0.46570.465

x AgTaO,

9 o A ad a 2 a
dmSumsAneiduianie lad@anninvesduaussiin - (1-x)(Na,, K, .Li; o)

2 { ' ] @ aa 4
NbO, - x AgTa0, dzidonFunuiimanunuuniulndifiesny (Mngungisumeivenngas) 11

U

L A o ad Y 0 o = o ad a 1 a
gasag 2 ¥U LﬂJ’EJNTL!ﬂﬁTI"If’JLaﬂI‘V]ﬁﬂLLa’J ‘L!"IiJ"ITI"Iﬂ"IiﬂﬂHTﬁll‘]Jﬁllﬂ@Laﬂ‘Vliﬂ Tﬂﬂuﬂimmmmmz

a v v

Y a 2
UNYY ]lﬂwaﬂ']iﬁ YA

U

o [ = VN adc a = @ A o ~ ad a A

ﬁTVi'i‘]Jﬂ"liﬂﬂH"lﬁiJ'Uﬁhlﬂ@Lﬁﬂ‘l/liﬂ!TlfJ‘]Jﬂ‘]Jﬂ'ﬂiJﬂ W‘]J’JTﬂTﬂQ'i/l]lﬂﬂlaﬂVIiﬂllﬂ”lﬁﬂﬁ\i
A A A d? dy aa 4 [ 1 wa ad a
WOANNNNUY HonINHUTuIm AgTaO, uaxqmwﬂwﬁumai”lumwamamm"lﬂamﬂmﬂmm

Y

15100 (1-X)(Nay 4K, 40sLigNDO, - x AgTaO, ¥101in aquaadlugzili 3.61 Tagessiiinuans

1 A ad a 1 4 = ad A A Y A (% 1 X A

masi ladanasnuazamnmesmsgadelulasidannininlndifesiulunnal x Falinn ~ 410 -
y dy 4 A dy 1 1 o & < 1 Aa

452 uaz 0.022 - 0.086 NetlipsnInMTanalidannuruiugs aeiu azmu1dan msidy

[ @ = I 1
AgTa0, aawalimsmedtianuiluauiuuniu

500 - 0.16
—=— 1000
—s—1020
) 0141 q) 1030
—v— 1040
450 - / > 0.12
§ % % 0104 / \
c © -
S 400 b v, .
o E § 0.08
= ®
[%] o
by = 0.06
° @
a
3504 o 1000 © 0.04] .
—e—1020 . v>-<
1030 0.02 \v%. M
—v— 1040 ,
300 r T T T 0.00 T T T T
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
AgTaO content (mol%) AgTaO content (mol%)

i.lﬁ 3.61 ﬂ1ﬂ\1‘1/lllﬂﬂlaﬂ1/lﬁﬂ WEGH ﬂTﬂTiE‘T’ﬂJLE‘TEJVIN“lﬂ@LﬁﬂTIiﬂ V) ‘VIﬂ’ﬂiJﬂ 1 kHz vouws1inlu

[
=1

FEUY (1-X)(Nay Ky 4osLi, o )NDO, - x AgTaO, Ngaungiigumes 1000 - 1040 °C

o o = o ad A A4 o a A A 1 A
fﬁ‘ﬁﬁﬂﬂ”liﬂﬂ']%l"lf’fll‘]J@W]Nllﬂﬂlﬁﬂvliﬂﬂﬂl1,! YUy MaNun 1 kHz) WU 1D

a E A adg A A X =< & R g ~ A =~
U Nqqslluﬂ']ﬂﬁﬂllﬂﬂlﬁﬂﬂiﬂﬂwlwumuﬂuﬂ\‘iﬂﬂ"] ﬁmmLﬂuﬂqﬂqwjﬂmmWﬂ Iﬂﬂl“ﬁiWNﬂllﬁﬂﬂWﬂ

=1

ﬂmﬂaﬂuLLﬂawmmﬂw"Lﬂmaﬂmﬂwmamﬁgﬁ transition 2 gauQl awaalugili 3.62 Fadin

q q QU

usneziiuenaamsn/doundaun@ain orthorhombic g tetragonal (T T) wazfinfideazuenta

(%

. ] Aaa J
manfaeunfaunlann tetragonal g cubic (7,) Taonuinia 7, , oz T, Euuag VouUNYNTUINDS

O-T

v Y
wazlSuamsRenanad l @il
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~ 9 d' a A =Y 45! 1 S 1 1 1 a
T, Buun Tuyasauiemudismelsuauiniy Taega 7, azlineglugisgumigil

° = 9 @ a . A a 9 A a d Y A
96 — 118 °C ¥3a0Ana 09N UM TINAN A orthorhombic NYUNYUHDIUNDIUATIZHAIY XRD (gﬂ“l/l

u

3.58)
~ ] A A 2 A o 9 A o !
TC mmﬂuuaﬂmmamu AgTaO3 %Qlﬂuﬂ158u8H31 AgT.’:lO3 mn"lﬂ;mmnm;mm

VDI A 112 B site Y04 1598519 perovskite Y89 NKLN B4a0AAa04n U914 IT8V0I Wang LATANY

[1 TasgaivigiigsuA1aaasain 448 °C 1mae 432 °C oAy AgTa0, 15118 0 mol% 1ag 2.0 mol%
& g

a1y suilunannmsunuiues Ag taz Ta' Tuuaadia

v Y
a 1 a K o

4 1 { ad a ' aa @ 1
Lﬁaamwﬂqum T, ﬂ?ﬂ\?‘ﬁl’lﬂ@mﬂ‘l/liﬂﬁﬂ1ﬁﬂaﬂﬁ1ﬂqmﬁ@,ﬂﬁ!w%ﬂlu AIUTUNINTT

Q U

A 2

= adg a A A a A Iy 1 a ~ ' =
gqudeluladanninnuinidions AgTao, lulSuadmudu nlimamsasunlaslumgyde

~ X

a g a @ S A a ] < 4 '
malasanninuiniin Taelinn ~ 0.03 Hguugiives — 250 °C od1e lsnamuilioguugigiu A1

U U

a ad Aa A 2
ﬂ15Qﬂglﬁﬂiuqﬂﬂlﬁﬂﬂiﬂﬂglwumu

3500 T T T T T T T T
254 0.5 mol%

V)

3000
—&— 1.5 mol%
—¥— 2.0 mol% 2.0
2500

- N

o o

=) S

) S

1 1
N
o
1

-
o
L

lectric constant

Dissipation factor

ie

D

1000

|

500

o
o
L

T T T T T
0 100 200 300 400 500 T T T T T T
0 100 200 300 400 500

Temperature (°C)

a ' A ad a ' = ag a = [ a a
gﬂ‘ﬂ 3.62 ﬂ?ﬂ\i“l/lulﬂ@mﬂﬂiﬂ n) LLﬁ%ﬂWﬂWiQ’ﬂJﬂlﬂ'EJ‘V]Nllﬂfllﬁﬂﬂ'iﬂ ) NYUNUYUHHUVDAUFIIUN

Temperature (°C)

a

(1-x)(Na 445K, 4651, )NDO, - x AgTaO, Lﬁmm@uma%ﬁqmwgu 1020 °C

3190 3.15 gl lumsnlasumlave uws 1inTuseun (1x)(Nay 40K, 5Ly ) NDO, - X AgTa0,

332 AgTa0, (mol%) 7,('C) T,,(C)
0.5 448 118
1.0 436 98
1.5 432 106
2.0 432 96
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3.9.5 wamsaAnaN ANl ¥dIanNINU I TN VNI UIZ U

(1-x)(Na 4K, ,sLi, (,)NDO, - x AgTaO,

o [ a ad a a .
dnsuauiaiie TaannInuauss 1NN (1-x)(Nay oK, 4sLis0)NDO, - X AgTaO,
1 1 = dy L% d' a 1 =) v d‘ v d'
WA 4, Dauegnulsum AgTao, Mauas l)wuRernuszuudus awdaaluaisied 3.16
a A a A A A 2 A '

Tagiys1nNAY AgTa0, 131181 2.0 mol% UA1 d,, ganga Av 157 pC/N Fuiluigani1szuy NKN
A a a 1T o A va A a d a Aa 2
NAY AgTao, Ysuauminu (A1 ~110 pCN) [58]  Tasauiitiie Taaiannsnnaluszuuil

iloaunn Iassadsgamaiuinuaz eiuauoninigea

H 1 H ad a a
M1319% 3.16 Mg TN n3 nueuws N Tusz Uy (1-)(Na, K, 4sLi, ;)NDO, - X AgTa0,

R TRLY AgTaO, (mol%) d,, (pC/N)
0.5 147, -151
1.0 145, -146
1.5 148, -149
2.0 157, -160

3.10 WaMsANBIAN360eNIUsZUY (1-x) Na , K, <L N, . T2, ,,0; (NKLNT) — x MnO

1 a a 4 A
MI10a18 Ta asmaliiws1iinluszuy NKN anua1uso lumssumes tazauiianig

1 Y
TWdhnaau [11, 16-17, 19] waznnmsane luiade 3.3 wua1 MmIRedls Mno, i lvannsodu

2 v
o3 languv

ienae vazdSulgeamiamalWihvousslinluszuy (Na,, K, ,,Li ,JNbO, 14@

0.47770.477770.06

]

Qe

[

MIMIAToNa15829819 U3V (1) Na,, K, L, ,,Nb

0.465770.465

EQE

t%l [ =2
Yu ey 391 00:T2,0,0; (NKLNT)- x

MnO (39 x 1A 0.0, 0.005 1az 0.01 Tua are3swaneen lsauuunldsunily Tassi lwFunos

a v v

Y A a o < & 9 A 2
HUUNAVAIGANDSQNUT NYUN DY 980 - 1040 °C lﬂuﬂa’]uTu 2 5]531“\1 llﬂwaﬂ"ﬁ:l YA U

3.10.1 wamsfAn¥ngAnssumsnaavesasieeluszuy

. k4 a
(1-x) N2, ;o K, 4oLy 17N, 0, T2, ,,0:— X MnO A3gimatin XRD

Lﬁﬂﬁ1ﬁ1§GT?E]EJ'NMTVTTﬂ"li?llﬂi?%ﬁﬁj?lﬂmﬂﬁﬂ XRD WU Na,, K, Li

0.46570.465770.07

a R <Y A Y ' +
Nb Ta, O, gnsanansesuauuaisazalgueUINUE15199  MnO Ulﬂﬂ U391 Mn

0.93
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ansounsinlylulaseadaves NKINT 1ded198 Taallodu 0 < x < 0.01 a15dd0819%
X o o { < I [

Tnsaar319Wan 2 nUUegs WY fie orthorhombic 1A tetragonal fanaadlugl 3.63 Fuiluanyme

mstnalandesnisiiiesnniia polytrophic phase transition (PPT) Ngaingiitos Fn1aIni1nzin

H Y 1 ' Y '
I laautiama lWihnaau uaziiio x > 0.005 nundadruvound tetragonal ngev o5

X v A a 1 1 9 =3 2+ 3+ 19
MnO UIDYU UHUABD NITIAN MnO ﬁﬂNaﬁ@TﬂﬁﬂﬁiTQNaﬂmﬂﬂ NKLNT Iﬂﬂ Mn  / Mn LAWY

G

LAy NAUed NKLNT

200
211

02

e = e
2
g M
MmN
3I5 4IO 4IS 5I0 SIS 60
26 (degree)
d‘ = a . A A P a
gﬂfn 3.63 WA XRD VOUFTIUN (1-x) Na K 465110 07NDg 63T, ;05 - X MnO IBDHEUADINYU T

1025 °C

3.10.2 wamsAn¥IaNTAMIMEMNYaIaIAI0ealUIZUY

(1-x) Na0.465K0.465Li0.07Nb0.93T30.0703 -x MnO

dwmsvamianemenn  IaiimsAneiaanuruUuLaZMIRaAal WU

1o a J

Y H v
ﬁuagﬂuqmwgn%umemamﬁmm MnO ﬂ\‘lllﬁﬂ\‘lﬁlugﬂﬂ 3.64 GTN‘W‘U’N A NUNUNLUUUDN

a

S §y a 7
- x MnO nmqqqmﬁamumamqmwm 1025

U

Li, ,,Nb,,,Ta

0.465 0.07 0.93 = %0.07

w310 sz (1-x) Na, K 0

3

°C A9 4.25 + 0.05 g/em’ oAU MnO Y5118 0.5 -1.0 mol% LRI MnO AU UMTUUUAIVDS
o 1 Aaa L o @ y 1 4 A

a13A0ENIAz ANYUNYITUADS 1Ha 18 e InHumAaNuHILLuTinun Tvanaaioiy

aa J SO 3 A a
UNNNTWADS (1050 — 1075 °C) Taslin1dszuat 3.90 £0.01 g/em’ oAy MnO U112 1.0 mol%

q QU

=<

Y ' [
c}Nmiaﬂawmmmmwmuuumﬂeﬁu Lﬁ’ﬂ\‘l%”lﬂﬂTiigﬁ’TfJéU'ﬂ\i Na,0 ttag K,0 IR IE EREREY
Y ' H T v
dnvazinanInasuUNdIRATUIlo T UIAI NgaIMlige FapAndeenumIMIHAR) Falia ~
J ' A a @ A A A A
13 — 16% Tagesaleg19ay MnO 1531 0.5 - 1.0 mol% HAAIWINNFA 16% LUDBUIADIN

QUM 1025 °C
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4.4
4.3
/. "]
4.2 4 -
e 4.1
LQ
[e)) { ]
2 1 a
= 4.0 \A\
2 \
]~ 3
3.8
—=—1025°C
3.7 —e— 1050 °C
—A— 1075 °C
3.6 T Y T Y T Y T Y T Y T
0.0 0.2 0.4 0.6 0.8 1.0

MnO Content (mol%)

H 1 1 a 4 A oA
57 3.64 AMANUHUIUBVOUTTIIN (1-X) Nay 40K aosLiy 0/NDy o T2 1,05 - X MnO 10BUIA035 N

0.07

QUNYN 1025 - 1075 °C

= v o 1
3.10.3 Nﬁﬂ]ﬁﬂﬂ‘Hﬂﬂ‘Nﬁ‘iNﬂqﬁﬂ]ﬂ‘llé)\‘lﬁ1‘iﬂ"]®ﬂ1\ﬂu§$‘ljﬂ

(1-x) Na_, K, Li

0.465770.465770.07

Nb, ,,Ta, ,,0,— x MnO

0.93

Wennsalaseadeganiaveussilinluszuy (1x) Na,, K, . Li

0.465770.07

Nb().‘)STa().()7O3

A a s a ° I o A 1 A
-x MnO HoFumesnguugil 1025 °C  Hunal 2 %31u3 (31N 3.65) WUNVUIAYIUNTUTIAT
k1 Y a A 1 A o o w A o I ' a
Juegnulsmmvesmsivoodeiliediny Taomsuliansuziduns Taunuluilnd (secondary
. . 1 1 ] A o I =~ = a ] <
recrystallisation) 31319vounsuaiulngazlianvuziuzinssmmasuuazivinalvguazian
o 4 1 a 1 3 1
dzlunu Taoiie lidueside (x = 0) tnsull 2 vuia Tasvuialalinl 10 — 15 pm tazuuaaniing
A a 1 Y a . ds@j o Y = dy
~1 pm DAY MnO danalviing secondary grain growth J10YY mldmsulvua lavuazyuia
o zg < g Ad o a ,%I A~ a ,3
nsuaduauonnIu Fuilunalndnaninizinavuieliavewrannaiulunszuiums
Funo3 e nazinaanvuzimernunuluszuy BaTio, [51 Tas MnOo Manas llvi i USande
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ABSTRACT: Ceramics of the lead-free piezoelectric ceramic composition, Nag 465K 465110 07Nbg 93 T2 0703, (NKLNT),
were prepared using a reaction sintering method. The effects of manganese oxide doping on the structural and electrical
properties of NKLNT ceramics were investigated. Variations in the relative intensity of X-ray diffraction peaks were
consistent with Mn ions substituting on the perovskite lattice to produce a change in the proportions of co-existing
tetragonal and orthorhombic phases. Grain growth during secondary recrystallization was also affected, leading to more
uniform microstructures. The temperature of the orthorhombic-tetragonal (O-T) phase transition decreased, and the Curie
temperature increased as a result of Mn modifications. The dielectric dissipation factors were lowered by Mn incorporation,
but the ds3 piezoelectric charge coefficient fell from 190 pC/N to < 144 pC/N due to the shift in the O-T phase transition to

well below room-temperature.

KEYWORDS: doping, phase formation, microstructure, dielectric and piezoelectric properties

INTRODUCTION

Lead zirconate titanate (PZT) based piezoelectric ce-
ramics have been widely used in the manufacture of
actuators, sensors, transducers, and other devices in
recent years '3, Because of the detrimental effects of
Pb on human health, it is important that Pb-free ferro-
electric and piezoelectric materials are developed. The
new environmentally acceptable and biocompatible
materials should exhibit electrical properties compa-
rable to those of Pb-based ferroelectrics which have
been developed over several decades.

Currently, sodium potassium niobate,
(Na, 5K, 5)NbO; (NKN) based ceramics are one of the
most promising alternative systems to PZT because
of their excellent piezoelectric properties, high Curie
temperature, and low environmental impact*S.
Research into these materials increased after Saito
et al’ reported textured (Li, Sb, Ta) modified NKN
ceramics with comparable piezoelectric properties
(dss = 416 pC/N, k, = 61%) to a hard PZT.

However, it is well known that dense and well sintered
NKN ceramics are very difficult to obtain by ordinary
sintering processes because of the high volatility of
alkali metal oxides at high temperatures. Therefore,
many studies have been carried out to improve
the densification and electrical properties of NKN
ceramics, such as the formation of solid solutions with
other oxides, e.g., NKN-BaTiO;8, NKN-LiNbO,?,
NKN-LiSbO, ', NKN-LiTaO; 12, NKN-LiTaO,—
LiSbO; 713, The effects of sintering aids such as
CuO', ZnO '3, and Bi,0; have also been studied '°.
Although it was previously reported that the high-
est ds3 coefficients in the binary NKN-LT system
are obtained at 5-6 mol% LiTaO;, Skidmore et all”
showed that the NKN-7 mol% LiTaO; composi-
tion, [NajsKjsNbO;] o3—[LiTaO3], 7, offers more
favourable temperature stability of dielectric and
piezoelectric properties than the 5-6% LiTaO; ce-
ramics. Moreover, the d33 value for NKN-7 mol%
LiTaO;, ~ 200 pC/N, is similar to that of the 5-
6 mol% LiTaO; compositions. It has been reported
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that MnO/MnO, additions improve the densification
and electrical properties of other NKN-based ceram-
ics 82! The multivalent additive suppresses grain
growth and helps to increase the electrical resistivity
of the piezoceramic. In this work, the effects of in-
corporating manganese oxide to [Nay sKq sNbO3] 93—
[LiTaOs]; (abbreviated as NKLNT) are investi-
gated.

MATERIALS AND METHODS

Sample compositions, (1 — ) Nag 465 Ko 465 Lig.o7
Nbg 93 Tag ;05— MnO with x = 0, 0.005, and
0.01 (.e., 0, 0.5, and 1.0 mol% MnO), were pre-
pared by the conventional mixed oxide process using
Na,CO; (Sigma-Aldrich, 99.8-100% purity), K,CO;,
Ta,O5 (Sigma-Aldrich, 99% purity), Nb,O5, MnCO,
(Sigma-Aldrich, 99.9% purity), and Li,CO; (Fluka,
> 99.0% purity), as the starting powders. A
Na, sK, sNbO; powder was prepared before reacting
with Li, Ta, and Mn reagents. The carbonate powders
are moisture-sensitive; niobium and tantalum oxides
can also form hydrated phases. Hence, to avoid
compositional errors when weighing out the precursor
mixture, the starting reagents were dried in an oven
for 24 h before use. Dried powders were allowed to
cool to room temperature under reduced pressure in a
desiccator; all powders were stored in the desiccator
until immediately prior to weighing in the correct
proportions. The starting materials were transferred
to a 100 mm diameter cylindrical plastic jar, par-
tially filled with 10 mm diameter zirconia grinding
balls. Sufficient ethanol was added to cover the
powder/media. Ball milling was carried out for 24 h,
followed by drying at 120°C. An alumina mortar
and pestle was used to break up large agglomerates
formed during drying. The mixtures were calcined in
alumina crucibles with loosely fitting lids at 800 °C for
2 h. The NKN powders were then ground, weighed,
and ball milled again for 24 h with Ta,0Os, Li,COs;,
and MnCO; to obtain compositions (1 — x) Na 445
Ky 465 Liy o7 Nb 93 Ta 705—2z MnO, for 0, 0.5, and
1.0 mol% MnO modifications (x = 0, 0.005, 0.01).
A reaction-sintering approach was used to produce
the NKLNT and MnO-modified ceramics, in that no
second powder calcination step was employed. The
combined powders were dried, ground, and pressed
at 150 MPa for 3 min into 1.5 cm diameter disks,
placed in alumina crucibles, and sintered at temper-
atures ranging from 1025°C to 1075°C for 2 h in
closed crucibles. Pellets were embedded in a NKLNT
‘atmosphere’ powder during sintering.

Ceramic samples were examined at room temper-
ature using X-ray powder diffraction (XRD; Philips
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X’ Pert MPD, Ni-filtered CuK,, radiation) to identify
the phases formed. Sintered pellet densities were
obtained by the Archimedes method. The microstruc-
tures of the as-sintered surfaces of the samples were
imaged directly, using scanning electron microscopy
(JEOL, Tokyo, JSM-5800LV). In order to investigate
dielectric and piezoelectric properties, pellets were
electroded with silver paste. The capacitance and
dissipation factor (D) of the samples were measured
at 1 kHz using an LCR meter (GW Instek; LCR 821)
over the temperature range 25-500 °C, from which
the dielectric constant (¢,) was calculated. For piezo-
electric property measurements, the samples were
polarized under a DC field of 3 kV/mm at 160 °C
in a silicone oil bath for 30 min. The piezoelectric
coefficient (ds3) was then measured using a piezo-dss
meter (APC International; YE2730A).

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of (1 — 2) NKLNT-
2 MnO samples which had been sintered at 1025 °C
for 2 h. The intensity ratio of the pair of peaks at
20 = 45-46.5° in each pattern was used as an indica-
tion of the tetragonal/orthorhombic phase content?2.
The lower angle peak in the pair corresponds to the
(220) peak of an orthorhombic NKN-LT phase, or the
(002) peak of the tetragonal phase of NKN-LT 224,
The neighbouring higher angle peak corresponds to
the orthorhombic (002) peak, or the (200) peak of
tetragonal NKN-LT. If the sample were single-
phase tetragonal NKN-LT, from previous reports the
intensity ratio of this pair of peaks (I200/lpo2) is
expected to be ~ 2. If the sample were single phase
orthorhombic, the corresponding ratio (intensity of
higher angle peak)/(intensity of lower angle peak),
is expected to be ~ 0.522. Hence a mixture of
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Fig. 1 XRD patterns of (1 — z) NKLNT-z MnO ceramics
sintered at 1025 °C.
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orthorhombic and tetragonal phases is expected from
a measured intensity ratio of ~ 1.0, determined here
for the 20 = 45-46.5° peaks in the XRD pattern of
the sample of unmodified NKN-7 mol% LT sintered
at 1025°C. However Skidmore et al??> found this
composition to be tetragonal at room-temperature;
variations in process conditions may have resulted in
differing amounts of volatilization of Na, K, and Li
oxides. Deviations in composition arising from loss
of alkali metal oxides is known to alter the position of
the orthorhombic-tetragonal phase transition in NKN—
LT?2. The phases present at room-temperature in this
region of the NKN-LT phase diagram will therefore
be dependent on the extent of volatilization losses.

The XRD peak ratio values were higher for
the MnO modified samples. The sample modified
with 0.5 mol% MnO gave a value of 1.2. For the
1 mol% MnO sample the peak ratio was 1.4. The
higher values of peak intensity ratio of both of the
MnO-modified samples suggest that the proportion
of tetragonal phase increases on incorporating MnO,
but there continues to be a mixture of tetragonal and
orthorhombic phases present in all samples.

It has been reported previously that MnO acts
as a sintering aid in the related NKN-based sys-
tem, (Na; _ K, )(Nb; _,Sb,)O;, but it was thought
that MnO did not affect the crystal structure signifi-
cantly'®. By contrast the present XRD data for the
NKLNT composition, shows that the dopant induces
a change in tetragonal/orthorhombic phase content,
indicating that the Mn?*/Mn** ions have substituted
on the perovskite lattice. The dopant may promote
the stability of the tetragonal phase in the NKN-
7%LT parent composition through a slight change
in the position of the tetragonal-orthorhombic phase
boundary on the NKN—LT phase diagram '! 12,

The highest density samples were produced
at a sintering temperature of 1025°C. For
unmodified NKLNT (0% MnO), the density
was 4214001 g/cm3, increasing slightly to
4.2540.05 g/cm?® for 0.5 and 1 mol% MnO samples.
Increasing the sintering temperature from 1025 °C
to 1050°C led to a significant decrease in pellet
density. Density values were ~ 4.0 g/cm? for the 0
and 0.5 mol% MnO samples and ~ 3.9 g/cm? for the
1 mol% MnO sample sintered at 1050 °C. Density
values for samples sintered at 1075 °C were generally
similar to the 1050 °C samples (Fig. 2). This result
indicates that of the three temperatures studied, the
highest pellet density was obtained by sintering
at 1025°C; there was only a slight enhancement
in density for MnO additions. The decrease in
sintered density between 1050°C and 1075°C is
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Fig. 2 Density values of (1 — x) NKLNT-2 MnO when
reaction-sintered at different temperatures.

most probably due to the effects of loss of volatile
oxides, but partial melting is a further possibility.
Based on the value of the theoretical density for
NKN-7mol% LT calculated from lattice parameter
measurements '”-?? the maximum relative density of
the samples was around 90%.

The microstructures of samples sintered at
1025°C showed that the grain size and morphol-
ogy were also sensitive to MnO content. For the
0 composition, the structure was typical of
secondary recrystallization (secondary grain growth),
with a bimodal grain size composed of large grains
up to ~ 10-15 um in size, co-existing with ~ 1 um
grains (Fig. 3a). Incorporation of MnO led to more
advanced secondary grain growth at 1025 °C, resulting
in a greater proportion of the large (secondary) grain
fraction, and a narrower range of grain sizes (Fig. 3b
and ¢).

In other perovskites such as BaTiO;, secondary
grain growth is often associated with liquid phase
formation. A similar mechanism leading to bi-
modal grain size distributions is probable in the (1 —
2) NKLNT-z MnO system. However, MnO acts as a
grain growth inhibitor in the perovskite BaTiO3; and
(Ba,Sr)TiO3 systems. In NKLNT, it is demonstrated
here to have the reverse effect, promoting secondary
recrystallization such that no primary ~ 1 pm grains
were evident after sintering at 1025 °C for 2 h. This
contrasts to the unmodified NKLNT sample which
showed an intermediate stage in secondary grain
growth, with primary grains coexisting with larger
grains. The underlying reasons for the changes in
microstructure induced by MnO are uncertain, but the
additive may alter the amount of liquid present during

xr =
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Fig. 3 SEM micrographs (1 — 2) NKLNT-z MnO samples
where x corresponds to: (a) 0 mol%, (b) 0.5 mol%, and
(c) 1.0 mol% sintered at 1025 °C for 2 h.

sintering. Changes in defect chemistry due to lattice
substitutions may also contribute to variations in mass
transport and grain growth.

Measurements of dielectric constant as a func-
tion of temperature provided further information
on the phase transitions in NKLNT. The values
of dielectric constant (at 1 kHz) as a function of
MnO content for samples sintered at 1025°C are
shown in Fig.4a. The unmodified NKLNT sample
showed a low-temperature broad dielectric peak due
to an orthorhombic-tetragonal transition temperature
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Fig. 4 Dielectric constant (measured at 1 kHz) of (1 —
) NKLNT-z MnO samples when sintered at 1025 °C for
2 h: (a) dielectric constant (b) dissipation factor.

(T'r_o), or possibly a monoclinic-tetragonal 1 poly-
morphic phase transition, with a peak temperature
at ~ 45°C (Fig. 4a, inset). A dielectric peak at
higher temperatures, ~ 396 °C, corresponded to the
tetragonal-cubic ferroelectric phase transition. Shoul-
dering on the low temperature side of this Curie peak
may be a result of chemical inhomogeneity associ-
ated with the reaction-sintering fabrication process.
Regions of different composition would give slightly
different Curie temperatures (7). Overlap of Curie
peaks from regions of different composition could
result in a single, broad peak as observed in Fig. 4.
After modification with MnO, the Curie peak became
much sharper, consistent with improved chemical ho-
mogeneity. The 7T value increased to ~ 434 °C for
0.5 mol% MnO, and 422 °C for 1 mol% MnO. The
height of the dielectric peak reduced from &y max ~
11000 to ~ 3000 in the MnO-doped samples.

For the 0.5 mol% and 1 mol% MnO samples,
no dielectric peaks were evident at low-temperatures
(minimum measurement temperature = 25 °C). The
plots did however show a slight decrease in dielectric
constant as temperatures increased from 25-50°C
which could signify the tail of a O-T transition which
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Table 1 The orthorhombic-tetragonal polymorphic phase
transition temperature (7o—), Curie temperature (7¢) and
piezoelectric (ds3) constant of (1 — z) NKLNT-z MnO
samples when sintered at 1025 °C for 2 h.

MnO Content To_T Tc ds3
(mol%) (°C) (°C) (pC/N)
0.0 44 396 190
05 - 434 144
1.0 - 422 135

peaks at temperatures < 25 °C, but cryogenic mea-
surements would be required to explore this further.

The value of dissipation factor was lowered by
the incorporation of MnO dopant. The presence of
a dielectric transition at ~ 45°C in the undoped
sample (Fig. 4a) complicated the comparison of room-
temperature dissipation factors between the three sam-
ples (Fig. 4b). Multiple sub-peaks in the dissipation
factor of unmodified NKLNT around the Curie tem-
perature were consistent with the premise of local
fluctuations in composition. All samples showed a
minimum dissipation factor in the temperature range
between the two dielectric transitions. At tempera-
tures between 100-200 °C, the value fell from 0.17
for the unmodified sample to ~ 0.06 for the MnO
doped samples. At temperatures above the Curie
temperature the dissipation factors increased rapidly,
owing to conductive losses (Fig. 4b).

The values of dss piezoelectric charge coeffi-
cient are shown in Table 1. In general, favourable
piezoelectric coefficients for BaTiO; and other per-
ovskite materials result when phases co-exist at a
phase boundary. The highest piezoelectric coeffi-
cient at room temperature, dss = 190 pC/N, was
achieved in the unmodified sample for which a broad
phase transition occurred with a peak-temperature of
~ 45°C. Dielectric measurements on NKLNT were
carried out at ~ 30°C and therefore the adjacent
polymorphic phase transition is expected to contribute
to an enhancement in the dz3 value. The value of
190 pC/N is comparable to the highest values reported
for the NKN-LT system. Although MnO modifica-
tions reduced dielectric losses, they also shifted the
phase transition to a lower temperature. It is assumed
that this transition occurs well-below the measurement
temperature in these samples and the effects of the
transition on ds3 are less apparent. For this reason, d33
values decreased from 190 pC/N in undoped ceramics
to ~ 144 pC/N and 135 pC/N for the 0.5 and 1 mol%
MnO samples respectively.
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CONCLUSIONS

The introduction of MnO affected the structural
and electrical properties of Nag 465K 465 L1 07 Nbg 93
Ta; ;05 ceramics, sintered at 1025 °C. Significant
changes in peak intensity ratios in XRD patterns, were
evidence that Mn**/Mn** ions were substituting on the
perovskite lattice. The additive increased the amount
of tetragonal polymorph co-existing with orthorhom-
bic phase. Microstructures showed evidence of sec-
ondary recrystallization, the MnO modified samples
were more uniform in grain size, consistent with a
more advanced level of secondary grain growth. The
Curie temperature increased from 396 °C to ~ 420-
435°C, but the peak dielectric constant showed a
3-fold decrease in the MnO doped samples. The
unmodified NKLNT samples gave a dss value of
190 pC/N decreasing to ~ 135 pC/N in the MnO
doped ceramics. The higher room-temperature ds;3
value in the undoped samples is attributed to the
beneficial effects of a orthorhombic-tetragonal poly-
morphic phase transition, with a peak temperature just
above the measurement temperature.
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ABSTRACT: Lead-free piezoelectric ceramics have attracted considerable attention as new piezoelectric materials for
replacing Pb(Zr,Ti)O; (PZT)-based ceramics because of environmental protection reasons. Among lead-free piezoelectric
systems, the ternary system of Na,sK,sNbO;-LiTaO;-LiSbO; has proven to be an outstanding lead-free piezoceramic
with properties almost comparable to undoped PZT. In this study, addition of LiSbO; to the 0.95Na,sK,sNbO;-
0.05 LiTaO; lead-free piezoceramic composition showed a change from an orthorhombic to a tetragonal crystal system in
samples prepared by reaction-sintering. The limit of solid solution along the compositional join, (0.95—x)Na, ;K sNbO;-
0.05 LiTaO3-x LiSbOj5, occurred at z ~ 0.06. Differential scanning calorimetry analysis and measurements of dielectric
constant as a function of temperature indicated broad Curie peaks from which it was inferred that the samples were not
chemically homogeneous. Curie temperatures decreased from ~425°C for z = 0, to ~345°C for the limiting z = 0.06
composition. Improvement of dielectric properties was obtained for LiSbO; modified samples. Microstructures exhibited

secondary recrystallization, with LiSbO; addition giving rise to a small reduction in average grain size.

KEYWORDS: solid-solution, DSC analysis, reaction sintering, Curie temperature measurement

INTRODUCTION

Lead oxide-based piezoelectric ceramics such as lead
zirconate titanate (Pb(Zr,Ti)O5, PZT) are widely used
for piezoelectric actuators, sensors, and transducers
due to their excellent piezoelectric properties' . It
is believed that their high piezoelectric response is re-
lated to the morphotropic phase boundary (MPB) be-
tween rhombohedral and tetragonal phases*>. How-
ever, the toxicity of lead oxide and its high vapour
pressure during processing has led to a demand for
alternative piezoelectric materials.

Ceramics based on sodium potassium niobate
((Nay 5K, s)NbO;, NKN) were considered as promis-
ing candidates due to attractive piezoelectric prop-
erties and Curie temperature. However, it is very
difficult to obtain dense and well-sintered NKN
ceramics by an ordinary sintering process. New
solid solutions of NKN with other ABO;-type com-
pounds, e.g., LiTaO;, LiSbO;, and special fab-
rication techniques, e.g., spark plasma sintering
have been used to improve sintering behaviour
and electrical properties®'®.  Among them, the
mixed alkali niobate-tantalates solid solution system

[Nay 5Ky sNbO3]; _ ,-[LiTaO5], (NKN-LT) has been
reported to exhibit a polymorphic phase boundary
(PPB) between orthorhombic and tetragonal phase-
fields near room temperature at 0.05 < z < 0.06'!.
Unlike that of the PZT system, this crystal structure
transition from orthorhombic to tetragonal symmetry
with doping is not due to the MPB in the NKN-
LT system but compositionally shifting polymorphic
phase transitions downward to near or at room tem-
perature >4, The PPB is quite similar to the fre-
quently used MPB to enable phase coexistence but
the crystal structure of the compositions near a PPB
seems more sensitive to temperature. Compositions
close to the PPB give the highest values of dss
piezoelectric charge coefficients (the induced charge
per unit force applied in the same direction) in the
system, reaching a value of ~200 pC/N at z =
0.05 with a corresponding Curie temperature (7¢.) of
~420°C. Saito et al '* studied a wider range of related
solid solutions, corresponding to the general formula
(KosNags); — ,Li,Nb; _ Ta O;. The composition
z = 0.03 and y = 0.2, close to the PPB of this system,
gave dz3 = 230 pC/N with a T, of 323 °C.

The NKN-LT-LiSbO; composition was first syn-
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thesized by Saito et al'®. The reactive template grain
growth method resulted in enhancement of piezoelec-
tric properties, giving a high value of ds3 = 416 pC/N
for (001) grain-oriented ceramics. The improvement
was attributed to the existence of a PPB and (001)
orientation.

Although the highest piezoelectric coefficients
were demonstrated for textured ceramics fabricated
using reactive template grain growth, these fabrica-
tion procedures are rather complicated and would
be costly for commercial production. Hence it
is important to optimize properties in conventional,
randomly orientated ceramic samples.  For ex-
ample, Fu et al'” have used conventional ce-
ramic processing techniques to fabricate ceramics
of the (Na 5,K( 44)(Nbg 96Sbg 06)O3-0.04 LiTaO; sys-
tem, and a high ds3 of ~335 pC/N was obtained.

In this study, LiSbO; was added to 0.95 NKN-
0.05 LT. The base for achieving intrinsically enhanced
properties is on the formation of a PPB between the
orthorhombic and tetragonal phases. It is believed
that more spontaneous polarization states are available
owing to the coexistence of two kinds of ferroelectric
phases. The PPB can be expected with changing the
content of LiSbO;. The phase transition behaviour
and various dielectric properties of NKN-LT ceramics
as a function of the LiSbO; content were investigated
in detail. Ceramic samples were fabricated using
a reaction-sintering method, which was employed
because of the particularly high volatility of lithium
and antimony oxides.

MATERIALS AND METHODS

Samples with a composition of
(0.95 — x)Na,, ;K sNbO;-0.05 LiTaO5-z LiSbO,

were fabricated by the conventional mixed-oxide
process using K,CO;, Ta,O5 (>99.0% purity,
Aldrich), Na,CO;, Nb,O5 (99.9+% purity, Aldrich),
Li,CO; (>99.0% purity, Fluka), and Sb,05 (99.995%
purity, Aldrich) as starting powders.  First, the
Na, sK,sNbO; was prepared. The two carbonate
powders are moisture-sensitive; thermogravimetric
analysis indicates that dehydration is completed at
~200°C. In order to avoid compositional errors
when weighing out the Naj;K,sNbO; precursor
mixture, the starting reagents were dried in an oven
for 24 h before use. Dried powders were cooled
to room temperature and stored in the dessicator
until immediately before weighing in the correct
proportions. The starting materials were transferred
to a 100 mm-diameter cylindrical plastic jar, partially
filled with 10 mm-diameter alumina grinding balls.
Sufficient ethanol was added to just cover the powder
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and grinding media. Ball-milling was carried out for
24 h, followed by drying at 120 °C, prior to grinding
with an alumina mortar and pestle to break up large
agglomerates formed during drying. The mixtures
were calcined in alumina crucibles with loosely fitting
lids at 800°C for 2 h. For reaction sintering, the
NKN powders were ground, weighed, and ball-milled
again for 24 h with Ta,O5 and the volatile Li,CO;
and Sb,0Os components to obtain the compositions
(0.95 — x)Na, sK,, sNbO;-0.05 LiTaO5-z LiSbO;
(NKN-LT-LS) for x = 0.0, 0.02, 0.04, 0.06, and 0.10.
No second powder calcination stage was employed
prior to sintering. The mixed powders were dried,
ground, and pressed at 100 MPa into 1.5 cm diameter
discs and sintered in air at temperatures of 1075 °C
for 2 h in closed crucibles.

The polished ceramic samples were examined
at room temperature using X-ray powder diffraction
(XRD, Philips X’ Pert MPD, Ni-filtered CuK,, radia-
tion) to identify the phase(s) formed. The microstruc-
tures of the as-sintered surfaces of the samples were
imaged directly using scanning electron microscopy
(SEM, Jeol ISM-5800LV). The average grain size was
calculated by the mean linear intercept method. Dif-
ferential scanning calorimetry (DSC7, PerkinElmer)
was carried out in a N, atmosphere at a heating rate
of 10°C/min. To investigate dielectric properties, a
silver electrode (Metech, Elverson, PA) was painted
on both sides of the surfaces of the disc samples
and fired at 600 °C for 10 min. The capacitance and
dissipation factor (D) of the samples were measured
as a function of temperature with a heating rate of
3°C/min using a high precision LCR meter (LCR
821, Gw INSTEK) at 1 kHz from which the dielectric
constant was calculated.

RESULTS AND DISCUSSION

XRD  patterns of  (0.95 — z)Nay 5K, sNbO;-
0.05 LiTaO5-z LiSbO; ceramics sintered at 1075°C
for compositions x = 0-0.1 are displayed in Fig. 1.
Samples with 0 < 2 < 0.06 showed a perovskite
structure, indicating that Li* and Sb>" had completely
diffused into the NKN-LT lattice to form solid
solutions. The intensity ratio of the pair of peaks at
260 = 45-46.5° in each pattern is used as an indication
of the tetragonal/orthorhombic phase content!®. The
lower angle peak in the pair corresponds to the 022
peak of an orthorhombic NKN-LT phase, whereas
it is the 002 peak for tetragonal NKN-LT !%20. The
neighbouring higher angle peak is the orthorhombic
002 peak and the 200 peak of tetragonal NKN-LT.
Hence the orthorhombic phase is the expected phase
for the z = 0 composition, and Igoa/lpo2 ~ 1.7.
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Fig. 1 XRD patterns of NKN-LT-LS samples sintered at
1075 °C for 2 h (* = K4Li;Nb,,05, %*; B = LiSbO; 2}).

The phase boundary at room temperature between
orthorhombic and tetragonal phases on the NKN-LT
binary join occurs around 6 mol % LT''. However,
the values of peak intensity ratio of all the Sb-modified
samples were much lower, ~0.5-0.8. This change
suggests that the LiSbO; solid solutions are mainly
tetragonal with some co-existing orthorhombic phase,
thus giving intensity ratios slightly higher than
expected for single-phase tetragonal samples '®.

Second-phase LiSbO; was detected in the © =
0.1 samples (Fig. 1). This indicated a limit of the
LKN-LT-LS tetragonal solid solution at or around x =
0.062'. All samples showed faint XRD peaks due to a
tungsten bronze phase which has also been reported
for various compositions along the binary NKN-LT
join!'!:22_Its proportion did not appear to change with
LiSbOj; content.

Ceramic microstructures were also studied. It can
be seen that all samples were well densified, showing
a significantly improved sinterability compared to
pure NKN ceramics. However, all compositions with
z = 0.02-0.1 showed secondary recrystallization
(secondary grain growth)?® after reaction-sintering at
1075 °C (Fig. 2). In the higher x samples there was a
reduction in the fraction of secondary grains. Changes
in secondary grain growth characteristics gave a small
decrease in measured average grain size from ~4 pm
for x = 0 to ~3.7 um for x = 0.06. In other
perovskites such as BaTiO;, secondary grain growth
is often associated with liquid phase formation. A
similar mechanism leading to bimodal grain size dis-
tributions is probable in the NKN-LT-LS system.

The DSC heating curves of samples were mea-
sured to reveal the phase transition temperatures.
Fig. 3 shows an endothermic peak for the z = 0

263

Fig. 2 SEM micrographs of (0.95 — x)Na, 5K, sNbO;-
0.05 LiTaOs-x LiSbO; samples where z is: (a) 0 (b) 0.02
(c) 0.04 (d) 0.10.

sample at a temperature of 425 °C. This temperature is
consistent with the reported Curie temperature for the
ferroelectric-paraelectric phase transition for binary
NKN-LT compositions'!. At z = 0.02 there was a
much broader endotherm, the transition temperature
decreased from 425 °C to 403 °C, and an overlapping,
much more diffuse peak centred around 385 °C (onset

www.scienceasia.org
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Fig. 3 DSC results of NKN-LT-LS samples.

~365°C) (Fig. 3). At x = 0.04 the DSC profile had
similarities to the z = 0.02 sample, but the broader
endotherm was more pronounced and occurred at a
lower temperature (~360 °C, onset 340 °C) than for
the z = 0.02 sample. A decrease in the temperature
of the more distinct peak, from 403 °C to 378°C,
also occurred between the two compositions. For the
xr = 0.06 composition, only the broad endotherm
was observed, centred at 346 °C (onset 328 °C). The
DSC plot for z = 0.1 was very similar to z = 0.06,
consistent with x = 0.1 lying beyond the limit of
solid solution, x ~ 0.06. DSC peak temperatures
are plotted in Fig. 5. However, the orthorhombic-
tetragonal transition temperature from DSC analysis is
difficult to determine exactly above room temperature.

The temperature dependence of the dielectric con-
stant for comparable samples to those analysed by
DSC is shown in Fig. 4. Dielectric Curie temperatures
are also included in Fig. 5 to compare to DSC peak
temperatures. The z = 0 Curie temperature of
~422°C from the dielectric data is similar to the
DSC peak temperature (425 °C). A low-temperature
discontinuity occurred in the dielectric plot at ~55 °C
(onset), consistent with transformation of the or-
thorhombic NKN-LT to the tetragonal phase. This
low-temperature transition is evidence that the NKN-

Wwww.scienceasia.org
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Fig. 5 Curie (peak) temperature from DSC analysis and

dielectric constant measurement for NKN-LT-LS samples.

LT system does not possess a true morphotropic phase
boundary. The orthorhombic to tetragonal transition
occurs in Nay ;K sNbO; at ~200 °C; the incorpora-
tion of LiTaO; progressively reduces the transition
temperature until it reaches a value of ~55°C at
NKN-5% LiTaO;.

The dielectric data for the x = 0.02 samples again
showed a Curie peak at temperatures consistent with
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those inferred from the DSC data. For x = 0.02 the di-
electric peak maximum occurred at ~405 °C but with
a slight shoulder at 360-390 °C (Fig. 4a). The tem-
perature range of the low temperature orthorhombic-
tetragonal discontinuity for x = 0.02, 55-100 °C was
similar to that for x = 0. The changes in XRD
peak intensity ratios (Fig. 1) indicated that the LiSbO,
solid solutions were composed mainly of a tetragonal
phase; the dielectric anomaly at low-temperatures
(Fig. 4a) presumably arises from the co-existing or-
thorhombic phase transforming to tetragonal phase on
heating above 55°C. The reasons for an additional
faint irregularity at ~300 °C in the dielectric plot of
x = 0.02 are uncertain (there was no evidence of a
corresponding DSC effect). The x = 0.04 dielectric
data showed a reduction in the dielectric constant peak
temperature to ~380 °C; the peak was broader than for
the z = 0 or x = 0.02 samples. The z = 0.06 sample
continued the trend of decreasing Curie temperature
and increased peak broadening; peak temperature was
~340 °C similar to the DSC value, 346 °C. The low-
temperature region of the x = 0.06 dielectric plot
displayed a weak broad dielectric peak, rather than a
step increment as observed for x = 0.0-0.04 samples.
The dielectric data for an = 0.1 sample were similar
to that for x = 0.06. The room temperature dielectric
constant increased from ~690 in the x = 0 sample
to ~1290 in the z = 0.06-0.10. Values of maximum
peak dielectric constant increased from ~8000 in the
r = 0 sample to ~10000 in the x = 0.06-0.10
LiSbO; solid solution (Fig. 4a). The dissipation factor
of modified samples reduced to ~0.05 at temperatures
below 200 °C and reached a peak at near the 7T, after
which it increased rapidly owing to conductive losses
(Fig. 4b).

The trends in dielectric constant as a function
of temperature are generally consistent with a fer-
roelectric material, and confirm that the DSC en-
dotherms were due to ferroelectric—paraelectric tran-
sitions. For x = 0.02 and 0.04, the combined
results suggest there are two different compositional
ranges of solid-solution present in each sample. One
of these may be closely related to the NKN-LT
end-member, but with minor LiSbO; modification-
giving rise to the distinct peak towards the higher
temperature range of the DSC endotherm in z =
0.02 and 0.04. The second type of phase present
in z = 0.02 and 0.04 may have higher levels of
Li"/Sb>" substitution (giving lower Curie tempera-
tures) and represent a more advanced stage of inter-
diffusion reactions. Hence this phase more closely ap-
proaches the desired target solid solution formula, i.e.,
(Nag 465K 465L19.07)(Nbg 93Sb 95 Tag 5)O5 for z =

265

0.02. For z = 0.06, only the latter type of phase
appears to be present. Compositional variations in
each sample may contribute to the characteristic Curie
peak profile above Tt., which was very different from
that of a normal ferroelectric that follows the Curie-
Weiss law.

The possible explanation for the phase hetero-
geneity inferred from the DSC and dielectric data is
that samples have not reached chemical equilibrium
after sintering for 2 h at 1075 °C. This seems to be
particularly true for x = 0.02 and z = 0.04. The
somewhat narrower temperature range of the DSC
peak profile for the x = 0.06 sample is consistent
with an improved reactivity during reaction sintering.
Liquid formation during reaction sintering is plausible
given the low melting point of the Sb,O5 component
(380 °C), and the lack of full powder calcination prior
to sintering. The formation of a narrower range of
solid solution compositions in z = 0.06 than in x <
0.6 samples could be due to more liquid phase being
formed in x = 0.06 samples during sintering. This
would increase the rates of mass transport and inter-
diffusion reactions, and hence increase component
reactivity '®.  However, a degree of compositional
heterogeneity persists in z = 0.06 samples, as Curie
peaks are still relatively broad. Regions in the ceramic
sample with slightly different compositions (ratios of
constituent ions) would give rise to variations in Curie
temperatures, with the net effect of producing a diffuse
Curie peak.

The similarity in DSC and dielectric data for
x = 0.06 and 0.1 samples indicate the limit of solid
solution lies close to the x = 0.06 composition. The
XRD data (Fig. 1) showed little evidence of peak
broadening, but a previous study into phase devel-
opment during conventional powder calcination of
NKN-LT '8 indicated that d-spacings were insensitive
to small changes in phase composition, and hence no
noticeable XRD peak broadening would be observed.

Although the reaction sintering method adopted
avoids powder calcination of lithium and antimony
oxides, some volatilization losses may occur during
sintering. Some of the differences in local composi-
tion may arise due to evaporation of volatile antimony
and alkali-metal oxides, in addition to sluggish inter-
diffusion reactions. Therefore, the surface may differ
in composition from the interior of the pellet.

Severe phase inhomogeneity in binary NKN-
LT ceramics made by conventional calcination of
all powder components prior to sintering has been
identified by others using SEM-EDX?*. The in-
homogeneity could not be eliminated by prolonged
high-temperature annealing®*. Therefore, problems
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Table 1 Comparison of typical reported properties of NKN-LT-LS compositions.

Compositions Density (g/cm®) Er tan § T (°C)  Reference
(Ko.44Nay 55 Lig g4 )(Nag g4 Tag 19Sbg 06 )O3 - 665 0.029 264 Ref. 26
(Nag 5:Kg 45 — 2 )(Nbg o3 _ . Sbg ¢7)O3-x LiTaO; - 2165 - 271 Ref. 27
(x = 0.0375)

(Nag 5,K 45 — 5 )(INby _ ,, _ ,Sb,)O;3-2 LiTaO4 - 750-2500 - 230-430 Ref. 14
(0 <z < 0.07;0 <y < 0.16)

(Nay 5:Kg.48 — 2)(NDg 96 — Sb 04)O03-x LiTaO; - 1644 - 340 Ref. 28
(z = 0.0375-0.0575)

(Ko.44Nag 55 Lig 04 )(Nag g6 Tag, 10Sbo 04)O3 4.51 1305 0.146 - Ref. 29
(Ko.4sNag.5Lig 0s)(Nag g0 _ » Tag20Sb, )05 - 1258-1591 0.015-0.025 280-355  Ref. 30
(z = 0-0.04)

(1 — )Kq sNag s(Nby 955 Tag 975)03-x LiSbO; - ~1200 ~0.04 354 Ref. 31
(z = 0.035)

(0.95 — 2)Nag sKo sNbO;-0.05 LiTaO5-z LiSbO; 432444 8491290  0.05-0.09 340425 This work

(z = 0.02-0.10)

in attaining compositional uniformity in NKN-LT-
LS are not restricted to the reaction-sintering route
employed. The refractory nature of Ta,O5 and Nb,Os
in conjunction with the volatility of the other oxide
components makes this system very challenging in
terms of ceramic fabrication.

Rubio-Marcos et al? reported that the formation
of a solid solution between (Na,K)NbO;-LiTaO;-
LiSbO; is extremely difficult to achieve due to
the crystal structural differences between KNbO,
and NaNbO;, with perovskite crystal structures,
and LiTaO; with a hexagonal pseudo-ilmenite
crystal structure. However, several researchers
have examined solid solution formation of related
compositional series to the one presented here,
involving different NKN-LT binary compositions and
extending along the join to LiSbO; (Table 1)!42631;
e.g., (1-)[(KgsNagys)(Nbg 5T 075)O03]-2 LiSbOs
with x between 0 and 0.1, and also
(Nag 55K 45 — ;Li)J(Nby _, _,Sb, Ta, )05 (0 <z <
0.07, 0 < y < 0.16)'%3!. The results of conventional
mixed oxide reactions for these compositions reveal
that Li* and Sb>" diffuse into the parent lattices to
form a solid solution with a perovskite structure?!,
but this seems to reduce its orthorhombicity because
of the coexistence of orthorhombic and tetragonal
phases'®.  Also, the T, decreased gradually with
increasing Sb content. For this work, it is reported to
be an orthorhombic phase at z = 0 and tetragonal at
x > 0.02. Therefore, coexistence of the orthorhombic
and tetragonal phases is observed at 0 < =z < 0.02.
Evidence for the alternative compositional join
studied here also infers co-existence of orthorhombic
and tetragonal phases at room-temperature. A
comprehensive study of the NKN-LT-LS section of
the phase diagram would be required to determine the
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full extent of the compositional area of solid solution
formation in this region, and to confirm the extent to
which tetragonal/orthorhombic phase-content is due
to difficulties in achieving compositional equilibrium.

CONCLUSIONS

Lead-free piezoelectric ceramics prepared by reaction
sintering of pre-calcined powders of Na, ;K sNbO;
with Li,CO;, Ta,O5 and Sb,Os, according to
the formula (0.95 — z)Na, K, sNbO5-0.05LiTaO5-
2 LiSbO; displayed a change from orthorhombic to
tetragonal crystal structure and broad Curie peaks
inferring that the samples were not chemically homo-
geneous. Chemical modification of the end-member
0.95Na, 5K, sNbO;-0.05 LiTaO; by LiSbO; reduced
the Curie temperature from ~425°C to ~345°C
for a composition z 0.06, which lies close to
the estimated limit of the (0.95 — x)Na, K, sNbO;-
0.05 LiTaO5-z LiSbOj; solid solution. Microstructures
showed secondary grain growth; a slight decrease in
grain-size with increasing LiSbO; modification was
observed. The increment of dielectric properties was
obtained for LiSbO; modified-samples. The room
temperature dielectric constant increased from ~690
in the x = 0 sample to ~1290 in the x = 0.06—
0.10 LiSbO; solid solution. Due to the good dielectric
properties and sintering behaviour, the studied ceram-
ics have a potential as a candidate for the application
to lead-free piezoelectric ceramics.
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Abstract: Lead-free piezoelectric ceramics compositions: (1-x)(Nag 47K 47L10,06)NbO3 — X
MnO; [(I-x)NKLN — x MnQ;] were fabricated by conventional solid — state reaction with
various MnQO, contents (0.5 - 1.5 mol%). The synthesized powders were sintered at various
temperatures ranging from 960 — 1000 °C for 2 h and the physical and electrical were studied.
It was found that addition of MnQO, significantly affected to phase formation, densification,
microstructure and electrical property. Ceramic with good dielectric property was obtained
for sample with 1.0 mol % MnO, and sintering at 980 °C (g, = 702, D = 0.080). This result
related to the coexistence of the orthorhombic and tetragonal phases and high density (4.26 +
0.02 g/cm’) Furthermore, the Curie temperatures slightly increased corresponding to an
increase of MnQO, content.

Introduction: Lead zirconate titanate (PZT) based piezoceramics have been widely used in
the manufacture of actuators, sensor, transducers and other devices in recently year. However
PZT contain lead more than 60%, highly toxic and high vapor pressure. It can cause damage
to the kidney, brain and nervous system. Today, many countries concern about environmental
toxicity reduced amount of heavy metal by substitute PZT — based with lead — free
piezoceramics. Currently, extensive studies on perovskite lead — free piezoelectric ceramics
are focus on (KosNps)NbO; (NKN) because of their relatively high piezoelectric and
ferroelectric properties, and high Curie temperature (420 °C)[1].

This research has focused on NKN — based piezoceramics. Nevertheless, pure NKN
ceramics are known to be difficult to densify by the ordinary sintering method. To improve
densification and electrical properties of NKN ceramics, different additions are added into
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NKN to form new solid solution, such as NKN-BaTiO;, NKN-LiNbO3;, NKN-LiSbOs and
NKN-LiTaOs. These NKN-based ceramics show relatively high piezoelectric properties
owing to the presence of a polymorphic phase transition (PPT) from the orthorhombic to the
tetragonal phase at room temperature.

As one important member of alkaline niobate systems, Li doped NKN ceramics show
relatively high Curie temperatures (T.) and good electrical properties [2]. MnO, was used as
a dopant in lead-free based ceramics to improve the densification of pure NKN [3-4].
Furthermore it is reported to suppress grain growth and helps to increase the electrical
resistivity of piezoceramic. In this work, effects of MnO, on phase formation, densification,
microstructure and dielectric property of the NKN — LiNbO3; composition were studied.

Experiment: The (1-X)(Na().47K0.47Li0.06)NbO3 — X MHOQ (X = 05, 1.0 and 1.5 1’1’101%)
ceramics were prepared via conventional mixed — oxide method. Reagent — grade oxide and
carbonate powders of K,COs3 (99.5%), Na,CO;(99.5%), Li,CO3 (99.5%), Nb,Os (99.9%) and
MnCOs3 (99.5%) were used as starting materials. K,CO3 and Na,COs were dried in an oven at
200°C for 24 h to avoid compositional errors when weighing out the NKLN precursor
mixture. The starting powders were weighed belong to its chemical formula and ball milling
with zirconia grinding ball and ethanol for 24 h, then calcined at 800 °C for 2 h. This calcined
powder was ball milled again for 24 h, dried and pressed at 100 MPa into 1.6 cm diameter
disc using 3wt%PVA as a binder. The pellets were then sintered at 960 — 1000 °C for 2 h in
air.

Ceramic samples were examined at room temperature using X-ray powder diffraction
(XRD; Philips X’ Pert MPD, Ni-filtered CuK,, radiation) to identify the phase(s) formed.
Sintered pellet densities were obtained by the Archimedes method. The microstructures of the
as-sintered surfaces of the highest density samples were imaged directly, using scanning
electron microscopy (SEM; Jeol: JSM-5800LV). To investigate dielectric properties, pellets
were electroded with silver paste; capacitance and dissipation factor (D) of the samples were
measured as a function of temperature, heating rate 3 °C/min, using a high precision LCR
meter (GW Instek; LCR 821), from which the dielectric constant (€;) was calculated.

Results and discussion:
1. The physical property of (1-x)NKLN — x MnO; ceramics
Figure 1 shows the XRD patterns of (1-x)NKLN — x MnO, ceramics. It was found
that addition of MnO, to NKLN had obvious influence on the crystal structure of the
ceramics. The x = 0.5 sample showed an orthorhombic perovskite structure. In addition, faint
extra peaks were present which were of similar d-spacings to a tungsten bronze phase (e.g.
KeLisNb;9O30) [5]. A change in the relative intensities of certain main-phase peaks, for
example the 220 and 002 peaks at 45-46.5 °20, was apparent with changing MnO, levels.
For the x = 0.5 sample, the peak intensity ratio I»xo/lpp, was 1.77.  Whereas the x = 1.0
sample, the Ix0/lpo2 value decreased to 0.95, and to ~ 0.99 for x = 1.5. This result indicated
that samples containing >1.0 mol% MnO,, the coexistence of orthorhombic and tetragonal
phase was obtained. It was also found that peaks of secondary phase became lower with
increasing MnO, content.
It has been reported that MnO acts as a sintering aid in related
(Na; <Ky )(Nb;.,Sby)O3 ceramics, but MnO was thought not to affect the crystal structure
significantly [6]. By contrast the present XRD data for the 0.95Nag ;K sNbO3-0.05LiTaO;
composition, suggests that substitution of Mn®"/Mn’" ions on the perovskite lattice occurs
and affects phase stability [7].
The density of samples depended on sintering temperature and MnQO, content, are
presented in Table 1. The highest density samples were produced at a temperature of 1000 °C
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for x = 0.5 (4.30 + 0.08 g/cm’). Increasing the MnO, content to 1.5 mol%, the high density
was found to be 4.29 + 0.02 g/cm’ at lower temperature of 960 °C. This result indicated that
MnO, enhanced densification and decreased sintering temperature for (1-x)NKLN — x MnO,
ceramics.

o

D)

0.5 mol%

Intensity (a.u.)

(200) L

(111)

(110)
(001)

(020)/

(131)/(311)

20 25 30 35 40 45 50 55 60
20 (degree)
Figure 1. XRD patterns of (1-x)NKLN — x MnO; ceramics at room temperature.

The microstructures of sintered samples show that grain size and morphology were
also sensitive to MnO; levels (Figure 2). Increase of MnO, content led to grain growth. The
x = 0.5 sample exhibited a bimodal size distribution, indicating secondary recrystallisation,
with maximum grain sizes, of around 7 - 10 um. With increasing MnO, modification, there
was a reduction in the fraction of secondary grains. In other perovskites such as BaTiOs,
secondary grain growth is often associated with liquid phase formation. A similar mechanism
leading to bimodal grain size distributions is probable in the NKLN —MnO; system. The
more uniform and homogenous microstructure was obtained for x = 1.0 composition which
grain size was 6-12 pm. This result indicated that the addition of MnO, promotes the
mobility of grain boundary to a certain degree such that a relatively uniform microstructure is
obtained. For x = 1.5 composition, significantly increased in grain size up to 20 um was
found.

Ty, - £ b ¥ B o D 3 . P
e Lo < T RO L J} ,}‘ &5

w3\ . 2

Figure 2. SEM micrographs of (1-x)NKLN — x MnO, ceramics sintered at various
temperatures; (a) x = 0.5, (b) x =1.0, (¢) x = 1.5.

2. The electrical properties of (1-x)NKLN — x MnQO; ceramics
Dielectric constant as a function of temperature is powerful tool for investigating the
phase transition of ferroelectric materials. The values of dielectric constant (at 1 kHz) as a
function of MnO content for the highest density samples are shown in Figure 3. Similarly to
pure NKN materials, NKLN-xMnO, samples still exhibited two dielectric peaks above room
temperature. One associated with the tetragonal-cubic ferroelectric phase transition (T¢) at
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high temperatures. Another corresponded to the orthorhombic— tetragonal polymorphic phase
transition (To.p) at relatively low temperatures. However, with increasing content of MnQO,,
Tc was found to shift slightly upwards but To._r shifted to a lower temperature. When x = 1.0
-1.5, To.t located near room temperature, such that a two-phase coexistence can be identified
by XRD, as discussed in Figures 1. In addition, dielectric constant and dissipation factor
(1 kHz) of (I-x)NKLN — x MnO, ceramics with various sintering temperatures measured at
room temperature are also shown in table 1. It can be seen that the dielectric property are
obviously dependent on the composition and sintering condition. It is indicated the optimum
condition of NKLN-xMnO; ceramics is x = 1.0 and sintering temperature of 980 °C; showed
high dielectric constant of 702 and reduced dissipation factor to 0.080. The increases in
dielectric constant are considered to relate principally to the affects of Mn ion substitution on
the NKLN crystal lattice, and to resultant changes to phase content. The best property
appeared in the compositions near a polymorphic phase boundary (PPB), meaning that the
PPB plays an important role in improving the dielectric property.

9000

—&-0.5 mol%
8000 - ——1.0 mol%
—>—1.5 mol%

7000 +

6000

5000

4000 +

Dicelectric constant

3000

2000 ~

1000 -

0 50 100 150 200 250 300 350 400 450 500

Temperature(°C)

Figure 3. Temperature dependence of dielectric constant for (1-x)NKLN — x MnO, ceramics.

Table 1. Bulk density, dielectric constant and dissipation factor of (1-x)NKLN — x MnO,
ceramics sintered at 960 - 1000°C for 2 h.

MnO, Bulk density (g/cm”) Dielectric constant Dissipation factor
content
(mol%) 960 °C 980 °C 1000 °C 960 °C 980°C 1000°C 960°C 980°C 1000 °C

0.5 3.60£0.05 4.06+0.03 4.30:0.08 1483 845 450 2.64 0.665 0.157
1.0 423+0.02 426:£0.02 4.21+0.02 595 702 778 0.079  0.080 0.166
1.5 4.29+0.02 424:004 421+0.01 573 721 800 0.025 0.161 0.189

Conclusion: MnO;-doped NKLN lead-free piezoelectric ceramics were prepared by a
conventional solid reaction method. The structure, density, microstructure and electrical
property were studied. The proper amount of MnO, was effective in promoting the
densification, phase formation, microstructure and electrical insulation of ceramics. The
ferroelectric orthorhombic-tetragonal phase transition (To.t) of ceramics with x > 1.0 shifted
to room temperature, suggesting the coexistence of the orthorhombic and tetragonal phases at
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room temperature. The increase in tetragonal-cubic ferroelectric phase transition (T¢) to
higher temperatures was obtained. Due to high density (4.26 + 0.02 g/cm®), uniform
microstructure and the coexistence of orthorhombic and tetragonal phases, the x = 1.0 sample
showed the good dielectric property (e, = 702, D = 0.080).
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Abstract: The effect of CuO addition (0.5-2.0 mol%) on physical and electrical properties was determined
in 0.94(K,Na, JNbO, — 0.06LiNbO, (NKLN) ceramics. We prepared the ceramics through the
conventional mixed — oxide method and then sintered at 980 °C for 2 h. It was found the coexistence of
the orthorhombic and tetragonal phases belong to addition of CuO was obtained. The highest density was
found at 2.0 mol% Cu0O, ~4.275 + 0.011 g/cm“. The microstructures showed that the increasing CuO
content (up to 1.5 mol%) tended to increase grain size and become more homogenous grain. The diclectric
and piczoelectric properties reached the peak at 1.0 mol% CuO (€, = 583. D = 0.0265, and d,, = 128
PC/N). The CuO additions would be liquid - aid sintering, promoted densification and grain growth.

Key words: Lead — free materials, Doping, Physical and electrical properties
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Abstract

Lead-free ceramics  compositions:
(l—x)(Nau_4:Ku.4?Lir|_unJNb03 = X (Agu.SLiu_S)NbOH [(I'x)

NKLN — x ALN] were fabricated by conventional solid —

piczoelectric

state reaction with various (AggsLips)NbOs contents (0.5
— 2.0 mol%). The synthesized powders were sintered at
various temperatures ranging from 980 — 1020 °C for 2 h
and the physical and electrical properties were studied. Tt
was found that addition of (AggsLigs)NbOs significantly
affected to densification, microstructure and dielectric
properties. Ceramic with good dielectric property was
obtained for sample with 1.0 mol % (AggsLigs)NbO; and
sintering at 1000 °C (g, = 623, D = 0.043). This result
related to the high density (4.25 = 0.02 g/em’) and dense
microstructure. However, the Curic temperatures was
insignificant to an increase of (AgqsLigs)NbO; content, it

was found to be ~ 460 °C.

Keywords: phase transition, lead — free materials, doping,

electrical properties.

1. Introduction

Environmental concerns are stimulating research into the
development of lead-free piezoelectric ceramics to find
altcrnatives for Icad-based piczoelectric ceramics such as
lead zirconate titanate (PZT).'?

Alkali niobate [(NagsKos)NbOs, NKN] are leading
candidates as replacements for PZT.® As one important

member of alkaline niobate systems. Li doped NKN
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ceramics show relatively high Curie temperatures (T.) and
good electrical properties.’ It was also reported that Ag -
modified NKN ceramics improved the piezoelectric
properties.” In this work, effects of (AggsLips)NbO;
content on densification, microstructure and dielectric

property of the NKN — LiNbQO+ composition were studied.

2. Experiment: The (1-x)(Nag47Kgarlinee)NDOy — X
(AgosLips)NDbO: (x 0.5, 1.0, 1.5 and 2.0 mol%)

ceramics were prepared via conventional mixed

----- oxide
method. Reagent — grade oxide and carbonate powders of
K5CO5 (99.5%). NayC01(99.5%), LixCOx (99.5%), Nb,Os
(99.9%) and Ag,0 (99%) were used as starting materials.
A (Nay47Kga:Lipe)NbOy (NKLN) powder was prepared
before reacting with (AgosLips)NbO; (ALN) reagents.
The starting powders were weighed belong to its chemical
formula and ball milling with zirconia grinding ball and
ethanol for 24 h. then calcined at 800 “C for 2 h. The
NKLN powders were then ground, weighed. and ball
milled again for 24 h with Nb.Os, Li>CO;, and Ag,O to
obtain compositions (1-x) NKL.N - x ALN for 0.5, 1.0,
1.5 and 2.0 mol% ALN modifications. A reaction-
sintering approach was used to produce the ALN-
modified NKLN ceramics, in that no second powder
calcination step was cmployed. The combined powders
were dried, ground, and pressed into 1.6 cm diameter
disks, placed in alumina crucibles, and sintered at

temperatures ranging from 980°C to 1020°C, for 2 h.



Sintered pellet densities were obtained by the Archimedes
method. The microstructures of the as-sintered surfaces of
the samples were imaged dircetly, using scanning electron
microscopy (SEM; Jeol: JSM-5800LV). After polishing,
silver paste was fired on both sides of the samples at 600
°C for 10 min to form electrodes for the electrical
measurement. The temperature  dependence  of  the
diclectric properties of ceramics was measured using a
high precision LCR (Inductance - Capacitance -

Resistance) meter (GW Instek; LCR 821).

3. Results and discussion:

3.1 The physical property of (I-x)NKLN - x ALN
ceramics

The density of samples depended on sintering temperature
and ALN content, as shown in Fig 1. The highest density
samples were produced at a temperature of 1000 °C. For
0.5 mol% ALN modified NKLN the density was
4.07+0.01g/cm’. increasing slightly to 4.27 +0.05 g/em’
for 2 mol% ALN samples. Increasing the temperature
from 1000 °C to 1020 °C led to a significant decrease in
the densities of x > 1.0 compositions.  This result
indicated that the optimum sintering temperature for (1-
there was only a slight enhancement in density for ALN
additions at this temperature. The decrease in sintered
density between 1000 °C and 1020 °C, is most probably
due to the effects of loss of volatile oxides (K,O and
Na,0).

The microstructures of samples sintered at 1000 °C, was
typical of secondary recrystallization (secondary grain
growth), with a bimodal grain size composed of large
grains up to, ~ 5-7um in size, co-existing with ~ 1 um
grains, Fig 2a. Moreover, it was also found that the grain
size of the samples increases with increasing ALN
content. Increasing of sintering temperature to 1020 °C,
led to more advanced secondary grain growth and

resulting in a greater proportion of the large (secondary)
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grain fraction. and a narrower range of grain sizes, Fig
2b. As a result, good microstructure of the (1-x)NKLN -
x ALN ceramics can be obtained with the addition of

ALN.
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Figure 1. Denity of 1 "‘Jﬁlﬁ&hmﬁ&} ALN cerdiics

sintered at various temperatures.

0.99NKLN — 0.0l ALN

Figure 2. SEM micrographs of
ceramics sintered at various temperatures; (a) 1000 °C,

(b) 1020 °C.

3. 2 The dielectric property of (I-x)NKLN —x ALN
ceramics
Measurements of dielectric constant as a function of
temperature provided information on the phase transitions
in NKLN. The values of dielectric constant (at 1 kHz) as a
function of ALN content for the highest density samples
(procuced at 1000 °C) are shown in Figure 3a. At the
room temperature, the good dielectric constant of ~ 623
and lowest dissipation factor of 0.043 were found in x =
1.0 sample. This is considered to relate principally to the
effects of Ag" ion substitution on the NKN-LT erystal
lattice, and to resultant changes in phase content. After
that, the x = 0.5 modified NKLN sample showed a low-
temperature transition due to an orthorhombic—tetragonal
polymorphic phase transitions (Tro) at ~ 80 °C. A
2



transition at higher temperatures corresponded to the
tetragonal-cubic  ferroelectric phase transition (Curie
temperature, T¢) at ~ 454 °C. Increasing of ALN content,
Te value increased to ~ 460 °C for 1.0 mol % ALN and
slightly decreased to 454 °C for 2.0 mol % ALN. It was
clear that the T in (1-x)NKLN - x ALN system is higher
than the reported values of NKN-based ceramics.” The
low temperature transition, Ty¢ shifted to below 50 °C
on doping. A decrease in the temperatures of the O-T
dielectric discontinuity in the ALN- modified samples
would increase the amount of tetragonal phase in the
sample at room-temperature.

The dissipation factor was lowered by the incorporation of
ALN dopant. The value fell to ~0.07-0.10 at temperatures
below 280 °C for 1.0 mol% ALN, from a value of 0.7 for

temperature the dissipation factors increased rapidly,

owing to conductive losses (Fig. 4b).
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Figure 3. Temperature dependence of dielectric property
for (1-x)NKLN = x ALN ceramics; a) diclectric constant

and b) dissipation factor.

4. Conclusion:

ALN-doped NKLN lead-free piezoelectric ceramics were
prepared by a conventional solid reaction method. The
density, microstructure and electrical propertics were
studied. The proper amount of ALN was effective in
promoting the densification, microstructure and electrical
insulation of ceramics. The ferroelectric orthorhombic-
tetragonal phase transition (Te.r) of ceramics with x = 1.0
shifted room suggesting  the

to near temperature,
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coexistence of the orthorhombic and tetragonal phases at
room temperature, Whereas, the Curie temperatures was
insignificant to an increase of (AgysLiys)NbO; content, it
was reached to ~ 460 °C. Due to high density (4.26 = 0.02
g/em’), uniform microstructure and the coexistence of
orthorhombic and tetragonal phases, the x = 1.0 sample
showed the good diclectric property (g, = 623. D = 0.043).
is
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Abstract

Lead-free piezoelectric ceramics have attracted considerable attention as new piezoelectric
materials for replacing PbZrO;-PbTiO; (PZT) based ceramics because of environmental
protection reasons. Recently, sodium potassium lithium niobate, (Nag sKo.s)NbO; — LiNbO;
(abbreviated as NKLN), has been considered as an excellent alternative candidate lead-free
piezoelectric ceramic because of its high piezoelectric properties, high Curie temperature and
the relatively low cost of starting materials. In this study, ( 1-x)(Nag sKg.s)NbO; —x LiNbO; and
MnO, CuO and (AgosLios)NbO; - doped 0.94(Nag sKo.5)NbO; — 0.06LiNbO; ceramics were
prepared by conventional mixed oxide method at different sintering temperatures (980 -1020 °C
for 2 h). The structures, physical and electrical properties of samples were studied. It was found
that LiNbO; content and addition of MnO, CuO and (AgosLios)NbO; additives significantly
affected to densification, structure, dielectric and piezoelectric properties. Ceramic with good
dielectric property was obtained for sample with 1.0 mol % (AgosLigs)NbO; and sintered at
1000 °C (e, = 623, D = 0.043). This result related to the existence of orthorhombic — tetragonal
polymorphic phase boundary (PPB), high density (4.25 + 0.02 g/cm’) and dense microstructure.
The Curie temperatures was significant to LiNbO; content and type of additive, highest value of
~475 °C was found in the unmodified samples with x = 0.10. Whereas the unmodified samples
with x = 0.10 showed good piezoelectric charge constant (ds;) of 180 pC/N.

Keywords: lead-free material, doping, sintering, structure, dielectric and piezoelectric
properties
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